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ABSTRACT 

Over the past few years, halide perovskites have generated extensive interest 

as potential materials for various applications, such as light-emitting diodes, 

displays, detectors, and tracking (e.g., bio-applications or oil tracing). Halide 

perovskite nanocrystals (NCs), having chemical formula ABX3, where A is an 

organic or inorganic monovalent cation (e.g., Cs+, CH3NH3
+, CH(NH2)2

+, etc.), 

B is a divalent metal cation (e.g., Pb2+, Sn2+, etc.), and X is halide anion (Cl-, 

Br- or I-), possess excellent optical properties, which include high 

photoluminescence (PL) quantum yield (QY) and high color purity (narrow PL 

emission). However, the effective implementation of these halide perovskite 

NCs in industrial manufacturing processes is limited by their poor stability 

under various conditions: when exposed to humidity, high temperature, and 

photo-irradiation, the NCs are quickly degraded. Therefore, the research work 

included in this thesis is mainly focused on developing various strategies to 

improve the stability of halide perovskite NCs with the aim of implementing 

them in practical applications. 

Among different matrix encapsulation materials for perovskites (such as 

polymers, inorganic metal oxide/halides, and metal-organic framework), silica 

has been chosen as an efficient matrix to protect halide perovskite NCs due to 

its excellent properties, which include high optical transparency in the visible, 

chemical stability, abundance, non-toxicity, and low-cost. A facile synthesis 

approach to produce CsPbX3 NCs embedded in silica is developed as a simple 

and straightforward method via sol-gel route. The synthesis starts from colloidal 

Cs4PbX6 NCs, which is mixed with tetraethyl orthosilicate (Si precursor) in the 

presence of nitric acid, which triggers the sol-gel reaction yielding the formation 

of SiOx and the concomitant conversion of starting Cs4PbX6 NCs into CsPbX3 

NCs. The resulting CsPbX3/SiOx composites exhibit enhanced water and 

thermal stability under ambient conditions. When mixing CsPbX3/SiOx samples 

with different anion compositions, no inter-particle anion exchange processes 

are observed, indicating that the silica shell acts as a robust barrier for CsPbX3 

NCs. Such composites have also been tested as down-converter phosphors on 
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top of a blue light-emitting diode (LED). The resulting WLED exhibits nearly 

ideal white light emission with the Commission Internationale de l'Eclairage 

(CIE) color coordinates (0.32, 0.33). The detailed results of this work are 

described in chapter 2 of this thesis. 

Chapter 3 shows another new approach to prepare CsPbBr3/m-SiO2 

composite material made of mesoporous silica (m-SiO2) particles whose pores 

are filled with CsPbBr3 NCs and other inorganic salts (e.g., KNO3, NaNO3, and 

KBr). The protocol involved the use of a mixture of molten salts as the synthesis 

medium, in which the reaction occurs at 350 °C. The molten salts allow for the 

nucleation and growth of perovskite NCs inside the silica pores and enable the 

sealing of those pores. The resulting CsPbBr3/m-SiO2 composites have high 

PLQY values (around 90 %) and exhibit high stability against heat, water, and 

even aqua regia. The excellent properties of these composites made them 

attractive in various types of applications, such as LEDs for the display, and 

tracing/tagging for the oil industry. As a proof of concept, a white-LED is 

prepared by mixing green-emitting CsPbBr3/m-SiO2 composite with red-

emitting K2SiF6:Mn4+ on top of a blue LED. The device achieves stable white 

light emission with the Commission Internationale de l'Eclairage color 

coordinates (0.2985, 0.3076) and a CCT of 7692 K. The CsPbBr3/m-SiO2 

composites are also demonstrated being promise as a potential oil tracer material 

as they could survive to the combined harsh conditions of saline water and high 

temperature, which represent the typical underground environment of oil wells. 

Finally, two perovskite Sn-based materials, including Cs2SnI6 3D perovskite 

and (C18H35NH3)2SnI4 2D perovskite, are synthesized by a hot-injection method. 

The results of the structural and optical characterization of these materials are 

discussed in chapter 4, extending the scope of this work to non-toxic lead-free 

perovskite materials.
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Introduction 
 
 
 
 

Abstract: This chapter introduces halide perovskites with a brief overview of their 

structure, optoelectronic properties, synthesis technique, and applications. This 

section is followed by a short review of the encapsulation strategies employed to 

protect lead halide perovskites, especially those in which silica is used as a matrix. 

A general introduction to lead-free tin-based halide perovskite is presented 

afterward. Eventually, the motivation of the thesis is given. 

 

 

1.1. Halide perovskites 

1.1.1. Chemical structure 

Figure 1.1. Structure of perovskites with ABX3 formula. 

The name “perovskite” was initially given in 1839 to the mineral form 

of CaTiO3 and lent to the class of compounds having an ABX3 

stoichiometry, in which A is a monovalent cation, B is a divalent cation, 

and X represents an anion (O-, Cl-, Br- and I-). The B and X ions form the 

BX6 octahedra with B in the center and X in the corners. By connecting 

the corners, the BX6 octahedra extend to form a three-dimensional (3D) 

framework. Each unit cell of ABX3 crystal comprises eight corner-sharing 

BX6 octahedra, with the A-site cation occupying the cuboctahedra cavity 

(Figure 1.1). Recently, halide perovskites (HPs), in which X is either Cl-, Br- or 

I-, A is a monovalent cation (e.g., Cs+, Rb+, CH3NH3
+ (methylammonium, MA+),  



CHAPTER 1 

Introduction 

DEVELOPMENT OF SYNTHESIS STRATEGIES FOR EFFICIENT, ROBUST, AND STABLE LIGHT-EMITTING NANOCOMPOSITES 

BASED ON HALIDE PEROVSKITES – by AN Ngoc Mai 

4 

CH(NH2)2
+ (formamidinium, FA+), etc.), B is a divalent metal cation (e.g., Pb2+, 

Sn2+, Cu2+, Ge2+, Eu2+, Ni2+, etc.), have been much focused on as potential 

materials for different applications, such as light-emitting diodes, displays, 

detectors.1-5  

The Goldschmidt tolerance factor, t,6 has been used extensively used to 

predict the formation of a 3D-perovskite structure starting from various A and 

B cations:  

 

 

 

where 𝑟𝐴 and 𝑟𝐵 represent the ionic radii of the A and B cations, respectively, 

and 𝑟𝑋 is the ionic radius of the anion. The tolerance factor assesses if the A 

cation can fit inside the cavities of the BX3 framework. 0.9 ≤  t ≤ 1 is 

considered a good fit for an ideal cubic perovskite structure.7 The range of 0.80 

≤ t ≤ 0.89, a distorted perovskite structure with an orthorhombic, tetragonal, 

or rhombohedral crystal structure is most likely to be formed (Figure 1.2). 

Moreover, if t > 1 or t < 0.8, the A-site cation is either too large or too small, 

respectively, and the perovskite structure cannot form.8-10 

Figure 1.2. Correlation between the crystal structure of perovskite and the value 

of tolerance factor t. Reproduced from ref.11 Copyright 2019 Royal Society of 

Chemistry 
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Besides the tolerance factor, the octahedral factor, µ,9, 12 is also used to estimate 

the stability of a perovskite structure, which is defined as: 

 

 

 

where rB is the ionic radii of the B cation and rX is the ionic radius of the anion. 

µ should lie between 0.44 and 0.90 to form stable perovskite structures.8, 9, 13 The 

most popularly studied 3D HPs are cesium lead halide (CsPbX3), 

methylammonium lead halide (MAPbX3), formamidinium lead halide (FAPbX3), 

and cesium tin halide (CsSnX3) materials (Figure 1.3).  

Figure 1.3. The most popularly studied 3D halide perovskites with their tolerance 

factors (t). Reproduced from ref.14 Copyright 2018 Royal Society of Chemistry 

Together with 3D HPs, 2D HPs also have attracted increasing attention 

recently. These 2D HPs, also call Ruddlesden–Popper-type perovskite could be 

regarded as a compound of ripping along a specific plane (hkl) of 3D parent 

halide perovskites with a formula of A’2An−1BnX3n+1, where A’ is mostly a large 

or long-chain organic cation; A represents small cations fitting in the voids of 

the layers, B refers to bivalent metal cations, X refers to halides; n is an integer, 

which indicates the number of halide octahedral layers between the two A’ 

cation layers. (with n = 1 corresponds to a pure 2D structure; n = ∞ 

corresponds to a pure 3D structure; and n > 1 corresponds to quasi-2D layered 

structure) (Figure 1.4).15, 16 
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Figure 1.4. The structure of 2D (with the different number of layers n) and 3D 

halide perovskites (when n = ∞ ). Reproduced from ref.17 Copyright 2019 

American Chemical Society 

It is worth introducing the Cs4PbX6 (X = Cl, Br, I) materials, also called 0D, 

which do not exhibit perovskite structure but have also been received much 

interest in structure and optical properties.18, 19 Unlike 3D CsPbX3, where the 

crystal structure is characterized by corner-shared PbBr6
4– octahedra, in the 0D 

Cs4PbX6 crystal structure has the PbX6
4- octahedra are entirely decoupled in all 

dimensions (Figure 1.5).20, 21 

 

Figure 1.5. The crystal structure of Cs4PbBr6 with isolated PbBr6
4– octahedra 

compare to that of CsPbBr3 with corner-shared. Reproduced from ref.22 

Copyright 2016 American Chemical Society 
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1.1.2. Optoelectronic properties 

Figure 1.6. (a) Schematic representation of bonding/antibonding orbitals of 

APbX3 showing the formation of the VB and CB. Reproduced from ref.24 Copyright 

2016 American Chemical Society (b) PL images and (c) PL spectra of colloidal 

solutions of CsPbX3 (X = Cl, Br, I) perovskite nanocrystals. Reproduced from ref.27 

Copyright 2015 American Chemical Society 

The optoelectronic properties of perovskite are dominated by charge transfer 

at the interface and optical transitions (absorption or emission), which strongly 

depend on the nature of the valence band maximum (VBM) and conduction 

band minimum (CBM). Here, the VBM is constituted predominately by the 

halide np6 orbitals (n is the principal quantum number, n = 3, 4, and 5 for Cl, Br, 

and I, respectively) and ns2 orbitals from B-site metal cation (n = 5, 6 for Sn and 

Pb, respectively) with a major contribution from halide np6 orbitals. The CBM 

is constituted by antibonding mixing of the metal p orbitals (B-site) and the 

halide np6 orbitals with dominant contributions from the metal p orbitals (B-

site) (Figure 1.6a).23-26 The electronic states of the A-site cation lie far away from 

VB and CB and thus provide no direct electronic contribution near the band 

edges.24 As the halide moves from I (5p6) to Br (4p6) to Cl (3p6), the energies of 

the halide np6 orbitals decrease, shifting the VBM toward more positive 

potentials.23 For instance, for CsPbX3 (X = Cl, Br, and I) NCs, when changing the 

composition from CsPbCl3 to CsPbI3, the VBM shifts from −6.24 to −5.44 eV, 

whereas the CBM shifts from −3.26 to −3.45 eV and the band-gap tunes from 

3.06 to 1.77 eV.23, 25 A systematic change in the halide compositions of CsPbX3 
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NCs from CsPbCl3 to CsPbBr3 to CsPbI3 results in systematic variation in their 

optical gap and photoluminescence (PL) from blue to red (Figure 1.6b-c).26  

The band-gap of HPs can can also be modified by varying the composition 

of the metal cations in the B-sites. For example, CsSnX3 (X = Cl, Br, I and their 

mixtures) NCs varied from Cl− to Br− and to I−, the band-gap was calculated to 

vary from 2.8 to 1.3 eV.27, 28 The band-gap of Sn‐based perovskite nanocrystals 

are narrowed compared to analogous Pb‐based nanocrystals,28 and this is due to 

the higher electronegativity of Sn2+ occupying the B site in ABX3 perovskite 

lattice.29  

Like 3D perovskites, the conventional 2D perovskites have direct excited-state 

transitions, with small Stokes shifts, narrow emission, low full width at half 

maximum (FWHM), and a relatively short lifetime in the order of nanoseconds. 

Besides, corrugated 2D perovskites,30-32 which consist of twisted sheets ripped 

along the (110) crystallographic plane of 3D perovskites, have strongly Stokes 

shifted broad-band emissions due to exciton self-trapping. Figure 1.7 shows the 

mechanism of exciton self-trapping: phtoexcited electrons can undergo fast 

relaxation to self-trapped states. They are noting that multiple trapped states are 

possible with different energies depending on the ground-state electronic 

structure of the material. The decay from the potential energy surface with 

multiple local minima results in broadband emission.  

Figure 1.7. The mechanism for emission from both direct band and self-

trapped states in corrugated 2D perovskites. 

1.1.3. Colloidal halide perovskite nanocrystals 

Halide Perovskite (HP) NCs have a soft and rather ionic lattice. The optical 

and electronic properties of HP NCs are highly tolerant of structural defects and 
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surface states, meaning that surface defects impart no significant detrimental 

effects to the photo-physics of HP NCs. This unique feature arises from the fact 

that typical defects (those with the lowest formation energy) result in relatively 

shallow states within the band-gap.33, 34 The major attribute of HP NCs 

compared to the corresponding bulk counterpart is the impressive PLQY (lead 

halide perovskite NCs with PLQY up to 100 %).  

HP NCs are routinely prepared by the ligand-assisted reprecipitation (LARP) 

or hot-injection method. LARP method is a simple technique and convenient for 

the preparation of perovskite nanocrystals at room temperature (RT).35, 36 

Typically, this technique consists of mixing a solution of HP precursors (e.g., 

CsBr, PbBr2 for the formation of CsPbBr3 NCs) in a “good” solvent (typically 

polar solvents where the HP precursors are soluble, e.g., DMF) into a vigorously 

stirred “poor” solvent (where HP precursors are not soluble, e.g., toluene) with 

long-chain organic ligands (normally amine and acid), which subsequently 

results in the controlled crystallization of precursors into colloidal NCs.37 This 

facile approach enables producing different shapes of HPs such as spherical 

quantum dots, nanocubes, nanorods, and nanoplatelets by varying the capping 

ligands (Figure 1.8a).35  

 

Figure 1.8. Synthesis of perovskite nanocrystals by the (a) LARP method and (b) 

hot-injection method. Reproduced from ref.38 Copyright 2020 Royal Society of 

Chemistry. 

Following the classical hot-injection method, which is frequently used to 

synthesize colloidal metal chalcogenide NCs, Protesescu et al. synthesized 

CsPbX3 (X = Cl, Br, I and their mixtures) NCs by adapting such hot-injection 
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technique.39 Generally, the nucleation and growth of CsPbX3 NCs is triggered 

by the swift injection of cesium oleate into an octadecene solution containing 

PbX2, oleic acid (OA), and oleylamine (OLA) at high temperatures (normally 

in the range of 140 – 200 oC) as expressed below and shown in Figure 1.8b:40 
 

2Cs-oleate + 3PbX2    →    2CsPbX3 + Pb(oleate)2 

LARP and hot-injection methods are also used for the synthesis of lead-free 

NCs. For example, the LARP method is useful for synthesizing lead-free 

A3M2X9 perovskite NCs at RT: Cs3Sb2Br9 NCs are prepared by mixing CsBr 

and SbBr3 in DMF (or DMSO) supplemented with octadecylamine or n-

octylamine and quickly adding a mixture of octane and oleic acid. Cs3Sb2Br9 

NCs are collected from the reaction solution by the addition of acetone or octane 

and centrifugation.41 Besides, the hot-injection method was used for the 

synthesis of CsSnX3 NCs: Cs2CO3 was suspended in a mixture of OA and OLA 

in octadecene, which is followed by injecting SnX2 dissolved in tri-n-

octylphosphine and increasing the temperature of the solution to 100 – 170 oC, 

then, CsSnX3 NCs precipitate upon cooling the reaction mixture in an ice-bath.28 

 

1.2. Toward stable lead halide perovskites 

1.2.1. Phosphor-converted light-emitting diode application 

Lead halide perovskite (LHP) NCs have unique optical characteristics in the 

visible–NIR spectral region, namely, narrow emission bandwidths, high PLQY, 

tunable color, and an impressively wide gamut of highly saturated colors. These 

properties make them promising as ideal light emitters for displays, especially 

phosphor-converted light-emitting diode (pc-LED) applications.42, 43  

Since 2015, when Protesescu et al. first reported all-inorganic LHP CsPbX3 

(X = Cl, Br, I) NCs synthesized in colloidal nanocrystal form via the hot-

injection method,26 these LHP NCs have become the hotspot in quantum dots 

material research. They are considered more promising in the LED display 
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applications compared to the conventional semiconductor quantum dots.44-47  

In 2016, Liu et al. fabricated the first on-chip quantum dot liquid crystal display 

(QLCD) device, which shows a wide color gamut (113%, NTSC).48 The QLCD 

was fabricated by mixing green CsPbBr3-mesoporous silica nanocomposite and 

red CsPb(Br0.4I0.6)3 NCs with silicone resin and then coating it on a blue InGaN 

chip. This study has opened the floodgates to LHP-based backlighting displays. 

Since then, numerous studies on the different lifting schemes of LHP NCs have 

been conducted, thus closing the distance to the practical application of on-chip 

QLCDs (Figure 1.9). 

 

Figure 1.9. Timeline of the applications of LHP NCs in QLCD applications. (a) 

CsPbBr3/SiO2 composite. Reproduced from ref.48 Copyright 2016 Wiley-VCH.(b) 

CsPbBr3/SiO2 composite. Reproduced from ref.49 Copyright 2016 Wiley-VCH. (c) 

CsPbX3/zeolite-Y composite. Reproduced from ref.50 Copyright 2017 Wiley-VCH. 

(d) CsPbBr3/CaF2 composite. Reproduced from ref.51 Copyright 2018 Wiley-VCH. 

(f) CsPbBr3/polystyrene. Reproduced from ref.52 Copyright 2019 Wiley-VCH. (e) 

CsPbBr3/poly-divinylbenzene composite. Reproduced from ref.53 Copyright 2019 

American Chemical Society. (g) CsPbBr3/mesoporous Al2O3. Reproduced from 

ref.54 Copyright 2020 American Chemical Society  
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Two strategies are typically used for implmenting color-converting emitter 

into a lighting device which lead to two types of pc-LED device called “on-chip” 

(prototype) and “remote” configurations (Figure 1.10).10, 55 In the “on-chip” 

configuration, the perovskite NCs emitters are coated directly onto a LED chip, 

resulting in a substantial heat transfer from the LED chip to the perovskite NCs 

with a very high local flux of UV or blue light. In the “remote” configuration, 

the perovskite NCs emitters are placed remotely from the LED light source, i.e., 

a perovskite NCs film can be placed on the surface area of the luminaire away 

from the LED chip.10 In this respect, the remote-type device mitigates the PL 

degradation caused by thermal, hence higher stability.49, 56 
 

Figure 1.10. Schematic structure of pc-LEDs in 2 types: prototype (a) and remote-

type (b). 

In order to evaluate the technical feasibility of a pre-commercialized pc-LED 

device, three parameters need to be optimized: luminous efficacy (LE), color 

rendering index (CRI), and correlated color temperature (CCT). 

LE is a quantitative measure of how well a light source produces visible light, 

considered the headforemost index for pc-LEDs. The luminous flux measures 

the total power of electromagnetic radiation (including infrared, ultraviolet, and 

visible light), reflecting the varying sensitivity of human eyes to different 

wavelengths of light. The luminous efficacy is defined as:  

 

 

 

where øV is luminous flux, øe is radiant flux, øe,λ, is spectral radiant flux , and 



CHAPTER 1 

Introduction 

DEVELOPMENT OF SYNTHESIS STRATEGIES FOR EFFICIENT, ROBUST, AND STABLE LIGHT-EMITTING NANOCOMPOSITES 

BASED ON HALIDE PEROVSKITES – by AN Ngoc Mai 

13 

K(λ) is spectral luminous efficacy. The standard luminosity function is 

normalized to a single peak value at 555 nm, and thereby, the combination of a 

blue LED with a yellow phosphors generally produces an outstanding LE. 

The CRI refers to a light source's ability to faithfully reveal the colors of 

various objects compared to natural light or an ideal source. The high CRI light 

source illumination gives a more accurate color of objects. The CRI is related 

to the spectrum of the light source. Sunlight has a CRI of 100. An incandescent 

lamp has a CRI of close to 100, whereas most pc-LEDs have a CRI of around 

80.57  

Figure 1.11. CIE 1931 chromaticity diagram. 

CCT relates to the temperature of an ideal blackbody radiator that radiates 

light of a color comparable to that of the light source, measured in Kelvins (K). 

As the temperature rises, the blackbody radiates from reddish, orange, white, 

and bluish-white light. Thus, the color of a black body can be simply described 

by an absolute temperature. By analogy, the color of nearly Planckian (or 

blackbody) radiators, including a tungsten lamp and sunlight, can be judged by 

their temperature. At different temperatures, the chromaticities of the Planckian 

radiator are all in a continuous curve called the Planckian locus (Figure 1.11). 

However, for the light sources that are not Planckian, such as pc-LEDs, color 

temperature is not a well-defined attribute. Color coordinates of white lights are 

generated by non-Planckian radiators that do not strictly fall on the Planckian 

locus but lie near it; in this case, the CCT is used. The CCT is defined as the 

temperature of the Planckian radiator that is closest to the chromaticity of the 

https://www.sciencedirect.com/topics/engineering/chromaticity-diagram
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light source, which is extended by vertical lines from the Planckian locus. CCT 

over 5000 K is called cold white light, while lower CCT is called warm white 

light. 

1.2.2. Environmental stability  

Owing to their excellent optical properties, LHP NCs have great potential in 

lighting applications. However, the poor stability, which leads to their 

degradation when exposed to humidity, high temperature, and photo-irradiation, 

limits their commercialization. As an example, under illumination, mixed-

halide perovskites (MAPbI3−xClx and MAPbBr3−xClx) easily decomposed to 

hydrocarbons, ammonia gas and PbI2Cl, Pb, or PbClxBr2−x,58 or the surface 

ligands of CsPbBr3 NCs were easily removed, and the NCs tended to aggregate 

because of the strong van der Waals attraction forces.59 

Moisture is the main factor that causes the decomposition of LHP NCs due 

to the fact that being ionic nature, they are highly soluble in water or other polar 

solvents. As reported by Leguy et al., in the presence of moisture, a MAPbI3 

crystal absorbed H2O forming the complexes and simultaneously generating 

PbI2 at its surface.60 In the case of CsPbBr3 NCs, H2O molecules have been 

found to cause the removal of surface ligands and to promote the subsequent 

decomposition of the NCs into CsBr and PbBr2.61, 62 Besides, also oxygen could 

accelerate the degradation of LHP NCs. Haque et al. proposed probable 

processes and reactions of photo-oxidation in MAPbX3 NCs as Equation (1.1), 

(1.2): under photo-irradiation, the photo-excited electrons react with oxygen 

molecules to form superoxide molecules which react with CH3NH3
+ to form 

volatile CH3NH2.63, 64 Then, upon removal of CH3NH3
+ from the crystal, the 

MAPbBr3 framework gradually decomposes.65 

CH3NH3PbX3                   CH3NH3PbX3*               (1.1) 

CH3NH3PbX3* + O2                CH3NH2 + PbX2 + ½ X2 + H2O  (1.2) 

The reliability of this photo-oxidation mechanism is confirmed by X-ray 

diffraction (XRD) and gas chromatography (GC), which verified the presence 

of decomposition products. In another work, Lorenzon et al. revealed that the 

Deprotonation 
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degradation of CsPbBr3 NCs upon exposure to oxygen is mainly caused by 

generated nonradiative defects.66 

High temperature is another factor that induces the degradation of LHPs. The 

decomposition temperature of organic−inorganic LHPs bulk samples is 220 °C 

and 250 °C for MAPbBr3 and MAPbI3, respectively, owing to the formation of 

HX and CH3NH2.67, 68 On the other hand, the decomposition temperature of 

CsPbBr3 is > 500 °C owing to the collapse of crystal structures.69 LHP NCs tend 

to decompose at lower temperatures (~85 °C). In this case, the surface ligands 

are easily released first, triggering the aggregation and degradation of NCs.70, 71 

Besides the decomposition of the structure under thermal stress, the thermal-

induced PL quenching is unavoidable for most types of luminescent materials, 

(including the commercial phosphor K2SiF6:Mn4+ 72). Bulk MAPbBr3 

perovskites show severe PL quenching (nearly 100 %) from 300 to 400 K, while 

the MAPbBr3 NCs preserve 30 % of their initial PL in the same temperature 

range.37 CsPbBr3 NCs prepared by the LARP technique show about 85 % PL 

loss when heated from 80 to 273 K.73 

In practical applications, all the above factors take effect synergistically, and 

this represents a major challenge to the stability of perovskite materials. Hence, 

developing strategies to improve the stability of LHP NCs is highly required to 

bridge the gap between these materials and their applications. 
 

1.2.3. Encapsulating materials  

In the last several years, numerous strategies have been developed to stabilize 

LHP NCs, including compositional engineering,74-77 surface engineering78-81 

and matrix encapsulation, 55, 82-86 with significant improvement in the stability 

of LHP against moisture, temperature and photo-irradiation. This section mainly 

focuses on reviewing the matrix encapsulation strategies, with a particular 

focuses on the use of silica as a matrix, which is considered one of the most 

efficient material to protect LHP NCs. 

The encapsulation of LHP NCs inside suitable materials is used to protect 
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them and mitigating the detrimental effects which arise from the exposure of the 

NCs to moisure, oxygen, heat and photo-irradiation. Hence the resulting 

composites have enhanced stability. The encapsulation approaches can be 

divided into three main types depending on the encapsulation material: organic 

matrix (polymer), inorganic matrix (metal oxide, i.e., TiO2, Al2O3, SiO2; metal 

halide, i.e., NaNO3, CaF2), and hybrid matrix (metal-organic framework). The 

combination of two or three of these matrix materials has also been attempted 

and is referred to as a multi-coating approach. 

Polymer encapsulting. Organic polymers with low levels of oxygen and 

moisture transmission rates have been widely investigated to serve as matrices 

for embedding HP NCs.87-90 Li et al. fabricated CsPbBr3 NCs encapsulated in 

ethylene-vinyl acetate (EVA) matrix via a one-step method by combining the 

dissolution of the EVA and the supersaturated recrystallization of CsPbBr3 QDs 

in toluene (Figure 1.12a).82 The PL intensity of CsPbBr3 NCs/EVA  composite 

remained unaltered after 192 h of storage in air and after 240 h of immersion in 

water (Figure 1.12c-d). The good water-resistance of these composites is 

related to their hydrophobic nature, as evidenced by their large water contact 

angle of 96° (Figure 1.12b). 

LHP NCs have been embedded into various polymer matrices using two-step 

approaches in which pre-synthesized LHP NCs are mixed with desired 

polymers: poly(methyl methacrylate),39, 91, 92, polystyrene,93, 94 poly(styrene-

ethylene-butylene-styrene),93 poly(lauryl methacrylate),93 and poly(acrylic 

acid).95 The so-called “swelling–shrinking” technique is one of the simplest 

strategies to mix pre-synthesized colloidal NCs with the desired polymer.94 This 

approach is based on the fact that polymers swell in a suitable solvent and shrink 

in a “theta” solvent (a solvent in which polymer coils act like ideal chains).96 

For example, toluene is a “good” solvent, and hexane is a “theta” solvent for 

polystyrene (PS). LHP NCs/PS composites can be easily obtained by simply 

dispersing LHP NCs and polystyrene beads in toluene, adding hexane to shrink 

the polymer.94 Air stability and water resistance are the most remarkable 

characters of these reported perovskite/polymer composites. 
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Figure 1.12. (a) Schematic of the synthesis procedure of CsPbBr3 QDs/EVA 

composite, (b) contact angle with water, (c) PL intensity under the air as a 

function of retention time, and (d) emission spectra after soaking in water. 

Reproduced from ref.82 Copyright 2018 American Chemical Society 

Metal-organic frameworks (MOFs) encapsulating. MOFs are organic-

inorganic hybrid materials with intramolecular pores self-assembled by organic 

ligands and metal ions through coordination bonds, have also been used in LHP 

NCs coatings. MOFs possess distinct features, including high porosity (typically 

micropores < 2 nm), high specific surface area, and tremendous structural 

diversity.97-100 Ren et al. adopted MOF-5 as a coating by using templating agents 

to expand pore size resulting in the sample have giant pores 20-40 nm in size, 

which is suitable to impregnate LHP NCs.83 The CsPbX3/MOF-5 composites  

composites possess a PLQY of 52 % and good stability against moisture 

(preserving 79.2 % of the initial PL intensity after 60 days of exposure to air), 

heat (preserving 72.8 % of the initial PL intensity at 80 °C), and photo-

irradiation (preserving 71.4 % of the initial PL intensity after 80 h exposing to 

UV lamp) (Figure 1.13). 
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Figure 1.13. (a) Synthesis strategy of the mesoporous MOF-5 crystals and the 

CsPbX3/MOF-5 composites, (b) long-term storage (upper panel) and photo-

stability (lower panel) stability test of CsPbBr3/MOF-5. Reproduced from ref.83 

Copyright 2019 Science Direct  

Metal halide (inorganic salts) and metal oxides. The ideal protective 

inorganic matrix should be transparent, nontoxic, and have a low refractive 

index. As shown in Figure 1.14a-b, Yang et al. selected NaNO3 as the coating 

matrix for MAPbBr3 NCs resulting in a considerably improved stability of 

MAPbBr3/NaNO3 composites against thermal and photo-irradiation.101 Dirin et 

al. used a multi-step approach to obtain efficient and stable 

CsPbBr3@KBr/NaBr composites via microcarrier-assisted inorganic 

shelling.102 The LHP NCs were first anchored onto preformed KBr 

crystals/microcrystals, and the resulting composites were coated with an 

a 

b c 
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inorganic shell of NaBr. The stability of the obtained powder against heat was 

improved remarkably: 65 % of the initial PLQY remains after the exposure of 

the sample to 80 °C for 190 h. These composites could withstand sonication in 

pure acetone, acetonitrile, ethanol, N-methylpyrrolidone, γ-butyrolactone, 

tetramethylurea, and trimethylamine with of 30 % of maximum reduction of the 

initial PL. In other work, Wei et al. fabricated CsPbX3/CaF2 composites by 

impregnating pre-synthesized CsPbX3 NCs into pre-synthesized CaF2 

hierarchical nanospheres in hexane, followed by drying in vacuum at 40 oC. The 

resulting composites featured a drastically enhanced stability against moisture 

(preserving 60 % of initial PL intensity after 1 day of storage in the air), light 

irradiation (retaining 56 % of the initial PL intensity after an 80 h test under UV 

lamp with 365 nm, 12 W).51 

The reported LHP/polymer composites are characterized by a high PLQY, 

good moisture/water resistance, but weak thermal resistance. On the other hand, 

MOF and metal halides (inorganic salts) used as matrices can provide thermal- 

and photo-stability, but they do not offer water stability. Conversely, metal 

oxides can ensure both thermal and water stability to LHP while preserving their 

high PL emission thanks to their robustness. As shown in Figure 1.14c-d, TiO2‐

coated CsPbBr3 NCs were synthesized via a facile wet chemical approach by 

adding titanium precursor (titanium butoxide) into the solution of colloidal 

CsPbBr3 NCs at 25 °C to form CsPbBr3/TiOx composite, followed by a 

calcination process at 300 °C for the formation of CsPbBr3/TiO2 NCs with the 

tight TiO2 shell.103 These CsPbBr3/TiO2 core−shell nanocomposites had 

excellent water resistance: PL intensity remained almost constant after soaking 

the composites in water for more than 12 weeks.  

Many other inorganic porous materials, such as Al2O3 and SiO2, have also 

been reported to be promising shell matrices to protect perovskites.84, 104, 105  

Multiple coatings, such as CsPbBr3/ mesoporous polystyrene microspheres/ 

silica,85 CsPbBr3-dual hollow silica sphere,106 MAPbBr3/ SiO2/ poly-

(vinylidene fluoride),107, 108 have also been used synergistically. 
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Figure 1.14. (a)  Scheme of a one-step reprecipitation procedure for the 

synthesis of MAPbBr3/NaNO3 composites, (b) Thermal stability (upper panel) 

and photo-stability (lower panel) test of MAPbBr3 NCs and MAPbBr3/NaNO3 

composites. Reproduced from ref.101 Copyright 2016 Royal Society of Chemistry 

(c) Schematic illustration of the fabrication process for CsPbBr3/TiO2 core/shell 

NCs, (d) the relative PL intensity of CsPbBr3 NCs (without precipitation), dried 

CsPbBr3 NC powder, CsPbBr3/TiOx powder, and CsPbBr3/TiO2 NC powder after 

immersing in Milli‐Q water. Reproduced from ref.103 Copyright 2018 Wiley-VCH  

 

1.3. Silica encapsulating for lead halide perovskites  

Among the different metal oxides, silica (SiO2) is one of the best candidates 

for the encapsulation of LHPs due to their properties: i) it is non-toxic, earth-

abundant, and cheap; ii) it has excellent thermal and chemical stability; iii) its 

surface can be easily functionalized (to make it hydrophilic or hydrophobic); iv) 

it can be made porous (also called mesoporous silica) and the size of the pores 

a 

b 

c d 
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can be control from 2 to 50 nm.  

LHP/SiO2 composites can be fabricated mainly through two routes: (i) direct 

growth of silica onto LHP and (ii) formation of LHP NCs into pre-synthesized 

mesoporous silica particles. The “direct growth silica” strategy relies on the 

formation of a silica shell from silica precursors [e.g., (3-aminopropyl) 

triethoxysilane - APTES, tetraethoxysilane - TEOS, tetramethoxysilane - 

TMSO, etc.] onto LHP NCs by several techniques such as LARP109, 110 and sol-

gel route86, 111 (Figure 1.15 and Table 1.1). 

The sol-gel process is based on molecular precursor that undergo hydrolysis 

and condensation reactions. The method is also economically viable as it can be 

performed at low temperatures. In a general sol-gel process, a solution of 

starting chemical precursor for the target material turns to a sol (fine colloidal 

particles, 10 to 103 Å in solution),112 and at a later stage forms an integrated 

network (a gel). Three reactions usually occur during the sol-gel process to form 

silica, as shown below: 
 

≡Si-OR + H2O                   ≡Si-OH + ROH              (1.3) 

≡Si-OR + HO-Si≡                ≡Si-O-Si≡ + ROH           (1.4) 

≡Si-OH + HO-Si≡                ≡Si-O-Si≡ + H2O           (1.5) 

 

The OR group is substituted with an OH group by hydrolysis, in which a 

metal alkoxide and water react (Equation 1.3). Then, the resulting silanol forms 

a siloxane bond through condensation reactions, and a gel is formed as a 

network of Si-O bonds is established due to continuous hydrolysis and 

polymerization (Equation 1.4 and 1.5).113 

As an example, Hu et al. devised a simple method by adding an appropriate 

amount of TEOS to a solution of freshly synthesized LHP NCs, resulting in the 

formation of LHP/silica spheres with enhanced stability (Table 1.1).86 In 

another work, Yin et al. prepared isolated CsPbX3/SiO2 Janus nanoparticles via 

a water-triggered transformation process combined with a sol-gel protocol 
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(Figure 1.15b).111 In detail, Cs4PbBr6 NCs were transformed into CsPbBr3 NCs 

via the use of DI water which, at the same time, triggered the hydrolysis of 

TMOS, which leads to the formation of the SiO2 shell. The stability of 

CsPbBr3/SiO2 nanoparticles was remarkably enhanced: 80 % of the PL intensity 

of nanoparticles was retained after 7 days of immersing in water (Table 1.1).  

Figure 1.15. The “direct growth silica” strategy for LHP/SiO2 composites via 

Ligand-assisted Reprecipitation method (a) or sol-gel route (b). (a) reproduced 

from ref.109 Copyright 2018 American Chemical Society and (b) reproduced from 

ref.111 Copyright 2018 American Chemical Society  

The direct growth of silica onto LHPs, however, is challenging due to the 

degradation or dissolution of LHP NCs during the growing process. Accordingly, 

another possible strategy to fabricate LHP/SiO2 is introducing LHP NCs into 

the pre-synthesized silica matrix. In a straightforward way, Liu et al. simply 

blended pre-synthesized CsPbBr3 NCs with mesoporous silica (m-SiO2), 

resulting in composites with enhanced stability at high temperature and under 

photo-irradiation (Table 1.1).48 It is worth highlighting that LHP NCs can be 

grown directly inside m-SiO2 by simply immersing silica in the solution of 

precursors (e.g., CsBr, PbBr2 for the formation of CsPbBr3) and then by 

evaporation of the solvent.114 In another work, Chen et al. devised a colloidal 

a 

b 
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synthesis method to produce CsPbBr3/m-SiO2 nanocomposite:115 m-SiO2 was 

first heated up to 120 °C under N2 in a mixture of oleic acid, oleylamine, and 

octadecene; afterward, PbBr2 was added to the mixture and, finally, a cesium 

oleate precursor solution is injected at 180 °C to trigger the nucleation of the 

CsPbBr3 NCs. The resulting composites exhibit a bright PL emission (PLQY of 

83 %) and an enhanced stability against thermal and photon-irradiation (Figure 

1.16 and Table 1.1). In yet another work, Zhang et al. recently devised a 

synthesis approach to produce CsPbBr3/m-SiO2 composites, which was 

achieved by mixing PbBr2 and CsBr salts with silica and heating everything  

up to 600-700 °C.116 The high annealing temperature leads to the collapse of 

SiO2 pores, resulting in the encapsulation of CsPbBr3 inside a thick SiO2 matrix. 

The PL emission of the sample retained almost constant after immersing in 

water and acid for 50 days or after exposing to blue LED (455 nm, 20 mA, 2.7 

V) for 1000 h (Table 1.1). 
 

 

Figure 1.16. (a) Schematic of the colloidal synthesis process for the CsPbBr3/m-

SiO2 nanocomposite. (b) Photo-stability of CsPbBr3/m-SiO2 nanocomposite. 

After 120 h exposed to UV light (365 nm), the CsPbBr3 NCs retain ∼16 % of the 

initial PL intensity. In contrast, the CsPbBr3/m-SiO2 nanocomposites retain ~80 % 

of the initial PL intensity thanks to protecting the m-SiO2 shell. The insets show 

that the CsPbBr3/m-SiO2 solution is still yellow-green after irradiation, 

distinguished from the yellow CsPbBr3 NCs solution. Reproduced from ref.115 

Copyright 2019 American Chemical Society. 

Overall, silica has been shown to be an efficient material for the 

encapsulation of LHPs NCs with remarkable enhanced stability. However, the 

LHP/SiO2 composites reported so far have not met the requirement of high 

PLQY (at least 80 %) and, at the same time, high stability in harsh conditions, 

including high salinity, temperature and low pH. For these reason, the use of  



CHAPTER 1 

Introduction 

DEVELOPMENT OF SYNTHESIS STRATEGIES FOR EFFICIENT, ROBUST, AND STABLE LIGHT-EMITTING NANOCOMPOSITES 

BASED ON HALIDE PEROVSKITES – by AN Ngoc Mai 

24 

these composites in numerous applications such as optoelectronic devices, high 

energy radiation detectors, solar concentrators,117, 118 or as tracers/emitters in 

bio-imaging for clinical purposes119, 120 or crude oil extraction,121 has not yet 

achieved. Therefore, developing new approaches for LHPs encapsulation is 

desired in order to implement these materials to applications.  
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1.4. Lead-free tin halide perovskites 

Despite the promising results obtained by employing lead halide perovskites 

in optoelectronic applications, the toxicity of Pb-based halide perovskites is a 

critical problem that makes them still not ready for commercialization.123-125 To 

address this toxicity issue, much recent research has attempted toward 

environmentally friendly materials by exploring new compounds to substitute 

lead with less-toxic elements, e.g., tin,126-132 germanium,7, 133-135 bismuth,136-139 

antimony,140-142 or palladium.143 Among them, tin (Sn) perovskite is the most 

potential candidate. Due to the higher electronegativity of Sn, Sn-based HPs 

have a narrower band-gap compared to their Pb-based counterparts, so they are 

potentially better light harvesters.144-147 Tin iodide-based perovskite compounds 

exhibit direct band gaps around 1.2–1.4 eV, negligible exciton binding energies 

(25 meV, lower than the thermal energy at room temperature), high carrier 

mobility (up to 2320 cm2 V s-1 for the electron mobility, and 322 cm2 V s-1 hole 

mobility) and long carrier diffusion lengths of over 500 nm.128, 148-150 All these 

properties are highly desirable for solar cell applications. Shuzi et al. recently 

fabricated tin iodide-based perovskite solar cell (PSC) with the highest 

efficiency of 13.24 % by using mixed cations having the chemical composition 

of GeI2-doped (FA0.9EA0.1)0.98EDA0.01SnI3.130  

However, Sn-based HPs, suffer from severe chemical instability that heavily 

hampers the investigation of their optical properties. Under ambient conditions, 

Sn2+ easily oxidizes into Sn4+; the problem of oxidation is even more 

pronounced in NCs because of their higher surface-volume ratio. This undesired 

transition is followed by the generation of trap states that irreversibly deteriorate 

the photoluminescence emission properties of the NCs, thus suggesting a defect-

intolerant nature of tin-based perovskites. In order to overcome these problems, 

replacing Sn2+ with Sn4+ is a possible strategy to avoid the oxidation of Sn2+, 

i.e., use Cs2Sn(IV)I6 instead of Cs2Sn(II)I3 perovskites (Figure 1.17). In the 

Cs2SnI6 perovskite derivative, the B-sites are alternatively occupied by a 

tetravalent ion and vacancies, and the BX6 octahedra result whereby to be 

isolated one from the another.127, 151, 152  
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Figure 1.17. Crystal structure of Cs2SnI6, which is obtained by removing half of 

the Sn atoms at intervals, i.e., the edge centers and the body center of CsSnI3. 

Reproduced from ref.153 Copyright 2015 Royal Society of Chemistry. 

Bulk Cs2SnI6 thin film is first investigated by Lee et al. and exhibited an 

excellent band-gap of 1.3 eV and a high air-stability. The corresponding solar 

cell is made by using this Cs2SnI6 has a power conversion efficiency (PCE) of 

7.8 %.126 Besides, Cao et al. synthesized a Cs2SnI6 absorber with a direct band-

gap of 1.48 eV and the PCE of the corresponding solar cell is about 1 %.132, 154 

Later, Cs2SnI6 crystals in nanoscale have been reported with interest in PL 

emission and varied band-gap dependent particle size.131, 155-157 For instance, 

Cs2SnI6 NCs with a band-gap of 2.0 eV and a PL emission at 630 nm were 

obtained via a hot injection method with anticipation ligands (oleic acid and 

oleylamine cooperatively).131 Dolzhnikov et al. reported a hot injection 

synthesis without organic capping ligands that delivers the Cs2SnI6 NCs with 

size-dependent band gaps (as the band-gap increases from 1.38 eV to 1.47 eV 

with decreasing of particles size).155 Moreover, the band-gap of Cs2SnI6 depends 

on the particle size and the shape of particles when going from quantum dots to 

nanosheets or nanorods.156 Overall, contradictory conclusions concerning the 

band-gap were reported by various research groups and thought to originate 

from the different shapes of the Cs2SnI6 nanostructures.  

Besides the 3D structure of tin-based perovskites, recently, tin-based 2D 

perovskites also have attracted increasing attention in optoelectronic 

applications, including solar cells, LEDs due to being more moisture-resistant 
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than their 3D perovskite analogues.158, 159  For example, Cao et al. fabricated 

2D Sn-based (BA)2SnI4 (BA = C4H10NH2
+) solar cells with a significantly 

enhanced stability compared to 3D MASnI3 – based solar cells.158 In terms of 

LED applications, some groups successfully employed 2D Sn-based perovskite 

to a LED such as (PEA)2SnI4 (PEA = C8H9NH3
+)160 and (OAm)2SnBr4 (OAm = 

C18H35NH3
+).161 

Although recent efforts have significantly advanced the research in Sn-based 

2D perovskites, the knowledge and understanding of their structure and optical 

property are still very limited. Therefore, it is necessary to understand these 

materials before employing them in practical applications fully. 

 

1.5. Motivation of the thesis  

This thesis mainly focuses on developing different encapsulation strategies 

for lead halide perovskites to produce robust and stable light-emitting 

composites. The work focuses on optimizing photoluminescence quantum yield, 

and the PL emission (via compositional control) of these LHP/SiO2 composites. 

Moreover, motivated by the importance of LHP/SiO2 composites for practical 

applications, these composites are tested in several devices such as white-LED 

in various configurations (“on-chip” or “remote” prototype). Furthermore, some 

preliminary results about the structure and optical properties of lead-free tin-

based perovskites, including Cs2SnI6 3D perovskite and (C18H35NH3)SnI4 2D 

perovskite, will be discussed, extending the scope of this work to 

environmentally-friendly materials. 
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CsPbX3/SiOx composites production  
via sol-gel method 
 
 
 

Abstract: As shown in chapter 1, silica (SiO2 or SiOx) is a promising candidate 

for the encapsulation of lead halide perovskites. Via a sol-gel method, facile 

synthesis of composite powders composed of CsPbX3 nanocrystals (NCs) 

embedded in silica has been developed to be showing in this chapter. The synthesis 

starts from colloidal Cs4PbX6 NCs, which are mixed with silica precursor 

(tetraethyl orthosilicate) in the presence of HNO3, which triggers the sol-gel 

reaction yielding the formation of SiOx and the conversion of the starting Cs4PbX6 

NCs into CsPbX3 ones. The resulting CsPbX3/SiOx composite powders exhibit 

enhanced remarkable stability against water and high temperature (120 oC). After 

that, these composites are used as down-converter phosphors on top of a blue 

light-emitting diode (LED). The resulting device has nearly ideal white light 

emission with the Commission Internationale de l'Eclairage (CIE) color 

coordinates (0.32, 0.33). 

Parts of this chapter have been adapted or reproduced with permission from ref.162 

 

 

2.1. Introduction  

Among various methods to embed NCs material into silica matrixes,167-170 

the sol-gel route is the most employed one. To accelerate the sol-gel reaction, 

protic acids are commonly employed that are typically a water-based solution 

of mineral acids, such as HNO3.167 However, LHP NCs are not compatible with 

these mineral acids nor with sol-gel routes as they readily dissolve in water 

(which is produced during the sol-gel process itself). The sol-gel procedures 

reported so far for the encapsulation of LHPs in SiOx do not employ any acid 

catalyst, thus resulting in a slow hydrolysis reaction that intensifies the 

degradation of the LHP NCs.168-170 For these reasons, no LHP/SiO2 bulk 

nanocomposites prepared by sol-gel routes have been reported so far. 

This chapter presents a novel acid-catalyzed sol-gel method that delivers 

SiOx coated CsPbX3 NCs starting from Cs4PbX6 NCs. It has been shown that 
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water can drive the transformation of Cs4PbX6 (0D) into CsPbX3 (3D) NCs.171 

Motivated by these findings, an aqueous HNO3 solution is employed not only 

for producing 3D NCs starting from the corresponding 0D NCs ones but also 

simultaneously triggering the rapid hydrolysis of TEOS which leads to the 

growth of a silica matrix fully embedding the final NCs. The preparation of 0D 

Cs4PbX6 NCs and the production of CsPbX3/SiOx composites are described in 

sections 2.2, 2.3, and 2.4. The CsPbBr3/SiOx composite is then selected as a case 

study for the stability test against heat and humidity (section 2.5). Finally, 

section 2.6 shows the results of applying these composite materials as down 

converter luminophores in a white light-emitting diode (W-LED). 

 

2.2. Preparation of 0D Cs4PbX6 NCs 

First of all, the 0D Cs4PbX6 NCs, including Cs4Pb(Cl/Br)6, Cs4PbBr6, and 

Cs4Pb(Br/I)6 NCs, are synthesized by a hot injection colloidal approach.172 

Typically, the mixture of PbBr2, ODE, OA, and OLAM is heated to 150 °C. 

After the complete dissolution of the PbBr2 salt, the solution is cooled down to 

80 °C, and the Cs-oleate solution in OA is swiftly injected into the solution. The 

mixture becomes turbid white after 30 seconds and is quickly cooled down to 

RT, readily collecting 0D Cs4PbBr6 NCs. The Cl/Br-and Br/I- based 

compositions are also synthesized using a similar method by mixing halide 

precursors (see Table 2.1 in the experimental part). Their compositions are 

determined as Cs4PbCl4.12Br1.88 (Figure 2.1) and Cs4PbBr0.97I5.03 (Figure 2.2) by 

SEM-EDS analysis. 

The structure of these 0D NCs is then characterized by XRD analysis 

showing the matching with corresponding bulk hexagonal phases (Figure 2.3). 

These 0D NCs have an average size of 16 nm, 13 nm, and 22 nm for 

Cs4Pb(Cl/Br)6, Cs4PbBr6, and Cs4Pb(Br/I)6 NCs, respectively, (Figure 2.3c-e) 

and are characterized by a narrow optical absorption peak at high energies (300-

360 nm) as seen from their absorbance spectrum (Figure 2.3b). 
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Cs4Pb(Cl,Br)6 Atomic % 

Cl 68.70 

Br 31.30 

Total 100.00 

Figure 2.1. SEM-EDS elemental mappings of the halide anions of 0D Cs4Pb(Cl,Br)6 

NCs system. The chlorine and bromine distribution is visualized in the top panels.  

Cs4Pb(Br,I)6 Atomic % 

Br 16.18 

I 83.82 

Total 100.00 

Figure 2.2. SEM-EDS elemental mappings of the halide anions of 0D Cs4Pb(Br,I)6 

NCs system. The bromine and iodine distribution is visualized in the top panels. 
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Figure 2.3. Characterization of 0D Cs4PbX6 NCs: XRD patterns (a), optical 

absorption spectra (b); TEM images (c-e). The reference XRD pattern in (a) 

belongs to the bulk Cs4PbBr6 hexagonal phase (ICSD 98-002-5124). All TEM 

images have scale bars of 50 nm (c-e). 

 

2.3. The synthesis of CsPbX3/SiO2 composites 

Three composite materials are prepared, namely CsPb(Cl,Br)3/SiOx, 

CsPbBr3/SiOx, and Mn-doped CsPb(I,Br)3/SiOx. Briefly, the as-prepared 0D 

Cs4PbX6 NCs react with TEOS and an HNO3, aqueous solution forming the 

corresponding CsPbX3/SiOx composites result in the form of luminescent gels 

that are then dried to flakes and ground into powders (Figure 2.4). It is worth 

emphasizing here that in the case of CsPb(Br,I)3/SiOx composite synthesis, a 

small amount of Mn2+ ions is employed (see the experimental part for details) 

to improve the stability of the resulting sample.173 Indeed, in the absence of 

Mn2+ ions, the sol-gel process results in a non-luminescent material (see 

Appendix 2.1). 

The sol-gel route in this work can be described as a one-step approach in 

which two “main” reactions occur concomitantly:  
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i) the water-induced transformation of 0D to 3D NCs;171 

Cs4PbX6            CsPbX3 +3 CsX                       (2.1) 

ii) the gelation of TEOS, which is catalyzed by HNO3: 

Si(OC2H5)4 + 4 H2O              Si(OH)4 + 4 C2H5OH           (2.2) 

n Si(OC2H5)4 +n Si(OH)4          (-SiO2-)n + 4n C2H5OH          (2.3) 

n Si(OH)4 + n Si(OH)4              (-SiO2-)n + 4n H2O           (2.4) 

 
 

As a control experiment, 3D CsPbBr3 NCs are employed instead of 0D 

Cs4PbX6 NCs as the starting precursor in the sol-gel procedure. In such an 

experiment, the NCs completely degrade (Appendix 2.2), indicating that the 

use of Cs4PbX6 NCs is essential in this sol-gel method. 

Figure 2.4. (a) The production of CsPbX3/SiOx monoliths via a sol-gel route with 

the concomitant transformation of Cs4PbX6 NCs. (b-g) The photographs of green, 

red, and blue-emitting composite powders under daylight (b-d) and 345nm UV 

lamp (e-g). The insets show the as-prepared flake of CsPbBr3/SiOx composite. 
 

aq. HNO3 
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2.4. Characteristic of CsPbX3/SiOx composites 
 

 

Figure 2.5. (a) XRD patterns of CsPbX3/SiOx composite powders and bulk 

orthorhombic CsPbBr3 (ICSD 98-002-5124). (b) Absorption (dash line), PL spectra 

(solid line) of CsPb(Cl/Br)3/SiOx (blue curve), CsPbBr3/SiOx (green curve) and 

CsPb(I/Br)3:Mn/SiOx (red curve) composite powders. (c-e) TEM images of 

CsPbX3/SiOx composite powders. Scale bars are 10 nm in all TEM images. (f) 

HAADF-STEM image and the corresponding elemental maps showing the 

distribution of Cs, Pb, Br, Si, O. Scale bar is 100 nm. (g) HRTEM image of a CsPbBr3 

NC inside the SiOx matrix. The scale bar is 2 nm. Insets are the corresponding FFT 

and magnified view of the particle.  
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The green-emitting CsPbBr3/SiOx composite exhibits an absorption onset at 490 

nm and a green PL emission peaked at 510 nm with a FWHM of 23.8 nm (114 

meV). The CsPb(Cl,Br)3/SiOx sample has a blue PL emission at 460 nm with an 

FWHM of 22.6 nm (133 meV), while the Mn-doped CsPb(Br,I)3/SiOx composite 

has a red emission centered at 645 nm with an FWHM of 39.6 nm (117 meV)    

(Figure 2.5b). The XRD patterns of these composites are not characterized by 

reflections ascribable to the starting 0D structure, nor secondary undesired 

phases, confirming that 0D NCs are fully converted into the corresponding 3D 

structures (Figure 2.5a). TEM micrographs, TEM-EDS elemental maps, and HR-

TEM analysis reveal that these composites consist of newly formed 3D NCs 

embedded in an amorphous silica matrix (Figure 2.5 c-g, 2.6).   

Figure 2.6. HAADF-STEM images, HR-TEM images, and filtered HR-TEM image 

(inset shows the FFT analysis), SAED pattern, and corresponding Azimuthal 

integration compared to reference cards orthorhombic CsPbBr3 phase of 

CsPbBr3/SiOx composite.  
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2.5. Stability of CsPbBr3/SiOx composite against 

heat and water  

After assessing the effective encapsulation of CsPbX3 NCs in the SiOx matrix, 

the stability of the CsPbBr3/SiOx composite is tested against heat and water. For 

comparison, the stability test is also performed with oleylammonium bromide 

passivated CsPbBr3 NCs prepared following the approach of Protesescu et al.,26 

and denoted here as “bare” NCs. The thermal stability is assessed by monitoring 

the PL intensity of films (prepare from the CsPbBr3/SiOx composite powder 

sample) during successive heating and cooling cycles (from RT to 120 °C, 1 

hour/cycle). 

Figure 2.7. PL spectrum of CsPbBr3/SiOx composite (left panel) and bare CsPbBr3 

NCs (right panel) are recorded at RT after each heat-up/cool-down cycle. 
 
 

Figure 2.8. (a) Thermal stability test: heating and cooling cycling measurements 

of bare CsPbBr3 NCs and CsPbBr3/SiOx composite. (b) Water stability test: PL 

intensity changes of bare CsPbBr3 NCs and CsPbBr3/SiOx are monitored during 

those are exposed to water under stirring.  
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As shown in Figure 2.7 and Figure 2.8a, the PL of both samples, 

CsPbBr3/SiOx composite and bare CsPbBr3 NCs, are quenched upon increasing 

the temperature up to 120 °C and then (partially) recover upon cooling back to 

RT. After 5 cycles, the CsPbBr3/SiOx composite retains 81% of the initial 

emission intensity while the PL of bare CsPbBr3 NCs drops to 31%. The stability 

against water is assessed by dispersing the samples in DI water under stirring 

and monitoring the resulting PL. As shown in Figure 2.8b, after 140 minutes, 

the CsPbBr3/SiOx sample retains 76% of the initial emission intensity, while the 

PL of bare CsPbBr3 NCs is quenched entirely within a few minutes. These 

stability results indicate that the SiOx matrix improves both the thermal and the 

water stability of the CsPbBr3 NCs.  

 

2.6. Fabrication and characterization of W-LED 

The CsPbX3/SiOx composite samples are tested as down-conversion 

phosphors on top of a blue commercial LED. To this aim, green- and red-

emitting powders are mixed with PMMA, finely ground, and pressed into a solid 

pellet (see Figure 2.9a for a schematic representation of the process and the 

experimental part for more details). The resulting emission spectrum is 

displayed in Figure 2.9b, where three peaks resulting from the blue LED and 

the two different phosphors are visible. It is worth noting that green- and red-

emitting phosphors maintain their color purity in the pellet, confirming that the 

different NCs are well separated and no unwanted anion-exchange reactions 

occur, which would otherwise have led to a single yellow emission.174 As a 

result, the CIE coordinates of (0.32; 0.33) (Figure 2.9c) are very close to the 

ideal white coordinates (0.33; 0.33) and correspond to a CCT of 6186 K that is 

suitable for most lighting and display applications. Also, the CRI is 69. 

Eventually, the luminance of commercial blue LED with and without the down-

converting pellet is measured, finding values of 102 cd/m2 and 29320 cd/m2, 

respectively. Luminance loss can be attributed to various factors, such as non-
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unity quantum yield of the phosphors and scattering losses in the relatively thick 

and rough pellet. Nonetheless, the value of 102 cd/m2 is in the range of most 

common PC and smartphone displays.  

Figure 2.9. (a) Schematic structure of W-LED fabrication. Red 

CsPb(I/Br)3:Mn/SiOx and green CsPbBr3/SiOx emitting composite powders are 

covered on the 460 nm blue LED. (b) The emission spectrum of the fabricated W-

LED (inset: photograph of the W-LED under working) (c) CIE1931 color 

coordinate diagram. 

 

2.7. Conclusion 

In summary, a simple and straightforward procedure to synthesize different 

color emitting CsPbX3/SiOx composites is developed by employing phase 

transformation from 0D Cs4PbX6 NCs into 3D CsPbX3 NCs via the sol-gel route. 
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It has been shown that the silica layer effectively isolates CsPbX3 NCs from the 

outer environment, and thus, both water and thermal stability of CsPbX3 NCs 

are significantly improved. Besides, this silica layer prevents undesirable anion 

exchange reactions between perovskite NCs. The W-LED is fabricated using 

green and red powders combined with a blue InGaN LED. The resultant of W-

LED represents a color coordinate close to that of the ideal white light and a 

good color rendering index. Overall, with these results, CsPbX3/SiOx 

composites present high potential as a promising material for the display, 

lighting, and bio-logical fields with improving future performance. 

 

2.8. Experimental part 

Synthesis of 0D Cs4PbX6 NCs. The synthesis is performed following the 

procedure reported in the previous work.175 Briefly, 0.1 mmol of PbX2 is 

combined with 5 mL of ODE, 0.2 mL of OA, and 1.5 mL of OLAM in a 20 mL 

vial, and the mixture is heated on a hotplate set at 150 °C. After the complete 

dissolution of the PbX2 salt, the solution is cooled down to the desired reaction 

temperature, and 0.75 mL of a 0.3 M Cs-oleate solution in OA (obtained by 

dissolving 0.4 g of Cs2CO3 in 8 mL of OA at 150 °C) is swiftly injected. After 

about 30 seconds, the mixture becomes turbid white and is quickly cooled down 

to RT by plunging the vial into a water bath. The NCs are separated by 

centrifugation (at 4500 rpm for 10 minutes) and redispersed in 3 mL of hexane. 

Further details are presented in Table 2.1. 

Table 2.1. Experimental conditions for the preparation of 0D Cs4PbX6 NCs 

0D NCs 
PbBr2 

(mmol) 

PbCl2 

(mmol) 

PbI2 

(mmol) 

Reaction temperature 

(oC) 

Cs4PbBr6 0.1   80 

Cs4Pb(Cl/Br)6 0.05 0.05  100 

Cs4Pb(I/Br)6 0.02  0.08 80 

Synthesis of CsPbX3/SiOx composites. 1 mL of Cs4PbX6 NCs solution 

[Pb]≈5 mM), 2 mL of hexane, 0.5 mL of TEOS, 20 µL of OA, and 10 µL of a 

0.1 M lead oleate solution in OA (prepared by dissolving 22 mg of PbO in 1 mL 

of OA at 100 oC) are loaded into a 20 mL vial under stirring. The vial is placed 



CHAPTER 2 

CsPbX3/SiOx composites production via sol-gel method 
 

DEVELOPMENT OF SYNTHESIS STRATEGIES FOR EFFICIENT, ROBUST, AND STABLE LIGHT-EMITTING NANOCOMPOSITES 

BASED ON HALIDE PEROVSKITES – by AN Ngoc Mai 

40 

on a hot plate and heated to 100 °C. At this point, 10 µL of an aqueous solution 

of HNO3 (65 % w/w) is injected into the vial, and the reaction is allowed to 

proceed at 100 °C for 30 minutes. Subsequently, the vial is moved onto a stirring 

plate at RT and is left there for 10 hours, after which a gel is obtained. The vials 

are kept uncapped during the whole procedure. The gel is washed with 2 mL of 

hexane, separated by centrifugation (twice), and finally dried at 40 °C for 2 

hours in a vacuum oven yielding a flaky product. The flakes are then ground to 

powders in an agate mortar.  

The preparation of Mn-doped CsPb(I/Br)3/SiOx samples is similar, but 0.2 mL 

of TEOS and 3 µL of HNO3 solution containing 0.1 M Mn(ac)2 are used instead. 

Fabrication and characterization of W-LED. Dry powders of red- and 

green-emitting CsPbX3/SiOx composites are finely ground in a mortar together 

with PMMA beads. The resulting powder mixture is then pressed into a solid 

pellet of 16 mm in diameter and ca. 1-2 mm in height. The as-obtained phosphor 

pellet is placed on top of a commercial blue LED (Thorlabs LIU470A). 

 

 

Appendices 

Appendix 2.1. Visualization of Mn-doped/non-doped CsPb(Br,I)3/SiOx gelation 

process. In the absence of Mn2+ ions, the mixture solution turns brown and does 

not exhibit any PL emission. 
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Appendix 2.2. The comparative experiment of the sol-gel process starting from 

0D Cs4PbBr6 and 3D CsPbBr3 NCs. When starting with 3D CsPbBr3 NCs, only white 

powders (no emission) are obtained, while starting with 0D Cs4PbBr6 NCs, the 

homogenous green-emitting gel is obtained.
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CsPbBr3/m-SiO2 composites prepared via 
molten salt synthesis 
 
 

Abstract: This chapter presents a new molten salt synthesis route to prepare 

CsPbBr3/m-SiO2 composite materials made of mesoporous silica (m-SiO2) 

particles whose pores are filled with light-emitting lead halide nanocrystals and 

other inorganic salts (e.g., KNO3, NaNO3, and KBr). The molten salts allow for 

the nucleation of perovskite nanocrystals CsPbBr3 inside silica pores and enable 

the sealing of those pores at mild temperatures 350 oC, representing an important 

technological advancement compared to previous works (in which analogous 

sealing was observed only above 600 °C). The resulting CsPbBr3/m-SiO2 

composites have high PLQY values (around 90 %) and exhibit high stability 

against heat, water, and even aqua regia. The white light-emitting diode (W-LED) 

devices in two prototypes, on-chip, and remote configuration, are fabricated from 

these composites to achieve stable white light emission. Moreover, these 

CsPbBr3/m-SiO2 composites also demonstrate their promise as an oil tracer 

material as they could survive under harsh conditions test of saline water and high 

temperature, which represents the typical underground oil wells environment.  

Parts of this chapter have been adapted or reproduced with permission from ref.176 

and patent application no. IT 102020000018481. 

 

 

3.1. Introduction  

Solution synthesis methods for nanocrystals fabrication have proven to be 

successful for various types of nanocrystals, such as metals177, metal oxides,178, 

and various conventional semiconductors.179 However, in order to synthesize 

many types of inorganic nanocrystals, high-temperature conditions, usually well 

above 350 °C, can be required.180 Unfortunately, this is a limitation for most 

organic solvents as they are not stable under such high-temperature conditions. 

The use of molten salts to synthesize nanostructures has emerged in the last 

years as an essential complementary route to conventional liquid phase 

approaches. A molten salt (MS) is salt that is solid under ambient conditions, 

but that becomes liquid at an elevated temperature. The melting temperature 
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(i.e., the reaction temperature) and different ions in a MS synthesis can be 

precisely controlled by carefully selecting the fractions of the various salts in a 

mixture of salts. The MS method has the advantages of easy operation, fast ion 

diffusion, and tunable temperature (~ 100 °C to over 1000 °C) for the large-

scale synthesis of different inorganic nanomaterials.181-183  

In the work presented in this chapter, the use of molten salts allows for the 

formation of CsPbBr3 perovskite NCs embedded inside mesoporous silica (m-

SiO2) matrix. The obtained CsPbBr3/m-SiO2 composites feature a strong PL 

emission (PLQY 89 %) and are highly stable against high temperature (180 oC), 

water, even aqua regia, and saline water. Besides presenting the synthesis 

approach, characterization, and stability test, this chapter also provides the result 

of applying CsPbBr3/m-SiO2 composites as down-converting phosphors white-

LED, demonstrating the potential of this material in a display application. 

 

3.2. CsPbBr3/m-SiO2 composites production  

In a typical synthesis of CsPbBr3/m-SiO2 composites, CsBr and PbBr2 (i.e., 

the perovskite precursors) are mixed with a molten salts mixture, namely 

KNO3:NaNO3:KBr (10:5:5 of molar ratio), and m-SiO2 particles, and then 

heated up to 350 oC under the air in a furnace for 60 minutes (Scheme 3.1).  

Scheme 3.1. Production of CsPbBr3/m-SiO2 composites  

via molten salts synthesis.  
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The CsPbBr3/m-SiO2 composite powder, obtained after washing the product 

with DMSO, features a bright PL emission peaked at 520 nm with a FWHM of 

21.5 nm (99.18 meV) and a PLQY as high as 89 % (Figure 3.1a). The XRD 

pattern can be indexed with the orthorhombic CsPbBr3 (ICSD 98-009-7851) 

crystal structure with the presence of KBr, NaNO3 KNO3 phases (Figure 3.1b).  

Given the high solubility of KBr, NaNO3, and KNO3 salts in polar solvents, their 

presence in the final composites, as evidenced by XRD analysis, indicates that 

they are must have been encapsulated in the pores of m-SiO2 particles together 

with the CsPbBr3 NCs. A broad peak from 15° to 35° is also present in the XRD 

pattern and is ascribed to the amorphous SiO2 matrix (Appendix 3.1a). 

Interestingly, when DI water is used for the washing step, the corresponding 

XRD pattern is dominated by the PbBrOH reflections, which are superimposed 

to those of the expected CsPbBr3 material. (Appendix 3.2c). The formation of 

PbBrOH, which is insoluble in water,184 is attributed to the reaction of Pb-Br 

compounds present in the reaction medium outside SiO2 particles. Therefore, to 

overcome such an issue, another polar solvent, DMSO, which should not lead 

to the formation of hydroxide compounds (Appendix 3.2b), is replaced by DI 

water in the washing step. It is important to highlight here that the washing with 

DMSO results in a final product having the same optical properties and PLQY 

as that obtained by washing with DI water (Appendix 3.2a). 

An in-depth TEM analysis is performed to reveal the morphology and 

the structure of CsPbBr3/m-SiO2 composites. The starting m-SiO2 MCM-41 

particles have a mean size of 0.6 µm, as emerged from the DLS 

measurements (Appendix 3.3), and are characterized by a porous hexagonal 

structure. These pores have a mean diameter of 3.3 nm (Appendix 3.1b). 

TEM images of the final composite indicate that the nanoparticles had 

grown inside the pores of SiO2 with the concomitant collapse of most of the 

pores (Figure 3.1c). High resolution (HR) TEM, high-angle annular dark-

field (HAADF) - scanning transmission electron microscopy (STEM), and 

energy-dispersive X-ray spectroscopy (EDS) analyses are performed to 

gain a deeper understanding of the nanostructure of the nanostructure of the 

https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscope
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composites. As shown in Figure 3.1e, the SiO2 mesoporous structure is 

partial collapsed. The formation of orthorhombic CsPbBr3 NCs and K, Na, 

and N-containing salts (with the K:Na ratio being close to 2:1) inside the 

SiO2 particles is confirmed by EDS analysis in Figure 3.1c-d. 

Figure 3.1. Characteristic of CsPbBr3/m-SiO2 composite: (a) PL spectrum (Inset is 

the photograph of the sample under visible and UV light, 345 nm). (b) XRD 

pattern (References are the bulk reflections of CsPbBr3 (ICSD 98-009-7851), KBr 

(ICSD 98-005-3826), KNO3 (ICSD 98-003-6113) and NaNO3 (ICSD 98-001-5333)). 

(c) BF-TEM images. (Inset is HRTEM image of a CsPbBr3 NC embedded in 

amorphous silica found in the square area highlighted in (c)). (d) HAADF-STEM 

images and the corresponding EDS elemental maps. (e) HAADF-STEM image. 

 

3.3. Stability of CsPbBr3/m-SiO2 composites against 

thermal, water, and acidic environments 

The stability of CsPbBr3/m-SiO2 composites is assessed by exposing the 

samples to either high temperature (180 °C), water, or aqua regia. Parallelly, 

colloidal CsPbBr3 NCs prepared via a standard hot injection approach185 are also 

tested for comparison. The samples are annealed at 180 °C in an argon 
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atmosphere for 3 hours, and the variation of the PLQY is monitored before and 

after the test. The CsPbBr3/m-SiO2 composite retains 78 % of the initial PLQY, 

whereas the PLQY of the colloidal CsPbBr3 NCs drops from 90 % to 30 % after 

annealing at 180 °C in argon for 2 hours (Figure 3.2a). The stability against 

water is assessed by dispersing and stirring the samples in DI water and 

monitoring the resulting PLQY over time. Compared with colloidal CsPbBr3 

NCs whose PL emission complete quenches after few minutes of immersing in 

water, the CsPbBr3/m-SiO2 composites are stable in water with no visible drop 

in PL emission intensity for 30 days (Figure 3.2b). Moreover, the composites 

are stable when immersed in aqua regia for more than 10 days (Figure 3.2c and 

Appendix 3.4). Overall, these stability tests highlight the exceptional stability 

of the CsPbBr3/m-SiO2 composites that originates from the sealing of SiO2 pores 

which leads to the complete protection of LHP NCs by SiO2. This result to be 

compared with previous works, in which CsPbBr3 NCs were grown inside m-

SiO2 without the use of molten salts: the resulting compounds could not even 

sustain a washing step with water.115, 186 

Figure 3.2. (a) PLQY of CsPbBr3/m-SiO2 composites made by using different 

molten salts mixtures (KNO3-KBr (green columns), NaNO3-KBr (red columns), and 

KNO3-NaNO3-KBr (yellow columns) and “standard” colloidal CsPbBr3 NCs (grey 

columns) before (I) and after annealing test at 180 °C in argon for (II) 2h or (III) 

3h. (b) Time-dependent normalized PL emission of CsPbBr3/m-SiO2 composites 

and “standard” colloidal CsPbBr3 NCs immersed in water. (c) Time-dependent 

normalized PL emission of the CsPbBr3/m-SiO2 composite prepared with KNO3-

NaNO3-KBr molten salts mixture immersed in aqua regia. (Insets: Photographs of 

CsPbBr3/m-SiO2 composite immersed in aqua regia for 3 days and 9 days.) 

The stability of these samples is comparable to that those prepared by Zhang. 

et al. who employed a solid-state reaction in which CsBr, PbBr2, and m-SiO2 

were annealed together at high temperatures (> 400 °C).116 In their case, the 
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collapse of the mesoporous of silica was observed only when working above 

700 °C and, therefore, it was attributed to high reaction temperatures, which 

also lead to the merging of SiO2 particles. The resulting heavily 

sintered/aggregated composites had a reduced PLQY (63 %) that could only be 

moderately increased to 71 % by an HF treatment. Conversely, the molten salts 

synthesis does not lead to merging or aggregation of the resulting CsPbBr3/m-

SiO2 particles, as demonstrated by DLS measurements (Appendix 3.3). 

Moreover, the PLQY of this CsPbBr3/m-SiO2 composite is already very high; 

hence performing further treatments is unnecessary. In fact, molten salts have 

even been used to produce mesoporous structures starting from non-porous 

metal oxides,187 and, in particular, from silica.188-192 The corrosiveness of alkali 

salts to various metal oxides, which have been known for decades,187, 193 can 

explain the pore sealing in CsPbBr3/m-SiO2 composites here. 
 
 
 

3.4. Control experiment by various molten salts 

media 

Molten salts play a key role in determining the properties of the final 

composites. Thus, to better understand the role of molten salts, a series of 

control experiments are performed, in which the composition of the molten salt 

is varied systematically. When the composite is made by employing the salts 

mixture of KBr and KNO3, the product exhibits a high PLQY (89 %) and a low 

resistance against water and aqua regia (Figure 3.2a,b).194 This sample consists 

of m-SiO2 particles whose pores are filled with CsPbBr3 NCs and KNO3 (Figure 

3.3a,c). Interestingly, this procedure does not affect the mesoporous structure of 

m-SiO2, which is completely retained (Figure 3.3a). Conversely, the use of 

NaNO3 and KBr yields composites having a low PLQY (42 %) and a high 

resistance against water and aqua regia treatment (Figure 3.2a,b and Figure 

3.4). The XRD and HRTEM analyses reveal that the product consisted of m-

SiO2 particles filled with CsPbBr3 NCs and NaBr, which has partially lost their 

mesoporous structure (Figure 3.3b,d). These control experiments indicate that 

the composition of the molten salts mixture has a profound impact on the 

structure of the final composites. 
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Figure 3.3. STEM-HAADF images and XRD patterns of the composites obtained 

using diverse molten salts mixture: (a,c) KBr+KNO3 or (b,d) KBr+NaNO3. The bulk 

reflections of CsPbBr3 (ICSD 98-009-7851), KNO3 (ICSD 98-003-6113), and NaBr 

(ICSD 98-004-1440 are also reported by means of vertical bars. 

The ratio of molten salts in the mixture is also important; thus, another series 

of control experiments are carried out, in which the ternary KNO3-KBr-NaNO3 

molten salts mixture is employed, and then the relative compositions are 

systematically varied by mixing KNO3, KBr, and NaNO3 salts in different molar 

ratio. The resulting emitting composites are stable in aqua regia (means the 

CsPbBr3 NCs are embedded entirely inside the SiO2 particles) only observing 

for the ratio of 10:5:5, 8:7:5, 7:8:5 and 5:10:1 for KNO3:NaNO3:KBr (Table 3.1 

and Figure 3.4), with the best ratio of 10:5:5 giving the maximum the PL 

emission of the product. Overall, the two control experiment series results 

indicate that both the composition and the stoichiometry of the molten salt 
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mixture are of paramount importance in regulating the properties of the final 

composites. 

Table 3.1. The molar ratio of KNO3:NaNO3:KBr molten salts 

in different mixtures for CsPbBr3/m-SiO2 composites synthesis. 

Sample 0 1 2 3 4 5 6 7 8 9 10 11 12 13 

KNO3 

(mmol) 
15 14 13 12 11 10 7.5 9 8 7 6 5 4 0 

NaNO3 

(mmol) 
0 1 2 3 4 5 7.5 6 7 8 9 10 11 15 

KBr 

(mmol) 
5 5 5 5 5 5 5 5 5 5 5 5 5 5 

 

 

Figure 3.4. Photographs of CsPbBr3/m-SiO2 composites synthesized by varying 

the KNO3:NaNO3:KBr molar ratio (see Table 3.1) after being immersed in aqua 

regia for 3 days. (Photos are taken under UV light illumination (345 nm).   
 

 

3.5. W-LED application 

The CsPbBr3/m-SiO2 composites are then tested for down-converting W-

LED (on-chip and remote configuration). For the fabrication of an on-chip W-

LED, a blue-emitting LED (3 Watts, 3.2-3.4 V and wavelength: 445-450 nm) is 
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covered by a mixture of CsPbBr3/m-SiO2 composites (green-emitting), 

K2SiF6:Mn4+ powder (red emitting), and TiO2 (light scattering agent) dispersed 

in poly(dimethylsiloxane). The fabricated device has a white light with CIE 

color coordinates of (0.2985, 0.3076) and a CCT of 7692 K (Figure 3.5a-

b).cSuch W-LED promises as a light source in LCD backlighting for wider color 

gamut displays195 because it features three distinct narrow emission peaks of 

blue, green, and red colors (Figure 3.5a).  

Figure 3.5. (a) The emission spectrum of the fabricated W-LED (Inset: 

photograph of the W-LED under operation) and the corresponding (b) CIE1931 

color coordinate diagram. (c) Time-dependent normalized PL intensity of 

(CsPbBr3/m-SiO2)-polymer film and (CsPbBr3 NCs-polymer) film under high flux 

remote-configuration test (inset: photograph of the (CsPbBr3/m-SiO2)-polymer 

film with blue LED chip (200 mW/cm2) under operation). (d) Color coverage of 

(CsPbBr3 NCs)-polymer composite film compared to the standard Rec.2020 area. 
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For the fabrication of a remote-prototype W-LED, a (CsPbBr3/m-SiO2)-

polymer film is prepared by mixing CsPbBr3/m-SiO2, K2SiF6:Mn4+, and TiO2 

powders enclosed in a UV-curable acrylate polymer and sandwiched in between 

two transparent barrier polymer films. This film is then placed remotely from a 

blue LED chip (450 nm, 200 mW/cm2) (Figure 3.5c). Compared to a standard 

(CsPbBr3 NCs)-polymer composite film, the (CsPbBr3/m-SiO2)-polymer film 

shows superior stability with fully retaining the initial luminescence after a 

prolonged test of 240 hours under high irradiation flux (Figure 3.5c). Moreover, 

unlike (CsPbBr3 NCs)-polymer film whose the edge with the degradation of the 

NCs under ambient conditions, the (CsPbBr3/m-SiO2)-polymer film exhibits 

high stability as shown by the absence of edge ingress (Appendix 3.5). The 

(CsPbBr3/m-SiO2)-polymer film obtained here gives a color point at x=0.08992; 

y=0.76927 according to CIE 1931 color diagram and. Using this CsPbBr3/m-

SiO2 as a green color emitter could cover 87 % of the Rec.2020 area (Figure 

3.5d). These features make the CsPbBr3/m-SiO2 composites particularly 

promising for down-converter films in lighting and LCD applications. 

 

3.6. Salinity stability of CsPbBr3/m-SiO2 composite 

In the oil industry, the tracers are employed to probe the efficiency of 

injection wells drilled for oil extraction. Tracers are inserted into the injection 

well, and their recovered amount, which is probed at the extraction well, can 

give precious information about the efficiency of the injection well.123 Such 

tracers have to withstand the underground condition with the salinity 

environment and high temperature.196, 197 Motivated by high stability against 

water and aqua regia, the CsPbBr3/m-SiO2 composites are also tested under such 

harsh conditions. After 24 h of incubation in an aqueous solution of NaCl, CaCl2, 

MgCl2, Na2SO4, and NaHCO3 at RT, the PLQY of CsPbBr3/m-SiO2 composites 

is 83 % and decreases to 18 % after continuously incubation at 90 °C for 168 h 

(Figure 3.6 and Appendix 3.6). The decreasing of PLQY is attributed to the 

aggregation of the CsPbBr3/m-SiO2 particles whose hydrodynamic radius is 

measured to be 10 µm after the test completion (Appendix 3.6). These 
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preliminary results indicate that these composites are potential candidates for 

oil tagging applications. However, further improvements are needed to limit 

their aggregation; for example, surface functionalization of the composite with 

suitable molecules could be a proper suggestion.  
 

Figure 3.6. PL intensity of 

CsPbBr3/m-SiO2 composite before 

(initial in water, black curve) and 

after saline test in brine at RT for 

24 h in brine (red curve) and at 90 
oC for 24 h (blue curve). The PL 

intensity decrease due to the 

aggregation of composite during 

the test, but emission is still 

observed after the test as shown 

in the inset photograph. 

 

3.7. Conclusion 

A molten salt synthesis route has been developed to produce the composites 

made of CsPbBr3 NCs embedded, together with inorganic salts (KNO3-NaNO3-

KBr), inside mesoporous SiO2 particles. The CsPbBr3/m-SiO2 composites with 

high PLQY (~90 %) are resistant to heat, water, and even to aqua regia, thanks 

to molten salts for sealing the pores of SiO2. These composites are found to be 

promising as green-emitting phosphors in W-LEDs due to their optical and 

physical properties: the resulting device emits white light with CIE color 

coordinates of (0.2985, 0.3076) and CCT of 7692 K and exhibits a highly stable 

PL emission after 240 hours of operation (in terms of peak position and 

intensity). In addition, CsPbBr3/m-SiO2 composites survive after being exposed 

to salinity environment at 90 °C for 7 days, making them suitable candidates as 

tracers in the oil industry. 

 

3.8. Experimental Part  

Synthesis of CsPbBr3/m-SiO2 composites. CsBr (1 mmol), PbBr2 (1 mmol), 

molten salts (different salts mixture are used: KBr:KNO3 in 5:15 mmol ratio; 
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KBr:NaNO3 in a 5:15 mmol ratio or KNO3:NaNO3:KBr in 10:5:5 mmol ratios) 

and commercial MCM-41 m-SiO2 (5 mmol) are mixed by grinding with a 

mortar and pestle. The mixture powder is transferred into a ceramic crucible and 

heated up to 350 oC in a furnace for 60 minutes under the air, then allowed 

naturally cooling down to RT. The resulting product is washed with a polar 

solvent such as DMSO or DMF or even with DI water to remove all the 

inorganic salts and CsPbBr3 crystals that grown outside of the m-SiO2 particles. 

The final powder is eventually dried in a vacuum oven at 40 oC.  

LED on-chip prototype. A mixture of CsPbBr3/m-SiO2 composite (green-

emitting), K2SiF6:Mn4+ powder (red-emitting), TiO2 (light scattering agent) and 

PDMS-poly(dimethylsiloxane) is mixed with the wt% ratio of 1:4 for 

CsPbBr3/m-SiO2 composite and K2SiF6:Mn4+. The mixture is then deposited 

onto a blue LED chip (3 watts, 3.2-3.4 V, and wavelength of 445-450 nm) and 

heated in the oven at 60 °C for 30 minutes. 

CsPbBr3/m-SiO2-polymer composite film. For the fabrication of a 

(CsPbBr3/m-SiO2-polymer) film, a mixture of CsPbBr3/m-SiO2 composite 

powder (green-emitting), K2SiF6:Mn4+ powder (red emitting), TiO2 (light 

scattering agent), and a UV- curable polymer (isobornyl acrylate-based) is 

prepared with the wt% ratio of 1:4 for CsPbBr3/m-SiO2 and K2SiF6:Mn4+. The 

mixture is deposited between transparent barrier films using blade coating and 

cured under a high flux UV lamp for 30 seconds. 

Stability tests for oil tracing applications. In this study, the CsPbBr3/m-SiO2 

composites are tested in 3 different conditions: water at RT for 24 h, brine 

solution at RT for 24h, and brine solution at 90 °C for 24 h. The composites are 

dispersed in water or brine solution with a concentration of 1 mg/mL. The brine 

solution is prepared by dissolving a mixture of 20.396 g of MgCl2, 150.446 g of 

NaCl, 0.518 g of Na2SO4, 69.841 g of CaCl2, and 0.487 g NaHCO3 in 1 liter of 

distilled water. The PL intensity and size of the composites are compared before 

and after each test. 
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Appendices 

Appendix 3.1. (a) XRD pattern of starting m-SiO2 MCM-41 (code 643645 Sigma 

Aldrich) showing a broad peak ranging from 15° to 35° is ascribed to the 

amorphous SiO2 matrix. (b) HAADF-STEM image of the starting m-SiO2 MCM-41. 
 

Appendix 3.2. (a) PL spectra of CsPbBr3/m-SiO2 composites before (black curve) 

and after different washing steps: cleaning with the use of DI water (red curve); 

DI water followed by DMSO (green curve). An arrow indicates the PL emission 

corresponding to bulk CsPbBr3. (b, c) XRD pattern of CsPbBr3/m-SiO2 composites 

obtained after the washing step with water (c) and after a subsequent washing 

step with DMSO (b). The bulk reflections of PbBrOH (ICSD 98-002-83-13), 

CsPbBr3 orthorhombic (ICSD 98-009-7851), KBr cubic (ICSD 98-005-3826), and 

KNO3 hexagonal (ICSD 98-003-6113) are reported by means of vertical bars. 

 

Appendix 3.3. DLS curves are 

obtained for starting m-SiO2 particles 

and CsPbBr3/m-SiO2 composites 

dispersed in water. 
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Appendix 3.4. PL spectra of CsPbBr3/m-

SiO2 composite before and after 

immersion in aqua regia for 3 days or 70 

days. The PL peaks position does not 

change during this test. (Inset: 

Photograph of CsPbBr3/m-SiO2 

composite immersing in aqua regia for 

70 days under UV light, 345 nm). 

 

 

 

Appendix 3.5. Photographs are taken 
under visible (left) and UV light (right) of 
(upper panel) a (CsPbBr3/m-SiO2)-
polymer film which does not show any 
edge ingress after being tested for 10 
days in remote configuration; (lower 
panel) a CsPbBr3 NCs-polymer film (the 
CsPbBr3 NCs are synthesized by 
following the standard colloidal method 
of Protesescu et al.26) tested for 10 days 
in the remote configuration in which 

observing the appearance of the edge 
ingress. 

 
 
 

Appendix 3.6. PLQY and size distribution of CsPbBr3/m-SiO2 composites before 

(in water) and after the “saline test” in 2 conditions: brine 24 h at RT and brine 

24 h at RT, followed by heat 90 oC for 24 h. The photos show the aggregation of 

the sample overtime during the test. 

 In water In brine 24h 
In brine 24h followed by 

heat 90 oC in brine 24h 

PLQY 89 % 74 % 18 % 

Particles size 

(by DLS measurement) 
~ 0.6 µm ~ 1.1 µm > 10 µm 

Photo 
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Tin halide perovskites 

 
 
 

Abstract: Lead halide perovskite nanocrystals emerged as potential materials for 

optoelectronic applications due to their outstanding optical properties. Their 

stability can be remarkably enhanced by several strategies; including two new 

methods are shown in chapter 2 and chapter 3. However, they are based on Pb, a 

toxic element, which raises a critical concern for future commercial development. 

To address such toxicity issue, intense recent research has been devoted to 

developing lead-free materials. This chapter will present the structure and optical 

properties of tin (Sn) - based halide perovskites, including Cs2SnI6 3D perovskite, 

and (C18H35NH3)2SnI4 2D perovskite that are synthesized via the hot injection 

method with some substantial modification. 
 
 
 

 

4.1. Introduction 

The hot injection method is the common method to synthesize nanocrystals 

is discussed in chapter 1. In section 4.2, the Cs2SnI6 crystals are synthesized via 

a “benzoyl halide” hot injection method198 based on the use of benzoyl halide 

(i.e., benzoyl iodide) as a halide source to be injected into the hot solution. The 

detailed results about the structure, size, shape and optical properties of these 

Cs2SnI6 crystals will be presented in this chapter. In section 4.3, a Sn-based 2D 

Ruddlesden–Popper-type (C18H35NH3)2SnI4 perovskite is also synthesized by a 

similar method. The material is composed of a micro-platelets that exhibit large 

Stokes-shifted (250 nm) PL emission at 630 nm (red color emission), which is 

assumed to originate from self-trapped excitons.  

 

4.2. Synthesis and characterization of 3D 

perovskite Cs2SnI6 

Cs2SnI6 crystals are prepared via a hot injection process, previously 

employed by Muhammad et al.198 for the synthesis of APbX3 NCs, which relies 

on the use of benzoyl iodide as the halide precursor.
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In a typical synthesis, cesium carbonate and tin (IV) acetate are dissolved and 

degassed in oleylamine, oleic acid, and octadecene at 120 °C in a three-neck flask. 

Subsequently, the solution is heated up to 180 °C, and the benzoyl iodide 

precursor is swiftly injected into the reaction flask leading to trigger the 

immediate nucleation and growth of the NCs (see experimental part). The 

resulting crystals have a black color and are ~100 nm in size (see TEM images in 

Figure 4.1). The XRD pattern of the sample is characterized by the presence of 

peaks at 2θ = 26.49°, 30.69°, 43.95°, 50.06°, 54.56°, which correspond to the 

diffractions from the (222), (004), (044), (226), and (444) planes of the cubic 

Cs2SnI6 structure (ICSD 98-002-2105)126, 132, 199 (Figure 4.2a). 

Control experiment revealed that the optimal temperature for the nucleation 

and growth of Cs2SnI6 crystals is ∼180 °C, which results in the crystals 

having an XRD pattern matching to the cubic Cs2SnI6 structure without the 

formation of secondary phases (see Figure 4.2a). On the other hand, at lower 

temperatures (i.e., 150 °C), the samples obtained contain a mixture of Cs2SnI6 

and CsI phases (see Appendix 4.1). 

Figure 4.1. TEM images of Cs2SnI6 crystals. 

The Cs2SnI6 crystals are then characterized by an absorption peak at 680 nm 

and an absorption onset near 1100 nm. Also, the bandgap of Cs2SnI6 crystals is 

calculated by extrapolating the linear of the plot (αhν)2 versus hν based on the 

Tauc plots: 
 
 
 

where α, h, ν are the optical absorption coefficient, Plank Constant, photon 

frequency, respectively; Eg is the bandgap of the sample; and n is constant 

whose value depends on whether the semiconductor is direct (n = 2) or 

indirect (n = 1/2).  
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The bandgap of Cs2SnI6 crystals is found to be 1.55 eV assuming a direct 

bandgap, which is in line with reported values which range from 1.3 eV (in the 

case of bulk crystals126, 199) to 1.68 eV (in the case of quantum dots (1-3 nm)156 ). 
 

 

Figure 4.2. (a) XRD pattern of the Cs2SnI6 crystals together with the bulk 

reflections of Cs2SnI6 (ICSD 98-002-2105), (b) crystal structure of Cs2SnI6, (c) 

absorption spectra of Cs2SnI6 crystals, (d) Tauc fit of the absorbance data 

assuming a direct bandgap for Cs2SnI6 crystals, yielding a 1.55 eV gap. 

The emission of Cs2SnI6 is not observed in the bulk form, whereas different 

results are reported in nanoscale. For example, Wang et al. first reported a red 

emission at 620 nm (2.0 eV), which is observed for Cs2SnI6 nanobelts with an 

average width of 30 nm, a thickness of 6-8 nm, and a length of several 

micrometers.131 Later, Ghosh et al. prepared Cs2SnI6 nanocrystals in different 

sizes and shapes (5 nm quantum dots, 30 ± 3 nm nanocubes, nanorods with a 

length of 500–600 nm and an average radius of 5 ± 1 nm, 100 nm nanosheets), 

all exhibiting no PL emission.156 They show that the bandgap of the Cs2SnI6 

varied from 1.36 to 1.67 eV depending on the particle size. The Cs2SnI6 crystals 

presented in this chapter have no emission. 
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4.3. Synthesis and characterization of 2D 

perovskite (C18H35NH3)2SnI4  

(C18H35NH3)2SnI4 NCs, namely, (OAm)2SnI4 2D perovskite, are synthesized 

by the hot injection method with some modification (see the experimental part 

for detail). The TEM images in Figure 4.3a-b illustrate that the (OAm)2SnI4 

micro-plates have large lateral dimensions and tend to stack over vertically. The 

EDS analysis indicates a Sn:I elemental ratio of 19.1:80.9 (Figure 4.3d). XRD 

pattern of the sample also reveals a periodic diffraction pattern at low angles 

with a regular interval of 2.3° due to the periodic 2D structure of the 

(OAm)2SnI4  perovskite, similar to the Pb-based 2D perovskites and reported 

(OAm)2SnBr4 .200, 201  

Figure 4.3. (a-b) TEM images of (OAm)2SnI4 2D perovskite, (c) HAADF-STEM 

image of (OAm)2SnI4 2D perovskite (the arrows indicate different layers of 

material), (d) the corresponding EDS elemental ratio of (c) estimates the atomic 

concentration percentage of Sn:I was 19.1:80.9. 
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(OAm)2SnI4 2D perovskite follows the general formula of Ruddlesden–

Popper-type 2D perovskite, A’2An−1BnX3n+1, where A’ cation represents OAm+ 

(C18H35NH3
+), B represents Sn, X represents I, and n = 1. The structure of the 

(OAm)2SnI4 2D perovskite is shown in Figure 4.4b. Interlayer spacing d 

between the centers of mass of the (SnI6)4– octahedron layers has been 

determined to be 3.9 nm, calculated considering the regular intervals between 

the diffraction peaks at small angles. Both the size of the (SnI6)4– octahedra and 

the chain length of OAm contribute to this spacing. The NH3
+ heads from OAm+ 

electrostatically interact with I– ions in the (SnI6)4– octahedra, and the long 

carbon chains interdigitate between the inorganic layers formed by (SnI6)4– 

octahedra through van der Waals interactions in an overlapping tail–tail 

arrangement.202 The relationship between the layer spacing d and the carbon 

chain length in OAm is given by an equation d (nm) = 0.85 + 0.16 × m, where 

m stands for the number of carbons in the alkyl chain, according to a previous 

study on (CnH2n+1NH3)2PbBr4 2D perovskites.203 For the (OAm)2SnI4 2D 

perovskite, where m = 18, the value of d is calculated to be 3.7 nm, which is in 

good agreement with the above-mentioned experimental value. 

Figure 4.4c shows the absorption spectrum, PLE curve, and broad red PL 

emission located at 630 nm under excitation at 370 nm of the (OAm)2SnI4 2D 

perovskite. This material has a redshift in PL emission compares to the reported 

(OAm)2SnBr4 2D perovskite, which exhibits a PL peak at 620 nm with orange 

emission. This redshift can be explained by the substitution of Br- with I- anions 

in (OAm)2SnI4 2D perovskite here. Similar to (OAm)2SnBr4, the (OAm)2SnI4 

material also has a large Stokes shift (250 nm). Generally, such large Stokes 

shifts and broad emissions do not originate from direct band-related 

recombination of carriers.204-206 Thus, the emission in (OAm)2SnI4 2D 

perovskite materials can be explained by taking into account self-trapped 

excitons, as already reported in previous works dealing with 0D, 1D, corrugated 

2D metal halide perovskites, and SnBr2 crystals.41, 161, 207, 208  
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Figure 4.4. (a) XRD pattern of (OAm)2SnI4 2D perovskite together with the bulk 

reflections of Cs2SnI6 (ICSD 98-002-2105), (b) proposed crystal structure of 

(OAm)2SnI4 2D perovskite, (c) absorption (black curve), PLE (blue curve), and PL 

(red curve) spectra of (OAm)2SnI4 2D perovskite (an inset is the photograph of 

the sample under UV light), (d) Configuration coordinate diagram for the 

potential energy curves to illustrate the photo-physical processes resulting in 

emission from the exciton self-trapping state at room temperature. 

In classic solid-state theory, a configuration coordinate diagram (Figure 

4.4d) is commonly used to illustrate the photo-physical processes resulting in 

emission from the exciton self-trapping state.209 Under high-energy photon 

excitation, electrons are excited to a manifold of excited states from the ground 

state and then fall into lower energy self-trapped states through ultrafast excited-

state structural reorganization. The subsequent recombination between electrons 

and holes generates large Stokes shifts and broad-band emissions.206, 210, 211  

To explore the influence of different A’- site cations on the structure and optical 

properties of 2D perovskites, various amines with shorter alkyl chains (C8H17NH2 

- octylamine and C6H13NH2 - hexylamine) are employed in the synthesis of 
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(C8H17NH3)2SnI4 and (C6H13NH3)2SnI4 2D perovskites, respectively. XRD patterns 

of the samples reveal the expected periodic diffraction patterns with the interlayer 

space d = 2.3 nm and 1.9 nm for (C8H17NH3)2SnI4 and (C6H13NH3)2SnI4 2D 

perovskites, respectively, attributed to a specified structure of 2D materials 

(Appendix 4.2). The PL spectra of these materials indicated the broad orange 

emissions and the PL peaks at around 625 nm (Appendix 4.3). 

 

4.4. Conclusion 

This chapter provides the results on the synthesis and characterization of the 

structure and optical property of Cs2SnI6 3D perovskite and (OAm)2SnI4 2D 

perovskite materials. The Cs2SnI6 crystals have a size of 100 nm, a broad 

absorption band at 680 nm, and no emission, whereas (OAm)2SnI4 2D 

perovskite with layer structure is characterized by a broad emission at 630 nm, 

which is ascribed to the intrinsic self-trapped states of molecular (SnI6)4− species. 

These preliminary results of Cs2SnI6 crystals and (OAm)2SnI4 2D perovskite 

relatively contribute to the library of the structure-property of the Sn-based 

perovskites family. More extensive studies are required to optimize these 

materials in the future, such as controlling their size and optical properties. 

 

4.5. Experimental part 

Preparation of Benzoyl Iodide. 3 g of sodium iodide is mixed with 1.4 mL 

of benzoyl chloride in a 20 mL vial. The mixture is vigorously stirred at 75 °C 

on a hot plate for 5 h. The reaction mixture turns from colorless to an orange-

red color, indicating that the transformation of the benzoyl chloride into the 

benzoyl iodide is successful. Then, the mixture is cooled down to RT and diluted 

using 3 mL of anhydrous ODE. 

Synthesis of Cs2SnI6 3D perovskite NCs. 16 mg of Cesium carbonate, 71 mg 

of tin (IV) acetate, 1 mL of OLAM, 0.5 mL of OA, and 5 mL of ODE are loaded 

into a 25 mL 3-neck round bottom under vacuum for 1 h at 120 °C. Subsequently, 
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the temperature is increased to 180 °C under N2, and the 1.2 mmol of the 

benzoyl iodide precursor is swiftly injected into the solution. The reaction 

mixture is kept for 20 s before injecting 5ml fresh toluene for quenching reaction. 

Then, the resulting mixture is centrifuged for 10 min at 4000 rpm. The 

supernatant is discarded, and the precipitate is re-dispersed in 5 mL of toluene 

for further use. 

Synthesis of A2SnI4 2D perovskites (A = C18H35NH3, C8H17NH3, and 

C6H13NH3). 71 mg of tin (IV) acetate, 0.5 mL of OA, 0.5 mL of oleylamine (or 

octylamine or hexylamine), and 5 mL of ODE are loaded into a 25 mL 3-neck 

round bottom flask under vacuum at 120 °C for 1 h. After that, the temperature 

is increased to desired temperature (180 - 220 °C) (See Table 4.1 for details) 

under N2, and 1.2 mmol of iodotrimethylsilane precursor is swiftly injected into 

the solution. The reaction mixture is kept for 20 s before injecting 5ml fresh 

toluene for quenching reaction. Then, the resulting mixture is centrifuged for 10 

min at 4000 rpm. The supernatant is discarded, and the precipitate is re-

dispersed in 5 mL of toluene for further use. 

Table 4.1. Temperature reaction synthesis for different samples  

Sample Reaction temperature 

(C18H35NH3)2SnI4 220 °C 

(C8H17NH3)2SnI4 120 °C 

(C6H13NH3)2SnI4 120 °C 

 
 

Appendices 
 
 

Appendix 4.1. XRD patterns of the 

samples were prepared at different 

temperatures: 120 oC, 150 oC, 180 oC 

with the bulk reflections of cubic 

Cs2SnI6 (ICSD 98-002-2105) and cubic 

CsI (ICSD code 61517). 
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Appendix 4.2. XRD patterns of the 

(OAm)2SnI4, (C8H17NH3)2SnI4, and 

(C6H13NH3)2SnI4 2D perovskites which 

are prepared by oleylamine, octylamine, 

and hexylamine, respectively. The 

asterisks indicate periodic diffractions, 

which are specific in 2D perovskites 

structures. The interlayer spacing d of 

(OAm)2SnI4, (C8H17NH3)2SnI4, and 

(C6H13NH3)2SnI4 is calculated to be 3.9, 

2.3, and 1.9 nm, respectively 

 

Appendix 4.3. PL spectra of the 

(OAm)2SnI4, (C8H17NH3)2SnI4, and 

(C6H13NH3)2SnI4 2D perovskites, which 

are prepared by oleylamine, octylamine, 

and hexylamine, respectively. Insets: 

Photographs of 2D perovskites under UV 

light.
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Conclusion and prospects 

 

 

Abstract: In this thesis, several encapsulation approaches for lead halide 

perovskite nanocrystals have been discussed. The composites synthesized via 

molten salt synthesis exhibit strong photoluminescence emission, significantly 

enhanced stability and good performance in a proof-of-device application. This 

strategy method can be extended to prepare other composites such as other 

perovskite nanocrystals (e.g., lead-free perovskites) or chalcogenide nanocrystals 

inside different metal oxide hosts. This last chapter summarizes the achieving 

results of the PhD project and provides some suggestions for future prospects. 
 
 
 

 

5.1. Conclusion 

This Ph.D. thesis encompasses three projects, each of them achieving the 

proposed target. The first two projects are mainly about lead halide perovskites 

encapsulated in silica, and the last one is related to the tin-based halide 

perovskite materials. 

Efficient encapsulating strategies for lead halide perovskites (LHPs) are 

developed to improve their stability and examine their properties to be suitable 

for optoelectronic applications. An easy and straightforward procedure to 

produce CsPbX3 NCs embedded inside a silica matrix is developed relying on 

the sol-gel reaction. The use of an aqueous acid solution HNO3 in the reaction 

mixture not only triggers the transformation from Cs4PbX6 0D to CsPbX3 3D 

NCs but also simultaneously catalyzes the rapid hydrolysis of TEOS to grow a 

silica matrix fully embedding the final 3D NCs. The obtained CsPbX3/SiOx 

composites feature enhanced stability (against thermal and water) thanks to the 

protection of the silica layer. To demonstrate the ability of these composites in 

the application, the W-LED is fabricated by implementing green and red-

emitting CsPbX3/SiOx composites enclosed with a blue InGaN LED. This W-

LED is then characterized a color coordinate close to that of the ideal white light 

and a good color rendering index. 
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The amorphous silica is formed at room temperature, however, remains the 

pores on the surface (because of porosity in the silica network),216 which would 

make LHP NCs gradually degrade. These pores are only collapsed when silica 

is calcined at high temperatures (above 600 oC). This finding encourages 

exploring another method to protect LHP more efficiently.  

As evolution in the LHPs encapsulation approach, a new molten salt 

synthesis route is developed to produce the composites made of CsPbBr3 NCs 

and molten salts (KNO3-NaNO3-KBr) embedded inside mesoporous silica (m-

SiO2) particles. The use of molten salts delivers CsPbBr3/m-SiO2 composites 

with high PLQY (~90 %) and, simultaneously, for the sealing of SiO2 pores, 

thus conferring exceptional stability to the system. These CsPbBr3/m-SiO2 

composites are resistant to heat, water, even aqua regia and able to be promising 

as green-emitting phosphors in LEDs. The device is made with these composites 

emits white light with CIE color coordinates of (0.2985, 0.3076) and CCT of 

7692 K and exhibits a highly stable PL emission after 240 hours of operation. 

Also, the composites retain their PL emission after being exposed to high 

salinity at 90 °C for 7 days, which allows them to be promising candidates as 

tracers for the oil industry. 

The enhanced stability of the LHP/silica composites in chapters 2 and 3 

strongly proves the effectiveness of these new encapsulating methods for LHPs, 

and these composites are possibly be used in optoelectronic applications such 

as LEDs. 

In the third project (chapter 4), motivated by working with a non-toxic lead-

free material, two types of tin-based perovskites are synthesized and 

characterized: Cs2SnI6 3D perovskite and (C18H35NH3)2SnI4 2D perovskite. The 

Cs2SnI6 3D perovskite crystals have a size of 100 nm, a broad absorption band 

at 680 nm, and no emission, whereas (OAm)2SnI4 2D perovskite with layer 

structure has a broad emission at 630 nm. These results can be the premise for 

further research of lead-free perovskite materials to be optimized optical 

properties or explore new structures. 
 



CHAPTER 5 

Conclusion and prospects 

DEVELOPMENT OF SYNTHESIS STRATEGIES FOR EFFICIENT, ROBUST, AND STABLE LIGHT-EMITTING NANOCOMPOSITES 

BASED ON HALIDE PEROVSKITES – by AN Ngoc Mai 

67 

 

5.2. Outlook 

LHPs have outstanding optical properties; however, their soft nature limits 

their applications. Many research groups have attempted to improve the stability 

of LHPs, but crucial and effective solutions have rarely been suggested. The 

novel methods for the LHPs encapsulating, especially the use of silica 

combining with molten salt synthesis (chapter 3), could be one of the proper 

solutions. As a simple and powerful method, these methods can be extended to 

synthesize many types of nanomaterials. Some suggestions are described below:  

(1) Despite LHPs have excellent optical properties and the best performance 

among the HPs family, and the stability of LHPs has been improved by many 

techniques to date, the existence of such materials that contain lead, an element 

that is toxic to humans, is an unavoidable fact. Thus, less-toxic environmental-

friendly materials such as lead-free tin-based perovskites or double perovskites 

could be considered as alternative materials. These perovskites are probably 

synthesized by the use of molten salt synthesis and silica, based on the 

experiences with LHPs synthesis.  

(2) Molten salts have been successfully employed for synthesizing several 

semiconductor NCs and QDs such as GaAs In1-xGaxP, In1-xGaxAs.213-216 As a 

result, many III-V phase compositions are difficult to synthesize using the 

conventional solution process but can be achieved using the molten salt method.  

(3) Future research should bridge the gap between the material and the 

applications. This gap is the quality of thin-film in device fabrication. The 

composites obtained here are very large (> 200 nm), which might be aggregated 

during the process of thin-film fabrication. Smaller particles (≤200 nm) are 

needed for synthesis, which can be accomplished using small silica particles in 

encapsulation methods. Another hypothesis is that composites made up of NCs 

embedded in silica can be functionalized with the desired functional groups 

thanks to silica's accessible functionalizing surface property, resulting in a 

robust colloidal solution that can be used in inkjet technique or thin-film 

fabrication. 
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CHARACTERIZATION TECHNIQUES 
 

X-ray Diffraction (XRD) measurements 

XRD patterns of the samples in chapter 2, 3, 4 are acquired on a PAN 

analytical Empyrean X-ray diffractometer, equipped with a 1.8 kW Cu Kα 

ceramic X-ray tube and a PIXcel3D 2 × 2 area detector, using parallel beam 

geometry and symmetric reflection mode, operating at 45 kV and 40 mA under 

ambient conditions. The samples are prepared by drop-casting the solutions (i.e., 

Cs4PbX6 NCs dispersed in toluene in chapter 2 and tin-perovskite samples in 

chapter 4) or pressing the composite powders (i.e., CsPbX3/SiOx composites in 

chapter 2 and CsPbBr3/m-SiO2 in chapter 3) onto a quartz zero-diffraction 

single crystal substrate.  
 

Optical measurements. 

The UV−Vis absorption spectra of the samples in chapter 2 and 3 are 

recorded using a Varian Cary 5000 UV−Vis-NIR spectrophotometer equipped 

with an integrating sphere. The PL spectra are measured on a Varian Cary 

Eclipse spectrophotometer using an excitation wavelength of 350 nm. The 

samples are prepared by dispersing the composite powders in hexane, followed 

by drop-casting onto a quartz substrate. In thermal and water stability tests in 

chapter 2, PL spectra are recorded on an Ocean Optics HR4000 spectrometer 

with an excitation wavelength of 385 nm. 

PLQY measurements of the samples in chapter 3 are performed using 

Fluorescence Spectrometer FS5 Edinburgh Instruments equipped with an 

integrating sphere. Measurement of LED color position, CCT, and CRI 

parameters is performed with GL Spectis 5.0 touch-GL Optic spectrometers.  

In chapter 4, the UV−Vis absorption spectra are recorded using a Varian Cary 

300 UV−vis absorption spectrophotometer. The PL spectra are measured on a 

Varian Cary Eclipse spectrophotometer using an excitation wavelength of 370 

nm for all samples. Samples are prepared by diluting crystal solutions in toluene 

in quartz cuvettes with a path length of 1 cm. 
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CHARACTERIZATION TECHNIQUES 

Transmission Electron Microscopy (TEM) measurements  

Low-resolution TEM measurement of all the samples in chapter 2, 3, and 4 is 

performed on a JEOL-1100 TEM operating at an acceleration voltage of 100kV. 

In chapter 2, high-resolution TEM (HRTEM), high angle annular dark-field 

scanning TEM (HAADF-STEM), and Energy-dispersive X-ray spectroscopy 

(EDS) measurements are carried out on a JEOL JEM-2200FS microscope 

equipped with a 200 kV field emission gun, a CEOS spherical aberration 

corrector for the objective lens and an in-column image filter (Ω-type), on which 

a Bruker Quantax 400 system with a 60 mm2 XFlash 6 T silicon drift detector 

(SDD) is mounted. Samples are prepared by dispersing the composite powders 

in hexane, followed by drop-casting onto carbon-coated copper grids. 

In chapter 3, HRTEM and HAADF-STEM imaging are carried out on a 

JEOL JEM-2200FS TEM (Schottky emitter), equipped with a CEOS corrector 

for the objective lens and an in-column image filter (Ω-type), operated at 200 

kV. The samples are exposed to a relatively low dose rate (~ 30 electrons/(Å2 

s)) to avoid electron beam damage. HRTEM images are acquired using a direct 

electron detection camera (K2 Summit, Gatan) in super-resolution mode. All 

images are obtained from a (260 nm)2 frame obtained by summing aligned 

frames receiving short exposure (0.4 s), with a total acquisition time of 12 s. 

STEM - EDS data are acquired in STEM mode by a Bruker XFlash 5060 silicon-

drift detector installed on the same microscope. For HRTEM, HAADF-STEM, 

and STEM-EDS mapping, samples are prepared by mildly sonicating the 

composite powder suspended in ethanol and drop-casting the suspension 

supernatant onto a holey carbon film on Cu. The grid is heated to 150 °C for 5 

hours (in high vacuum, p ≤ 10-6 mbar) before the experiment. The sample is kept 

in a high vacuum the night before the measurements. 

In chapter 4, EDS measurements are carried out on a JEOL JEM-2200FS 

microscope equipped with a 200 kV field emission gun, a CEOS spherical 

aberration corrector for the objective lens, and an in-column image filter (Ω-

type), on which a Bruker Quantax 400 system with a 60 mm2 XFlash 6 T silicon 

drift detector (SDD) is mounted. Samples are prepared by drop-casting onto 

carbon-coated copper grids. 
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CHARACTERIZATION TECHNIQUES 

Dynamic Light Scattering (DLS) measurements 

DLS measurements in chapter 3 are performed by using a Zetasizer Nano S 

from Malvern Pananalytical. The starting m-SiO2 is dispersed in water for 

measurement. The composites are dispersed in water or the brine solution for 

the measurements. The refractive index of the CsPbBr3/m-SiO2 composites is 

taken from the work of Yan et al.217 
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LIST OF CHEMICALS 

 

 Benzoyl chloride (C6H5COCl, 98 %) 

 Cesium bromide (CsBr, 99.999 %)  

 Cesium carbonate (Cs2CO3, reagent Plus, 99 %)  

 Dimethylsulfoxide (DMSO)  

 Hexylamine (CH3(CH2)5NH2 , 99 %)  

 Iodotrimethylsilane ((CH3)3SiI, 97%)  

 Lead (II) bromide (PbBr2, 99.999 % trace metals basis)  

 Lead (II) chloride (PbCl2, 99.999 % trace metals basis)  

 Lead (II) iodide (PbI2, 99.999 % trace metals basis)  

 Lead (II) oxide (PbO, 99.999 % trace metals basis)  

 Manganese (II) acetate tetrahydrate ((CH3COO)2Mn·4H2O, 99.99 % trace 

metals basis) 

 Nitric acid (HNO3, puriss. p.a., ≥ 65 % w/w (T)) 

 N-hexane (99.5 %)  

 Toluene (anhydrous, 99.5 %)  

 Octadecene (ODE, technical grade, 90 %)  

 Oleic acid (OA, 90 %)  

 Oleylamine (OLAM, 70 %)  

 Octylamine (CH3(CH2)7NH2, 99 %) 

 Poly(dimethylsiloxane) (PDMS)  

 Polymethylmethacrylate (PMMA, powder) 

 Potassium bromide (KBr, 99.99 %)  

 Potassium nitrate (KNO3, 99.999 %)  

 Silica (mesostructured, MCM-41 type, product code 643645)  

 Sodium iodide (NaI, 99.99 %)  

 Sodium nitrate (NaNO3, 99.995 %) 

 Toluene (anhydrous, 99.5 %) 

 Tin (IV) acetate (Sn(CH3CO2)4, 99.99 %)  

 Tetraethyl orthosilicate (TEOS, 99.999 % trace metals basis) 
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LIST OF ABBREVIATIONS 
 
 

0/1/2/3D 0/1/2/3 Dimensional 

Abs Absorption  

APTES (3-aminopropyl) triethoxysilane  

CB Conduction Band 

CBM Conduction Band Minimum 

CCT Correlated Color Temperature  

CIE Commission Internationale de l'Eclairage  

CRI Color Rendering Index 

DI Deionized 

DLS Dynamic Light Scattering  

DMF Dimethyl Formamide 

DMSO Dimethylsulfoxide 

EDS  Energy-Dispersive X-ray 

EVA Ethylene-vinyl acetate  

FA Formamidinium 

FWHM Full Width at Half Maximum 

GC Gas Chromatography 

HAADF High-Angle Annular Dark-Field 

HP Halide Perovskite 

HRTEM High Resolution Transmission Electron Microscopy  

HAADF High-Angle Annular Dark-Field 

HP Halide Perovskite 

HRTEM High Resolution Transmission Electron Microscopy 

NC Nanocrystal  

ICP Inductively Coupled Plasma Optical Emission Spectroscopy 

IR Infra-red 

LCD Liquid-Crystal Display 

LE Luminous Efficacy 

LED Light Emitting Diode 

LHP Lead Halide Perovskite 

LARP Ligand-assisted Reprecipitation 

MA 

MABr 

Methylammonium  

Methylammoniumbromide 

MOF Metal-Organic Framework  

m-SiO2 mesoporous silica 

N/A Not Available 

NIR Near Infra-red 

NTSC National Television System Committee 

OA Oleic Acid 

ODE 1-Octadecene 

OLA Oleylamine 

pc-LED phosphor-converted Light Emitting Diode 

PCE Power Conversion Efficiency 
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LIST OF ABBREVIATIONS 
 
 

PhD Doctor of Philosophy 

PL Photoluminescence 

PLE Photoluminescence Excitation 

PLQY Photoluminescence Quantum Yield 

PMMA Poly(methyl methacrylate) 

PS Polystyrene  

PSC Perovskite solar cell 

PTA 1,4-dicarboxybenzene 

QD Quantum Dot 

QLCD Quantum Dot Liquid-Crystal Display 

RT Room Temperature 

SEM Scanning Electron Microscope 

SiO2 Silica 

STEM Scanning Transmission Electron Micrograph 

STEM Scanning Transmission Electron Microscope 

TEM Transmission Electron Microscopy 

TEOS Tetraethoxysilane 

TMOS Tetramethoxysilane 

UV Ultra Violet 

VB Valance Band 

VBM Valance Band Maximum 

Vis  Visible 

XRD X-Ray Diffraction 

W-LED White Light Emitting Diode 
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