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ABSTRACT

In the last few decades, the development of technologies based on organic-
inorganic metal halide perovskites has been widely pursued by physical-
chemistry researchers. However, current priority of the involved scientific
community is to overcome the crucial issue of instability of conventional
three-dimensional (3D) perovskites. For this reason, two-dimensional (2D)
materials have increasingly appealed scientists due to their excellent
properties in terms of environmental stability, as well as fascinating
structural, optical and electronic characteristics; nevertheless, these
compounds still remain quite unexplored. A further great challenge is
finding appropriate and efficient solutions to overcome the toxicity issues of
lead, which is the most studied metal in perovskites, due to the appealing
functional properties it confers to the aforementioned materials.

In the light of these premises, the present work is focused on the
development and the characterization of new 2D perovskite materials with
the purpose of modulating and optimizing the physical-chemical properties.
Through suitable and rational combinations of organic spacers, metallic
cations and halogens, novel 2D phases were investigated, disclosing
different structural distortion degrees and consequently new potential
properties. Therefore, this project aimed to define a rigorous relationship
between crystal structure and functional properties in new 2D lead-based
and lead-free perovskites.

Each section of the dissertation describes a specific category of incorporated
organic spacers, namely aliphatic and aromatic cations, with a single
benzene ring and double aromatic ring, monoammonium and diammonium
cations, which have been used for the synthesis of lead-, germanium and
tin-based systems. Numerous spacers have already been identified;
however, the plethora of known structures needs to be expanded in order
to achieve a full understanding of 2D perovskite, in terms of structure-
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property relationships, stability and performances for the design of novel
and optimized devices. Besides traditional structural and optical
investigations, stability studies were performed on novel materials under
different moisture, light, temperature and pressure conditions, providing
additional appropriate correlations between crystal structure and functional
properties.

The results of the present work confirm the greater stability and structural
diversity of 2D perovskites with respect to 3D compounds, making 2D
materials as suitable candidates for the incorporation in high-performance
devices.



SUMMARY

The focus of this thesis is the synthesis and the characterization of new
hybrid low-dimensional metal halide perovskites for possible applications in
opto-electronic devices and in photocatalysis, with a special attention to
two-dimensional (2D) materials. The aim of the project was to evaluate
functional, optical and electronic properties of these novel compounds in
relation to structural changes induced by different compositions in terms of
metallic cation, halogen and organic spacer or induced by temperature and
pressure effects, in order to define a rigorous correlation between crystal
structure and physical properties.

The thesis is divided in 8 chapters.

Chapter 1 provides a detailed background of the perovskite field, including
structure, stability, composition and properties.

Chapter 2 reports a description of the synthesis techniques used for the
growth of 2D single crystals.

The following chapters comprise the experimental section, divided on the
basis of the organic spacer incorporated in the structure. In order to better
organize the experimental results, the choice was to include in the thesis our
published papers about the discussed topics, each of them endowed with
its own bibliography.

In chapter 3, 2D Ruddlesden-Popper perovskites based on monoammonium
aliphatic cations are investigated, exploring the effect on structural and
physical properties due to the elongation of the organic chain in lead-based
systems.

In chapter 4, in order to study lead-free compounds and more complex
organic cations, as well as to produce novel phases with new potential
properties, germanium-based systems including single-ring aromatic
spacers are presented.



Chapter 5 deals with single-ring aromatic cations containing a diammonium
group, with the aim of exploring 2D perovskites belonging to the Dion-
Jacobson type.

In chapter 6 diphenyl spacers are investigated and the photocatalytic
activity of the resulted perovskites is tested.

Chapter 7 provides a discussion on high-pressure studies and the relative
changes in structural and optical properties of the examined perovskites.
The last chapter summarizes the main outcomes of the work and gives an
overview of future perspectives for this class of materials.



CHAPTER 1.
INTRODUCTION

Over the last decades, Metal Halide Perovskites (MHPs) have become one
of the most promising materials for the application in optoelectronic devices
such as solar cells, light emitting diodes (LEDs), lasers, detectors, field effect
transistors (FETs), because of their fascinating physical properties in terms
of long carrier lifetime, high mobility, structural defects and tunability. [1,2]
Besides the classical deeply investigated three-dimensional (3D)
perovskites, lower-dimensional materials, in particular hybrid two-
dimensional (2D) compounds, have attracted increasing interest in the
scientific community, due to the possibility of tuning the physical properties
by modifying layer thickness, cage and spacer cations. [3] Moreover, the
presence of organic spacer plays an important role in improving the stability
and hydrophobicity of these perovskites with respect to 3D materials. [4]

Figure 1 Possible applications of low-dimensional MHPs. Reprinted with permission from ref.
[5] Copyright © 2020 InfoMat.
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Initially, these promising materials have been a subject of interest as
protective layers of 3D perovskites for solar cells. However, their current use
is not restricted to photovoltaic application and, thanks to the discovery of
new properties of these low-dimensional materials, they become attractive
also for other technology fields (Figure 1), such as manufacturing of light-
emitting diodes, lasers, photodetectors, [5] as well as in photocatalysis.
Nevertheless, application of 2D perovskites in optoelectronic devices
requires robust studies aimed at explaining the effect on structure,
properties, and performances of the inclusion of different spacers in these
novel materials. [6] Indeed, the opportunity of modulating the properties
through the combination of metals such as Pb, Sn, Ge, Bi and different
halides with all the possible organic spacers offers a rich ground of versatile
tools. Through computational elaborations, the existence of more than 90
thousand perovskite materials bearing various dimensionalities has been
predicted, although only an extremely limited percentage of them has been
synthetized and characterized up to date. [7] In particular, evidences
correlating functional properties of these materials to their peculiar crystal
structure are relatively unexplored in the current scientific literature, thus
representing a crucial issue for investigators.

1.1 Perovskites

Originally, the concept of perovskite was introduced for the CaTiO3; mineral
in 1839 by Gustav Rose and its name was subsequently derived from the
Russian mineralogist Count Lev Alekseyevich von Perovski. Later, the
perovskite term was extended to all the families of materials with the same
formula ABXs. In general, perovskite minerals are found in nature as oxides,
mainly silicates, but they can also occur as fluorides, chlorides, hydroxides,
arsenides, and intermetallic compounds. [8] After a century since the first
identification of natural oxide perovskite, a class of artificial inorganic metal
trihalide perovskite with general stoichiometry ABX3 (X = CI, Br, 1) was
reported in literature, synthetized through a simple reaction between two

8



salts. [9] The importance of these materials became rather relevant along
with the discovery of intriguing electronic properties, as well as of
interesting ferro- and antiferromagnetic, ferroelectric and piezoelectric
characteristics. The turning point occurred when the introduction of hybrid
organic-inorganic systems revealed several advantages in terms of exciton
binding energy, lifetimes, and electronic tunability of these novel
compounds. [9]

1.1.1 Crystal structure

The ideal perovskite crystal lattice can be described by a primitive cubic
structure with Pm-3m space group, presenting the general formula ABXj,
where B is a metallic cation, X is oxygen or a halogen and A is a voluminous
cation which can be metallic (totally inorganic perovskite) or an organic
cation (hybrid organic-inorganic perovskite). This structure can be visualized
as a three-dimensional network of BXs octahedra sharing all the corners,
while A cations are located among them (Figure 2).

Figure 2 Schematic representation of ABX3 perovskite structure.

The perfect cubic structure presents the highest symmetry and occurs
rarely, for example as SrTiOs; (tausonite). Deviations from the ideal
stoichiometry can be obtained if A and B cation sites become partially or
fully vacant, resulting in the so-called vacancy-ordered perovskites, or if
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cations are substituted with a mixture of other cations, always maintaining
the neutral charge balance, and forming double or quadruple perovskites.
Lattice distortions, distorted octahedra, ordered cations, vacancies, and
presence of organic cations are the main reasons of the reduced symmetry
in the majority of perovskites. [8] The structures resulting from these
deviations, reported in Figure 3, are the following:

- Anti-perovskites, in which A and B sites are occupied by a halide
and a chalcogenide, respectively, while X sites include a
monovalent cation;

- Distorted perovskites, generated from the tilting of the octahedra;

- Vacant perovskites, with A-site vacant BX3 octahedra;

- Ordered perovskites, in which two B?* metals are replaces by a

combination of a M* and a M3* cations;
- Vacancy ordered perovskites, with the B-site cation partially
replaced by a M3* or a M* and a vacancy.

a) Cubic Anti Distorted perovskites Vacant
perovskites perovskites perovskites

VBTN

Orthorhombic Tetragonal

AB(I)B{IIX,

Figure 3 Overview of the different deviations from the ideal cubic structure in MHPs. a) Cubic
perovskite, b) anti-perovskites, c) distorted perovskites, d) vacant perovskites, e) ordered
perovskites, and f) vacancy ordered perovskites. Reprinted with permission from ref. [8]

Copyright © 2020 American Chemical Society.
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1.1.2 Dimensionalities

Actually, MHPs are characterized by different crystal structures related to
the way of connection between the B cation coordination octahedra. These
possible arrangements generate four dimensionalities of the same
perovskite, exhibiting different properties: 3D (Three-Dimensional), 2D
(Two-Dimensional), 1D (One-Dimensional) and OD (Zero-Dimensional)
(Figure 4). [10]

Figure 4 General representation of crystal structures of a) 3D, b) 2D, c) 1D and d) OD.
Reprinted with permission from ref. [11] Copyright © 2014 Royal Society of Chemistry.

As mentioned above, 3D perovskites present ABXs stoichiometry and are
characterized by [BX¢]* octahedra sharing all the corners, while the A*
cations fill the voids created by four connected octahedra. Another example
of 3D perovskite is the structure named double perovskite with A;B*B3*Xs
formula, simply generated from the replacement of B%* cation with one
monovalent and one trivalent cation.
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2D perovskites are also defined layered perovskites and can show AB,Xs
stoichiometry made of alternating A* ions and [B,Xs]” polyhedra, or A;BX,
formula in which A* cations slabs are alternated with slabs of corner-sharing
[BXs]* octahedra. Another type of 2D perovskite has AsM,Xs stoichiometry,
constituted by [M,Xg]* isolated clusters made of two face-sharing octahedra
with A* cations acting as a bridge between the clusters.

Instead, in 1D perovskites each octahedron BXs is connected at two opposite
corners with its neighbour forming separated endless chains. [11] . In this
case the general stoichiometry is A3BXs.

Lastly, OD perovskites can present A;BX¢ stoichiometry with totally
uncoupled [BXs]* octahedra and the anions are no longer shared between
them; or A;BXs formula in which the unit cell is constituted by four
decoupled [BXs]* octahedra at the corners and at the faces centre, as well
as eight A* cations in the interstitials. All the possible types are reported in
Figure 5.

Figure 5 Schematic representation of different MHPs crystal structures of 3D AMXs, 3D double
perovskite Az2MM’Xs, 2D A2MXa, 2D AsM2Xs, 2D AM2Xs, and 0D AsMXs. Reprinted with
permission from ref. [8] Copyright © 2020 American Chemical Society.
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1.1.3 Structural stability

The original perovskite structure is quite simple, although several structural
modifications may often occur in this class of materials, due to the diversity
of ionic radius of the elements included, leading to a slight distortion of the
unit cell.

In 1920s Goldschmidt introduced an experimental factor, called tolerance
factor (t), allowing to predict the stability of the perovskite structure. [12]
For a perovskite with chemical formula ABXs, the tolerance factor is
described by the following equation:

Ta+Tx

= VE{?'H + rx)

where ry, rg and ry are the two cations and the anion ionic radii, respectively.
It considers the ions size the structure can tolerate without giving a phase
transition to a more stable structure. The accepted values of t range from
0.76 to 1.13 (Figure 6). Higher or lower values of the tolerance factor mean
a structural deviation from the ideality. Distortions from the ideal cubic
structure can derive from a mismatch due to the different size of cations and
anions, from a displacement of B cation from the middle of the octahedra,
from ordering of one of the cations, of both the cations or of the anion. The
occurrence of these phenomena results in different perovskite structures
and non-perovskite constructs. In particular, distorted structures induced by
the tilting of octahedra are obtained with a tolerance factor of 0.7 — 0.9,
resulting in orthorhombic and rhombohedral derivatives. While a higher or
lower tolerance factor gives non-perovskite structures such as hexagonal (t
> 1) or corundum/ilmenite — type (t < 0.7).
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Figure 6 Tolerance factor for the formation of the ideal cubic perovskite structures. Reprinted
with permission from ref. [13] Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA
Weinheim.

The 3D perovskites being more affected by structural instability are the
iodide-based compounds, since they show tolerance factors at the limit of
the mentioned range: for instance, FAPbls (cubic 3D) and CsPbls
(orthorhombic 3D) give phase transitions to more stable hexagonal and
orthorhombic 1D structures (Figure 7). [14]

Metastable Stable
3D-orthorhombic 1D-orthorhombic

3D-cubic

FAPbI, .

Figure 7 Phase transition to the more stable structures for iodine-based 3D perovskites.
Reprinted with permission of ref. [14] Copyright © 2017 The American Association for the
Advancement of Science.
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Moreover, a subsequent parameter used to prove the perovskite structural
stability is the octahedral factor (u) which describes the [BXs] octahedra
stability: [15]

L):]
S
where rg and ry are the radii of the respective ions. The range of u varies
from 0.44 to 0.895.
These two factors are exploited to predict the stability even for low-
dimensional perovskites. In particular, the t-value threshold can be relaxed
if the compound under examination is expected to crystallize in the 2D
structure rather than the 3D one. [16] The probable reason of this
phenomenon is that the strain accumulation induced by the larger A-cation
is compensated by separating flexible organic slabs. The spacer cations play
a role of buffers reducing the compression caused on the inorganic layers.
(17]

1.2 2D layered perovskites

In the last few decades, hybrid organic-inorganic halide perovskites have
become one of the most promising classes of semiconductor materials for
their high performance in optoelectronic devices. Besides the thoroughly
investigated 3D systems, next generation of MHPs is represented by
perovskites with a reduced dimensionality, in particular the 2D materials,
which seem to exhibit excellent photo-physical properties. [18]

One of the crucial issues of MHP is the sensitivity of all these materials to
moisture. Nevertheless, it is believed that a partial solution to the reduced
stability of 3D compounds could reside in the reduction of structural
dimensionality. The increased stability of low-dimensional perovskites
seems due to a structure in which inorganic octahedra are probably more
shielded by the organic members. These spacers act as protective layers
allowing to prevent the rapid oxygen absorption and thus delaying the
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decomposition of materials. The second reason of the increasing interest
towards 2D perovskites is the chemical tunability of their structural and
optical properties, through the modulation of the nature of the organic
spacer. [3]

2D perovskites can be divided in different structures on the basis of the
crystallographic planes where the organic spacers separate the inorganic
octahedra, resulting in (100)-oriented, (110)-oriented, and (111)-oriented
2D materials. The most investigated are the (100)-oriented perovskites,
which can be further categorized into the following phases (Figure 8):

- Ruddlesden-Popper (RP) phase, with formula A’,A,.1MpX3,+1 Where

both A (smaller) and A’ (larger) are monovalent organic cations,
presents staggered layer stacking. It consists of two interlayer
organic spacers sheets, each interacting with inorganic layers only
at one side, while on the other end of the chain they interrelate
each other through van der Waals forces. [19]

- Dion-Jacobson (DJ) phase, with stoichiometry A’A,.1M;X3n:1 Where

A is a smaller monovalent organic cation and A’ is a larger divalent
organic cation, show eclipsed layer stacking. In this case, using a
diammonium cation, ammonium groups at both the ends of the
organic chain can interact with the inorganic slabs forming
hydrogen bonds. [20]

- Alternating cations in the interlayer space (ACl) phase, with

formula A’A,MX3ns1 Where both A and A’ are small monovalent
organic cations, and staggered layer stacking along the b direction,
while eclipsed along the g-axis. In this case, the A-site cation (such
as methylammonium) is not only in the octahedral cage but it is
also present between the inorganic layers alternating with the
other larger cation. For this reason, the ACI structure can be
templated only by the guanidinium cation as A’. [21]
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Figure 8 Structures of (100)-oriented 2D perovskites. a) Ruddlesden — Popper (RP) phase, b)
Dion — Jacobson (DJ) phase, c) Alternating cations in the interlayer (ACI) phase. Reprinted with
permission from ref. [6] Copyright © 2021 American Chemical Society.

The A cations may be fully or partially replaced by the larger A’ cations,
resulting in structures with a single inorganic layer (n = 1) or more adjacent
inorganic slabs (n = 2, 3, 4, etc. They undergo the definition of quasi-2D
perovskites). n = oo corresponds to the 3D perovskite (Figure 9). Sorting the
number of inorganic layers, properties of these materials can be modulated,
accordingly. The exact n-layer thickness can be tailored through a simple
synthetic chemical route, allowing to tune the quantum-confinement
effects. Up to date, the highest number of layers which has been
characterized in a 2D perovskite is n = 7. With n > 7 the unit cell becomes
too large preventing the full characterization of these materials, since the
intergrowth of various phases reduces the crystallinity. [6]
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Figure 9 Crystal structures of 2D perovskites extending from n = 1 to n = e, Reprinted with
permission from ref. [19] Copyright © 2016 American Chemical Society.

1.2.1 Organic spacer cations

The selection of the organic spacer should be made considering all any
possible factors that could stabilize the 2D perovskite, such as size, shape,
charge, and presence of heteroatoms. The (100)-oriented 2D structure
allows the incorporation of a plethora of organic cations, actually acting as
a template to build the perovskite itself up. The different kind of organic
spacers can affect the distortion both within and between the inorganic
octahedra, tune the exciton binding energy and improve the stability by
controlling the hydrophobic chain. [4]

One of the fundamental aspects that should be taken into account in the
choice of the spacer cation is its nature and therefore its shape, considering
the characteristics of the organic tail and the amino head. The first one can
be linear, branched or cyclic, also differentiating between aliphatic and
aromatic molecules. Obviously, linear-chain cations are more flexible and
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can easily give the 2D motif. [22] On the contrary, a more complexity of the
chain induces a higher rigidity of the spacer, reducing its freedom to move,
especially due to increasing steric hindrance in branched cations and
stiffness of the ring in aromatic spacers; therefore, tilting and formation of
hydrogen bonds with inorganic slabs are consequently hindered. [23] As
concerns the aminic group at the end of the chain, it needs to show the
suitable size to penetrate through the inorganic layer reaching the terminal
halides. For this reason, the formation of 2D structure is more favoured by
primary ammonium cations, followed by secondary, then tertiary and lastly
quaternary ammonium cations: R-NHs* > R;NH;* > R3NH* > R4N*. In
particular, the presence of bulky groups as substituents on the N atom may
destabilize the 2D structure. [24]
The size of the whole spacer is essential to discriminate between 2D and the
other perovskite structures. The smallest monoammonium cation reported
in literature, recognized as able to generate the 2D motif, is
methylhydrazinium. [25] Compounds with linear monoammonium chains
with up to 18 carbon atoms have been investigated, constantly resulting in
2D structures. [22,26,27] While, among linear diammonium cations, the
shortest spacer that can be used is 1,4-butanediammonium. [28] Instead,
for cyclic spacers, monoammonium cations with different carbon atoms
number in the ring have been studied, obtaining 2D structures only from
three to six carbon atoms. [29,30] A bigger size of the ring, as well as the
presence of too numerous rings in the spacer, may destabilize the 2D
perovskite structure.
Another important aspect to take into account is the formation of hydrogen
bonds between the organic spacer and the inorganic slabs, which play a key
role in the stabilization of the 2D structure. The variation in the type of the
spacer can change the strength of hydrogen bonds, significantly affecting
structural and thus functional properties of materials. In particular, when
heteroatoms are present in the organic spacer, new hydrogen bonds may
occur and this could modify the cation configuration, sometimes providing
a displacement of the unit cell. [31] Figure 10 shows an overview of the
organic spacers that have been employed in literature for 2D perovskites.
19



Figure 10 Reported organic cations used to template 2D perovskites. 1) primary alkylammonium
(m = 0-1), 2) primary alkyldiammonium (m = 3-12), 3) N*-methylethane-1,2-diammonium (N-
MEDA) (m = 2), N'-methylpropane-1,3-diammonium (N-MPDA) (m = 3), 4) 2-
(dimethylamino)ethylammonium (DMEN) (m = 2), 3-(dimethylamino)-1-propylammonium
(DMAPA) (m = 3), 4-(dimethylamino)butylammonium (DMABA) (m = 4), 5) ammonium 4-butyric
acid, 6) iodoformamidinium, 7) guanidinium, 8) protonated thiourea cation, 9) 2,2’-
dithiodiethanammonium, 10) 2,2'-(ethylenedioxy)bis(ethylammonium) (EDBE), 11) protonated
2-(aminoethyl)isothiourea, 12) but-3-yn-1-ammonium (BYA), 13) 2-fluoroethylammonium, 14)
2-methylpentane-1,5-diammonium, 15) isobutylammonium (IBA), 16) heteroatom-substituted
alkylammonium, 17-20) cyclopropylammonium, cyclobutylammonium, cyclopentylammonium,
and cyclohexylammonium, 21) cyclohexylmethylammonium, 22) 2-(1-
cyclohexenyl)ethylammonium, 23) N-(aminoethyl)piperidinium, 24) N-benzylpiperazinium, 25)
piperazinium 26) (carboxy)cyclohexylmethylammonium, 27) 3-(aminomethyl)piperidinium
(3AMP), 28) 4-(aminomethyl)- piperidinium (4AMP), 29) cyclohexylphosphonium, 30) 1,4-
bis(aminomethyl)cyclohexane, 31) benzylammonium (BZA), 32) phenylethylammonium (PEA),
33) m-phenylenediammonium, 34) 4-methylbenzylammonium, 35) 4-
fluorophenylethylammonium,  36)  3-iodopyridinium, 37)  histammonium, 38) 2-
thienylmethylammonium, 39) 2-(2-thienyl)ethanaminium, 40) 2-(ammoniomethyl)pyridinium,
41) 2-substituted phenethylammonium (X = F, Cl, Br), 42) N,N-dimethyl-p-
phenylenediammonium, 43) 4-amidinopyridinium, 44) 2-naphthylmethylammonium, 45)
benzimidazolium, 46) 1,5-diammoniumnaphthalene, 47-49) naphthalene-O-ethylammonium,
pyrene-0-ethylammonium, perylene-O-ethylammonium, 50) 5,5’-bis(ammoniumethylsulfanyl)-
2,2"-bithiophene (BAESBT), 51) 5,5"-bis(aminoethyl)-2,2":5’,2":5",2""-quaterthiophene (AEQT).
Reprinted with permission from ref. [6] Copyright © 2021 American Chemical Society.

1.2.2 Optoelectronic properties and applications

MHPs have attracted increasing interest in the scientific community thanks
to their excellent properties in terms of light absorption coefficient,
photoluminescence quantum vyield, long charge carrier lifetime, diffusion
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length, tunable band gap, excitonic binding energy, and defect tolerance.
These properties made them suitable for application in photonic and

electronic devices.

Solar cell

Transistor

parovskite
5i02

Figure 11 lllustration of optoelectronic applications of 2D MHPs. Reprinted with permission of
ref. [32] Copyright © 2021 Wiley-VCH GmbH.

In the past few years, important improvement was especially achieved by

solar cells based on 3D perovskites, despite the crucial issue of their

instability. The introduction of 2D materials may represent a possible

solution to this problem, since layered materials show a more pronounced

tolerance to moisture, humidity, and water due to their particular structure.

Their hydrophobic nature, derived from the presence of organic chains,
21



makes them appropriate candidates also for photocatalytic applications.
Moreover, their binding energy and photoluminescence efficiency are
significantly enhanced by the important quantum confinement in 2D
perovskites with respect to 3D materials, allowing their application in LEDs
and laser devices (Figure 11). [5]

Electronic structure

2D MHPs have a band gap based on the overlapping degree of the metal-
halogen bonds, similar to the case of 3D perovskites. The overlapping of s
orbital of metal ion and p orbitals of halide ions forms antibonding hybrid
states, that constitute the valence band maximum (VBM). Whereas, the
conduction band minimum (CBM) consists of antibonding states formed by
the overlapping of mixed p orbitals of metal ion and halide ions. A spin-orbit
splitting of p orbitals of the metal ion gives a further stabilization of the CBM
and may be the reason of the defect tolerance of these materials. Despite
wide bands observed in 3D MHPs, the valence and the conduction bands
include localized narrow bands in 2D perovskites, probably as a
consequence of Jahn-Teller effect and the zero-dispersion along the vertical
axis. For this reason, higher bandgaps and exciton binding energies are
shown in 2D materials with respect to the corresponding 3D compounds.
Indeed, 2D perovskites are excitonic semiconductors with bandgap energies
typically above 2.5 eV and exciton binding energies exceeding 300 meV,
resulting in quantum and dielectric confinement effects. [33]

As mentioned before, the nature of the organic cation deeply influences the
structural and optoelectronic characteristics in these compounds, including
the band gap. Indeed, the electronic properties are determined by the band
alignment of the organic spacer with the inorganic slabs. In general, the
bandgap of the organic layer is higher than the one of the inorganic layers,
creating a quantum well-barrier structure, in which the inorganic layers act
as potential wells while the organic components as potential barriers (Figure
12). [13]
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Figure 12 Schematic representation of quantum well structure of a 2D perovskite. Reprinted
with permission from ref. [13] Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA
Weinheim.

Applications

2D materials revealed several advantages compared to the corresponding
3D perovskites. The alternating organic and inorganic layers make 2D
perovskites appealing for unique properties they confer them. Modifying
the number of inorganicslabs (n=1, 2, 3, 4, ...) optoelectronic characteristics
such as quantum confinement, charge carrier recombination, etc. can be
easily tailored. One of these features is the dielectric confinement along the
c-axis deriving from the difference in the dielectric constants, lower for the
organic sheet and higher for the inorganic layer. Thanks to all these assets,
2D perovskites seem to be excellent candidates for LEDs applications.
Furthermore, the hydrophobic nature of organic spacers can provide a
remarkable stability to the perovskite under ambient conditions, making it
suitable also for photocatalytic applications, as well as accounting for the
larger surface area due to the low dimensionality. Another positive aspect,
related to the reduced dimensionality is the poor dark current in devices,
since the halide ions migration in 2D MHPs can be considered negligible. [34]
Due to the high exciton binding energy and quantum confinement, 2D MHPs
present high photoluminescence quantum vyield, appealing for LED
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application. In particular, the increase of number of inorganic layers
improves the charge carrier concentration, the mobility and the quantum
efficiency. [32] The utilization in photodetectors is favoured by the
anisotropic charge carrier properties due to the quantum well structure,
which makes the exciton diffusion easier through the inorganic layers,
resulting in a better dissociation of excitons into free carries and, thus,
improved efficiency of the device. [35]

However, besides these indisputable advantages of 2D perovskites, many
drawbacks limit their optoelectronic application especially in photovoltaic,
photodetector, and photocatalytic applications. For instance, the larger
bandgap of the pure 2D perovskites (which is > 2.3 eV) is not so suitable for
photovoltaic application. [13] The solution to face this drawback consists of
mixing 2D perovskites with 3D materials, in order to decrease optical
bandgap and exciton binding energy, to enhance the efficiency and to
improve the stability due to the 2D perovskite hydrophobicity induced by
the organic spacer. [36] Another problem concerns the high exciton binding
energy caused by the reduced dimensionality, that confines the excitons
within the inorganic layers, resulting in very low charge carriers separation.
This inconvenience could be rectified by increasing the number of inorganic
layers. [37] Indeed, 2D perovskites exhibiting the poorest optoelectronic
features are the n = 1, due to the more prominent electro-phonon
interaction observed because of the high portion of organic components
with respect to the inorganic moiety. Secondly, high exciton binding
energies and enhanced electron-hole interactions lead to non-radiative
recombination processes of some excitons, limiting devices performance.
[38] On the contrary, quasi-2D MHPs exhibit excellent electronic
peculiarities, making them suitable for devices reported in Figure 11. Also,
tuning the dielectric confinement by using spacer cations with higher
dielectric constant can reduce the dielectric difference between the
inorganic and organic layers, lowering the exciton binding energy, and
making 2D perovskites more appropriate materials for this kind of
applications, up to date an exclusive prerogative of 3D systems. [39]
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1.2.3 White-light emitters

Broadband emitters are single-phase compounds able to emit
photoluminescence (PL) covering almost the whole visible spectrum and
generating white light. These materials are quite rare but they represent the
next generation of solid-state phosphors, substituting the current method
of white light production by mixing different phosphors of LEDs.
Interestingly, broadband white-light emission has been observed in 2D
MHPs, making them desirable materials for this kind of application. First
examples of 2D white emitters have been reported by Smith et al. in 2014
investigating (N-MEDA)PbBr4 and (EDBE)PbX4 (N-MEDA = N*-methylethane-
1,2-diammonium, EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium), X = Cl
and Br) (Figure 13). [40] Later, new 2D perovskite phases have been studied
as broadband emitters in order to explain the emission mechanism, also as
a function of temperature.
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Figure 13 Structure of (EDBE)PbBrs and its emission which cover the entire visible spectrum.
Reprinted with permission from ref. [40] Copyright © 2018 American Chemical Society.

High exciton binding energy of 2D perovskites provides a strong PL at room

temperature. These fascinating results have prompted the study of these

materials even at low temperature, obtaining in some cases a combination

of narrow and broad emissions, probably as a consequence of self-trapping;
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an important dependence of emission on the temperature was thus
demonstrated. [40]

The exciton self-trapping is the proposed mechanism at the origin of broad
PL, with a further enlargement induced by the presence of defects in the
material. Self-trapped excitons occur in materials presenting soft lattice and
electron-phonon interactions strong enough to cause elastic distortions in
the lattice by excited electrons and holes. After the photogeneration of
electrons and holes, they are quickly self-trapped in order to reach a more
stable state with respect to the former condition, in which they can move,
increasing the lattice distortion. This phenomenon provides the emission of
photons with broad spectrum and significant Stokes shift from the
absorption curve (Figure 14). [41]
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Figure 14 Absorption and photoluminescence spectra of (N-MEDA)PbBra. It can be noted a
significant Stokes shift between the narrow absorption curve and the broad PL spectrum. The
inset shows the photograph of PL from the powder. Reprinted with permission from ref. [40]
Copyright © 2018 American Chemical Society.

The color of the broad PL can be tuned by substituting the halide (Br/Cl) in
the perovskite, allowing to obtain both cold and warm white light. The
partial chloride substitution in a 2D bromide perovskite affects two
parameters: the first one is the emission colour-rendering index (CRI),
quantifying the ability of a light source to reflect the true colour of an
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illuminated sample. It increases along with the CI amount. Commercial
indoor illumination phosphors are required to have a CRI value > 80. For
instance, (EDBE)PbBr, possesses a CRI = 84. The second parameter is termed
CIE (chromaticity coordinates, CIE, and CIE,) and defines the colour of the
broad emission. The progressive replacement of bromide with chloride
shifts the CIE values even closer to the pure white light, near to the sunlight.
An example of CIE diagram is reported in Figure 15. [42]
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Figure 15 Chromaticity coordinate diagram for some white-light emitters. In the inset: solar
spectrum (orange) with the visible region shaded in yellow and the emission spectra of (N-
MEDA)PbBrs4 (red) and (N-MEDA)PbBrssClos. Reprinted with permission from ref. [42]
Copyright © 2014 American Chemical Society.
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1.3 Lead-free materials

The most deeply investigated MHPs systems are based on Pb?* as B cation,
since this metal provides perovskites with the best functional properties in
terms of good stability, despite all perovskite materials are sensitive to
moisture, and high devices performance. Therefore, struggling with the
toxicity issues of lead-containing systems, researchers on MHPs are now
significantly enlarging the panorama of possible metals (e.g., Sn, Bi, Sb, Ge),
with Sn as the major player in this novel sustainable future. [43,44] The
commercialization of lead-based devices is limited by this metal’s toxicity,
probable carcinogenicity, bioavailability and water solubility that might
causes water contamination, representing a potential risk for both humans
and environment. [45]

Periodic Table of Elements
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

H He
[ [Be] lelc|nfo]F [ne
Na | Mg Al|si| P |s |cl|ar
K |Ca

Rb | Sr

Cs | Ba

Fr | Ra

S alkaline-zarth metal halide perovskites . lanthanide and actinide halide perovskites
D group-14 element halide perovskites . heterovalent metal halide perovskites

[ transition metal halide perovskites [7] metal chalcogenide perovskites

Figure 16 Periodic table of the elements in which candidates for lead replacement are
highlighted. Reprinted with permission from ref. [45] Copyright © 2017 Springer Nature.
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Figure 16 shows all the possible candidates for lead replacement in the
periodic table of the elements. The substitution can be achieved through
two approaches:

- a homovalent substitution with 14th-group elements (Ge?*, Sn?*),
alkaline-earth metals (Mg?*, Ca%*, Sr¥*, Ba®*), transition metals (Cu?*,
Fe?*, Pd?*), and lanthanides and actinides (Eu?*, Tm?*, Yb%*);

- or a heterovalent substitution with a combination of aliovalent
cations with the aim to maintain the neutral charge balance. For
instance, transition metals such as Au, main group elements (Tl, Sb,
Bi, Te), lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Tm, Lu), and
actinides (Pu, Am, Bk) with a different oxidation state from the
bivalent one.

1.3.1 Germanium as B cation

Ge-containing perovskites still deserve a deep investigation, starting from
the basic science point of view, to further exploit their possible
functionalities which could extend to a rich range of fields, in analogy with
Pb-and Sn-based systems. While sharing with tin some issues related to
cation oxidation, Ge appears to be more stable, and a proper materials
chemistry design based on metal alloying and organic cation tailoring could
improve the stability of germanium halide perovskites. Other issues to
overcome, shared with Bi- and Sb-perovskites, are the poor solubilities in
common polar organic solvents of germanium precursors, but the
advancement in the field of physical vapor deposition of MHPs could provide
the required answer. [46] Exploration of lower-dimensional systems is still
at infancy and the exciting results accumulated in the last years on tin and
lead analogues should trigger a significant amount of experimental and
computational research to unveil the structure-property correlations in
these systems. Lower-dimensional Ge-based perovskites in addition to RP
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materials still call for a significant experimental and computational
investigation to highlight the role of spacer cation, structural distortion,
alloying and quantum confinement on optical properties. Another strategy
that could be explored for Ge-based materials is the preparation of
perovskite derivative materials including Ge** cations, thus getting rid of the
oxidation issues. This approach has been successfully applied for Sn-based
perovskites where Cs,SnXs vacancy-ordered inorganic double perovskite
proved to be promising phases for photovoltaics and optoelectronic
properties. [47,48] To date, only the computational investigation of possible
Ge-based vacancy ordered perovskites has been accomplished and urgent
experimental effort should be directed in this way. [49]

3D Ge perovskites

Germanium-based MHPs are still scarcely investigated but we may
anticipate a growing interest towards such materials in the next years for a
wide spectrum of applications. Hybrid organic-inorganic 3D germanium
halide perovskites have been among the first to be deeply investigated in
analogy with the Pb-containing materials. Initially, a series of AGels
materials with A = methylammonium (MA), formamidinium (FO),
acetamidinium  (MFO), guanidinium, trimethylammonium, and
isopropylammonium, was reported in 2015 by Stoumpos et al. [50] Only
with the first three organic cations 3D perovskites were crystallized while, in
the remaining cases, 1D infinite chains compounds were found, as also
observed in analogous Pb-containing systems when the size of the organic
cation increases. [51] For the 3D perovskite materials, the band gap has
been shown to increase progressively by 0.3 eV by replacing smaller Cs*
cation with bigger MA (1.9 eV), FO (2.2 eV), and MFO (2.5 eV) cations. [50]
This is a quite unusual trend since the organic cation size in Pb-based 3D
perovskite only marginally affects the band gap. The increased spatial
separation of the [Gels] inorganic units induced by cation size is believed to
be responsible for a reduced orbital overlap. This in turn results in narrow
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bandwidths leading to a greater band separation and band gap increase.
(50]

More recently, the MA,_FAGels (x =0, 0.25, 0.5, 0.75, 1) solid solution was
systematically investigated by Yue et al. [52] The optical properties
characterization showed a progressive modulation of the band, spanning
the interval from 2.26 to 1.98 eV. Interestingly, the analogous Pb-based
system, namely MA;_FAPbls, shows a very limited variation of the band gap
moving from MAPDbI; (1.48 eV) to FAPbIs (1.53 eV). [53] A clear definition of
the stronger impact of the organic cation on Ge-based perovskites with
respect to the Pb-analogues warrant further detailed structural
investigation, e.g. by local structural probes, since this large effect may be
exploited for electronic properties tuning as an additional degree of
freedom with respect to halide substitution. [54,55] The authors carried out
also a deep study on the stability of the prepared phase by performing XRD
analysis as a function of exposure time of the perovskite under glove-box
conditions and air. In general, while a good stability under argon storage has
been found, air-exposure leads to GeO, formation after 24 hours, thus
confirming the instability of the Ge?* ion toward oxidation to Ge**. [52]

In parallel to these limited experimental works, advanced computational
modelling has been used to explore the electronic and optical properties of
Ge-containing perovskites, define their stability, and predict possible novel
compositions. Structures and formation energies, electronic band-
structures, and optical properties were calculated in great detail indicating,
as main conclusions, that MAGels exhibits an electronic character close to
the one of MAPbI; and that Ge-based perovskites are less prone to oxidation
with respect to the Sn counterparts providing the following order of stability
MAPbI3; > MAGel; > MASnls. [56]

As for other 3D MHPs, B-site metal alloying has been explored also for Ge-
based perovskites. A detailed experimental study on the MASNn;,Geyls (0 < x
< 1) solid solution has been provided by Nagane et al. based also on the
computational prediction of the possibility of realizing mixed Sn-Ge
perovskites. [57,58]
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All-inorganic CsGeXs (X=Cl, Br, 1) have been as well object of several
computational works, which highlighted strong absorption coefficients,
large dielectric constants, small effective masses, non-linear optical
behaviour, strong ferroelectric polarization, and even ultralow thermal
conductivities of interest for thermoelectric applications. [56,59-62]
Despite this significant amount of computational and theoretical work on
CsGeXs perovskites, few experimental works have been reported in the
current literature. Among them, CsGeXs (X = Cl, Br) perovskites were
investigated by Schwarz and co-workers also highlighting the effect of the
application of high-pressure on the structural and electronic properties.
[63,64] Quite impressively, the band gap of both perovskites has an
extremely large reduction (red-shift) by increasing pressure with a rate, of —
0.61 eV/GPa. [65] An analogous behaviour has been observed in Sn-based
perovskites, while for Pb analogues the impact of high-pressure on the band
gap is usually smaller. [66—68]

Low-dimensional Ge perovskites

Together with 3D metal halide perovskite, some limited research efforts
were directed towards low-dimensional perovskites, especially OD and 2D
systems. Chang and co-workers investigated the Ruddlesden-Popper series
BA:MA,.1Ge,Br3n.1 derived by layering the parent 3D perovskite MAGeBr;
(with  butylammonium  BA=CH3(CH;)sNHs* and  methylammonium
MA=CH3NH5*). [69] Analogously to the Pb-counterparts, the crystal
structure of these materials consists of the stacking of n inorganic perovskite
layers, intercalated with bulky butylammonium cations acting as spacers.
The authors focused on the n = 1 and 2 of this series with the aim of
highlighting the quantum confinement effects and comparing their
properties with MAGeBrs. The band gaps extracted from the Tauc plots of
absorption demonstrate a progressive blue-shift moving from MAGeBr;
(2.85 eV) to BA,GeBr4 (2.95 eV), and to BA;MAGe;Br; (2.98 eV), as expected
from increased quantum confinement of optical excitations within the
layers by reducing n. Through DFT calculations of the electronic structure,

the authors attributed the weak dependence of band gap on quantum
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confinement to the peculiar nature of the germanium orbitals, leading to
band structure of layered RP germanium bromide perovskites similar to the
parent 3D perovskite, differently to the case of analogous lead-based
compounds. [69]
The PEA,Gels (PEA=C¢Hs(CH)oNH3*) 2D perovskite has been reported by
Cheng and co-workers as one of the first examples of layered iodide Ge-
based perovskite. The authors performed one of the few stability tests
available for Ge-based perovskite by comparing MAGel; and PEA,Gel,
powders exposed to a relative humidity level of 60 % at 25 °C. After 2 days
storing in the humidity environment, MAGels; showed evident MAI and Gel,
diffraction peaks in the patterns due to the decomposition and oxidation
processes. On the other hand, the pattern of PEA,Gel, remained almost
unchanged: this result comes from the hydrophobic nature of PEA cations
avoiding the direct contact of water with perovskite, thus delaying the
moisture degradation and the subsequent oxidation. [70] The same authors
further investigated the mixed Sn-Ge, PEA,Ge14Snyl4 system (x = 0, 0.125,
0.25, 0.5). [71]
A variety of further computational works explored other Ruddlesden-
Popper Ge-containing perovskites such as the BA;MA,.1Geplzneg (0= 2 - 4)
systems. By DFT calculations, the trend of electronic and optical properties
was predicted showing a band gap decrease from 2.35 eV to 2.29 eV for Ge-
based 2D perovskites by increasing the layer thickness from n =1 to 4, with
also a reduction of exciton binding energies and light absorption
improvement with increasing layer thickness. [72] Such computational data
provide an indication that Ge-based 2D perovskites may be suitable lead-
free candidates to be incorporated in photovoltaic and/or photoelectronic
devices providing reasonable performance, lower environmental concerns
and enhanced device longevity. To date, the number of experimental
reports on two-dimensional Ge-containing MHPs is very limited but they
appear to be, relying even on the intrinsic distortion observed in the GeXs
octahedra, good candidates for broadband emitting materials. Moreover,
0D and 1D Ge-based materials appear to be a nearly completely unexplored
research field which should be considered in the future.
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CHAPTER 2.
2D SINGLE CRYSTALS SYNTHESIS TECHNIQUES

It is noticeable that novel phases of these materials, even if they can be
similar to already known 2D structures, need to be investigated by single-
crystal X-ray diffraction, because the incorporation of new spacer cations
may induce distortions reflecting on differences in physical properties. For
instance, the M-X-M bond angle influences the electronic structure,
providing a narrower bandgap when the angle is close to 180° and this is
ideal for the application in solar cells. The optical properties can be also
affected by the interlayer distance and M-X bond length. [73] For these
reasons, the structure-property relationship of novel compounds is essential
to be studied and the single crystals preparation is required for this purpose.

. precipitation P % \-
Surfoce-
knzbn- Spoce-confined
method
awm Methods ko{ 20 I
perovsxite
N \ crystallization ’
t | L:J C Antisolvent
ontrolied Yopor-aisated -
Evoporotion o—y“w.b:v::sm O‘_—_,
method (AVC) method ’

Figure 17 Schematic representation of the methods to prepare 2D perovskite single crystals.
Reprinted with permission from ref. [75] Copyright © 2020 EcoMat.
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It’s imperative to find a suitable efficient strategy of synthesis for each
material: the first method of MHPs single crystals production was reported
in 1987 by Poglitsch and Weber, consisting in a cooling of a HX-based
solution. Later, new more advanced methods were introduced, such as a
top-seeded solution growth (TSSG), antisolvent-assisted crystalline
procedure, an antisolvent vapor-assisted crystallization (AVC) technique,
and the inverse temperature crystallization (ITC). [74] Unfortunately, these
single crystals preparation strategies were often efficient for 3D perovskites
while they failed for 2D materials. In general, the best and most used
method to synthetize hybrid 2D perovskite single crystals is the solution
process, during which parameters such as solubility, temperature, solvent
content, need to be kept under control. Figure 17 shows a schematic
representation of the possible crystallization routes.

2.1 Acid precipitation method

This method is based on the increasing solubility of the perovskite along with
the temperature in the HX solution, where X = Cl, Br and I. It was described
for the first time in 1987 by Poglitsch and Weber for the growth of 3D
perovskite single crystals through a cooling method and then extended also
to 2D perovskites. [75] By heating the HX perovskite precursor solution up
to a temperature > 90°, followed by a slow gradual cooling down to room
temperature, single crystals can be grown. The cooling rate needs to be
properly monitored in order to obtain high-quality and large single crystals.
On the contrary, fast cooling induces the formation of multiple nucleation
sites, providing a polycrystalline powder as a final result. An efficient cooling
rate is 1°C/h. In the case of n = 1 layered perovskites, single crystals of the
right desired phase are easily obtained by this method. Therefore, when n
is greater than 1, a mixture of phases may develop, due to the difference of
two organic cations solubility in the same solvent. An example is reported
by Bakr’s group, who prepared PEA,Pbls:(MAPbIs),.1 with n =1, 2, 3 (PEA,
phenethylammonium; MA, methylammonium), while for n > 3 they were
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not able to obtain the phases of interest, since a mixture of the pure 3D
perovskites was formed. [76]

2.2 Space-confined method

This method, also known as induced peripheral crystallization (IPC), was
proposed by Liu’s group for the preparation of PEA,Pbl, single crystals. [77]
It was designed with a view of limiting the growth in a confined spaced,
allowing to exclusively obtain 2D materials.
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Figure 18 a) Schematic illustration of IPC method to grow 2D PEAzPbls single crystals. b)
Photographs of PEA:Pbla single crystals at different stages of the growth process. c) Photo of
the obtained PEA2Pbls single crystals. Reprinted with permission from ref. [77] Copyright ©
2018 Springer Nature.

A solvent in which the perovskite solubility increases with the temperature,
such as y-butyrolactone (GBL), is required and the apparatus consists of a
uniform substrate (like PET, polyethylene terephthalate), a top glass and a
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thermostat. The precursor saturated solution is deposited on the preheated
substrate (80°C), covered with the top glass and kept at constant
temperature. Initially, only the GBL at the edges of the two plates
evaporates, while the rest of the solution remains sealed inside by the edge
crystals. Reducing the temperature, the perovskite solubility decreases and
crystal growth starts at the edge. The cooling rate needs to be controlled in
order to avoid the formation of multiple nucleation sites induced by too fast
cooling. Figure 18 reports the schematic representation of IPC method and
the resulted PEA,Pbls single crystals as a function of slow temperature
decrease.

2.3 Antisolvent vapor-assisted crystallization (AVC) method

The AVC method, also called solvent engineering approach and fast
crystallization deposition, was introduced for 3D materials by Cheng’s and
Soek’s groups and exploits the solubility difference of perovskites in various
solvents. [78,79] The perovskite precursors are dissolved in a solvent
showing high solubility power, such as N,N-dimethylformamide (DMF),
dimethylsufoxide (DMSO) or y-butyrolactone (GBL) and an antisolvent, such
as chlorobenzene, benzene or diethylether, is added in order to crystallize
the perovskite. Indeed, when the perovskite nucleates, the antisolvent
vapor is continuously transported to the solution, promoting the
crystallization. The product size can be tailored by controlling the
evaporation rate of the antisolvent. When this latter is too fast, multiple
crystal nucleation sites are generated, causing a reduction of the crystal
quality or leading to the powder. Instead, a too slow evaporation prolongs
the growth process. The first 2D perovskite single crystal obtained through
this technique was of PEA,PbBr,4, prepared by a precursor solution in DMF
as a solvent surrounded by an atmosphere of chlorobenzene as an
antisolvent (Figure 19). [80]
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Figure 19 Schematic representation of the growth process with AVC method of 2D PEA:PbBrs
single crystals. Reprinted with permission from ref. [80] Copyright © 2017 American Chemical
Society.

2.4 Controlled-evaporation method

Also known as slowly evaporating at constant temperature technique, it’s a
solution-growth method based on the principle for which the concentration
of the solute gradually increases with the solvent evaporation. When the
critical saturation concentration is reached, the solute begins to precipitate
and its crystallization continues as long as the solvent evaporation goes on.
The growth process is divided into two stages: in the first one the solvent
evaporates and no crystal formation occurs; in the second stage the
crystallization starts because the solution reaches the oversaturation. The
first parameter to control is the solvent evaporation rate in order to produce
a single nucleation seed; the second one is the growth conditions with the
aim to prevent the generation of other nucleation seed. Moreover, the
chosen fixed temperature is a fundamental parameter for the success of the
crystallization; thus, it needs to be optimized, in order to avoid the
formation of a polycrystalline product.

This technique can be used to fabricate single crystals at room temperature,
as Liu et al. made for PEA,PbBr, first at a fixed temperature of 23°C, after 20
days, from a precursors solution in DMF (Figure 20). [81]
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Figure 20 Schematic diagram of the growth process of PEA2PbBrs single crystals through
controlled-evaporation method. Reprinted with permission from ref. [81] Copyright © 2019
Royal Society of Chemistry.

2.5 Surface-tension-controlled crystallization

This technique is based on the surface tension control, exploiting the
difference in the growth rate between the surface of the solution and the
interior of the solution. Indeed, the nucleation rate at the surface is found
to be higher than the rate in solution. By using the appropriate solvent, the
perovskite solubility rises with increasing temperature. With a slow cooling,
the solubility gradually decreases, leading to the crystal growth on the
surface of the solution due to the rapid transfer to the surface. When the
temperature reaches an enough low value, the weight of the crystal
becomes excessive and induce its deposition at the bottom of the solution.
The resulting crystal will be a large block of regular shape. [82] The authors
of ref. 82 have used this method to produce single crystals of PEA,Pbl, in y-
butyrolactone with a cooling rate of 0.5°C/h, yielding orange regular crystal
blocks as shown in Figure 21.
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Figure 21 Crystallization of PEA2Pbls perovskite. A) Gibbs free energy change AGota as a
function of particle radius. AGrota consists of a surface term AGs and a bulk term AGy. B) Graph
illustrating the lower nucleation barrier for the solution surface with that in the solution
volume. C) Schematic of the single crystal staying afloat on the solution surface. D) Schematic
of the surface tension-controlled crystallization process. E) Photographs of the PEA2Pbls
perovskite single crystals grown at different temperatures. F) Corresponding images of
PEA:zPbl, single crystals completed at different temperatures. Reprinted with permission from
ref. [82] Copyright © 2019 Elsevier.
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CHAPTER 3.
LINEAR ALIPHATIC CHAIN SPACERS

In the last few years there has been a growing interest around 2D MHPs for
their superior moisture and air stability, which found application in
photovoltaics to design 2D/3D solar cells architectures. [13] Lead-based
members with n=1 of the RP family, i.e. A,PbX4, have been thoroughly
studied thanks to the extremely rich variety of organic spacers which can be
incorporated into the layered structure giving origin to an impressive
modulation of their optical, structural and moisture-resistance properties.
[6,18] 2D RP perovskites containing linear monoammonium cations of
general formula (C,H2,+1NH3)2PbXs, have been among the first to be
explored, even before the advent of MHPs photovoltaics. [22,26,27] These
early studies mostly focused on the elucidation of the crystal structure as a
function of the number of carbon atoms in the aliphatic chain as well as on
the understanding of the phase transition commonly found in these
compounds. While the early investigation of the optical properties is quite
limited, this important group of publications provides a very accurate and
solid structural basis for current research. [22,26,27,83]

Billing reported the crystal structure and phase transition behaviour of the
(CsH2n+1NH3),Pbl4 perovskites for 4<n<16 showing, in general, the presence
of multiple reversible phase transitions due to changes in the hydrocarbon
chains and the relative arrangement of the inorganic layers. [22,26,27] Some
of these compositions, in the form of single crystals, have been also
characterized in terms of their optical properties indicating that the
photoluminescence (PL) spectra for 4<n<12 are very similar without
providing detailed quantitative data and putting emphasis on the
temperature dependence of the optical transitions. [84] More recently, thin
films of the (C,H»,+1NHs),Pbls family for n=4, 5, 7, 8 and 9 have been
characterized by low-temperature PL reporting a variation of the excitonic
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structure along with the number of carbon atoms and showing the
formation of a fine structure made of three levels for temperatures below
100 K. [85] Recently, the optical properties as a function of the number of
carbon atoms in (C,H24.+1NH3)2Pbls perovskites for 4<n<18, in the form of thin
films, have been reported and the trend of the optical band-gap
systematically correlated to structural effects induced by the variation of the
chain length on the Pbls octahedra. [86]

A limited amount of works has been carried out on the analogous system
containing Br instead of I, namely the (C,H2n:1NHs),PbBr, perovskites. To the
best of our knowledge, only the crystal structure of (C4HsNHs),Brls, together
with room-temperature optical properties characterization, has been
recently reported. [87] A partial systematic exploration of the effect of
hydrocarbon chain length in the (C,H2,+1NHs),Brl; systems has been carried
out for n=4, 5, 7, and 12, providing a general evidence of the role of n on the
excitonic structure. [88]

One of the most appealing aspects of 2D MHPs is their improved air and
moisture resistance compared to 3D perovskites. This specific aspect has
been considered only in one recent publication where the hydrophobicity of
the (C16H33NH3),Pbls phase has been not only demonstrated by collecting x-
ray diffraction (XRD) data before and after water treatment, but also
effectively employed in photo-redox catalysis. [89]

3.1 Role of chain length on (C;H2,:1NH3).PbX, (n=6, 8, 10, 12,
14, 16; X=Br and 1) 2D metal halide perovskites physical
properties and hydrophobicity

Purpose and scope

Considering the relevance of 2D MHPs in the current research, particularly
for their improved moisture resistance, the lack of systematic and complete
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studies of their structural and optical properties, phase transition behaviour,
especially for the Br-containing systems, and stability investigation as a
function of hydrocarbon chain length, in the present work we address these
issues by studying the (C,H2n+1NH3),PbX, systems for X=Br, and | and n=4, 6,
8, 10, 12, 14 and 16. This work provides the first detailed investigation on
the (C,H2n+1NH3),PbBr, series and a comparative study of the impact of the
number of carbon atoms on two analogous systems characterized by a
different halide (Br and I). The results presented below allowed to define a
complete picture of the effect of the hydrocarbon chain length on the
properties of 2D MHPs containing linear monoammonium cations which can
be of relevance to other analogous organic spacers and help in the further
design of layered perovskites with tailored properties.

Experimental methods

(C,H2n+1NHs),PbX,4 (X = Br, |) preparation

(CsH2n+1NH3),PbBrs; powder is prepared by a wet-chemistry route. The
followed procedure consisted in the dissolution of a proper amount of Pb(Il)
acetate powder in a large excess of 48% w/w aqueous HBr. The solution is
gradually heated to 100°C under continuous stirring. After the solid
dissolution, a stoichiometric amount of the liquid or solid amine is added.
Subsequently, the reaction mixture is cooled down to room temperature
obtaining the formation of the precipitate. The latter is filtered and dried
under vacuum overnight at 65°C.

(CsH2n+1NHs),Pbl, powder is synthetized by a wet-chemistry route. A
stoichiometric amount of Pb(ll) acetate powder is dissolved in a large excess
of 57% w/w aqueous HI at 100 °C under magnetic stirring. After the solid
dissolution, the stoichiometric quantity of the liquid or solid amine is added.
Then, the solution is cooled down to room temperature promoting the
precipitation of the product. The precipitate is filtered and dried under
vacuum overnight at 65°C.
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Results and discussion

The room temperature x-ray diffraction (XRD) patterns of the
(ChH24+1NH3)2Pbls and (CpH2n+1NH3),PbBry systems (n=6, 8, 10, 12, 14 and 16)
are reported in Figures 22a and 22b, respectively. The patterns of both
series are dominated by the (00/) reflections of the long axis typical of the
low-dimensional perovskites and related to their plate-like morphology.

a) L

o ¢
|16, Hyu N PO |
|
- | | 1 .
o | s | e o
o0ce | ‘ | | i

Wy e
aoua | . o)y em st P HILERL g = |
i = !l ) ]I iz i —

Irdensity
Intenskfy

1

=

|
—
|
] [
VE(HI
FLLd

x

2-Theta (%) 2-Theta (")

Figure 22 XRD patterns of (a) (CaHznt1NH3)2Pbla and (b) (CoHz0+1NH3)2PbBrs(n= 6, 8, 10, 12, 14
and 16). Inset: enlargement of low-angle part of the patterns highlighting the first peak.

The crystal structures of the (C,H2,:1NH3).Pbls (n= 6, 8, 10, 12, 14 and 16)
compositions are known in the current literature and match with the
present diffraction patterns of Figure 22a.13 The patterns of the analogous
bromide series have been treated through Le Bail method starting from the
same crystal structures, providing good fits of the data. From the patterns
of Figures 22a and 22b it is evident a progressive shift of the main peaks
((00/) reflections) of the patterns to lower angles by increasing the length of
the organic ligand, indicating the progressive expansion of the unit cell. The
trend of the c-axis dimension vs. the number of carbon atoms of the amine

ligand (n=6, 8, 10, 12, 14 and 16), is reported in Figure 23 for the two series
of samples.
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Figure 23 Trend of the c-axis as a function of the number of carbon atoms of the amine for
(CaH2n:1NH3)2Pbls (red dots) and (CaHzn+1NH3)2PbBrs (blue dots).

The expansion of c lattice parameter for both series of 2D perovskites is
roughly linear with an increase of the long axis with the number of carbon
atoms of about 5 A in the range 6 < n < 10, while a jump of ~7 A is found in
both series when passing from 10 to 12, and then the difference returns to
be around 5.5 A. Such behaviour can be explained based on the room
temperature crystal structure as a function of n. In the (C,H2,+1NHs),Pbl,
system, for n = 6, 8, and 10, the stable unit cell is the orthorhombic Pbca.
According to previous works, in this phase (named by Billing et al. as Phase
I), a bidimensional arrangement of two layers of interdigitated ammonium
cations are embedded between two consecutive inorganic [Pbls] sheets,
forming an alternated inorganic—organic layered structure.®> On the other
hand, according to the sequence of phase transition found in these 2D
perovskites, when moving to n = 12, the stable phase at RT, still
orthorhombic Pbca, is Phase II.12 In this case, while the change in the
inorganic layer is minimal, there is a change in the tilt angle of the
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ammonium group which may account for the observed increase of about ~7
A3 As a matter of fact, the transition from Phase Il to Phase Il leads to an
increase, for example in (C1oH2:NHs),Pbl, of about 1.5 A. Phase Ill is then
the stable RT arrangement for the n = 14 and 16 members of the
(CnH2n+1NH3)2Pbl, series, thus further keeping the change in the c-axis
around 5 A. Interestingly, such behaviour is also found for the
(CnH2n+1NH3),PbBr, series where the sequence of phase transitions is
analogous to that of the iodide-counterpart even though slightly shifted to
lower temperatures, as determined by Differential Scanning Calorimetry.
This result will be discussed later when presenting the results of the optical
properties of the investigated samples.

Interestingly, the c-axis is always longer for the (C,H2,+1NH3),PbBr, series,
notwithstanding a smaller ionic radius of bromide ion with respect to iodide,
and an average size of the inorganic slab of about 6.5 A for lead iodide
perovskites and of about 6 A for the lead bromides (as determined from the
available crystal structures). However, such an effect has been already
observed in other series of 2D perovskites where, moving from the iodide to
the bromide ion, by keeping the same ligand, leads to an expansion of the
long axis (of about 5-6 A, depending on the amine) as a result of a change in
the staggering of the organic cations, which move apart from the halides,
thus reducing the tilting of the organic cations. Origin of this effect is mostly
related to the strength of the hydrogen bonding of the protonated amine
with the apical halides which is well known and discussed in many recent
papers.*”’

The optical properties of the (C,Hzn+1NHs3),PbBrs and (C,H2,+1NHs),Pbl,
samples have been investigated by UV-Vis absorption and
photoluminescence spectroscopies. Figures 24a and 24b report the UV-Vis
spectra of the two series, while the Tauc plots, used to extract the bandgap
values, are reported in Figure 25.
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Figure 24 Absorption spectra for (a) (CaHzn:1NH3)2Pbls and (b) (CoHzn+1NH3)2PbBr 4.
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The spectra are characterized by narrow absorption peaks on top of the
band edge, consistent with stable excitonic population, typical of quantum
confinement effect.® In both cases a general blue shift is observed by
increasing the chain length of the organic cation. The corresponding PL
spectra are shown in Figures 26a and 26b. The PL spectra well reflect the
absorption features, as they show a structured emission involving two main
contributions.
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Figure 26 PL spectra for (a) (CaHzn+1NH3)2Pbls and (b) (CoHzn+1NH3)2PbBr 4.

The structuring of the 2D MHPs emission in 2 main contributions (51 and S2)
has been debated and, with fluence and temperature experiments, most
likely attributed to phonon replica of the main line.® Additionally in our
samples this band structuring is more evident for the specimens embedding
small alkyl chains. As we introduce longer chains, we also observe an abrupt
blue shift of the emissions, of about 120 meV for the main peak passing from
n=10 to n=12 in iodide samples and about 60 meV moving from n=8 to n=10
in bromide samples. The shift is therefore more pronounced in iodide-based
samples. In the past, several studies have shown experimentally and
theoretically that, in 2D perovskites, the quantum confinement of the
electron and hole and thus the emission wavelength can be tuned by varying
the thickness of the inorganic part, so effectively the quantum well
thickness.1!! It is evident that in our case is not the length of the alkyl chain
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variation inducing the abrupt emission blue shift, along the sample series,
as this length linearly varies across the series (Figure 23). The transition from
Phase Il to Phase lll in our iodine samples is accompanied to a relatively large
abrupt change in the I-Pb-I angle, form around 156° for n <10 to around
150° for n= 12; this, as already observed also by some of us, lead to a
decrease of the contributions of Pb orbitals to the CBM and to a band-gap
increase and a concomitant blue shift of the PL.1>!3 We prove therefore the
reason of the thermochromism observed in these materials, which is
induced by a polymorphic transition involving a diverse coordination of the
methylammonium cation impacting on the halogen/lead coordination
sphere. Very interestingly, these systems possess two distinct variation
paths for their excitonic emission behaviour, one directly related the chain
length influencing the interplane interaction between inorganic layers, and
another one depending on the ammonium coordination to the halogen
atoms (polymorphism) with direct dependence on the temperature of the
system.

As mentioned in the introduction, a peculiar characteristic of 2D perovskites
is their enhanced moisture and even water stability.}*!° To date, no studies
on the effect of the alkyl chain length on such phenomenon has been
performed. To address this issue, we subjected three selected members of
the (C,H2n+1NH3),PbBrs and (C,H2,+1NHs),Pbl, series, namely with n = 6, 10,
and 16, to two kind of tests. In the first experiment we put the perovskite
powdered sample directly in deionized water and we left it for 4 hours under
stirring and recovered the material after this time following water
evaporation under the hood. On these samples we collected XRD patterns
and compare them to the pristine, as-prepared materials. The second test
was the determination of the contact angle by using water as solvent as a
function of time on thin films samples. Figures 27a-f show the patterns of
the lead bromide and iodide 2D perovskites with n = 6, 10, and 16
perovskites after water treatment, compared to as-prepared batches.
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Figure 27 XRD patterns before (black line) and after (blue line) water treatment for the
(CnH2n+1NH3)2Pbl4 (a-c) and for the (b) (CoHzn+1NH3)2PbBr4 (d-f) perovskites.

In general, for both series of samples, complete degradation of the materials
is not found even after the immersion in water and sample recovery.
However, the patterns show an improvement of structural stability by
increasing the length of the hydrocarbon chain. In more detail, for the
(ChH24+1NH3)2Pbl4 series, extra peaks are found for n=6 and 10, while the
patterns before and after the water treatment are superimposable when
n=16. For the bromide analogues, while significant differences are found
when n=6, a nearly impressive similarity between the patterns before and
after the water treatment is found when n=10 and 16. This difference in the
water-resistance between the two series of samples could be ascribed to
the more polar nature of the inorganic framework when iodide anion is
present in the perovskite.
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Further insight into the hydrophobic characteristics of the 2D perovskites
has been achieved through the measurement of the contact angle of the
same samples reported above. For the measurements, films of about 500
nm have been prepared on quartz substrate through spin-coating method.
Figures 28a and 28b report the trend of the contact angle as a function of
time for the (C,H2n+1NHs)2Pbls and (C,H20+1NHs)2PbBrs samples, respectively,
for n=6, 10, and 16.
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Figure 28 Contact angle values as a function of time for the (a) (CoHzn+1NH3)2Pbls and (b)
(CoHz0+1NH3)2PbBrs samples.

For the (C,H2n:1NHs),Pbl, series, the starting value of the contact angle is
roughly around 60°, without relevant differences as a function of n. For n=6
and 10, the angle value rapidly drops within the first seconds of the
measurements and after about 20 seconds it is not possible to measure any
value. On the opposite, for n=16, after an initial slight reduction of the angle,
the value remains constant around 50°. This result confirms the evidence of
a high hydrophobicity for the (Ci6H33NH3),Pbls composition as reported
recently in ref. 20 where the perovskite has been used in photocatalytic
applications.?® For the (C,H2.+1NH3),PbBrs series the starting values of the
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contact angles are higher with respect to the iodide analogues (Fig. 28a and
28b). In this case, the most relevant initial drop was observed for n=6 as for
the other series, but in this case it was possible to measure the sample up
to 40 seconds. The drop for the n=10 composition was less pronounced, but
a significant reduction of the contact angle was observed during the
measurement. Also in this case, differently with respect to the
(ChH2r+1NH3)2Pbl4 series, the measurement could be performed up to the
maximum time interval selected. Finally, for n=16, the value of the contact
angle remains constant, around 60°, for the whole measurement,
confirming the strong hydrophobicity also for the (CisH33NH3),PbBry
composition. The contact angle measurements well correlate to the results
of the tests reported in Figures 27a-f, indicating a general improved
hydrophobicity by extending the hydrocarbon chain length but also moving
from the iodide to the bromide anion.

Conclusions

In the present work we investigated the new systems (C,H2,+1NH3),PbBry,
focusing on the effect of the number of carbon atoms in the organic chain
on structural, optical properties and improved hydrophobicity, providing a
comparison with the analogue iodide systems reported in literature. The
expansion of the chain length causes the expected rise of the perovskite cell,
but an anomalous outcome concerns the longer c-axis for the bromide series
with respect to the iodine counterparts. Moreover, the elongation of the
organic chain induces a blue shift in both the optical absorption and
photoluminescence spectra, which is more pronounced for the iodine
series. In addition, the bromide-based compounds result more water-
resistant than the corresponding iodine ones and the hydrophobicity
increases along with the rise of the organic chain length.
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3.2 Decylammonium cation

After investigating the role of the number of carbon atoms in the aliphatic
chain and its effect on structural and optical properties, as well as on the
perovskite stability and hydrophobicity, we focused on decylammonium as
organic spacer. We prepared the same 2D bromine- and iodine-based
systems, expanding our research on germanium and tin, scarcely
investigated in literature in 2D MHPs, and studying the role of the metallic
cation. In order to modulate the physical properties, we also adopted a
chemical tuning strategy on the decylammonium-germanium perovskite, by
synthetizing the solid solution DA,Ge(Brilx)s withx =0, 0.15, 0.25, 0.5, 0.75,
0.85, 1. In the absence of crystal structure of these compounds, only a
qualitative analysis has been performed to date.

3.2.1 Solid solution DA,Ge(Br1.xlx)a

The obtained seven samples appeared as shown in Figure 29. The white
powder corresponds to x = 0 composition, DA,GeBr,4, while the dark orange
powder is DA,Gel, with x = 1. Several techniques for the single crystals
synthesis have been experimented with these compounds, such as acid
precipitation, AVC method, controlled evaporation, but all of them failed in
providing good quality crystals.

Figure 29 Samples of the solid solution DA:Ge(Bri.xlx)s from x=0 (white on the left) to x=1 (dark
orange on the right).
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The XRD patterns (Figures 30a and 30b) clearly show a phase transition in
correspondence of the x = 0.5 composition, where a sudden change of the
c-axis occurs. This latter is longer for the pure Br compound with respect to
the pure I sample, as already found for the other aliphatic spacers previously
reported, despite of a higher ionic radius of iodide as compared to bromide.
The DA,Gel, structural data are not catalogued, although they have been
calculated from structural refinement of DA,Pbl, crystallographic data®
resulting in orthorhombic space group for x=1, x=0.85, x=0.75 and x=0.5
compositions, with a similar dimension of the c-axis. From the x=0.25
composition, a gap is observed with a pronounced elongation of the c-axis,
corresponding to a possible phase transition. However, we were not able to
index the obtained symmetry. The evolution of the c-axis along with the
increase of iodine content is presented in Figure 30c; before and after the
symmetry change, a slight expansion of the long axis occurs, induced by the
different size of the anions.
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Figure 30 a) X-Ray diffraction patterns of the seven samples from x=0 to x=1 of the solid
solution DA>Ge(Bri.lx)a.; b) enlargement of the first XRD peak; c) evolution of the c-axis vs.
iodine content in the solid solution DA;Ge(Bri-xlx)s.
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While comparing the optical absorption measurements, narrow and well-
defined curves are displayed; a general red shift can be also observed by
increasing the iodine content in the solid solution (Figure 31a). The
modulation of the band gap from x=0 to x=1, calculated from the Tauc Plots,
is the following: 2.74 eV, 2.40 eV, 2.34 eV, 2.21 eV, 2.18 eV, 2.175 eV, 2.17
eV. By investigating the change of the band gap value along with the iodine
content increase, an important change of 0.6 eV is evident moving from the
pure bromine to the pure iodine compound, as Figure 31b shows. This
anomalous trend seems to be parabolic, however it presumably consists in
two ranges of the gap variation due to the phase transition, assumed on the
basis of the diffraction patterns.
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Figure 31 a) Comparison of the optical absorption curves of the seven compounds of the solid
solution DA:Ge(Bri.xlx)a. b) Trend of the band gap versus iodine content.

The photoluminescence (PL) of these Ge-based solid solutions reveals very
broad emission spectra (Figure 32a), probably as a consequence of the
existence of defect states and of the more pronounced distortion induced
by the presence of Ge in comparison to 2D Pb-based perovskites, as already
demonstrated in one of our previous works?.

We also observed that the room-temperature PL shape remains constant
with the halogen variation and a progressive reduction of the emission
intensity is evident as long as the Br amount increases, resulting in a total
absence of the emission at room temperature in the case of DA,GeBry. This
progressive decrease correlates to the lifetimes trend (t) reducing from t =
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1.6 to t = 0.2 ns along with the rise of bromine content in the solid solution
(Figure 32b). On the contrary, low-temperature PL measurements (77 K)
show an intensity increase with shape and width, similar to room-
temperature DA,Gel, curve (Figure 32c-e).
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Figure 32 a) Comparison of the room-temperature photoluminescence spectra of the seven
compounds of the solid solution DA;Ge(Bri.xlx)s. b) Lifetimes for the seven samples. c) Low-
temperature (77 K) PL spectrum of DA2GeBrs. d) Low-temperature (77 K) PL spectrum of
DA:Gels. e) Low-temperature (77 K) PL spectrum of DA>Ge(Bro.slo.s)a.
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Therefore, we can affirm that the PL spectra of these materials are not
affected by the halogen nature in terms of curve shape but there is a strong
dependence on temperature. On the other hand, the halogen type deeply
influences the emission intensity. Moreover, at low temperature, lifetimes
become significantly longer, by the order of ps. DA,GeBr, sample, not
emissive at room temperature, shows very broad PL at 77 K, while DA,Gel,
and the x=0.5 composition, presenting broad room-temperature spectra,
exhibit a narrowing in the emission width at the same low temperature. The
presumed origin of this broad-emission is still under investigation, even
though previous works focused on Ge described the presence of this metal
accounting for a significant distortion within the inorganic octahedra?, the
related reason could thus be sought in the generation of self-trapped
excitons due to lattice distortion.

3.2.2 Comparison among Pb/Ge/Sn decylammonium systems

We investigated the effect on structural and optical properties due to the
replacement of germanium with other 14" group metals such as tin and
lead. The appearance of the prepared samples is shown in Figure 33.

a)

Figure 33 Images of the prepared samples a) DA2SnBrs, b) DA>GeBrs, ¢) DA2PbBrs, d) DA>Snls,
e) DA:Gels, and f) DA2Pbla.

In the XRD patterns for both the I- (Figure 34a) and Br-based perovskites
(Figure 34b), we noticed a shift of the main peaks towards higher angles
moving from Ge to Sn to Pb, probably caused by an increase of the organic
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spacer distortion, related to the different interaction with the inorganic
framework. Interestingly, it should be noted that the c-axis seems to be
longer for the bromide compounds with respect to the iodine, despite the
bromide ion has a smaller ionic radius with respect to the iodide. The
diffraction patterns show a predominance of the long axis reflexes,
hindering a detailed investigation of the crystal structure.
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Figure 34 Comparison of the first peak of X-Ray diffraction patterns for a) iodine-based
compounds: DA2Pbls, DA>Snls, DA2Gels, and b) bromine-based samples: DA;PbBras, DA2SnBrs,
DA2GeBra.

By the substitution of Ge, the optical absorption spectra (Figure 35) present
a significant red-shift for Sn and a blue-shift for Pb in both bromine and
iodine systems; the classical effect of 0.5 eV difference in the band gap also
occurs owing to the change from bromine to iodine, already found in the 3D
perovskites. The values of the experimental band gap, calculated from the
Tauc Plot, are the following:

- DA;SnBrs =2.54 eV, DA;GeBr,; = 2.74 eV, DA,PbBrs = 3.04 eV;

- DA;Snl; =1.87 eV, DA;Gels = 2.17 eV, DA,Pbl; = 2.29 eV.
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Figure 35 Comparison of the optical absorption measurements for a) bromine-based and b)
iodine-based systems.

Figure 36 displays the photoluminescence spectra at room temperature for
the Pb- and Sn-based compounds and, in the case of DA,Pbl,, also the low-
temperature measurements (77 K). DA,SnBr, does not emit, while the other
three perovskites at room temperature show very narrow PL spectra in
comparison to the same Ge-based compound (see spectra in Figure 32): this
is probably due to the reduced octahedral distortion induced by Pb and Sn
and to the presence of a lower amount of defect states.? Actually, DA,PbBrs
exhibits one single emission peak, whereas DA,Pbl, presents two PL
components, and DA,Snl, shows even three contributions. In the case of
DA,Pbls, we can observe a quite narrow emission centered at ~550 nm with
a shoulder at ~520 nm: these two components are better resolved reducing
the temperature at 77 K, also resulting in a shift to lower wavelengths and
promoting the appearance of a broad-emission peak centered at ~700 nm.
This temperature-dependent change could be motivated with the formation
of defect states or something happening in the organic framework.?
However, further structural investigations would be necessary in order to
explain such phenomena.
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Figure 36 Photoluminescence spectra of a) DA:Snls at room temperature, b) DA2Pbls at room
temperature, c) DA2PbBrs at room temperature and d) DAzPbls at low temperature (77 K).
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Figure 37 a) XRD diffraction pattern of the as-prepared DA:Gels (black) and after the air
treatment (red); b) XRD diffraction pattern of the as-prepared DA>Snls (black) and after the air
treatment; c) comparison of the absorption spectra of the as-prepared DA:Gels (black) and
after the air treatment (red); d) comparison of the absorption spectra of the as-prepared
DASnls (black) and after the air treatment (red); e) XRD diffraction pattern of the as-prepared
DA>GeBrs (black) and after the air treatment (red); f) XRD diffraction pattern of the as-
prepared DA2SnBrs (black) and after the air treatment; g) comparison of the absorption
spectra of the as-prepared DA:GeBr4 (black) and after the air treatment (red); h) comparison
of the absorption spectra of the as-prepared DA25nBr4 (black) and after the air treatment
(red).

For the four Pb-free compounds, stability tests were performed by exposing
materials to air for one month, then collecting XRD patterns and absorption
spectra after the treatment. While the bromine-based samples seem to be
stable in air (Figure 37e-h), the iodine compounds present different patterns
and spectra related to their decomposition, as shown in Figure 37a-d.
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Low-temperature diffraction on DA,Pbl,

Figure 38 Sketch of the crystal structure of DA2Pbls at room temperature.

DA,Pbl; at room temperature is orthorhombic, with space group Pbca,
lattice parameters 9.01 A x 8.69 A x 42.61 A (see Figure 38).!

The powder was loaded in a camera, which was evacuated and filled with
500 Torr of Helium. XRD patterns were collected from 3 to 40 deg. 2theta,
20 minutes in total. The crystals are oriented so that they show
preferentially (00/) and, to a minor extent, (hh/) reflections. A minor amount
of a secondary phase with a longer c lattice parameter was also observed.
Room-temperature patterns are shown in Figure 39:
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Figure 39 a) Room-temperature pattern of DA2Pbls; b) Enlargement between 10° and 25° of
the room-temperature pattern of DA2Pbls.
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Figure 40 DSC measurement of DA2Pbl..

Patterns were collected upon cooling at 0, -20, -40, -60 and -80 °C, as
presented in Figure 41, in order to cover the transformations revealed by
DSC (Figure 40).

At 0°C two phases are observed, the second one corresponding to the traces
revealed at room temperature, becoming the main phase at -20 °C. No
further peaks were observed, the pattern is thus consistent with a single
orthorhombic phase Pbca with shorter a and b lattice parameters, and a
much longer c axis (44.0 A). This is likely in line with the different orientation
of the ammonium ions. Indeed, in our previous work on BZA,SnX,, the
elongation of the c axis correlates with the tilt of the organic molecule with
respect to the long axis.* Further cooling surprisingly leads to a similar unit
cell like that occurring at ambient temperature, as testified by the shift of
the (00I) reflections. However, a closer look at the background reveals a set
of low intensity peaks not compatible with an orthorhombic cell. The
indexing suggests a monoclinic cell, with halving of the long axis c and beta
~95°. This appears very similar to the room-temperature structure of the
dodecylammonium lead iodide, space group P2;/c.
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Figure 41 a) Comparison of DA2Pbls low-temperature diffraction patterns collected at 25°C
(red), 0°C (orange), -20°C (yellow), -40°C (green), -60°C (light blue) and -80°C (blue); b)
enlargement of the same patterns in the range 10-20°.

By heating back the sample, we notice again both transformations (Figure
42). In addition, heating at 80°C induces an important expansion of ¢ up to
~48 A. A good fit is obtained with a tetragonal cell, already used to model
the room temperature data.
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Figure 42 X-Ray diffraction patterns of DA2Pbls collected by heating from -80°C (red) to 100°C
(blue).
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Figure 43 Evolution of lattice parameters of DA2Pbls upon cooling (blue) and heating (red).

An overview of the lattice parameters, normalized through halving c of the
orthorhombic and tetragonal structures, is given in Figure 43. The evolution
of these parameters of DA,Pbl, are presented upon cooling (blue) and
heating (red). An anomalous trend of the c-axis can be observed: starting
from room temperature and heating, a significant expansion occurs,
although the phenomenon also happens in correspondence of the first
transition as a result of cooling, then followed by a contraction.

Low-temperature diffraction on DA,Snl,

DA,Snl, diffraction patterns show a strong orientation of the sample, which

preferentially reveals the (00I) reflections along the c-axis (Figure 44). In

order to select the appropriate temperatures covering the transformations,

DSC measurements have been performed revealing three reversible phase

transitions and the existence of four different phases in a range between -

60 °C and 80 °C (Figure 45). Starting from these results, patterns were
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collected upon cooling at -20 °C and -60 °C and heating at 40 °C and 80 °C
from room temperature.
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Figure 44 a) Comparison of DA:Snla diffraction patterns collected at -60 °C (red), -20 °C
(green), 25 °C (blue), 40 °C (pink), and 80 °C (black); b) enlargement of the same patterns in
the range 3-20°.
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Figure 45 DSC measurement of DA2Snla.

The sample crystal structure is still unknown either at room or at higher and
lower temperatures, nevertheless it can be reasonable supposed, on the
basis of previous findings, that these structural phase transitions could be
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related to the change of the orientation and disposition of the
alkylammonium chains in the interlayer spacing.!
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Figure 46 Evolution of the c lattice parameter vs. temperature in DA2Snls sample.

In particular, by analyzing the trend of the c axes as a function of the
temperature (see Figure 46), we can observe its progressive decrease upon
heating, while an elongation of the same axis occurs with cooling. This
behaviour, looking different from the case of DA,Pbls, suggests a more
straightened disposition of organic chains when the sample is cooled, while
a tilt and a probably higher disorder of the decylammonium chains seem to
be induced by heating.

Low-temperature diffraction on DA,Gel,

For DA,Gel, sample, DSC thermogram reveals a first phase transition just
under 0 °C and other two transitions in the temperature range of 40-60 °C
(Figure 47). In this case diffraction patterns have been collected upon
cooling at -20 °C and -60 °C and by heating at 50 °C and 80 °C, highlighting
how, also these crystals, are strongly oriented, preferentially showing the
(00I) reflections along the c-axis (Figure 48).
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Figure 48 a) Comparison of DA:Gela diffraction patterns collected at -60 °C (blue), -20 °C (red),
25 °C (green), 50 °C (pink), and 80 °C (black); b) enlargement of the same patterns in the range

3-20°.

We can observe a similar anomalous behaviour to DA;,Pbls, emerging in the

trend overview of the c parameter (Figure 49).

Starting from room

temperature and cooling, a slight elongation of the c-axis occurs, only due

to a straightening of the organic spacers induced by the effect of
temperature without a phase transition, as shown by DSC. A little increase
of c lattice parameter is also detected in correspondence of the first
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transition, through heating from room temperature, then followed by a
subsequent relevant elongation through the second and third transitions.!
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Figure 49 Trend of the c lattice parameter vs. temperature in DA:Gels sample.

Conclusions

In this study we explored novel lead-free MHPs compounds containing a
linear aliphatic chain spacer, namely decylammonium. We prepared and
characterized both germanium- and tin-based pure systems, as well as
germanium-based Br/l solid solutions, with the purpose of providing a
rational comparison to the analogous lead-based samples. The key role the
central atom imparts on structural and, consequently, on optical behaviour
has been also proved. Moreover, we investigated the structural stability and
phase transitions occurring in these compounds as a function of
temperature, providing the evidence of temperature-induced phenomena
in the alkyl chain orientation and disposition.

Further experimental and computational investigations are underway in
order to consolidate the knowledge of these new systems, with the aim of
understanding the actual distortion level of the inorganic framework
induced by the organic spacer.
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CHAPTER 4.
PHENYL-BASED MONOAMMONIUM SPACERS

As already pointed out, 2D MHPs are attracting increasing interest in the
science community thanks to their vast structural/compositional diversity,
which allows tuning of their properties by playing with the cage and spacer
cations. [6,18,90,91] The vast chemical tunability of 2D MHPs has triggered
significant interest in the elucidation of the role of crystal structure, the
nature of the organic cation, and structural deformations on the optical
properties of these materials. [6,18,31,92-95] This aim, together with the
desire for playing with the chemical and structural degrees of freedom of 2D
perovskites, has led to the continuous preparation and characterization of
novel materials, thus enlarging the material records and providing reliable
correlations. The modulation of the organic spacer can significantly tune the
PL emission to broadband as a consequence of the octahedral distortion
induced by hydrogen bonding, thus modifying the tendency for charge
trapping. [92,96—100] Analogously, the band gap (Eg) of 2D perovskites can
be modified by adjusting the angular distortion between adjacent metal-
halide octahedra, with an increase of the E; as the angle deviates
progressively from 180°. [93—95] By playing with the size of the organic
ammonium cation, the extent and direction of the inorganic octahedral
framework distortion can be modulated, having a different impact on band
structure and therefore on the band gap. [93] Coming to the cage cation, i.e.
the metal ion, nearly all of the available reports on 2D perovskites have
focused on lead-based and more recently tin-based phases. So far, the
correlation between structural distortion and the band gap in 2D lead- and
tin-containing perovskites has proved to be solid, thanks to the high and
diverse number of prepared compositions, highlighting the impact of the
interlayer metal (M) distance (or squared value), the average X-M-X (X =
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halogen) bond angle, average M-X bond length, as well as the octahedral
volume. [93,95] Much less has been done for alternative lead-free MHPs
that incorporate other suitable metals, such as Ge, Bi, and Sb. [43,44]

With respect to 2D Ge-containing halide perovskites with n =1, just a couple
of experimental reports are available in the current literature, namely, on
BA,GeBrs and PEA,Gels. [69-71] However, the very limited number of
available phases, containing also different halides, hinders any possible
correlation between structural distortions and the optical properties.

4.1 Role of spacer cations and structural distortion in two-
dimensional germanium halide perovskites

Purpose and scope

The elucidation of the structure—property correlation in 2D metal halide
perovskite is a key issue to understand the dependence of optical properties
on structural distortions and to design novel tailored materials. To extend
the actual knowledge on this kind of correlation for lead-free materials, we
synthesized and characterized four novel RP 2D germanium bromide
perovskites  (n=1), namely  A,GeBr,  with  A=CgH4CH,CH,NH3
(phenylethylammonium, PEA), BrCgH4CH,CH,NH; (Br-
phenylethylammonium, BrPEA), FCeH4CH,CH,NH; (F-
phenylethylammonium, FPEA), and C¢H4CH,NH; (benzylammonium BZA),
with the aim to investigate 2D systems based on aromatic cations. The
chemical formula of the four organic cations is reported in Figure 50.
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Figure 50 Chemical formulae of the four amines used to prepare the Ge-based 2D perovskites:
PEA, BrPEA, FPEA, and BZA.

The crystal structure and phase behaviour of these novel compounds were
determined using single-crystal X-ray diffraction (SCXRD) and variable
temperature synchrotron X-ray powder diffraction (SXRPD) techniques,
while the optical properties were investigated by absorption spectroscopy
and steady-state and time-resolved PL in an effort to unveil a possible
correlation between the band gap and emission properties with structural
features, as already done for Pb and Sn analogues.?* A dependence of the
band gap value and emission characteristics in terms of Stokes shift and
peak width has been highlighted and correlated with the octahedral
distortion parameters. In addition, by comparing the actual results with
previous data on analogous Sn- and Pb-based materials, we observed an
intrinsic increased distortion induced by germanium, particularly on the
octahedral bond elongation.

Experimental methods

Materials preparation

Single crystals were prepared by a solution method under inert atmosphere.
The general procedure consisted in the dissolution of a proper amount of
GeO; powder in a large excess of 48% w/w aqueous HBr in the presence of
hypophosphorous acid (50% w/w aqueous H3PO,), in order to reduce Ge (IV)
to Ge (ll) and to stabilize the reduced oxidation state of germanium. The
solution was maintained under continuous stirring and nitrogen atmosphere
in order to prevent Ge oxidation. Then, the solution was gradually heated in
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an oil bath to 130 °C until the solid dissolution and the stoichiometric
amount of the amine (PEA, BZA, BrPEA, or FPEA) was added dropwise.
Subsequently, a slow cooling down to room temperature at 1°C/5 min
followed until the formation of a lamellar-shape bright pale-yellow product
(for all the four perovskites). The precipitate was immediately filtered and
dried at 65 °C under vacuum overnight. Samples have been stored in
glovebox under argon atmosphere. The photos of the crystals are reported
in Figure 51.

Figure 51 Images of single crystals of a) PEA.GeBrs, b) BZA:GeBra c) BrPEA:GeBrs, and d)
FPEA2GeBra.

Single crystal X-ray diffraction

Data at room temperature (A = 0.71073 A) for PEA,GeBr, (CCDC 2084583),
BZA,GeBr, (CCDC 2084582) and BrPEA,GeBr, (CCDC 2084581) were
collected on a Bruker-Axs three-axis diffractometer equipped with the
Smart-Apex CCD detector. Samples were quickly mounted and measured
under nitrogen flux to avoid any sample oxidation. Omega-rotation frames
were integrated with the SAINT software. The absorption correction was
performed with SADABS-2016/2. Crystal structure was solved by direct
methods as implemented in SIR 97 and refined using SHELXL-2018/3.
Anisotropic displacement parameters were refined for all non-hydrogen
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atoms. Hydrogens were placed at calculated positions with the appropriate
AFIX instructions and refined using a riding model.
Crystal of PEA,GeBr4 appeared affected by twinning and the triclinic crystal
structure was refined as a 2-component twin, with the twin law
corresponding to a 180° rotation around the direction of the b unit cell edge.
The PEA,GeBr; compound was isostructural to the PEA,SnBr, compound
orientation of the triclinic unit cell adopted in literature and it was also used
in our study.
Also the triclinic crystal of the BZA,GeBr,4 was proven twinned and the crystal
structure was refined as a 2-component twin, with the twin law defined as
a 180° rotation around the [001] reciprocal-axis direction. Some of the C
atoms of the eight independent organic moieties showed large and
elongated atom displacement parameters, which produced inaccuracy on
the C atom positions and short C,-C,r bond distances. Therefore, soft anti-
bumping restraints (DFIX) were applied in the final refinement cycles, in
order to obtain C,-C,r bond distances of 1.39 + 0.01 A.
The orthorhombic non-centrosymmetric crystal structure of the
BrPEA,GeBr, compound was refined as a 2-component inversion twin.
Moreover, extensive positional disorder affected the GeBrs octahedron,
which appeared placed over alternative positions, mutually exclusive and
occurring with the same statistical probability. The positional disorder was
refined splitting both the atom site populated by the Ge species and two of
the four independent atom sites populated by the Br species into two
alternative and half populated positions.
Data collections at room temperature for FPEA,GeBr, (CCDC 2084735) were
performed using a Rigaku Oxford Diffraction SuperNova diffractometer
equipped with a Dectris PILATUS3 R200K-A detector and a micro-focus
sealed X-ray tube (A=0.71073 A) X-ray diffraction intensity data were
integrated with the CrysAlisPro package, while ABSPACK in CrysAlis RED was
used for the absorption correction. The structure was initially solved in the
space group P2:;/m. However, no reasonable models were obtained in this
centric space group mainly because of the presence of overlapping positions
and structural disorder. Most of the atomic positions seemed to agree with
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the P21/n space group requirements. At this stage, a careful analysis of the
collected data showed that the hO/ reflections with con h+/ = 2n+1 were
present (due to a non-merohedric twinning) thus simulating the absence of
the n glide. The structure was then solved and refined in the space group
P2:/n using the program JANA2006. For details on the averaging of
equivalent reflections for twins in JANA2006, see for instance the appendix
in Gaudin et al. After location of the heavy metal positions, the crystal
structure was completed through successive difference-Fourier maps using
SHELXL 2018/3.

Data collections (A=0.71073 A) at 100 K were performed using a Bruker
Apex-ll CCD diffractometer with the Bruker APEX2 program. The Bruker
SAINT software was used for integration and data reduction, while
absorption correction was performed using SADABS-2016/2. Crystal
structures (CCDC 2084734, 2084736, 2084737) were solved and refined
using SHELXT 2014/5 and SHELXL 2018/3.

Synchrotron X-ray Powder Diffraction

S-XRPD data were collected at 17 keV (A=0.72932 A) on the high-resolution
MCX beamline at the Elettra synchrotron light-source (Trieste, lItaly)
[d0i:10.1002/zaac.201400163]. Finely ground powders were filled in 0.3 mm
diameter borosilicate capillaries under moisture-free atmosphere (N, glove
box with less than 1 ppm O, and H,0) and sealed using a cutting torch.
Capillaries were spun at 300 rpm and measured in Debye-Scherrer geometry
on the 4-circles Huber goniometer using a scintillator detector.
Measurements at low temperature (100-300 K) were carried out by blowing
a cold nitrogen stream using an Oxford Instruments cryojet, while
temperatures above 300 K were achieved using a hot-air gas-blower (Oxford
Danfysik DGB-0002). A minimum of 5 minutes stabilization time was allowed
before each measurement. Instrument profile was calculated using a silicon
NIST standard (SRM 640c) and refining the peaks shape with the pseudo-
Voigt (PV) function. Data were then analyzed by means of Rietveld
refinement using the structural models reported in the main text.
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DSC measurements

Differential scanning calorimetry (DSC) analyses were performed by a Q2000
apparatus (TA Instruments, New Castle, DE, USA) by heating about 6 mg of
powder in a close aluminum crucible from -80 °C to 80 °C (heating rate 5
K/min) and subsequent cooling down to -80°C under nitrogen flux (50
mL/min). Three independent measurements were taken on each sample.
Crucibles have been prepared in the glovebox.

PL measurements

A Fluorolog 3 spectrofluorimeter (HORIBA Jobin-Yvon), equipped with a 450
W xenon lamp as exciting source and double grating excitation and emission
monochromators was used for the PL measurements. All steady state
optical measurements were performed at room temperature, at Aex.=370
nm and detected by a picosecond photon counter (TBX ps Photon Detection
Module, HORIBA Jobin-Yvon). The PL recombination dynamics were
obtained by Time-Correlated Single Photon Counting (TCSPC) using a
FluoroHub (HORIBA Jobin-Yvon) module and a laser diode emitting at 375
nm (NanoLED N375L, pulse width < 200 ps, average power of 11pJ/pulse)
with a repetition rate of 250 KHz as pulsed excitation source. Samples have
been placed between two microscope slides and sealed with Kapton tape to
protect them from air.

Computational method

First-principles calculations based on density functional theory (DFT) are
carried out as implemented in the PWSCF Quantum-Espresso package.
Geometry optimization is performed using GGA-PBE level of theory and the
electrons-ions interactions were described by ultrasoft pseudo-potentials
with electrons from Br 4s, 4p; F 2s, 2p; N, C 2s, 2p; H 1s; Ge 4s, 4p, 3d; shells
explicitly included in calculations. Band structures have been calculated
using GGA-PBE level of theory. DOS calculations have been performed by a
single point hybrid calculations including SOC using the modified version of
the HSEO06 functional including 43% Hartree-Fock exchange with norm-
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conserving pseudo potentials with electrons from Br 4s, 4p; N, C 2s, 2p; H
1s; Sn 4s, 4p, 5s, 5p, 4d; shells explicitly included in calculations.

The experimental cell parameters have been used in all the cases. Geometry
optimizations are performed with a k-point sampling of 4x4x1 along with
plane-wave basis set cutoffs for the smooth part of the wave functions and
augmented electronic density expansions of 25 and 200Ry, respectively.
HSEO06-SOC calculation has been performed 1x1x1 k-point sampling with
planewave basis set cutoffs for the smooth part of the wave functions and
augmented electronic density expansions of 40 and 80Ry, respectively.

Results and discussion
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Figure 52 Structural sketches of (a) PEA2GeBrs, (b) FPEA>GeBr., (c) BrPEA:GeBrs and (d)
BZA>GeBr,.
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SCXRD revealed that the four investigated structures consist of a single
{100}-oriented layer of GeBrg octahedra alternating with organic cation
bilayers, and the corresponding structural sketches are reported in Figure
52.1

The crystal symmetry ranges from triclinic to orthorhombic, as reported in
Table 1, with PEA,GeBr4 and BZA,GeBr4 crystallizing in space group P-1, and
FPEA,GeBr4 and BrPEA,GeBr, crystallizing in P2;/n and Pna2;, respectively.

Table 1 Structural parameters of PEA.GeBrs, FPEA>GeBra, BrPEA:GeBrs and BZA>GeBr.

sample Chemical formula Space group and lartice volume (A") Lattice parameters (A} Bond angles (7)
PEA,GeRr, [€H,CH,CH,NH, ),CeBr, Fi 11.4059(12] §0.5161(14)
21R1.4(4] 11.5242{12) 74.9498(14)
17.4408(19) S0L0119(14)
BrPEA,GeBr, [BrCH,CH,CH,NH, ), GeBr, Praz, 11.3957(12) a0
2347 .1(4) 5.79748(6) 90
35.524(4) an
FPEA,GeBr, [FCH,CH,CH,NH, ),GeBr, Pain 33.5176{12) a0
4375.9(2) 11.5028(3) 94.990(3)
11.3930{3 ) 30
BZA,GeBr, {CH,CH;NH, |, GeBr, Pl 11.1707(16) 99.569(4)
4245.0(10) 11.4313{16) 99.275(2)
34.172(5) 90.012(2)

According to the above discussion, we used the structural data obtained to
extract some relevant parameters correlating with the structural
distortions.23* The distortion of the octahedra themselves can be quantified
in terms of the average octahedral elongation length ({Aoct}) and their bond
angle variance (0.c?), as defined by Robinson et al., and is usually related to
a broadened photoluminescence.>®> The distortion increases from
BZA,GeBr, to the PEA-containing samples, reaching a maximum for
BrPEA,GeBr, (Figure 53); it is worth noting that BrPEA,GeBr, shows the
splitting of the Ge and of two Br crystallographic sites, which might cause a
larger distortion.

This trend is consistent with previous examples referring to Sn- and Pb-
based 2D perovskites reported in the literature (Figure 54), where BZA;MBr,
compounds (M = Pb, Sn) show small distortion parameters, and PEA,PbBr,
has a larger structural strain.
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Figure 53 Octahedral distortion parameters for PEA;GeBrs, BrPEA>GeBrs, FPEA;GeBrs and
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Figure 54 Octahedral distortion parameters for different hybrid perovskites compositions.
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The presence of Ge seems to deeply affect the distortion within the
octahedra. For example, in the case of the BZA organic spacer, the Ge-Br
bond length varies from 2.5555(12) to 3.3279(15) A, while the M-Br length
ranges from 2.972(3) to 2.9959(11) A in BZA,PbBr,; and from 2.940(4) to
2.977(1) A in BZA;SnBrs.*® Furthermore, a distortion index of the bond
length of 0.1185 is larger than the values of 0.0039 and 0.0031 reported for
BZA,SnBr, and BZA,PbBr,, respectively, and, consistently, the octahedral
elongation increases from the value of 1.000 of BZA,SnBr, and BZA,PbBr,4 to
1.0202.%% Analogously, the octahedral angle variance of BZA,GeBr, is two
orders of magnitude larger with respect to BZA,SnBrs and BZA,PbBr,.6
Considering the compounds containing PEA, which generally show the
largest distortion, we observe a similar structural strain induced by Ge. In
fact, the Pb-containing analogue has the mean equatorial and axial bond
lengths of 3.0018 and 3.0372 A, respectively, a quadratic elongation of
1.0056 and an octahedral angle variance of 16.3496, while the Sn-
containing sample has an average bond length of 3.0070 A, from 2.8515(9)
to 3.1744(9) A, a quadratic elongation of 1.0058 and an angle variance of
17.3527.%7 Comparing these parameters with the respective values of
2.9365 A, ranging from 2.5377(12) to 3.3532(14) A, 1.0245 and 23.5846 in
the Ge samples, it is clear that the octahedra are less regular and more
distorted.

On the other hand, the presence of Ge has a smaller effect on the distortion
between adjacent octahedra, which can be quantified as the deviation of
the angle between the octahedra from 180°. In fact, for BZA the M-Br-M
angle increases from 149.96° for Pb to 152° for Sn and 155.27° for Ge.*®
Analogously, for samples containing PEA, the angle increases from 151.46°
for Pb to 152.54° for Sn and 157.82° for Ge.*® Notably, the reported Ge-l-Ge
angle in PEA,Gel, is 158.34°, suggesting that the presence of Ge might
induce a smaller distortion of the inorganic layers.® The distortion
parameters for the four novel Ge-based 2D perovskites are summarized in
Table 2 and will in the following be used to discuss a possible correlation
with the optical properties presented below.
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Table 2 Distortion parameters for PEA,GeBrs, BrPEA;GeBra, FPEA;GeBra, and BZA;GeBrs at
room temperature

Average Polyhedral Distortion Quadratic Bond angle | Ge-Br-Ge

bond length | Volume mdex clongation variance Angle

A Al deprees? deprees
PEA.GeBry 2.9365 33.4205 0.1326 1.0245 23.5846 15782
BrPEAGeBry | 29301 32.3641 ot 1.0369 794978 156,37
FPEA;GeBr, 2.9209 33.2686 01258 1.0213 18.9101 157.94
BAAGeBry 29123 32.6517 0.1185 1.0202 184717 155.27

The possible phase transitions and the phase stability of the PEA,GeBry,
BrPEA,GeBr4, FPEA,GeBrs, and BZA,GeBr, samples have been checked by
means of differential scanning calorimetry (DSC) and variable-temperature
SXRPD. Figure 55a shows the DSC traces of the samples between -75 and 75
°C, and these are flat, confirming the absence of peaks related to structural
transitions. The low-T diffraction data have been refined using the RT SCXRD
data, confirming the validity of the RT crystal structures to fit the patterns
in the whole temperature range. The trend of the lattice volume as a
function of temperature, as determined by Rietveld refinement
(representative fits in Figure 56) for the four samples, is presented in Figure
55b and shows the expected progressive contraction of V upon reducing the

temperature.
a) "
200
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Figure 55 (a) DSC traces and, (b) trend of lattice volume as a function of temperature for
PEA:GeBrs, BrPEA;GeBrs, FPEA:GeBrs and BZA;GeBr,.
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Figure 56 Exemplary Rietveld refinements of the RT SXRD data for a) PEA.GeBrs, b) BZA>GeBr,,
¢) BrPEA:GeBrs4, and d) FPEA;GeBr.

As a further test, single crystals of PEA,GeBr4, FPEA;GeBr,4, and BZA,GeBr,
were selected and characterized by SCXRD at 100 K. The compounds
crystallize in the same structure, owing to the expected reduction in cell
parameters and contraction of the bond lengths and the distortion
parameters (see Table 32).

Table 3 Distortion parameters for PEA2GeBrs, FPEA:GeBrs, and BZAGeBrs at 100 K.

Average Polyhedral Distortion Quadratic Bond angle | Ge-Br-Ge

bond length | Volume index elongation variance Angle

/ A degrees’ deprees
PEA:GeBry 29212 32.9271 (1271 1.0225 216474 157.37
FPEA,GeBry, | 2.9299 32.7452 0.1249 1.0207 17.9598 157.60
BZA,GeBr, 22904 322786 01167 L0191 153505 155.02
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Figures 57a and 57b report the comparison among the normalized
absorption and PL spectra for PEA,GeBr4, BrPEA,GeBr;, FPEA,GeBr, and
BZA,GeBry4, while Figures 57c and 57d show the PL recombination dynamics
measured by TCSPC.
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Figure 57 (a) Normalized optical absorbance and (b) steady-state PL (Aexc = 370 nm) and (c and
d) TR decay profiles of PEA>GeBra, BrPEA:GeBra, FPEA:GeBra and BZA:GeBrs (Aexc = 375 nm).
The fitting curves are reported as solid lines in the decay measurements. The non-normalized
PL spectra are shown in the inset of (b).

The band gap of the samples was determined from Tauc plots by considering
a direct band gap nature, as determined by DFT calculations (see later in the
text), and corresponds to 3.01 eV for PEA,GeBr4, 2.95 eV for BrPEA,GeBr,,
2.91 eV for FPEA,GeBrs, and 2.89 eV BZA,GeBrs;. PL data confirm the
variation of the band gap along with the change of the organic spacer, with
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the emission band peaking at 2.78 eV for both PEA,GeBr,; and BrPEA,GeBr,,
2.85 eV for FPEA,GeBry4, and 2.81 eV for BZA,GeBr,4. The Stokes shift is not
uniform across the samples, with FPEA,GeBr, and BZA,GeBrs showing a
smaller shift of about 0.3 eV, and PEA,GeBr, and BrPEA,GeBr, a larger one
of about 0.46 eV. The comparison of the PL spectra in the inset of Figure 57b
highlights the intense emission of BrPEA,GeBr; with respect to the other
GeBrs samples, generally characterized by a moderate PL intensity. The
normalized PL spectra show clearly that the emission bands are relatively
broad, in comparison to the 2D lead-based perovskites, due to the above
discussed structural distortions, showing a full width at half maximum
(FWHM) that varies from 0.5 eV for the narrower BrPEA,GeBr,, to 0.65 eV
of the wider BZA,GeBr,4, with the central member of the series having an
FWHM of about 0.6 eV.2 The BZA,GeBr,; emission also shows some hints of
band structuring, with a weak shoulder appearing at lower energies. The
time-resolved PL (TRPL) spectra in Figures 57c and 7d show the decay
profiles for all the samples. While analogue recombination dynamics are
observed for BZA,GeBr4 and FPEA,GeBr,, characterized also by very similar
band gaps and Stokes shift values, the decay becomes shorter for PEA,GeBr,
and more significantly for BrPEA,GeBr,, the latter also being characterized
by a considerable fluorescence enhancement. The average lifetimes are
calculated by fitting the PL decay with multi-exponential functions, carrying
out decay profile interpolations using the least squares method. A Tayverage Of
about 113 ns is calculated for BZA,GeBr4 and of 109 ns for FPEA,GeBr4, while
a slightly more rapid lifetime of 102 ns is obtained for PEA,GeBr, that
significantly decreases to about 68 ns for BrPEA,GeBr,. The latter shows
therefore the most intense emission and the shortest lifetime.® From Figure
57d we note how the difference in lifetimes among the four 2D germanium
bromide perovskites is mainly determined within the first 30 ns, and is
therefore significantly influenced by the excitonic recombination
mechanisms.

The band gap evolution of the systems was also investigated using density
functional theory (DFT) calculations. The difference in absolute band gap
value between theory and experiment is due to the exciton binding energy,
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which is not included in our calculations. Generally, such thin quantum well
two-dimensional perovskites possess a high exciton binding energy in the
range of ~300-450 meV, thus considering such exciton binding energy
values, our experimental and theoretical band gap converges nicely.1%!
While looking at the bandgap evolution among PEA,GeBr4 and its halogen
substituents, PEA,GeBr, shows the highest band gap, followed by a
subsequent decrease in the bandgap with Br- and F-substitution at the PEA
cation, which is very similar to experiment. A direct band gap comparison
between BZA,GeBr4 and its halogen-substituted analogues is not possible
due to the presence of the halogen substituents which introduce a
fundamental difference by forming better stacking in the organic layers and
hydrogen bonding in the structure.'? In fact, it has already been reported
that the stacking difference and hydrogen bonding can change the
electronic properties significantly in 2D and 3D perovskites.'>!* However,
BZA,GeBr; shows a lower band gap compared with PEA,GeBrs;, which
possess the analogous phase and atomic species to that of BZA,GeBry, thus
showing a consistent trend with experiments.
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Figure 58 Band structure (GGA-PBE level) and DOS (HSE06-SOC level) of (a) BZA:GeBrs, (b)
PEA;GeBrs, (c) BrPEA:GeBrs and (d) FPEA2GeBras. The VBM has been set to zero in both the
band structure and DOS figures.

Calculation of the electronic band structure of the four systems (Figure 58)
shows that all the structures have a direct band gap nature, which is again
consistent with the experimental results of the optical measurements (Table
4).

Table 4 Band gaps (eV) for the different structures at the HSE06-SOC level of theory.

Compaosition Experiment Theory
BZAGEBL, 2.59 3.34
PEA GeRT, 3.m 3.46
BrPEA, Gelr, 2.%5 3.24
FPEA,GeBry 9 312
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Taking together the structural and optical properties, it is possible to discuss
their correlation considering the structural distortion of the four samples.
We first consider the dependence of Eg and PL on the octahedral elongation
{Aoct} and the bond angle variance (0o«t?). These parameters are known to
affect the band gap and photoluminescence broadening, with a larger
distortion correlating to larger band gaps and broadened PL. Building upon
previous studies that show correlations between Aot and ooc? in Pb-based
systems, the values reported in our investigation locate these 2D Ge
perovskites in a region of substantially broad PL, accompanied by a high
Stokes shift.>!> Looking at Figure 53, it can be seen that BZA,GeBr, and
FPEA,GeBr, lie in a region of the Aot Vs. 0ot> Where a lower Stokes shift
should occur (with respect to the other samples). Indeed, this has been
confirmed by PL and TRPL measurements, highlighting also for these two
samples a longer Taverage iN comparison with PEA,GeBrs and BrPEA,GeBr,.
Figures 59a and 59b display the trend of the band gaps for the four 2D
samples as a function of Aot and ooet?, confirming the correlation but still
with the deviation of BrPEA,GeBr,, which can be ascribed to the peculiar
structural disorder found in this sample, and which deserves further study.
The other key parameter affecting the band gap is the perovskite layer
distortion, with its increase usually related to an increase of the
bandgap.*'®!” This relationship holds for PEA,GeBrs, BrPEA,GeBrs, and
FPEA,GeBr4, whereas BZA,;GeBr4 has the largest deviation from 180° in the
Br-Ge-Br angle but also the smallest bandgap (see Figure 59c). However, this
compound shows the least distortion within the octahedra, which is true
also for tin- and lead-containing analogues, with a small bandgap (2.4 eV)
reported for BZA,SnBry, t0o.*® Thus, this behaviour might emerge from the
interplay between the two main distortion mechanisms in hybrid
perovskites, octahedral and layer distortion, with the former compensating
the latter.
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Figure 59 Variation of the band gap as a function of the (a) octahedral elongation, (b) angle
variance, and (c) Ge-Br-Ge angle for BZA;GeBra, PEA:GeBrs, BrPEA;GeBrs and FPEA;GeBr ..

Finally, by taking together the present study and previous investigations on
PEA,SnBrs, BZA,SnBr4, PEA,PbBr4, and BZA,PbBrs, some further correlations
related to the role of the central atom in 2D metal halide perovskites, for
the same organic spacers and halide, can be proposed. Figure 60 presents
the plot of Aot and oo for the six samples, namely BZA,BBr4 and PEA,;BBry,
B = Pb, Sn, and Ge. In the bottom left part of the plot, we find the BZA-
containing samples, with Sn and Pb possessing a regular octahedral
framework. By replacing BZA with PEA the distortion increases (in particular
for the bond angle variance) for PEA,PbBrs and PEA,SnBrs. On the other
hand, the two Ge-containing samples show the highest level of distortion
(the upper right part of the plot) for both cations, thus bringing to the fore
the role of the central atom in the distortion correlation.
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Figure 60 Variation of the octahedral elongation vs. bond angle variance for BZA;BBrs and
PEA,BBrs4, B = Pb, Sn, and Ge.

This trend is of interest for the further design of 2D halide perovskites and
in particular to look for white-emitting sample. Indeed, the central Ge atom
provides, as also highlighted before, a significant degree of octahedral
distortion, specifically with respect to Aot and ooci? angle variation. The first
two parameters mostly affect the nature of the emission, providing
broadened PL and relevant Stokes shifts, while the angle distortion mostly
affects the band gap.?*>'7 Even if the number of compositionally equivalent
2D metal halide perovskites available to perform correlations is modest so
far (in terms of the organic spacer, central atom, and halide), based on the
present and previous results we argue that a wise strategy to look for white-
emitting 2D perovskites might be to use highly distorting organic spacers,
such as 2,2’-(ethylenedioxy)bis(ethylammonium) (EDBE), coupled to Ge as
the central atom, which already provides an intrinsically higher level of
octahedral distortion with respect to Sn and Pb, but with less pronounced
angular distortions affecting the band gap.
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Conclusions

Four novel 2D Ge-based perovskites have been reported, namely A,GeBr,
with A = PEA, BrPEA, FPEA, and BZA, and characterized in terms of their
crystal structure, optical properties, and computational modelling. The role
of the different spacers has been demonstrated in terms of variation in the
band gap and distortion, as well as Stokes shift and PL decay. Structural
distortions in these layered perovskites have been highlighted by correlating
the octahedral elongation length (A.ct), bond angle variance (ooc?), and Ge—
Br—Ge angle variation to the mentioned optical properties. In general, some
common trends with analogous parameters in Pb- and Sn-based 2D
perovskites have been found; however, a peculiar role of Ge in increasing
the octahedral distortion is seen in terms of elongation and bond angle
variance, although this less in terms of Ge—Br—Ge deviations. BZA,GeBr4 and
FPEA,GeBr; were found to lie in a region of low Ao and 0o.?, wWhich
corresponds to lower band gaps and longer decay times compared with the
more distorted PEA,GeBrs and BrPEA,GeBrs. The range of correlations
reported in this work for the 2D Ge-based perovskites and, where present,
for the analogous Pb- and Sn-counterparts, sheds further on the relative role
of cation-spacer-induced distortion and central atom (intrinsic) distortion on
the octahedra framework. Overall, this set of results may help in predicting
and designing novel germanium containing perovskites with tailored optical
properties by utilizing the distortion level of the inorganic framework
induced by the organic spacer, thus expanding the actual knowledge on 2D
halide perovskites.
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CHAPTER 5.
PHENYL-BASED DIAMMONIUM SPACERS

Despite the huge potential of 2D MHPs, the emissive properties of these
materials have been very disappointing, an issue that can be related to a
strong defect activity and a lack of knowledge and control of the structure-
property relationship. The latter is strongly defined by the interconnection
between the organic and the inorganic moieties driving the stiffness and
distortion of the structure and thus its defectiveness. Investigating the
templating action of the organic cation is thus critical. Most of the
investigated organic spacers for 2D perovskites, to date, are
monoammonium cations, while diammonium cations have been less
explored. In the latter case, and in particular for short cations, the DJ phases
are generally formed, where the inorganic layers are stacked in an eclipsed
fashion on top of each other, differently from the RP phases where they are
staggered. [6] In addition, 2D perovskites are not always stabilized by
diammonium cations, and 1D structures, characterized by linear chains of
octahedra, have been also often observed. For example, in the series of
linear cations of the general formula NH3(CH2)mNH3%* (m = 4, 7, 8, 10, 12),
the cations with even carbon-chain lengths form 2D perovskites, while those
with odd carbon chain lengths form 1D structures. [22] Recently, the
structural diversity of systems incorporating a diammonium cation has been
further expanded towards 3D halide perovskitoids using linear cations such
as 1,4-butanediamine (1,4-BDA), N,N-dimethyl-1,3-propanediamine
(NMPA), or N,N-dimethylethylenediamine (DMEA), providing a structural
motif comprising dimers with edge-sharing octahedra which are then
connected through corner-sharing bonds to form a 3D network. [101] In
these systems, the optical properties are close to traditional 3D MHPs with
the bandgap being mainly influenced by standard octahedra distortion
parameters. The correlation between structural distortions and optical
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properties in 2D perovskites is a key topic to modulate their properties and
design novel and optimized materials. Thanks to the vast work performed
on perovskites including monoammonium cations, well-defined parameters
have been defined and a careful materials design is now possible. [6] On the
other hand, such kind of correlation is still partially missing on perovskites
including diammonium cations. In this context, the most relevant studies
have been carried out on some limited compositions including, for example,
2,2-(ethylenedioxy)bis(ethylammonium) (EDBE), N!-methylethane-1,2-
diammonium (N-MEDA), and 3-(2-ammonioethyl)anilinium (AEA) due to the
interest in their very broad emission. [40,92,102,103] In (EDBE)PbBr4, the
strong structural distortion induced by the organic spacer closely affects its
defectivity leading to the formation of Vi centers whose radiative decay
ultimately leads to broadened photoluminescence (PL). [92] In the other Pb—
Br perovskites, where crystal structures were solved by X-ray diffraction
(XRD) on single crystals, the broadband emission was as well correlated to
self-trapping of photogenerated carriers through excited-state lattice
distortions. [103] The work of Smith and co-workers puts in prominence,
among other structural parameters, the influence, on the relative intensity
of the broad emission, of the distortion along the Pb—Br—Pb bond axis. [103]
These results on diammonium cations further confirm the possibility of
inducing slight distortions in the inorganic lattice by modifying the nature of
the organic cation and therefore finely modulating the optical properties.
However, the set of available structural data from single crystal diffraction
— and their correlation with optical properties — on systems containing
diammonium cations is still limited.

5.1 The templating effect of diammonium cations on the
structural and optical properties of lead bromide perovskites:
a guide to design broad light emitters
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Purpose and scope

In the present work, we report the synthesis of four novel lead bromide
MHPs (n = 1) investigating the templating role in the 2D structure formation
by diammonium cations represented in Figure 61 (showing the
corresponding amines), namely 1,3-phenylenediammonium (1,3-PDA), 1,3-
xylylenediammonium (1,3-XDA), 1,4-phenylenediammonium (1,4-PDA), and
1,4-xylylenediammonium (1,4-XDA).

d NHz b

A, o™
NHz
C d
NH-
H N—( :FNH 2
’ ’ H2N\/©/\

Figure 61 Starting diamines used in the present paper for the synthesis of Pb-Br perovskites: a)
1,3-phenylenediammonium (1,3-PDA), b) 1,3-xylylenediammonium (1,3-XDA), c) 1,4-
phenylenediammonium (1,4-PDA), d) 1,4-xylylenediammonium (1,4-XDA).

The first two spacers have been recently investigated in Pb-I and Pb—Br thin
films highlighting their improved moisture resistance (in particular, for 1,4-
XDA), but in absence of single crystal XRD data.! Concerning 1,3-PDA and
1,3-XDA, the first cation has been investigated in Pb-I 2D perovskites as a
function of the number of inorganic layers, n (providing the crystal
structure), showing the formation of 2D DJ perovskites and the expected
increase of the bandgap by increasing n.2 These two cations have not yet
been investigated in Pb-Br perovskites, and, in particular, 1,3-XDA-based
lead halide systems have not been reported in the current literature.

For these new materials, we grew single crystals, solved the crystal
structures, and report a detailed investigation of the optical properties,
providing correlations with the bonding details and the interplay between
the organic and inorganic components, which is a crucial step for the
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understanding of structure property relationships in diammonium-based 2D
perovskites. The novel systems reported in this work enlarge the family of
broadband emitters and add further insights to develop efficient perovskite-
based broadband and white light emitters.

Experimental methods

Materials preparation

APbBr; 2D perovskites (A = 1,3-phenylenediammonium (1,3-PDA), 1,3-
xylylenediammonium (1,3-XDA), 1,4-phenylenediammonium (1,4-PDA), and
1,4-xylylenediammonium (1,4-XDA)) were grown by dissolving a proper
amount of lead(ll) acetate powder in a large excess of 48% w/w aqueous
HBr and 50% w/w aqueous H3PO,, heating the mixture to boiling point. After
the solid dissolution, the stoichiometric amount of the solid diamine (liquid
for the 1,3-XDA) was added. The crystals formation was obtained by a slow
cooling down to room temperature at 2°C h'%.

Single crystal and powder X-ray diffraction

Single crystal data collections (A = 0.71073 A) were performed using a Bruker
D8 Venture with Cu and Mo microfocus X-ray sources and PHOTON II
detector with Bruker APEX3 program. The Bruker SAINT software was used
for integration and data reduction, while absorption correction was
performed using SADABS-2016/2. Crystal structures were solved and
refined using SHELXT 2014/5 and SHELXL 2018/3.

XRD measurements on powdered samples were performed using a Bruker
D8 Advance in Bragg-Brentano geometry under Cu Ka radiation.

Static and time-resolved photoluminescence

Powder sample preparation: the spectroscopic characterization was
performed on perovskite powder samples encapsulated between 1 mm
glasses.
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Static Photoluminescence: Temperature and pump fluence-dependent
measurements were performed under vacuum using a Linkam Stage cooled
with liquid nitrogen, exciting the sample with the third harmonic (355 nm)
from a Nd:YAG Picolo-AOT laser (pulse length of approximately 1000 ps, 1
kHz repetition rate) focused on the sample with a 10 cm lens. PL was
detected using a Maya1000 visible spectrometer.

Time-resolved PL: The same light source as for static temperature
dependent measurements (Picolo AOT at 355 nm) was used for time-
resolved photoluminescence  measurements on ns timescale.
Measurements were performed under vacuum using a Linkam Stage cooled
with liquid nitrogen. The PL was detected with an Andor iStar 320T ICCD
camera coupled to a Shamrock 303i spectrograph using a temporal step size
of 1 ns for sample (1,3-PDA)PbBr,; and 10 ns for (1,4-PDA)PbBr, and (1,4-
XDA)PbBr, with a spectral resolution of 0.55 nm.

TRPL of the excitonic feature in the ps range was performed using a
Hamamatsu streak camera and a Coherent Chameleon oscillator (pulse
duration 30 fs, repetition rate 80 MHz) as a pump, using a pump wavelength
A =360 nm obtained by frequency doubling the fundamental at 780 nm in a
BBO crystal. The measurements were performed using a measurement
window 2000 ps long for all samples (temporal resolution 10 ps), while the
fast component of 1,3-PDA was measured in a 180 ps window with the
highest available temporal resolution (3.5 ps).

Results and discussion

Single crystal XRD (SC-XRD) revealed that the compounds crystallize in
triclinic and monoclinic space groups, as reported in Table 5.
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Table 5 Crystal structure data for APbBrs samples (A = 1,3-PDA, 1,3-XDA, 1,4-PDA, and 1,4-

PDA)
sample Chemical formula Space group and lattice volume (A") a b, e (&) , B7 ()
(1,3-FDAJPbET, (1,3-C.H, N.|PhBr, oale 21.784(7) a0
Monaclinic B.821(3) 107.214{9)
1357.6(8) 7.398(3) 90
(1,3-XDA),Phr, (1,3-CoH, N}, PbBr, Pjc 10.7571(18) o
Monoclinic 14.525(3) 103.540)
1299.4(4) #.5545(10] o
(1,4-PDAJPbEL, {1,4=CH, N3 PbBr, Pl 7.434(3) 70.570(19)
Triclinic 8.712(3) 78.527(19)
658.9{4) 11.028(4) 89.414{19)
(1.4-XDAJPbEr, (1.4-C.H, ;N:) FbBr, P2yfc 12.3274(7) a0
Monoclinic #.1618(4) 90,617(2)
821.68(7) B.1675(4) a0

Not all the samples investigated crystallize as a layered perovskite structure,
in particular, this does not occur for the composition including the 1,3-XDA
cation, giving the chemical formula (1,3-XDA),PbBrs. Graphical
representations of the crystal structures are reported in Figure 62.

Figure 62 Crystal structures of (a) (1,3-PDA)PbBr4, (b) (1,3-XDA):PbBrs, (c) (1,4-PDA)PbBra, and
(d) (1,4-XDA)PbBrs.
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As mentioned, (1,3-XDA),PbBr¢ does not possess the perovskite structure,
being constituted by a slightly distorted isolated octahedra, corresponding
to a 0D perovskitoid. The crystal cohesion is then given by the aromatic
cations whose NHs* groups interact with both equatorial and axial Br atoms.
To the best of our knowledge, this is one of the first OD bromide perovskite
derivatives including a diammonium cation, while chloride-containing 0D
systems have been reported in the past.® (1,3-PDA)PbBr,, (1,4-PDA)PbBr,,
and (1,4-XDA)PbBr, occur as DJ phases with n = 1, according to the general
formula A’A,.1M;X3,.1. They all comprise layers of PbBrs octahedra
separated by layers of organic cations. The aromatic cations interact with
the inorganic framework in the terminal mode. The interaction between the
NHs* terminal group and the inorganic framework is known to affect the
structure and properties of hybrid halide perovskites.* In the case of
diammonium cations, it was already reported that some cations cannot give
origin to layered perovskite structures. For example, even-membered alkyl
chains with ammonium groups at both ends form layered perovskite-type
hybrid structures, both in bromide and iodide compounds whereas odd-
membered chains do not.® The layered perovskite structure is adopted only
when the chains are kinked so that the hydrogens on both the ends of the
organic molecules can hydrogen bond with the halides of the inorganic
layers.® Moving away from linear chains, it has been shown that cations with
fused aromatic rings can give the layered perovskite structure only when the
cation is able to tilt and hydrogen bond to the halides.® More generally,
aromatic cations where the ammonium groups may have no degree of
freedom do not necessarily give the layered perovskite motif, and 1D motifs
are observed for 4,4-MDAPbl,5 [MDA = methylenedianilinium
(HsNCgH4CH2CsHaNHs)], (1,4PDA)Pbls,” whereas the aforementioned (1,3-
PDA)PbBrs, (1,4-PDA)PbBrs;, and (1,4-XDA)PbBr,;, together with (1,3-
PDA)Pbls,® (1,3-PDA)PbCl,® and (AEA)PbBrs form a layered perovskite
structure.® The XRD powder patterns obtained on the crushed crystals are
reported in Figure 63 superimposed to the calculated patterns from the
single crystal XRD data.
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Figure 63 XRD powder patterns of (a) (1,3-PDA)PbBra, (b) (1,3-XDA)2PbBrs, (c) (1,4-PDA)PbBrs,
(d) (1,4-XDA)PbBr4 superimposed to the calculated patterns from SC-XRD (vertical red bars).

We can further explore the interaction between the inorganic framework
and the organic cation using the penetration depth, defined as the distance
between the N atom of the amino group and the plane of the terminal
halides, according to ref. 5. The NHs* penetration affects both the distortion
between the octahedra, in terms of deviation from 180° of the Pb-X-Pb
angle, and within the octahedra, in terms of the octahedral elongation
length (Aoct), and their bond angle variance (6%), as defined by Robison et
al. (1971).1° By comparing the present data for the 2D perovskites, and the
above mentioned reported systems including diammonium cations, it is
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possible to note that Pb-X-Pb angle increases with increasing penetration
with a linear trend from chloride to iodide (Figure 64).
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Figure 64 Variation of the Pb-X-Pb bond angle as a function of NHs penetration.

It is worth noting that (1,4-PDA)PbBr, falls outside this trend, probably
because the PDA cation is short and rigid, and because of the increasing
strength of the hydrogen bond from | to Br to Cl.**2 For the present 2D DJ
perovskites, the values of the average Pb-Br-Pb angles are 142.95° for (1,3-
PDA)PbBrs, 142.12° for (1,4-PDA)PbBrs, and 150.21° for (1,4-XDA)PbBr,
indicating therefore a greater distortion for the two short diammonium
cations with respect to 1,4-XDA. The plots correlating the octahedral
elongation and bond angle variance of present 2D perovskites, and other DJ
systems based on diammonium cations where crystal structure data are
available, are reported in Figures 65a and 65b.
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Figure 65 (a) Octahedral elongation and (b) bond angle variance as a function of NH3
penetration. PDA= phenylenediammonium; AEA = 3-(2-ammonio-ethyl)anilinium; XDA=
xylylenediammonium; AMC = 1,4-bis(ammonio-methyl)cyclohexane. Values for (AEA)PbBra
and (1-4AMC)Pbls are calculated from ref. 8 and 9, respectively.

It is clear that the octahedral elongation and bond angle variance of this
group of compounds decrease as the NHs* penetration increases. This effect
may be a consequence of the flexibility of the organic cation, in particular of
the degrees of freedom of the substituents on the aromatic ring. In fact, the
1,3-PDA cation, where all the atoms except the hydrogens are forced to lie
in the same plane, induces a larger distortion among all the investigated
halides.>'* Notably, the 1,4-PDA cation induces a distortion within the
octahedra similar to the 1,3-PDA cation, whilst the distortion decreases for
the 1,4-XDA that is more flexible since the nitrogen atoms are not bound to
stay in the same plane as the aromatic ring. The smallest distortion is shown
by 1,4-AMC cation, which is the aliphatic analogue of 1,4-XDA reported in
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ref. 8, suggesting that a conjugate ring provides more rigid structural
constraints.

To address the possibility that additional flexibility could be leading to the
formation of stronger H-Br hydrogen bonds via differences in the
electrostatic potential, we carried out a series of density functional theory
(DFT) calculations on isolated diammonium cations 1,3-PDA?*, 1,4-PDA%,
and 1,4-XDA?* in the gas phase; on isolated [PbBrs]* and [Pb,Bri1]” in the
gas phase (retaining distortions present in each parent perovskite); and of
the three systems (1,3-PDA)PbBrs, (1,4-PDA)PbBrs, and (1,4-XDA)PbBr,,
shown in detail in the experimental methods section.

Focusing on charges calculated for aminic protons and bromide, our single-
point energy calculations show that while a systematic charge transfer from
Br to -(N)Hs* is expectedly recognized upon perovskite formation by both
charge assignment methods, charge distribution remains consistently
uniform across atoms of all three isolated diammonium cations, atoms of
the [PbBre]*/[Pb,Bri1]” octahedra, and perovskites (1,3-PDA)PbBry, (1,4-
PDA)PbBrs, and (1,4-XDA)PbBr, alike.'**> Geometry optimization (carried
out for all species except [PbBrs]*/[Pb,Br11]” octahedra) does not alter the
situation: changes observed with respect to single-point energy calculations
always remain consistent across all atoms, and charges retain comparably
uniform distributions across all three perovskite systems after optimization.
Together with the relatively small variation in hydrogen bond lengths
observed both experimentally and computationally across (1,3-PDA)PbBry,
(1,4-PDA)PbBr4, and (1,4-XDA)PbBr,, these results lead us to conclude that
there should be no systematic differences in electronic distribution between
the three perovskites that could drive the formation of stronger or weaker
hydrogen-halide bonds. This reasoning is further confirmed by the room
temperature Raman spectra for (1,3-PDA)PbBr,4, (1,4-PDA)PbBr,, and (1,4-
XDA)PbBr4 samples reported in Figure 66 in the range 70-250 cm™.

107



10000 : ; :
— 1,4-XDA,

A ——1,4-PDA

8000 | | | —1,3-PDA

Raman Intensity [a.u.]

2000

Raman Shift [cm'')

Figure 66 Room temperature Raman spectra of (1,3-PDA)PbBr; (blue line), (1,4-PDA)PbBr,
(green line) and (1,4-XDA)PbBr. (red line) excited at 632.8 nm with microscopic resolution. All
the spectra are the average over 10 spectra collected along a line of 30 um.

According to ref. 14, in this energy region, two main vibrating reservoirs
should be active: the stretching and bending modes of the Pb-Br cages in
the lower energy part and the liberation of the organic cations partially
bound to the Pb-Br framework.'® At first, we observe well-defined Raman
fingerprints for all the investigated samples thus confirming a high crystal
quality. In addition, the data point out that the Raman vyields from (1,3-
PDA)PbBr, and (1,4-PDA)PbBr4 are markedly lower with respect to that from
(1,4-XDA)PbBr,. This is particularly clear for the mode observed for (1,4-
XDA)PbBr4 at 78.5 cm™ probably associated with the stretching motion of
the Pb-Br unit. For (1,3-PDA)PbBr, and (1,4-PDA)PbBr,4, weaker bands are
observed at 88 cm™. This behaviour is consistent with the greater distortion
affecting the two short diammonium cations with respect to 1,4-XDA. In the
region 130-250 cm™ we observe, in comparison with the octahedral Raman
yield, a small Raman activity decreases for 1,4-PDA and 1,4-XDA with respect
to 1,3-PDA. Even if a detailed mode attribution is required, this could be due
to the smaller NH;* penetration characterizing (1,3-PDA)PbBr, sample.
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The importance of the flexibility of the organic cation is confirmed by a
closer analysis of the octahedral distortion reported in Figure 6.
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Figure 67 Distortion parameters for the newly synthesized compounds and already reported
materials with similar characteristics. Open symbols mark compositions that do not crystallize
in a layered perovskite structure.

In the plot of Figure 67, related to the octahedra structural parameters, we
could also include those perovskite derivatives not crystallizing as 2D
systems. For these systems, the distortion is mostly due to the arrangement
of the inorganic framework. In particular, in (1,4-PDA)Pbl,, the asymmetric
unit contains a Pb atom on a site of 2/m symmetry and two | atoms on mirror
planes and thus, by symmetry, the equatorial plane is defined by four
equivalent positions for atom 12, whereas the two equivalent positions for
atom I1 are necessarily axial.” The symmetry constraints together with the
edge-sharing motif that occurs through the equatorial | atoms give rise to
regular octahedra. (1,3-XDA),PbBrs comprises isolated and slightly distorted
octahedra, characterized by a relatively high angle variance, suggesting a
deviation of the Br-Pb-Br angles from 90°. The crystal cohesion is given by a
framework of contacts between the amino groups and the bromide atoms.
The organic molecule present in the asymmetric unit is tilted by 20° with
respect to the (001) plane. Coming to the layered perovskites, the octahedra
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show large distortion when cations where the nitrogen atoms are bound to
sit in the same plane as the aromatic cation, such as the 1,3-PDA and 1,4-
PDA, are present. On the other hand, the more flexible 1,4-XDA cation
induces only a slight distortion in the PbBrg octahedra. Analogously with the
AEA cation, where one nitrogen atom is bound to the aromatic plane and
the other one is not, the octahedra adopts a distortion between those
reported for 1,4-XDA and 1,4-PDA.° Again, based on the present results, the
2D DJ perovskites reported in this work show an octahedral distortion
increasing passing from (1,4-XDA)PbBr; to (1,4-PDA)PbBr, and to (1,3-
PDA)PbBr,4, with the last two showing, in particular, a significant increase in
the octahedral angle variance with respect to (1,4-XDA)PbBr,.

To further investigate the relationship between the structure of the
perovskites, in particular the degree of octahedral distortion, and their
optical properties, we performed an in-depth spectroscopic study on the
samples which present the 2D DJ structure: (1,3-PDA)PbBry, (1,4-PDA)PbBry,
and  (1,4-XDA)PbBrs. The materials’ static absorbance and
photoluminescence (PL) at room temperature are presented in Figure 68a.
For all samples, the absorbance (solid lines), calculated from the reflectivity
of powdered single crystals, shows an absorption edge well close to the UV
range (between 380 nm and 420 nm) as expected for two- dimensional Pb
bromides.'’'° Furthermore, even at room temperature, a relatively narrow
absorption peak can be observed on top of the band edge, consistent with
a stable excitonic population, typical of the quantum confinement effect.'®
The static PL (dashed lines) measured under pulsed excitation at 355 nm
shows a more diverse picture: only (1,4-XDA)PbBr4 shows a narrow peak (
~26 nm bandwidth) centered at 421 nm with a Stokes shift of only a few nm,
as expected from excitonic photoluminescence. On the other hand, (1,3-
PDA)PbBr, and (1,4- PDA)PbBr, show very broad emission peaks centered,
respectively, at 650 nm and at 565 nm, with FWHM of hundreds of nm.
While the absorption edge of these materials remains in the blue region,
their PL shows a very large Stokes shift uncharacteristic of excitonic
emission, resulting in bright white or yellow light emission. Such bright and
broadband emission is typical of highly distorted 2D materials, where
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excitonic recombination is mediated by defects or self-trapping resulting in
a significant red shift and broadening of the PL peak.'”?°
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Figure 68 (a) Absorption (solid lines) and PL (dashed lines) spectra of (1,3-PDA)PbBr; (blue
line), (1,4-PDA)PbBrs (green line) and (1,4-XDA)PbBrs (red line) at 297K. (b)—(d) Temperature-
dependent photoluminescence spectra of: (b) (1,3-PDA)PbBr4, (c) (1.4-PDA)PbBr., (d) (1,4-
XDA)PbBra. All spectra are acquired using an excitation wavelength, Aex, at 355 nm between
77 and 297 K.

To better understand the nature of the photoluminescence, we measured
temperature-dependent PL spectra between 77 and 297 K (Figures 68b-d).
The two samples with a higher (and similar) degree of distortion, (1,3-
PDA)PbBr, and (1,4- PDA)PbBr,, show a similar trend, with a bright and
broad feature dominating the emission at all considered temperatures;
intriguingly a small narrow feature appears at 420 nm for (1,3-PDA)PbBr,
while cooling down. While hard to identify in static PL measurements due to
its comparatively low intensity, this feature is particularly prominent in the
first few picoseconds of emission: its spectrum is highlighted in Figure 70
(inset).
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Figure 69 Fluence-dependent photoluminescence spectra at 77K of: a)1,3-PDA b)1,4-PDA
c)1,4- XDA. All spectra are recorded using Aex of 355nm pulsed laser (1Khz).

At lower temperatures, luminescence efficiency of (1,4-PDA)PbBry is
boosted. In (1,4-XDA)PbBr,, the PL is still dominated by the narrowband
emission at 420 nm, with broad band emission centered at around 575 nm
arising as the temperature decreases.
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Figure 70 Comparison between static photoluminescence spectra at 77K. Inset: spectrum of
1,3-PDA at 77K during the first 5 ps of emission (retrieved from high resolution time resolved
data), highlighting the feature at 420 nm which is particularly prominent at early decays.

Significant insight into the relationship between light emission and
structural parameters can be gleaned from a more careful analysis of the
temperature dependence of the PL. First of all, we analyze the temperature
dependence of the integrated PL intensity (Figure 71a), integrating the
broadband emission, i.e. the broad emission of (1,3-PDA)PbBr, (450—-1000
nm), (1,4-PDA)PbBr4 (400-900 nm), and (1,4-XDA)PbBr4 (500-1000 nm). For
all three materials, the PL intensity decreases from 77 K to room
temperature, suggesting the presence of thermally activated non-radiative
recombination channels which compete with radiative excitonic
recombination. For all three materials, we fit the data with an Arrhenius
curve to estimate the activation energy for non-radiative recombination
pathways. The obtained activation energies are AE1,4.ppp = 95 meV, AE13-ppa
=39 meV and AE; 4xpa = 71 meV. We note that in the case of (1,4-XDA)PbBr,,
the recombination channel might be back transferred to the excitonic state,
which indeed is the brightest emissive feature for this material. A higher
value of AE is desirable for photoluminescence application, indicating a PL
more stable at room temperature. Indeed, (1,4-PDA)PbBr, shows a large AE
and consistently shows a very promising intense luminescence.?
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We then consider the variation of the luminescence band width, estimated
by fitting the main emission component (at 650 nm and 550 nm) for (1,3-
PDA)PbBr, and (1,4-PDA)PbBr,4, respectively, and at 420 nm for (1,4-
XDA)PbBr, with a Gaussian and taking its FWHM (Figure 71b). The broad
luminescence of (1,4-XDA)PbBr,4 is not considered in this analysis as its
superimposition to the narrow component makes it hard to isolate correctly,
especially at higher temperatures.
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Figure 71 (a) Integrated PL intensity and (b) FWHM as a function of temperature, measured
under pulsed excitation (1 kHz) at Aexc =355 nm. (c) Fluence dependence of the integrated PL
intensity at 77 K fitted with a power law (d and e) Time-resolved photoluminescence measured
for the (d) narrow band components (<450 nm) and (e) broad emission (>500 nm). The fast
decays of excitonic features are measured with ps resolution up to 1 ns, while the long-lived
broad emission is acquired up to a window of 10 us.

The PL FWHM can be used to evaluate the coupling of the carriers - excitons
in this case - with phonons by fitting the FWHM trend vs. temperature with
eqn (1), thus obtaining the Huang-Rhys factor and the energy of the involved
phonons.?2%
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= [ o
FWHM(T) = 2.367/SEqny  coth=—22
T

(1)

Here, Sis the Huang-Rhys factor and E,h is the phonons energy. A large value
of Sisrelated to a significant degree of a carrier-phonon coupling, indicative
of either emission by STEs or phonon-mediated detrapping and radiative
recombination. Indeed, for the two samples with broadband emission, (1,3-
PDA)PbBr, and (1,4-PDA)PbBr,4, we obtain, respectively, S = 39.09 and S =
131.6. For the excitonic component of (1,4-XDA)PbBr,4, on the other hand,
we obtain S =8.58 with Ep, = 12.12 meV. The values of S > 10 have been
associated with the presence of STEs in perovskites and organic materials:
in the broadband emitters, the coupling between phonons and carriers is
compatible with the formation of self-trapped excitons which can explain
the broad emission from these samples.?*?¢ In particular, the bright (1,4-
PDA)PbBrs; has the largest Huang-Rhys factor, indicating very efficient
coupling with phonons with E = 13 meV. On the contrary, the value of S
extrapolated for the last sample (1,4-XDA)PbBr, is small, which agrees with
an emission due to the recombination of free excitons.

Further indication of the nature of the broad emission comes from the pump
fluence dependence of PL (Figure 69).
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Figure 72 1,4-XDA PL evolution in time using a Aex of 355nm pulsed laser (1Khz) at 2000 uW.
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Fitting the intensity of emission in the function of the incident power with a
power law I = PX, we estimate exponential K (Fig. 8c): the values Ky 3.ppa =
0.745 and Kj,s.ppa = 0.835, lower than 1, indicate a recombination pathway
mediated by defects leading to the formation of self-trapped excitons.”27.28
A purely excitonic recombination on the other hand is expected to yield a
power dependence with K = 1. However, it is not possible to compare this
power law with the narrow emission of (1,4-XDA)PbBry: its small Stokes shift
results in significant reabsorption in powdered single crystal samples,
distorting the measured spectrum. Furthermore, while (1,3-PDA)PbBr,; and
(1,4-PDA)PbBr4 have remarkably photostable emissions, (1,4- XDA)PbBr, is
unstable under prolonged intense illumination, even on a scale of a few
seconds (Figure 72). The excitonic component decreases faster than the
broad emission, making a fluence dependence measurement unreliable.

To validate the idea of different origins for the emission of the samples, we
performed time-resolved photoluminescence (trPL) measurement at 77 K.
To better show the disparate dynamics of the narrow- and broadband PL
features, we measured trPL in different time ranges: high resolution decays
in a time range < 1 ns (Figure 71d) where the excitonic decay is fully resolved
are coupled with measurements up to 10 us (Figure 71e) to fully record the
decay of the broadband components. The detailed setup of both high
resolution and long temporal window measurements are found in the
Experimental methods section, while the complete trPL maps in both
regimes is reported in Figure 73. In sample (1,4-XDA)PbBr,, the difference
between the excitonic and broad emission is stark: while the excitonic
component at 410 nm decays in T =76 £ 2 ps, in line with the expected
excitonic lifetimes at 77 K, the decay rate of the broad emission is 3 orders
of magnitude slower (t =180 ns) which is compatible with a trap- or phonon-
mediated process, with a consequent redshift of the PL emission.
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Figure 73 Time resolved spectra in ps (left) and ns (right) time range of sample a,b) 1,4-XDA
¢,d) 1,3-PDA and e,f) 1,4-PDA.

Sample (1,3-PDA)PbBr, also shows a long-lived lifetime for its broad
emission at 650 nm (t = 8.5 ns). Interestingly, in the high-resolution time-
resolved measurement, we also observe a narrowband component
centered at 420 nm (FWHM = 20 nm), which has a very low intensity in the
static PL measurements. This is related to its extremely short lifetime, which
is shorter than the response function of instruments indicating t < 3.5 ns:
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such rapid PL decay, coupled with the very low total intensity of this narrow
band emission, points to emission from free exciton recombination that is
swiftly quenched by transfer to states with red-shifted emission. The
lifetime of both narrow and broad emission of (1,3-PDA)PbBr, is almost an
order of magnitude faster than the one of the samples (1,4-XDA)PbBr,: this
is an indication, supported also by the brighter emission and higher
activation energy for non- radiative pathways of the latter, that fast non-
radiative recombination is the dominant mechanism in (1,3-PDA)PbBr,.

Lastly, the sample (1,4-PDA)PbBr,, as in the static measures, shows only a
broadband emission which presents a decay characterized by a late rise in
the intensity (about 1000 ns) followed by a long decay over tens of ps. This
could be an indication of a complete and efficient energy transfer from the
higher energy-free exciton to a red-shifted self-trapped exciton with an
efficient radiative recombination mechanism, which prevents any radiative
excitonic recombination to be observed even on fast timescales.
Consistently, this sample has the highest AE (AE;4.ppa = 95 meV) between
the analyzed samples leading to photoluminescence dominated by radiative
recombination of carriers both at room temperature and cryogenic
temperature. The late rise in PL intensity suggests a back transfer
mechanism from the non-radiative recombination sites to the radiative one,
resulting in delayed luminescence; this feature is not present in (1,3-
PDA)PbBr, decay which emission is, in fact, dominated by non-radiative
pathways, from which a back transfer to the radiative state is hindered.

As we have shown with both static and time-resolved photo-luminescence
spectroscopy at 77 K, the three materials which form 2D Dion—Jacobson
phases all exhibit a broadband emissive component with hundreds of
nanometers of bandwidth and a significant shift (100 to 150 nm) from the
absorption edge. Such broad emission, as indicated by the analysis of the
power and temperature dependence of the PL, can be attributed to trap-
mediated excitonic recombination or STEs. In the case of (1,4-XDA)PbBry,
the strongest emission is not the broadband component, but rather a
narrowband, short-lived component characterized by a small Stokes shift,

which is consistent with the radiative recombination of free excitons; at
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room temperature, this narrow band feature at 420 nm is the only
significant emission.

The different luminescence of the three samples can be rationalized by
considering their structural characteristics. The two materials, (1,3-
PDA)PbBr; and (1,4-PDA)PbBr,, with larger values of 62 and A (Figure 67),
show a dominant role in the broadband emission, as expected in materials
with significant deviations from ideal octahedral geometry.?® On the other
hand, (1,4-XDA)PbBr,, which has relatively undistorted octahedra, but
shows significant tilting of the Pb-Br-Pb angle (< 150°), exhibits a mixture of
narrow and broad band emission, with only the free exciton component
persisting at room temperature.?” However, it is interesting to note that the
respective degrees of inter- and intra-octahedral distortion are not sufficient
to fully explain the luminescence properties we have observed. In particular,
(1,3-PDA)PbBr; has a highly distorted geometry, very similar to (1,4-
PDA)PbBr,4 in terms of the most commonly used short-hands for octahedral
distortion: their values of Ao, 62 and Dy, are comparable. However, (1,3-
PDA)PbBr, also shows a small narrowband component at 420 nm, which is
quickly transferred (< 3 ps) to the broadband feature, but not before
radiative-free exciton recombination can occur. No such feature is observed
for (1,4-PDA)PbBr4: this behaviour may indicate a much more effective
transfer to the broadband emissive states which completely overtakes
radiative recombination. It should also be noted that (1,3-PDA)PbBr, is
significantly less emissive than its 1,4 counterpart, pointing to a larger
contribution from traps acting as non-radiative recombination centers.

Conclusions

In this study we extended the family of DJ halide perovskite containing
diammonium cations, by preparing, solving the structure, and characterizing
novel lead bromide materials containing 1,3-phenylenediammonium (1,3-
PDA), 1,3-xylylenediammonium (1,3-XDA), 1,4-phenylenediammonium (1,4-
PDA), and 1,4-xylylenediammonium (1,4-XDA) cations. We showed that the
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choice of the organic cation has a great influence on the topology of the
structure, determining whether the layered perovskite structure can occur
or not. Consistently, the degree of freedom of the organic cation deeply
affects the interactions with the inorganic framework, influencing
octahedral distortions and thus the optical properties of the compounds.
Thanks to detailed structural and optical characterizations, we could link the
differences in the optical properties, such as the nature of luminescence, to
the structural parameters. In fact, samples with a high degree of distortion
(containing the 1,3-PDA and 1,4-PDA cations), i.e. with larger values of o2
and Ao, show a dominant role in the broadband emission, while the
presence of relatively undistorted octahedra when 1,4-XDA cation is the
spacer leads to a mixture of narrow and broadband emission. However, the
difference in optical properties, and in particular in the intensity of the
emission, cannot be completely explained based on common and
traditionally used parameters of the distortion in the octahedral layers. This
finding suggests that further investigation into the relationship between
structural properties and broadband luminescence in low-dimensional
perovskites containing diammonium cations would be needed to identify
precise design rules allowing development of efficient perovskite-based
broadband and white light emitters.
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5.2 Lead chloride perovskites based on diammonium cations

We tried to expand the family of compounds containing diammonium
cations, by synthetizing and characterizing chloride samples containing four
diammonium cations, namely 1,3-phenylenediammonium (1,3-PDA), 1,3-
xylylenediamimonium (1,3-XDA), 1,4-phenylenediammonium (1,4-PDA),
and 1,4-xylylenediamimonium (1,4-XDA). The resulting bright white
materials crystallize in monoclinic and orthorhombic space group, as
detailed in Table 6.

Table 6 Crystal structure data for APbCls samples (A= 1,3-PDA, 1,3-XDA, 1,4-PDA, and 1,4-
PDA).

) Space group,
Chemical . o
Sample lattice volume a,b,c (A) a,B,v(°)
formula
(A)
(1,3-PDA)PbCl4 (1,3-CéH10N2)PbBrs P2/c 20.4867(11) | 90
Monoclinic 8.4386(5) 92.735(6)
1223.18(13) 7.0834(5) 90
(1,3-XDA)>PbCls | (1,3-CsHiaN2):PbCls | P2i/c 10.5995(7) | 90
Monoclinic 13.8588(7) 102.518(7)
1192.13(13) 8.3131(5) 90
(1,4-PDA)PbyCls | (1,4-CeH1oN2)PboCls | P21/c 13.7789(8) | 90
Monoclinic 7.8328(4) 105.622(6)
777.53(8) 7.4805(4) 90
(1,4-XDA)PbCls | (1,4-CsH1aN2)PbCls Pnma 7.7006(3) 90
Orthorhombic 24.3807(9) 90
1467.31(10) 7.8154(3) 90

Lead bromide perovskites and perovskite derivative containing these
diammonium cations have already been reported to show interesting
physical properties.l? They also display a wide structural variability, giving
raise to different topologies. In fact, a layered perovskite structure does not
always occur when the organic cation is ditopic. With linear cations, only
even-membered alkyl chains can give layered perovskite-type hybrid
structures, whereas odd-membered chains cannot.> Moreover, cations with
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fused aromatic rings generate the layered perovskite structure only when
the cation is able to tilt and give hydrogen bond to the halides.? In general,
the flexibility of the cations seems to be of great importance, as aromatic
cations bearing ammonium groups with no degree of freedom tend to occur
in 1D motifs. This is the case for 4,4'-MDAPbl, [MDA=methylenedianilinium
(H3NCeH4CH,CsH4NH3)13,  (1,4-PDA)PbIs*,  which sounds particularly
interesting, since a similar but asymmetric diammonium cation (DPDA=N,N-
dimethylphenylene-p-diamine, CgHi14BrsN;) can form both a layered
structure with both the iodide and bromide (DPDA)PbX,4 (X = Br, 1), and a 1D
perovskite derivative with the iodide, (DPDA),Pbls:l, under different
stoichiometric conditions.® A layered perovskite structure was reported for
(1,3-PDA)PbBrs, (1,4-PDA)PbBrs, (1,4-XDA)PbBr,!, together with (1,3-
PDA)Pbls?, and (AEA)PbBrs®. Chloride compounds are not an exception.
Indeed, the investigated compositions show different structure types, as
depicted in Figure 74.

a)

<)

Figure 74 Crystal structures of a) (1,3-PDA)PbCls, b) (1,3-XDA):PbCls, c) (1,4-PDA)Pb:Cls, d)
(1,4-XDA)PbCl.
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(1,3-XDA),PbCls does not display a layered structure but corresponds to a
so-called OD perovskitoid being constituted by isolated octahedra. Notably,
it is isostructural to (1,3-XDA),PbBre! suggesting that the 1,3-XDA cation may
have a large tendency to give this topology. Such a structure type is probably
not common with diammonium cations, even if other chloride containing 0D
systems have been reported in the past.” (1,4-PDA)PbCl,; shows a layered
structure, with an inorganic layer made of face-sharing square antiprisms
and a layer of organic cations located on the inversion center. The central
Pb atom is eight-coordinate with Pb—Cl distances ranging from 2.8029(18)
to 3.3869(15), creating a distorted square antiprism. The structure
described in this work is highly consistent with previous findings”8, for which
structural data were not mentioned. On the other hand, (1,3-PDA)PbCl, and
(1,4-XDA)PDbCl,4 crystallize as Dion-Jacobson (DJ) phases with n=1, according
to the general formula A’A,-1M;X3n+1, comprising layers of PbCls octahedra
separated by layers of organic cations.

The experimental XRD powder patterns obtained are reported in Figure 75,
superimposed to the calculated patterns from the single crystal XRD data.
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Figure 75 XRD powder patterns (red) of a) (1,3-PDA)PbCls, b) (1,3-XDA).PbCls, c) (1,4-
PDA)Pb:Cls, d) (1,4-XDA)PbCls superimposed to the calculated patterns from SC-XRD (blue).
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It is well known that the interaction between the ammonium group and the
octahedral framework deeply affects the structure and properties of layered
perovskites.!%' An useful parameter to unveil this effect is the penetration
depth, meant as the distance between the N atom of the amino group and
the plane of the terminal halides.® Consistently with what was stated for
their bromide counterparts?, the NHs* penetration seems to influence both
the inter-octahedral, in terms of the X-Pb-X angle, and intra-octahedral, such
as the octahedral elongation length ((A.:)) and the bond angle variance
(02:)°, distortion parameters. In particular, considering the bromide and
chloride containing phenylamines reported so far, some general trends can

be envisaged (Figure 76).
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Figure 76 Variation of the Pb-X-Pb bond angle as a function of NHs penetration.

With the same organic cation, the penetration depth increases from the
chloride to the bromide®, probably as a consequence of the different
strength of the hydrogen bond.'*2 The position and length of the
substituents seems to play a pivotal role; 1,3 cations have shorter depth of
penetration, most likely because of the steric hindrance of the relatively
close substituents, while the 1,4 cations show larger penetration and more
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regular octahedral layers. Among them, 1,4-PDA give rise to the largest tilt,
because, being short and rigid, it has less degrees of freedom, while the 1,4-
XDA cations has longer substituents that can more easily interact with the
halide.

Similar yet opposite trends can also be seen in the intra-octahedral

distortion parameters (Figure 77).
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Figure 77 Octahedral elongation and bond angle variance as a function of NHz penetration for
the compounds with a layered perovskite structure.

In fact, the 1,3 cations have small NH3 penetration, but give rise large
distortions within the octahedra. Among the 1,4 cations, the rigidity of 1,4-
PDA again seems to affect the PbX¢ octahedra, inducing a distortion close to
that found for the 1,3 cations. On the other hand, the more flexible 1,4-XDA
cations allow for more regular octahedra. When the same organic cation is
involved, the distortion within the octahedra increases from Br to Cl, thus
with the hardness of the anion, as predicted by first-principles calculations®?
and shown by local structure studies®.

In order to have further insight on the role of the flexibility of the organic
cation, we can extend the analysis of the intra-octahedral distortion to
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include the compounds in which the layered perovskite structure does not
occur (Figure 78).
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Figure 78 Distortion parameters for the newly synthesized compounds and already reported
materials with similar characteristics.

It is worth noting that the smallest distortion is shown by (1,4-PDA)Pbl,
where the symmetry, together with the edge sharing motif present in the
structure?, gives rise to regular octahedra. Then the XDA cations undergo an
increasing distortion, with 1,3-XDA cations generating a larger yet very close
distortions, supporting the idea that the 0D arrangement is mostly due to
the type of organic cation. The more rigid PDA cations, and in particular the
1,3 ones, induce the largest distortions within the octahedra. Furthermore,
as already pointed out, the distortion increases along with the hardness of
the halide.

To conduct a better investigation of the correlation between the octahedral
distortion degree and optical properties of these materials, we performed
static absorbance and photoluminescence (PL) measurements at room
temperature, as reported in Figure 79.
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Figure 79 a) Normalized optical absorbance, b) normalized steady-state PL (Aexc=300 nm) and
¢) non-normalized PL spectra of (1,3-PDA)PbCls, (1,3-XDA):PbCls, (1,4-PDA)Pb:Cls and (1,4-
XDA)PbCla.

Figures 79a and 79b show the comparison among the normalized absorption
and the normalized PL spectra for (1,3-PDA)PbCl,, (1,3-XDA),PbCls, (1,4-
PDA)Pb,Cls, (1,4-XDA)PbCls;, while the non-normalized PL curves are
reported in Figure 79c.

The wide band gap of the four samples, calculated from Tauc plots by
considering a direct nature of the gap, corresponds to similar values for (1,3-
PDA)PbCl, and (1,4-XDA)PbCl, (3.53 eV and 3.51 eV, respectively), while 3.92
eV is detected for (1,4-PDA)Pb,Cls and 3.87 eV for (1,3-XDA),PbCls. For all
the samples, the static absorbance reveals an absorption edge quite close
to the UV range, between 300 - 340 nm for 1,4-PDA and 1,3-XDA cations and
between 340 - 380 nm for the other two spacers. As expected, a shift
towards lower wavelengths is observed for the chloride compounds with
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respect to the corresponding 2D lead bromide perovskites.! Only (1,4-
XDA)PbCl, shows a narrow absorption peak on top of the band edge, which
usual emerges in low-temperature measurements, and typical of the
important quantum confinement effect of these 2D materials.’® The static
PL spectra was collected under pulsed excitation at 300 nm and show very
broad emission peaks with a full width at half maximum (FWHM) of
hundreds of nm, unlike it was expected from excitonic photoluminescence.
The comparison of the non-normalized PL spectra, as reported in Figure 79c,
highlights the most intense emission of (1,4-PDA)Pb,Cl¢ and (1,4-XDA)PbCl,,
while a moderate PL intensity was revealed for the other two materials. (1,3-
XDA);PbCls presents the relatively narrowest peak (~130 nm) centered at
405 nm with a shoulder suggesting the existence of a second PL contribute
and with the lowest Stokes shift of ~105 nm. On the contrary, the remaining
three samples show a broader emission peak (FWHM between 155 and 165
nm) centered 528 nm, 510 nm and 505 nm, respectively for (1,4-XDA)PbCl,,
(1,3-PDA)PbCl4 and (1,4-PDA)Pb,Cls, with greater Stokes shifts close to 200
nm. In general, this large Stokes shift is uncharacteristic of excitonic
emission; however, previous studies have confirmed that both such
broadband emission, resulting in bright white light, and the pronounced
Stokes shift, are due to self-trapping mechanisms occurring in the excitonic
recombination of 2D materials with a high degree of octahedral

distortion.®%”

Conclusions

In the present study, four novel lead chloride perovskites containing
diammonium spacer cations have been reported. We confirmed that the
selection of the organic spacer plays a pivotal role in the formation of
layered perovskite structures, often resulting in 1D or 0D structural motifs
instead of the 2D topology. We also proved, through the evaluation of
appropriate structural distortion parameters, that the flexibility of the
organic cation and its degree of freedom strongly influence the interaction
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with the inorganic framework. As already described for the corresponding

bromide samples, this different level of interaction has a key role on the

modulation of the optical properties. However, further investigations would

be needed in order to provide a better explanation of optical behaviour of

these systems related to the mechanisms occurring in their lattice, leading

to the development of efficient broadband emitters.
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CHAPTER 6.

DIPHENYL-BASED MONOAMMONIUM
SPACERS

MHPs are attracting a huge interest for their possible application in
heterogeneous photocatalysis following the recent synthesis of materials
and heterostructures that have been found to be efficient for a plethora of
photocatalyzed chemical reaction, including hydrogen generation and CO,
reduction. [104-106] A major limitation of MHPs in photocatalysis, is their
limited water-stability which derives from the high ionic character of the
metal halide framework. [105,107] In this context, 2D layered MHPs may be
particularly suitable to overcome this issue, in virtue of the vast range of
organic spacers which can be inserted as protective barrier between the
inorganic perovskite layers. [6] In fact, upon introduction of a highly
hydrophobic organic spacer in the perovskite structure, a significant
moisture and water stability could be achieved, and examples exist of
systems forming a suspension in water instead of being dissolved. [106,108]
In this respect, recently, some Bi-based and Sn-based perovskites with
improved water resistance were found to show significant visible-light
photocatalytic activity of hydrogen photogeneration and organic dye
degradation, which was further enhanced by designing heterostructures
with g-C3N4. [106,108] Similar strategies have been used also by other
authors on the Cs;Bixly perovskite-derivative. [109] While materials
engineering has been successful for the synthesis of lead-free MHPs
photocatalysts, there are no reports about any photoactive germanium
halide perovskite. In this respect, a recent series of Ruddlesden-Popper (RP)
2D germanium bromide perovskites (n=1), namely A,GeBr, with A =
phenylethylammonium (PEA), Br-phenylethylammonium (BrPEA), F-
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phenylethylammonium (FPEA), and benzylammonium (BzA) showed air-
stability but not water-tolerance. [3]

6.1 Air and water stable and photocatalytically active
germanium-based 2D perovskites by organic spacer
engineering

Purpose and scope

Photocatalytic reactions mediated by MHPs semiconductors may be the
next big thing in the ever-growing exploitation scenarios of these fascinating
materials. To make a real impact in this contest, advancements in the
material moisture stability and toxicity are needed. We investigated novel
germanium-based 2D MHPs which show an intrinsic water-stability realized
through  organic  cation  engineering. By incorporating  4-
phenylbenzylammonium (PhBz) (Figure 80a) we demonstrate, by means of
extended experimental and computational results, that PhBz,GeBr; and
PhBz,Gel, can achieve a relevant air and water stability. This cation presents
extended 1 conjugated systems, creating a unique condition in which strong
intra-layer van der Waals interactions are established, substantially
stabilizing the resulting bulk perovskite. The creation of composites
embedding g-CsN; allows to provide the first proof-of-concept for light
induced hydrogen evolution from water by a 2D Ge-based MHP, thanks to
the effective charge transfer at the heterojunction between the two
semiconductors. These results pave the way to the intelligent design of
intrinsically water stable MHPs phases which are highly demanded in all the
applicative fields of MHPs.
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Experimental methods

Materials preparation

PhBz,GeBr, has been prepared by dissolving a proper amount of GeO,
powder in HBr and H3PO, gradually heating to 100°C under stirring and
under nitrogen flux. After the solid dissolution, the amine is added and the
reaction mixture is cooled down to room temperature obtaining the
formation of the product. The same procedure has been used to prepare the
iodide containing samples by changing HBr with HI. Bulk g-CsN4 has been
synthesized from the polymerization of DCD (NH C(=NH)NHCN, Aldrich,
99%) by the following thermal treatment (under N, flux): heating (1°C/min)
to 550°C, isothermal step for 4 hours followed by cooling to room
temperature (10°C/min). Synthesis has been carried out in a partially closed
alumina crucible. The PhBz,GeBr,@g-CsN4 composites have been prepared
by adding to the DMF solution containing the perovskite the proper amount
of g-C3N,.

Characterization

The crystal structure of the samples has been characterized by room
temperature Cu-radiation XRD acquired with a Bruker D8 diffractometer.
DRS spectra were acquired in the wavelength range 300-800 nm directly on
the powders by using a Jasco V-750 spectrophotometer, equipped with an
integrating sphere (Jasco I1SV-922).

The photoluminescence (PL) measurements were recorded by means of a
Fluorolog-3 spectrofluorometer (HORIBA Jobin-Yvon), equipped with a 450
W xenon lamp as exciting source and double grating excitation and emission
monochromators. All the optical measurements were performed at room
temperature on powder dispersed samples as-obtained from the synthesis
without any size sorting treatment. The PL emission spectra were recorded
by using an excitation wavelength of 375 nm.
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Hydrogen evolution experiments

H, evolution experiments were conducted in distilled water containing 10%
(v/v) triethanolamine (Aldrich, > 99%), irradiated in Pyrex glass containers
(28 mL capacity, 21 mL sample). After addition of the catalyst (1 g L), the
sample was deoxygenated by Ar bubbling (20 min) to obtain anoxic
conditions, and irradiated under magnetic stirring for 6 hours. Chloroplatinic
acid (H,PtCls, 38% Pt basis), used as precursor for metallic Pt, was from
Sigma-Aldrich. Since Pt is in situ photodeposited on the catalyst surface,
after Ar bubbling a small volume from a 15 g L'? H,PtCls aqueous solution
was added, using a 10-100 puL micropipette, to the catalyst suspension (1 g
1) directly in the photoreactor. The latter was closed with sleeve stopper
septa and was irradiated, as described in the following, achieving
simultaneous Pt deposition and H, production. Irradiation was performed
under simulated solar light (1500 W Xenon lamp, 300-800 nm) using a Solar
Box 1500e (CO.FO.ME.GRA S.r.l., Milan, Italy) set at a power factor 500 W
m2, and equipped with UV outdoor filter made of IR-treated soda lime glass.
Triplicate photoproduction experiments were performed on all samples.
The headspace evolved gas was quantified by gas chromatography coupled
with thermal conductivity detection (GC-TCD). The results obtained in terms
of H, evolution rate are expressed as pumoles of gas per gram of catalyst per
hour (umol g h'1). XRD measurements on spent catalysts have been done
by filtering the suspensions and recovering the powder, which underwent
diffraction measurements.

Metal leaching tests

The leaching tests were performed by dispersion of the powders in distilled
water, under magnetic stirring for 4, 8, 16 and 24 h. Then the suspension
was filtered on 0.2 um nylon membrane and the amount of tin in solution
was determined by ICP-OES analysis, after acidification (1% v/v ultrapure
nitric acid).
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Computational details

All the calculations have been performed with the CP2K code. Atom-
centered Gaussian-type basis functions are used to describe the orbitals. We
employ the MOLOPT? basis set and use a cutoff of 600 Ha for the plane
waves. Core-valence interactions are described by Goedecker-Teter-Hutter
pseudopotentials.

To calculate the formation energies from first-principles as reported in Eq. 2
(see below), we need to build atomistic models (i) of the considered A,GeX,
perovskites: PEA,GeBr,, BrPEA,GeBr,;, BPEA,Gels, and BPEA,GeBry, X(ii) of
GeX; (X=lI, Br) and, (iii) of AX. For PEA,GeBr, and BrPEA,GeBr,, we construct
supercells starting from the experimental crystallographic structures. Then,
we perform density functional theory (DFT) calculations to relax both the
coordinates of the atoms and the lattice parameters. These calculations are
carried out employing the rVV10 functional, which accounts for van der
Waals interactions and has been found to be suited to describe the
energetics of layered and 2D materials. In fact, the calculated lattice
parameters for PEA,GeBr, and BrPEA,GeBr, nicely agree with those
measured, with differences below 2%. To model BPEA,Gel,, we start from
the experimental crystallographic structure of BPEA,Pbls, in which we
replace Pb atoms with Ge atoms and then we fully relax both coordinates
and lattice parameters. Analogously, we obtain an atomistic model of
BPEA,PbBr4, by further replacing | with Br.

Gel, and GeBr; are analogously modelled constructing atomistic supercells
from the experimentally available crystal structure: a=b=4.13 A, ¢=6.75 A,
a=B=90°, y=120° for Gel, and a=11.680 A, b=9.120 A, c=6.869 A, a= y=90°,
B=101.9° for GeBr,. For Gel, (GeBr;), we constructed a 4x4x3 (2x2x3)
supercell. For AX salts, experimental data were not available for many of
them. Therefore, we considered, as a reference, the total energy of an
isolated AX dimer for all considered species.
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Results and discussion

The novel PhBz,GeBr; perovskite was synthesized by means of wet-
chemistry route as described above. The powder has a white colour (Figure
80b) and the corresponding high-resolution synchrotron radiation (SR)
powder X-ray diffraction (XRD) pattern collected at 0.3547 A is shown in
Figure 80c.
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Figure 80 (a) Sketch of the chemical formula of 4-phenylbenzylamine; (b) picture showing the
appearance of the powdered sample; (c) SR-XRD pattern of PhBz:GeBra collected at 0.3547 A.

The indexing of the SR-XRD data provided an orthorhombic cell (space group
Pmc2;) with refined lattice parameters of a=6.0260(1) A, b=9.1744(2) A,
c=44.376(1) A. There are no literature reports on 2D perovskites containing
4-phenylbenzilammonium cation, therefore a direct comparison with
analogous compositions cannot be posed. The most similar material
reported, in terms of organic cation, is BPEA,Pbl,; (BPEA = 2-(4-
biphenyl)ethylamine) in which the organic cation has an ethyl linked to the
amine group.! Even though the central metal and the halide are different
with respect to PhBz,GeBr,, the concordance with the symmetry of the
BPEA,Pbl, crystal suggests a similar organic spacer arrangement, as shown
in Figure 81 where PhBz,GeBr, diffraction is plotted against the expected
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Bragg peaks from BPEA,Pbl,. Long c-axis is, as well, in a similar range as that

herein reported.?
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Figure 81 Diffraction pattern (Cu-alpha radiation) of PhBz.GeBrs against the expected Bragg
peaks of BPEAPbl; with actual lattice parameters obtained from the indexing procedure.

The optical properties of PhBz,GeBr, have been determined by UV-Vis
absorption spectroscopy and photoluminescence (PL), see as shown in
Figures 82a and 82b. From the Tauc plot, we estimate a band gap of 3.64 eV,
while the PL spectrum shows a structured intense band composed of three
contributions with the main emission peak centered at about 415 nm.
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Figure 82 (a) Absorption spectra of PhBz.GeBr. (inset: Tauc plot); (b) PL spectra of PhBz:GeBr.
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To test the stability vs. moisture of the synthesized material, as-prepared
PhBz,GeBr, (kept under argon in glovebox) was exposed to laboratory air (T
= 22°C, Relative Humidity (RH) = 35%) for 2 months. The XRD pattern
collected after this time interval shows a perfect match with the pattern of
the as-prepared PhBz,GeBr, (cf. red and black lines in Figure 83).
Furthermore, PhBz,GeBr, powders were dispersed in water and kept under
stirring for 24 hours and the diffraction pattern of the powders was found
highlyt consistent with the as-prepared material (cf. blue vs. black patterns
in Figure 83).23 In the rescaled inset of Figure 83, we highlighted the peaks
around 10-40° to put in prominence the very optimum agreement between
the patterns extending in the whole diffraction range.
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Figure 83 XRD pattern of as-prepared PhBz.GeBrs (black), after 2 months of air-exposure (red)
and after 24 h water treatment (blue). Inset: focus on a reduced 2-theta range.

Further evidence of water stability has been assessed through a leaching
test. In this assay, PhBz,GeBr4 has been placed in water under magnetic
stirring and the amount of Ge in the solution has been determined by
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). After
4, 8, 16 and 24 hours of stirring the Ge amount detected in the solution was
4.3%, 5.7%, 5.9% and 6%, respectively, of the total amount of germanium
present in the perovskites, thus confirming the high water-stability and
insolubility of PhBz,GeBr..

In addition to the clear evidence of air and water structural stability above
reported, we applied X-ray Photoelectron Spectroscopy (XPS) on the as-
prepared sample and on the sample after immersion in water. The Ge 3d
spectra of the two samples reported in Figure 84 are superimposable (as for
all the other elements probed, Figure 85) indicating that the Ge ions kept in
immersed samples retain the same oxidation state of as-prepared materials.
The relative position of the Ge3d peak suggests the possible presence of
Ge(IV) on the surface of the material, possibly in the form of a native-oxide,
that could act as a protective layer, as recently proposed to justify an
enhanced air-stability of 2D Ge-perovskites.*®

Ge3d

— after water
—— as-prepared

Normalized Intensity

46 44 42 40 38 36 34 32 30 28
Binding Energy (eV)

Figure 84 Ge3d XPS spectrum of as-prepared PhBz.GeBrs (black), and after 24 h water
treatment (blue).

More specifically, the binding energy position of the Ge 3d peaks at 33.4 eV
is predictive of a Ge(lV) state, and an additional indication of the Ge(IV)
oxide formation at the surface of the material derives from the curve-fit
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analysis of the corresponding O1s spectra (Figure 85) revealing the presence
of a component at 531.8 eV typical of GeO,. &’

Cis O1s
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Figure 85 XPS spectra for all the other elements probed of as-prepared PhBz.GeBr; (black),
and after 24 h water treatment (blue).

However, since previously synthesized Ge-based 2D perovskites did not
show any water-stability, the reason of the improved water-stability of
PhBz,GeBr, may lay in the bulk properties originating by the significant steric
hindrance and hydrophobicity of the organic spacer.?

We thus exploited the advantage of PhBz,GeBr,4 superior water-stability by
testing its possible application in photocatalysis. Hydrogen photogeneration
characteristics have been determined according to a commonly utilized
protocol, already applied in our laboratory for other MHPs.>3° First, we
determined the hydrogen evolution rate (HER) of pure PhBz,GeBr, under
simulated solar light, that was proven to be ~ 6 pmolg? h, a low but
relevant value for a pure MHP, also considering the relatively high band-gap

of the materials, 3.6 eV, which corresponds to efficient absorption only in
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the ultraviolet region of the light spectrum (in line with the UV-Vis
absorption spectrum, Figure 82a). To enhance the photoactivity of the
perovskite, we prepared composites with a well-known visible light-
absorbing semiconductor, namely g-CsN,, at different weight percentages
(%wt) of MHP relative to g-C3N4 (1%, 2.5%, 3.5%, 5% and 15%). Figure 86a
reports the XRD patterns of the composites showing the main contribution
of g-C3N4 up to 15wt%. We point out that the main peak of PhBz,GeBrs,,
located around 4°, is already detectable in the sample containing 2.5wt% of
perovskite. UV-Vis spectra of the composites (Figure 86b) show a significant
contribution to absorbance deriving from the carbon nitride.
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Figure 86 Structural and optical properties of PhBz.GeBr,/g-CsNs composites. a) XRD
patterns of PhBz:GeBrs/g-CsN4 composites for different perovskite loadings; b) UV-Vis spectra
of PhBz:GeBr,/g-CsNa composites for different perovskite loadings. c) normalized emission
spectra and of PhBz,GeBr4/g-CsN+ composites at different percentages of perovskite loading
(wt%). g-CsNs refers to pristine material. Aex=320 nm. d) normalized PL decays for the same
composites (lex= 320 nm; lem = 450 nm). In the inset PLQY for all samples obtained with CW
excitation at 405nm.
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The normalized photoluminescence (PL) spectra of pure compounds and
composites are reported in Figure 86c¢. Pristine materials, both, show
intense luminescence band, PhBz,GeBr4 peaking at 415 nm and g-C N at 455
nm. Their bands falling in different spectral regions allow to monitor the
contribution of the single components to the PL features of the composites.
Noticeably the composites, when excited at a wavelength which allows the
absorption of both materials, show a spread PL emission overshadowed by
g-C3N4 contribution. Graphitic-carbon nitride emission is energetically
spread spanning from 410 to 560 nm, due to various deactivation paths
existing within the energy band diagram of the material.?° The PL quantum
yields (PLQY) as well as the lifetimes (t), Figure 86d, are very similar for
pristine and for g-CsN4 containing composites. The PLQY varies from 3.9 £
0.4%t05.2 £ 0.5 % and the average tis 9.0 £ 0.5 ns for all specimens, further
suggesting the central role played by carbon nitride states in the excitation
deactivation path, while the PLQY of pure PhBz,GeBr, is lower (2.2 £ 0.2%),
compatibly with the shorter PL lifetime. These observations nicely fit the
band structure of the junction, modeled below. The normalized PL spectra
show however some differences among the samples, while g-C3N, features
dominates the spectra at high perovskite-loadings suggesting a highly
efficient energy transfer from perovskite moiety to g-C3sN,, the low-loading
composites show some minority features attributable to residual perovskite
contribution (Figure 86). For these compositions, namely 1, 2.5 and 3.5 %
loading of perovskite, the energy transfer appears somehow less effective
suggesting a possible defect-filling mechanism at the g-C3Ni/perovskite
interface. An additional difference related to the shape of the composite’s
emission, can be found in the region of its peak (around 440-460 nm), here
the g-C3N, and the high loading composites show a more intense
contribution at low energies, peaking their emission at 458 nm, meanwhile
low loading composites (1% and 2.5%) show the maximum emission at 444
nm. The shape of the emission band in g-CsN4 materials can be attributed to
the relative population of diverse energy transitions, withstanding a
complex deactivation path for the excitation in graphitic carbon nitride
materials, particularly the one at low energies are connected to m*-nt
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transition, meanwhile the one at high energies are related to deactivation
to nitrogen atom lone pair.2%! In our systems the diverse shapes suggest
how differences in the relative populations of excitation/deactivation
processes exist between low loading and high loading composites. The
peculiar optical behaviour of composites appears to be a distinctive trait of
perovskite carbon nitride systems, as already described elsewhere,
suggesting that low levels of perovskite doping may act on funneling the
charges upon localized states.'? Those active sites could be fundamental in
boosting the photocatalytic performances of low loading composites.*? Such
effect faded with increased perovskite loadings.

Finally, we investigated the solar-driven catalytic efficiency of the prepared
composites in terms of HER. The measurements have been carried out by
employing current protocols applied in the literature for g-CsN4-based
composites, i.e., in 10% (v/v) aqueous triethanolamine (TEOA), as a typical
sacrificial agent, and with Pt (3wt%) as metal co-catalyst.’
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Figure 87 Hydrogen photogeneration performance of PhBz:Ge:Brs/g-CsNscomposites. (a)
Hydrogen evolution rates for PhBz:Ge:Bra/g-CsNacomposites at different percentages of MHP
loading, 6 h irradiation, RSD < 10% (n=3); (b) Hydrogen evolution profile over irradiation time

for the 2.5wt% PhBz:Ge2Brs/g-CsNscomposite, RSD < 10% (n=3). Conditions: 1 g L catalyst,
10% v/v TEOA, 3wt% Pt, simulated solar light (Xenon lamp, 500 W m™, 300-800 nm, IR-treated

soda lime glass UV outdoor filter).
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Figure 87a shows the HER as a function of perovskite loading, while Figure
87b shows the kinetics of the hydrogen evolution for the best performing
composite from Figure 87a, namely 2.5 wt%/PhBz,GeBrsg-C3Ny.

Noticeably, the composites display a synergic effect providing a significant
improvement of HER of about 8 times with respect to pure carbon nitride
(81 umol gt h'l) and of about 100 times with respect to pure PhBz,GeBr, (6
umol g h'l). The maximum HER is found at a relatively low MHP loading of
2.5wt%, while higher perovskite percentages are not beneficial to improve
the photoreaction. For the optimal composite, namely at 2.5wt%, the
kinetics of H, evolution, reported in Figure 87b, indicates a substantial linear
increase of the hydrogen production as function of time. The value of
apparent quantum vyield (AQY%), calculated as the percent ratio H,
moles/incident photons moles, for this composition (2.5wt% of perovskite)
was proven to be 5.2%.* This is the first evidence of the application of a Ge-
based perovskite in solar-driven hydrogen generation, therefore any
comparison with pre-existing literature is not possible. However, the
measured rates are similar to those measured for Sn-based and Bi-based
perovskites.>%'? The composite at 2.5wt% of PhBz,GeBr4 has been tested
over four successive catalytic cycles by centrifugating, recovering, and
subjecting the sample to the same photocatalytic procedure. The HER in the
second cycle was about 94% of the initial HER, while in both the third and
fourth cycles it was reduced to about 74%; such result could be related to
the slight but detectable Ge leaching reported above Finally, the catalyst,
was recovered after a photogeneration test and analyzed by XRD to test the
material stability. For the sake of clarity this test was accomplished on the
material with 15wt% loading of PhBz,GeBr, since it showed the most evident
reflections from the perovskite. The patterns of fresh PhBz,GeBr, 15wt%/g-
C3N,4 and of the same sample recovered after 6 hours of irradiation under
the conditions reported above are shown in Figure 88, indicating a very
excellent stability of the composite after the photocatalytic test.
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Figure 88 XRD pattern of 15 wt% PhBz.GeBr4/g-CsNa before (red) and after (black)
photocatalysis.

The origin of the reported results was further investigated from an atomistic
perspective with the aim of understanding: (i) the outstanding water
stability of the Ge-based perovskites synthetized in this work and (ii) the
efficient photocatalytic production of H, when the perovskites are used in a
composite with g-CsN,. In addition, computational modelling was extended
to alsoinclude the iodide-analogous phase, namely, PhBz,Gel,, to determine
its possible application in photocatalysis. As a matter of fact, the presence
of iodide can red-shift the band gap and provides a more effective charge
transfer in the heterostructure.*®'> However, iodide-based materials are
known to be less stable than the bromide counterparts.

To fulfil the first goal, we calculated the bulk formation energies E«{bulk) of
the water-stable Ge-based perovskites and we compared them to those of
previously synthetized materials, bearing different A-site spacer cations,
which were found to dissolve in aqueous environment.® Since no
experimental crystallographic structure is currently available for PhBz,Gel,
and PhBz,GeBry, we consider the perovskites with biphenyl-ethylene-
ammonium (BPEA), which differs from PhBz only for an extra CH, between
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the aromatic ring and the ammonium moiety.! BPEA,Gel, and BPEA,;GeBr,
were modelled starting from the analogous BPEA,Pbl,. We consider, for our
comparison, PEA,Gels and BrPEA,GeBrs, which have been synthetized and
characterized in Ref. 1.

From the following reaction:

2AX + GeX, - > AGeXs (1)

where A = Phenyl-ethylene-ammonium (PEA), 2-Bromo-Phenyl-4-ethylen-
ammonium (BrPEA), BPEA (biphenyl-ethylene-ammonium) X=Br, I, we
define E{bulk) as follows:

Efbulk) = E(A,GeXs) — E(AX) — E(GeXa) (2)

In Eq. 2, E(A,GeXy), E(AX) and E(GeX,) are the total-energies of A,GeX,, AX
and GeX,, which are calculated from their respective atomistic models.
Results collected in Table 7 clearly indicate that perovskites bearing BPEA as
spacer A-site cation are substantially more stable than the others, with
formation energies being up to 0.7 eV lower. Such a larger stability may be
ascribed to the enhanced van der Waals interactions available within the A-
cation layers separating the inorganic frameworks when using the larger
BPEA molecule. In order to assess this consideration, we calculate for each
studied material the formation energy of a neutral A vacancy, Va, which is
defined as:

EAVA) = E(Va) - E(A.GeXa) - E(A)  (3)

where E(V,) is the total energy of the perovskite model with a missing A
molecule and E(A) the total energy of an isolated A molecule. From Table 7,
we evince that the energy associated with the removal of an A cation from
the bulk perovskite is remarkably higher (up to 1 eV) for BPEA when
compared to the other systems, thus clearly indicating that intra-layer Van
der Waals interactions sizably stabilize BPEA perovskites. Furthermore, the
higher solvation Gibbs free energies calculated for BPEA and PhBz indicate
a reduced tendency of these cations to dissolve in water, when compared
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to the cations employed in previous work.2 We note that such a result is in
line with a previous observation of the increased water stability observed
when replacing methylammonium with dimethylammonium in tin
perovskites.16:17

Table 7 Calculated values of Ef(bulk) and Ef(Va) (cf. main text for definitions) for the considered
A>GeXq perovskites.

Perovskite Et(bulk) E«(Va) Water-stable?
PEA>GeBrs —4.15 3.98 NO
BrPEA>GeBra —4.12 4.18 NO
(BPEA):Gel4 —4.65 4.92 YES
(BPEA)GeBrs —4.80 5.26 YES

To study the beneficial effect on the photocatalytic H, production of the
BPEA,GeX, perovskites in a composite with g-C3N4, we investigated their
band alignment. To this end, we constructed atomistic models of the surface
of these materials. When considering the (100) surface of BPEA,GeX,, we
find that the most stable termination is the stoichiometric (BPEA)X-
terminated one, with the BPEA cations pointing their hydrophobic biphenyl
moieties towards the surface [cf. Figure 89a for the (BPEA)I terminated
surface of BPEA,Gel,] while the ammonium moieties interact with the sub-
surface inorganic chain. This termination features a surface energy as small
as 0.005 eV/A2.
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Figure 89 Computational modelling of surface termination and band alignment for
(BPEA).Gels and (BPEA):GeBr.. (a) Stick & ball representation of the atomistic model for the
(BPEA)I-terminated (100) slab of (BPEA).Gels perovskite. Ge atoms are depicted in ochre, I in

violet, Cin cyan, N in blue, and H in white. (b) Valence band (VB) and conduction band (CB)
edges of g-CsNs, (BPEA):Gels, and (BPEA):GeBra referred to the vacuum level. The energy level
of standard hydrogen electrode calculated in Ref. 2 and the TEOA/TEOA redox level are
reported as dashed lines.

Then, we employed advanced electronic-structure calculations to evaluate
the band gap of the materials and align the band edges with respect to the
vacuum level. The band alignment for BPEA,Gel, and BPEA,GeBr, is
reported in Figure 89b along with that previously calculated in Ref. 2 for g-
C3Ny4. The band edges of BPEA,Gel, are found be favourably aligned with
respect to those of g-CsN4, thus promoting the transfer of photo-generated
charges in a Type 2 heterojunction, which could also improve the carrier
lifetime. At variance with this, BPEA,GeBr,4, which features a larger band gap
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(3.7 eV vs 2.81 eV), has his valence band edge at an energy 0.15 eV lower
than g-CsN4, providing a Type | heterojunction. This implies that hole
transfer from g-C3N4 to the perovskites might be subject to a small energy
barrier, which may reduce the efficiency of the composite.

The results of the computational modelling have put in prominence two
main results: i) confirmation of the water-stability for BPEA,GeBr, together
with a beneficial band-alignment with g-CsN4, as demonstrated by the above
reported hydrogen photogeneration experiments, and ii) prediction of good
water-stability by BPEA,Gels [even though with lower E{bulk) and EAVa)
with respect to BPEA,GeBr;] and possible superior photocatalytic
performance due to a better band-alignment with respect to the bromide-
containing counterpart.

To test this last computational evidence, we synthesized the PhBz,Gel,
perovskite and a series of composites with g-CsN,4 (1, 2.5, 3, 3.5, 4, 4.5, 5,
and 15% of perovskite loading). Figures 90a and 90b reports the XRD and
absorbance data on the composite.
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Figure 90 (a) XRD patterns and (b) UV-Vis spectra of PhBz:Gels/g-CsNs composites for different
perovskite loadings.

We used the same approach we employed for PhBz,GeBr, in testing the air
and water stability of PhBz,Gels. Figure 91 shows good air and water
stabilities also for the iodide-containing perovskites, according to the
computational prediction.
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Figure 91 XRD pattern of PhBz.Gels before (black) and after (blue) water treatment.

However, the leaching test revealed an amount of Ge in the solution of
about 40% already after 4 hours of stirring. This value remains then constant
after 8 and 16 hours of stirring (42 and 43%), suggesting the possible
occurrence of a solubility equilibrium which then keeps the perovskite
unchanged in the solution, according to the XRD diffraction after recovering
the powder (Figure 91). Substantially the same leaching (44%) was noticed
also under photocatalytic conditions, turning in line with the overall good
photocatalytic performance of this composite, described hereafter. Even
though the PhBz,Gel, results to be less stable in water, which also agrees
with the calculated values of Efbulk), E{Va), we performed a thorough
investigation of the hydrogen photogeneration efficiency. Figure 92a
reports the HER as a function of perovskite loading for the PhBz,Gels/g-C3Ny
composites, while Figure 92b shows the kinetics of the hydrogen
photogeneration for the best performing composite from Figure 923,
namely 3wt% PhBzxGels/g-C3N4 (AQY% of 2.8%).
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Figure 92 Hydrogen photogeneration performance of PhBz:Ge:ls/g-CsNscomposites. (a)
Hydrogen evolution rates for PhBz.Ge:ls/g-CsNscomposites, 6 h irradiation, RSD < 15% (n=3);
(b) Hydrogen evolution profile over irradiation time for the 3wt% PhBz.Ge2ls/g-CsNs composite,
RSD < 10% (n=3). Conditions: 1 g L catalyst, 10% v/v TEOA, 3wt% Pt, simulated solar light
(Xenon lamp, 500 W m™, 300-800 nm, IR-treated soda lime glass UV outdoor filter).

The HER for the PhBz,Gels/g-C3sN4 composites is higher with respect to the
PhBz,GeBr4/g-CsN4 composites, reaching a value of about 1200 pmol gt h,
again with a synergic effect with respect to pure carbon nitride (81 umol g
1h1) and of about 600 times with respect to pure PhBz,Gels (2 pmol gt h?).
The maximum HER is found at 3wt%, very close to the value of 2.5wt% found
for the PhBz,GeBrs/g-C3N4 series. Again, according to the computational
modelling, we could confirm the better band alignment of this perovskite
with g-C3N4 leading to a better performing heterostructure. While this
composite showed to be less stable than the bromide counterpart, these
results pave the way to further explore this system by improving its stability
in water through encapsulations strategies.
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Conclusions

We herein report a study on the realization of an intrinsically water stable
2D germanium-based halide perovskite, a novel material that can
remarkably sustain suspension in water for several hours. The strategy
pursued for generating such innovative system involves the use of an
extended m conjugated organic cation (phenylbenzylammonium) which,
through intra-layer van der Waals interactions, sizably stabilizes the
resulting bulk perovskite. The material has been tested, therefore, for
simulated solar light inducing hydrogen evolution from water, in
combination to a partnering material; the reaction leads to the formation of
an active heterojunction, responsible for very promising hydrogen evolution
rates up to 1200 pmol g ht. This may represent an outstanding result,
considering the seminal exploitation of a germanium perovskite for such
purposes, providing a proof-of-concept for the use of 2D Ge-based MHPs.
Even more importantly, these findings may contribute to consolidate the
rationale underlaying the intelligent design of intrinsically water stable
MHPs phases. The achievement of such understating would have a massive
impact on MHPs-based photocatalytic application, but it would also boost
alternative optoelectronic innovations based on such class of materials such
as LED, PV and detectors whose technological implementation was delayed,
mainly due to moisture exposure weakness of the active material.
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CHAPTER 7.
HIGH PRESSURE STUDIES

The exploration of the effects of external pressure application on MHPs is a
topic of continuous interest because of the relevant and, in some cases,
impressive modulation of the optical and electronic properties that can be
induced on the MHP soft lattice at relatively low-pressure regimes. [68,110—
113] The rich set of experimental and computational data as a function of
pressure collected on 3D perovskites allowed to highlight and define several
common trends in the pressure-response of, for example, band gap and
carrier lifetime, providing a solid basis to anticipate and predict the phase
stability and electronic properties changes in these phases.
[63,66,67,113,114] In addition to the fundamental research interest of
pressure-induced phenomena, the information collected in situ during
pressure application may be possibly used at ambient conditions in devices
by a proper modulation of stress/strain phenomena. [115,116]

The study of pressure effects on the electronic and optical properties of low-
dimensional perovskites (LDPs) and perovskite-derivatives is very limited,
notwithstanding the current huge interest related to the vast possibility
provided by the variation of the structural dimensions (2D, 1D, and 0D) and
octahedral connectivity (corner-sharing, edge-sharing, and face-sharing) in
this class of materials. [6,117,118] The available data about the pressure
response of LDPs have been recently reviewed by Zhang et al. [119]
Differently from 3D perovskites, for which the variation of the bond lengths
and bond angles of the inorganic framework on pressure application plays
the key role in the modulation of properties, the presence of a bulky organic
component, layered among the inorganic layers in 2D perovskites, provides
a further degree of structural complexity and may suggest novel routes for
the tuning of functional properties. The number of 2D MHPs prepared and
investigated to date, particularly lead-based materials, sounds impressive.
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These studies, including the rational design of the organic cation and halide,
have shed light on the structure-property correlation in these systems
providing a solid route to design tailored materials. [6]

On the other hand, the number of high-pressure studies of 2D MHPs with n
= 1is very limited and only focused on a few types of organic spacers, even
though these specific LDPs are among the structural series of major interest
for applications. [119] (BA),Pbl, (BA = butylammonium) has been the object
of intense High Pressure (HP) studies by various authors since 2004.
[120,121] A thorough investigation by Yuan et al. up to 40 GPa indicates the
presence of three phase transitions at 0.22, 2.2 and 13.1 GPa, with the
coexistence of phase Il and Il in the range 2—7 GPa; however, it should be
stressed that the sample shows a clear on-set of amorphization already from
about 4 GPa. [121] The band gap of (BA),Pbl,, determined from absorbance
measurements, first presents a blue-shift at about 0.22 GPa from 2.28 to
2.37 eV, followed by a progressive band gap narrowing up to 0.95 eV at
around 35 GPa. [121] The trend of photoluminescence (PL) data confirms
the behaviour of absorbance measurements with a peak in the PL intensity
around 2 GPa, eventually vanishing around 6-7 GPa. Both PL and
absorbance data point toward the presence of a wide two-phase region
below 10 GPa, as evidenced by HP X-ray diffraction (XRD) data. An analogous
2D perovskite with a longer alkyl chain (octylammonium) has been
investigated up to 25 GPa in 2001. [122] The authors reported the trend of
PL and absorbance only, without any structural evidence as a function of P.
A progressive reduction of the band gap from about 2.4 to 1.9 eV is observed
in the P range from ambient pressure to about 12 GPa. [122] From the
reported data it is possible to observe the presence of multiple absorption
edges and PL peaks (up to three) from about 2 GPa to about 8 GPa,
interpreted by the authors as originating from bound-exciton states. Other
phenomena such as the disappearance of the excitonic state are discussed
in terms of a change in the band structure from direct to indirect.
Alternatively, as can be indirectly inferred from the reported plots of the
optical properties, the observed trends could be due to the presence of a
system composed by more than one structural phase as occurs in the
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(BA),Pblg. Itis interesting to note that in these (C,H2n+1NHs),Pbl, perovskites,
for n =4 and 8, the trend of the band gap is different with respect to lead-
based 3D perovskites where, after a red shift at relatively low pressures, a
progressive blue-shift occurs, usually accompanied by structural
amorphization. [68]

7.1 Diamond Anvil Cells

High-pressure experiments are carried out by using a diamond anvil cell
(DAC), composed by two opposing diamonds which compress a gasket
surrounding the sample in a pressure-transmitting medium (Figure 93).

Diamond

Pressure / \

indicator Sample

L
Gasket
¢

Pressure
medium
Culet

Figure 93 Schematic representation of a diamond anvil cell.

Depending on experimental parameters such as diamond size, culet
diameter, gasket material and pressure medium, the reached pressure can
be up to 100 GPa. Diamond is used for these high-pressure structural studies
because it represents the hardest material and it is transparent to the x-ray
radiation. The gasket is a thin foil which avoids the direct contact between
the two diamonds and it is usually made of stainless steel: for instance,
rhenium and iridium are used for experiments at elevated pressures, while
beryllium if the x-rays are required to pass through the gasket. The pressure-
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transmitting medium is a solid, liquid or gaseous inert material, depending
on the type of experiment, which has the aim to convert the stress applied
to the diamonds into pressure on the sample. Examples of pressure-
transmitting media can be silicon oil, the mixture methanol:ethanol 4:1,
Argon and Helium, the latter used for very high pressures up to 70 GPa. [123]
Lastly, the pressure in the DAC is determined using a ruby, that is a red
variety of corundum (a-Al,03) with a partial substitution of AlI®* with Cr3*
causing a strong luminescence. [124]

7.2 Pressure response of decylammonium-containing 2D
iodide perovskites

Purpose and scope

Manipulation by external pressure of the optical response of 2D MHPs is a
fascinating route to tune their properties and promote the emergence of
novel features. Triggered by the actual interest on LDPs and by the limited
evidence of a relevant pressure-response in these systems, we investigated
here DA,Pbl, and DA,Gel, (DA = decylammonium) perovskites in the
pressure range up to ~12 GPa by X-ray powder diffraction, absorption, and
photoluminescence spectroscopy. Although the two systems share a similar
structural evolution with pressure, the optical properties are rather
different and influenced by the metal central atom. DA,Pbl,; shows a
progressive red shift from 2.28 eV (P =0 GPa) to 1.64 eV at 11.5 GPa, with a
narrow PL emission, whereas DA,Gels, changes from a non-PL system at
ambient pressure to a clear broadband emitter centered around 730 nm
with an intensity maximum at about 3.7GPa. These results unveil the role of
the central atom on the nature of emission under pressure in 2D MHPs
containing a long alkyl chain. The present work provides the only available
work of the pressure response of a Ge-based 2D MHPs.
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Experimental section

Synthesis of DA,Gels and DA,Gely4

DA,Gel, powder was prepared in inert atmosphere under N, flux by a
solution method. The followed procedure consisted in the dissolution of a
proper amount of GeO, powder in a large excess of both 57% w/w aqueous
Hl and 50% w/w aqueous H3PO,, the latter introduced to reduce Ge (V) and
stabilize the reduced oxidation state of Ge. The solution was gradually
heated in an oil bath to 100°C under continuous stirring and nitrogen
atmosphere to prevent Ge oxidation. After the solid dissolution, a
stoichiometric amount of the liquid decylamine was added dropwise.
Subsequently, the reaction mixture was cooled down to room temperature
obtaining the formation of an orange powder. The precipitate was
immediately filtered, dried under vacuum overnight at 65°C and lastly
stored in the glove box under Ar atmosphere.

For the DA,Pbl, powder the synthetic procedure also consisted in a solution
method but performed, in this case, under ambient conditions. A proper
amount of lead (Il) acetate was dissolved in a large excess of 57% w/w
aqueous HI under magnetic stirring. The solution was heated to 100°C in an
oil bath until the solid dissolution, and a stoichiometric amount of the amine
was introduced dropwise. Then, a bright orange powder was obtained after
cooling down to room temperature. The product was finally filtered and
dried at 65°C under vacuum overnight.

Characterization of DA,Gels and DA,Pbl,

High-pressure x-ray-diffraction studies were carried out on two samples at
the Xpress beamline of Elettra. For the pressure run, a membrane-driven
symmetric DAC was used together with a PACE5000-based automatic
membrane drive. Silicone oil was used as the pressure-transmitting medium
(PTM). Pressure was monitored in situ by ruby fluorescence method, by
including one or more ruby chips (~10 mm) along with the sample in the
pressure cell. Diffraction data collection was performed by a
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monochromatic circular beam with a wavelength of 0.495 A and a beam
cross-sectional diameter ~ 40 mm.

Uncorrected emission spectra were obtained on two samples with an
Edinburgh FLS980 spectrometer equipped with a Peltier-cooled Hamamatsu
R928 photomultiplier tube (185 nm - 850 nm). An Edinburgh Xe900 450W
Xenon arc lamp was used as exciting light source. Corrected spectra were
obtained via a calibration curve supplied with the instrument.

To record the 77K luminescence spectra on one sample (DA,Gels), the
sample was put in glass tubes (2 mm diameter) and inserted in a special
quartz Dewar, filled up with liquid nitrogen. For solid samples, Aer, have been
calculated by corrected emission spectra obtained from an apparatus
consisting of a barium sulfate coated integrating sphere (4 or 6 inches), a
450W Xe lamp (Aexc = tunable by a monochromator supplied with the
instrument) as light sources, and a R928 photomultiplier tube as signal
detectors, following the procedure described by DeMello et al. Experimental
uncertainties are estimated to be + 20% for emission quantum yields, £ 2nm
and = 5 nm for emission peaks, respectively.

For the high-pressure absorbance and PL measurements two samples,
DA,Gels and DA,Pbl,, were prepared in DACs utilizing 400 um culets. A 250
um thick Re gasket was pre-indented to ~ 45 mm, and a ~ 200 mm hole was
laser-drilled for the sample chamber. The perovskite samples were loaded
as ~ 10 um thick pressed pellets within an inert Ar glove box (MBraun, < 0.5
ppm 0,/H,0). After sealing under ~ 1 atm Ar, the samples were loaded with
high-pressure Ar gas at ~ 1 kbar, which served as the pressure transmitting
medium and absorbance reference. A ruby chip was used for pressure
calibration. Optical absorbance measurements were performed on two
samples on using a Bruker Vertex spectrometer with Hyperion microscope
utilizing two-sided, knife-edge collimation (~ 50 um x 50 um) and reflecting
objectives. A high-intensity water-cooled tungsten lamp served as the NIR-
VIS light source. PL measurements were performed using a 532 nm laser
excitation source with emission collected in the backscatter geometry
through a 50 um confocal filter and focused onto the entrance slit of a

Princeton Instruments spectrograph (SP2750) utilizing a 300 gr/mm grating
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(500 nm blaze) and liquid-nitrogen-cooled CCD detector. For the DA,Gel,
sample, a 405 nm laser excitation source was also tested, but no PL was
detected at room temperature.

Low temperature photoluminescence (PL) measurements were performed
on two samples keeping the sample powders inside a flowing liquid nitrogen
cryostat (Janis SVT-200-05) equipped with a Lakeshore 331 temperature
controller. The sample was excited with a continuous wave laser (Spectra-
Physics Millennia IV) operating at 533 nm with 30 mW/cm? excitation power
density. PL signal was collected with achromatic lenses, spectrally dispersed
with a grating spectrograph (Acton SpectraPro 2300i) and finally detected
using a Hamamatsu digital camera (model C4742-95).

Results and discussion

High pressure XRD and optical characterization of DA,Pbl,

DA,Pbl, has been prepared by wet-chemistry route, as described before,
and the ambient temperature and pressure XRD pattern can be refined in
the orthorhombic Pbca space group as reported previously.!

High-pressure XRD data have been collected at the XPress beamline, Elettra
synchrotron, from ambient pressure to 9.4 GPa by using silicone oil as
pressure transmitting medium (PTM) at the wavelength of 0.495 A. An
overview of the diffraction patterns collected as a function of the applied
pressure is reported in Figure 94, also including the pattern after pressure
release (““0 GPa decomp” at the top of Figure 94).
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Figure 94 Diffraction data of DA:Pbls: (A) XRD patterns (A = 0.495 A) as a function of pressure
(reported in GPa on the right) for DAzPbls; (B) and (C) highlights selected intervals of the
pattern to better shown the evolution of the (001) and (002) reflections as a function of

pressure.

A sketch of ambient pressure DA,Pbl, structure together with bond angles
and lengths of the inorganic framework are reported in Figure 95.

Already at the first pressure investigated, namely 0.36 GPa, the crystal
structure can no longer be indexed to the ambient conditions orthorhombic
Pbca cell, and a monoclinic cell in the space group P2:/a has been found to
properly describe the crystal structure. This symmetry is very close to the
one obtained from single crystal data at low temperature (243 K).* A similar
transition has been reported also for the (BA),Pbl, at = 2 GPa, again in
analogy with the phase transition sequence as a function of temperature.?3
The refinement of the data at 0.36 GPa was then performed in the space
group P2:/a, obtained from single crystal data.! According to the structural
study by Lemmerer and Billing, this Pbca/P21/a transformation is mostly due
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to changes in the inorganic layers that assume an eclipsed arrangement of
adjacent layers, while the unit cell axis halves perpendicular to the layers.!
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Figure 95 DA:Pbl, structure, with bond angles and lengths.

The DA,Pbl, sample retains the same symmetry up to 1.70 GPa, when the
peaks at approximately 1.5 and 3°, corresponding to the single (001) and
(002) reflections in the P2;/a symmetry, start to show a splitting that
increases upon compression (Figures 94B and 94C). This phenomenon
clearly indicates the presence of two distinct phases in the sample and the
patterns were now refined with two phases with space group P2i/a
characterized by the c-axes differing approximately 2 A each other. Notably,
the intensity of the (001) reflection initially decreases till 3.07 GPa, then it
increases again on further compression indicating a variation of the relative
phase amount with pressure. In this respect, considering the past literature
data and the results of the present manuscript, it seems that a common
trend of (C,H2n+1NHs),Pbl, perovskites is the evolution, upon the application
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of pressure, to multiple-phase systems.>* At 6.45 GPa the broadening of the
peaks increases, and this effect appears more significant at 9.36 GPa,
suggesting the onset of partial amorphization. The evolution of the cell
parameters and lattice volume is summarized in Figures 96A and 96B.
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Figure 96 Pressure dependence of structural parameters of DA2Pbls: (A and B) Pressure
dependence of the cell parameters a, b, ¢ (A) and of the cell volume (B) for DA:Pbls. The ¢ axis
of the orthorhombic cell was halved. The dashed line marks the transition from the
orthorhombic to the monoclinic cell. Subscripts 1 and 2 refer to the two monoclinic phases.
Error bars are smaller than the symbol.

After pressure release, the pattern can be indexed again with the
orthorhombic cell, suggesting at least a certain degree of reversibility of the
transition (Figure 97). However, the long-range structural integrity of the
sample has been reduced after pressure application, but the position of the
most intense peaks in the pattern (00/) can be still found at the same
positions as the starting sample (Figure 97).
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(red line).

The optical properties as a function of pressure have been investigated by
absorption and PL spectroscopies and the data are reported in Figures 98A
and 100A, respectively. The absorption data show a progressive and
continuous red shift by increasing pressure. In general, the spectra reveal
sharp edges even in the two-phase region determined by XRD, differently
from the PL results (see below). A significant broadening of the spectra, with
the appearance of a shoulder, is evident only in the spectra at 7.9 and 9 GPa.
The trend of the absorption onset energy determined from the Tauc plot of
the spectra of Figure 98A are reported in Figure 98B. The energy
progressively decreases from the ambient pressure value of 2.28 eV, in
agreement with previous literature data, down to 1.64 eV at 11.5 GPa.> No
sign of variation is found in the region corresponding to the Pbca -- > P2;/a
phase transition (0-0.36 GPa), while a different trend is observed (see
continuous lines in Figure 98B) around the region where a two-phase system
is found according to diffraction. The trend of absorption during
decompression is fully reversible with the spectra at ambient pressure and
after pressure release being superimposable (Figure 99).
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Figure 99 (a) Absorption spectra as a function of pressure for DA2Pbls during decompression;
(b) ambient pressure spectra before applying pressure (black line) and after pressure release
(red line).

The PL spectra as a function of pressure are shown in Figure 100A. A single
PL peak is found up to 1.4 GPa (blue curve in Figure 100A) while from 1.9
GPa two distinct peaks are clearly visible in the spectra, with the second one
shifted at higher wavelengths. This phenomenon is most probably related
to the presence, starting from 1.9 GPa, of two distinct monoclinic phases in

169



the sample, as shown by XRD analysis, with PL being more sensitive than
absorbance in detecting this phase separation effect. The evolution of the
peak position, expressed in eV, as a function of pressure is plotted in Figure
1008B.
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Figure 100 (A) PL spectra as a function of pressure for DA2Pbls; (B) trend of the peak position
of the PL data as a function of pressure.

The intensity of the first peak (lower wavelength) increases passing from
ambient pressure to 0.4 GPa (Pbca -- > P21/a transition) and then gradually
reduces its intensity. On the other hand, the low-energy peak intensity
progressively increases up to 3 GPa and then decreases up to 5.7 GPa. The
PL intensity of both peaks suddenly drops at 6.8 GPa even though the peaks
continue to shift at lower energy (see the inset of Figure 100A). The trend of
the first PL peak (black dots in Figure 100B) as a function of pressure is very
similar to the trend of the band gap extracted from the absorbance data,
with a slope deviation around 2 GPa. Possibly, the second peak could be
ascribed to the second monoclinic phase with a more compressed c-axes
characterized by a low energy band gap (red dots in Figure 100B). Similarly
to the absorbance data, the PL after pressure release is superimposable to
the one at ambient pressure, confirming the full reversibility of the sample
(Figure 101).
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Figure 101 PL of DA:Pbls at ambient pressure before applying pressure (black line) and after
pressure release (red line). Missed part are due to the removal of the laser contribution.

The trend of the absorbance and PL results may be interpreted considering
the progressive Pb-l bond length shortening induced by pressure which
gradually narrows the band gap, as commonly found in 3D perovskites.® The
presence of two distinct PL peaks is related to the presence of two different
phases in the sample from about 2 GPa. As can be seen, the two PL peak
maxima are well separated and the one at a higher wavelength has a more
pronounced red shift with respect to the peak at lower wavelength. As we
demonstrated with in situ XRD data, the two monoclinic phases have a
difference in the c-axis of about 2 A. It is reasonable to ascribe the low-
energy PL peak to the more compressed phase, also considering the trend
of the c-axes of both phases shown in Figure 96A, which in some way
reconciles with the behaviour of the PL maxima of the two peaks. Some of
the results reported here for DA,Pbl, have been observed also in BA,Pbl,
(BA = butylammonium), namely the coexistence of two phases, the trend of
the peak positions and intensity. A marked difference between the two
samples is related to the absence of any blue-shift at low-pressure. The
presence of a blue shift is common in 3D perovskites and is related to the
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increase deviation from 180° of Pb-I-Pb bond angle, widening the band gap.®
For a short alkyl chain, namely four carbon atoms, such an effect is still
present whereas in DA,Pbls, having a longer chain, only a progressive red
shift has been observed. Moreover, it is interesting to note that such red
shift is present passing from the orthorhombic to the monoclinic phase and
is continuous in such a crystal symmetry. In general, the more distorted
octahedra of the monoclinic phase leads to an increase of the band gap,
which is not the present case. It is highly probable that the origin of this
effect is related to the variation of the organic spacer conformation which
progressively becomes more distorted while leading to less tilted and more
compressed Pblg octahedra and therefore band gap narrowing. This
hypothesis has been formulated for the BA,Pbl, perovskite where, by
increasing pressure, even in a more distorted phase, the octahedra result to
be uncorrugated but, due to the low scattering contribution of the organic
spacer, it is hard to gain solid insight into the orientation of the organic
molecules.? A conclusion which may be drawn from the reported data is that
a longer organic chain in lead-based 2D perovskites allows to reduce the
tilting effects induced by pressure application on the inorganic framework
(intralayer compression), making the layer-to-layer compression dominant
and as the source of the observed continuous red shift. To corroborate this
observation, it is possible to mention that by increasing the number of
inorganic layers in the (BA)2(MA),1Pbslsnsa system, i.e., making the 2D
progressively “more 3D”, the pressure range of the red shift and the value
at which the band gap blue-shift occurs progressively lowers.”

High pressure XRD and optical characterization of DA,Gel,

An analogous experimental approach has been used to investigate the HP
behaviour of DA,Gels, which presents as an orange powder. DA,Gel, is a
novel material, and its crystal structure has never been determined before.
A sketch of the crystal structure together with bond angles and lengths of
DA,Gel, is reported in Figure 102.
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Figure 102 Sketch of the crystal structure and bond angles and lengths of DA.Gels.

In addition, as mentioned above, this is the first study of the pressure
response of any Ge-based 2D perovskite. Indexing and refinement of
powder diffraction data at ambient pressure suggest that the compound
crystallize in the orthorhombic system (Pbca), as the lead analogue DA,Pbl,.!
HP XRD data have been collected up to 11.1 GPa every ~0.5 GPa and some
selected patterns are reported in Figure 103A. The first high-pressure
pattern at 0.56 GPa shows a monoclinic symmetry in analogy with DA,Pbl,.
The sample persists as a single phase up to 2.20 GPa, when a splitting of the
peaks at approximately 1.4° and 2.8° is clearly detectable (Figures 103A and
103B). Beyond this pressure, the patterns were refined with two phases with
space group P2i/a, where the c-axes differ by approximately 1 A. In
particular, the intensity of the (001) reflection of the first phase decreases
while the (001) reflection of the second phase increases (Figure 103B) as a
function of pressure. Already around 3.8 GPa, the phase with longer c-axes
represents a significantly minority phase. A similar behaviour occurs for the
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(002) reflections around 2.8° (Figure 103C). The two phases clearly coexist
up to 5.06 GPa when the broadening of the peaks increases.
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Figure 103 Diffraction data of DA>Gela: (A) XRD patterns (A = 0.495 A) as a function of
pressure (reported in GPa on the right) for DA>Gels; (B) and (C) highlights selected intervals of
the pattern to better show the evolution of the (001) and (002) reflections as a function of
pressure.

The trend of lattice parameters and lattice volume as a function of pressure
are reported in Figures 104A and 104B, respectively.

As mentioned above, DA,Gel, is a novel compound and to get some insight
into the structural behaviour observed under pressure we collected
variable-temperature laboratory XRD patterns. The most interesting result
has been observed by heating the sample from room temperature (RT). Data
are reported in Figure 105.
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Figure 105 XRD pattern of DA:Gels as a function of temperature. Asterisks mark the second
peak in the two phases system.
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At 50°C we could observe a phase separation of the sample, analogous to
what has been observed by applying pressure. In general, such an effect
corresponds to a disordering or even melting of the organic spacer.>*®
Further heating to 80°C leads to the restoration of a single phase (at least
with the detection limits of our measurements). The common coexistence
of two structural phases by the disordering/melting of the organic spacer by
applying pressure and by increasing temperature is an interesting result
which merits a further detailed investigation. As a matter of fact, it is known
that in (C,H2,+1NHs),Pbls perovskites there is a complex and rich phase
transition behaviour due not only to the inorganic framework but also to the
ordering of the organic spacer.»*8

The optical properties as a function of pressure have been studied by
absorption (Figure 106A) and PL (Figure 107A) spectroscopy.

The spectra as a function of pressure for DA,Gel, show a sudden blue shift
after the application of a moderate pressure (0.2 GPa) which may
correspond to the set-up of the orthorhombic to monoclinic transition,
differently from DA,Pbl,. Further pressure application gradually red shift the
absorbance and, at 2.1 GPa, the spectra is nearly superimposable onto that
collected at ambient pressure (cf. Figure 106A). The red shift is then
continuous until the maximum pressure investigated (11.4 GPa). With
respect to DA,Pbl,;, the absorption edges are less defined and this is a
feature quite common in lead-free perovskites with a possible origin in their
reduced defect-tolerance.® The values of the absorption onset extracted
from the Tauc plots (except for some points at low pressure where, given
the broad nature of the transitions, we used the maximum absorbance
approach) show a change of slope and a sudden decrease in correspondence
of about 2 GPa, i.e., the pressure where the patterns were refined with two
phases with space group P2;/a and the c-axes that differ by approximately
1 A (see above the XRD section). As we pointed out earlier, the phase with
shorter c-axis is dominant around 3 GPa, and this reconciles with the
absence of multiple absorption edge in the spectra of Figure 106A.
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Figure 106 (A) absorption spectra as a function of pressure for DA:Gels. The peak at 633 nm is
from the HeNe calibration laser; (B) trend of the absorption edge extracted from the spectra
as a function of pressure.

The trend of PL data for DA,Gel, is reported in Figure 107A. At ambient
pressure the sample has no detectable PL at room temperature while, from
2.1 GPa, a very broad peak, centered around 740 nm (1.67 eV) and with a
Stokes shift > 70 nm, emerges and reaches it maximum intensity around 3.7
GPa. The Full width at half maximum (FWHM) of the peak is ~170 nm and
both peak position and FWHM have a very modest dependence on pressure.
Such behaviour is fully reversible during decompression (Figure 108) and,
for comparison, the peak position at 3.7 GPa is 737 nm (compression), and
732 nm at 4.4 GPa (decompression), and the FWHM are 156 and 152 nm,
respectively.

177



Intensity {arb. units)

216Pa
28GRy
37GPa
49GPa
5968
B GPa
/ 826
/ 836

Infensity (a.u.)

Wavelength (nm)

Wawelenglh (nm)

Figure 107 (A) PL data under compression for DA:Gels. Oscillations above ~800nm are caused

by detector etaloning; (B) PL data as a function of temperature for DA;Gela.

— Ambient
8000 - ——37GPa
4.4 GPa decomp
.1 GPa decomp
5000 |-
4000 -
g
s /!
€ 2000 |
s
=
gg 2000
= B /
1000 - / -
| / .
0 s . " . . . )
580 600 650 00 750 () 850 %00
Wavelength (nm)

Figure 108 PL of DA:Gels at ambient pressure before applying pressure (black line) and after
pressure release (red line) and at 3.7 GPa during compression (blue line) and at 4.4 GPa during
decompression (red line). Signal around 57’ nm comes from the diamond while small peaks

around 680 comes from the ruby signal.

The evidence of a broadband emission by DA,Gel, under pressure is a

remarkable and interesting result. It is known that broadband emission in

2D perovskites is closely related to structural distortion induced by the

organic spacers and by a wise chemical selection it is possible to modulate
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such an effect.'®!! |n addition, we recently demonstrated that Ge-based 2D
perovskite have an intrinsic higher degree of octahedra distortion in the
bond-length distribution affecting the optical properties.’? The emergence
of broadband distortion around 2.1 GPa may be also correlated to the
emergence of the novel monoclinic phase with reduced c-axes (majority
phase) which nicely couples to the trend of the band gap shown in Figure
106B. This first evidence of broadband emission by a 2D Ge-containing
perovskite under moderate pressure is important to design suitable lead-
free materials with analogous properties by playing with the chemical
nature of the organic spacer at ambient pressure. The only previous
indication, at ambient pressure, of broad emission in a 2D perovskite with
Ge was due to Mitzi, and minimal data on pressure-induced broadband
emission in 2D perovskite (all lead-based and containing bromide) have
been reported to date, namely on PEA,PbBr,, BA,PbBrs;, and
(4BrPhMA),PbBr4.23%6 |n these cases, the origin of broad emission was found
in self-trapped excitons (STEs) generated by lattice structural distortions,
but it can also originate from permanent materials defects.'” The pressure-
induced emergence of wide emission in DA,Gel,, after the transition from
the orthorhombic to the monoclinic phase, may suggest that an increase of
structural distortion plays a role but, with the available datasets, we are not
in the position of unequivocally assign the observed broad emission to self-
trapping phenomena. A detailed discussion about the relaxation
mechanisms in 2D perovskites can be found in Smith and Karunadasa
(2018).Y7 The different behaviour in the two perovskites investigated here,
namely DA,Pbl, (narrow emission) and DA,Gel, (broad emission) having a
different central atom, but showing similar structural features at ambient
and under applied pressure, is most likely correlated to the more significant
distortion induced by germanium on octahedral bond elongation and bond
angle variance, and less on the Ge-Br-Ge bond angle, with respect to Pb-
containing perovskite.!? This also couples to the dependence of the
broadband emission on the increase of out-of-plane distortion in similar
lead-based 2D perovskites.!? It is also known that native (or structural
related) defects may contribute to self-trapping phenomena related to
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broad PL, and it is possible that this phenomenon may contribute to the
observed high-pressure optical properties evolution of DA,Gels because, in
general, lead-free materials are less defect tolerant.!® The possible origin of
broad emission in DA,Gel, was further investigated by low-temperature PL
measurements (Figure 107B). While still being a non-PL emitter at room
temperature, a broad PL signal centered around 665 nm (with a quantum
yield around 17 % at 77 K, see Figure 109) starts to be clear around 190 K
and its intensity progressively increases by reducing temperature up to 130
K. The broad emission at low temperature has a smaller Stokes shift with
respect to the one induced by pressure, being peaked around 665 nm,
possibly because of the different extent of the lattice distortions induced by
temperature and pressure.
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Figure 109 PL data at room temperature (black line) and 77 K (red line) for DA>Gela.

As a matter of fact, during pressure application, DA,Gel, converts to a
monoclinic phase whereas no evidence of phase transition has been
detected by lowering temperature (see differential scanning calorimetry
measurement of Figure 110). These data could suggest the presence of STEs
induced by lattice deformations as a key characteristic of DA,Gels, with
broad emission that can switched on by low-temperature and high-
pressure. Further experimental and computational work will be carried out
to get a solid microscopic description of the STEs nature in DA,Gel, but it is
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clear that the present results open a new avenue to search broad — and
possibly white — emitters in lead-free layered perovskites.
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Figure 110 DSC traces of DA:Gels (exo up).

Conclusions

We investigated the structural stability and optical properties of DA,Pbl, and
DA,Gel, with the aim to provide the evidence of pressure-induced
phenomena in 2D perovskites characterized by a long alkyl chain and
highlight the role of a different central atom. In this dissertation, we also
reported a novel lead-free 2D perovskite, namely DA,Gel,, performing the
first high-pressure study of a layered Ge-containing phase. From a structural
point of view, both perovskites present, at ambient pressure, an
orthorhombic crystal structure which converts to a monoclinic symmetry at
relatively low-pressure values (<2 GPa). After the phase transition, a further
increase of pressure for both materials leads to the separation in two
monoclinic phases, during which one of the two compounds displays a
distinct shorter c-axis. The present data, together with sporadic literature
evidences on pressure response of 2D perovskites, seem to indicate that
phase separation might be a quite common behaviour in these systems,
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differently from 3D perovskites; this phenomenon could possibly be due to
the soft organic spacer that may cause disorders or undergo even melting
by increasing pressure. The most remarkable difference between the two
samples was found in the evolution of the optical properties as a function of
applied pressure. DA,Pbls shows a progressive red shift of the absorption
from 2.28 eV at ambient conditions, to 1.64 eV at 11.5 GPa (maximum
pressure studied). PL emission is narrow and clearly composed by two
components, appearing the second one in concomitance with the phase
separation, significantly shifted to lower energy. Maximum PL intensity was
found around 3 GPa. Both structural and optical responses as a function of
pressure look different with respect to BA,Pbl, (the other only alkyl-chain
containing 2D perovskite studied to date), this suggesting that a systematic
study of the role of chain length on these lead-based 2D perovskites is a
valuable tool to elucidate the structure-property correlation as a function of
pressure and number of carbon atoms of the spacer. DA,Gel, optical
properties under pressure revealed a transition from a non-PL system at
ambient pressure to a clear broadband emitter, with a large stoke shift and
an intensity maximum at about 3.7 GPa. Absorption measurements shows a
first sudden blue-shift (at the orthorhombic to monoclinic phase transition)
followed by a continuous red shift. Wide emission with FWHM around 170
nm at about 730 nm in a 2D perovskite containing germanium has not been
reported in the current literature up to date. Although we have already
assessed an increased octahedral distortion induced by Ge on other
systems, such evidence of wide emission by a moderate pressure in a lead-
free 2D perovskite is an intriguing result which deserves deep further
investigation. By the appropriate choice of an organic spacer, capable of
mimicking through chemical pressure a similar distortion degree, it would
be possible to design efficient wide or even white lead-free emitters. To
conclude, our study provided original insight into the role of alkyl chain
length on the pressure-induced effects in lead-based 2D perovskites and
unveiled a peculiar behaviour on Ge-based systems, particularly in the
emergence of broadband emission. It needs to be emphasized that the
scope of the present study should be extended to lead-based systems in
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order to clarify the role of chain length on the structural and optical
properties change with pressure; even more importantly, analogous Ge-
containing 2D perovskites should be taken into account to understand the
extent and origin of broadband emission, in order to be able to design
suitable materials at ambient condition through chemical pressure effect.

Limitation of the study

In our research a pressure value at which the samples would become fully
amorphous could not be reached: it would probably exceed 20 GPa.
Moreover, the structures above the phase transitions have been refined by
the Le Bail method, thus not allowing to provide a deeper knowledge on the
structural parameters of the monoclinic phases. Further measurements
with different excitonic wavelengths could allow the collection of the Raman
spectra of the samples, because the PL was recorded in the actual
experimental set-up. Finally, the absence of clear contributions by the two
phases to the absorbance data of DA,Pbl, could originate from a low amount
of the secondary phase and/or by the decreased sensitivity in the high-
absorbance region beyond the transition. A definite answer on the relative
importance of these two effects would actually require further challenging
studies.
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CHAPTER 8.
CONCLUSIONS AND FUTURE PERSPECTIVES

In the last few years, the level of understanding of properties and potential
applications of 2D metal halide perovskites has been considerably increased
by several research studies of novel phases incorporating different kinds of
organic spacers, metallic cations and halides. Up to now, only a minute
amount of the possible combinations has already been explored, while a
complete understanding of structure-property correlation in 2D perovskites
requires an expansion of the currently known structures.

In this PhD work, we have designed and characterized new hybrid layered
metal halide perovskites with different compositions, crystal structures and
physical properties, with the aim of further enlarging the range of materials
with tunable optoelectronic and stability features, as well as to expand the
knowledge on lead-free 2D perovskites. Moreover, the lack of systematic
and complete investigations of structural and optical properties of already
existent systems in the current literature triggered the interest in address
these issues by providing comparative studies with our new materials, and
between actual results, with previous data on analogue samples.
Furthermore, one of the most important goals of this work is represented
by the enlargement of the family of broadband emitters and the addition of
further insights to develop efficient perovskite-based white light emitters.
The change of organic cation in 2D compounds allows to obtain a huge
diversity of structures with tunable electronic and physical characteristics,
and the spacer plays an important role in increasing the stability and
hydrophobicity. Indeed, our results confirm the possibility of inducing
distortions in the inorganic lattice by modifying the nature of organic cation
and, therefore, modulating the optical properties. The fundamental key to
successfully prepare novel 2D structures is selecting new spacer cations with
the right features in terms of charge, shape, size and presence of
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heteroatoms. This is because the choice of organic cation has a great
influence on the topology of the structure, determining whether the layered
motif can occur or not, as we demonstrated in our works. However, in order
to raise the number of organic spacers that can be intercalated between the
inorganic layers in 2D structures and to extend the knowledge of new hybrid
phases, single-crystal, bulk-powder and thin-film synthetic chemistry routes
need to be improved and optimized. Indeed, advancing the synthesis and
the characterization techniques will particularly of help in preparing
multilayer perovskites (n > 1), which are more difficult to synthetize and
characterize because they are thermodynamically less favourable.
Furthermore, several interesting phenomena occurring in layered
perovskites, such as self-trapped excitons, exciton-exciton annihilation,
charge and energy transfer between different layers, make them suitable
for the vast majority of optoelectronic applications; however, more
spectroscopic studies are required to explore and understand the
mechanisms at the basis of such different behaviour of 2D materials with
respect to the 3D compounds, in order to provide a rigorous and ultimate
correlation with structural features. All these experimental studies should
be correlated as well by sophisticated computational modelling.

Lastly, current literature reports only few examples of lead-free 2D halide
perovskites; in view of this finding, we presented the first detailed
investigation on 2D germanium-containing phases, also providing a
complete overview and an original insight into the role of organic spacer on
the pressure-induced effect, never reported up to date. Since the toxicity of
lead is a critical topic impacting on the concrete implementation of these
materials, global perovskite research should focus more on finding suitable
sustainable alternatives, expanding the panorama of possible metals.
Numerous operating difficulties still limit the practical applications of these
materials, such as oxidation, degradation, general instability towards
moisture, air and water; moreover, the set of available structural data of 2D
perovskite compounds is even partial; nevertheless, the project launched
during my PhD may represent a starting point to face these crucial issues,
providing 2D perovskites with superior stability and structural diversity,
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suggesting designing rules for material properties tuning, and defining
possible future directions to pursue.
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