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Abstract 

Over the past few years all-inorganic lead halide perovskite naostractures have been 
intensively studied due to their attractive optical and electronic properties. In general, 
perovskite materials are sensitive to a variety of environmental factors, however, 
under certain conditions, reversed changes in perovskite’s electrical behavior can be 
observed, indicating the great potential for sensing applications. For this purpose, 
well-formed and distorted all-inorganic lead halide nanocubes were fabricated by 
facile, simple and cost-effective methods and were investigated as ozone and 
hydrogen sensing elements. In the case of ozone sensing, both materials were self-
powered and operated at room temperature. The sensing measurements revealed that 
they exhibit high sensing ability in a wide range of ozone concentrations, fast 
response and remarkable repeatability. In particular, the sensitivity of well-formed 
nanocubes was 54% at 187 ppb while for distorted nanocubes was 13% at 4 ppb, 
which were the highest reported values among other sensing elements operating at 
room temperature to date.  

Additionally, distorted CsPbBr3 nanocubes were further investigated as self-powered 
hydrogen sensing element. The sensor operated at room temperature, exhibited high 
sensitivity (1.5% at 1 ppm) and fast response and recovery times. Moreover, the 
unaltered morphology and stoichiometry of the nanocubes after the hydrogen 
treatment revealed the stability of the sensor. Those promising properties as well as 
the stability of the sensors after the ozone and hydrogen treatments provide new 
opportunities in gas sensing technology. 
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CHAPTER 1:  INTRODUCTION 

1.1 Nanoparticles (NPs) 

The term nanoparticle refers to a wide class of materials that include particulate 
substances with at least one dimension less than 100 nm. Nanoparticles (NPs) have 
been intensively studied as they exhibit size-dependent optical, electronic and 
magnetic properties that differ from the corresponding bulk materials.1 Quantum 
confinement in semiconductor NPs, surface plasmon resonance in some metal NPs 
and supermagnetism in magnetic particles are just few of the properties that can be 
modified by changing the size, shape, surface and inner structure of NPs.2, 3 

NPs can be naturally found in the atmosphere, in natural waters and soils or can be 
artificially synthesized. Based on their structure, NPs can be classified either as 
amorphous or crystalline, also known as nanocrystals (NCs), and depending on the 
synthetic method, they can be produced in various geometric shapes and structures 
(Figure 1.1). 4 

 

 

Figure 1.1 Different shapes of NPs. Nanospheres (a), nanorods (b). nanoshells (c), nanobowls (d), nanocubes and 
nanocages (insert) (e),  nanostars (f), bipyramids (g) and octahedral (h).5 

 

Considering the unique properties of NPs in combination with the appropriate size 
scale, nano-sized materials can be used in a wide range of industrial and commercial 
applications. Those practical applications are related with a variety of areas ranging 
from environment, such as the detection of air pollutant gases, to other fields 
including chemistry, engineering and physics (Figure 1.2). 6  
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In the biomedical field, NPs have also gained great attention due to their ability to 
deliver drugs in the optimum dosage range and increase therapeutic efficiency, while 
they minimize side effects and improve patient compliance.7 In addition, based on 
their optical properties, NPs have been used for biological and cell imaging and 
photo-therapeutic applications.8 

 

 
Figure 1.2 Applications of NPs in various fields. 6 

 

1.2 An overview of perovskites  

In recent years, perovskite nanostructures have emerged as very promising and 
efficient materials for various optoelectronic applications. Perovskite is the naturally 
occurring mineral of calcium titanate with a chemical formula of CaTiO3. This 
mineral was named after the Russian mineralogist Lev Perovski.9 In general, 
perovskite materials are considered the materials with the same crystal structure as 
CaTiO3. The general chemical formula of perovskite materials is ABX3, where ‘A’ 
and ‘B’ are two cations of very different sizes and ‘X’ is an anion, usually oxide or 
halogen. 10  

Recently, nano-sized metal halide perovskites have attracted significant attention due 
to their unique optical and electronic properties, including band gap tunability, bright 
emission with high photoluminescence quantum yield (PLQY) and high charge carrier 
mobility. Benefiting from those properties, metal halide perovskites nanostructures 
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are regarded as next generation candidates for applications in solar cells,11 light 
emitting diodes (LEDs),12 lasers13 and photodetectors14. 

Regarding metal halide perovskites, cation ‘A’ is an organic molecule, usually 
methylammonium (MA) or formamidinium (FA), or an alkali metal, commonly Cs, 
‘B’ is a divalent metal cation such as Pb, Ge or Sn and ‘X’ is a monovalent halide 
anion (Cl, I or Br).  The three dimensional (3D) crystal structure of metal halide 
perovskites is characterized by corner- sharing [BX6]4- octahedra, with the A cations 
located in the voids between those octahedra, resulting a cubic structure (Figure 1.3a). 
However, the ideal cubic perovskite structure is not as common as the orthorhombic 
structure which differs from the idealized cubic structure by an octahedral tilting 
(Figure 1.3b).15, 16 

 

     a                                   b 

   

Figure 1.3 Schematic representation of ABX3perovskite cubic (a) and orthorhombic (b) structure.15, 17 

 

Lowering the dimensional structure of perovskites, a number of optical properties can 
be manipulated. As a consequence, low dimensional perovskite-related structures, 
with the chemical formula AnBX2+n, have been intensively studied. Among these 
compounds, CsPb2X5 is being looked up broadly for potential applications in 
optoelectronic.18 CsPb2Br5 NCs present a two-dimensional (2D) structure which 
consists of Cs+ and [Pb2X5]- alternating layers. In the [Pb2X5]- layer, one 
Pb2+ coordinates with four X- anions, forming an elongated pentahedron (Figure 
1.4).19 To date, the morphological dimensionality of perovskites has be further 
controlled and even lower-dimension perovskites have been developed and studied 
(Figure 1.5).20 
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Figure 1.4 Perovskite – related crystal structure of CsPb2Br5.19 

 

 

 

Figure 1.5 Three-dimensional metal halide perovskites and perovskite-related materials with different 
dimensionalities at both morphological and molecular level.20 

 

Hybrid organic-inorganic perovskites are currently one of the most attractive fields of 
research due to their rapid evolution in photovoltaics. The power conversion 
efficiencies (PCE) of perovskite solar cells have increased from 10% to over 22% 
within only several years. In striking contrast, silicon – based technologies, which 
have been successfully commercialized with PCE over 25%, have been developing in 
more than 40 years (Figure 1.6).21 
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Figure 1.6 Perovskite solar cells evolution (yellow arrow) versus silicon-based solar cells (blue arrow). 21 

 

Despite the success of hybrid organic–inorganic metal halide perovskite materials in 
such applications, their sensitivity to factors, such as moisture and oxygen, 
discourages their further development.22 

Notably, the stability of perovskites can be evaluated by a tolerance factor (t), which 
is based on the chemical formula ABX3 and the ionic radii (r) of the ions: 

𝑡 = 𝑟𝐴+𝑟𝑋
√2(𝑟𝐵+𝑟𝑋)      (1.1) 

Stable cubic perovskite structures are formed when tolerance factor is in the range of 
0.9 to approximately 1, while distorted perovskite structures, such as orthorhombic, 
are formed when tolerance factor is between 0.71 and 0.9. During the last years, great 
efforts have been made in order to enhance the stability of perovskites by coating 
them with stable and water-resistant materials or ligands. However, the sensitivity of 
perovskite materials provides an opportunity to use this drawback in effective sensing 
applications.23  

Recently, all-inorganic cesium lead halide perovskite, CsPbX3 (X = I, Br and Cl), 
nanocrystals (NCs) have emerged in perovskites family since they present higher 
stability compared to their hybrid organic-inorganic counterparts. CsPbX3 NCs have 
been fabricated in different morphologies and sizes, including nanospheres, 
nanocubes, nanorods, nanowires and nanoplatelets by altering the synthetic 
conditions.24 The ability to control the particle size and the halide composition of 
CsPbX3 (X = Cl, Br, I) NCs through small variations in synthetic conditions, results 
to exceptional properties with the most striking example to be the emission tunability 
over the entire visible spectral region (Figure 1.7).25
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Figure 1.7 Colloidal perovskite CsPbX3 NCs ( X = Cl, Br, I) exhibit size- and composition – tunable bandgap 
energies covering the entire visible spectral region with narrow and bright emission: (a) colloidal solutions in 
toluene under UV lamp (λ = 365nm) , (b) representative PL spectra (λexc = 400n, for all but 350 nm for CsPbCl3 
samples).25 

 

1.3 Synthesis of perovskite nanocrystals 

The fabrication methods for high quality metal halide perovskite NCs can be divided 
into two main categories, ‘top-down’ and ‘bottom-up’ techniques. Top-down methods 
include the fragmentation and structuring of macroscopic solids, either mechanically 
or chemically, whereas bottom-up synthetic approaches start from simpler substances 
and proceed via gas or liquid phase chemical reactions (Figure 1.8).1 Among all 
synthetic methods, the most commonly used for the fabrication of well-defined metal 
halide NCs is the liquid phase approaches, and particularly the hot injection and the 
precipitation methods.26 

The hot injection method is based on the rapid injection of precursor into a hot 
solution of the remaining precursors, ligands and a high boiling solvent. Hot injection 
results to an instantaneous nucleation, which terminates by the depletion of 
monomers. Despite the termination process, the nuclei continue to grow resulting to 
the formation of defect-free small NCs with a narrow size distribution. The main 
parameters that allow to control the size and shape of NCs during the synthesis are the 
reaction medium, the injection temperature, the reaction time and the concentration of 
the precursor.16 However, this high temperature process leads to low production of 
NCs and in order to remove impurities a purification step, such as centrifugation or 
sonication of NPs, is necessary.27 

In order to eliminate the disadvantages of hot injection, a widely used non-injection 
method has been developed. Re-precipitation process is based on the dissolution of 
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ions in a solvent and the move of the resultant solution from an equilibrium 
concentration to a supersaturated state. The supersaturated state can be reached either 
by cooling the solution, evaporating the solvent or by adding an anti-solvent. Under 
such conditions, spontaneous precipitation and crystallization reactions take place 
until the system reaches an equilibrium state again. By this process, the size and shape 
of NCs can be controlled down to the nanoscale, although, the presence of ligands is 
required (LARP method). Re-precipitation method is a quick, low-temperature 
procedure and can provide well crystalline products.23 

 

 

Figure 1.8 Methods of synthesis of metal halide perovskite NCs.16 

 

1.4 Motivation  

In order to regulate their morphology, all-inorganic lead halide NCs are often capped 
by long carbon chain ligands. Such organic ligands create a severe barrier for efficient 
charge transport, limiting their further efficiency improvement in practical 
applications. However, the high tolerance of all-inorganic perovskite NCs to 
environmental factors such as moisture and oxygen makes them tough competitors 
with other semiconducting materials. Additionally, their ability to change their optical 
and electronic properties after their exposure to certain conditions has already been 
reported. The reversibility of those properties in the presence and absence of a wide 
range of external stimuli allowed perovskite materials to be used for the detection of 
many factors such as temperature, humidity, a variety of gases, solvents and 
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explosives. Among all those types of detectors, gas sensors that are able to detect low 
concentrations of harmful gases are in great demand for either commercial or 
industrial applications.23 Hence, the development of cost-effective and ultrasensitive 
gas sensing elements via simple synthetic approaches is essential. 

According to the aforementioned, the scope of this thesis is the fabrication of ligand-
free all-inorganic lead halide NCs through a facile and cost effective fabrication 
process at room temperature for potential gas sensing applications.  
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CHAPTER 2: MATERIAL DEVELOPMENT AND 
CHARACTERIZATION TECHNIQUES 

2.1 Materials fabrication 

2.1.1 Room temperature synthesis of well-formed CsPbBr3 nanocrystals in Ar 
atmosphere 

CsPbBr3 NCs were fabricated via a facile room temperature precipitation method. A 
mixture of 0.4 mmoles of PbBr2 and 0.4 mmoles of CsBr precursors was dissolved in 
10 ml of anhydrous Dimethylformamide (DMF) in a sealed vial closed under Ar in 
the protective atmosphere of a Glovebox. The mixture was left under mild stirring for 
two hours. For the formation of CsPbBr3 nanocubes,7.6 μl of the resultant suspension 
was deposited on commercial InterDigitated platinum electrodes (IDEs, 10μm 
bands/gaps, DropSens) on glass substrate, which will be used for the sensing 
capability measurements, and before its evaporation, the same amount of anhydrous 
toluene was added. At this stage, the color of the sample turned into bright yellow, 
indicating the formation of crystals. The substrate was left to dry for one hour. The 
entire process took place inside an Ar filled glovebox with O2 and H2O concentration 
below 0.01 ppm. 

 

2.1.2 Room temperature synthesis of distorted CsPbBr3 nanocrystals under 
ambient conditions 

The precursor solution was prepared in the Glovebox as described in the section 2.1.1 
and was removed from it in order to prepare CsPbBr3 nanocubes directly on the 
substrate under ambient conditions (Figure 2.1). The procedure was kept exactly the 
same as previously.  

 

 

Figure 2.1 Precursors in DMF. 
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2.2 Characterization techniques 

2.2.1 Scanning Εlectron Μicroscopy (SEM)/ Energy Dispersive Spectroscopy 
(EDS) 28 

A beam of high energy electrons is thermionically emitted from an electron gun 
usually fitted with a tungsten filament cathode (Figure 2.2a). The electron beam is 
focused by magnetic lenses at the specimen surface and is scanned across the selected 
area in a rectangular raster. The interaction of electrons with a sample can result in the 
generation of many different types of electrons, photons or irradiations (Figure 2.2b). 
In the case of SEM, secondary electrons (SE) and backscattered electrons (BSE) are 
collected by detectors and used for imaging while in the case of EDS, characteristic 
X-rays are used for the elemental analysis (Figure 2.2a). In more details, SE are low 
energy (10–50 eV) atomic electrons, ejected from the specimen as a result of inelastic 
scattering. Due to their low energies, SE that are produced at the surface of the 
specimen are able to escape and be collected by SE detector. Hence, SE are used to 
image the surface of a specimen. The corresponding signals are measured and the 
values are mapped as variations in brightness on the image display. 

In contrast, the BSE are high-energy incident electrons, elastically scattered with the 
nuclei of an atom at an angle of 180°. The number of BSE that emerge on the surface 
of the sample depends on the atomic number. Heavier elements backscatter electrons 
more strongly than lighter elements, thus they appear brighter in a SEM image. BSE 
are collected by a solid state semiconductor detector positioned above the sample.  

Two types of X-rays are emitted from the interaction of electron beam with a sample, 
Bremsstrahlung X-rays and characteristic X–rays. Characteristic X-rays are generated 
by electronic transitions between the electron shells. An electron is ejected from an 
inner shell of an atom by an electron from the primary beam. Then, an electron from 
an outer shell fills the inner shell vacancy and an X-ray photon is emitted, with energy 
equal to the energy difference between the higher and the lower states of the electrons 
involved in the transition. As each element has specific ionization energies for each 
energy level, the difference between the energies is characteristic of the element. 
Hence, characteristic X-rays allow the identification of a sample, while the intensities 
of the peaks allow the quantitative concentration of the elements.  
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Figure 2.2 Scanning Electron Microscope (SEM) column (a). Sample-beam interactions with SEM (b).29 

 

2.2.2 Ultraviolet-visible spectroscopy (UV/Vis) 

a) Absorption of ultraviolet and visible radiation in semiconductors 

Absorption of ultraviolet (UV, 200-400 nm) and visible (400-700 nm) radiation of the 
electromagnetic spectrum is associated with interband electronic transitions, in both 
atoms and molecules, from lower to higher energy levels. Since the electronic states 
of the matter are quantized, the amount of photon energy that can be absorbed and 
cause excitation of electrons from one level to another is specific.  

In semiconductors, when the energy of the incident light is about equal to the energy 
gap of the material, the semiconductor switches from being practically transparent to 
completely opaque. This light absorption, which leads to the generation of electron-
hole pairs, is caused by the excitation of electrons from the valence to the conduction 
band.   

As any process that occurs in nature, the process of light absorption must also obey 
energy and momentum conservation laws. Since the wavelength of visible light is 
larger by three orders of magnitude than the lattice parameter, the momentum of light 
is considered negligible compared to the crystal momentum (k-vector, |𝑘| = 2𝜋

𝛼
, where 
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α is the interatomic distance) in the Brillouin zone. Hence, the absorption of a photon 
of visible light does not change the momentum of the electron. Interband transitions 
that preserve the k-vector are called direct transitions. In direct gap semiconductors, 
the wave vector of the lowest energy state in the conduction band and the highest 
energy state in the valence band of the material is the same (Figure 2.3a). Hence, 
electrons can be directly excited by a photon whose energy is greater than the band 
gap. In contrast, when the position of the conduction band bottom and the valence 
band top in the k-space is different, the material is characterized by an indirect band 
gap (Figure 2.3b). In this case, the electron cannot make a direct transition from the 
top of the valence band to the bottom of the conduction band, as this would violate the 
conservation of momentum. In order to take place such a transition, the participation 
of lattice phonons is required. The photon supplies the required energy, while phonon 
supplies the missing momentum to the electron.30 

 

 

Figure 2.3 Difference between direct and indirect band gap semiconductor.31 

 

b) Experimental determination of absorption 

UV-Vis spectrophotometer was used to measure the transmittance and reflectance of 
the samples. The spectrophotometer consists of a light source, which is a deuterium 
lamp for the UV spectral range and a tungsten lamp for the visible spectral range. The 
light source is focused on the entrance of a monochromator, which is used to select a 
single wavelength of all those provided by the lamp source and to scan over the 
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desired wavelength range. The monochromator is followed by a sample holder and a 
light detector, used for measuring the intensity of the transmitted or reflected beam 
from the sample. The set up is connected to a computer which records the data and 
plots the transmission or reflection spectrum.  

Absorbance (A) measures the quantity of light absorbed by a material and can be 
defined as: 

𝐴 = 1 − 𝑇 − 𝑅     (2.1) 

Reflectance (R) can be defined as the ratio of electromagnetic radiation that is 
reflected by a surface to the incident radiation, while transmittance (T) is the amount 
of light transmitted by a surface, normalized by the amount of incident light.  

 

c) Absorption coefficient 

When a light beam passes through the matter, it attenuates due to absorption or 
scattering of photons. This reduction of light intensity can be described by Beer-
Lambert law: 

     𝐼 = 𝐼0𝑒−𝑎𝑡              (2.2) 

where I is the light intensity at a distance t into the medium, I0 is the incident intensity 
minus the reflection losses at the surface and α is the attenuation coefficient, which in 
the case of negligible scattering it is named absorption coefficient (Figure 2.4).  

 

 

Figure 2.4 The Beer-Lambert law. 

 

The Absorption coefficient for a direct gap semiconductor for allowed interband 
transitions can be determined by the relation: 

𝑎 = 𝐴�ℎ𝑣−𝐸𝑔�
1/2

ℎ𝑣
     (2.3) 

while for indirect allowed transitions by: 
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 𝑎 = 𝐵�ℎ𝑣−𝐸𝑔�
2

ℎ𝑣
     (2.4) 

 

d) Energy gap calculation 

An estimation of the band gap energy of a semiconductor can be given by using the 
relation for ideal semiconductors: 

         𝐸𝑔 = ℎ𝑐
𝜆𝑒

               (2.5) 

where h is the Planck’s constant, c is the speed of light and λe is the wavelength of 
light absorption. Nevertheless, the crystal structure of a real semiconductor diverges 
from the ideal one due to the crystallographic defects. Hence, the band gap energy is 
determined by Tauc’s plot method (Figure 2.5). According to this method, the optical 
band gap for a direct gap semiconductor can be determined from the abscissa of the 
tangent line of the plotted experimental data of (𝑎ℎ𝑣)2  versus incident photon 
energy(ℎ𝑣), where absorbance coefficient is zero.  

 

 

Figure 2.5 Tauc plot for direct gap semiconductor with band energy 2.28eV 
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2.2.3 X-Ray Diffraction (XRD) 32 

XRD is a characterization technique mainly utilized for chemical phase identification 
and determination of lattice parameters of a crystalline material based on the recorded 
diffraction pattern.  

X-Rays are generated by a cathode ray tube and filtered to produce monochromatic 
radiation of Kα type. The X-Rays pass through a collimator to adjust the beam width 
and are directed towards the sample. The samples which are usually crystalline 
materials are characterized by the orderly periodic arrangement of atoms with typical 
interatomic distance about 2 to 3Å , thus, they can be used as three-dimensional 
diffraction gratings for X-Rays. The scattered X-Rays from the sample interfere with 
each other either constructively or destructively. XRD is based on constructive 
interference which is described by Bragg’s law: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃      (2.6) 

Bragg’s law relates the wavelength (λ) of the incident wave to the diffraction angle 
(θ) and the lattice spacing (d) in a crystalline material (Figure 2.6). The diffracted X-
Rays that satisfy the Bragg’s law are detected and the angles are recorded.  

The diffraction pattern generated by XRD analysis is a reciprocal space representation 
of the crystal lattice. In particular, the position of the diffraction peaks are a function 
of unit cell parameters while the diffracted intensities are a function of chemical 
elements and their spatial arrangement in the unit cell. Hence, the diffraction pattern 
is considered to be a unique ‘fingerprint’ of the crystal structure of the sample and can 
be used for the identification of a single or multiple phases in the sample.33  

In order to determine the unit cell lattice parameters from the peak position, it is 
necessary to assign to each peak the appropriate Miller indices (hkl) and identify the 
existing Bravais lattice. Hence, considering the d-spacing equation for the sample’s 
crystal structure and combining it with Bragg’s law, the lattice parameters can be 
calculated.   
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Figure 2.6 Schematic representation of Bragg condition and Brag’s law.34 

 

2.3 Gas sensing experimental set up 

Gas sensing measurements were performed in a home-made gas sensing chamber 
(Figure 2.7), which allows the electrical characterization of the sensors in a controlled 
atmosphere. The gas sensing assembly consists of a certified gas supplier, in this case 
synthetic air, connected with mass flow controllers and a stainless chamber which was 
initially evacuated down to 10-3mbar. A commercial ozone analyzer (Thermo Electron 
Corporation, Model 49i) was used to supply and record well defined ozone 
concentrations which are inserted in the chamber with a 500 sccm (standard cm3/min) 
flow. Electrical measurements were carried out by an electrometer (Keithley 6517A) 
at room temperature by applying a constant voltage of 1V. During the experimental 
process the pressure in the chamber was kept constant and equal to 400 mbar. 



24 
 

 

Figure 2.7 Schematic diagram of gas sensing assembly 
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CHAPTER 3: MORPHOLOGY, STRUCTURE AND OPTICAL 
PROPERTIES 

3.1 Reaction procedure and nanocrystal formation 

The perovskite nanocrystals were fabricated via a facile room temperature 
precipitation method as described in the section 2.1. A mixture of PbBr2 and CsBr 
precursors was dissolved Dimethylformamide (DMF). The high polarity of the 
solvent (DMF) allows polar reactants (ion sources) to be dissolved. The concentration 
of CsBr and PbBr2 is much smaller than their solubility in DMF, indicating that they 
can be well dissolved without any crystallization effect. Crystallization occurs when 
the solubility of a solute in a solution is reduced by some means, such as the addition 
of an antisolvent. This implies that the solution will become supersaturated. In order 
for supersaturation and precipitation to take place, toluene was added to the above 
solution. As solubility is reduced to a point where crystals will nucleate and then grow 
according to reaction: 

𝐶𝑠+ + 𝑃𝑏2+ + 3𝐵𝑟− → 𝐶𝑠𝑃𝑏𝐵𝑟3 

All-inorganic lead halide perovskite nanocubes with sizes ranging from 500 to 
1000nm have been fabricated directly on the substrate in both Ar atmosphere (Figure 
3.1a) and ambient conditions (Figure 3.1b). In the first case, well-crystalline ligand-
free CsPbBr3 nanocubes with sharp edges were formed and remained stable after their 
exposure at ambient conditions. In contrast, distorted ligand-free CsPbBr3 nanocubes 
with deformed edges and slightly smaller size were fabricated under ambient 
conditions.  

The difference in the morphology can be attributed to the different crystallization 
environment during the synthesis. It is known that the exposure of lead halide 
perovskites in traces of water during the re-precipitation synthesis method can affect 
the final morphology of the NCs.35 
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  a 

 

b 

 

Figure 3.1 SEM images of well-formed (a) and distorted (b) CsPbBr3 nanocubes. 

 

3.2 Structure determination of the perovskite nanocubes 

The crystal structure of the synthesized samples was investigated by X-Ray 
Diffraction. The XRD patterns exhibit sharp diffraction peaks, revealing the high 
crystallinity of the samples (Figure 3.2a). Moreover, the patterns of both samples 
match well with orthorhombic phase of CsPbBr3 (Figure 3.2b). In particular, the 



27 
 

patterns exhibit similar Bragg’s peaks at 2𝜃 =  15.2° , 21.4°, 30.6°, 37.7° and 
43.7° corresponding to (110), (112), (220), (132) and (224) planes of the 
orthorhombic phase respectively. However, the distorted CsPbBr3 sample exhibits 
some additional low-intensity peaks at2𝜃 = 11.6° and 24.1°, indicating the existence 
of the secondary tetragonal phase CsPb2Br5 with crystallographic planes (002) and 
(210) respectively (Figure 3.3). The formation of this secondary phase with reduced 
dimensionality is associated with a water-induced transformation from CsPbBr3 
orthorhombic phase due to synthesis environment.36 
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Figure 3.2 XRD patterns of well-defined (blue curve) and distorted (red curve) CsPbBr3 NCs (a). Reference 
pattern of the orthorhombic CsPbBr3 crystal structure (black curve) 
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Figure 3.3 Comparison of experimental XRD patterns (black and red curves) with reference patterns of 
orthorhombic CsPbBr3 (blue line) and tetragonal CsPb2Br5 (green line) crystal structures. 

 

Moreover, elemental analysis was performed by EDS, confirming the atomic ratio of 
Cs:Pb:Br is 1.2:1:3.4 for the sample synthesized at Ar atmosphere (Figure 3.4a). 
While the same analysis for the sample fabricated at air (distorted cubes) revealed an 
atomic ratio of Cs:Pb:Br is 1.2:1:3.5 (Figure 3.4b).  
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Figure 3.4 SEM-EDS spectra of well-formed (a) and distorted (b) CsPbBr3 nanocubes. 

 

3.3 Optical properties of the CsPbBr3 nanocubes 

UV-Visible absorption was studied for the as synthesized samples. Figure 3.5 presents 
the absorption spectra of well-defined and distorted all-inorganic perovskites. Both 
samples show a sharp absorption band-edge at 544 nm and behave as direct gap 
semiconductors. Moreover, the band energy for both samples was estimated by Tauc 
plot method at 2.28 eV (Figure 2.5).   
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Figure 3.5 Absorption spectra of well-defined (blue curve) and distorted (red curve) all-inorganic perovskites.  
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CHAPTER 4: ALL-INORGANIC LEAD HALIDE NANOCUBES 
AS GAS SENSORS 

4.1 Perovskite nanocubes sensors 

The great demand to detect and monitor a broad range of volatile and other harmful 
gases has led to a significant development of gas sensing technologies. In particular, 
gas sensors have a wide variety of applications, including environmental monitoring, 
public safety and air conditioning systems.37, 38, 39 

Among the gas sensors, the sensors that detect ozone and hydrogen hold a prominent 
role due to the harmful effects of both gases. Ozone (O3) is naturally produced, in 
small concentrations, in the stratosphere where UV light from the sun splits an oxygen 
molecule (O2), forming two single oxygen atoms. When a freed atom collides with an 
oxygen molecule, ozone is generated. Stratospheric ozone it is also called ‘good’ 
ozone, since it protects the Earth’s surface from UV light. Ozone can also be detected 
in the troposphere. Tropospheric ozone, also known as ‘bad’ ozone, is produced from 
the reaction between nitrogen oxides and hydrocarbons emitted by cars and industrial 
releases.   

It is well known that high concentrations of ozone gas in the ambient atmosphere are 
hazardous to human health. When its concentration to air exceeds 1 ppm, a variety of 
health problems such as chest pain, coughing, throat irritation and even more severe 
such as bronchitis and asthma can be caused.40 Ozone concentrations higher than 50 
ppm present risks to life and concentrations higher than 1000 ppm can cause death in 
short time.41 Therefore, the need for ozone sensors is crucial. In order to improve the 
detection of ozone, it is necessary to develop both effective and inexpensive devices 
for the continuous monitoring of its concentrations. 

The ozone sensors can be classified based on the sensing principle as optical42, 
optochemical43, electrochemical44 and conductometric45. The operational fundamental 
principle of a conductometric sensor is the change in resistance due to reactions that 
occur on the surface of the sensing layer. In this case, the sensing materials are metal 
oxides such as, In2O3, SnO2, WO3, ZnO, MoO3-TiO2, Fe2O3 and SmFeO3.

46 
However, most of these systems need to operate at temperatures well above room 
temperature in order to demonstrate sensitivities down to few hundreds of ppb and 
they are not suitable for self-powered devices since they require to be switched on 
before their operation by external stimuli.  

On the contrary, hydrogen is the most abundant chemical element in the universe. At 
room temperature and atmospheric pressure, pure hydrogen exists as a diatomic gas 
(H2) in concentrations less than 1 ppm.47 Hydrogen gas is extensively used in many 
industrial fields such as the synthesis of ammonia and methanol, the hydration of 
hydrocarbons, the production of rocket fuels and metal refining and is the most 
attractive candidate for future fuel and energy carrier. However, due to its small 
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molecular volume, hydrogen gas is prone to leakage. Hydrogen gas is colorless, 
odorless, tasteless and highly explosive when its concentration to the air exceeds the 
40000 ppm.48, 49 Therefore, the need for its detection and concentration monitoring is 
essential.  

Hydrogen sensors can be classified according to the detection technology as catalytic, 
thermal conductivity, electrochemical, resistance based, work function based, 
mechanical, optical and acoustic. Resistance based sensors include a variety of 
semiconducting oxides such as SnO2,50 ZnO,51 TiO2,52 FeO, Fe2O3, NiO, In2O3

53
  

and WO3
54. When exposed to hydrogen, these sensors show a great change in their 

electrical resistance. Although, their operating temperature is well above room 
temperature, which could raise the possibility of triggering an explosion, and their 
sensitivity is limited to few hundreds of ppm. Hence, it is necessary to develop cost 
effective ultrasensitive hydrogen gas sensors, working at room temperature without 
any power sources.  

The present work is the first to demonstrate the application of all-inorganic lead 
halide nanocrystals as ozone and hydrogen sensing materials with superior operation 
stability. Furthermore, the variations of the sensing ability of the nanocubes 
synthesized in Ar and in air will be evaluated.  

 

4.2 CsPbBr3 Nanocubes for ozone gas sensing 

a) Sensing properties of well-defined CsPbBr3 nanocubes  

The ozone sensing properties of well-formed CsPbBr3 nanocubes were investigated 
by electrical measurements at room temperature. The sample was placed into the 
homemade chamber (Figure 2.7) and the sensing process was carried out at a pressure 
of 400mbar. The initial current was measured to be approximately 2μA (Figure 4.1) 
without external stimulus. This high initial current value is due to the exposure of the 
sample in ambient light. CsPbBr3 nanocubes show a sharp absorption edge at 544nm 
with band gap energy 2.28eV (Figure 3.5), which implies that the sensor absorbs in 
the visible region of the electromagnetic spectrum.  

The sensing process was initiated by exposing the sample to well-controlled ozone 
concentrations ranging from 2650ppb to 4ppb. As demonstrated in Figure 4.1 the 
electrical current increases instantly after the sample’s exposure to ozone gas till a 
maximum current value. Then, the sample’s recovery till a minimum current value 
was followed by introducing synthetic air in the chamber. The same behavior was 
observed for all the tested concentrations. 
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Figure 4.1 Electrical response of well-formed CsPbBr3 as sensing material upon various ozone concentrations as a 
function of time. 

 

For a further investigation of the ability of the sensor to resolve low ozone 
concentrations, the normalized exponential decay curves during the oxidation 
processes at the corresponding ozone concentrations as a function of time were 
plotted (Figure 4.2). Although the responses of higher ozone concentrations are well 
separated from each other, in concentrations lower that 13 ppb the exponential curves 
cannot be distinguished, implying the disability of the sensor to resolve ultra low 
ozone concentrations.  
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Figure 4.2 Normalized exponential decay curves upon ozone concentration as a function of time. 

 

The performance of a gas sensor is also characterized by its sensitivity (S), which can 
be defined as: 

𝑆% = 𝐼𝑚𝑎𝑥−𝐼min
𝐼𝑚𝑖𝑛

× 100              (4.1) 

Where Imax and Imin are the maximum and minimum current values in the presence 
and absence of ozone gas respectively. Figure 4.3 represents the evolution of Imax and 
Imin as a function ozone concentration. It is noted that as ozone concentration 
increases, maximum current values increase as well, while minimum current values 
remain almost constant. As a consequence, the sensitivity of the nanocubes is affected 
by the ozone concentration. In particular, sensitivity is increasing from 1.3% for 4 ppb 
to 428% for 2620 ppb, with 187 ppb being the point that the sensor can measure in 
certainty with 54% sensitivity.  
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Figure 4.3 Sensitivity as a function of ozone concentration 

 

Response and recovery times are also two important parameters that characterize the 
performance of a gas sensor. Response (tres) and recovery (trec) times are calculated 
by the equations: 

      𝛪 = �
𝐼0 + 𝐴𝑑 + 𝐴𝑔  �𝑒−

𝑡𝑐
𝑡𝑟𝑒𝑠 − 𝑒−

𝑡
𝑡𝑟𝑒𝑠� , 𝐼 ≤ 𝐼0

𝐼0 + 𝐴𝑑  𝑒−
𝑡−𝑡𝑐
𝑡𝑟𝑒𝑐  , 𝐼 > 𝐼0

�   (4.2) 

Where I0 is the initial current value, Ad and Ag are the decay and growth amplitudes 
respectively and tc is the time where current reaches its maximum value. Figure 4.4 
shows the evolution of tres and trec with the ozone concentration and it can be noticed 
that the response times lie between 100 and 150 s, while the recovery times lie 
between 250 and 320s. Moreover, the response time is almost stable for concentration 
lower than 865 ppb and decreases for higher concentrations. In contrast, recovery time 
decreases as the ozone concentration increases. 
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Figure 4.4 Response and recovery times as a function of O3 concentration of well-formed CsPbBr3 nanocubes. 

 

b) Stability of well-defined nanocubes as ozone sensing material 

Two important features for the application of a material for sensing are the short-term 
and long-term stability of the fabricated sensor. Short-term stability is connected with 
the repeatability of sensor characteristics during certain time at working conditions. In 
order to examine the short-term stability of the sensor, a number of ozone/synthetic 
air switching cycles took place (Figure 4.5). Each cycle was characterized by a 
current increase as the ozone flew in the chamber and a current decrease to its initial 
value when the ozone gas was replaced with synthetic air. This behavior was observed 
for four ozone/synthetic air cycles and can be attributed to the high crystallinity of the 
nanocubes. However, it was noticed that after a number of successive air switching 
cycles the current did not fully reverse to its initial state, possibly due to residual 
adsorbed ozone molecules. By the end of this process, SEM imaging and EDS 
analysis confirmed that the nanocubes retain their morphology and stoiciometry 
(Figure 4.7a, b). 
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Figure 4.5 Time dependence of ozone response upon four successive cycles. 

 

Long-term stability is connected with retaining the electrical behavior after a period of 
time at normal storage conditions. In order to check the long-term stability, the sensor 
was stored under ambient conditions for three months. In this case, it was noticed that 
the current values were higher, although, the trend of the electrical response is same 
as the first air switching cycle for all ozone concentrations ranging from 2650 ppb to 
4 ppb (Figure 4.6). 
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Figure 4.6 Comparison of electrical responses of well-defined CsPbBr3 sensor as a function of time, in the as 
prepared state (blue curve) and the same sample after three month storage at ambient conditions (red curve). 

 

In order to evaluate the reason of the long-term stability the XRD patterns of the 
stored sample was compared to the as-prepared one (Figure 4.8). This comparison 
revealed that, even when the sample was exposed to ambient conditions, no phase 
alteration occurred. SEM imaging and EDS analysis also confirm that the nanocubes 
retain their shape and stoichiometry (Figure 4.7).  
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Figure 4.7 SEM images before ozone exposure (a), after ozone exposure (b) and ozone re-exposure after three 
months of storage under ambient conditions (c). 
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Figure 2.8 XRD patterns of well-formed CsPbBr3 nanocubes before (black curve) and after (red curve) O3 
treatment.  

 

c) Sensing properties of distorted CsPbBr3 nanocubes 

The high performance of well-formed nanocubes as ozone sensing material was a 
motivation for the fabrication of an even simpler and cost-effective ozone sensor. 
Consequently, the ozone sensing properties of distorted CsPbBr3 nanocubes were also 
investigated. The sensor was placed in the gas-sensing chamber, which was evacuated 
down to 10-3 mbar. At that time, it was noticed that by applying a voltage of 1V, the 
initial current value was approximately 3μΑ. This high initial current value can be 
attributed to the sharp absorption edge at 544 nm with band gap energy 2.28eV 
(Figure 3.5), indicating that the distorted nanocubes absorb in the visible range. 

Subsequently, the sample was exposed to ozone gas of well-defined concentration 
with a flow of 500 sccm (standard cubic centimeters per minute) for ten minutes, 
leading to an increase of electrical current. Then, the ozone gas was replaced by 
synthetic air and the sensor was recovered for twenty minutes. The sample was 
exposed to different ozone concentrations ranging from 2620 ppb to 4 ppb (Figure 
4.9). The pressure in the chamber during the measurements remained constant at 600 
mbar. 
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Figure 3.9 Electrical response of distorted all-inorganic perovskite nanocubes as a function of time upon various 
ozone concentration ranging from 2620 ppb to 4 ppb. 

 

In addition, the normalized comparison of the exponential decay curves at all tested 
ozone concentrations was made in order to examine the ability of the sensor to 
‘understand’ different concentrations (Figure 4.10). As shown in Figure 4.10 the 
sensor is able to detect and separate ultra-low concentrations at the level of 4ppb with 
13% sensitivity (Figure 4.11). It is also worth mentioning that the maximum current 
value decreases upon decreasing O3 concentration, which is not the case for the 
minimum current value, which is almost constant, especially in lower O3 
concentrations. Hence, the sensitivity of the sample, which was derived from equation 
4.1, is decreasing from 250% for 2620ppb to approximately 13% for 4ppb, as 
expected. Furthermore, response times lie between 74s and 123s, while recovery 
times lie between 33s and approximately 132s (Figure 4.12). Notably, response time 
is almost stable for concentrations between 510ppb and 2620ppb. On contrast, 
recovery time increases as O3 concentration increases from 4ppb to 510ppb, while 
decreases as concentration increases from 510ppb to 2620ppb. 
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Figure 4.10 Normalized exponential decay curves of distorted CsPbBr3 upon ozone concentration as a function of 
time. 

 

 

Figure 4.11 Sensitivity of distorted CsPbBr3 nanocubes as a function of ozone concentration. 
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Figure 4.12 Response and recovery times as function of O3 concentration of distorted CsPBbr3 nanocubes. 

 

d) Stability of distorted CsPbBr3 nanocubes as ozone sensing materials. 

In order to test the repeatability of the sensor, four ozone/synthetic air switching 
cycles took place (Figure 4.13). At this point, ozone concentration remained constant 
at 510ppb. Following ozone exposure, the induced current was increased, while its 
removal led to current decrease to its initial value (Figure 4.13). Moreover, SEM 
imaging and EDS analysis revealed that after those successive O3/synthetic air 
switching cycles, the sample retains its morphological and stoichiometric features 
(Figure 4.14).   
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Figure 4.13 Electrical response of distorted all-inorganic nanocubes as sensing material after four successive 
cycles as a function of time. 
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Figure 4.14 SEM images of distorted CsPbBr3 before (a) and after (b) O3 exposure. 

 

e) Comparison of ozone sensors 

Gas sensors have been a subject of intensive research and development efforts. There 
is a high demand in sensors that can quickly and reliable detect ozone over a wide 
range of oxygen and moisture concentrations. Consequently, the comparison of well-
formed and distorted all-inorganic lead halide nanocubes as ozone sensors is 
necessary.   

In terms of cost, both sensing elements are worthwhile as they are produced through 
facile and simple chemical methods. However, distorted nanocubes are more 
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inexpensive and less time consuming since they are synthesized under ambient 
conditions.  

In addition, the gas sensing properties of the under-studying ozone sensors are also 
compared. Figure 4.15 demonstrates the electrical response of both well-formed and 
distorted sensing materials upon various ozone concentrations ranging from 
approximately 2650ppb to 4ppb as a function of time. It can be observed that in both 
cases the current intensity increases in the presence of ozone gas, while it decreases 
upon ozone removal. Therefore, distorted nanocubes display significantly higher 
electrical response as the ozone concentration decreases down to 4ppb where the 
performance of well-formed nanocubes is almost absent. As a consequence, the 
sensitivity of distorted sensing element at lower ozone concentrations is by far better 
than well-shaped CsPbBr3 sensor, with values ranging from approximately 250% to 
13% for 2650ppb and 4ppb of ozone respectively (Figure 4.16 a, b). On the other 
hand, the sensitivity of well-formed perovskite sensor is almost 430% at 2650ppb, 
while it drops dramatically to 1.50% at 4ppb. Accordingly, at 187ppb, which 
corresponds to the concentration that well-formed CsPbBr3 nanocube sensor can 
measure with certainty, its sensitivity is approximately 54%, while at the same ozone 
concentration distorted CsPbBr3 sensor displays sensitivity of 68% (Figure 4.19). 

 

 

Figure 4.15 Comparison of electrical responses of al-inorganic lead halide well-formed and distorted nanocubes 
as a function of time upon different ozone concentrations. 
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Figure 4.16 Sensitivity of well-formed and distorted nanocubes as a function of ozone concentrations 

 

Figure 4.17 demonstrates the response and recovery times of both sensors as function 
of ozone concentration. It can be observed that the distorted sensing material responds 
faster in the presence of ozone gas compared with the well-formed nanocubes. 
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Additionally, the values of recovery time of the well-formed CsPbBr3 sensor is 
almost three times higher than those measured for distorted CsPbBr3 sensor. 

 

Figure 4.17 Comparison of response and recovery times of well-defined and distorted nanocubes as function of 
ozone concentration. 

 

In addition, both sensing elements were further compared with other semiconducting 
materials reported in the literature for ozone sensing (Figure 4.18). It can be observed 
that distorted CsPbBr3 nanocubes can detect the lowest ozone concentration at room 
temperature working conditions, exhibiting the highest sensitivity among the other 
sensing materials. It is also noteworthy that the sensitivity and durability of both 
CsPbBr3 sensing elements are by far better than the hybrid organic-inorganic metal 
halide perovskite sensing film, which is the only lead halide perovskite material tested 
for O3 sensing to date.55 
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Figure 4.19 Sensitivity as function of O3 concentration and working temperature for sensing elements reported in 
the literature.  

 

4.3 Sensing Mechanism 

The sensing behavior of CsPbBr3 and distorted CsPbBr3 nanocubes can be explained 
by Wolkenstein model.56 According to this model, localized electronic states are 
created by adsorbed species. These states act as traps for electrons or holes depending 
on their nature. Particularly, when the sensor is exposed to air, neutral oxygen 
molecules are adsorbed on perovskite surface where they attract electrons from the 
valence band. Hence, oxygen molecules become partially ionized into O2

- , O- and O2. 
Due to the reduction of the number of electrons, a layer of holes covers the surface of 
the perovskite (Figure 4.20a). When the sensor is exposed to ozone gas, ozone 
molecules are adsorbed on the nanocube surface, increasing the number of holes in 
CsPbBr3 shell lattice (Figure 4.20b). This current increase, caused by the increased 
electron trapping from the valence band, is typical behavior of a p-type 
semiconductor.57 

Since adsorption is a surface phenomenon, high surface-to-volume ratio leads to high 
adsorption. As shown in Figure 3.5, the edges of the distorted CsPbBr3 nanocubes are 
slightly deformed resulting to an increase of their surface area. Moreover, distorted 
nanocubes are quite smaller than well-formed nanocubes which means that a greater 
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portion of atoms are found at the particle surface compared to those inside. Therefore, 
they exhibit higher surface-to-volume ratio than well-formed CsPbBr3 nanocubes, 
explaining the higher sensitivity of the sensor.  

 

 

Figure 4.20 Schematic representation of the ozone sensing mechanism in ambient conditions (a) and after ozone 
exposure (b). 

 

4.4 CsPbBr3 Nanocubes for hydrogen gas sensing 

a) Sensing properties of distorted CsPbBr3 nanocubes 

Considering the enhanced sensitivity of distorted CsPbBr3 nanocubes compared to the 
well-formed one as ozone sensing material, their ability to detect hydrogen was also 
investigated by electrical measurements at room temperature with nitrogen as gas 
carrier for sensor’s recovery. The sample was placed into the gas chamber and in the 
presence of nitrogen gas the initial current value was measured to be approximately 1 
μA. 

The sensing performance of the sample was studied under different H2 concentrations 
ranging from 100ppm to 1ppm. The electrical response of the sensor for all tested 
concentrations as a function of time is depicted on Figure 4.21a. Initially, the sensor 
was exposed to hydrogen gas with concentration of 100ppm for 3.5min, resulting to 
an immediate increase of the current intensity. Then, the recovery of the sample was 
followed by the replacement of hydrogen gas with pure nitrogen for 5min. The same 
procedure was repeated for all hydrogen concentrations and similar behavior was 
observed. Figure 4.22 demonstrates the evolution of minimum and maximum current 
values as a function of time. It is noticed that Imin is quite stable as the concentration 
decreases, while Imax increases upon increasing H2 concentrations. 
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Figure 4.21 Electrical response of all-inorganic perovskite distorted nanocubes (a) and normalized exponential 
decay curves (b) as a function of timeunder different concentrations ranging from 100 ppm to 1 ppm. 

 

In addition, the normalized exponential decay curves as a function of time during the 
hydrogen treatment are well-separated, even between 5ppm and 1ppm (Figure 4.21b). 
The well-distinguished curves reveal the sensor’s high ability to resolve extremely 
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low hydrogen concentrations, with sensitivity increasing from 1.5% for 1ppm to 
almost 94% for 100ppm (Figure 4.22). Figure 4.23 illustrates the position of distorted 
CsPbBr3 as sensing element among other semiconducting materials for hydrogen 
sensing. It can be observed that distorted CsPbBr3 nanocubes exhibit the highest 
sensitivity (1.5%) and can detect the lowest H2 concentration (1ppm) at room 
temperature working conditions. Notably, the sensitivity of the sensor at 5ppm is 
almost 10 times higher than the sensitivity at 1ppm.  

 

 

Figure 4.22 Sensitivity of H2 sensor as a function of gas concentration 
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Figure 4.23 Sensitivity as function of H2 concentration and working temperature of distorted CsPbBr3 nanocubes 
and other semiconducting materials.58, 59, 60 

 

The sensor’s quality was further characterized by the response and recovery times. 
Figure 4.24 presents the evolution of response and recovery times as a function of 
hydrogen concentration. In particular, tres and trec values remain almost unchanged as 
hydrogen concentration increases with values between 43s to 75s, and 74s to 91s, 
respectively. 
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Figure 4.24 Response and recovery times as a function of H2 concentration. 

 

b) Stability of hydrogen sensor 

A common demand in sensor technology is the ability to detect and monitor hydrogen 
at the lowest response time. However, stability and repeatability are two essential 
parameters that characterize the quality of a gas sensor. The repeatability of the 
sample was investigated during a series of H2/N2 switching cycles (Figure 4.25). It 
was observed that in the presence of H2, the induced current was increasing, while in 
its absence current was decreasing, as expected. However, it is noted that the sensor 
was not fully recovered as the current did not reverse to its initial value, possibly due 
to adsorbed hydrogen molecules. Notably, at the end of the sensing process, distorted 
CsPbBr3 nanocubes appear to retain their initial shape and morphology (Figure 4.26).  
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Figure 4.25 Electrical response of H2 sensor upon four H2/N2 cycles as a function of time (a). SEM image of 
distorted CsPbBr3 nanocubesat the end of the sensing process (b).  
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Figure 4.26 SEM images of distorted all-inorganic perovskites before (a) and after(b) H2 exposure. 

 

4.5 Sensing mechanism 

The sensing mechanism of hydrogen is different to the previous reported for ozone, 
since hydrogen is known as a reducing agent while oxygen is an oxidizing agent and 
in both sensors the current intensity increases in the gaseous ambient.  

Solution-processed cesium lead halide NCs are in great demand due to their high 
resistivity towards defect formation. However, those NCs are no totally free from 
defects. In particular, studies have shown that halogen vacancy is the most abundant 
defect in such NCs.61 Halogen vacancies act as major electron traps or recombination 
centers and mostly appear on the surface of NCs.62 
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Consequently, the proposed mechanism is based on trap healing. Hydrogen molecules 
are adsorbed onto the perovskite surface. Since hydrogen molecule is the smallest size 
molecule that exists, it is the one which diffuses the most easily in materials. Hence H 
molecules are diffused inside the perovskite crystal and fill bromide vacancies which 
are intrinsically present in the crystal. Since bromide vacancies act as charge 
(electron) traps, their decreased number in presence of hydrogen translates into a 
higher number of charges (holes) available for electrical transport.63i  
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CHAPTER 5: CONCLUSIONS  

In conclusion, ligand-free all-inorganic lead halide perovskite NCs have been 
prepared via a facile cost-effective solution-based method in both protective 
atmosphere and ambient conditions. Both samples exhibited a direct band gap with 
energy 𝐸𝑔 = 2.28 𝑒𝑉. In the first case, well-crystalline CsPbBr3 nanocubes with sharp 
edges were formed directly on the substrate and were used as sensing element for 
ozone sensing application. The sensor exhibited high sensing ability within a wide 
range of O3 concentrations, with sensitivity 54% at 187ppb which, according to the 
literature, is the highest reported among other metal oxides and metal halide 
perovskite materials to date. In addition, the well-formed CsPbBr3 sensor was fully 
reversible after the response-recovery process under high O3 concentrations proving 
its significant repeatability. Moreover, an advantage of this sensor is its ability to 
operate at room temperature without the need of external stimuli.  

Following the fabrication of well-formed CsPbBr3 nanocubes, distorted CsPbBr3 
nanocubes with deformed edges were prepared under ambient conditions. The main 
advantage of this technique is its simplicity and its low-cost fabrication process. 
Initially, this method was used for the preparation of an ultrasensitive ozone sensor. 
The sensor was self-powered and could operate at room temperature. In addition, its 
significantly higher sensitivity (13% at 4ppb) than those reported in the literature, its 
excellent repeatability under high O3 concentrations and its fast response could be a 
breakthrough in the development of gas sensing applications. 

Finally, the enhanced sensitivity as well as the simplicity of the preparation method 
made distorted CsPbBr3 nanocubes a good candidate for more sensing applications. 
Hence, distorted all-inorganic lead halide perovskites were used as sensing elements 
for hydrogen gas sensing application. The sensor was able to detect fast extremely 
low hydrogen concentrations, with sensitivity ranging from 1.5% at 1ppm H2 
concentration to 94% at 100ppm. Moreover, its sensing ability is the highest among 
other metal oxides reported in the literature at room-operating temperature, providing 
new opportunities in sensing technology.   

The present work is the first that demonstrates the application of ligand-free all-
inorganic metal halide perovskite nanosractures as ozone and hydrogen sensing 
elements with great stability and durability. The results are very promising and could 
offer possibilities for new low-cost gas sensing applications with advanced features.   
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