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Abstract 

The field of photovoltaic research is witnessing significant growth in the study of organic-inorganic perovskites, primarily due 
to their promising optoelectronic properties and the notable increase in their power conversion efficiency (PCE). Despite the 
advantageous characteristics exhibited by lead halide-based perovskites, such as their suitability as absorbers, the issue of 
instability remains a prominent concern. To address this challenge, we propose a potential solution involving the partial doping 
of all-inorganic perovskite CsPbI3 quantum dots (PQDs) with bromine. This approach not only aims to mitigate the instability 
problem but also allows for the customization of the band gap of pure cesium lead bromide CsPbBr3. Furthermore, we explore 
the impact of solvent selection and the choice of precipitating agent on the stability of the resulting quantum dots. Through the 
implementation of a hot injection method, we successfully synthesized perovskite quantum dots (PQDs) and conducted an 
analysis of their optical, structural, and thermal properties. X-ray diffraction analysis revealed the cubic phase of the prepared 
mixed halide CsPbI3-xBrx PQDs. 
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1. Introduction 
Organometallic perovskite is the most emerging 
topic of research among recent photovoltaic 
generation technologies since it showed a high 
power conversion efficiency (PCE).[1] 
ABX3 perovskite crystal structure acts as an active 
layer for light-harvesting.[2] PSCs can be easily 
fabricated by the wet chemical process and are less 
expensive than the traditional silicon solar cell. 
Researches are attempting to improve the 
efficiencies of PSCs to the Shockley–Queisser 
limit[3]. While, the major obstacles are low surface 
area of the photoanode and high recombination of the 
interfacial charge carrier. Other problem is the 
instability and poor life time which are serious 
threats for the commercialization of PSCs [4]. 

Substitution of the unstable organic group with more 
durable inorganic Cs+ cations form all-inorganic 
perovskites as cesium lead halide system (CsPbX3, X 
is halide) yields in stable perovskites which are more 
stable temperature and humidity factors [4]. 
However, the instability of these materials against 
moisture and heat is a great obstacle for their long-
term applications. Despite growing interest, 
understanding on the fundamental properties the 
inorganic CsPbX3 is still insufficient. Some studies 
have addressed this concern, and another potential 
approach involves substituting some of the Pb2+ with 
different metallic elements.[5] Further studies on 
inorganic perovskite optical and electronic properties 
can provide important insights into overcoming 
problems like energy losses and stability toxicity [6].  
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In this work CsPbBr3 and CsPbI3-xBrx are 
synthesized via hot injection technique; throughout 
the purification procedure of colloidal nanocrystals 
(PQDs), there were apprehensions arising from the 
observed discoloration and phase transformation, 
which raised concerns about potential degradation. 
The PQDs solution, originally displaying vivid green 
(CsPbBr3) and pink (CsPbI3-xBrx) hues, underwent a 
change, becoming pale yellow or white at two 
distinct stages of the purification process: after the 
introduction of the precipitation agent and following 
centrifugation. In order to tackle this issue, we 
conducted an investigation into the influence of the 
type and quantity of the anti-solvent and washing 
agents, as well as different centrifugation times, on 
the efficacy of the purification process. 
 
2. Materials and Methods 
Synthesis of Perovskite Quantum Dots 
The hot-injection method for Quantum Dots (QDs) 
involves conducting reactions at temperatures 
typically ranging from 90 to 240 °C. This method 
employs a rapid injection process to effectively 
separate the nucleation and growth stages, leading to 
more uniform colloidal nanocrystal QD dispersions. 
The success of this method relies on the nucleation 
and growth processes being slower than the effective 
mixing times of the precursor solution. However, 
achieving this for QDs has been challenging due to 
experimental evidence showing that nucleation 
occurs within a very short time frame of 0.4 seconds. 
Recent theoretical studies have also suggested that 
nucleation processes themselves take place on even 
faster time scales, measured in sub-microseconds [7]. 
This rapid kinetics has hindered detailed 
experimental investigations into the early formation 
stages of perovskites in QDs synthesis. Despite these 
challenges, the typical hot injection synthesis of QDs 
follows equations 1 and 2, representing the 
generalized conversion of precursors into their 
reactive species, with the overall formation reaction 
described by equation 3. Despite the availability of 
these reaction mechanisms, the specific details of the 
underlying nucleation mechanism remain uncertain.  
Cs2CO3 + 2OA   2CsOA + H2O + CO2                              
(1) 
PbX + 2OA + 2OLA     PbOA2 +  2OLAX                        
(2) 
CsOA + PbOA2 + 3OLAX CsPbX3  + 
3OA- + 3OLA+     (3) 
 Initially, the cesium precursor was prepared as Cs-
oleate, 0.814 g of cesium carbonate, 2.5 ml of oleic 
acid and 40 ml of octadecene were mixed and 
magnetically stirred and dried under vacuum and 

heated under N2 gas for 60 min at 150°C. The 
mixture was purged with nitrogen for 10 min, and 
back under vacuum. This process repeated three 
times, until the solution was turned clear. The 
prepared Cs-oleate solution was stored under N2 at 
70°C before use. [8, 9] And for the PQDs preparation 
a mixture containing 10 ml of octadecene, 0.138 g of 
lead bromide (for CSPbBr3), and a combination of 
0.104 g of lead iodide and 0.055 g of lead bromide 
(for cesium lead bromide iodide mixed halide 
quantum dots) was prepared. The mixture was placed 
in a three-neck flask and subjected to heating at 
120°C for one hour under vacuum while stirring [10]. 
Meanwhile, a blend of 0.6 ml of oleic acid and 0.6 
ml of oleylamine was heated under nitrogen at 70°C 
and then added to the flask. The solution was 
maintained under vacuum at 120°C for 30 minutes 
until the lead iodide completely dissolved, resulting 
in a clear solution. Subsequently, the temperature 
was further raised to 160°C for 10 minutes under 
vacuum. Following this, 0.8 mL of the prepared Cs-
Oleate was preheated and swiftly injected into the 
mixture. Controlling the quantity of Cs-oleate is 
crucial as an excessive amount leads to the gradual 
transformation of cubic CsPbBr3 nanocrystals into 
rhombohedral Cs4PbBr6 crystals.[11] After a 5-
second interval, the flask was immediately immersed 
in an ice bath to halt the reaction. The solution color 
changed to bright green and bright pink for CsPbBr3 
and CsPbI3-xBrx, respectively (if you think it is 
revelant you can add a picture showing the colors of 
your samples).  
The hot-injection (HI) method operates between 90 
to 240°C, swiftly separating nucleation and growth 
stages for uniform nanocrystal dispersions. 
Nucleation in PQDs happens rapidly within 0.4 
seconds. Formation involves PbX6 polyhedral as 
nuclei gradually filled with A+ ions, similar to bulk 
perovskite. To maintain PQDs size consistency, the 
reaction should be stopped after 5 seconds in an ice 
bath, yielding smaller particles at lower 
temperatures.[7] 
 
Purification of the colloidal PQDs 
During the purification process of the colloidal 
nanocrystals (PQDs), the observed discoloration and 
phase transformation raised concerns about their 
degradation. The PQDs solution, initially bright 
green (CsPbBr3), and pink (CsPbI3-xBrx), turned pale 
yellow or white during two purification steps: after 
adding the precipitation agent and after 
centrifugation. To address this issue, we investigated 
the impact of precipitation agent type and quantity, 
as well as centrifugation time, on the purification 



IMPACT OF THE PURIFICATION PROCEDURE ON THE PROPERTIES OF ALL-INORGANIC … 
__________________________________________________________________________________________________________________ 

________________________________________________ 
Egypt. J. Chem. 67, No. 4 (2024) 
 

275 

process. We found that the type and amount of the 
precipitation agent and the duration of centrifugation 
were critical parameters. Toluene and acetone- as 
anti-solvent agents- were found to instantly damage 
the crystals and cause solution discoloration, 
indicating its unsuitability as a precipitation agent. 
Moreover, an excess amount of MeOAC  resulted in 
PQDs degradation during centrifugation. Among the 
tested precipitation agents, a 1:1 mixture of hexane 
and MeOAC (3 mL each) demonstrated the highest 
stability. To determine the optimal conditions, First 
10 mL of  MeOAC  was used as anti-solvent agent, 
then we adjusted the co-washing agents to 3 mL of 
MeOAc and 3 mL of hexane, and the centrifugation 
time to 6 min at 6000-8000 rpm. These optimized 
conditions provided the most stable PQDs, ensuring 
minimal decomposition and maintaining their 
original properties throughout the purification 
process [12]  
 
3. Results and discussion 
Characterization techniques of synthesized PQDs 
Ultraviolet–visible (UV–Vis) spectroscopy 
The transmission and absorption spectra of PDQs 
were obtained in the range of 300–900 nm using a 
Shimadzu 2040 UV–Vis spectrophotometer  
following literature method[13]. 
 
Photoluminescence (PL) 
 Photoluminescence is the re-emission of light after 
absorption of incident photons by semiconductor 
materials with energy greater than bandgap energy 
(Eg). The excited carriers in higher energy levels 
relax to the available level in ground state by emitting 
a photon. Photoluminescence measurements were 
recorded for the PQDs films on glass substrate. [14] 
PL measurements were carried out at room 
temperature with a Perkin Elmer LS-55 fluorescence 
spectrophotometer. 
 
Transmission electron microscope (TEM)  
Images of transmission electron microscopy (TEM) 
were obtained using a JEM-2010 F electron 
microscope from JEOL-Japan with an accelerating 
voltage of 200 kV. 
 
X-ray difraction (XRD) 
The phase and crystallinity were detected and 
identified using PANalytical Xʼpert Pro PW3040 
MPD X-Ray Diffract meter (XRD) using copper 
CuK α radiation (λ=0.15406 nm) in the range of 5° 
to 80° 2θ  at a scan rate of 3°s-1 . 
Differential scanning calorimetry (DSC)  

Differential scanning calorimetry (DSC) 
measurements of CsPbI3-xBrx PQDs were carried out 
on ~4 mg specimens using a Q2000 TA Instruments. 
The sample was measured in a sealed aluminum pan 
from 30 to 350 ºC at 10 °C/min heating and cooling 
ramps repeated twice. A helium flow rate of 25 
mL/min was used. 
 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) of CsPbI3-xBrx 
PQDs was conducted in a TGA Q500 from TA 
Instruments by using a constant heating rate of 10 
°C/min from room temperature to 800 °C and 
nitrogen flow of 60 mL/min. Reliability of sample 
temperature was carefully checked from the 
derivative thermogravimetric (DTG) peak 
corresponding to the Curie temperature of nickel.  
 
Structure and crystallinity of PQDs  
The crystalline structure of synthesized PQDs was 
examined using the X-ray diffraction (XRD) 
technique, and the results are illustrated in Figure 1. 
In Figure 1A, the diffraction patterns of the CsPbBr3 
PQDs, which were purified under the suggested 
optimal purification conditions (a 1:1 mixture of 
hexane and MeOAC, 3 mL each, at 8000 rpm for 6 
min), revealed the formation of α-cubic phase. This 
phase exhibits distinct sharp characteristic peaks at 
2Ө = 14.5 ° and 25 °, corresponding to (100) and 
(200) crystal planes, respectively. However, in 
Figure 1B, the diffraction pattern indicates the 
presence of characteristic peaks related to the 
undesired transformed ẟ-orthorhombic phase for the 
colloidal purification carried out using an excess of 
MeOAC [15]. On the other hand, Figure 1C shows 
the diffraction pattern of the mixed halide CsPbI3-

xBrx PQDs, which were purified using a mixed 
solution, these PQDs exhibit a cubic phase, 
displaying a high-intensity peak at 2Ө = 23°.[16, 17] 
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Figure 1: X-ray diffraction patterns of (A) CsPbBr3 
PQDs purified with 1:1 hexane and MeOAC mixture, 
(B) CsPbBr3 PQDs purified with MeOAC, and (C) 
CsPbI3-xBrx PQDs purified with 1:1 hexane and 
MeOAC mixture. 
 
Optical Properties of PQDs  
The photoluminescence (PL) and UV-Vis 
spectroscopy were employed to investigate the 
optical properties of the PQDs, and the findings are 
presented in Figures 2 (A and B). The UV−Vis 
absorption spectrum of the cesium lead bromide 
PQDs solution demonstrates a robust absorption in 
the visible-light range, extending up to 570 nm, 
similar to the behaviors observed for CsPbI3-

xBrx.[18] Moreover, the band gap of cesium bromide 
halides QDs can be adjusted by varying the fractional 
content of halide.[19] By utilizing the Tuac 
equation[19], the optical band gap of the prepared 
PQDs was computed, resulting in estimated values of 
2.4 eV for CsPbBr3 and 2.1 eV for CsPbI3-xBrx, 
respectively. 

 
Figure 2: UV-Vis absorbance spectra with PL 
spectrum (inset) for(A) CsPbBr3, and (B) CsPbI3-
xBrx PQDs. 
Morphological properties of PQDs films 
Alongside the observed change in color of CsPbBr3 
PQDs from bright green to pale yellow, the 
transmission electron microscopy (TEM) images 
exhibit the presence of a metastable intermediate 
phase γ, which eventually progresses to the 
undesirable final phase δ, as depicted in Figure 3. 
Additionally, the X-ray diffraction (XRD) patterns 
highlight the phase transformation and confirm the 
presence of the yellow phase δ.[6] However, Figures 
4 and 5 show the cubic phases for CsPbBr3 and 

mixed halide which were purified using the 1:1 
MeOAC and hexane mixture, with a lattice distance 
of 3.5 Angstrom, for the mixed halide QDs.   
Figure 3: TEM images of the transition metastable 
intermediate γ and ẟ phases of CsPbBr3 QDs 

 
Figure 4: TEM images of the synthesized stable α-
cubic phase of CsPbBr3 QDs. 

Figure 5: TEM images of the synthesized α-cubic 
phase CsPbI3-xBrx QDs. 
 
Thermal behavior of PQDs 
The thermal stability of CsPbI3-xBrx mixed halide 
QDs was investigated using thermogravimetric 
analysis (TGA) (Figure 6A). The TGA curve showed 
an initial weight loss of 4% at 133 ˚C, 2% at 200 ºC 
and 6 % at 300 ºC attributed to the evaporation of 
excess solvent. Decomposition starts to occur above 
400 ºC as previously observed for CsPbI3 indicating 
similar thermal stability[6]. The TGA profile showed 
two steps with maxima of the derivative at 545 and 
650 ˚C and 72 % weight loss.  
To evaluate the phase transformation of CsPbI3-xBrx 
PQDs, the sample was characterized by differential 
scanning calorimetry (DSC) (Figure 6B). The 
heating and cooling curves were obtained by first 
heating the sample from 30 to 350 °C at 10 ºC/min 
where residual solvent was evaporated. Then, the 
sample was cooled back to 30 ºC and heated to 350 
ºC at a same heating rate. The data of Figure 6B 
represents the DSC thermogram of the second 
heating and cooling ramps. The data exhibited an 
endothermic peak under heating likely indicating a 
phase transformation occurring at 332 °C. By 
measuring the area under the endothermic peak and 
considering that the sample had 10 % of solvent 
(TGA data), the enthalpy of this process was 

γ           
ẟ 
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determined to be 3.1 J/g. Subsequently, the material 
exhibited an exothermic process at 280 °C which can 
be attributed to the reformation of previous phase. In 
prior studies, the emphasis lay in phase 
transformation. A metastable γ-CsPbI3 perovskite 
phase was successfully achieved by manipulating the 
tilt of [PbI6]4− octahedra through pressure, typically 
between 0.1 and 0.6 GPa. This involved subjecting 
yellow δ-CsPbI3 to pressure, heat, and rapid cooling. 
Interestingly, the emergence of α-CsPbI3 at higher 
temperatures seemed instrumental in the formation 
of γ-CsPbI3.[20] PQDs offer alternatives with greater 
stability compared to the renowned CH3NH3PbI3 
organic perovskite for solar cell applications. This 
specific perovskite demonstrates thermal stability 
only up to 200˚C before it begins to undergo thermal 
decomposition.[21]  

 
Figure 6: (A) TGA and (B) DSC data of CsPbI3-xBrx 
PQDs. (A) The temperature at the maximum of the 
derivative and weight losses are indicated. 
 
Conclusions 
The preparation conditions, particularly the 
purification step, exert a substantial influence on the 
ultimate phase of the PQDs. The impact of 
purification solvents, purification duration, and 
centrifugation speed on the final characteristic of 
CsPbBr3 and CsPbI3-xBrx PQDs were systematically 
examined and fine-tuned to achieve the desired cubic 
phase, which is critical for efficient photovoltaic 
applications. 
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