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CONTENT OF THE THESIS

The present thesis focuses on the synthesis and characterization of colloidal
nanocrystals of different lead-free metal halide perovskites as possible alternatives to the
current lead-based nanomaterials. The aim is to achieve a deeper knowledge of these
compounds that are still little known to encourage the research on lead-free perovskites and
promote the transition towards more green materials.

The thesis can be divided in two parts. The first part is a review of the basic properties
of metal halide perovskites and the relative nanocrystals. Chapter I gives a general introduction
to the subject, explaining the origin of the recent interest in these compounds and outlining
their potentiality and the issues and concerns associated to them.

Chapter Il summarizes the main characteristics of metal halide perovskites illustrating
their most peculiar features: the crystal structure and the electronic band structure.

Chapter 111, instead, focuses on perovskites in the form of colloidal nanocrystals. It
presents the synthesis of the crystals, explaining the theory behind their formation and growth.
Next, it describes their electronic structure and their optical properties, underlying how the
latter are modified by compositional tuning and size reduction. Finally, it addresses the
problems related to their stability.

The second part of the thesis is devoted to the experimental work and reports the
results of my research. Chapter IV concerns the synthesis and characterization of Cs2SnXe (X =

Cl, Br, Br/I, I) nanocrystals and presents the results of the investigation on their crystal



Content of the Thesis

structure, size, light absorption, and light emission.

In Chapter V, the effects of different capping agents on the crystals of the previous
chapter are explored, showing how amines of various length can modify not only their
morphology but also their optical properties.

Chapter VI, instead, concerns the synthesis and characterization of Cs3Bi2X9 (X = Br, I)
nanocrystals and, once again, the structural, morphological, and optical features are reported.
It also suggests a possible application of these crystals as photocatalyst in combination with
graphitic carbon nitride presenting the results they can achieve in the production of hydrogen.

Finally, Chapter VII, the last chapter, summarizes the findings and observations of my
research, addresses the main problems that affect these nanomaterials, and outlines the future

perspectives for the development of this research topic.



Chapter I
INTRODUCTION

Semiconductors are one of the most significant class of materials of present times since
they play a fundamental role in our society. By replacing vacuum tubes with small transistors,
semiconductors paved the way to the miniaturization of electronic circuits and, currently,
modern electronics is dominated by them.[1-3]1 Semiconductors are the basis of integrated
circuits as well as several discrete devices (e.g. diodes, transistors, rectifiers, LEDs). All these
elements are indispensable components for the functioning of almost every device we
commonly use in everyday life such as smartphones, computers, televisions, household
appliances and lighting systems. In addition to consumer electronics, semiconductors are also
of crucial importance for the renewable energy field: the current photovoltaic technology,
indeed, is entirely based on these materials. It is easy to understand the tremendous impact
that semiconductors have on our lives. Due to vast number of applications and the resulting
huge demand for more efficient, powerful, and compact devices, research on semiconductors is
in constant evolution and is always looking for new materials and new ways to use them
profitably.

In this context, metal halide perovskites (MHPs) have emerged as a novel family of
semiconductors that, in the last ten years, has received ever-growing attention from the
scientific community. This interest arises from a fortuitous combination of favorable properties
and from a series of practical advantages they possess in comparison to conventional [I-VI and

[II-V semiconductors that contribute to make them highly suitable for several applications in
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different fields like electronics, photonics and energetics.[*-8] From the electrical point of view,
they have unusually long carrier lifetimes and small carrier effective masses which result in
long diffusion lengths and, consequently, in good charge-transport properties.[®10] From the
optical point of view, instead, metal halide perovskites exhibit high absorption coefficients and
sharp absorption edges as well as photoluminescence characterized by very narrow emission
linewidths. This is one of the rare cases in which the same material has simultaneously good
properties for both light harvesting and light emission applications.[®11] Besides that, MHPs
have another remarkable property: the possibility to tune in a continuous way their
fundamental band-gap over a wide range of wavelengths (from violet to the near infrared) by
varying their chemical composition.[12-14] All these features, along with the ease and low cost of
processability, contribute to make metal halide perovskites a class of very intriguing and
versatile materials and explain the great interest that has developed around them.

Although the earliest studies on MHPs date back to the end of the 1800s,[1516] it took
more than one century before their potential applicability in electronics was explored: the
electrical properties of metal halide perovskites were investigated only in the 1990s and early
2000s.117-21] These initial works marked a fundamental step in the research on metal halide
perovskites because they set the basis for their subsequent exploitation in several
optoelectronic applications. Since then, a variety of devices have been fabricated with these
crystals but the area in which they have obtained the most astonishing results is certainly
photovoltaic: starting from a power conversion efficiency less than 4%, after just five years of
research perovskite solar cells have reached values of 20% and at present they can achieve
certified efficiencies of more than 25%.[22-24]

The idea of exploring MHPs as nanomaterials comes in the wake of the well-established
research in the field of nanoscience and nanotechnology. The basic principle of this research is
that the behavior of matter is not fixed but depends on its size: due to geometrical factors and
quantum mechanical effects, solids exhibit new properties that are not present in their bulk
form when their size is reduced to the nanometer scale. This phenomenon is very intriguing
because it gives new potentialities to materials already well-known and widely used in their
conventional macroscopic form. The research of nanomaterials is then a promising topic that

opens up the opportunity for novel fields of investigation and innovative applications.[25-28]
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Figure 1.1 Colloidal suspensions of semiconductor quantum dots under UV illumination.
Adapted from ref [28].

In the past, a vast number of nanostructures of different dimensionalities has been
fabricated with III-V and II-VI semiconductors, producing a wide variety of shapes: particles,
rods, wires, platelets are some of the most common forms but more complex and exotic
structures like tetrapods or cages have also been explored.[?9-32] Following the success of metal
chalcogenide quantum dots in suspension, researchers have then tried to produce colloidal
nanocrystals (NCs) using metal halide perovskites as well. Already from the first reports, the
crystals proved to have extraordinary optical properties.[3334] Moreover, their synthesis and
post-synthetic manipulation revealed to be easy, thus suggesting they could be suitable and
advantageous for several applications.[3>36] These findings boosted the research on this topic
leading to remarkable results and, currently, MHP NCs are one of the most studied class of
nanomaterials, promising to replace conventional semiconductors in many fields of electronics
in the future.

Metal halide perovskites are affected by two serious problems that limit their large-
scale use: instability and toxicity. Due to the soft nature of their crystal lattice, these compounds
are inherently unstable over time and many factors such as temperature, moisture and light
irradiation can degrade their structure and properties, undermining the functioning of the
related electronic devices.[37:38] The second major issue of MHPs is the presence of lead, a toxic

heavy metal that raises great concern for human health and environment safety. Its
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dangerousness derives from the severe effects it has on many organs combined with its ease of
absorption by the human body, which can occur through skin contact, inhalation, and
ingestion.[39-41] In fact, this metal causes acute damage to brain, liver and kidneys, and it can
also affect the respiratory, cardiovascular, urinary and reproductive systems. Moreover, there
is evidence indicating it as a probable carcinogen.[#042] Contrary to many substances that are
safe or even essential in trace amounts, lead is poisonous at any dose. Even worse, it is hardly
excreted by the body and so it tends to accumulate in various tissues over time, mainly in the
bones.[*3] The toxicity of this heavy metal is related to its ability to interfere with biochemical
processes and induce oxidative imbalance. Lead, indeed, can easily bind to different
biomolecules, such as proteins, lipids, and nucleic acids, by replacing the metal ions present in
them. This alters the normal behavior of the molecules and, consequently, affects the functions
of the organs. In addition, Pb can induce changes in the cell membrane, promote the generation
of free radicals and decrease the concentration of many antioxidants.[#041] All these actions
result in high oxidative stress that damages the cell structures as well as proteins and DNA.

At present, lead halide perovskites are the best performing ones, but their
hazardousness poses a sizeable obstacle to their widespread commercialization in daily
applications. The main concern regarding perovskite-based devices is the possible leakage of
Pb during both the operation period and the final dismantling. In fact, device encapsulations
proved to be ineffective in preventing the metal from leaking into the environment, especially
in the occurrence of extreme events like heavy rains or fire.[4445] Moreover, the bioavailability
of Pb originating from perovskites is ten times higher than that of other compounds, therefore
the risk of lead pollution from MHPs is a real threat.[46]

To overcome the problem of toxicity, new compounds that replace Pb with more
environmentally friendly elements are being explored with great attention.[47-491 Such elements
can have the same oxidation state of lead like tin or germanium, or a different oxidation state
like bismuth, antimony, or titanium (Figure 1.2).1501 These alternative perovskites exhibit
interesting features that make them very promising, however, when compared to their lead-
based counterpart, they appear considerably inferior: their optical properties are much poorer
as well as their stability. Despite their problems, lead-free compounds are of crucial importance

for the progress of the perovskite-based technology: considering the high toxicity of Pb and the
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Figure 1.2 Possible lead replacements to achieve lead-free perovskites. Substitutions include
homovalent elements from Group 14, heterovalent neighbouring elements, transition metals,
alkaline-earth metals, rare earths, and metal chalcogenide perovskites. Adapted from ref
[50].

growing sensitivity to the environment from a political and social point of view, it is very
unlikely that lead-containing devices will ever be put on the market. Therefore, more research
and more thorough investigations are necessary to understand the fundamentals of lead-free

perovskites and improve their performances to promote the development of this field.



Chapter II
AN OVERVIEW OF METAL HALIDE
PEROVSKITES

2.1 Crystal Structure

The term “perovskite” was originally coined in honor of the Russian mineralogist Lev
A. Perovski to name a mineral of calcium titanate (CaTiOs) discovered in 1839 by Gustav Rose
in the Ural Mountains.[>1] Now the term is used to indicate any crystalline solid that shares the
same crystal structure of CaTiOs. Besides that, perovskites are also characterized by the general
formula ABX3, where A and B are cations while X is a non-metallic anion.

The building blocks of the perovskite structure are identical octahedra made of six X
ions placed in the corners and one B ion placed in the center. In the ideal case, the [BXs]*-
octahedra are arranged in a simple cubic array, sharing one corner in each of the three
directions, while the A ions are placed in the interstitial spaces between adjacent octahedra to
grant structural stability and charge neutrality (Figure 2.1).[521 In this configuration, the cations
present a high coordination number: the A atoms are in 12-fold coordination and the B atoms
are in 6-fold coordination.

The so-called classical perovskites are a large class of metal oxides like the

aforementioned CaTiOs. In these materials, A is a large metal ion, such as alkaline earths or rare
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Figure 2.1 Crystal structure of an ideal perovskite. The X ions are placed in an octahedral
arrangement around the B ions. The [BXs]*- octahedra are then connected through their
corners to form a continuous three-dimensional matrix. The A ions are instead located in the

voids within this matrix. Adapted from ref [52].

earths (e.g. Mg, Ca, Sr, La, Nd, Yb, Lu, Hg, Pb), B is a smaller ion, typically a transition metal (e.g.
Ti, Fe, Ni, Y, Zr, Ce, Er, Yb, Si, Pb), and X is clearly oxygen in the 2- oxidation state. According to
the oxidation numbers of the cations, instead, three pairings of ions are possible: monovalent
and pentavalent (A*B>+02-3), bivalent and tetravalent (A2*B#*0Z%-3), and trivalent and trivalent
(A3+B3+02%-3). In the past decades, these perovskites were largely studied due to their
remarkable properties like piezoelectricity, ferroelectricity, ionic conductivity and
magnetoresistance.[>3-55] Although oxides are the most common and known compounds, also
nitrides,[56>7] hydrides>85°1 and chalcogenides!6061] are found to crystallize in this structure,
thus contributing to make perovskites one of the most abundant and heterogenous families of
crystals.

MHPs have the same lattice of oxide perovskites but with some substantial differences
in the chemical composition. Firstly, as it is apparent from the name, the X anion consists of a
halide (CI-, Br-, I-) in place of oxygen. Then, the A site is occupied by a monovalent ion that can
be either a metal or an organic molecule. Cesium Cs* and rubidium Rb* are the typical inorganic
A cations while methylammonium CH3sNHs* (MA*) and formamidinium CH(NH2)* (FA*) are the
most common organic ones. According to the nature of this ion, MHPs are differentiated into

hybrid organic-inorganic perovskites (HOIPs) and totally inorganic perovskites (TIPs). Finally,
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the B cation is still metal but exclusively in the 2+ oxidation state. As discussed in Chapter I, lead
Pb2+ is the most widely used element, however, due to its toxicity, other metals, even with a
different electronic configuration, are being explored to obtain safer materials. Some examples
of such replacements are tin Sn2*, germanium Ge2*, copper Cu2*, and also bismuth Bi3*
antimony Sb3+, titanium Ti** and palladium Pd#+.[7.47.6263] This change in the oxidation number
of the B cation causes a modification of the standard perovskite structure as it will be discussed
later on. According to the metal, MHPs are further differentiated into lead halide perovskites
(LHPs) and lead-free halide perovskites.

Similar to the case of classical perovskites, varying the chemical composition of MHPs
allows to obtain a vast number of compounds with very different and tunable properties that
may be suitable for a wide range of applications. [5.6:55.64]

The capability of a crystal to adopt the perovskite structure relies on two parameters:
the Goldschmidt tolerance factor t and the octahedral factor p. In the assumption purely ionic
bonding, these factors are dimensionless geometrical parameters that depends exclusively on

the radii r7 (I = A, B, X) of the perovskite constituting ions, as shown in Equations 2.1 and 2.2:

_ 1 (T4 + %)
= V2 (rg + 1) (21)
=y 2.2)

The Goldschmidt tolerance factor quantifies the mismatch between ion sizes that the
perovskite lattice can tolerate before turning in a different structure, thus it allows to predict
the formability and the stability of a crystal. It was first proposed by Victor M. Goldschmidt in
1926 on the basis of the so-called “non-rattling postulate”, which is that perovskites arrange
their atoms so as to maximize the number of anions surrounding each cation.[65-67] Originally,
the tolerance factor was introduced to describe the structure of oxide perovskites but it can be
extended to MHPs as well.[6869] The octahedral factor, instead, evaluates the possibility for the
B cation to fit into the octahedral interstices of the anion sublattice thus forming a regular

[BXs]4- octahedron. In the last years, more sophisticated factors, that take into account also

10
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other quantities in addition to the ionic radii, have been proposed as a reliable tool to predict
more accurately the formability of perovskites.[69-72]

In theory, a compound can form the ideal cubic perovskite lattice only if it has a
tolerance factor of 1. In fact, it was observed that cubic perovskites can form for a range of t
values close to unity. Moreover, outside this range a crystal can still adopt modified perovskite
structures, with a lower degree of symmetry, derived from the ideal lattice by distorting the
cubic array of corner-sharing octahedra (Figure 2.2).1731 The distortions are meant to improve
the coordination environment around the cations and frequently result in a reduction of their
coordination numbers.[6.74] They are generally induced by an interplay of four main elements:
size effects related to geometrical factors, electrostatic interactions between the organic cations
and the crystal lattice, deviations from the ideal chemical composition, and the Jahn-Teller
effect.[7576] Size effects, as discussed above, depend on ionic radii and the shape of the A cations,
with the resulting capability of the materials to arrange in the cubic perovskite structure as
predicted by the tolerance and octahedral factors. The interactions between the organic cations
and the surrounding environment are of two types: nondirectional electrostatic interactions
and directional hydrogen bonds.[’71 They originate from the cation charge and the electric
dipole moment that is typically present in molecular ions, and their effect is to stretch, contract,
tilt or twist the inorganic network of [BX¢]*- octahedra.[7678] The alterations of the ideal formula

ABX3, instead, can lead to deficient compounds in which the vacancies may adopt a long-range

Cubic Tetragonal Orthorhombic

Figure 2.2 Crystal lattice of cubic, tetragonal, and orthorhombic perovskites in comparison.
Adapted from ref [73].

11
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order and modify the crystal structure.[7980] Finally, the Jahn-Teller effect involves those
compounds presenting an active ion in the B site. In this case, the degeneracy of the highest
occupied metal orbital causes a deformation of the octahedra according to the Jahn-Teller
theorem.[74751 [t is very common for perovskites to have multiple crystal phases and sometimes
the stable phase under ambient conditions is not the cubic but a less symmetric one, like
tetragonal or orthorhombic.[81.82]

For oxide compounds, it was empirically found that perovskite structures can form for
0.75 <t < 1.00 and 0.45 < u < 0.90, approximately.[6683] The cubic phase, in particular, occurs in
a narrower range of t values, namely for 0.80 < t < 0.95.[8485] On the other hand, when t < 0.75
or t > 1.00, the A cation appears to be, respectively, too small or too large to properly fit in the
perovskite lattice and so different polymorphs become more favorable and stable. In the case
of metal halide compounds, instead, the formability range for perovskite structures is
estimated to be 0.80 < t < 1.10, while, due to the lower electronegativity of the halides
(especially the larger ones like iodide) and the non-sphericity of the molecular cations, the cubic

window is reduced to 0.90 < t < 1.00.[66:86-88] Ag it will be seen in the next chapter, this has not

1.2
Upper nonperovskite zone
i L — &
5 Distorted perovskite o W CsPbl,
"6' m ® CsPbBr,
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= 1.0
8 MAPbI,
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@ 0.94 e I
() ® FAPbI,
— ® FAPbBr,
Distorted perovskite A FAPDCI,
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Figure 2.3 Tolerance factors of some of the most common lead halide perovskites with

different halides and cations.
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negligible consequences on the structural stability of MHPs.

When the value of the tolerance factor falls outside the stability range or the
constituting ions have oxidation numbers different from those required by the chemical
composition ABX3, new crystal structures derived from the perovskite lattice are favored. These
structures are obtained from the periodic repetition in space of a fundamental unit made of
[BX6]"- octahedra connected through corners, edges, or faces, whereas the A cations are packed
around these inorganic blocks and keep them separated from one another. According to the
connectivity of the octahedra, the materials are classified as three-dimensional (3D), two-
dimensional (2D), one-dimensional (1D) and zero-dimensional (0D) perovskites.[89.90] As
depicted in Figure 2.4,1°01 in 3D compounds the octahedra are connected in all three directions
creating a continuous network of metal and halide ions with the A cations placed into the voids
in between. In 2D compounds, like Cs3BizBr9 or CsPbzls, the building units are planar or
corrugated layers of octahedra stacked on each other. In 1D compounds, instead, like CsTiBr3
or Cs3Pbls, the constituting units are chains of octahedra that can be either straight or zigzag.
Finally, in 0D compounds, like Cs2SnBrs or Cs4Pble, the octahedra are completely isolated or
connected in small clusters separated from one another.

In this context, the A cation plays a crucial role in the formation of MHPs with reduced
dimensionality: once the metal and the halogen are chosen, the tolerance factor defines the size
ranges in which the A radius must fall to achieve a cubic 3D, a distorted 3D, or a lower-
dimensional perovskites.[91.92]

It should be noted that only three-dimensional crystals with chemical composition

Figure 2.4 Crystal structure of low-dimensional perovskites. Adapted from ref [90].

13
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ABX3 are actual perovskites based on the very definition of perovskite. Crystals with a different
structural dimensionality should be more precisely called non-perovskites or perovskite
derivatives since they are in fact a rearrangement of the perovskite octahedra. Nevertheless,
the name “perovskite” is still accepted and widely used for these materials if their
dimensionality is explicitly specified.

A final case of perovskite derivatives is the so-called double perovskite, characterized
by the general formula A2B'B"Xs. These compounds exhibit the same crystal structure of a
regular 3D perovskite, but the B sites are alternatively occupied by two different metal species
B’ and B” that can have the same oxidation number 2+ or, more commonly, two distinct
numbers, namely 1+ and 3+ to keep the charge neutrality.[6293] Compared to standard
perovskites with formula ABX3, the unit cell of these compounds appears doubled to consider

both metals, hence the name “double perovskites”.

2.2 Electronic Structure

2.2.1 Energy Bands

In the following we will specifically focus on lead halide perovskites. These materials
were the first MHPs to be studied and currently are the most investigated ones since they are
the best performing and most promising compounds for optoelectronic applications. For this
reason, lead-based perovskites can be considered as the archetype of MHPs, and their
properties can be taken as a benchmark for the entire class of halides.

The unusual energy band structure of LHPs is one of their most distinctive features.
Contrary to classical semiconductors, in these materials both the conduction band (CB) and the
valence band (VB) arise from o* antibonding interactions between the lead and the halide

orbitals as shown in Figure 2.5.1°41 Considering the electronic configuration of these two ions,

14
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1.

=
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Figure 2.5 Schematic illustration of the formation of the electronic band structure for lead
halide perovskites starting from the individual s and p orbitals of Pb and X ions. Adapted
from ref [94].

namely 6s26p? for Pb in the oxidation state 2+ and np® for X in the oxidation state 1- (n = 3-5
from Cl to I), the CB originates from the binding between the Pb 6p and X np states, whereas
the VB originates from the binding between the Pb 6s and X np states.l149495] Due to the
constituting orbitals, the CB has a strong p-type character while the VB shows a partial s-type
character. In this framework, it appears evident that the A ion does not take part directly in the
formation of the electronic band structure of LHPs because the bands are generated uniquely
by the orbitals of the metal and the halide. The only effect of this cation is to distort the inorganic
octahedra array through the interactions with the surrounding ions, thus causing a change in
the lattice parameters and, consequently, in the gap energy.[78!

LHPs are direct gap semiconductors and, interestingly, the conduction band minimum
(CBM) and the valence band maximum (VBM) do not occur at the T' point, as in many
conventional semiconductors, but at one edge of the Brillouin zone like, for example, the R
point. Since lead and halogens (especially iodine) are heavy elements, the spin-orbit coupling
(SOC) in LHPs is strong, so it has a sizeable effect on their energy band structure. Due to its
pronounced p-type character, this interaction affects mainly and deeply the CB: it causes,

indeed, a split-off of the conduction band into two distinct states with different total angular
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momentum J/, namely 3/2 for the upper band and 1/2 for the lower one.[?697] This phenomenon
is analogous to the formation of the split-off band of traditional semiconductors, however in
these materials the band is part of the VB and lies below the light hole branch while in LHPs it
is part of the CB, therefore the electric band structure of perovskites appears inverted
compared to that of conventional semiconductors. By lowering the CBM, the spin-orbit splitting
results in a reduction of the bandgap: depending on the compound, the energy decrease can
reach values of almost 1 eV. Moreover, the spin-orbit interaction enhances the energy
dispersion of the CB in the k-space near the band edge and slightly shifts the CBM and VBM
from the original point of the Brillouin zone at which they occur.[1498] Regarding the VB, instead,
the effects of the SOC are radically different. Having a more s-type character, this band remains
essentially unaffected by the coupling. However, because of the strong hybridization between
the s and p orbitals of lead and halide, also the VB presents a pronounced curvature in the k-
space near the band edge.[8!

Since the VBM is mostly dominated by the p orbitals of the X ion, changing the halide
content causes substantial modifications in the electronic band structure: going from ClI to I,
indeed, the bandgap is considerably reduced (Figure 2.6).°°1 This shrinkage is mainly
determined by the decreasing difference of electronegativity between the halogen and the
metal and their increasing interatomic distance.[9>100] As the distance between B and X grows,
the CBM is lowered because the electrons on the metal atoms are less confined and so their
energy levels decrease. On the other hand, the VBM is raised because, as the halogen
electronegativity drops, its p levels rise significantly. The position of the VB is the result of three
competing factors: the aforementioned reduced confinement of electrons and the less
hybridization strength between the B s and X p orbitals would tend indeed to move the band
edge in the opposite direction. However, the rising of the halogen p levels has a much more
incisive effect than the other two phenomena and so it dominates over them. In fact, the
reduction of the gap energy is mostly driven by the upshift of the VBM rather than the downshift
of the CBM, which is very limited.

In the case of the B ion, instead, the situation appears quite different. Since the CBM
and VBM depends similarly on the orbitals of this ion, they both shift in the same direction when

the metal content is modified, therefore the outcomes of lead replacement on the bandgap of
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Figure 2.6 Electronic band structure of CsPbX3 perovskites (X = Cl, Br, 1) with different
composition. The effects of the halide content on the energy bands are evident. Adapted from
ref [99].

LHPs are more difficult to predict.

Finally, the A cation has even more subtle effects on the band structure. As previously
mentioned, this ion does not intervene actively in the formation of the electronic bands but still
has an indirect influence on them. In fact, it can modify the B-X bond length and the B-X-B bond
angle through size effects and the electrostatic interactions with the surrounding
lattice.[77.78101] These modifications lead to a different overlapping between the metal and
halide orbitals and a different spin-orbit interaction, therefore the alterations of the crystal
structure result also in alterations of the band structure.[12101,102] Ag the A cation varies, both
band edges shift in the same direction, however the cation-induced lattice distortions affect
mostly the VB and increase the bandgap due to the reduced overlap and hybridization between
the B s and X p orbitals, while the cation-induced volume expansion affects mostly the CB and
decreases the bandgap due to enhanced interatomic distance. The variations induced by the A
cation in the band structure are moderate compared to those related to the X ion, nevertheless
they are of considerable importance because they allow to get a finer tuning of the perovskite
optoelectronic properties. For example, moving from CsPbls to FAPbIs only decreases the

bandgap of about 200 meV, from 1.72 eV to 1.51 eV.[%]
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Playing with the chemical composition is then a very powerful tool that offers
unlimited potential because it allows to obtain an endless number of compounds with the
desired properties for any purpose (Figure 2.7).195]

Besides the elemental composition, octahedra connectivity also has a considerable
impact on the electronic structure of perovskites. As mentioned above, lattice distortions affect
the energy bands because they alter the overlap between the orbitals of neighboring metal and
halide ions. As a general rule, when the symmetry of the perovskite lattice is lowered, the
energy of the bandgap grows and the band dispersion in the Kk-space decreases.[103] This
phenomenon is related to the concept of electrical dimensionality: this parameter quantifies
effectiveness of the overlapping between the orbitals of adjacent [BX¢]"~ octahedra and the ease
with which the electrons can hop from one octahedron to the next. Structural and electrical
dimensionalities are strongly linked together but they do not always have the same value: the
electrical dimensionality can be lower than the structural dimensionality but never higher. For
example, cubic and tetragonal MAPbI3 have both a 3D structure but the latter has a slightly
reduced electrical dimensionality due to the different Pb-I-Pb angle, resulting in a higher
bandgap.l1%4 Another example is the double perovskite Cs2SrPble: it is structurally 3D but
electrically OD because only Pb takes part in the formation of the band structure, therefore the

[Pble]*- octahedra result to be electrically separated by the [Srls]*- octahedra.[103]
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Figure 2.7 Bandgap values and absolute energy level positions with respect to the vacuum

level for different lead-based and tin-based halide perovskites. Adapted from ref [95].
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The effects of reduced electrical dimensionality are even more pronounced in the case
of low-dimensional perovskites. Since their building blocks are totally isolated from one
another, they show a flat dispersion of the energy bands in the directions along which the
octahedra are not connected, as shown in Figure 2.8.1°0103] In fact, these materials can be
imagined as macroscopic periodic assemblies of their constituting units, therefore their band

structure reflects the structure of the single metal-halide unit.

3D CsPbl; 2D Cs,Pbl,

/

Energy (eV)
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Figure 2.8 Electronic band structure of metal halide perovskites with different structural
dimensionality. As the dimensionality is lowered, the dispersion of the energy bands

decreases, and their profile becomes flatter and flatter. Adapted from ref [103].

2.2.2 Defect Tolerance

The peculiar nature of the LHP band structure has a remarkable outcome. Typically,
the energy levels introduced by vacancies and surface dangling bonds lie between bonding and
antibonding states (the surface of a crystal can be imagined as a plane of vacant ions, hence
surface defects should show a behavior similar to vacancies). In the case of LHPs, where the CB
and VB are both generated by antibonding interactions, these levels tend then to fall within the
bands or close to their edges (shallow states) rather than in the gap (deep states). In such
situation, defect states appear almost delocalized and consequently they cannot act efficiently

as electronic traps (Figure 2.9).11051 The strong SOC of LHPs, moreover, further stabilizes their
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Figure 2.9 Visual representation of defect tolerance related to the bonding and antibonding

nature of the energy bands. Adapted from ref [105].

energy band structure by lowering the CBM. This feature, by which defects are present in a
crystal but do not affect its properties as if they were inert, is called defect tolerancel10¢l and it
was proved to be a common property of many metal halide perovskites[®4107.108] and other
semiconductors like metal chalcogenides.[94109,110]

The defect-tolerant nature of LHPs is also related to their dielectric response. These
materials, indeed, are characterized by a high dielectric constant € across a broad range of
frequencies.l111-113] This results in an effective screening of charged crystal defects and,
therefore, in a reduction of their carrier capture cross-section o:.[°4114] Assuming a coulombic
model, ot can be expressed as:[115]

84

~ 16m(ekyT)? (23)

Ot

where e is the electron charge, ks is the Boltzmann constant, and T is the temperature.

From Equation 2.3 it appears evident that high values of € determine low values of o,
thus a large static dielectric constant is beneficial to semiconductors because it reduces the
scattering and trapping of charged defects and impurities, thus improving consequently their

defect tolerance.
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The origin of the high dielectric constant in LHPs is related to multiple factors. In fact,
several processes that induce a polarization occur in these materials at different frequencies,
although the precise mechanisms under their contributions to the dielectric response are not
fully understood yet.[116117] In the infrared region (above 1 THz), ¢ is dominated by the ionic
polarization arising from lattice vibrations and deformations of the [BXs]*- octahedra. The
internal vibrations of the organic cations further increase this type of polarization. Below 1 THz,
the highly dynamic reorientation of the molecular ions is the main factor that enhances the
dielectric constant.[118] Owing to their dipole moment, the organic A cations can in fact interact
with one another and adopt a particular arrangement within the inorganic metal-halide
sublattice, thus leading to orientation polarization. Below 1 GHz, instead, the electron
conduction and the ionic drift induce space-charge polarization that additional increase the
value of . Compared to conventional semiconductors, due to their high mobility, ion motions
in LHPs have a greater impact on the dielectric response of the material compared to
conventional semiconductors, especially the halide diffusion.[118119] At low frequencies (below
1 Hz), were proved to have a giant dielectric constant reaching values of the order of 103-104
times the vacuum permittivity, which can even be further enhanced by three orders of
magnitude when the crystals are illuminated above the gap energy.[111.120.121] This phenomenon
is believed to originate from structural fluctuations induced by the coupling between
photoexcited electrons and phonons, namely photogenerated polarons, and it may also be
assisted by the dipole-dipole interaction of the molecular A cations.[111]

Another factor the contributes to the high dielectric constant of lead-based perovskites
is their Born effective charge. This quantity is a tensor that relates the macroscopic polarization
of a crystal with the displacements of its ions under the condition of zero external electric field,
thus it describes the ionic polarizability of a material. As previously discussed, in MHPs the
metal is partially oxidized, namely it is in the oxidation state 2+ and has the electronic
configuration 6s26p0. The lone pair of electrons in the outermost s orbital makes Pb ions highly
polarizable. This increases the mixed ionic-covalent nature of the bonding between metal and
halide and induces a large Born effective charge which, in turn, leads to a high dielectric
constant.[94114.122]

The formation energy of defects also plays a role in the defect tolerance of LHPs.
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Several studies have demonstrated that, typically, point defects introducing shallow electronic
states have low formation energies, while point defects introducing deep electronic states have,
on the contrary, higher formation energies.[94107.123,124] For example, LHPs usually present large
concentrations of vacancies, mostly of the A and X ions, but, as mentioned above, these defects
are related to shallow levels and so they reveal to be not detrimental for the crystals. Other
kinds of defects, instead, like interstitials and antisites that may generate deep trap levels, have
much higher formation energies since ions are energetically difficult to misplace in the
perovskite lattice, therefore their concentrations in LHPs are very low and appear to be

negligible.[94125]
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AN OVERVIEW OF PEROVSKITE
NANOCRYSTALS

3.1 Synthesis

The methods to produce nanomaterials can be divided in two main categories: top-
down and bottom-up. The top-down methods consist in breaking down bulk materials to
reduce their size to the nanoscale. They include, for instance, mechanical milling, high pressure
torsion, sputtering, etching and lithography with light, electrons, or ions. These techniques are
suited for fabricating structures with long-range order and have the advantage of being less
expensive, but they lose accuracy on very low dimensions.[25126.127] The bottom-up methods,
instead, consist in growing nanomaterials starting from their constituting elements: they are
based on the self-assembly and positional assembly of single atoms, molecules or clusters by
exploiting physical and chemical processes. The most common bottom-up approaches are wet
chemical syntheses like the sol-gel method, inert gas condensation, chemical vapor deposition,
molecular beam epitaxy and atomic manipulation via scanning tunneling microscope. These
techniques are suited for fabricating great quality structures with short-range order given their
high precision, however they are more expensive and they are not always scalable at the
industrial level.[25126,127]

Colloidal nanocrystals are mostly produced with bottom-up methods, specifically by
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wet chemical syntheses. This kind of syntheses comprises of three general steps: the
preparation of a precursor solution, the chemical reaction that leads to the formation of the
perovskite NCs, and the purification of the obtained crystals. In the first stage, the precursors
of the perovskite are combined in a solvent along with the ligands. During this phase, the
reagents dissolve in solution and the resulting metallic and non-metallic species form
coordination complexes with the ligand molecules. These complexes are usually referred to as
monomers; it should be noted that they are not metal-organic compounds because they do not
comprise metal-carbon bonds. The precursors typically used in the synthesis of MHPs are solid,
of which the most common are acetates and halides, but liquid compounds can also be
employed.[36128129] [n this case, the precursors do not need complexation.

In the second step, the actual synthesis of the NCs takes place. At this stage, the
monomers react among them and produce the first seeds for the growth of the perovskite. The
formation of NCs is described by the LaMer model and can be divided into three additional
phases that strictly related to the concentration of monomers in solution: induction, nucleation,
and growth (Figure 3.1 A).[29130131] [n the induction phase (phase I), the monomer
concentration C is quickly raised until it reaches the critical saturation value C;, namely the
concentration corresponding to the solubility limit of the monomers in the used solvent. This
condition can be achieved, for example, by adding one last precursor in the solution.
Alternatively, it can be obtained by reducing the solubility of the monomers through the
decrease of the solvent temperature or the addition of a poor solvent into the mixture. When
the monomer population exceeds the critical threshold, the system enters the nucleation phase
(phase II) where the perovskite NCs begin to form. In this stage, the solution reaches a
supersaturation concentration Css and becomes thermodynamically unstable, thus triggering a
rapid burst of nucleation: to lower their concentration, the monomers start to react and
produce small clusters of atoms that are called indeed nuclei. This process depletes very quickly
the monomer population and therefore their concentration drops. Finally, in the growth phase
(phase I1I), the monomer concentration returns below the critical value and the nucleation halts
since now it is thermodynamically too costly. In this regard, Cc can be seen as the minimum
concentration needed to obtain nucleation. At this stage, the already formed nuclei can dissolve

back into the solution or grow into nanocrystals. The crystal growth continues until the
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Figure 3.1 (A) Diagram of LaMer mechanism for the formation of colloidal nanocrystals.
Adapted from ref [130]. (B) Gibbs free energy for the formation of solids from a liquid phase.
Adapted from ref [133].

monomer population is exhausted to the minimal saturation value Cm, which corresponds to
the solubility limit of the perovskite in the used solvent.

The nucleation and growth processes are explained by LaMer model based on the
classic nucleation theory. This theory was originally proposed to describe the formation of
liquid droplets from a vapor, but LaMer extended it to describe the formation of solid colloids
from a liquid.[130.132] The basic principle of the model is that the system always tend to minimize
its Gibbs free energy as new volumes and interfaces are produced. The excess free energy AG
between a solid particle of a crystal dispersed in a liquid and the crystal dissolved in the liquid
depends on two terms: the Gibbs free bulk energy AGv, that represents the energy contribution
arising from the formation of bulk, and the Gibbs free surface energy AGs, that represents the
energy loss arising from the formation of a surface. In the case of a spherical particle, AG can be

expressed by the following formula:

— — _4_nkB_T 3 2
AG = AGy + AGs = T " In(S) + 4mysr (3.1)
m

where r is the particle radius, ys is the superficial density of interfacial energy, Vm is the molar

volume of the solute, and S is the degree of supersaturation defined as the ratio between the
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solution concentration and the equilibrium concentration at the solubility limit of monomers

Ce.

As it is evident from Equation 3.1, the Gibbs bulk free energy is always negative while
the Gibbs surface free energy is always positive. Consequently, the balance between these two
terms determines the trend of the excess energy as a function of the particle radius (Figure 3.1
B.)[133] For small crystal size, AG results to be positive because, due to the high surface-volume
ratio, it is dominated by the adverse contribution of the interface. As the particle diameter
increases, AG reaches a peak value and then it starts to decline owing to the predominant
contribution of the bulk, until it eventually becomes negative. The maximum value of the excess
energy, called critical energy AG", occurs in correspondence of a critical radius r*, which from

Equation 3.1 can be derived as:

2ysVm
= 2
4 K, T In(S) 3.2)
R (2474
A6 = 30, TInG))? (33)

The critical radius is a fundamental parameter since it determines the evolution of the
nuclei after the nucleation phase is concluded. In fact, since they tend to minimize their Gibbs
free energy according to LaMer model, the clusters with a radius small than r* will redissolve
into the solution while the clusters with a radius larger the r* will grow to increase their volume.
This process leads then to a focusing of the NC size distribution because the smaller crystals
tend to disappear in favor of the bigger crystals that, in turn, develop towards a similar size. To
achieve a narrow distribution, it is also important that the three phases are well separated so
that new nuclei do not form during the growth of the others.

The nucleation rate R can be expressed using the Arrhenius reaction rate formula,

which is commonly employed to describe thermally activated processes:

26



An Overview of Perovskite Nanocrystals

R R ( AG*)_R 16ny3V,2n 34
n = Ro@XP\T ) = Ro P\ T30 T3 In(s)? (3.4)

where Ro is a constant.

Equation 3.4 reveals that the nucleation rate has a strong dependance on the
temperature of the system, the supersaturation level, and the nature of the synthesis expressed
by the interface energy ys. In particular, the equation allows to understand the evolution of the
nucleation process during time: as the concentration of monomers approaches their solubility
limit, S tends to 1 and, consequently, the reaction rate tends to 0, in other words when the
concentration reaches the critical threshold Cc the nucleation stops.

The crystal growth is driven by two main factors: the diffusion of monomers to the
particle surface and the reaction of monomers on the surface. The flux of monomers Ji passing
by a particle and the reaction rate J- of monomers at the solid-liquid interface are given by

Equation 3.5 and Equation 3.6:[134135]
Jq = 4nDr(C — C;) (3.5)
Jr = 4mkar?(C; — cy) (3.6)
where D is the diffusion constant of monomers in the solution, ks is the rate constant of a
deposition reaction, C; is the monomer concentration on the particle surface, and cr is the

solubility of the particle in the solution.

Depending on whether the growth is controlled by the diffusion or the reaction

process, the growth rate Ry can be approximately expressed as:

DV,
Ry = T(C - C) (3.7)
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Ry = kaVm(C; — cr) (3.8)

More precisely, the growth mechanism is usually a combination of the two factors.
Therefore, the following generalized equation that considers both processes, as well as the
dependance of the particle solubility on its radius, was proposed to give a more exhaustive

description of the phenomenon:[13¢]

1
r' S — e(ﬁ)
Ry =—= —m (3.9)
r'+ Ke\r'
with
! RT (3.10)
r = T .
ZVSVm
, _R*T?DC , 5D
42V, '
k=T D (3.12)
2VSVm kd .

where t is time, «a is the transfer coefficient of the activated complex, and R is the ideal gas

constant.

K is a parameter called Damkohler number and it indicates whether the growth is driven more
by the diffusion or the reaction process.

In the third stage of the NC synthesis, the crystal growth is stopped, and the resulting
samples are collected by centrifugation. Removing the NCs from the precursor solution is a
necessary step to prevent changes in their size and morphology. In fact, when they are left in

the solution, they can undergo a phenomenon known as Ostwald ripening.[1371 As the
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temperature and the monomer concentration are lowered, the critical radius increases and
alters the equilibrium of the system. As in the case of nucleus growth, the nanocrystals with a
radius smaller than r* begin to dissolve, while the others continue to grow. This leads to a
general increase of the average size of NCs and a defocusing of their size distribution.

To remove any trace of the precursor solution and excess ligands, the crystals can be
dispersed in a weak solvent and centrifugated again for several times. This washing process has
a not indifferent importance because solvent and ligands, being typically long organic
molecules, can interfere with electrical conduction and, consequently, affect the performance

of electronic devices fabricated with the NCs.

3.2 Electronic Structure

As previously mentioned, when at least one dimension of a solid is reduced to the
nanoscale, namely below 100 nm, it starts to exhibit novel, and often unpredictable, features
that are not observed in its usual bulk form. The different structural, mechanical, thermal, and
chemical properties that appear upon size reduction are mainly due to the increasing surface-
volume ratio and the smaller diameter of the crystal grains, whereas the new optical and
electrical properties are the result of a modification of the electronic band structure of the
material.[25138] This alteration of the energy bands is a purely quantum-mechanical
phenomenon called quantum confinement and it can be understood using the well-known
model of the particle in a box.[*39] In this modeling, a point particle with mass m is constrained
inside a one-dimensional infinite potential well of width L, as depicted in Figure 3.2 A.
Considering the potential V, the time-independent Schrédinger equation of such a system is

given by Equation 3.13:
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Figure 3.2 (A) Schematic illustration of an infinite potential well with width L in one

dimension, also called box. (B) Schematic illustration of the energy levels and wavefunctions

of a particle in a one-dimensional infinite potential well.
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(3.13)

(3.14)

(3.15)

where | is the wavefunction of the particle, E is the energy of the particle, x is the position in

one dimension., and # is the reduced Planck constant.

Equation 3.15 represents the boundary conditions that s must satisfy at the edges of

the potential well, which mean that the probability of the particle escaping the box is zero. With

these assumptions, the Schrodinger equation can be solved analytically, and the resulting
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energy values are given by the following formula:

E, =n? (3.16)

where n is an integer number.

This simple model shows that when a particle is confined, like in the case of charge
carriers in a nanomaterial, its energy can no longer vary with continuity but becomes quantized
in discrete levels (Figure 3.2 B).

This phenomenon can be understood also considering how the energy bands originate
in semiconductors. When two atoms bind together to form a molecule, their atomic orbitals are
combined to generate a bonding and an antibonding molecular orbital, as described by the
linear combination of atomic orbitals (LCAO) approach. As further atoms are added to the
molecule, more molecular orbitals are formed, and the energy separation between two
consecutive bonding or antibonding states becomes increasingly smaller. In the case of a
macroscopic crystal, whose number of atoms is of the order of the Avogadro number, this
separation is so narrow that the molecular orbitals basically merge into a continuum of energy,
namely a band. In the case of NCs, instead, the opposite process occurs. Due to the reduced size,
they consist of a relatively small ensemble of atoms, typically ranging from 102 to 10% units
depending on the crystal size. In fact, these nanomaterials can be imagined as giant molecules.
Therefore, their electronic bands separate again into the constituting orbitals, and distinct
energy levels appear (Figure 3.3).[140]

The particle-in-a-box model is well suited to describe two-dimensional systems in
which the quantum confinement occurs only in one direction, such as nanoplatelets or quantum
wells, but it can be extended analogously to also treat systems with a different dimensionality.
In the case of a zero-dimensional nanomaterial, indeed, the charge carriers are confined in all
three directions, therefore they can be modelled as particles in a sphere surrounded by an
infinite potential rather than in an infinite square box.[1391 Solving the Schrédinger equation in

this representation, the energy of the particles is found once again to be quantized and its levels
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Figure 3.3 Schematic illustration of the effects of quantum confinement on the electronic
band structure of semiconductors. As the size of a crystal decreases, its energy bands start

to separate into individual quantized levels. Adapted from ref [140].

are given by:

_ R,
T 2mr?

Epn (3.17)

where [ is an integer number, r is the sphere radius, and ¢in is the n-th root of the spherical

Bessel function of order L

It is worth to note that the dimensionality of nanomaterials refers to their
morphological dimensionality, which is defined by the number of dimensions that are not
subjected to confinement and is completely independent from the concept of structural

dimensionality introduced to describe the lattice of perovskite derivatives.
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In the case of NCs, the Coulomb interaction between electrons and holes must also be
considered when studying their electronic band structure. The energy of this interaction is of
the order of e%/er. Since it scales as 1/r whereas the confinement energy grows as 1/r?, the
effects of the Coulomb interaction become decreasingly relevant compared to those of quantum
confinement as the size of the crystals is reduced.[30.141] The key parameter to investigate this
phenomenon in semiconductor NCs is the exciton Bohr radius as. When r >> as, the system is in
a weak confinement regime. In this condition, the electrostatic interaction prevails, the electron
and hole bind together to form an exciton which, subsequently, is confined by the reduced

crystal dimensions. The exciton energy Eex is given then by Equation 3.18:[142]

m?h?

Eex:Eg_Eb+W

(3.18)

where Eg0 is the gap energy of the bulk semiconductor, E» is the exciton binding energy, and M*

is the effective translation mass of the exciton.

When r % as, the system is in an intermediate confinement regime. Assuming that the
hole effective mass is bigger than the electron effective mass, the hole appears localized at the
center of the nanocrystal and moves in the average potential generated by the electron, which
instead moves much faster. The region of the hole motion around the NC center is much smaller
than r, hence the dependence of Eex on the crystal size can be described as the behavior of a
donor localized in the same position of the hole.

Finally, when r < as, the system is in a strong confinement regime. In this case, the
quantum confinement dominates, therefore the electron and hole are individually subjected to
the energy quantization and the Coulomb interaction only slightly modifies their energy levels.
The gap energy of the NCs Ey is given by the Brus equation including the correction for the

spatial correlation effect:[143.144]

BE, (3.19)

33



Chapter III

where u* is the effective reduced mass of the exciton, and A and B are numeric constants.

The first additive term on the right side of Equation 3.19 represents the confinement
energy. The following terms, instead, represent respectively the first- and second-order
corrections calculated in perturbation theory due to the Coulomb interaction and the spatial
correlation between electron and hole. This shows that the exciton effect persists even in the
limit of zero dimension because the electrostatic interaction grows as 1/r as the crystal size is
reduced, hence it diverges for r tending to 0.

Equation 3.18 and Equation 3.19 show how the size of nanocrystals has a huge impact
on their gap and exciton energy, however their dimensionality also plays a role in the
modulation of the material properties. Changes in the dimensionality, in fact, have a strong
effect on the density of states (DOS) of the electronic bands.[3%] In bulk semiconductors, the
DOS has a square root dependence on the energy, as depicted in Figure 3.4.11401 In the case of 2D
nanomaterials, the DOS shows a stepped profile, namely the energy is a continuum but
increases by discrete steps, whereas the DOS remains constant between one step and the next.
In the case of 1D nanomaterials, instead, the energy grows again in discrete amounts, but the

DOS presents an inverse square dependence on it and decreases rapidly between every steps.

1D oD
3D
uy ol - w uy
VL LB
(] - | o -
Energy Energy Energy Energy

Figure 3.4 Schematic illustration of the effects of reduced dimensionality on the density of

states of the energy bands in a semiconductor. Adapted from ref [140].
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Finally, for 0D nanomaterials, the energy is completely quantized in levels and the states are

allowed only for energies of these levels, therefore the DOS exhibits a comb-like profile.

3.3 Optical Properties

3.3.1 Bandgap Tunability

One of the most promising properties of metal halide perovskites is the possibility to

tune their gap energy, and thus their absorption and emission wavelengths, over the entire

visible range, from UV to near IR. This can be realized by varying their composition or, in the

case of nanomaterials, modifying their size.[35.36145]

The chemical composition of perovskites can be controlled directly from the synthesis

of the crystals. MHPs displaying a blended composition of either cations or anion can be
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Figure 3.5 (A) Normalized emission of CsPbXs3 nanocrystals (X = Cl, Br, I). (B) Absorption

and photoluminescence spectra of CsPbXs3 nanocrystals (X = Cl, Br, I). Adapted from ref [34].
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achieved by combining, from the start of the reaction, different ion precursors with variable
molar ratio. Adjusting the ratios between the constituents it is possible to continuously tune
the bandgap to any energy value in the visible range, thus enabling the creation of materials
with properties fit for any purpose (Figure 3.5).[34146,147]

It is also possible to alter the chemical composition of perovskite NCs after the
synthesis is completed through an ion-exchange process, namely a chemical reaction that
substitutes the already present ionic species with new ones (Figure 3.6).11481 While cation-
exchange processes are already routinely applied to standard semiconductor nanocrystals,
anion-exchange techniques are hardly employed. In the case of anions, in fact, the ion
substitution is hampered due to their bulkier nature and the stronger bonding of their
sublattice.[149,150]

In the case of LHP NCs, on the contrary, ion-exchange reactions can be successfully
executed with ease on both cations and ions[353¢l: they are simply achieved by combining the

selected ion precursors with NCs in suspension. The great effectiveness of ion-exchange
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Figure 3.6 Schematic representation of the ion-exchange process. Some compounds enable
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the exchange of different halides and so they allow to obtain alternatively one perovskite
from another. Other compounds, instead, are selective only for specific ions and therefore

the reaction can just occur in one direction. Adapted from ref [148].
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reactions in these materials is related to the high mobility of the halides and their fast diffusion
in solution combined with the soft ionic nature of the LHP lattice.[119151152] This method is
particularly convenient because it allows to preserve the crystal size and morphology,
therefore it enables, in principle, the formation of nanocrystals of any perovskite, even those
that cannot be directly synthesized, by converting pre-existing NCs from a different, more easily
synthesizable perovskite.

A further strategy commonly used to tune the bandgap of NCs is the modification of
their size and dimensionality.[3536] As in the case of traditional semiconductors, the basic
concept of this technique is to control the quantum confinement arising from size reduction
and exploit its effects to modulate the optical properties of the crystals (Figure 3.7).[34153] For
example, nanoplatelets of hybrid perovskite MAPbBrs were synthesized with a variable
thickness ranging from five unit cells to just one single cell, and, as the number of octahedra
layers decreases, a blue-shift of almost 100 nm in the PL emission was observed, thus revealing

a strong quantum confinement.[154]
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Figure 3.7 (A) Absorption (solid lines) and photoluminescence (dashed lines) spectra of
CsPbBrs nanocubes with different size. Adapted from Reference [34]. (B) Absorption (solid

lines) and photoluminescence (dashed lines) spectra of CsPbBrs nanoplates with different
thickness. Adapted from ref [153].
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The size and shape of NCs can be modified by varying the synthesis conditions. The
reaction temperature, the reaction time, the nature of the ligands, the ratio between the
precursors, and the ratio between the precursors and the ligands are all parameters that affect
the crystal growth, therefore they can be exploited to achieve great control over the size and
morphology of colloidal nanomaterials (Figure 3.8).[155156] The effects of the ligands and the
reaction temperature on the shape of LHP NCs were extensively investigated in the past and
they are still a subject of great interest.[157] Amines and organic acids with different chain
lengths have a different impact on the perovskites and can modify not only the size of the NCs

but also their shape.
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Figure 3.8 Schematic representation of the size and shape dependence of lead halide
perovskite nanocrystals on the length of the ligand chain and the reaction temperature.
Adapted from ref [155].
3.3.2 Photoluminescence

Besides color tunability, another of the most striking features of LHP NCs is the

extremely bright photoluminescence (PL), quantified in terms of photoluminescence quantum
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yield (QY). Several factors may influence this quantity, and, depending on the quality of the
materials, it can even reach peak values of more than 95%.[35158159],

The photoluminescence of perovskite NCs has been object of extensive research to
shed light on its origin. Both free charge carriers and excitons contribute to light emission,
although the weight fraction of their contribution is unclear and, moreover, it appears to vary
with temperature. At room temperature the effect of free carriers prevails, while at low
temperature Wannier-Mott excitons seem to be the main responsible of the process.[35160.161]

The efficient luminescence of LHP NCs occurs together with narrow emission
linewidths, which reveal to be much narrower than those of many traditional semiconductor
nanocrystals. Moving from blue to red, the PL full width at half-maximum (FWHM) ranges from
10 to 40 nm.[353¢] This feature originates from the fact that the emission line of LHPs is affected
only by the homogenous broadening arising from the scattering with longitudinal optical
phonons, whereas the inhomogeneous broadening is essentially negligible.[162.163] [n the case of
NCs, moreover, the PL linewidths are even narrower because the exciton-phonon coupling
strength is decreased due to quantum confinement effects.[164165] [t is worth to note that when
an emitter displays a narrow emission linewidth, namely it is characterized by what is called
saturated emission, its color coordinates are closer to the edge of the CIE chromatic space.[166]
Three emitters of complementary colors can span an entire color gamut, and the more
saturated their emission is, the wider the gamut becomes. Thanks to these favorable properties,
lead halide perovskite NCs appear then suitable materials for various light-emitting
applications.

In addition, LHP exhibit a small Stokes shift, typically ranging from 20 to 85 meV, that
increases as the size of the material is reduced. This phenomenon is attributed to the
appearance of a confined hole state that tends to delocalize across the entire crystal, hence it
shows a size-dependence on the radius of NCs.[167.168]

The spectral properties of colloidal NCs are influenced by several factors that may alter
them, like self-absorption and Forster resonance electron transfer which depend on the
nanocrystal concentration in suspension. To overcome the effects of these phenomena, and
thus evaluate only the intrinsic emissivity of the nanomaterial, PL from single nanocrystals is

widely employed. Surprisingly, the results obtained show no significant differences between
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particle ensembles and single particles, thus demonstrating that LHP NCs are insensitive to this
kind of phenomena.[145169]

Another outstanding feature of these nanomaterials is the suppression of fluorescence
blinking.[169170] PL, intermittency is a well-kwon phenomenon because it was previously
documented for metal chalcogenide NCs whose properties are deeply affected by it. In these
nanomaterials, in fact, the so-called “dark state” can last from some microseconds to several
minutes.[171] Blinking is generally attributed to photoinduced cycles of charging and
discharging of the nanocrystals, but the exact origin of these cycles is still not completely clear
since the carrier dynamics in LHP NCs is very complex and a lot of radiative and nonradiative
processes take place. lonization of the nanomaterial and capture of charge carriers by
photogenerated defect states are the two main mechanisms considered responsible for the
intermittency of fluorescence.l171-173] The ionization of NCs happens when charges are moved
from the crystal core to its surface or the surrounding environment. It can occurs through
resonant quantum-mechanical tunnelling or non-resonant thermally activated ejection of
photogenerated carriers, but it may also occurs via Auger ionization, namely the energy
transfer from one recombined exciton to a second exciton that expels its electron or hole.[174]
Regarding charge trapping, instead, the carriers are captured by shallow defect states activated
by photons. In this situation, they can rapidly relax nonradiatively or interact with an exciton
inducing its recombination through trion-mediated processes. In both cases, the charged state
of NCs favors nonradiative recombination routes, thus suppressing the photoluminescence.
When the charge is neutralized, the system returns to its normal state and the radiative

recombination can occur again with the consequent emission of light.
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3.4 Stability

3.4.1 Structural Stability

As previously mentioned in Paragraph 2.1, metal halide perovskites are typically
characterized by different polymorphs.[175] This feature represents a potential issue for the
materials because it undermines their structural stability, especially in the perspective of
optoelectronic applications since the operating temperature of the devices may induce a phase
transition in crystals that are otherwise stable under ambient conditions.[176.1771 This problem
is particularly pronounced in the case of iodide-based perovskites. At room temperature,
CsPbls and FAPDI3 exhibit respectively orthorhombic and cubic 3D lattices that are, however,
thermodynamically metastable, therefore they tend to reshape into 1D polymorphs that ensure

a better stability (Figure 3.9).[178] Due to the reduction of structural dimensionality, this phase
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Figure 3.9 Schematic illustration of the phase transition in iodide-based perovskites. The 3D

crystal structures of CsPblsz (orthorhombic) and FAPbIs (cubic) are metastable at room
temperature and so they tend to turn into more stable 1D polymorphs. The reduction of
structural dimensionality causes a widening of the bandgap of the two compounds, which is

reflected by a change in their color from reddish black to yellow. Adapted from ref [178].
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transition results in a shift of the gap energies, from near IR to the visible region, that
consequently alters the optical properties of the materials and make them no longer suitable
for the original purposes, especially in the case of light-harvesting applications.

The structural instability of iodide-based LHPs is to be attributed to the size of their A
cation. Indeed, Cs and FA ions are, respectively, too small and too big to adequately fit into the
A site of the 3D perovskite lattice. Besides, the determination of the tolerance factor for HOIPs
is often a demanding effort because, due to the non-sphericity of the molecular cations and their
hydrogen-bonding interactions with the surrounding lattice, it is very difficult to precisely
establish their ionic radius. According to the best estimates of this parameter, the tolerance
factor of lead iodide perovskites was reported to be 0.89 for CsPbls, 0.95 for MAPbIs and 1.03
for FAPDI.[68] These experimental data actually confirm that cesium- and formamidinium-
based compounds fall right outside the cubic stability range and so are affected by structural
lability, whereas the methylammonium-based ones are characterized by a more stable
behavior.

The crystal lattice of MHPs can be stabilized by changing the chemical composition of
the latter with the addition of new elements.[86176] For mixed materials, the tolerance factor is
computed by averaging over the different constituting ions, therefore it is possible to modify
the initial value of t into the stability range. Changing the halide content is an effective way to
strengthen the crystal structure. However, since the halogens have a deep impact on the
electronic band structure of perovskites (see Paragraph 2.2.1), the most advantageous strategy
to achieve stability is to mix the composition of the A site to tune the tolerance factor without
altering the electrical and optical properties. For example, in the case of double-cation
perovskites containing both cesium and formamidinium, this approach allows to successfully
stabilize the materials because the detrimental contributions of Cs and FA ions counterbalance
each other, while preserving the optimal optoelectronic features.[179.180] As concerns colloidal
NCs, moreover, the composition can be easily adjusted post-synthetically through convenient
ion-exchange procedures, as discussed in the previous paragraph.

In the case of polymorphic materials, size reduction to the nanoscale is another
effective strategy to improve the stability of specific crystal phases. Due to high surface energy,

the thermodynamics of nanomaterials is altered in comparison to their bulk counterpart and
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so different crystal structures may appear more stable at room temperature.[181] In this regard,
nanocrystalline LHPs reveal to have an enhanced stability of the 3D lattices, although the
precise origin of this phenomenon is still unclear.[176177.182] Besides from surface energy, the
high surface micro-strain of nanocrystals may play a role in this process as well. In addition,
ligands also contribute to the structural stabilization of LHP NCs because they reduce the
freedom of ion redistribution, thus making lattice rearrangement more difficult, and alter the
total free energy of the system through their binding with the crystals.[164.183]

Despite the improvement related to size reduction, it should be noted however that the
stability timescale for iodide-based perovskite nanomaterials still remains very limited,

ranging from few weeks to several months for CsPbls and FAPbI3 NCs, respectively.[17°]

3.4.2 Chemical Stability

Another major challenge regarding metal halide perovskites concerns the chemical
instability. Due to their low formation enthalpy, MHPs can be easily crystalized as well as they
can be easily decomposed. Several environmental factors account for the lability of these
compounds such as air, solvents, light irradiation, and heat.[37.176177] The interactions with
moisture, oxygen, and other chemical agents can also degrade their properties and morphology,
worsening the material performances for commercial applications.

The chemical bonding of MHPs has a much stronger ionic component than that of
conventional semiconductors. Therefore, their lattice appears quite soft and it can be easily
disorganized or even broken under any weak exogenous attraction. Besides, the high ionicity
of the bonding makes these compounds particularly unstable towards polar solvents, like
water. In fact, humidity plays a key role in the long-term preservation of LHP properties, since
water molecules can effectively break the chemical bonds between the [PbXe]* octahedra and
the cations and ultimately convert the perovskites into PbX: and other volatile
byproducts.[37.86184] These phenomena are even worse in the case of NCs. Due to their high
surface-volume ratio, the uncoordinated atoms on the surface of nanomaterials result in a huge

density of dangling bonds. For this reason, NCs are extremely reactive and tend to readily react
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with each other and any substance they come in contact with.[185]

Exposure to oxygen can impact MHP NCs through either oxidation or defect
passivation, though only the former process wields a detrimental effect on the optical
properties. MAPbX3 perovskites are especially susceptible to oxygen degradation owing to their
low formation energy, and they can easily decompose into PbX2 and other compounds like
CHsNHz2, Pb0O2, HX, or X2.[186] This occurs in particular during the isolation and purification
procedures. As stated above, the nanocrystalline form increases the instability of these
materials because of the large surface area, and the concurrent action of other environmental
factors like moisture, temperature shifts and irradiation can further boost the
degradation.[184.187,188]

The chemical stability of solution-processed NCs, and nanomaterials in general, can be
achieved by passivating their surface using capping agents. The ligands bind to the crystal
surface curing the dangling bonds and consequently decreasing the reactivity of the material.
This action is also essential for the synthesis of NCs because it prevents the particles to
aggregate and react with each other during the growth phase, thus leading to the formation of
crystals that are nanometric. In addition, the ligands form a shielding layer around the NCs that
protects them from any external molecules. The effectiveness of this preservative action is
influenced by the properties of the ligand molecules, such as length, branchness, anchoring
groups, and steric effects.[48189.190] The most common capping agents employed in the synthesis
of NCs are amines and carboxylic acids[155187], When applied simultaneously, they were proved
to produce excellent results in reducing the crystal instability, thus suggesting the presence of
some sort of synergistic effect between the two species(19ll. The mechanism behind the
effectiveness of organic acids and amines combined in passivating and stabilizing NCs is still
not completely clear. According to experimental evidence, a protonation transfer reaction is the
most accredited hypothesis: the carboxylic acid moiety -COOH transfers a proton H* to the
amino moiety -NHz, producing charged carboxylate -COO- and ammonium -NH3* groups that
can bind, respectively, to the uncoordinated A and B cations and X anions on the facets of the
NCs. This process successfully passivates the dangling bonds and stabilizes the crystals (Figure
3.10).

To further improve the chemical stability, nanocrystals can be encased with more
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Figure 3.10 Schematic illustration of the binding between the ligand molecules and the
surface of halide perovskite nanocrystals. The charged moieties -COO- and -NHs*

respectively bind to the positive and negative ions on the surface of the crystals.

stable materials that are not affected by the surrounding environment.[37.176] Following the
model of core-shell nanoparticles of traditional semiconductors, the most common technique
to stabilize NCs is to coat them with a thin layer from a protective substance, like a metal oxide
or a different semiconductor.[192] Alternatively, they can also be embedded into macroscopic
matrices of stable materials such as oxides, inorganic salts, glasses, polymers and metal-organic
frameworks.[193] This strategy was thoroughly investigated in the last years using different host
compounds and it showed a satisfactory improvement in the chemical stability of perovskite

NCs, especially against water.

3.4.3 Colloidal Stability

As previously described, ligands are essential to restore the dangling bonds of
nanocrystals and passivate their surface, thus granting their chemical stability. Nevertheless,

they also have another fundamental function because they enable control over the colloidal
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stability of the crystals in suspension. The attractive force between two NCs derives from a van
der Waals interaction originating from transient fluctuations in the electron distribution of the
crystals.[194195] Although the theory of the interatomic attraction at the nanoscale is very
complex, this force can be expressed through a simplified representation using an effective pair

potential U given by the following equation:

P1P2
d6

U=k (3.20)

where d is the distance between the two interacting particles, pi (i = 1, 2) is the density of atoms

per unit volume of the particles, and k is a coefficient.

In general, the tendency to form aggregates depends on several factors and is
determined by a balance between attractive and repulsive interparticle forces. When immersed
in a good solvent for a given type of surface ligand, NCs evenly disperse in solution. However,
the dynamic nature of the binding between the capping agents and the crystals can destabilize
the suspension.[190.196.197] For example, the purification process of NCs may induce a fast
detachment of ligand molecules from the crystal surface, leading to an irreversible loss of
colloidal stability. Choosing a suitable ligand is then fundamental to guarantee the synthesis of
nanomaterials and their chemical and colloidal stabilities.

Depending on the nature of surface ligands, NCs can form stable colloidal suspensions
in polar or non-polar solvents. If the solvent quality is altered by a change of polarity,
flocculation occurs. Colloidal stabilization can be achieved through two main processes: a steric
repulsion and an electrostatic one.[195198] [n the case of sterically stabilized particles, the
crystals are typically coated with long molecular chains, like hydrocarbons or neutral polymers,
and the good solvents are associated to a negative free energy of chain-solvent mixing. The
surfactant molecules repel each other, hindering the overlap between the ligand shells around
the crystals and stabilizing therefore the suspension. On the other hand, the immersion in a
non-solvent characterized by a positive chain-solvent mixing energy favors the contraction of

the ligand molecules to minimize the contact with the surrounding material. This results in a
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reduction of colloidal stability that consequently leads to the aggregation of the dispersed NCs.
Non-polar liquids usually behave as good solvents for hydrocarbon-caped NCs, whereas polar
liquids act as non-solvents. More generally, sterically stabilized NCs exhibit purely repulsive
interactions when dispersed in good solvents, while in non-solvents or vacuum attractive
interactions dominates at intermediate separations.

Electrostatic stabilization, instead, work through the incorporation of charged species
on the NC surface. In this way, their surface charge is neutralized by the presence of oppositely
charged ions diffused around the crystal. In this case, the best solvents are typically
characterized by a high dielectric constant: the entropic penalty associated to the concentration
of counterions in the diffuse double layer prevents the stabilized NCs from agglomerating.
Adding a solvent with a low dielectric constant, namely bad screening properties, causes the
collapse of the diffused counterion cloud, thus promoting aggregation.

Finally, it is worth to note that the use of hydrophobic or water-resistant capping
agents successfully prevents the degradation of MHP NCs in polar solvents. This method is very
useful to achieve a stable dispersion of the crystals in aqueous suspensions, which can be of

primary importance for specific purposes regarding biological applications.[187.199]
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TIN(IV)-BASED PEROVSKITE
NANOCRYSTALS

4.1 Introduction

As mentioned in Chapter I, the high toxicity of lead and the ease with which it can leak
into the environment are the major disadvantages of lead halide perovskites. These compounds
have proved to achieve great results in many fields, however the great risk they pose to the
human health is an unsurmountable obstacle to their use in everyday life applications. For this
reason, safer compounds containing different metals are of crucial importance for future
research and widespread diffusion of perovskite-based technology.

Tin halide perovskites (THPs) seem to be a possible alternative to LHPs. Being the
element just above Pb in Group 14 of the Periodic Table, tin has the same np2ns? electronic
configuration and a very similar ionic radius (1.19 A for Pb2+ and 1.18 A for Sn2+),1200] therefore
it satisfies the requirements of size, coordination, and charge balance to form a 3D perovskite
structure.[201.202] Moreover, this metal presents a very limited toxicity in comparison to lead.
Elemental tin, as well as its inorganic salts, has indeed mild effects on the human body and is
hardly absorbed by it, so much so that it is commonly used in the fabrication of the containers
for canned food and beverage.[39.203]1 However, it is worth noting that the regular exposure to

high doses of Sn may still lead to poisoning and that some of its compounds, especially the
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organometallic ones, are very toxic.[39203204] Besides the requirements of formability and
safety, tin-based perovskites also exhibit electronic and optical properties equal if not better to
those of LHPs, like high absorption coefficients, long carrier lifetimes and even superior charge
carrier mobilities. In addition, due to the greater electronegativity of Sn, these compounds have
narrower bandgaps in comparison to their Pb-containing counterparts, reaching values as low
as 1.2 eV,[95205] and so they appear to be potentially better light harvesting materials. For these
reasons, tin appears to be the most natural and most promising choice to replace lead.

Tin halide perovskites, however, suffer from two major issues. The first problem is a
high density of defects states that affects their emission properties. Contrary to lead-based
compounds, in THPs the vacancies of B metal are proved to generate deep electronic states.
Because of their low formation energy, this type of defect occurs in high concentrations in these
materials and, consequently, their photoluminescence quantum yield is strongly limited by the
resulting trap states that act as nonradiative recombination centers.[201206] This issue is further
worsened by the weaker spin-orbit coupling of Sn 5p states compared to Pb 6p states that
makes the CB of tin-based perovskites less stabilized and, therefore, the compounds appear less
defect tolerant.[207,208]

The second problem of THPs is a severe chemical instability that heavily undermines
their physical properties. Under ambient conditions, indeed, Sn?* tends to quickly oxidize

turning into Sn#+, as described by the following equations:

Sn2+ - Sn** + 2e” (4.1)

Sn** + 2e~ + 0, - Sn0, + 2h™ (4.2)

This phenomenon could be explained through some thermodynamic considerations.
The redox potential of the reaction expressed in Equation 4.1 is very small (0.15 V), so it
suggests that the oxidation state 4+ may appear more stable under certain conditions and hence
the state 2+ can turn into that with relative ease. Recent findings, in fact, indicate that this
transformation can occur even in the absence of oxygen.[2091 To make a comparison, the redox

potential of the same reaction involving Pb2* and Pb#* is 1.67 V, way higher than tin, and
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therefore lead reveals to be much more stable in the state 2+ and it does not undergo oxidative
processes. This transition is detrimental for THPs because it leads to the formation of crystal
defects that compromise the stability of their structure and the architecture of their eventual
devices. Moreover, the defects introduce trap states in the electronic band structure that
irreversibly deteriorate the emissive properties of the materials. The oxidation reaction occurs
in every tin-based sample regardless of the dimensionality, but in the case of NCs it is even
faster due to their high surface-volume ratio that speeds up the reaction.

The first synthesis of luminescent CsSnX3 nanocrystals (X= Cl, Br, I) was reported in
2016.1210] Adapting the synthetic procedures previously reported for LHPs, researchers
demonstrated the tunability of the optical properties of the crystals by modulating their
chemical composition through both direct synthesis and post-synthetic anion exchange. The
NCs, however, proved to have extremely low quantum yields (less than 0.15%) and poor
chemical stability: they retained the emission from few minutes when exposed to ambient
conditions to few days when stored in a glovebox with inert atmosphere. Such problems
represent a serious setback for these compounds because they exclude the possibility of any
application in optoelectronic devices. For this reason, research on THP NCs did not flourish
much over the years and the studies on these nanomaterials are still very limited.

To overcome the problem of oxidation, a possible solution is to use tin(IV) directly in
place of tin(II). Due to the different oxidation state of the metal, this substitution modifies the
regular perovskite structure to maintain the charge neutrality of the crystal and leads to the
formation of a so-called vacancy-ordered double perovskite, characterized by the general
formula A2BXs. The structure of these new compounds is obtained from the standard
perovskite lattice by removing alternatively half of the BXs octahedra, namely half of the B sites
are occupied by the now tetravalent metal ion whereas the adjacent sites are empty, as shown
in Figure 4.1.12111 The formula of these perovskite derivatives can also be expressed as A20BXe
or, alternatively, A(O1/2B1/2)X3, where O represents a vacancy. With this rewriting, it is easy to
understand why these compounds are called vacancy-ordered double perovskites: compared

to the general formula ABX3 of 3D perovskites, indeed, their constituting ions appear doubled
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Figure 4.1 Schematic illustration of the crystal structure of 0D vacancy-ordered double
perovskites and how it is obtained from the 3D lattice of standard perovskites. Adapted from
ref [211].

while half of the B ions are replaced with vacancies. In such a configuration, the octahedra are
isolated from each other, therefore, as discussed in Paragraph 2.1, these crystals can be
classified as 0D perovskites.

At present, there are still very few studies on tin(IV)-based compounds in the form of
colloidal nanocrystals and their results are sometimes contradictory.[212-215]. The earliest
report on this family of nanomaterials dates back to 2016, when Wang et al. synthesized NCs of
Cs2Snle with different shapes.[212] The synthesis and purification of the crystals were performed
under ambient conditions and, after one week of storage in the same conditions, they did not
show any degradation of the optical properties. These results indicate a clear enhancement in
the chemical stability of tin(IV) halide perovskite NCs compared to their tin(Il)-based
counterpart, however their quantum yield was still very low, reaching peak values of less than
1%. This observation is in strict contradiction with previous theoretical studies claiming the
defect-tolerant nature of bulk Cs2Snlel216] and suggests that light emission from Cs2Snle
nanomaterials depends on more complex factors that are not completely known yet and
require further investigations to be fully unraveled.

In the following paragraphs, the synthesis and characterization of colloidal

nanocrystals of Cs2SnXe (X = Cl, Br, Broslos, I) are reported.
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4.2 Synthesis

Cs2SnXes NCs (X = Cl, Br, I) were synthesized using a hot-injection (HI) method adapted
from previous works on tin halide perovskites and their derivatives with tin(IV).[210212.214] The
HI method is a solution-based bottom-up synthetic procedure that was developed and
exploited in the past for conventional semiconductor nanocrystals.[217] Owing to its ease and
versatility, it has currently become one of the most commonly used technique to synthesize
perovskite NCs.[36.218] The basic principle of this method is to combine all the reagents, except
one, with the solvent and ligands to form a precursor solution. The mixture is then heated up
to the reaction temperature and, when it reaches the desired value, the last reagent is swiftly
injected into it. This rapid addition instantly triggers a burst of nucleation which is
subsequently followed by the growth of NCs, as described by LaMer model (see Paragraph 3.1).
Finally, the solution is quickly cooled down to room temperature with an ice water bath to stop
the crystal growth and the product is collected and purified by centrifugation (Figure 4.2). The
key parameters that allow to control the size and shape of the NCs are the reaction time, the
reaction temperature, the injection temperature of the last reagent, the ratio between the

precursors, and the ratio between the precursors and the ligands.

Syringe

Step 1 Step 2 Step 3

Figure 4.2 Schematic representation of the hot-injection method. In the first step the
precursor solution is prepared. In the second step the final reagent is swiftly injected into
it. In the third step the resulting suspension is cooled down to stop the synthesis and

centrifugated to collect the nanocrystals.
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The syntheses of Cs2SnXes NCs were conducted in octadecene (ODE) using oleic acid
(OA) and oleylamine (OLA) as capping agents, and tin(IV) halides and cesium oleate (Cs-oleate),
that was synthesized as well, as perovskite precursors. After a process of trial and error, the
following procedure was developed: at first, 5 mL of ODE, 0.2 mL of OA, and 0.2 mL of OLA are
combined in a 50 mL three-neck flask and dried under vacuum for 1 hour at 120 °C.
Subsequently, 0.235 mmol of SnX4 (0.0611 g of SnCl4, 0.1028 g of SnBrs4 and 0.1468 g of Snl4) is
added to the flask and the solution is degassed under vacuum for 15 minutes at 80 °C. In the
case of mixed-composition NCs, an equimolar ratio of SnBr4 and Snls is used. The flask is then
heated up at 220 °C under nitrogen flow and 1.5 mL of the as-prepared Cs-oleate solution is
quickly injected with vigorous stirring. After a specific reaction time (15 seconds, 1 minute, 2
minutes, 10 minutes), the mixture is cooled down in an ice bath. To purify the NCs, the mother
solution is then centrifugated at 7000 rpm for 5 minutes and the resulting supernatant is
discarded. Some of the precipitated crystals are deposited on glass slides and covered with
coverslips for future measures, while the remaining are dispersed in 5 mL of hexane (Hex). All
the synthetic and purification processes were conducted under ambient conditions and no
argon-filled glovebox was used to store the final samples.

At the beginning, the goal was to develop a synthetic procedure able to yield
luminescent nanocrystals, so the efforts focused only on Cs2Snls NCs taking advantage of the
previous literature on them. Once these crystals were obtained with the desired qualities, the
next step was to extend the procedure to the entire halide series by replacing the halogen
source.

Initially, the amount of Snls used in the syntheses was smaller and the drying process
of the precursor solution was performed at 100 °C for 1 hour. With these parameters, the
synthetic procedure only led to the formation of Csl, thus suggesting that the ratio between
cesium and tin was not correct for the crystallization of the perovskite. Besides, it was noticed
that during the drying phase some red-orange spots tended to form around the necks of the
flask. A sample of the material was collected and subsequently analyzed by X-ray diffraction
(XRD) measurements, revealing that the spots were made of Snls4. This discovery offered an
explanation to the ineffectiveness of the synthetic procedure: being a volatile compound, Snla

escaped from the heated solution during the drying phase, thus causing a deficiency of tin that
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eventually favored the crystallization of Csl. To overcome this problem, the drying process was
conducted for a shorter time and at lower temperature, while the amount of Snls was increased
by 50% to perform the reaction in high excess of tin. With these changes, the new synthetic
strategy successfully led to the formation of Cs2Snls NCs and it also proved to be suitable for

the other halide perovskites.

4.3 Results

4.3.1 Structural Characterization

The crystal structure of the samples was investigated by X-ray diffraction
measurements, and the resulting powder patterns are shown in Figure 4.3. All the samples
appear to have a single phase that can be indexed according to the cubic Fm-3m space group
(225), as previously reported for Cs2Snls and Cs2SnCle.[212213.215219] By a simple visual
inspection of the main reflection, namely the (222), a shift towards higher angles passing from
Cs2Snls to Cs2SnCls is clear, thus indicating a reduction of the cubic cell size when I is replaced
with Br, and Br with CL. The trend of the cubic lattice parameter a determined for the four
samples is reported in Figure 4.4 B, showing a significant change from 11.642(2) A for Cs2Snls
to 10.391(2) A for Cs2SnCls with a reasonable linear scaling as a function of composition.

XRD measurements also demonstrate that the mixed-composition perovskite can be
obtain with the synthetic procedure reported in Paragraph 4.2. However, there is a slight
discrepancy between the experimental data and the reference. According to the calculated
pattern, the (222) peak should occur at 27.36 degrees, while in the present sample itis at 27.72
degrees. Besides, the lattice constant a is estimated to be 11.140(2) A in contrast to the value

of 11.2819 A reported in literature.[220]
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Figure 4.3 Indexed X-ray diffraction patterns of Cs2SnXes nanocrystals (X = Cl, Br, Bro.slo.s, I).

The vertical bars in each pattern refer to the calculated cubic structure.

This discrepancy can be attributed to a variation in the perovskite composition: the
volatile nature of Snls could have caused a reduction in the quantity of this precursor during
the synthesis, thus leading to the formation of NCs with a lower content of iodine. According to
Vegard'’s law, the lattice constant a of solid solutions varies linearly with the concentration of
solute x.[2211 Therefore, a linear relation between a and x can be extrapolated from the
experimental data and used to calculate the iodine content in the mixed-composition NCs. From
the estimated value of their lattice constant, an iodine concentration of —-40% is found, that is

in fact lower than the expected value of 50%.

4.3.2 Morphological Characterization

Transmission electron microscopy (TEM) was employed to examine the morphology
of the crystals. The investigation reveals the presence of spherical NCs with an average particle

diameter d of about 3.2 nm for all the Cs2SnXs compounds, except for the Cs2SnCls perovskite.
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Figure 4.4 (A) Pattern zoom in the region around the (222) reflection for Cs2SnXs
nanocrystals (X = Cl, Br, Bro.slo.s, I) highlighting the peak shift from higher to lower angles

as the halide varies from Cl to I. (B) Trend of the cubic lattice parameter as a function of

chemical composition for the Cs2SnXes samples.

This material, in fact, shows a greater particle size of about 6.4 nm. Such values of d are similar
or smaller than those previously reported in literature for Cs2Snls and Cs2SnCls NCs.[212-
214,219,222 Figure 4.5 shows a representative TEM image of the Cs2Snls nanocrystals, while Figure
4.6 presents the size distribution diagrams of the four samples with different chemical
composition reacted for 1 minute. The distribution of the bromide- and iodide-based NCs are
quite narrow and symmetric as well as for the mixed-composition sample, while the
distribution of Cs2SnCle NCs appears much broader. The larger diameter and the wider size
distribution of chloride-containing crystals may be related to the faster growth dynamics of this
perovskite.

As reported in Paragraph 4.2, all samples were prepared by quenching the reaction
after 1 min upon the injection of the Cs-oleate solution. Different quenching times were also
explored by stopping the reaction of Cs2Snls NCs at 15 s, 1 min, 2 min, and 10 min after addition
of the last precursor. The relative data on the size distribution are reported in Figure 4.7. Once
again, the samples present a spherical shape with a diameter of about 2.9 nm for the reaction

time of 15 s, and of about 3.2 nm for all the other times. TEM investigation on this series of
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Figure 4.5 TEM image of Cs2Snls nanocrystals at 250kx magnifications.

samples indicate that the formation of NCs is fast and occurs within few seconds after the
precursor injection, while the crystal growth, on the contrary, is slow and it requires long times
to produce significant variations in the particle size. Besides, no variations in the morphology
of the NCs are observed either, at least on the timescale explored.

The reduced growth rate can be attributed to the action of the ligands on the NC
synthesis It was observed, indeed, that using smaller amounts of capping agents resulted in
spherical crystals with a diameter of 15-20 nm.[214215] This finding is coherent with previous
works on Cs2Snle NCs reporting that no NCs were obtained when oleic acid was the only capping
agent used during the synthesis, thus suggesting a suppressing action of this molecule on the
crystal growth.[212]. Dolzhnikov et al., instead, carried out their syntheses without using any
organic ligand and the samples prepared at 220°C were reported to have a diameter of about
38 nm.[213] [n another work, Cs2Snls NCs were prepared using only oleic acid and no amine and
they resulted with an average size of 10-15 nm.[215]

It should be also noted that a narrow size distribution is observed in almost all samples

and for any reaction time, with standard deviations of about 0.6 nm, except for the sample
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Figure 4.6 Size distribution histograms for nanocrystals of (A) Cs2SnCls, (B) Cs2SnBrsg, (C)
Cs2Sn(Bro.slo.s)s, and (D) Cs2Snle quenched after 1 min.

whose reaction was stopped after 15 s (e.s.d. 1.2 nm), which in fact exhibits a significantly
broader size distribution. This difference can be attributed to the general unevenness in the
particle sizes right after the nucleation stage and the subsequent focusing during the crystal
growth, as illustrated in Paragraph 3.1. Therefore, the good focusing of their size distribution
for relatively longer reaction times together with their slow crystal growth can be very useful

to achieve a good control over the diameter of tin(IV) halide perovskite nanocrystals.
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Figure 4.7 Size distribution histograms for Cs2Snl¢ NCs quenched after (A) 15 s, (B) 1 min,

(C) 5 min, (D) and 10 min of reaction time.

4.3.3 Optical Characterization

The optical properties of Cs2SnXs NCs (X = Cl, Br, Broslos, I) were characterized by UV-
Vis-NIR spectroscopy and steady-state photoluminescence (PL) spectroscopy. Unlike LHP
nanomaterials, that usually display a sharp absorption edge, the absorption spectra of tin(IV)-
based NCs are found to have a less distinct profile with a pronounced tail pushing toward longer
wavelengths (Figure 4.8). In this regard, they are similar to the absorbance spectra of CsSnX3
NCs (X = Cl, Br, I).[210], These features were previously attributed to a sizable concentration of
shallow electronic states arising from crystal defects, such as halide vacancies, which have a

low formation energy and are believed to introduce such states right below the CB
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Figure 4.8 (A) Absorption (solid lines) and photoluminescence spectra (dashed lines) of
Cs2SnXe nanocrystals (X = Cl, Br, Brosles, 1). (B) Absorption (solid lines) and
photoluminescence (dashed lines) spectra of Cs2Snls nanocrystals as a function of reaction

time after Cs-oleate addition. (Curves were shifted vertically for clarity).

edge_[216,223,224—]

The photoluminescence spectra of the NCs with different halide content are reported
instead in Figure 4.9 A. Moving from Cl to [, the emissions are peaked at 444 nm (2.80 eV), 603
nm (2.06 e V), 663 nm (1.87 eV), and 790 nm (1.57 eV), with corresponding full widths at half
maximum (FWHM) of, respectively, 117, 122, 165, and 112 nm. The values found for
Cs2Sn(Br/I)e and Cs2Snls NCs are considerably higher than the gap energies reported for these
compounds in the bulk form (1.43 and 1.3 eV, respectively), thus suggesting a significant blue-
shift in the NC optical properties due to quantum confinement effects.[220.225] The values of the
bandgap extracted from the Tauc plots of the absorption spectra confirm the scaling of the
emission. The trend in the gap energies of NCs compared to their bulk counterparts is
consistent with TEM investigation, which in fact revealed a very small diameter for the present
crystals, and with previous studies on Cs2Snls nanomaterials.[212.213.215] [n the case of Cs2SnBre

and Cs2SnCle, instead, the PL peak energies are lower than the reported values for the bulk
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Figure 4.9 (A) Photoluminescence spectra of Cs2SnXes NCs (X = Cl, Br, Bro.slo.s, 1) reacted for
1 minute. (B) Emission peak energy as a function of the halide content (dashed line is just a

guide for the eye).

perovskites. Nevertheless, they still appear in line with a linear scaling of the emission peak as
the NC composition varies from I to Cl (Figure 4.9 B), thus suggesting a more significant impact
of size reduction for these materials and a possible dependence of the Stokes shift on the nature
of the halide.[220]

Absorption and emission investigations were also carried out for the Cs2Snls NCs
synthesized with different reaction times. The PL spectra reported in Figure 4.10 A reveal that
the size of the NCs has a sizable impact on the luminescence properties of Cs2Snls. By increasing
the particle diameter from about 2.9 nm to about 3.2 (as determined by TEM measures), the
emission peak shifts from about 741 nm (1.67 eV) to 793 nm (1.56 eV). This change in the
optical properties is remarkable in proportion to the relatively small variation in the
nanocrystal size. Moreover, the crystal size affects also the FWHM of light emission: the shift of
the PL peak towards longer wavelengths is accompanied by a narrowing of the PL linewidth. In
fact, the sample with the smallest NC size presents the broadest peak of the series, witha FWHM
of more than 200 nm, while, on the other hand, the sample reacted for 10 min has the narrowest

one, with a FWHM of 79 nm. These results, related to quantum confinement effects arising from
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Figure 4.10 (A) Photoluminescence spectra of Cs2Snls nanocrystals reacted for 15 s, 1 min,
2 min, and 10 min. (Curves were shifted vertically for clarity). (B) Emission peak energy as

a function of reaction time (dashed line is just a guide for the eye).

the small particle diameter, demonstrates how the luminescence properties of tin(IV) halide
perovskite NCs can be tuned, with the present synthetic protocol, by varying both their
chemical composition and their size.

The photoluminescence quantum yield (QY) was also evaluated for all the samples
presented in the current chapter, and values ranging from 0.4% to 1.4% were found. Although
such values are quite low if compared to the lead-based counterpart, they nevertheless
represent an improvement with respect to the previously reported QYs for Cs2Snls NCs.[212]

Regarding air-stability, the present nanocrystals showed to retain their properties for
about 9 days when deposited on a glass slide, covered with a cover slip, and stored in ambient
conditions. Figure 4.11 A reports the absorption spectra of Cs2Snls NCs on a slide as a function
of time over a period of 10 days, whereas Figure 4.11 B exhibits some selected photos of the
sample under UV-lamp (excitation at 365 nm) at four time intervals. The images show clearly
how, up to 5 days of air exposure, the properties of the crystals remained unchanged as their
red emission was still very evident. From day 5, the sample started to exhibit the appearance

of a new peak around 625 nm, thus suggesting the beginning of the perovskite decomposition.
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Figure 4.11 (A) Absorption spectra of Cs2Snls NCs as a function of air-exposure time. (Curves
were shifted vertically for clarity). (B) Photos of Cs2Snls samples under UV-lamp at different

time intervals.

As time passed, the absorption spectra became more and more altered until, at day 10, its
profile was completely different, and the luminescence was totally suppressed. Although their
stability is still limited to few days, these results prove a great enhancement in the resistance
of tin(IV) halide perovskite NCs against air compared to their tin(II)-based counterpart and
represent a good starting point to further improve their stability by playing with the synthetic

routes and ligand engineering.

4.4 Conclusions

In summary, Cs2SnXe (X = Cl, Br, Broslos, I) nanocrystals have been prepared by a
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simple hot-injection method, reporting for the first time the synthesis of Cs2SnBrs and mixed
Cs2Sn(Br/I)e¢ samples. The synthetic procedure can be performed under ambient conditions
without the use of toxic phosphines and allows to tune the anion composition of perovskites.
Besides, it leads to the formation of single-phase crystals with a cubic lattice that exhibit a linear
scaling of the unit cell volume as the halogen content varies from chlorine to iodine. The
prepared NCs, for the same reaction time, have a spherical shape with average size in the range
around 3-6 nm, depending on the composition. Optical properties are nicely modulated by the
halide content resulting in a progressive tuning of the optical emission from ~440 nm for
Cs25nCle to ~790 nm for Cs2Snle. By varying the reaction time from 15 s to 10 min, the
nanocrystal size shows only a limited growth (from about 2.9 to 3.2 nm) which however results
in a progressive red-shift of about 0.1 eV of the bandgap as well as in a reduction of the PL
spectra FWHM from 210 to about 80 nm.

The prepared samples exhibit stable optical properties under ambient conditions for
some days. On the other hand, their QY reveal to be very poor while their emission linewidths
appear much wider than those of LHP NCs, two aspects that may be attributed to the presence
of electronic defect states. This hypothesis is also supported by absorption measurements
which showed spectra with significant tails at long wavelengths. From these results, it appears
that crystal defects play a fundamental role on the properties of tin(IV) halide perovskites: they
may not only suppress their luminescence acting as nonradiative recombination centers, but
also alter their optical features.

Despite these drawbacks, the present results add a significant contribution toward the
discovery of new lead-free nanocrystalline compounds with enhanced air stability, showing for
the first time an easy tuning of the optical properties of tin(IV)-based perovskite derivatives by

anion composition in analogy with the previous results on 3D lead halide perovskites.
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EFFECT OF DIFFERENT AMINES ON
TIN(IV)-BASED NANOCRYSTALS

5.1 Introduction

As previously discussed in Chapter IlI, the ligands are a crucial element in the life of
colloidal nanocrystals because they play several roles, each of fundamental importance, in the
fabrication and use of nanomaterials: they drive the crystal growth during the synthesis,
protect the crystals from the external environmental, passivate the dandling bonds on the
surface thus suppressing the resulting defect states and making the crystals inert, and prevent
aggregation in suspensions; these are some of their most important functions and clearly show
the great impact they have on nanomaterials, but the list could easily go on.[35226.227] |t is not
surprising that intensive research is dedicated to ligand engineering and the study of the NC
surface chemistry in order to find the most suitable compounds to achieve the best results.[19¢]
Since capping agents control the nucleation and growth processes of the crystals, they can be
exploited to manipulate their morphology. Different molecules, indeed, have a different affinity
for the various facets of NCs, therefore, by anchoring to specific surfaces, they can suppress
their expansion and consequently promote the development in other directions, leading to an
anisotropic growth.[156227]

The present chapter shows how the properties of Cs2SnXe (X = Br, I) nanocrystals are
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affected by different capping agents. This research is a direct continuation of my work on
tin(IV)-based vacancy-ordered double perovskites: the aim is to expand the knowledge on
these perovskite derivatives and extend the results presented in the previous chapter. Herein,
several amines different from the previously used oleylamine were employed. While OLA led
to the formation of spherical NCs, the use of shorter chain amines caused a deep modification
in the morphology of the NCs, favoring to the formation of 2D nanoplatelets (NPs). These
molecules not only modify the shape of the crystals, but also alter their optical properties:
increasing the length of the amine carbon chain, the bandgap of the crystals progressively
widens while their emission peak shifts towards shorter wavelengths.

The following chapter, therefore, aims to discover how different capping agents affect
tin(IV)-based perovskite NCs and investigate the correlation between the ligand length and the

changes induced in the shape, crystal structure and optical properties of the nanomaterials.

5.2 Synthesis

The synthesis of the present Cs2SnXe (X = Br, I) NCs was adapted from the hot-injection
method previously reported in Paragraph 4.2. Once again, the perovskite precursors were
tin(IV) halides and cesium oleate, and the solvent was octadecene. As seen in Paragraph 3.4.2,
mixture of organic acids and amines is typically employed to passivate the surface of NCs. In
this case, oleic acid was used in combination with different open-chain amines to investigate
the effect of only one ligand with variable length while keeping the other component fixed.
Specifically, the amines tested in the present chapter are hexylamine (C6A), octylamine (C84A),
decylamine (C10A), and dodecylamine (C12A) because they are liquid at room temperature like
oleylamine.

In a typical synthesis, 5 mL of ODE was loaded in a 50 mL three-neck flask along with

0.2 mL of OA and 0.2 mL of the desired amine, and the mixture was degassed under vacuum at

66



Effect of Different Amines on Tin(IV)-Based Nanocrystals

120 °C for 1 hour. Subsequently, 0.235 mmol of SnX4 (0.1027 g of SnBrs and 0.1468 g of Snla,
respectively) was added to the flask and the solution was dried under vacuum at 80 °C for 15
minutes. The flask was then moved under nitrogen flow and heated up to 220 °C. As soon as it
reaches the desired temperature, 0.5 mL of the as-prepared Cs-oleate solution was quickly
injected in the reaction vessel and after 1 minute it was cooled down in an ice water bath. To
purify the NCs, 2.5 mL of Hex was added to the mother solution, the mixture was centrifugated
at 7000 rpm for 5 minutes and the resulting supernatant was discarded. Part of the crystals was
then deposited on glass slides for future measures while the rest crystals was dispersed in 5
mL of Hex. All the synthetic and purification processes were conducted under ambient

conditions and no argon-filled glovebox was used to store the final samples.

5.3 Results

5.3.1 X-Ray Diffraction

The crystal structure of the two series of nanomaterials with different halide was
investigated by mean of X-ray diffraction, and the relative diffraction patterns are reported in
Figure 5.1. As discussed in the previous chapter, when OLA is used as capping agent in the
synthesis of tin(IV)-based perovskite NCs, it produces spherical nanoparticles with a 0D
vacancy-ordered structure that can be indexed according to the cubic Fm-3m space group
(225). In this crystal phase, the samples show well distinct peaks between 12° and 33°
corresponding to the reflections of (111), (220), (222), and (400) planes.

As evidenced by Figure 5.1, the replacement of OLA with shorter amines leads to

67



Chapter V

A —C12A B l —C12A
1 . o~ i l l R R W,
C10A C10A
S ] S |
& C8A L C8A
il 2
7] ‘N
c c
3 L
= l — GBA = — CBA
]t MJL_W ]
I Cs,Snlg Ref | Cs,SnBrg Ref
B I Cs| Ref E Il CsBr Ref
I Y [ A I A
1 M 1 M 1 v 1 v 1 v 1 v 1 M 1 M 1 M 1 M 1 M 1 T 1 M 1 v
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
26 (deg) 20 (deg)

Figure 5.1 XRD patterns of (A) Cs2Snls and (B) Cs2SnBr¢ samples synthesized with different

amines. (Curves were shifted vertically for clarity)

dramatic changes in the XRD patterns: the appearance of intense periodic peaks at low angles
is the essential evidence of the formation of 2D layered structures. These peaks, which
correspond to the (0021) family of crystallographic planes, are indeed the fingerprint of this
type of low-dimensional perovskites, indicating a high degree of preferred orientation. As
discussed in Chapter II, in a conventional 3D perovskite the metal ion B and the halide X form a
cubic array of [BXs]4- octahedra sharing one corner in all the three directions, while the A ions
are situated in the interstitial spaces of this metal-halide framework. In the observed 2D
structures, instead, the octahedra are still corner sharing but only in two directions, meaning
they are confined in planes separated by the ligand molecules.

The formation of these low-dimensional perovskites is related to the interaction
between the ligands and the inorganic species during the synthesis. As discussed in Paragraph
3.4.2, organic acids and amines reveal to be very effective in passivating the surface of colloidal
nanomaterials but only when combined.[187.191199] This synergistic effect originate from a
protonation reaction that takes place between the two organic molecules during the crystal
synthesis: an H* ion is transferred from the carboxylic group -COOH to the amino group -NH2

generating charged terminations -COO- and -NH3* in the molecules that can bind to the crystal
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surface ions.[156,190,197.228] | this framework, the protonated amine moiety attaches to the halide
anions through hydrogen bonding due to their opposite charge. Depending on the synthetic
conditions and the size and geometry of the amine, it may also enter into the crystal lattice
between the different layers of [BXe]* octahedra, thus breaking their three-dimensional
network and leading to the formation a 2D layered structure.[229.230]

When C6A is used in place of OLA, the diffractograms reveal that this substitution leads
again to the formation of 3D nanocrystals. It is important to note that here “3D” refers to the
morphological dimensionality of the nanocrystals, not the structural dimensionality of the
perovskite, which is in fact 0D. The peaks of Cs2SnBre are also qualitatively equal to those of
Cs2Snls but shifted to higher angles thus suggesting a reduction of the crystal cell volume as
expected since Br-ions are smaller. In the case of Cs2Snls, however, the coexistence of layered
structures was also detected as revealed by the peaks at 4.51°, 17.89° and 22.41°. Moving from
C6A to C8A, the patterns appeared very different: 2D phases were now predominant with well
distinguishable peaks at low angles while the 3D phase disappears in the iodide-based samples
and just small traces were present in the bromide-based ones. Finally, a further increasing of
the amine molecule length resulted in the complete vanishing of the 3D phase and only the NP
peaks are now detectable. When only OA is used as ligand, instead, the synthesis led to 3D NCs,
but they did not present any photoluminescence emission.

The formation of different crystal structures is related to a competition between the
Cs* ions and the alkylammonium ions to bind to the inorganic octahedra during the nanocrystal
growth.[156.231] The prevalence of NPs over NCs in a synthesis depends on the ratio between
amine and Cs, the amine binding affinity for the tin(IV) halide and the acid-base equilibrium
between the ligands.[215232] When the pH decreases, the amine molecules protonate and the
concentration of alkylammonium raises. This unbalances the reaction at the expense of Cs and
the growth of 2D structures is promoted. The appearance in our samples of different crystal
phases depending on the halogen may be due to the different binding affinity of the amines with
the two halides; this aspect requires further investigation to understand the correlation
between the amine length and the crystal morphology and its origin.

Interestingly, the presence of cesium halide was noticed in almost every sample. This

can be due to the excess of tin(IV) halide used during the syntheses. As mentioned above, when
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the amino group of the capping molecules bonds to the octahedra layers it takes in fact the
position of the A cation, so the Cs*ions that do not enter into the lattice can react with the excess
halogen in the solution producing the halide salts that was indeed detected. These results show
already clear evidence of the influence that capping agents have on the structure of

nanocrystals.

5.3.2 Electron Transmission Microscopy

The changes in the crystal shape and morphology are also confirmed by high resolution
transmission electron microscopy (HRTEM). The images reported in Figure 5.2 and Figure 5.3
show remarkable differences if compared with those of the previous chapter. As already

suggested by XRD analysis, the C6A sample of the iodine series presents a mixed phase

Figure 5.2 HRTEM images of Cs2Snls samples synthesized with (A, B, C) C6A and (D, E, F)
C12A at different magnifications.
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Figure 5.3 HRTEM images of Cs2SnBrs samples synthesized with (A, B) C6A and (D, E) C12A

at different magnifications.

comprising spherical NCs and 2D nanobelts, namely planar structures elongated in one
direction with lateral size of hundreds of nanometers. In particular, the NCs display similar
features to those synthesized with OLA but are characterized by a bigger diameter of about 10
nm. The C12A sample, instead, consists only of a 2D phase with NPs of hexagonal or square
shape. This planar morphology reflects the layered crystal structure that was detected by XRD
measurements, meaning that in these nanomaterials the structural and morphological
dimensionalities are both 2D. Contrary to 3D crystals, here the platelets appear more varied
presenting different shapes and a wide size distribution ranging from 10 to almost 100 nm.
Both samples show a high degree of crystallinity as verified by electron diffraction (Figure 5.4
A and B). These results are in agreement with the only literature data on 2D layered structures
of Cs2Snls where researchers obtained hexagonal NPs with lateral size of several hundreds of
nanometers.[215]

The analysis on the Cs2SnBre series leads to similar results, although with some
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Figure 5.4 Electron diffraction images of Cs2Snls samples synthesized with (A) C6A and (B)
C12A, and Cs2SnBre samples synthesized with (C) C6A and (D) C12A.

substantial differences. The C6A sample presents aggregates that appear made of spherical NCs
of the order of 50 nm, with no planar structures like the previous nanobelts. The C12A sample,
instead, shows only 2D NPs with lateral size of hundreds of nanometers. As mentioned,
contrary to the I series, the Cs2SnBrs crystals exhibit a high tendency to agglomerate forming
clusters of great size. However, the electron diffraction reveals that also these samples are
highly crystalline (Figure 5.4 C and D).

The cause of this phenomenon is unclear. In general, the colloidal stability of
nanocrystals is a multifactorial issue that depends on the nature of the compound, the ligands
and the suspension solvent, and it is determined by a balance between attractive and repulsive
interparticle forces.[198] The aggregation of the Br-based samples could be related to a different
interaction between halide and amines that makes the ligand binding to the crystal surface
more labile, but its origin and mechanisms are still unknown and a thorough investigation is

needed to understand them.
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The HRTEM instrumentation allowed also to perform energy dispersive X-ray (EDX)
analysis to investigate the chemical composition of the samples. Representative EDX elemental
maps are reported in Figure 5.5. They show the clear presence of the three constituting
elements of each perovskite, thus confirming the formation of the compounds revealed by the

previous XRD analysis.

*_{ 1000 nm 23

Sn | Sn Br

Figure 5.5 EDX elemental map of (A) Cs2Snle¢ and (B) Cs2SnBrs nanoplatelets synthesized
with C12A.

5.3.3 Optical Properties

The length of the amine carbon chain not only affects the morphology of the crystals
but also their optical properties. The absorption spectra of both I and Br series are reported in
Figure 5.6. From a qualitative analysis, the NP spectra appear significantly different when
compared to those of their 3D counterparts: they present a slow rise across the entire visible
range and a rapid increase in the UV region. Moreover, differently from lead-based NCs, none
of the samples have a sharp excitonic absorption peak, but rather they display a long tail toward
the low energies. This feature has been previously reported also for tin(IV)-based perovskite
thin films and it was attributed to the presence of crystal defects (most likely halide vacancies
since they have a low formation energy) that introduce a sizeable density of shallow electronic

states below the conduction band (CB) edge.[216.223.224] n the case of Cs2SnBrs, the C6A and C8A
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Figure 5.6 Absorption spectra of (A) Cs2Snls and (B) Cs2SnBre samples synthesized with

different amines. (Curves were shifted vertically for clarity).

samples also show a peak around 360 nm, similarly to their 3D counterparts, which disappears
for the longer amines. This difference can be explained by the exclusive presence of the 3D
phase in these samples, as previously inferred from XRD measurements.

From the Tauc plots for direct bandgap of the absorption spectra the value of the
energy bandgap is derived. For 3D NCs synthesized with OLA, Cs2Snls and Cs2SnBres were found
to have gaps of 1.57 eV and 3.33 eV, that are higher than those of their relative bulk forms (1.3
eV and 2.7 eV, respectively).[225233] On the other hand, moving to 2D structures, it can be
observed that the gap energy becomes even higher, growing linearly as the amine length
increases (Figure 5.7). These results can be ascribed to quantum confinement effects caused by
the small size of the crystals consistently with previous studies on Cs2Snls NCs.[212.213,215234] [
particular, being made of a few atomic layers, perovskite NPs are reported to have very strong
exciton confinement, thus explaining their larger increment of the bandgap.[147.154235] Besides
the case of NPs, the gap energy of 3D NCs synthesized with short amines is also evaluated from
Tauc plot extrapolations. In the case of Cs2Snls sample with C6A, where mixed phase is present,

the gap of 3D phase is estimated at 1.54 eV. The NCs of the C6A and C8A samples with Br,
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Figure 5.7 Fundamental energy gap of 2D nanoplatelets as a function of the amine length

used as capping agent. (Lines are just a guide for the eye).

instead, are found to have a gap energy of 3.13 eV and 3.25 eV, respectively. All these values are
reasonably close to those of NCs prepared with OLA and the differences can be ascribed to the
larger diameter of the crystals causing a smaller size effect. Light emission was also affected by
the change in the nanocrystal dimensionality. As it is evident from the photoluminescence
spectra of Figure 5.8, replacing OLA with shorter amines resulted in a blue-shift of the emission,
which was particularly evident in the case of | compounds where the emission color changes
from dark red to orange. The 3D NCs of Cs2Snls and Cs2SnBrs presented PL peak emission at
790 nm and 603 nm, respectively. Moving from C8A to C12A, the emission of Cs2SnBrs NPs
shifted from 599 nm to 575 nm following a linear trend. In the case of Cs2Snls, instead, the NP
spectra were peaked at 635 nm, 624 nm, and 628 nm. Remarkably, the samples synthesized
with C6A of both halide series did not show any emission.

As mentioned, in the synthesis of nanomaterials ligands play a crucial role in stabilizing
the crystals.[236] Moreover, the chemical stability of NCs depends on the shape of ligand
molecules: long and branched molecules were demonstrated to achieve the best results in
stabilizing nanomaterials.[48187,190,237] [n this regard, the lack of emission from the C6A samples
can be attributed to a poor stabilization of the amine resulting in the formation of defect states

that quench the PL radiative process. The emission energy peak of each sample appeared to be
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Figure 5.8 PL spectra of (A) Cs2Snls and (B) Cs2SnBr¢ samples synthesized with different

amines. (Curves were shifted vertically for clarity).

significantly lower than the value found for its energy gap. Coherently with the wide tail
observed in the absorption spectra, this large Stokes shift may be caused by a high density of
electronic states, arising from crystal defects, which locate right below the CB minimum: when
the electrons are excited into the CB, they thermalize towards the edge, transfer into the defect
states, and finally decay in the valence band with radiative emission of light. This phenomenon
requires further investigation to be fully understood.

Due to the asymmetry of the curve, the PL spectra were fitted using two Gaussian
lineshapes thus revealing a second peak at longer wavelengths, from 729 to 717 nm for the I
samples, and from 697 to 642 nm for the Br samples. The corresponding energy values of the
two emission peaks are reported in Figure 5.9. Accordingly with previous study by Xu et al. on
Cs2Snle 2D NPs, the peak emerging at lower energy may be ascribed to an emission from defect
states.[215] [n their work, indeed, Xu and coworkers attributed the origin of such defects to a
structural distortion caused by a phase transition between two layered structures based on
orthorhombic and monoclinic unit cells. This lattice distortion should modulate the formation

energies of the defects while the spatial shifts of the ligand molecules, altering the bonding
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Figure 5.9 Energy of the PL peaks of (A) CszSnls and (B) Cs2SnBre 2D nanoplatelets. (Lines
are just a guide for the eye).

between the amino group and the halide octahedra, can generate more crystal defects. This
phenomenon has already been observed in lead(II)- and tin(IV)-based 2D layered
perovskites[Z38-241] and can be consistent with our previous observations on large Stokes shifts
in emission and wide tails in absorption. However, to fully reveal the link between these three

aspects and their exact origin further studies are needed.

5.4 Conclusions

In summary, the facile hot-injection method developed to synthesize simultaneously
3D nanocrystals and 2D nanoplatelets for both Cs2Snle and Cs2SnBre perovskites. The crystal

morphology was tuned by changing the amine employed as capping agent during the synthetic
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procedure. When using OLA, the most common amine widely employed in literature, the
synthesis led to spherical NCs with a very small diameter of about 3 nm. When using amines
with a shorter carbon chain, instead, the results were very different and the synthesis led to 2D
layered NPs with diverse crystal structures depending on the ligand used, as demonstrated by
XRD and TEM analyses. The change in the morphology of the crystals was also followed by a
modification of their optical properties. Thanks to the reduced size, all the samples presented
a much wider bandgap in comparison to their bulk form due to strong quantum confinement
effects. In particular, increasing the amine length, the gap energy of the NPs linearly shifted
from 1.3 eV to 2.87 eV in the case of Cs2Snls and from 2.7 eV to 4.32 eV in the case of Cs2SnBre.
Besides, light emission was also affected by the ligand choice and changing the amines allowed
to tune the emission of Cs2Snls samples from 1.57 eV to 1.99 eV moving from 3D NCs to 2D NPs,
and analogously from 2.06 eV to 2.16 eV nm for the Cs2SnBres samples. These results present an
interesting advance in the research on perovskite nanocrystals towards lead-free compounds
and offer a further insight in tin(IV)-based double perovskites for possible future applications

in optoelectronic devices.
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BISMUTH-BASED PEROVSKITE
NANOCRYSTALS

6.1 Introduction

Besides using the homovalent metals of Group 14, another strategy to remove lead
from halide perovskites is to replace it with neighboring elements. In this context, bismuth is
one of the most investigated substitution thanks to its very low hazardousness: elemental
bismuth and its compounds, indeed, have a negligible toxicity because they are highly insoluble
and, consequently, are hardly absorbed by the human body, although the ingestion of high
doses may still lead to poisoning.[39.2421 Moreover, as the next element after Pb in the Periodic
Table, bismuth has a comparable ionic radius (1.19 A for Pb2+ and 1.03 for Bi3+)[200] and a similar
electronic configuration with a lone pair of electrons in the 6s orbital, thus it appears to be a
reasonable alternative to lead.

Like in the case of tin(IV), the substitution of Pb with a heterovalent element, however,
alters the chemical composition and the 3D structure of the perovskites in order to maintain
the charge neutrality of the crystals. Bismuth halide perovskites (BHPs) are not characterized
by a unique chemical formula: usually they adopt the composition A3B2X9 but there are many
other variants that follows the general formula AaBbXa+3b like, for example, CsBiBrs, CsBi2Brz

and Cs3BiBre. Besides the variety of compounds, BHPs also present different polymorphs, of
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which the most common are a 0D phase and a 2D vacancy-ordered phase (Figure 6.1).[243-245]
The constituting units of the 0D structure, also called dimer phase, are [B2X9]3- clusters made
of two face-sharing [BXe]3- octahedra. These clusters are arranged in a hexagonal lattice with
the A ions placed around them and result to be completely isolated from each other. The 2D
structure, instead, comprises of corrugated layers of corner-sharing octahedra stacked on one
another. It is derived from the standard 3D perovskite lattice by removing every third layer of
B ions along the (111) direction, therefore the crystals displaying such a structure are in fact
vacancy-ordered perovskite derivatives (Like in the case of tin(IV)-based 0D perovskites, their
formula can be expressed as A3s0O0B2X9 or A(O1/3B2/3)X3, thus highlighting how their constituting
ions are tripled while one third of the metal ions are removed.

In addition to the dimer and layered phases, BHPs may also present many other crystal
structures with different dimensionalities.[246.247] For example, MA3Bi2Clo exhibits a 1D lattice
whose building units are zigzag chains of corner-sharing [BiCle]3- octahedra.[248] This structure
is obtained once again from the 3D perovskite lattice by removing every third layer of B ions
along the (110) direction as well as the (001) direction to keep the charge balance. The
capability of the bismuth-based perovskites to adopt a certain structure over the others
depends on the radii of their constituting ions and the synthesis conditions, and it does not

follow any trend.

2D

Figure 6.1 Crystal structure of 0D and 2D bismuth halide perovskites. Adapted from ref
[245].
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Irrespectively of the crystal phase, BHPs are always characterized by a lower structural
dimensionality compared to their lead-based counterpart due to the heterovalent substitution
of Pb. As discussed in Paragraph 2.2.1, the reduced dimensionality decreases the dispersion of
the electronic bands and, consequently, affects the optoelectronic properties of the materials.
Bismuth halide perovskites, indeed, exhibit high gap energies of about 2 eV or morel[244249] and
large effective masses of the charge carriers.l49.250251] This results in high exciton binding
energies (hundreds of meV), low carrier mobilities and overall poor electronic transport
properties. Besides, in many compounds the majority of intrinsic crystal defects is proved to
introduce deep electronic states.[245248.252] For these reasons, BHPs do not appear to be suitable
materials for photovoltaic applications. Nevertheless, these materials present also some
advantages compared to lead-based perovskites. In addition to the lower toxicity, they exhibit
a higher stability against air and water.[244] Furthermore, the reduced structural dimensionality
allows to incorporate a large number of heterovalent doping atoms into the lattice without
altering the crystal structure, thus enabling the realization of compounds with new and
enhanced properties.

In recent years, metal halide perovskites have been explored as possible materials for
heterogeneous photocatalysis.[>253] Theoretically, an ideal photocatalyst must have a series of
physical properties that are essential to achieve high performance: great level of operational
stability, strong light absorption, efficient separation of charge carriers, and appropriate redox
ability for target reactions.[254 As seen in previous chapters, LHPs are characterized by small
exciton binding energies, long carrier lifetimes and high carrier mobilities (all features that
contribute to good charge separation), as well as high absorption coefficients and an easily
tunable bandgap over the entire visible region. Moreover, the electronic band structure of
several lead-based perovskites reveals to be aligned with the most common redox half-
reactions, thus making these materials suitable for solar-driven catalysis of both reduction and
oxidation reactions.[®]

Owing to their non-toxicity and better stability in water, bismuth halide perovskites
seem to be a valid alternative to LHPs for photocatalysis in aqueous environments. Although
this research topic is very recent, these compounds have already proved to achieve high

performances in various catalytic processes such as degradation of organic pollutants,
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reduction of carbon dioxide and evolution of hydrogen.[255-258] [n particular, the use of 2D
perovskite Cs3BizBro9 combined with graphitic carbon nitride g-C3Ns4 (GCN) in the
photogeneration of hydrogen was recently reported with remarkable results.[25%1 GCN is a well-
known polymeric semiconductor that is widely employed as photocatalyst in a variety of
reactions, in addition to many other applications.[260-2621 The idea of coupling this material with
different compounds to boost its photocatalytic activity is a strategy that was extensively
explored in the pastl263264] and, in the last few years, it has also been tested with MHPs.[265,266]

In the current chapter, the synthesis and characterization of lead-free Cs3Bi2Xy
nanocrystals (X = Br, I) are presented, as well as the fabrication of composites of GCN with
Cs3Bi2Br9 NCs and their use in the photogeneration of hydrogen. The purpose of this research
is to expand the previous results on these composites by investigating the effects of the

perovskite size reduction on their photocatalytic activity.

6.2 Synthesis

Initially, the crystals were attempted to be synthesized using a hot-injection synthesis
adapted from literature, like in the case of tin(IV)-based NCs.[2671 However, despite the different
trials, this procedure led only to the formation of Cs3BiXe perovskites (X = Br, I). To overcome
such a problem, a different approach was tried: the ligand-assisted reprecipitation (LARP)
method. Like its hot-injection analogue, this method is a bottom-up technique that is performed
in solution, and it is widely used in the fabrication of nanocrystals. In a typical LARP synthesis,
all reagents are dissolved in a strong polar solvent along with the ligands to form a precursor
solution. In this case, the reagents are usually halides salts of A and B, and they are combined
in a stoichiometric ratio to form the perovskite. The precursor solution is subsequently injected
into a weak solvent to induce a rapid drop in the solubility of the reagents. This sudden change

instantly leads a supersaturation condition and, consequently, triggers the nucleation of the
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nanocrystals, which is later followed by the crystal growth according to LaMer model (see
Paragraph 3.1). Finally, the product is collected and purified by centrifugation (Figure 6.2).[268]
In this type of synthesis, the key parameters that allow to control the size and shape of the NCs
are the reaction time, the ratio between the precursors, the ratio between precursors and
ligands, and the ratio between the two solvents. The reaction temperature is another factor that
can be used to modulate the properties of the final crystals, however LARP syntheses are
usually conducted at room temperature. In fact, the LARP technique does not require high
temperatures, vacuum systems, or inert atmosphere to be performed, therefore it is simpler
and cheaper than the HI method and it can be easily scaled up.[3¢] On the other hand, the NC
quality offered by this approach is generally a little lower in comparison to the HI counterpart,
and the use of polar solvents poses a risk to the integrity of the nanomaterials. As previously
discussed, indeed, polar liquids can readily dissolve MHPs due to the strong ionic component
of their binding, so the presence of residual solvent molecules in the final product can
undermine its stability.

For the synthesis of the present Cs3Bi2X9 nanocrystals (X = Br, I), dimethylsulfoxide
(DMSO0) and chloroform (Chl) were used as strong solvent and weak solvent, respectively. The
perovskite precursors were cesium halides and bismuth(III) halides, while the capping agents

were oleylamine (OLA) and oleic acid (OA). Based on previous literature on LARP NCs of

p Syringe
:=—3 [——:3
= - & e
Step 1 Step 2 Step 3

Figure 6.2 Schematic representation of the ligand-assisted reprecipitation method. In the
first step the precursor solution and the weak solvent are prepared. In the second step the
solution is injected into the weak solvent. In the third step the resulting suspension is

centrifugate to collect the nanocrystals. Adapted from ref [268].
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bismuth-based perovskites,[269.270] the following procedure was developed: 0.3 mmol of CsX
(0.0638 g of CsBr and 0.0779 g of CsI) and 0.2 mmol of BiX3 (0.0897 g of BiBrs and 0.0 g of Bils)
are dissolved in 3 mL of DMSO and, after complete dissolution of the powders, 33 pL of OLA is
added to the solution. The addition of amine causes the formation of small floccules in the
mixture that disappear after a brief sonication. 0.5 mL of the as-prepared precursor solution is
then quickly injected into 5 mL of Chl, mixed with 0.5 mL of OA, under sonication. After 1
minute, the solution is centrifugated at 10000 rpm for 10 minutes and the resulting supernatant
is discarded. The final NCs are collected and dispersed in 5 mL of Chl to form a suspension. All
the synthetic and purification processes are conducted under ambient conditions and no argon-
filled glovebox is used to store the final samples.

For the preparation of nano-Cs3Bi2Bro/g-C3N4 composites, 0.1500 g of g-C3N4 is
combined in a 25 mL beaker with 3 mL of Chl. Subsequently, different volumes of the NC
suspension are added under vigorous stirring to obtain distinct loadings of the perovskite in
weight percentage. Specifically, samples with loadings of 1 wt%, 5 wt%, and 10 wt% were
prepared. The mixture is then dried overnight at room temperature under stirring and the

following day the resulting powder is collected and stored under ambient conditions.

6.3 Results

6.3.1 X-Ray Diffraction

The crystal structure of the perovskite NCs and the related composites with GCN was
investigated through X-ray diffraction measures. As seen in previous chapters, the
diffractograms of 0D tin(IV) halide perovskites show the same profile but shifted at different
angles owing to the different halide radius that changes the lattice constant. In the case of BHPs,

instead, the samples exhibit very different diffraction patterns moving from bromide to iodide
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(Figure 6.3). This difference is related to the different structural dimensionality of the
perovskites. The XRD analysis shows indeed that Cs3BizBro NCs have a trigonal lattice belonging
to the P-3m1 space group (164), while Cs3Bizl9 NCs have a hexagonal lattice belonging to the
space group P63/mmc (194). Such lattices correspond in fact to a 2D layered structure and a
0D dimer structure, respectively, as described in Paragraph 6.1. These results are consistent
with data reported in literature.[271-273] Moreover, the two samples appear to be single-phase
and no traces of cesium halides or other impurities are detected, thus demonstrating the
effectiveness of the present LARP approach in synthesizing both Br- and I-based BHP crystals.

The diffraction patterns of nano-Cs3Bi2Br9/g-C3N4 composites are reported in Figure
6.4. In the case of pure GCN (0% composition), only two broad peaks are observed at 12.99 and
27.38 degrees. They derive from the typical stacking of carbon nitride layers along the (100)
and (002) directions, respectively, and prove the material to have a hexagonal structure that
can be indexed according to the P63cm space group (185), in line with literature.[261.274275] The
peak positions are also in agreement with previously reported values. The peaks around 22 and
34 degrees, which are found in all the samples, are just background (BG) caused by the sample
holder.
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Figure 6.3 X-ray diffraction patterns of Css3BizBr9 nanocrystals (right) and CssBizls

nanocrystals (left).
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Figure 6.4 X-ray diffraction patterns of nano-Cs3Bi2Bry/g-C3N4 composites prepared with

different perovskite loading in weight percentage. (Curves were shifted vertically for clarity)

The diffraction pattern of the composite with 1% loading has the same profile of that

of pure GCN with the exception of a small new spike occurring at about 32 degrees. The

appearance of this peak, which corresponds to the (022) reflection of Cs3Bi2Br9, proves that the

perovskite contribution to the X-ray diffraction is already detectable at this low percentage of

loading. On the other hand, for higher loading values the impact of the NCs become even more

evident and dominates the diffractogram profile. As for the nanocrystalline sample, the

perovskite peaks are in accordance with the reference pattern, thus demonstrating that its

crystal structure does not change during the preparation of composites.

6.3.2 Morphological Characterization

High resolution transmission electron microscopy was used investigate the shape of

the NCs and the resulting images are reported in Figure 6.5. Both samples appear homogeneous,
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showing only one morphology. Br-based sample consists of spherical particles with an average
diameter of about 2 nm. The crystals have a uniform size distribution and are well dispersed,
similarly to previous tin(IV) halide perovskite NCs. I-based sample also presents spherical
particle, but they are characterized by a large diameter of about 3.5 nm. Moreover, the crystals
appear less dispersed, in fact they tend to agglomerate into thick clouds. This dissimilarity
between the two materials could be an indication of a different tendency of Cs3Bizls NCs to form
aggregates. As discussed in previous chapters, the aggregation of colloidal nanocrystals is the
result of a competition between attractive and repulsive forces and depends on several factors.
In this case, the formation of dense assemblies of particles may be related to a different binding
of the ligands with the halide, but the precise mechanisms behind this phenomenon are

unknown and require further examination to be fully understood.

Figure 6.5 High resolution TEM images of (A, B) Cs3Bi2Bro and (C, D) Cs3Bizls nanocrystals

at different magnifications.
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Despite aggregation, electron diffraction proved that both samples are characterized
by a high degree of crystallinity (Figure 6.6).

The morphology of the composites was instead investigated through scanning electron
microscopy (SEM) and backscattered electron (BSE) imaging. The latter was used to specifically
identify the Cs3Bi2Br9 component by detecting the bismuth ions in the samples. Since this
element belong exclusively to the perovskite, this technique allows then to recognize the NCs
on the surface of g-C3N4 and create a visual picture of them. Two representative images of 5%
composite are presented in Figure 6.7. GCN displays a lamellar structure agglomerated into
grains with a size of 1-15 pm. The morphology of this material is closely related to the how it
is synthesized, and these results are consistent with previous literature.[?76]1 BSE also shows
that the perovskite is evenly distributed over the entire surface of GCN. Interestingly, the
Cs3Bi2Br9 crystals detected by this technique appear much bigger than those revealed by TEM
analysis. Although the spherical morphology is retained, their diameter now ranges from 100
nm to 900 nm. This inconsistency between the two sets of measures is likely to be attributed to
an aggregation process between the NCs that occurs during the preparation of the composites.
It is known, in fact, that the evaporation of solvent in colloidal suspensions can induce a self-
assembly of the nanocrystals.[195] Since the formation of nano-Cs3Bi2Bro/g-C3N4 composites is
based precisely on combining the two materials in a solvent and letting the liquid evaporate, it

is reasonable to assume that, as their concentration increases, perovskites NCs undergo some

Figure 6.6 Electron diffraction images of (A) Cs3BizBrg and (B) CssBizls nanocrystals.
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Figure 6.7 Backscattered electron images of the nano-Cs3Bi2Br9/g-C3N4 composite with 5
wt% loading at (A) 2kx and (B) 10kx magnifications. The brighter spots represent the

perovskite crystals.

assembling phenomenon that eventually leads to the formation of the large particles observed

with BSE imaging.

6.3.3 Optical Characterization

The nanomaterials were optically characterized by UV-Visible absorption and steady-
state photoluminescence spectroscopies. As reported in Figure 6.8, both Br- and I-based NCs
exhibit strong absorption with a sharp edge. Most notably, they also present an intense exciton
peak at 380 nm (3.23 eV) and 496 nm (2.50 eV), respectively. These spectra look very different
from those of previous tin(IV) halide perovskites nanocrystals, which, conversely, had a less
marked profile and a long Urbach tail. Since the exciton component to the absorption appear
well separated from the contribution of continuum interband transitions, the Tauc plot of the
spectra allowed to evaluate the gap energies of the two samples, as shown in Figure 6.9 A.
Values of 3.63 eV and 2.72 eV are found respectively for the Cs3Bi2Bro and Cs3Bizl9 nanocrystals.
These data are significantly higher than the gap energies reported for the corresponding bulk

perovsKites,[244] thus indicating a strong effect of quantum confinement on the properties of the
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Figure 6.8 Absorption spectra of (A) Cs3Biz2Bro and (B) Cs3Bizleo nanocrystals.

samples. This is consistent with the small crystal size revealed by TEM analysis and in line with
previously reported results on BHP NCs.[269.277-279] [n addiction, the difference between the
exciton peak energy and the experimental bandgap gives an estimation of the exciton binding
energy (the exact value would be obtained by fitting the absorption spectra according to the
Elliott’s model).[280.281] Although they are slightly lower than the data reported in some previous
reports,[279.282] the values derived from the present measurements, of the order of 250 meV, are
considerably high as expected due to the reduced structural dimensionality of the perovskites
(see Paragraph 6.1).

Emission of light from the nanomaterials was investigated as well. Cs3Bi2Br9 sample
exhibit a blue photoluminescence peaking at 404 nm, with a FWHM of 86 nm (Figure 6.9 B).[26°]
As for the bandgap, the PL emission of the NCs reveals to be significantly blue-shifted with
respect to the analogous bulk perovskite, which shows an emission around 475 nm.[259.269] This
phenomenon is to be attributed once again to quantum confinement effects owing to the small
crystal size, and it appears comparable or even amplified if compared with the results
previously reported on this nanomaterial.[267.269.270,277.278] Surprisingly, Cs3Bizlg sample shows
no emission of light. The lack of PL from the I-based NCs could be explained with the presence
of unpassivated defect states that quenches the radiative recombination processes. Bismuth
iodide perovskites are known to have very low quantum yields and the mechanisms underlying

that, as well as the origin of their luminescence in general, are still scarcely understood.[?441 The
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Figure 6.9 (A) Representative Tauc plot of the absorption spectrum of Cs3Bizl9 nanocrystals.

(B) Photoluminescence spectrum of Cs3BizBr9 nanocrystals.

main causes of the poor QY are believe to be surface defects, exciton self-trapping and non-
radiative recombination paths favored by an indirect bandgap.[244248267.283]

The nano-Cs3Bi2Bro/g-C3sN4 composites were also optically characterized through
absorption measures, and the resulting spectra are reported in Figure 6.10. The spectrum of
pure g-C3N4 presents a broad peak around 400 nm and a long tail starting to raise from 600 nm.
From the Tauc plot, the bandgap of GCN was evaluated to be 2.69 eV which is in perfect
agreement with literature.[262.274] Composites with loadings of 1 wt% and 5 wt% exhibit
essentially the same profile. The absorption peak at 400 nm appears a little more pronounced
and sharper, likely due to the strong excitonic absorption of the perovskite that adds up to the
total spectrum, but the variations are actually very small. The 10% composite, instead, shows
the clear appearance of a new peak around 440 nm. Since the absorption spectrum of Cs3Bi2Br9
NCs is completely flat at those wavelengths, this finding appears quite surprising.

This phenomenon could be related to the different magnitude of the perovskite crystals
in the composites. Since the size of Cs3BizBr9 NCs increases during the formation of the
composites, as demonstrated by the TEM analysis, the quantum confinement effects might
become less pronounced and the absorption might red-shift consequently, showing more bulk-

like features. In fact, the absorption bulk Cs3BizBro starts around 450 nm.[284 On the other hand,
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Figure 6.10 Absorption spectra of nano-Cs3Bi2zBro9/g-C3Ns composites with different

perovskite loadings. (Curves were shifted vertically for clarity).

this phenomenon could also be an indication of a more complex interaction between the

perovskite and the host material that requires further investigations to be fully unraveled.

6.3.4 Hydrogen Evolution

The GCN composites were eventually tested as photocatalysts in the production of
hydrogen. The experiments were conducted according to the methodology reported in
Appendix A, and the results are reported in Figure 6.11. At a loading of 1 wt%, the composite
achieves the maximum photocatalytic activity, reaching a hydrogen evolution rate (HER) of
1495 pmol g-1 h-1. This value is not only higher than the HER of pure GCN (81 pmol g-1 h-1), but
it is also higher than the previously reported HER for the analogous composite prepared with
bulk perovskite (~1050 pmol g-1 h-1). This finding confirms the synergistic effect between
Cs3Bi2Bro and g-C3N4 in the photoreaction and demonstrates that the size reduction of the

perovskite can in fact improve this effect by almost 50%.
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Figure 6.11 Hydrogen evolution rate for nano-Cs3Bi2Brg/g-C3sNs+ composites at different
percentages of perovskite loading in 10% (v/v) triethanolamine aqueous solution with

platinum as co-catalyst, after 6 hours of irradiation under simulated solar light.

The exact origin of this enhancement is unclear and may be attributed to different
factors or a combination of them. The first factor is the increase in the surface area. Despite
their aggregation, the perovskite crystals exhibit nevertheless a submicron diameter, which is
considerably smaller with respect to the bulk material. The reduced size results then in a larger
surface area that can affect the photocatalysis. The second factor is related to the electronic
structure of NCs. As previously reported, the photocatalytic boost of GCN coupled with
Cs3Bi2Br9 derives from a fortuitous alignment of their energy bands that grants an effective
charge separation.[259] Since nanomaterials display a different electronic structure compared
to their macroscopic form due to quantum confinement effects, it is possible that size reduction
alters the band alignment and achieves an even better configuration that favors the separation
of photogenerated charge carriers. Another factor that may play a role is the appearance of new
localized deep states at the interface between the Cs3BizBro and GCN that could act as catalytic
sites. Due to the increased surface area of the perovskite, the concentration of such states

should be higher and so their impact on the performance of the composites should become
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greater.

It is worth to note that the HER of the 10% composite is lower than that reported for
the counterpart prepared with bulk perovskite. The drop in the composite photocatalytic
activity at high loadings was attributed to the self-trapping of electrons inside Cs3Bi2Br9, whose
detrimental effects become more and more pronounced as the perovskite content
increases.[2>°] Since in nanomaterials the electron-phonon coupling is stronger,[285] it is
reasonable to assume that in the present case the influence of self-trapping is more impactful
because of the reduced crystal size of the perovskite, and so it causes a greater reduction of the

HER. In this context, this result appears consistent with previous literature.

6.4 Conclusions

In summary, the synthesis of Cs3BizX9 nanocrystals (X = Br, I) is reported using a simple
ling-assisted reprecipitation method. The synthetic procedure is conducted under ambient
conditions, does not require high temperatures and is free from toxic compounds, like
phosphines, that are generally used in the synthesis of tin halide perovskite NCs. Both samples
exhibit a homogeneous spherical morphology but a different tendency to agglomeration: the
bromide-based material present well-dispersed particles with a diameter of about 2 nm, while
the iodide-based material present aggregated particles with a diameter of 3.5 nm.

The crystal lattice of the two BHPs proves to be consistent with previous literature,
namely Cs3Bi2Bro NCs are characterized by a trigonal 2D structure where Cs3Bizlo NCs are
characterized by a hexagonal 0D structure. The reduced dimensionality of the crystals has a
sizable impact on their optical properties. Both samples, in fact, show a strong exciton peak in
the absorption spectra at 380 nm and 496 nm, respectively, and high exciton binding energies
of hundreds of meV. Moreover, due to strong quantum confinement effects, their gap energies

reveal to be much higher than those of the related bulk compound, reaching values of 3.63 eV
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and 2.50 eV. As regards photoluminescence, Cs3BizBr9 NCs exhibit an emission at 404 nm with
a FWHM of 86 nm. On the other hand, the luminescence of Cs3Bizls NCs is totally suppressed.
This unexpected result is most likely caused by the presence of unpassivated defects that
introduce deep electronic states.

The photocatalytic properties of Cs3Bi2Br9 nanocrystals were also investigated in
combination with graphitic carbon nitride: the two materials are combined to form composites
with different perovskite loadings that are subsequently used in the photogeneration of
hydrogen as catalysts. Although few points were taken, the initialresults show already a
remarkable enhancement of the photocatalytic activity of nano-Cs3Bi2Bro/g-C3N4 composites
as the crystal size of Cs3Bi2Bry is reduced. In fact, the sample with 1 wt% of BHP proves to
achieve a hydrogen evolution rate of 1495 pmol g-1 h-1, which is 50% higher than the best value
previously reported. The origin of this boost is still unknown, and more investigations are
needed to fully discover the mechanisms behind that. Nevertheless, this finding sets a good
starting point to further develop the research on GCN nanocomposites prepared with lead-free

perovskites.
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CONCLUSIONS AND OUTLOOK

In summary, the present thesis reports the synthesis of different inorganic lead-free
halide perovskites in the form of colloidal nanocrystals and the results of their structural,
morphological, and optical characterization. Lead halide perovskites are one of the most
interesting class of semiconductors of the last years, however the presence of toxic lead
drastically restricts their applicability in daily life. For this reason, the investigation of new lead-
free compounds is essential for the future development of the research and the technology
based on MHPs. In the present work, lead was replaced with heterovalent metals. This
substitution alters the regular perovskite lattice and leads to the formation of perovskite
derivatives with a reduced structural dimensionality.

The first compounds reported are tin(IV) halide perovskites. These materials are
characterized by a 0D vacancy-ordered structure since lead is replaced with a tetravalent
element. Using an optimized hot-injection method, colloidal nanocrystals of the entire halide
series Cs2SnXe (X = [, Br, Cl) were synthesized. Notably, this is the first time that Cs2SnBrs and
mixed Cs2Sn(I/Br)e are synthesized in the form of nanocrystals. X-ray diffraction (XRD) analysis
proved the formation of all the compounds, which are single-phase and show no impurities.
From transmission electron microscopy (TEM) images, the crystals revealed to have a spherical
shape with a diameter of 3-6 nm and narrow size distributions. The optical characterization
also showed a modulation of the optical properties as a function of the halide content: the

bandgap changed from 1.57 eV for Cs2Snls to 3.86 eV for Cs2SnCls, while the photoluminescence
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peak ranged from 790 nm to 444 nm, respectively.

Afterwards, the impact of different ligands on tin(IV) halide perovskite was
investigated. The commonly used oleylamine was replaced with shorter amines, ranging from
hexylamine to dodecylamine, in the synthesis of Cs2SnBrs and Cs2Snle nanocrystals to discover
how molecules with variable length can affect the morphology and optical properties of the
materials. This substitution had a dramatic impact on the shape and size of the crystals because
it led to the formation of two dimensional nanoplatelets. Besides the morphology, the ligands
also affected the optical properties of the perovskites. The bandgap of the nanoplatelets was
significantly higher than that of their bulk counterpart, likely due to the strong quantum
confinement effect that typically occurs in 2D layered nanostructures, and it grew linearly with
the amine length. On the other hand, moving from NCs to nanoplatelets, the PL emission shifted
from 603 nm to 575 nm in the case of Cs2SnBrs and from 790 nm to 628 nm in the case of
Cs2Snle.

Finally, a different family of lead-free compounds was reported: bismuth halide
perovskites. In this case, the substitution of lead with a trivalent element does not lead to a
unique result. In fact, Cs3Bi2zBr9 presents a 2D vacancy-ordered structure, while Cs3Bizly
presents a 0D dimer structure. Using a ligand-assisted reprecipitation method, NCs of Cs3Bi2X9
(X = Br, I) were synthesized, as confirmed by the XRD measurements. Both samples exhibit a
spherical morphology with a dimeter of about 2 nm for Cs3Bi2zBre9 and 3.5 nm for Cs3Bizly
perovskite. Besides, the NCs showed strong and sharp absorption with a clear exciton peak at
380 nm and 496 nm, respectively, but only the bromide-based crystals exhibited luminescence.

The use of BHP NCs in photocatalysis was also reported to show a hint of possible
applications for these materials. Specifically, Cs3BizBro¢ NCs were combined with graphitic
carbon nitride to form composites that were later employed as photocatalyst in the generation
of hydrogen. Since bulk Cs3Bi2Bre was proved to enhance the photocatalytic activity of g-C3Na,
the idea was to investigate the effects of the perovskite size reduction on the photoreactions.
The composites were prepared with different weight ratios between NCs and GCN to find the
best composition to maximize the hydrogen production. Compared to the bulk form, the
nanocrystalline perovskite revealed to increase the catalytic activity of the composite by almost

50%, reaching a peak value of 1495 pmol g-1 h-1 of hydrogen. This remarkable result shows the
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potentiality of these nanomaterials and paves the way for future research in the field of
photocatalysis as well as other applications.

Despite these promising properties, however, lead-free MHP nanocrystals are still far
from overcoming their lead-based counterpart. In fact, they are affected by a series of
drawbacks that dramatically compromise their performance. Instability over time is above all
the most critical issue of these materials: their lability towards air, solvents, light irradiation,
and temperature is a highly limiting factor that prevents them from any applications in real-life
devices. Owing to its more stable oxidation state, tin(IV) should avoid the problems arising from
oxidation and make tin halide perovskites more resistant against air. The use of this metal
actually proved to enhance the stability of the NCs in comparison to their tin(Il)-based analogs.
Nevertheless, the samples also revealed to retain their optical features unchanged for just few
days, which is still an unsatisfactory result. This suggests that the degradation of the
nanomaterials follows more complex pathways that involve other elements beyond oxygen.[28¢]
Another great disadvantage of lead-free MHPs are their poor optical properties. The crystals
presented very low photoluminescence quantum yields; in fact some samples showed no
emission at all. This phenomenon is likely related to high concentrations of crystal defects that
introduce trap states acting as non-radiative recombination centers. Such an observation points
out that much work must be devoted in the optimization of the synthesis in order to obtain
defect-free NCs, but it also has a more profound implication because it suggests that these
compounds may have a less pronounced defect-tolerant character. Therefore, extensive
research is needed to better understand the intrinsic properties of these nanomaterials. Finally,
some samples also showed a high tendency to random aggregation. This behavior undermines
the colloidal stability of the crystals in suspension and can lead to sintering. Therefore, if occurs
in an uncontrollable and disordered way, it may prove problematic for the fabrication and
functioning of electronic devices, especially those operating at high temperatures.[287.288]

Albeit with the problems encountered, the present thesis provides new insight on the
synthesis, properties, and potentiality of lead-free MHP NCs and marks a new step in the

research towards more sustainable technologies.
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EXPERIMENTAL SECTION

A.1 Chemicals

Cesium carbonate (Cs2C03, Acros Organics, 99.995%), tin(IV) chloride (SnCls, Sigma-
Aldrich, 99.995%), tin(IV) bromide (SnBrs, Sigma-Aldrich, 99%), tin(IV) iodide (Snls, Sigma-
Aldrich, 99.999%), 1-octadecene (ODE, Acros Organics, 90%), oleic acid (OA, VWR Chemicals,
81%), oleylamine (OLA, Acros Organics, 80-90%), hexylamine (C64A, Sigma-Aldrich, 299%),
octylamine (C84, Sigma-Aldrich, 99%), decylamine (C10A4, Sigma-Aldrich, 95%), dodecylamine
(C12A, Sigma-Aldrich, 98%), hexane (Hex, Sigma-Aldrich 299%), ethanol (Eth, Sigma-Aldrich,
96%), anhydrous chloroform (Chl, Sigma-Aldrich, 299%, stabilized with ethanol),
dicyandiamide (DCD, Sigma-Aldrich, 99%), triethanolamine (TEOA, Sigma-Aldrich, 299%)),
chloroplatinic acid (H2PtCle, Sigma-Aldrich, 38% Pt basis), argon (Ar, Sapio, 99.999%),).

All reagents were used without further purification.
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A.2 Syntheses

A.2.1 Synthesis of Cesium Oleate

For the synthesis of Cs2SnXs nanocrystals (X = Cl, Br, Broslos, I), a solution of cesium
oleate was prepared by loading 15 mL of ODE in a 50 mL three-neck flask along with 0.5 mL of
OA and 0.5 mL of OLA, and drying the mixture under vacuum for 1 hour at 120 °C. After that,
0.1625 g of cesium carbonate was added to the liquids and the solution was dried again under
vacuum at the same temperature for 1 additional hour. Finally, the flask was heated at 150 °C
under nitrogen flow until complete dissolution of Cs2CO3 (approximately 1 hour). The resulting
solution was stored under nitrogen atmosphere.

In the case of tin(IV)-based crystals with amines different from OLA, the synthesis of
Cs-oleate was conducted in the same way but without oleylamine.

Since Cs-oleate is insoluble in ODE at room temperature, the solution was preheated at

120 °C before use to completely dissolve the precipitate.

A.2.2 Synthesis of Graphitic Carbon Nitride

Graphitic carbon nitride was synthesized from the thermal polymerization of
dicyandiamide. The precursor was slowly heated to 550 °C with at a rate of 1 °C min-1, and the
temperature was maintained for 4 hours. After that, the resulting product was cooled down to
room temperature with a rate of 10 °C min-1. The synthesis was conducted under nitrogen flux

in a partially closed alumina crucible.
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A.3 Characterization Techniques

A.3.1 X-Ray Diffraction

X-ray diffraction (XRD) investigations were carried out under ambient condition on a
Bruker D8 Advance diffractometer using copper Ka radiation (A = 1.54056 A) as X-ray source.
The measurements were performed in the Bragg-Brentano configuration, with resolution of
0.04° and integration time of 4 seconds The reference patterns were calculated with
PowderCell 2.4 software using the literature data specified in the text as references. Lattice
parameters were determined from Rietveld refinement of the diffraction pattern.

In the case of tin(IV)-based samples with amines different from OLA, the specimens
were prepared by depositing the crystals on a glass slide with a spatula and spreading it
thoroughly in order to get a smooth surface. In the case of bismuth-based samples, the
specimens were prepared by dropping the sample dispersed in Chl on a glass slide and letting

the solvent evaporate.

A.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed on a JEOL JEM-1200 EX II
microscope operating at 100 kV, equipped with a tungsten filament as electron source. The
specimens were prepared by depositing 8 pL of the crystals dispersed in suspension on an
aluminum grid covered with a polymeric film and letting the solvent evaporate under ambient
conditions. The size distribution of the samples was calculated from TEM images using Image]

software.
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A.3.3 High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTEM) was performed on a ZEISS
LIBRA200FE equipped with a high-angle annular dark-field (HAADF) detector for STEM
(scanning TEM) mode. Energy dispersive X-ray (EDX) analysis was conducted on the same
instrument using an Oxford X-stream 2 probe. The specimens were prepared by depositing 8
uL of the crystals dispersed in suspension on a copper grid covered with a double carbon film

and letting the solvent evaporate in air.

A.3.4 Backscattered Electron Imaging

Backscattered electron (BSE) imaging was carried out on a TESCAN Mira3 scanning
electron microscope (SEM) operated at 20 kV. The instrument was equipped with a Schottky
field effect gun (FEG) as electron source and an annular single-crystal YAG scintillator as

detector.

A.3.5 Absorption Spectroscopy

In the case of Cs2SnXe nanocrystals (X = Cl, Br, Broslos, I), UV-Visible-NIR absorption
measurements were performed under ambient conditions using a Varian Cary 6000i
spectrophotometer equipped with a double monochromator, a deuterium lamp and a tungsten
filament lamp as light sources, a photomultiplier (for UV-Vis) and an InGaAs photodiode (for
NIR) as detectors. Spectral range was 280-1800 nm, in step of 2 nm. The specimens were
prepared by depositing the NCs on a glass slide and covering them with a glass coverslip. The
baseline was taken using the glass slide as reference.

In the case of tin(IV)-based samples with amines different from OLA, UV-Visible
absorption measurements were performed under ambient conditions using a Varian Cary 50

spectrophotometer equipped with a Xe lamp as light source, a silicon photodiode as detector
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and a Czerny-Turner monochromator with fixed spectral bandwidth of 1.5 nm. The spectra
were recorded from 200 nm to 1000 nm, with resolution of 2 nm and integration time of 0.5
sec. The specimens were prepared by loading the samples into quartz cuvettes with 1 cm
optical path. The baseline was taken using the cuvettes filled with Hex as reference.

In the case of Cs3Bi2X9 nanocrystals (X = Br, I), UV-Visible absorption measurements
were performed under ambient conditions using the previous Varian Cary 50
spectrophotometer from 300 nm to 800 nm, with resolution of 1 nm and integration time of 0.5
sec. The specimens were prepared by loading the samples into quartz cuvettes with 1 cm
optical path. The baseline was taken using the cuvettes filled with Chl as reference.

In the case of nano-Cs3Bi2Bry/g-C3N4 composites, UV-Visible absorption measurements
were performed under ambient conditions using a Jasco V-750 spectrophotometer equipped
with a Jasco ISV-922 integrating sphere. The spectra were recorded from 250 nm to 800 nm,
with resolution of 1 nm. The specimens were prepared by loading the samples into quartz

cuvettes with 1 mm optical path. The baseline was taken using a standard white plate.

A.3.6 Steady-State Photoluminescence Spectroscopy

In the case of Cs2SnXes nanocrystals (X = Cl, Br, Broslos, I), photoluminescence (PL)
investigations were conducted under ambient conditions using a 355 nm laser line (PowerChip
Microlaser) as excitation light source and a LN2-cooled silicon CCD (Princeton Instruments
Spec-10:400) as detector. The specimens were prepared by depositing the NCs on a glass slide
and covering them with a glass cover slip. Measurements were performed in transmission
mode, with a resolution of 0.5 nm and an integration time of 5 seconds, using a longpass filter
at 450 nm to remove the laser line from the PL signal. The background noise and the
luminescence from the glass slide were subtracted from the spectra of the samples.

In the case of tin(IV)-based samples with amines different from OLA, PL measurements
were performed under ambient conditions using a Varian Cary Eclipse fluorescence
spectrophotometer equipped with Xe lamp as light source, a photomultiplier as detector and

two Czerny-Turner monochromators with limiting resolution of 1.5 nm. The spectra were
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recorded exciting the samples at 360 nm wavelength. The specimens were prepared by loading
the samples into quartz cuvettes with 1 cm optical path.

In the case of Cs3Bi2X9 nanocrystals (X = Br, I), PL measurements were performed
under ambient conditions using the previous Varian Cary Eclipse fluorescence
spectrophotometer exciting at 300 nm.

To find the emission peaks, the PL spectra were fitted with gaussian lineshapes using

OriginLab Origin 8.1 software.

A.3.7 Photoluminescence Quantum Yield

Photoluminescence quantum yield (QY) measurements were performed on the
samples dispersed in Hex into quartz cuvettes (1 cm optical path) using a Varian Cary Eclipse
Fluorescence Spectrophotometer with an excitation wavelength of 350 nm. Rhodamine B and
Rhodamine 6G dissolved in ethanol were used as standards to calculate the QY values for all

the samples.

A.4 Hydrogen Evolution

To conduct the photocatalysis experiments, 0.0240 g of the nano-Cs3Bi2Bry/g-C3N4
composite under study was loaded into a 28 mL Pyrex glass container along with 24 mL of a
10% (v/v) solution of triethanolamine in tridistilled water. The mixture was deoxygenated by
argon bubbling for 20 min to obtain anoxic conditions. Afterwards, 42 uL of a 15 g L-1 aqueous
solution of chloroplatinic acid was added to the photoreactor, and the mixture was
deoxygenated with Ar bubbling for additional 3 min. The addition of H2PtCls allows the in situ

photodeposition of platinum on the composite surface, which acts as co-catalyst during the
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reaction. Finally, the container was closed with sleeve stopper septa and sealed with parafilm.

The irradiation of the samples was conducted with simulated solar light (300-800 nm)
using a CO.FO.ME.GRA Solar Box 1500e equipped with a 1500 W xenon lamp and an outdoor
UV filter made of IR-treated soda lime glass. The box was set at a power factor of 500 W m-2,
and the irradiation was performed for 6 hours under magnetic stirring. The apparent photon
flux of the instrument was experimentally determined by 2-nitrobenzaldehyde actinometry
over the wavelength range 300-410 nm according to the methodology reported in
literature,[28%1 and a value of 1.53 - 10-7 photon moles per second was found.

The amount of evolved hydrogen was quantified through gas chromatography (GC)
using a DANI 3600 gas chromatograph equipped with a thermal conductivity detector (TCD)

and interfaced with a Shimadzu C-R3A recorder.
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