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Abstract

Diversity and unique properties, such as exceptionally high photoluminescence quantum
yields (PLQYs), predetermine metal halide perovskite nanoparticles (PNP) to be applied in
optoelectronic and photonic devices. In this work, nature-inspired capping agents were
employed not only for the PNP stabilization but also for modifying their surface to broaden the
functionality of the resulting material. In the very beginning, a ligand-assisted precipitation
technique was optimized for the preparation of the PNP. Here, adamantane-1-amine (AdNH>)
alongside hexanoic acid (HeA) were chosen as capping agents for nanoparticles stabilization
and passivation. It was demonstrated that the choice of the solvent system and the precipitation
temperature have a crucial effect on the resulting optical properties of the colloidal solutions.
Simultaneously, the influence of concentration of precursor chemicals on the resulting
morphology and optical properties was investigated. Also, different carboxylic acids were
tested as capping agents among AdNH; and the colloidal stability of the resulting colloidal

solutions was evaluated.

To demonstrate the diversity of the ligand-assisted precipitation technique of PNP
preparation, L-lysine and L-arginine were employed initially for the surface passivation. As
a result, colloidal solutions with emission within a narrow bandwidth of the visible spectrum
and remarkable photoluminescence quantum yield (PLQY) close to 100% were obtained.
Blocking a-amino group of L-lysine by fert-butoxycarbonyl group suggested preferential
binding of the side chain of L-lysine to the perovskite core. Furthermore, defined amounts of
water were added into the precursor solutions which caused shifts of emission spectra due to
quantum confinement effects. Water molecules were assumed to form highly mobile species

leading to the enhancement of controlling the perovskite lattice growth.

Merging perovskite nanomaterials with peptides are expected to pave a way to the new class
of materials possessing exceptional optoelectronic properties alongside self-assembly and
sensing abilities. As a proof-of-concept, a cyclic(RGDFK) pentapeptide was used for PNP
stabilization. However, peptides are known for their sensitivity to their environment. Therefore,
peptide nucleic acid (PNA) was used for PNP stabilization as a robust artificial analogue for
deoxyribonucleic acid (DNA). Here, optical properties of thymine-based PNA monomer and
trimer stabilized PNP were studied. Additionally, the sensing ability of the PNA ligand for
adenine moiety was demonstrated by photoluminescence quenching via charge transfer. We
envision that combining the unique tailored structure of PNA and the prospective optical

features of PNP could expand the applications especially in the field of optical sensing devices.



Abstrakt

Nanocéastice perovskitl halogenidi kovi vykazuji unikatni vlastnosti, pfedevsim vyjimecné
vysoké hodnoty kvantovych vytézka fluorescence, které predurcuji tyto materialy pro aplikace
v optoelektronickych a fotonickych zafizenich. Tato prace popisuje piipravu nanocéstic
perovskitl halogenidl kovli pomoci stabiliza¢nich ¢inidel inspirovanych pfirodou. Stabiliza¢ni
¢inidla zde slouZi nejen ke stabilizaci, ale 1 k modifikaci povrchu nanocastic za Gcelem zvyseni
funké&nosti vyslednych nanostruktur. Uvod prace popisuje optimalizaci piipravy nanodastic
precipitacni technikou za pouZiti stabilizacnich ¢inidel; jako stabilizacni ¢inidlo byl zvolen
adamantan-1-amin spolu s hexanovou kyselinou. Bylo prokazano, Ze kli¢ovy vliv na optické
vlastnosti vyslednych koloidnich roztok ma volba rozpoustédel a teploty pii precipitaci. Mimo
jiné byl zkouman vliv koncentrace prekurzorii na vyslednou morfologii a optické vlastnosti
nanocastic a jejich koloidnich roztokd. V neposledni fadé byly nanocastice stabilizovany
adamantan-1-aminem spolu s rtiznymi karboxylovymi kyselinami a byly studovany optické

vlastnosti a koloidni stabilita vyslednych koloidnich roztok.

V dalsim kroku byly nanocastice perovskitl stabilizovany pomoci proetogennich
aminokyselin L-lysinu and L-argininu. Takto stabilizované nanoc¢éstice vykazovaly uzka emisni
spektra ve viditelné oblasti a kvantové vytézky fluorescence dosahujici hodnot témét 100 %.
Stabilizace nanocastic prostfednictvim postrannich skupin aminokyselin byla prokazana
navazanim chréanici ferc-butoxykarbonylové skupiny na a-amino skupinu. Nanocéstice
stabilizované modifikovanym lysinem v pribéhu jejich piipravy vykazovaly zavislost
optickych vlastnosti na pfitomnosti vody. Piedpokladd se, ze molekuly vody jsou schopné
kontrolovat riist krystalové miizky po navazani na prekurzory perovskitli a ovliviiovat tak

vyslednou velikost nanocastic, coz vede k projeveni kvantovych jevi.

Spojeni nanocastic perovskiti s peptidy predstavuje novy typ materidli kombinujicich
vyjimecné optické vlastnosti se samoorganizacnimi a senzorickymi vlastnostmi. Tento koncept
byl pfedstaven ptipravou nanocastic perovskiti stabilizovanych cyklo(RGDFK)
pentapeptidem. Vzhledem k citlivosti peptidi na jejich byly nanocéstice stabilizovany
peptidovymi nukleovymi kyselinami, robustnimi analogy nukleovych kyselin. Ke stabilizaci
nanocastic byl pfipraven monomer a trimer peptidové nukleové kyseliny obsahujici thymin jako
dusikatou bdzi. Thymin byl na povrchu nanocéstic dostupny k interakci s adeninem ptes
vodikové mistky umoziujici pfenos naboje. Kombinace peptidovych nukleovych kyselin
a perovskitll s unikatnimi optickymi vlastnostmi otevira aplika¢ni moZznosti zejména v oblasti

optickych senzort.
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1 Aim of the dissertation thesis

The aim of the doctoral dissertation is the synthesis and characterization of lead halide
perovskite nanoparticles for a large variety of electrical and optical applications. The first goal
is to find a suitable synthetic pathway for the perovskite nanoparticles preparation and to
evaluate all parameters influencing the resulting morphology and optical properties of the

hybrid materials.

In the next steps, nanoparticles stabilized by amino acids possessing primary amine or
guanidyl group alongside the a-amino and carboxylic groups are to be prepared. The primary
amine or guanidyl group of the amino acid is intended to passivate the surface of the
nanoparticles, whereas, the a.-amino and carboxylic acid groups are supposed to decorate the
surface and to be available for further interactions. Simultaneously, optical and electrical
characterization is planned to be performed. Evaluation of the optical and electrical band gap,
luminescence quantum yields absorption and emission spectra will help to reveal the potential

applications.

Finally, the possibility of employing more complex nature-inspired capping agents for the
nanoparticles’ formation will be tested to control the growth of the nanoparticles. For example,
peptides seem to be very attractive because of their sensing abilities, self-assembly properties
and affinity to certain surfaces. The main goal is to merge perovskite materials with nature-
inspired molecules to preserve the unique properties of both materials which would broaden the

applicability of the resulting hybrid materials.
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2 Introduction

The clear vision of introducing nanomaterials into the real life was presented by the physicist
Richard Feynman during his famous talk “There’s Plenty of Room at the Bottom” in 1959 [1].
He predicted the future of nanotechnology and suggested physical principles and approaches
which could help for example with miniaturization of electronics even to an atomic level. Years
later, Feynman's ideas were followed by D. M. Eigler and E. K. Schweizer [2] from IBM's
Almaden Research Center, who succeeded in organizing single xenon atoms into the logo of
the IBM company by the use of scanning tunnelling microscope (STM) in 1989. Since then,

a real boom of nanotechnology has started.

Nanomaterials can be defined as materials with reduced, at least one dimension, to the nano-
scale (usually in the range 1-100 nm). The use of nano-scaled materials leads primarily to the
miniaturization in technology and industry, e.g. miniaturization of batteries, quantum dot light
emitting diodes (QDLED) screens and smartphones. Higher surface-to-volume ratio of
nanomaterials increases also the efficiency in environmental protection applications (i.e. water
purification and nanocapsules for pesticide delivery), catalysis in catalytic CO> reduction and
in harvesting energy from renewable sources (solar cells fabrication). Nanotechnology has
already been employed in food and cosmetics and of course in medicine. The latter actually
represents one of the largest fields of nanotechnology where nanomaterials are applied in
diagnostics, imaging and detection of diseases (as nanobiosensors, drug delivery systems,

scaffolds for tissue regeneration, among others) [3] and [4].

Metal halide hybrid and inorganic perovskites are materials related to calcium titanium oxide
mineral with the chemical formula CaTiOs. It was firstly described by Gustav Rose in 1893 and
it is named after Russian mineralogist Lev Perovski. Nowadays, perovskite materials are
usually discussed with regards to photovoltaic applications because of the high efficiency
of perovskite-based solar cells, up to 25.2 % [5]. Nevertheless, perovskites can be also used for

the fabrication of light emitting diodes (LED), lasers, photodetectors, etc. [6].

Perovskites are known for their ability to crystallize at alarge variety of different
surfaces/interfaces, including few-centimeters large single crystals, without a nucleation or also
to form colloidal nanocrystals at room temperature. Prominently, benign structural defects are
highly abundant in these perovskite compounds, which play an important role with respect to
optical and electronic properties. Therefore, perovskites have proven to have a bright future in

a form of semiconducting nanoparticles, where the physical properties can be tuned not only
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by the chemical stoichiometry of the compounds but also by controlling the size of the particles
at the dimensional scale where quantum confinement effects take place. Perovskite
nanoparticles (PNP) have already shown their applicability in optoelectronic devices such as

organic light emitting diodes (OLEDs) [7]-[8], photodetectors [9] and lasers [10].

In general, traditional bottom-up synthesis of colloidal nanoparticles usually involves
stabilization by ligands and capping agents. In this regard, ligand-engineering is an important
factor to fine tune the nanoparticles processing techniques. One of the most efficient ways of
the ligand engineering is the use of the multifunctional ligands which do not only interrupt

crystallization processes forming the nanoparticles, but also provide functional surface groups.

One of the most promising materials that combine the ability to interrupt the crystallization
of perovskite nanoparticles and bringing an additional functionality could be amino acids and
their derivatives, such as oligo- and polypeptides, nucleic acids or their artificial analogues
peptide nucleic acids. Amino acids are compounds of biological origin, relatively cheap and
abundant. Moreover, amino acids can serve as a building block for oligo- and polypeptides
while the functionality of the material is widespread due to uncountable combinations [11]-
[13]. Hence, by combining the unique properties of perovskite nanoparticles, such as high
absorption coefficient, high luminescent yields and charge carrier transport, together with the
properties of amino acids/peptides/peptide nucleic acids such as affinity to the desired surfaces,
self-assembly and sensing abilities (molecular switches), the resulting materials can be

extremely attractive from the application point of view.
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3 Nanostructured materials as semiconductors for organic

electronics

Considering electrical conductivity, materials can be classified into three main groups —
metals, semiconductors and insulators. The main differences between these materials can be
derived from their electronic structure. The electronic structure typically consists of valence
band (VB) and conduction band (CB), the energy difference between the valence and the
conduction band is noted as band gap energy (E;). The valence band is formed of the overlap
of the occupied energetic levels of the individual structural units, similarly, the conduction band
is formed of the overlap of the unoccupied energetic levels, both the valence and the conduction
bands are usually continuous, schematically see in Figure 1. The latest occupied level is noted
as Fermi level (EF), statistically, it is an energetic level which is occupied with 50% probability.
In case the valence band is not fully occupied by electrons or in case the valence band is
overlapping with the conduction band, electrons can move freely in a form of delocalized
electrons which form electron clouds and therefore, these materials exhibit excellent
conductivity. Such materials are called metals. If the valence band is fully occupied, electrons
can be promoted to the conduction band when energy equal or higher than band gap energy is
provided (for example by light excitation). The promotion of the electron (e") to the conduction
band causes a creation of a hole (h") in the valence band. If the band gap energy is too big for
promoting the electron (typically > 3 eV) without causing any damage to the structure, then the

material is considered as an insulator [14]-[16].

A D
D D
D
b))

p-type intrin.  n-type

Metal Semiconductor Insulator

Figure 1: Electronic structure of metals, semiconductors and insulators, the upper are conduction bands and the
lower are valence bands, modified from [14]-[16]
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In intrinsic semiconductors (for example in silicon or germanium) the band gap energy can
be exceeded even by thermal energy. The conductivity of semiconductors can be increased even
a few orders of magnitude by doping, which means incorporating different species into the
semiconductor crystal lattice. Electron-rich dopants (for example arsenic in silicon) act as
electron donors. The energy level of the donors is close to the conductive band
of the semiconductors, thus the electron can be promoted from the donor to the conduction band

and act as a charge carrier; these types of semiconductors are called as n-type.

On the other hand, electron-poor dopants (for example boron incorporated in silicon), whose
energy level is close to the valence band, accept electrons from the valence band
of the semiconductor where a hole is formed. Here, the holes act as charge carriers and this type

of semiconductor is called p-type [14].

It has been mentioned above that by the promotion of an electron from the valence band to
the conduction band, two quasi-particles formation is supposed to occur. Both the electron and
the hole can be described by the charge (¢7) and (h"), by spin (s = 1/2 in both cases) and by
effective mass mc* and mn*, respectively. The effective mass helps to predict the mobility of
charge carriers, if the effective mass is larger than the free electron mass, then the interaction

with the crystal lattice causes decreased mobility and vice versa.

The electron-hole pair forms an exciton. It should be noted, that the formation of the exciton

requires a minimum amount of energy £ given by the following equation:

E= Eg + E¢kin + Enkins (1)

where Eexin and Enxin represent kinetic energies of electron and hole, respectively. The
required energy E is higher than the band gap energy because the Coulomb potential caused by

oppositely charged species must be exceeded.

For the characterization of exciton, Bohr radius ao is considered, it describes the probable
distance between the electron and hole. The Bohr radius ay can be calculated as

where e is the electron charge, ¢ is the dielectric constant of the semiconductor and 7% is
reduced Planck constant. The Bohr radius is a material constant and its value lies approximately
in the range 250 nm. The Bohr radius correlates also with the band gap energy; in general,

wider band gaps in semiconductors exhibit smaller ao [17].
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Alongside the demands for reducing the size of electronics, lowering dimensionality of
semiconductor materials up to nano-scale is necessary. The general feature of nanomaterials is
their high surface-to-volume ratio in comparison with bulk materials. The properties of
resulting nanomaterials are then strongly surface dependent. Lowering the size of nanocrystal
up to nano-scale, the electronic properties of the semiconductor exhibit different behaviour than
in bulk infinite crystals because of the employment of quantum confinement effects. To
evaluate the extent of the quantum confinement, the individual nanocrystal is described as
a spherical potential box (quantum dot). According to the nanocrystal radius r, the degree of

quantum confinement can be estimated.

A strong confinement regime occurs when ao >> r. In this case, the Coulomb interaction
becomes much larger than in bulk crystals because of confining the electron and the hole in
a small volume. However, the Coulomb interaction can be neglected because the contribution
of kinetic energies of the charge carriers are still much larger. Therefore, electrons and holes
can be treated independently, because they are not assumed to form an exciton. Discrete energy
levels appear in the electronic structure according to the following equation for the resulting

tot

band gap of quantum dot £, which can be calculated as a sum of fundamental bulk band bap

E," and the confinement energy £ of both electrons and holes:
Etot(D) = EO + Econf D) = E° th}(?zll thxrzll
g()_g n,l ()_ g+m’gD2+m;‘1D2’ (3)
where D is a spherical potential well diameter D and y,; are roots of the Bessel function,

which are absolute values describing quantum numbers.

If ao < r, then weak confinement regime occurs, excitons can be formed, and the discrete
energy levels are calculated according to the exciton effective mass. Thus, the shift of the energy
levels here is much smaller when compared to the strong confinement regime. In case that

r>2-3 times ay, the quantum confinement effect is no longer observable.

Regarding eq. 3, the band gap of semiconductor nanocrystals is size dependent, with
decreasing size of the nanocrystal the band gap becomes larger. Furthermore, with increasing
quantum confinement, discrete energy levels at the edges of the band gaps begin to appear, see

in Figure 2 [17].
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Bulk Nanosized semiconductor crystals

semiconductor
g Conduction P—
% band (CB)
% ©
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band (VB — ——
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Figure 2: Electronic properties of bulk semiconductor compared to nano-sized semiconductor crystals with
different sizes, modified from [17] and [18]

Here, we have reached the most significant advantages of low-dimension materials which is
the possibility of varying the electronic structure and thus directly the possibility of changing
electronic and optical properties according to the size and shape of nanoparticles [17]-[19]
and [21]. According to the dimensionality, materials can be generally classified as following,

for illustration, see also Figure 3.

- 3D materials, termed also as bulk materials, all dimensions are longer than 100 nm.

- 2D and 1D materials termed as low-dimension materials, one or two dimensions is
shorter than 100 nm, respectively, 2D materials are usually in a form of film, platelets
and networks, 1D materials are usually in a form of nanofibers, wires and rods.

- 0D materials with all three dimensions smaller than 100 nm, usually in a form of spheres

and clusters special case are quantum dots [18] and [19].

Preparation of nanomaterials can be generally conducted with two approaches either top-
down or bottom-up. The latter is the most common, it consists in the material growth control
by establishing specific interactions, usually with the ionic precursors acting as ligands and
capping agents. Also, the growth of the material can be confined to the matrix which
predetermines the size and shape of the resulting nanomaterial [18]—[20]. In general, light-
responsive semiconductive/conductive nanomaterials can be classified according to their

composition.

a) Inorganic nanoparticles comprising elements from the II-VI (SdSe, CdTe, CdS, ZnSe),
-V (InP, InAs), and IV-VI (PbSe) groups.
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b)

Halide perovskite nanoparticles with general structure ABX3, where A stands for
monovalent cation (usually cesium cation (Cs®), methylammonium (MA") or
formamidinium (FA™)), B stands for divalent cation and X represents a halide anion.
Metal nanoparticles, for example gold, silver or copper nanoparticles.

Up-conversion nanoparticles, a typical example is lanthanide ions doped matrix as
NaYF,4 (Yb*", Er*").

Carbon based nanomaterials, as graphene, carbon nanotubes, carbon nanodots or
fullerene.

Organic materials, for example hydrogen-bonded organic pigment nanoparticles [18]

and [22].

Bulk 3D material

Bulk low-dimension

material
Nanoparticles
3D 2D 1D 0D
X,y,z >100nm Xy >100nm X >100nm X,y,z <100nm

Figure 3: Classification of materials according to their dimensionality and shape, modified from [18]

Due to broad range of material variability and many possibilities how to optimize electrical,

optical and mechanical properties, semiconductor materials can be used as advanced materials

in many fields. They can be used for example for energy conversion, optical and optoelectronic

and photovoltaics devices, optical imaging and biomedical sensing, detection and therapy [23].
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4 Combining metal and semiconductor nanomaterials with bio-

inspired molecules

As discussed previously, the bottom-up synthetic pathways of nanomaterials preparation
typically consist in template or non-template control of the growth of the material. Considering
the non-template control growth, surfactants are employed to passivate the surface of the
resulting nanomaterial. The surface passivation helps to control the growth of the material and
its stabilization [24]. Surfactants, also noted as detergents, ligands, molecular linkers, surface
modifiers or capping agents, can be of various nature. Typically, they can be classified as
cationic, anionic, zwitterionic and neutral according to the presence of charge among the
molecule. The most common cationic surfactants are alkyl-based surfactants derived from
ammonium and alkylammonium halides, such as oleyl ammonium halides or
cetyltrimethylammonium bromide (CTAB). Regarding to the most common anionic
surfactants, salts of long-chain carboxylic acids (i.e. sodium oleate) and long-chain sulfonic
acids (i.e. sodium dodecyl sulfate, usually abbreviated as SDS) are typically employed for the
surface passivation. As an example, alkyl betaine and lecithin can be mentioned as zwitterionic
surfactants. And finally, polyethylene glycol can be considered as a typical neutral surfactant
[24]-[26]. All above mentioned surfactants are commonly used, nevertheless, their use limits
the applicability in functional devices in organic electronics because of the inert character of
the organic molecules which modify the surface. Removal of the surfactants in post-synthetic
modifications is possible by several approaches, nevertheless, quantitative ligand removal is

time consuming, and moreover, the bare nanoparticles tend to aggregate [27].

Apart from above mentioned traditional ligands, alkane thiols, peptides, nucleic acids —
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), tailor-made synthetic molecules and
polymers among the others, can modify the interfacial behaviour and act as surfactants. Here,
it is worth noting that the use of above mentioned molecules, does not only help to control the
nanoparticles growth, but they also provide the resulting material with an additional
functionality [24]. For example, bio-inspired molecules, such as peptides and DNA provide
affinity to desired surfaces, sensing abilities or self-assembly properties. On the other hand,
tailor-made conductive molecules or polymers can enable charge transfer among the

nanoparticles and their environment [28]-[29].

K. E. Sapsford et. al. [30] summarized three possibilities of binding the ligands to the surface

of nanoparticles for a model of ZnS nanoparticle (Figure 4). The ligands can be attached to the
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surface of nanoparticles via a covalent coupling, direct attachment or noncovalent attachment
[30]-[31]. Regarding the covalent coupling, the nanomaterial possesses functional groups
available to form a covalent bond with ligands. For example, amines can be modified with N-
hydroxysuccinimide (NHS) esters to form amide bonds. Thiols can be modified with maleimide
derivatives or thiol exchange can take place on the nanoparticles surface. Last but not least,
carboxylic acid functional groups can form amides with amino-functionalized biomolecules
upon activation with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). On the other
hand, coordination of atoms comprising the nanomaterial enables a direct attachment of the
ligands. For example, Zn atoms are known to coordinate with polyhistidine moieties in peptides.
Simultaneously, S atoms can bind to cysteine side chains among the peptide backbone. Finally,
there are a lot of noncovalent interactions that can take place in nanomaterial stabilization.
For example, hydrophobic, electrostatic or highly specific interactions can help to bind the
ligands. It is worth emphasizing here, that the surface modification by a desired biomolecule
can occur straightforwardly as suggested in Figure 4 or by attaching a linker molecule
possessing a specific bonding site for the desired biomolecule. A very traditional linker

molecule is biotin which binds specifically to streptavidin. [30]-[31].

The further part of this work is restricted to bio-inspired surfactants and their ability to
control the nanoparticles” growth and provide them with additional functionality. From this
point of view, commonly used nature inspired capping agents are often derived from peptides
and nucleic acids. Both mentioned biomolecules are known for their abilities to form
supramolecular self-assemblies and act as functional nanomaterials on their own. Considering
their green nature, the possibility of tailoring their resulting morphology by tuning their primary
structure, their easy doping and low price, both peptides and nucleic acids are considered as

alternative semiconductors [28]-[29].

Conjugation of metal or semiconductor nanostructured materials with biomolecules can
broaden their applicability because of increased functionality as mentioned previously. Bio-
molecules decorating the surface of nanoparticles undoubtedly provide the resulting materials
with unique properties and predetermine them to by employed in sensing and diagnostics in
medical applications (optical, magnetic or electrochemical sensors), structured materials,

energy and catalysis and in cleaning and purification procedures [28]-[29].
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Figure 4: Three possible routes for surface modification of nanoparticles. Here, surface of ZnS nanoparticle is
modified via a) covalent coupling, b) direct attachment of ligands and c) noncovalent attachment of ligands,
modified from [30]—[31]

However, nanostructured materials can assist assembling and immobilization of
biomolecules acting here as an inert matrix. This approach is typically used for enzymes
immobilization for catalytic or oxidoreductive conversion applications. For instance,
H. Seelarajoen et al. [32] recently immobilized enzymes of dehydrogenase on graphene to
convert CO2 to methanol. On the contrary, quantum dots are frequently used to organize
biomolecules on their surface and visualize them [33]-[34]. This is typically needed for imaging
techniques where the biomolecules need to be detected by optical, electrical, magnetical or even

nuclear signals. This approach is already commonly used in medical applications [35].

4.1 Amino acids and peptides for the surface decoration

In general, proteinogenic amino acids possess carboxylic acid and amino groups and their
side chains are additionally decorated with various functional groups, such as carboxylic acid,
amino, thiol or hydroxyl groups, moreover, aromatic moieties can be found in the side chains.

Hence, freestanding amino acids or side chains of amino acids among the peptide chain can
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interact via hydrogen bonding, electrostatic interactions and m-r stacking with each other or
with different molecules providing a broad variability of the supramolecular structures.
The presence of different functional groups enables also their effective binding to surfaces of
different solid phases, such as metals, metal oxides and compounds, magnetic materials,

semiconductors, polymers, and minerals [28]-[29] and [36].

Amino acids or peptides are introduced into nanomaterials usually during the synthesis to
enable a complex formation between heavy metal ions of the precursor and the corresponding
functional group of the surfactant. The complex formation helps to coordinate the nanoparticle
precursors and thus, the growth of nanoparticles is controlled effectively. Finally, the resulting
surface is modified with desired functional groups providing the resulting nanomaterial desired
properties, such as improved dispersibility in aqueous environment, biocompatibility or affinity

to desired molecules [28]-[29].

However, amino acids and peptides can also be introduced to the nanomaterial during the
post treatment modifications to replace more traditional surfactants which are efficient for the
crystallization control [37]. Q. Ma et al. [38] utilized the ligand exchange for amino acids
containing thiol groups (cysteine and homocysteine) sensing. They synthesized B-cyclodextrin
modified gold nanoparticles with encapsulated rhodamine 6G to quench the luminescence via
energy transfer. At isoelectric point of the corresponding amino acid, -cyclodextrin bound via
O-Au with binding energy of ~2 kcal'mol™! was replaced by amino acid containing thiol group
(cysteine or homocysteine) by forming S-Au bond with binding energy of ~40 kcal-mol .
Release of rhodamine simultaneously led to the recovery of the luminescence, proving sensing

abilities of this system.

Already mentioned cysteine is an amino acid which is typically employed for the preparation
and stabilization of the nanoparticles because of a thiol group in its side chain. Thiol groups are
generally known to bind to sulphur and metal atoms, such as gold, zinc and cadmium on the
nanoparticles surface [31] and [39]. For example, CdTe nanoparticles stabilized by cysteine
were able to selectively bind lysine moiety in bovine serum albumin (BSA) via glutaric
dialdehyde linker. As formed, bioconjugates exhibited resonance energy transfer from the

protein unit to the nanoparticle presenting the so-called antenna effect [39].

Simultaneously, peptides and proteins can act as templates for the synthesis of nanoparticles.
Designing the primary structure, i.e. the sequence of amino acids, among the peptide or protein

chain can predetermine the resulting supramolecular structure — peptide rings, tubes or cages
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can be obtained. The presence of a specific sequence of amino acids can initiate the growth of
the nanomaterial [29]. For example, gold atoms can be coordinated with histidine side chains.
Therefore, a histidine-rich peptide can serve as a matrix for gold nanoparticles assembled on
peptides [40]. Considering this approach, cavities of different size and shape can be designed

to obtain different metal nanostructures [41].

4.2 Nucleotides and nucleic acids for the surface decoration

Nucleotides and nucleic acids (DNA and RNA) have also been employed to control the
nanoparticles growth and simultaneous surface decoration. Double-stranded DNA usually
serves as a template for nanoparticles growth, for example, gold, silver and palladium
nanowires were grown in the presence of DNA. On the other hand, a single-stranded DNA is
preferably used for the non-template methods because of an availability of the purine and
pyrimidine bases. The sequence of nucleobases and the length of the resulting chain is crucial
for the determination of the resulting size and shape of nanoparticles [29]. For instance, a DNA
oligomer consisting of 30 nucleotides units with only adenine and only cytosine assisted with
the preparation of flower-like gold nanoparticles. Whereas, the oligomer consisting of only 30
thymine-based nucleotides enabled preparation of spherical nanoparticles suggesting that the

functionality of the purine or pyrimidine base is crucial for the nanoparticle formation [42].

The influence of different functional groups of nucleotide triphosphates was studied by
S. Hinds et al. [43] during PbS nanoparticles synthesis. They proposed that guanosine
triphosphate (GTP) was efficient for the nanoparticles to control growth and additional
stabilization compared to adenosine-, cytosine- and uracil-based nucleotides. The authors
suggested that the triphosphate unit is responsible for the growth control whereas the amino
group on the guanidine moiety is responsible for surface passivation. On the other hand,
cytosine-based nucleotides exhibited the strongest affinity to silver clusters [44]. Hence, the
nucleotides and polynucleotides need to be designed to specifically bind to desired materials.
Q.-L. Wen and co-workers [45] have recently optimized a cytosine-rich DNA sequence to
stabilize fluorescent silver nanoclusters for small molecules (such as ascorbic acid, dopamine

and cysteine) detection, via photoluminescence quenching.

Finally, it is worth emphasizing that nucleotides and nucleic acids as well as amino acids
and peptides are sensitive to their environment. Their ability to control the growth and

stabilization of the resulting nanomaterial can be strongly affected by pH. For example, pH
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changes lead to the production of different sizes of CdS nanoparticles stabilized by
mononucleotide [46]. Simultaneously, both nucleic acids and proteins can undergo denaturation
processes in a presence of strong acids, salts or organic solvents. Also, high temperature cannot
be applied during the synthesis to avoid peptide denaturation [29] and [47]. All these parameters
might act as a limitation for the traditional methods of synthesis for the preparation of

nanoparticles.

26



S Halide perovskite materials

The perovskite structure was described before the 20th century in calcium titanium oxide
mineral of the chemical formula CaTiOs. Considering here halide perovskite materials, the
general structure is represented by formula ABX3, where A and B stand for different cations
and X stands for a halide anion (Cl", Br, I); the structure is introduced in Figure 5. Cation B
is a divalent cation which stands in the centre of the unit cell and coordinates six halide anions
[BXe]* [48]-[49]. This work focuses on lead halide perovskites (further noted as perovskites),
though, tin, antimony or bismuth can represent the cation B as well [50]. Monovalent cation A
balances a charge among the structure; it can be both of inorganic nature, such as cesium cation
(Cs"), or of organic nature, for example, methylammonium (MA™) and formamidinium (FA™)

cations.

The mostly preferred structure of lead halide perovskites is cubic which is observed at higher
temperatures. Cation B coordinates six halide anions forming an octahedra and cations A are
arranged in a 12-fold cuboctahedral coordination, as indicated in Figure 5. With decreasing
temperature, the octahedra are changing into tetragonal, orthorhombic, monoclinic or
rhobohedral structures according to the perovskite structure composition. Characteristically, the

cubic structure of perovskites exhibits the smallest band gap and the highest conductivity [48].

R AR

G \

A (MA*, FAY, Cs™, ..)

0 XBr,CLT,..)
e B(PHH,..) /

R

Figure 5: Metal halide perovskite general structure ABXs, modified from [48]

The generation of a perovskite-like structure can be predicted by calculation a tolerance

factor (¢) by following equation:

_ Ra+Rp
b= Fkrxrrey *)
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where Ra, Rp and Rx stand for ionic radii of the corresponding ions. In optimal case, ¢ value
is in the range 0.9-1, then ions A and B have an ideal size and the structure is cubic. When A
is large and B is small, then tolerance factor is higher than 1 and the structure is hexagonal or
tetragonal. On the contrary, i.e. A is small or B is large, then the tolerance factor is in a range

0f 0.71-0.9 and the structure is orthorhombic/rhombohedral [48], [49] and [51].

Electronic properties of perovskite materials were firstly studied in the 1990s by Mitzi’s
group for tin halide perovskites [52]. Organometal halide perovskites were firstly supposed to
be used for solar cell fabrication by T. Miyasaka et al. [53] in 2009. A real breakthrough came
in 2012 when Henry J. Snaith and co-workers [54] prepared the first efficient organometal
halide perovskite-based solar cell. Since that time, a power conversion efficiency (PCE) has
increased from 3.8 % to 25.2 %, even to 29.1 % when perovskite/Si tandem devices are taken
into an account [5]. This determines halide perovskites as the most promising materials in the
photovoltaic field. According to theoretical calculations, the electricity conversion limit of

a methylammonium lead iodide (MAPbI3)-based solar cell is about 31% [55].

Halide perovskite materials are not suitable only for solar cells fabrication, but also many
other functional devices as LEDs [56], lasers [57], ultraviolet-to-infrared photodetectors [58],
X-ray [59] and y-ray [60] detectors have been reported. This broad range of applications is
possible due to unique properties of perovskites, such as suitable bandgap engineering [61],
high absorption coefficient and tunable optical properties [62], low exciton binding energy [63],
long and balanced electron—hole diffusion lengths [64], high carrier mobility [65] and high
defect tolerance [66].

Nowadays, a considerable number of publications focuses on mixing of individual cations
or anions [67]. The substituted ions act as dopants and their incorporation is possible directly
during the synthetic procedure or it can be partially performed by post-treatment modifications.
The doping can help to precisely tune band gap, charge carrier lifetime and trap density for
fabrication of high-performance and long-term stable optoelectronic and photovoltaic devices
[67]-[68]. For example, L. Chen et al. [69] focused on combining mixed lead halide perovskite.
A single crystal with a new composition (FAPbI3)o9(MAPbBr3)0.05(CsPbBr3)o.0s was prepared.
This composition provided the material with appropriate band gap, long carrier lifetime and

higher stability under water, oxygen, light and thermal exposure.

Additionally, the central atom can be partially or fully substituted in the perovskite structure.

Actually, considering lead as a toxic material causing damage to the nervous system and can
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cause brain disorder and even death [70]. Therefore, a replacement of lead by an alternative
cation B is currently the greatest challenge [71]. The most promising candidates to replace lead
are predominantly metals from ITA and IVA groups, such as Sr**, Sn**, Ge**. However, other
transition metals (like Cu®*) incorporated in the perovskite structure exhibit a potential to be
applicable or solar cells fabrication. Trivalent metal ions are able to form a perovskite structure
as well; the general formula of the resulting material is then A3B2Xo. The VA group metals, for
example Bi** and Sb**, were considered to be the candidates for lead replacement. Finally, also
tetravalent ions, mainly Sn** were examined to form a general perovskite-like structure with
general formula AoMXs. Nevertheless, it has not been prepared any lead-free perovskite
structure yet which would exhibit comparable or even better electrical properties alongside

better stability against moisture and ambient conditions [50] and [72].
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5.1 Dimensionality of lead halide perovskites

Even though the perovskite structure is highly defect-tolerant, there are still demands to
obtain homogeneous composition with as few crystal boundaries as possible [48] and [73]. One
approach to control crystal boundaries is a single crystal growth. Bulk lead halide perovskites
are quite easy to grow up to a few mm sized single crystals by inverse temperature
crystallization [74]-[75]. Our group has recently described a microwave assisted inverse
temperature crystallization providing single crystals of high quality [76]. Nevertheless, the
crystallization is much more time consuming when compared to polycrystalline thin film
formation. The polycrystalline film formation is low-cost and is easy to be up-scaled; the
preparation usually lies in spin-coating of precursor solution and subsequent temperature
treatment [73] and [77]-[78]. The performance of the functional devices can be further
improved by employing additives into the precursor solutions [79] or by various post-treatment

processes [80].

On the other hand, preparation of nano-structured perovskite materials reduces both the time
demands and the problems with ground boundaries. Moreover, nano-scaled perovskite
materials possess unique physical properties, such as high PLQY's and wide optical band gaps,

besides, optical properties can be precisely tuned because of quantum confinement effects [81].

There are several approaches for the nano-structured perovskite materials synthesis.
In general, bottom-up approached synthesis consists in the preparation of precursor solution,
the subsequent crystallization is controlled either by surfactants or by a porous template [48]
and [73]. The mechanism of surfactant-guided nanocrystal formation resides in placing
a primary ammonium salt instead of the cation A in order to stop the crystallization in one or
more dimensions. For further stabilization long-chain carboxylic acids (such as for example
oleic acid) are applied as capping agents, schematically presented in Figure 6 [7]. Regarding
the choice and molar ratios of surfactants and the reaction conditions, various size and shape of
nanoparticles can be obtained — from quantum dots and nanocubes, nanorods or nanowires to
nanoplatelets, schematically shown in Figure 7 [82]. Considering the nanoparticles prepared by
the surfactant-assisted approach, colloidal solutions are obtained directly after the preparation
and they can be processed further by various deposition techniques (spin-coating, drop casting

or ink-jet printing) [48].
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Figure 6: Low dimensional MAPbBr; perovskites structure passivated with capping agents, modified from [7]
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On the contrary, the porous template does not embed any surfactants into the perovskite
structure, it only sterically constrains the crystal to grow into defined size and shape. Different
matrices for the controlled growth of nanocrystals have been reported, for example ordered

mesoporous silica, titania, alumina [83] and organic polymers [7].

Several reports introduced a top-down approach for perovskite nanoparticles preparation.
For example, nanosheets were prepared by exfoliating bulk perovskite crystals in the presence
of capping agents [84]. Also, nanostructured perovskite material can be prepared from thin

films by laser ablation techniques [85].

Formed low dimensional halide perovskites can have defined structure divided according to

the dimensionality:

a) 0D nanostructured halide perovskites as nanocrystals or even quantum dots,
b) 1D nanostructured halide perovskites as nanorods or nanowires,

¢) 2D nanostructured halide perovskites with lateral structure [48], [73] and [86].

5.1.1 0D nanostructured lead halide perovskites

The very first preparation of 0D nanostructured lead halide perovskites was described by
L.C. Schmidt ef al. in 2014 [87]. MAPbBr3 nanocrystals stabilized by a long-chain ammonium
salt (octylammonium bromide or octadecylammonium bromide) alongside oleic acid were
prepared by a hot injection method. Briefly, MABr and PbBr, were dissolved in N,N-
dimethylformamide (DMF) in advance and their solution was mixed with a solution of capping
agents in octadecene acting here as non-coordinating solvent at 80 °C. As prepared warm
precursor solution was precipitated by an addition of acetone which resulted into a formation
of nanoparticles. The nanoparticles were easily dispersible in toluene after a purification
procedure. Octylammonium-stabilized perovskite nanocrystals were 6.2 + 1.1 nm in size with
an emission maximum of 527 nm and a PLQY of 17% in toluene colloidal solution.
The colloidal solutions were successfully spin-coated onto quartz substrates and the films

exhibited emission maximum of 533 nm and PLQY of 23%.

Even more facile and easily up-scalable is a ligand-assisted precipitation (LARP) technique
for the preparation of perovskite nanoparticles. The ligand-assisted precipitation technique for
MAPDBr; quantum dots synthesis was firstly introduced by F.Zhang ef al. [7] in 2015.

Typically, a precursor solution was prepared in advance, it contained PbBr., MABr alongside
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the capping agents (n-octylamine and oleic acid) in DMF which acted as a good coordinating
polar solvent. The precursor solution was then precipitated in a poor nonpolar solvent (typically
toluene) and a strong colour change indicating the formation of nanoparticles was immediately
observed. After a purification procedure, toluene colloidal solutions were studied, an emission
maximum was of 515 nm and a PLQY was in the range of 50-70 %. The presence of
nanoparticles with an average size of 3.3 + 0.7 nm was confirmed by transmission electron

microscopy (TEM).

It must be emphasized, that the precipitation techniques are versatile, they can be easily
modified to obtain perovskite nanoparticles of desired composition and properties. For
example, MAPbX3 perovskites nanoparticles exhibit light emission in a range 438—660 nm
according to a loading of halide anions, see images of different colloidal solutions in Figure 8.
Bromide based perovskite nanoparticles exhibit green light emission, presence of chloride or
iodide anions causes blue and red shift, respectively [8]. As described tuning of the optical

properties is applicable also for FA- and Cs-based perovskite structures [88]—-[89].

Figure 8: MAPbX; colloidal solutions stabilized by octylamine in toluene with different X anion loading, the
upper image under ambient light and the bottom image under UV lamp, adapted with permission from [§].
Copyright © (2016) American Chemical Society.

Modifying the nanoparticles composition, the solvent system needs to be primarily
optimized. In general, DMF, dimethyl sulfoxide (DMSO) and y-butyrolactone (GBL) are
typically used as strongly coordinating aprotic and highly polar solvents for the preparation of
precursor solutions. While DMF and DMSO are typically applied for MAPbX3 perovskites
preparation, GBL is typically used for FAPbX3 perovskites preparation [88]. It is worth noting,
that strongly coordinating polar solvents are difficult to be completely removed during the
precipitation or further purification. The possible residua of the polar solvents occupying the

crystal surface cause a fast degradation of the perovskite structure (especially in MAPbI3
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nanocrystals) [90]. The strength of a coordination can be for example weakened by additions
of different solvents into the precursor solution [91]. Considering the precipitation media,
toluene, hexane or octadecene are typically chosen as noncoordinating nonpolar solvents

inducing the crystallization [90].

Last but not least, different capping agents for nanoparticles stabilization can be chosen.
As mentioned previously, long-chain ammonium salts (for instance n-octylamine) alongside
long-chain carboxylic acids (for example oleic acid) are employed [7] and [87]. However,
various capping agents with ammonium and carboxylic acid groups can be chosen. The choice
of the capping agents does not only limit the size and shape of the prepared nanoparticles, but

it may also functionalize the surface of nanoparticles by introducing various functional groups.

Considering the suitability of the capping agents, the nature of binding of the ligands to the
perovskite core must be evaluated. Capping agents are generally bound electrostatically to the
perovskite structure (see also Figure 6). J. De Roo ef al. [92] proposed that several Bronsted
acid-base equilibria can occur on the nanoparticles surface because of the strong dynamic
character of the binding of ligands (Figure 9). Firstly, primary amine can undergo an interaction
with hydrogen bromide to form primary ammonium salt which passivates the surface of
nanoparticles. Secondly, unprotonated primary amines can coordinate directly the surface
cations via its free electron pair. And finally, primary amine can be involved in acid-base

equilibrium with carboxylic acid. The resulting ion pair can passivate the surface of

nanoparticles.
H,N—R
HO
HX/ L \O R
R
X Q ) /K
*H.N—R S APbX5 0 o)
3 C, .)
o "H,.N—R
cation O halide

Figure 9: Equilibria between amino- and carboxylic acid-based capping agents employed for perovskite
nanoparticles stabilization, modified from [92]
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Due to the equilibrium states, the ionic interaction can be easily weakened, especially upon
isolation and purification of the nanoparticles. Elimination of capping agents leads to the
aggregation of the nanoparticles and bulk polycrystalline material formation. F. Krieg et al.
[93] reported that the incorporation of zwitterionic capping ligands enhances the nanocrystals
stabilization. They suggested structures of long-chain sulfobetaines, phosphocholine and y-
amino acids to be the most suitable as capping agents for nanoparticles formation and
stabilization. Recently, CsPbBr3 nanoparticles were embedded into poly(n-butyl methacrylate-
co-2(methacryloyloxy)ethyl-sulfobetaine) copolymer possessing zwitterionic side chains
among the copolymer backbone available for the nanoparticles stabilization [94].
The nanocomposite was further processed into films and possessed improved stability and

resistance to water.

On the other hand, the ionic interaction of ligands with the perovskite core enables a post-
synthetic exchange of ligands. Capping agents which are the most efficient for nanoparticles
stabilization can be easily replaced by different ones which enhance coupling between
nanoparticles and improve charge transport. This approach was recently described by
L. M. Wheeler et al. [95] for CsPblz quantum dots. Firstly, CsPblz quantum dots stabilized by
oleylamine and oleic acid were prepared by classical hot-injection method. Then, quantum dots
were spin-coated onto TiO:2 substrate and the ligand exchange followed by dipping the films
into relevant saturated solutions — oleic acid was replaced with acetate anions and oleylamine

was substituted with formamidinium cations.

As suggested above, long-chain capping agents are not a good choice for stabilization
because they are not charge transport-compatible. For many applications (for instance
thermoelectric devices or solar cells), complete removal of capping agents is necessary.
The quantitative removal of capping agents usually demands high temperature and pressure
which can be harmful for the perovskite core [96]-[97]. Therefore, targeting the choice of the
capping agents at the desired application is necessary. The preferred capping agents can be
employed directly during the nanoparticles preparation [98] or they can be incorporated during

the ligand exchange post-treatment [90].

Very effective approach of perovskite nanoparticles stabilization was introduced by
S. Gonzélez-Carrero and co-workers [98] who used 2-adamantylammonium bromide as the
only capping agent which was embedded into the perovskite structure via the ligand-assisted
precipitation technique. The incorporation of adamantane moieties for enhancing thermal and

optical properties as well as self-organization of functional materials was already described
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previously [99]-[100]. In S. Gonzalez-Carrero et al. work [101], different carboxylic acids were
tested for better perovskite nano-structure stabilization. The best combination was 2-
adamantylamine alongside a short-chain carboxylic acid, namely propanoic acid. As stabilized
perovskite nanoparticles exhibited extremely high PLQY up to 98 % with emission maximum
at 516 nm. In addition, homogeneous densely packed thin films were prepared by centrifugal
casting where adamantane moieties passivated the grain boundaries and supported the charge

transport.

Adamantane-based ligands exhibited improved optical properties even when incorporated
by post-synthetic ligand exchange by Y. Hassan et al. [90]. They replaced original capping
agents, namely oleic acid and oleylamine, with l-adamantanecarboxylic acid and 3-
aminopropylphosphonic acid on the surface of MAPbI3; nanoparticles. Integration of
adamantane moiety improved the PLQY which increased from 40—-60 % to 60—85 % in toluene

solutions.

Surface decoration with more complex ligands which can enhance self-organization was
presented by S. Wang et al. [102] who modified the surface of PNP with protonated melamine
by the ligand-assisted precipitation technique. Ammonium functional group of melamine
passivated the surface traps by ionic interaction with [PbBr3]” complex while nitrogen
heteroatoms passivated the under-coordinated Pb atoms by their free electron pairs.
Furthermore, free amino groups formed hydrogen bonds among the others which led to the

efficient passivation of the perovskite core.

One of the last trends in ligand engineering finds an inspiration in nature. Natural amino
acids are capable of controlling perovskite structure growth due to a presence of both primary
amino and carboxylic acid groups. Preliminary results came from B. Luo et al. [103] who
incorporated non-proteinogenic amino acids into the perovskite structure. They used
bifunctional 12-aminododecanoic acid as the only capping agent which stabilized the perovskite
structure. According to the ligand loading, nanoparticles of an average size of 3.9-8.6 nm were

prepared.

Recently, S. Wang et al. [104] used cysteine as a trifunctional ligand for MAPbBr3
perovskite nanoparticles synthesis. Synergistic effect among amino, carboxylic and thiol groups
passivated the nanoparticles” surface effectively because of their self-assembly tendency.

Additionally, glycine was studied for perovskite nanoparticles stabilization as well [103]. Also,

36



tryptophan, histidine, leucine and phenylalanine were used for nano-structured perovskites

synthesis, see below [105].

Apart from the hot-injection and the ligand-assisted precipitation methods of perovskite
nanoparticles preparation, a broad variety of matrix assisted crystallization techniques have
been reported. The matrices can be both of inorganic and organic nature and their morphology
predetermines the size and shape of the resulting nanoparticles. Regarding the inorganic-based
matrices, for example, nanoporous silica and alumina were tested for the nanocrystals growth
control [83]. Here, the templating was confined to the thin films. On the contrary, mesoporous
silica nano- and microparticles were used for controlling the growth of perovskite nanocrystals
within the pores [106]. The resulting composite material was dispersible in toluene and further

processing (i.e. spin-coating) was possible.

Also, organic matrices were employed to control the perovskite crystallization. For example,
organic polymers such as polystyrene (PS), polycarbonate (PC), acrylonitrile butadiene styrene
(ABS), cellulose acetate (CA), polyvinyl chloride (PVC), and poly(methyl methacrylate)
(PMMA) were tested [107]. In this approach, swelling of the polymer films in polar solvents
(i.e. DMF) was used for perovskite precursor solutions soaking into the polymer matrix. Further
annealing removed the solvent and crystallization occurred. Nanoparticles embedded in the
polymer films exhibited improved stability in the water environment. Especially nanoparticles
embedded in the ABS matrix in which the PLQY dropped from 48 to 45% while being
immersed in water over the period of 60 days. Even better control of the perovskite nanocrystal
growth was observed in the micelle-template approach [108]. Here, diblock copolymer
(poly(styrene-b-2-vinyl-pyridine)) formed micelles of defined size and shape in toluene. The

micelles acted as nanoreactors for the formation of perovskite nanoparticles.

5.1.2 1D nanostructured lead halide perovskites

1D nanostructured halide perovskites, such as nanorods and nanowires, have one common
feature — always two dimensions are in the nanoscale and the third is macroscopic. Comparing
them to 0D materials, still, quantum confinement effect can take place, optical properties tuning
is possible via modifications in the composition and surface-to-volume ratio is large. On the
other hand, 1D nanostructured perovskites enable a charge transport over a long distance
without excessive hopping and also, flexible conductive percolation network can be formed

[73] and [109]. There are several methods for 1D nanostructured lead halide perovskites
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preparation. Whether various solution-phase growth or vapor-phase growth techniques can be
applied for the preparation of the nanocrystals, which were detailly listed by K. Hong ef al. [73]

1n a review.

Focusing on surfactant-directed solution-phase growth, very similar methods as for 0D
nanostructured lead halide perovskites are applied. Therefore, a suitable solvent system is
needed to be found and different capping agents can be applied for the 1D perovskite shape and
size tuning. There is also observed an influence of the concentration of precursor chemicals, a
ratio of capping agents, reaction temperature and reaction time on the resulting morphology of

the 1D nanocrystals [48] and [110]-[111].

The very first synthesis of CsPbX3 (where X was Br or I) nanowires was described by
D. Zhang and co-workers [111] who studied mainly the influence of the reaction temperature
and time. As capping agents, oleic acid and oleylamine were used and the reaction was
proceeded in octadecene at 150-250 °C. When the reaction time was 10 min, nanocubes were
dominantly formed, when reaction time was prolonged, nanowires started to be formed, the
preferential formation of nanowires was observed after 90 min. When the reaction proceeded

for a longer time, bulk crystals were formed.

The influence of capping agents choice was described by M. Imran et al. [112] who prepared
various CsPbBr; nanowires with width ranging from 3.4 to 20 nm by changing the ratio of
different capping agents (oleylamine/octylamine and hexanoic acid/octanoic acid) as well as by
the reaction temperature and time. The addition of the short chain carboxylic acid caused the
formation of nanowires with the width below 10 nm. On the other hand, addition of oleic acid
together with octanoic acid led to the formation of nanoplatelets[113]. The nanowires colloidal
solutions exhibit bright photoluminescence as well as 0D perovskite nanocrystals; the highest
reached value of PLQY was 77 % for cesium lead halide nanowires of 5.1 nm width in solution

[112].

CsPbX3 nanowires with different halide composition can be also prepared through post-
synthetic anion exchange reactions of CsPbBr; with I" or CI™ precursors (oleylammonium
halide or PbX>). Here, optical properties were tuned across the visible spectral region (409—
680 nm) [114]. Optical properties can be tuned also by a method described by D. Amgar et al.
[115] who introduced hydrohalic acids (HCl, HBr and HI) into the reaction mixture during the
nanowires” synthesis. First of all, incorporation of different ratios of halide anion led to the

tuning of optical properties, emission spectra were shifting in the range of approx. 420-550 nm.
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Furthermore, it was found out that with increasing loading of hydrohalic acid the length of
nanowires was shortening. The authors assumed that hydrohalic acids help to protonated

primary amine ligands and thus cause better perovskite structure passivation.

Surfactant-directed solution-phase growth of MAPbBr3 perovskite nanowires is very similar
to the previously described synthesis of CsPbX3 1D nanostructured crystals. For example,
octylamine and oleic acid can be used as capping agents to control the crystallization of
perovskite structure into nanowires. Very similarly, the reaction time and temperature in
octadecene have a crucial effect on the resulting optical properties of colloidal solutions [109].
F. Zhu et al. [116] studied the influence of composition, solvent system and reaction time on
the resulting morphology of MAPbX; nanocrystals. Here, the authors prepared MAPbI3

nanowires, nanorods and dots as well as MAPbBr3; nanowires and nanoplatelets.

S. Aharon and L. Etgar [117] succeeded in the synthesis of MAPbI; and MAPbBr3; nanorods
stabilized by octylammonium and oleic acid. It is worth noting, that the halide composition did
not have any significant effect on the resulting morphology, it only led to the changes in optical

properties.

5.1.3 2D nanostructured lead halide perovskites

Various 2D nanostructured lead halide perovskites such as nanoplatelets and nanosheets can
be prepared by very similar surfactant-directed solution-phase growth procedures as 1D
nanocrystals. Nevertheless, various different methods were reported, for example chemical
vapor deposition techniques [118] or top-down processes consisting in exfoliating bulk

perovskite crystal in the presence of capping agents [84].

Thanks to a broad variability of perovskite crystal composition and a possibility of the use
of different combinations of capping agents during the surfactant-directed solution-phase
growth procedure, the size and the shape of individual nanocrystals can be tuned precisely.
As mentioned previously, it is very important to control the reaction conditions during the
synthesis of nanomaterials, especially, reaction temperature and time, precursors ratio and the

ratio of capping agents and the solvent system [82], [113], [116] and [119].

Long-chain-based ligands do not have to serve as the only capping agents. G. H. Ahmed and
co-workers [120] proved that the pyridine alongside oleic acid and oleylamine passivated

efficiently the surface of the perovskite MAPbBr3 2D nanocrystals during the ligand-assisted

39



precipitation technique. According to calculations, a free electron pair of nitrogen from the
pyridine coordinated the lead atoms on the surface of nanoparticles which enhanced the
stabilization of nanostructured perovskite. Furthermore, it was observed that the precipitation
temperature affected the resulting thickness of nanosheets causing quantum confinement
effects. Similarly, J. Zhao et al. [121] stabilized CsPbBr; nanoplatelets by tryptophan with oleic
acid and oleylamine alongside. The presence of tryptophan caused preferential formation of
CsPbBr3 nanoplatelets instead of nanocubes. Furthermore, different histidine loading causes
optical properties tuning by varying the thickness of the nanoplatelets due to quantum
confinement effects. Other amino acids (cysteine, histidine, leucine and phenylalanine) did not

have such effects on the morphology and optical properties of the resulting nanomaterials.

Special case of quasi-2D nanostructured lead halide perovskites are 2D/3D structures which
are called as Ruddlesden-Poppper or Dion-Jacobson perovskites [ 122]-[123]. Their preparation
usually consists in a preparation of precursor solution containing perovskite precursors with
primary ammonium halide salt, the precursor solution is spin-coated onto the substrate where
the crystallization occurs. Because of the presence of bulk ammonium salts which are
passivating the perovskite surface, only a few layers of perovskite structure can be formed.
The concentration of the ligands controls precisely the number of perovskite layers n.
According to a valency of ammonium salts, Ruddleden-Popper (monovalent cations) and Dion-

Jacobson (divalent cations) perovskite structures can be formed as suggested in Figure 10.

Phenylethylammonium iodide/MAPbI3-based perovskite solar cell was firstly prepared by
I. C. Smith et al. [124] in 2014, the power conversion efficiency was 4.7 % what is quite low
value when compared to a common MAPDI; solar cell structure where the power conversion
efficiency was 15 %. On the other hand, the group described lower moisture sensitivity of the

solar cell.

Then a lot of research groups focused on the ammonium ligands choice and for example
butylammonium halide [125]-[126] or anilinium halide [127] were used for the layer growth
control. It was always described that optical properties are strongly dependent on the film
thickness because of quantum confinement size effect. The ammonium ligands don’t have to
serve only as capping agents for the crystallization to be stopped, their incorporation into the
structure can also bring some advanced functionality. For example, already mentioned
anilinium halide 2D/3D perovskites exhibited enhanced electrical properties because of the

presence of conjugated anilinium structure [127].
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Figure 10: Structure of quasi-2D nanostructured lead halide perovskites, an example of Ruddlesden-Poppper

and Dion-Jacobson types of 2D/3Dperovskite structures (from left to right), where n = 2. Modified from [123]
T. Zhang et al. [128] introduced bifunctional 5-aminovaleric acid into the MAPbBr3
structure in order to crosslink perovskite layers. The crosslinking is possible because protonated
ammonium groups act as cation A in the perovskite structure and thus stop the crystallization,
on the other side, deprotonated carboxylate groups coordinate the surface Pb of the

neighbouring layer.
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5.2 Applications
5.2.1 Solar cells

While bulk perovskite crystalline structures are applicable into photovoltaic devices where
they exhibit excellent properties, nano-structured perovskite materials are not suitable for solar
cells fabrication because of the presence of capping agents with insulating properties. One
approach to avoid decreasing mobility is the ligand removal by post-synthetic treatment.
For example, E.M. Sanehira et al. [97] introduced removal of capping agents from CsPblz
quantum dots surface and replacing them by FAI, solar cell fabricated from modified perovskite
nanoparticles exhibited PCE 13.4 %. The post-synthetic treatment led to improved mobility,
whereas CsPbl; quantum dots thin film mobility was 0.23 cm*V~!s™!, mobility of CsPbl;
quantum dots film treated with FAI was 0.50 cm*V~!s™!, For comparison, the common MAPbI;3

thin film mobility is 2.3 cm®*V~!s™L.

On the other hand, 2D/3D nano-structured perovskites seem to be highly applicable for solar
cell fabrication. Various capping agents like for example butylammonium,
phenylethylammonium [122], [124] and [129] or multifunctional aminovaleric acid [130] or
ethylendiamine [131] as crosslinking agents were added. The 2D/3D structure helps to reduce
the presence of grain boundaries and furthermore, the incorporation of organic capping agents
not only helps to control the crystallization process but it also increases long term stability

because of lower moisture sensitivity of the resulting film [130].

5.2.2 Light emitting diodes

The very first LED was described by T. Hattori and co-workers [132] in 1996. The active
layer was formed from 2D phenylethylammonium iodide/MAPbI; perovskite. Nevertheless, the
working temperature was 110 K and thus, it did not gain much attention. A real breakthrough
came when L. C. Schmidt et al. [87] described the preparation of highly luminescent colloidal
solutions of perovskite nanoparticles. The colloidal solutions can be easily processed into films,
for example by spin-coating, centrifugal casting or ink-jet printing [133]. Nevertheless, there
are different approaches for the active layer preparation, for example, they can be embedded
into matrices. MAPbBr3; nanocrystals stabilized by n-octylamine were used for LED fabrication
[7] and [134], in both cases were the nanoparticles, quantum dots and nanoplatelets,
respectively, embedded into a polymer matrix (poly(methyl methacrylate) and poly(9-
vinylcarbazole):2-(4-biphenylyl)5-phenyl-1,3,4-oxadiazole, respectively) in order to enable

spin-coating of the functional layer. For nanoparticles stabilization can be also porous matrices
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used, for example S. Demchyshyn et al. [83] grew the perovskite nanoparticles in nanoporous

silica and alumina thin films and as prepared active layer was used for LEDs fabrication.

All-inorganic perovskite nanocrystals are studied for the LED fabrication as well, they even
exhibit higher stability and thus also the higher stability of the devices is achieved compared to
hybrid structures [135]. The first all-inorganic perovskite LED was described by J. Song and
co-workers [136], here n-octylamine and oleic acid were used as capping agents as well. In this
case, nanoparticles colloidal solutions were only spin-coated onto the desired substrate without

any polymeric matrix use.

There are several approaches to enhance the LED efficiency can be enhanced. First of all,
the homogeneity can be increased by cross-linking agent addition, for example G. Liet al. [137]
applied trimethylaluminum as the cross-linking agent after the all-inorganic nanoparticles film
deposition. Furthermore, the efficiency can be increased by properly washing nanoparticles,
nevertheless, the ionic interaction between capping agents and the perovskite structure is not
strong enough to keep the surfactants bonded while nanoparticles being purified. If capping
agents are washed out, the colloidal stability decreases and the nanoparticles aggregate quickly.
Various research groups tried to find a solvent system for efficient but gentle washing of
unreacted material from the crude colloidal solutions to keep the surface ligand density [138]

and [139].

5.2.3 Lasers

High PLQYSs predetermine perovskite nanoparticles to be applicable also in optical lasing
devices. Another advantage of perovskite structure is also the possibility of varying the optical
properties by composition and thus tuning the emission wavelength. Hybride lead halide
perovskite nanowires were used for laser fabrication by H. Zhu et al. [140] as well as by J. Xing
et al. [141]. Q. Zhang et al. [143] studied fully inorganic perovskite nanoplatelets for lasing

abilities.

5.2.4 Photodetectors and other applications
Finally, there should be also mentioned possibilities for fabrication photodetectors from

perovskite nano-structured materials [9].

Perovskite material can be employed in hydrogen halide gas sensing; exposure of the
perovskite material to halic acid leads to reversible ion exchange which can be detected by
colour change [142]. And furthermore, recently, Y.-F. Xu and co-workers [144] used a CsPbBr3

perovskite quantum dot/graphene oxide composite for photocatalytic CO: reduction.
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6 Experimental part

This section describes used materials, samples preparation and characterization methods.

6.1 Materials

All chemicals were used as received without any further purification.

Perovskite precursors

Lead (II) bromide (PbBr, 99.999%) was purchased from Sigma Aldrich. Methylammonium
bromide (MABr, 98%) was purchased either from Sigma Aldrich (sections 7.1, 7.2, 7.4 and
7.5) or from GreatCell (section 7.3).

Amino-based capping agents:

Adamantyl-1-amine (AdNH») was obtained from Provisco CS. L-Arginine (98%) and L-
Lysine (97%) were purchased from Fluorochem. N -Boc-L-arginine (98%) and N,-Boc-L-
lysine (97%) were purchased from Alfa Aesar. Cyclic (RGDFK) pentapeptide (cyclo(RGDFK))
was purchased from MedChem Express. Monomer and trimer of peptide nucleic acid (PNA-M
and PNA-T) were synthesized by Sabrina Gaidies, MSc. in collaboration with Institute of

Polymer Chemistry, Johannes Kepler University Linz, Austria.
Carboxylic acid-based capping agents:

Glacial acetic acid (AcA, 99-100%) was purchased from J. T. Baker. Trifluoroacetic acid
(TriflacA, 99.5+%) was purchased from Alfa Aesar. Propionic acid (PropA, >99.5%) was
provided by Sigma Aldrich. Hexanoic acid (98%) and n-Octanoic acid (OctA, > 98%) were
purchased from TCI. Oleic acid (min. 70%) was purchased from Lachner.

Adamantanecarboxylic acid (99.6%) was obtained from Provisco.

Solvents:

N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), xylene (a mixture of
isomers), acetone, diethylether, cyclohexane, chlorobenzene, chloroform and toluene were of
reagent grade, n-hexane and acetonitrile were of HPLC grade, all provided from VWR.
1-Octadecene (90%) and y-butyrolactone (GBL, reagent plus >99%) were provided by Sigma
Aldrich. Anhydrous DMF was purchased from Sigma Aldrich.
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6.2 Synthesis of nanoparticles and their processing

Prior to a preparation of perovskite nanoparticles (PNP), a precursor solution was prepared
by mixing PbBr,, MABr, amino-capping and carboxylic capping agents in molar ratios of
1:1.1:0.8:9.5 at ambient conditions according to the literature [101]. The precursor chemicals
were dissolved in DMF which acts as a coordinating solvent if not stated otherwise.
The concentrations of precursor chemicals were adjusted to 0.027, 0.030, 0.258 and
0.22 mol-dm™ for PbBr,, MABr, amino-based and carboxylic acid-based capping agents,
respectively. The as prepared precursor solution was left to be stirred overnight at ambient

conditions in order to let all the chemicals to be dissolved and the complex formation to occur.

The PNP colloidal solutions were prepared by the ligand-assisted precipitation technique as
firstly introduced by F. Zhang et al. [7] with a slight modification. The precursor solution was
precipitated in toluene (or in a different precipitation medium) at 3—4 °C in volume ratio 0.002
at ambient conditions. The formation of colloidal solution was immediately detected by
changing colour from colourless to bright green and strong photoluminescence was observed
under UV irradiation. The colloidal solutions were used for further experiments as prepared if
not stated otherwise. If needed, purification steps were performed by centrifuging
(5000 rpm/10 min) the crude colloidal solutions. The solid material was consecutively

redispersed in the defined amount of the corresponding solvent.

Samples with controlled amount of water in the precursor solutions (section 7.3) were
prepared according to the same procedure with a slight modification. The precursor solutions
were prepared and in a glove box using anhydrous chemicals (PbBr, and MABr opened and
handled only in the glove box and anhydrous DMF) to avoid any moisture contamination. Also,
the precursor solutions were stored in the glove box for one week to let the complex formation

occur. The precipitation was performed at ambient conditions.

Films were prepared by centrifugal casting onto desired substrates. Desired substrates (glass
slides) were cut to 1x1 cm size and washed in a sonication bath successively (in a cleaning bath
Hellmanex ® III), using distilled water for two times, in acetone and finally in isopropanol.
The substrates were dried with compressed air and kept for the use. Centrifugal casting was
performed according to the literature [101]. The colloidal solution was prepared in
a centrifugation tube by precipitating the corresponding precursor solution in toluene in volume
ratio 0.002. The desired glass substrate was placed on the bottom of the tube followed by

centrifugation (5000 rpm/10 min). The supernatant was carefully discharged, and as formed
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film was washed by addition of toluene (approx. 3 ml). The liquid was then discharged and the
substrate with the film was dried either at ambient conditions or in a toluene atmosphere. Films

were stored in a Petri dish in order to avoid any dust contamination at ambient conditions.

Solid samples for powder XRD were prepared by collecting the material after centrifugation
of the colloidal solution (5000 rpm/10 min) and consecutive drying of the solid material at

ambient conditions.

6.3 Characterization methods

6.3.1 UV-Vis spectroscopy

UV-Vis spectroscopy was carried out with a Lambda 1050 UV/Vis/NIR spectrometer
(PerkinElmer). Absorption spectra of colloidal solutions were measured in quartz cuvettes
(1x1 cm) and of thin films were measured on (1x1 cm) glass substrates in the range of 300 to

700 nm.

Band gaps were evaluated by calculating a Tauc plot from the absorption spectra according

to the following equation:

(ah)¥/™ = A(hv — E,), (5)

where a is the absorption coefficient, 4 is Plank’s constant, v is the photon frequency, E; is
the bandgap and 4 is the constant of proportionality. The exponent 1/n denotes the nature of the
transition, direct allowed transition is considered for perovskite materials, hence, n = 1/2 [18]

and [145].

6.3.2 Photoluminescence spectroscopy

Photoluminescent (PL) spectra were measured on a QuantaMaster 40 from Photon
Technology International. Emission spectra of colloidal solutions were measured in 3 ml quartz
cuvettes (1x1 cm) at excitation wavelength of 405 nm. The films on (1%1 cm) glass substrates

were also exposed to the 405 nm excitation wavelength at 50° angle.

The PLQY of colloidal PNP suspensions and centrifugal casted films (discussed in sections
7.1, 7.3 and 7.5) were measured using Hamamatsu C9920-03, absolute quantum yield
spectrometer equipped with Shamrock SR-303i monochromator and Andor iDus SiCCD

detector. For all PLQY measurements, an excitation wavelength of 405 nm was chosen.

PLQY measurements of colloidal solutions of PNP stabilized by amino acids and

cyclopeptide discussed in chapter 7.2 and 7.4, respectively, were performed via “direct
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excitation” method also used by S. Wang et al. [104]. The absolute PLQY (1) was determined
as ratio between the number of emitted photons and the number of absorbed ones according to

the equation

Ep

n= Sa-Sg’ (6)

where Eg is the area under the curve in the emission part of the spectra and Sa and S are
excitation areas of the sample and pure solvent, respectively. The measurement was performed
in the integrating sphere in a fluorometer (QuantaMaster 40 from Photon Technology

International) with an excitation wavelength of 405 nm in a 3 ml quartz cuvette.

In both cases, signals of pure toluene and empty integrating spheres were detected as a blank

measurement for the determination of PLQY of colloidal solutions and thin films, respectively.

For the temperature dependent optical measurements, PNP thin films were placed in
QuantumDesign DynaCool PPMS, COHERENT OBIS 405 excitation laser beam was supplied
with fiber optics. The laser power was set accordingly. The setup was equipped with
a Shamrock SR-3031 monochromator and Andor iStar DH320T-18U-73 charge coupled device

camera.

6.3.3 Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was used to evaluate the composition of
nanoparticles and to determine the ligands presence. It was also employed to study the complex

formation in the precursor solutions [90], [104] and [128].

Here, FTIR spectra of precursor solutions and PNP were recorded on a Perkin-Elmer
Spectrum 100. The precursor solutions were measured by using an attenuated total reflectance
(ATR) technique at ambient conditions [90]. For the PNP spectra measurement, the PNP were
collected by centrifuging the colloidal solutions (5000 rpm/10 min) and as obtained solid

material was put onto the ATR crystal.

6.3.4 TEM

Transmission electron microscopy (TEM) images were obtained with a Jeol JEM-2200
microscope using Holey Carbon film 300 Mesh copper grids. The grids were treated by UV
irradiation for 30 minutes before the sample deposition. Colloidal solution was dropped onto
the grid and it was dried overnight. All sample grids were treated for 5 min in a Jeol EC-
52000IC Ion cleaner before the TEM measurement. Fast Fourier Transform (FFT) images were

processed by Image J software.
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High resolution transmission electron microscopy (HRTEM) images and Energy Dispersive
X-ray spectroscopy (EDS) elemental mapping were obtained with the Titan microscope (from
FEI) using Holey Carbon film 300 Mesh copper grids. This measurement was performed in
cooperation with the Regional Centre of Advanced Technologies and Materials (RCPTM) in
Olomouc, Czech Republic.

6.3.5 Atomic force microscopy
To characterize the surface morphology of the films, atomic force microscopy (AFM)
pictures were taken by the Bruker Dimension Icon ambient microscope in tapping mode.

The NCS15/ALBS tip was purchased from MikroMasch.

6.3.6 Profilometer
The thickness of the layers was determined by performing measurements on a Dektak XT

mechanical profilometer (Bruker).

6.3.7 Powder X-ray diffraction

Powder X-ray diffraction (XRD) measurements were performed on an Empyrean
(PANalytical) diffractometer using Cu Ka (1.540598 A) radiation. The tube current was of
30 mA and voltage was of 40 kV. The spectra were taken with a step size 0.013°20 with time
per step of 96 s.

6.3.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) sputter depth profiles were performed using
a Thetaprobe XPS system (Thermo Scientific, UK), which was controlled and operated by the
Avantage software package from the system manufacturer. The device was equipped with
a monochromated Al Ky X-Ray source (hv =1486.6 ¢V) and a dual flood gun for neutralizing
the surface charges. The X-ray spot on the sample surface exhibited a diameter of 400 um.
The sputtering was performed by using an Ar* ion gun. The survey spectra were recorded with
200 eV of pass energy and with binding energy step of 1 eV, while for high resolution spectra
the pass energy of 20 eV and step of 0.05 eV were taken. The films for XPS were prepared by
centrifugal casting of the colloidal solutions onto glass substrates (1x1 cm), as described above
in 6.2. The prepared films were dried and stored in a glove box before the measurement to avoid

any contamination.
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7 Results and discussion

Here, the results of the experiments are presented. The results are presented in following

sections, results from each section were published:

1. A. Jancik Prochazkova et al. Scientific Reports, under revision [147]: Preparation of
PNP by the ligand-assisted precipitation method and its optimization. Here, PNP were
stabilized by AdNH». Parameters influencing resulting optical properties of the colloidal
solutions such as precipitation medium, precipitation temperature, precursor chemicals
ratio and the choice of carboxylic acid capping agents were evaluated. In addition,
colloidal stability and the stability of precursor solutions was tested.

2. A.Jancik Prochazkova et al. ACS Applied Nano Materials, 2019 [148]: Stabilization of
PNP by bio-originated capping agents (L-Lysine, L-Arginine). As a proof of concept,
basic amino acids (lysine and arginine) were tested for PNP stabilization by their side
chains providing a.-amino and carboxylic acid groups available for further modifications.

3. A. Jancik Prochazkova et al. ACS Applied Nano Materials, 2020 [149]: Study of the
influence of water on PNP formation. It was found out that water molecules have a
crucial effect on optical properties of PNP when a hygroscopic capping agent (i.e. boc-
Lysine) is participating in the nanoparticles’ formation.

4. A. Jancik Prochazkova ef al. Scientific Reports, 2019 [150]: Stabilization of PNP by
cyclopeptide. Here, a cyclic pentapeptide (RGDFK) possessing lysine and arginine
moieties in the structure was employed for PNP stabilization.

5. A. Jancik Prochazkova et al. Materials Today Chemistry, 2020 [151]: Stabilization of
PNP by peptide nucleic acids (PNA). Taking into account that biomolecules, such as
peptides and DNA, are sensitive to their environment (pH, temperature) and they are
badly soluble in nonpolar solvents, a possibility of stabilizing PNP by peptide nucleic

acids was tested.
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7.1 Optimization of the ligand-assisted precipitation technique to prepare PNPs
Methylammonium lead bromide perovskite nanoparticles (PNP) are easy to be prepared by
the ligand-assisted precipitation technique which was firstly described by F. Zhang et al. [7].
This versatile and low-cost synthetic approach is performed at room temperature and does not
require any special apparatus. Moreover, as prepared colloidal solutions can be further directly
processed into films, for example by spin-coating [135], centrifugal casting [101] or inkjet
printing [133]. There are several parameters that need to be controlled during the preparation
in order to obtain PNP of desired optical properties with a high reproducibility. The parameters
influencing the resulting properties are the choice of the capping agents [101], chosen
precipitation media [87], temperature during the precipitation [146] and the ratios of the

precursor chemicals [152] among others.

Here, adamantyl-1-amine (AdNH2) was chosen as the amino-based capping agent for
MAPbBBr3 nanoparticles preparation. AANH> was previously reported as a good capping agent
providing high reproducibility and good optical properties of the resulting colloidal solutions
and films [101]. All above mentioned parameters influencing the morphology and optical
properties of PNP were controlled during the synthesis providing a comprehensive optimization
study of the ligand-assisted precipitation technique for PNP preparation. The results from this
section are a part of the publication by A. Jancik Prochazkova et al. [147].

7.1.1 Influence of the solvent for the precursor solution preparation

Perovskite materials can be dissolved in polar solvents containing carbonyl groups which
are able to coordinate with lead halides. Nevertheless, the strength of the coordination of the
solvent to the Pb** centrum of the lead halide precursor must be evaluated together with the
solubility of the perovskite precursors according to the desired processing of the precursor
solution. For example, iodide-based perovskite precursor solution for single crystal preparation
via inverse temperature crystallization (ITC) is usually prepared in y-butyrolactone (GBL). On
the other hand, N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSQO) are more
suitable for thin film processing because of stalling the crystallization which leads to the

formation of smoother films [76] and [153].

Here, precursor solutions containing 0.027, 0.030, 0.022 and 0.26 mol-dm™ of PbBr»,
MABT1, AANH: and HeA (keeping the molar ratio 1:1.1:0.8:9.5), respectively, were prepared in
DMSO, DMF and GBL. Additionally, acetonitrile (ACN) and water were tested. Acetonitrile

was already reported as an additive into iodide- and cation-anion-mixed perovskite precursor
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solutions to promote the formation of Lewis acid-base pairs of Pbl,-ACN, and thus, to improve
the crystallization [154]. Similarly, addition of water into the precursor solution has a positive

effect on the growth of perovskite crystals [155].

As expected, only samples prepared in DMSO and DMF formed clear solutions pointing out
to a good solubility of all precursor chemicals. On the other hand, acetonitrile, water and GBL
did not fully dissolve the precursor chemicals. Nevertheless, they might be considered to be
used as additives into precursor solutions to alternatively improve the complex formation and
enhance subsequent crystal growth as mentioned above. For example, a certain amount of water
in the precursor solution was found out to tune optical properties of PNPs when used with

certain capping agents (see further in section 7.3).

Colloidal solutions were prepared by precipitating DMSO- and DMF-based precursor
solutions in toluene at 3—4 °C. The volume ratio of the precursor solution to toluene was
adjusted to 0.002. In both cases, green colloidal solutions with strong photoluminescence under
UV irradiation was observed (Figure 11a). UV-Vis and PL spectroscopy techniques were
applied in order to study the optical properties of the colloidal solutions. As summarized in
Table 1 and shown in Figure 11b, the emission maxima of the colloidal solutions prepared from
DMF- and DMSO-based precursor solutions were 522 and 530 nm, respectively. Interestingly,
when the colloidal solution was prepared from the DMSO-based precursor solution, PLQY was
significantly lower; it was only of 2%. Whereas the colloidal solution prepared from the DMF-
based precursor solution possessed PLQY of 43%. The red shift of the emission maximum and
the decrease in PLQY of the colloidal solutions prepared from the DMSO-based precursor
solution was attributed to the retarded crystallization process during the precipitation. DMSO
is considered to have a strong binding to the lead precursor [156] and thus, the capping agents
cannot efficiently replace the solvent to control the crystal growth by passivating the

nanoparticles surface.

Table 1: Optical properties of colloidal solutions prepared from DMF- and DMSO-based precursor solutions.

Coordinating Emission o

solvent maximum (nm) FWHM (nm) PLQY (%) Band gap (eV)
DMF 522 22 43 2.33
DMSO 530 18 2 2.30
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Figure 11: Colloidal solutions prepared from DMF- and DMSO-based precursor solutions, a) a photo of the
colloidal solutions under UV irradiation (366 nm) and b) optical properties of the corresponding colloidal
solutions.

As a result, DMF-based precursor solutions for MAPbBr3 PNP preparation were prepared
for further experiments. Simultaneously, the reproducibility of the PNP synthesis procedure
was tested by preparing different DMF-based precursor solutions independently. Colloidal
solutions were obtained with an emission maximum of 521+2 nm, a PLQY of 48+8% and
a band gap in the range 2.32-2.34 eV. With these results a good reproducibility of the PNP

synthesis procedure can be claimed.

7.1.2 Perovskite-like structure determination by powder X-ray diffraction

In order to confirm the perovskite-like structure of the material prepared above, powder X-
ray diffraction (XRD) was performed. PNP were collected by centrifugation of the colloidal
solutions and as obtained material was dried at ambient conditions. The perovskite crystalline
structure was confirmed by comparing diffractogram of PNP with diffraction patterns of
MAPDBBr; single crystal [76], see in Figure 12. Peaks positioned at 14.90°, 21.14°, 26.02°,
30.07°, 33.72°, 37.08°, 43.05°, 45.83° and 48.42°20 corresponded to the reflections from the
planes (001), (011), (111), (002), (021), (211), (220), (300) and (310), respectively, confirming
the cubic unit cell structure [76]. The broadening of the diffraction peaks observed in the PNP

spectrum resulted from the small crystal volume of the individual nanoparticles [157].
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Figure 12: Powder XRD spectrum of PNP with comparison to the bulk MAPDbBrs3 perovskite crystal

7.1.3 Purification steps

The purification consists in centrifuging the crude colloidal solution and subsequent
redispersing the solid material in toluene or another suitable solvent. In general, the aim of the
purification is the elimination of unreacted precursor chemicals in the colloidal solutions.
Simultaneously, the size distribution of nanoparticles can be narrowed with removal of too large
or too small nanoparticles according to the approach of the purification [158]. Here, the
purification steps were applied to primarily remove the unreacted chemicals from the colloidal
solutions. An influence of the purification on optical properties of the colloidal solutions and
on individual nanoparticles morphology was studied. Hence, a colloidal solution was prepared,

and consecutively washed three times. Its optical properties were determined after every step,

see Table 2.

Table 2: Optical properties of crude and washed colloidal solutions

Washing step E:S::E:n (amy  FWHM (am) PLQY (%)
Crude 522 23 54
Washed 1x 522 23 43
Washed 2x 523 23 35
Washed 3x 523 23 30
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As expected, PLQY was decreasing with every washing procedure, it dropped from an initial
54% to 30% after the third washing step. This could be attributed to the removal of the ligands
which were electrostatically bound to the surface of PNP. Because of leakage of the capping
agents from the organic shell, non-radiative recombination can occur, and therefore, PLQY
decreases [158]. Simultaneously, thinning the organic shell might support agglomeration or
additional crystal growth [159]. This assumption was supported by a slight red shift of emission
spectra from 522 nm to 523 nm in the crude and three times washed colloidal solution,
respectively. To provide reliability data, this experiment was performed several times. A strong
drop of PLQY to 40—-60% of the original value was always observed after three washing steps.

Though, no significant changes in emission maxima were detected.

In order to prove further the latter statement, the morphology of PNP from the crude and
three times washed colloidal solutions was studied. In some cases, dynamic-light scattering
(DLS) technique can be applied to evaluate the size of particles in colloidal solutions [160].
Nevertheless, the individual nanoparticles have to be considered spherical and they should not
aggregate, because only aggregates would be detected in that case. Therefore, transmission
electron microscopy (TEM) was employed to evaluate the size and the shape of individual
nanoparticles and aggregates directly. It is worth noting that nanoparticles degradation under
electron beam exposure was described in some cases [86] and [161]. J. Sichert and co-workers.
[162] proposed that a degradation process of perovskite nano-structure material can take place
and a mixture of PbBr2, pure Pb and potentially other phases can be created. Indeed,
a degradation of the sample was observed at the spots which were exposed to the electron beam

for a longer period.

The samples were prepared by dropping the corresponding colloidal solution onto a copper
grid, the sample was consecutively dried at ambient conditions. It was observed that PNP tended
to form agglomerates in both crude (Figure 13a) and in three times washed colloidal solutions
(Figure 13b). The individual PNP were very easy to follow in case of the sample prepared from
the crude colloidal solution. On the other hand, PNP were overlapping in the three times washed
colloidal solutions. In both cases, an amorphous phase surrounding the nanoparticles was
present, suggesting that not all free capping agents might have been removed from the colloidal

solution after the washing procedure [92].

As expected, the morphology of the nanoparticles did not change during the washing
procedure, as seen by comparing an individual nanoparticle from the crude colloidal solution

(Figure 13c) and from the three times washed colloidal solution (Figure 13d). Individual PNP
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were spherical and crystalline with an average size around 10 nm in both samples. However,
after a thorough calculation of an average size of the nanoparticles, the typical diameter
increased from initial 8.54+1.8 nm to 9.3+£2.0 nm after the third washing step. This can support
the aforementioned assumptions about the thinning of the organic shell during the washing

procedure.

Figure 13: TEM images of PNP, a) aggregates formed in the crude sample and b) in three times washed sample,
¢) individual nanoparticle from the crude sample and d) from three times washed sample

It is worth to point out that the degradation of PNP during their purification is a common
feature [158]. J. De Roo et al. [92] suggested that oleylamine as an amino-based capping agent
possesses a highly dynamic nature of binding to the surface of nanoparticles (as demonstrated
in Figure 9). To increase the PLQY after the purification procedure, they added more
oleylamine to the dispersion. An increase in PLQY from 40 to 83% was observed. Another
possibility of avoiding the removal of the capping agents is an engagement of stronger capping
agents. For example, already described zwitterionic-based capping agents [93] or octyl
phosphonic acid-type capping agents [159] can bind tighter to the surface of nanoparticles

providing them with improved optical and colloidal stability.
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7.1.4 Concentration dependency

The concentration of the analyte needs to be tuned for the optical spectroscopy techniques
in order to obtain a sample with an appropriate optical density [163]. Thus, the precursor
solution was precipitated in toluene in different volume ratios and the as prepared samples were
characterized by optical spectroscopy techniques. Five samples were prepared by precipitating
the precursor solution in toluene in volume ratios 0.001, 0.002, 0.003, 0.005 and 0.01 and their
appearance under UV irradiation is shown in Figure 14c. Absorption spectra (Figure 14a), PL

spectra (Figure 14b) and the PLQYs were determined (see summarized in Table 3).
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Figure 14: Optical properties of colloidal solutions prepared by precipitating precursor solution in toluene in
different volume ratios, a) absorption spectra, b) emission spectra and c) image of corresponding samples under
UV irradiation (366 nm)

The data summarized in Table 3 show that the emission maxima and the corresponding band
gaps did not change with different volume ratios between the precursor solution and toluene.
This could point out that PNP of the same size and shape are formed in all samples.
Nevertheless, PLQY's differ with changing the volume ratio between the precursor solution and
toluene during the preparation. After the correlation of the PLQY's with the absorption spectra
(Figure 14a), it could be assumed that the optical density of the colloidal solutions prepared by
precipitating the precursor solution in toluene in volume ratios above 0.005 is too high at

excitation wavelength of 405 nm. Therefore, the determination of PLQY's might be inaccurate
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mainly because of auto-absorption effects [163]. In order to have comparable data with already
presented samples, the volume ratio of precursor solution to toluene was kept at 0.002 in the

next experiments.

Table 3: Comparison of optical properties of colloidal solutions prepared by precipitating precursor solution in
toluene in different volume ratios.

Volume ratio of

praer | Emision oy FVIM@m PLOVCH Bandgap(e)
toluene

0.001 521 22 41 2.33

0.002 520 22 43 2.34

0.003 520 21 41 2.34

0.005 520 22 45 2.33

0.01 521 21 62 2.33

7.1.5 Temperature dependency

It was already proposed by H.Huang ef al. [146] that precipitation temperature has
a significant effect on the resulting optical properties of PNP colloidal solutions. Hence,
precipitation temperature was varied from —5 to 80 °C and the resulting optical properties of
the colloidal solutions were evaluated. Considering PLQY, the best precipitation temperature
for the PNP preparation was 3 °C, the PLQY was 51% corresponding to an emission maximum
of 521 nm. In general, the PLQY dropped significantly (Figure 15b) and emission maxima
(Figure 15a) shifted to higher wavelengths with increasing temperature. For example, applying
a temperature of 80 °C during the precipitation caused a drop of PLQY to 4% and a shift of

emission maximum to 528 nm. The summary of the optical properties is listed in Table 4.

It can be assumed that the perovskite lattice grows too fast at temperatures higher than 60 °C
and the surface passivation by the capping agents is not efficient enough to control the
nanoparticles growth [75]. The insufficient surface passivation is expected to cause the red shift
in emission maxima and a significant lowering of the PLQY, which were both observed. On the
other hand, when the precipitation is performed at too low temperature (—5 °C), the solubility
of the precursors is supposed to get worse and the surface passivation is not sufficient enough

which again leads to the drop of PLQY as observed.
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Figure 15: Varying temperature during the ligand-assisted precipitation, a) typical changes in emission maxima
and b) in PLQY according to temperature

Table 4: Comparison of optical properties of colloidal solutions prepared at different temperatures

(Toec‘;‘perat“re E:Sfxln?:n amy  FWHM (am) PLQY (%) Band gap (eV)
-5 52142 2241 36+ 6 23241
3 52142 2241 48 +7 233+1
13 52042 2241 34+6 235+1
25 52342 2341 2045 23441
40 52342 2241 2045 233+1
60 52842 19+1 742 230+ 1
80 52842 21+ 1 342 229+ 1

7.1.6 Precipitation media

Different precipitation media were tested in further steps in order to prove the versatility of
the ligand-assisted precipitation method. The possibility of using different solvent systems is
necessary from the application point of view. Hence, chlorobenzene, n-hexane, cyclohexane,
I-octadecene, acetonitrile, tetrahydrofuran, diethylether, chloroform, xylene, acetone and
toluene were tested as precipitation media for PNP preparation during the ligand-assisted
precipitation technique. Remarkably, chlorobenzene, chloroform, diethylether, toluene and
xylene supported the formation of PNP, which was detected by colour change during the
precipitation (Figure 16). Chlorobenzene, chloroform, toluene and xylene are generally non-
polar solvents which can act as antisolvents for perovskite precursors [7]. On the other hand,

diethylether is an aprotic polar solvent, nevertheless, it is also known to act as an antisolvent
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for perovskite materials [164]. Strong non-polar solvents such as n-hexane, cyclohexane and 1-
octadecene were not supporting the PNP formation, neither did highly polar solvents such as
acetonitrile, acetone and tetrahydrofuran. It is worth noting that polar solvents such as
acetonitrile and acetone are usually employed as additives to control the perovskite structure

crystallization [154] and [165].

Regarding the optical properties, prepared colloidal solutions exhibited green emission under
UV irradiation, as shown in Figure 16. Determined optical properties are collected in Table 5

and typical UV-Vis spectra alongside PL spectra are presented in Figure 17a—e.

Figure 16: A photo of colloidal solutions prepared in different precipitation media, under UV irradiation
(366 nm)

Table 5: Optical properties of colloidal solutions prepared in different precipitation media

Solvent E:;?fxln?::n (amy  FWHM (am) PLQY (%) Band gap (eV)
Diethylether 518+3 23+1 33+6 237+1
Chlorobenzene 519+2 20+ 1 34+5 236+ 1
Chloroform 509+ 2 23+1 >1 237+1
Xylene 520+ 2 20+1 34+5 233+1
Toluene 521+2 22 +1 48 +7 233+1

Interestingly, the most blue-shifted emission maximum of 509 nm was observed in the
colloidal solution prepared in chloroform. Here, it could be assumed that chloroform induces
a formation of smaller nanoparticles which could point out to the blue shift in emission spectra
due to quantum confinement (see further experiments in section 7.2.1). The corresponding

PLQY of this solution was significantly reduced when compared to a typical colloidal solution
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prepared in toluene, which dropped from ca 48% to less than 1%. The latter observation was

attributed to the quenching properties of chloroform, in agreement with literature [166]-[167].
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Figure 17: Optical properties of colloidal solutions prepared in different precipitation media — a) diethylether,
b) chlorobenzene, c) chloroform, d) toluene and e) xylene and f) their PLOQY
With respect to PLQY, toluene gave PLQY of ca 48%, which seems to be the most efficient
precipitation medium (as seen in Figure 15). Nevertheless, the possibility of the use of
chloroform and chlorobenzene may enhance the applicability of these materials into functional

devices. The wide choice of the solvents is crucial for layered systems preparation in order to
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avoid damaging already deposited films. Moreover, PNP were also prepared by precipitating
precursor solutions directly in polymer solutions [168]. Hence, the precipitation media can be
tailored to be able not only to dissolve the desired polymers but also to support the formation

of PNP.

7.1.7 Varying the ratios of precursor chemicals

Optical properties were already described to be dependent on the ratio of the precursor
chemicals [98]. Thus, the concentration of precursor chemicals in the precursor solutions was
varied while keeping the PbBr concentration constant (0.027 mol-dm™3), the variations in molar

equivalents are comprehensively listed in Table 6.

Initially, AANH; ratio was varied from 0.4 to 2.5 mol. eq. with respect to PbBr; (Figure 18a,
b and e). Remarkably, the emission maxima of the corresponding colloidal solutions shifted to
lower wavelengths with increasing AANH2 amount. Simultaneously, the PLQY increased from
8 to 70% with AANH; amount up to 1.6 mol. eq. with respect to PbBr.. When 2.5 mol. eq. of
AdNH: with respect to PbBr> were added into the precursor solution, a significant drop of
PLQY to 57% occurred (Table 6), suggesting a possible limit of AANH; concentration for the
PLQY optimization.

Increasing the concentration of capping agents is known to help control the nanoparticles’
growth [92]. An excess of the capping agents helps to efficiently stabilize the PNP and thus,
the nanoparticles grow smaller, which could be in agreement with the already discussed blue-
shift of emission spectra. The Bohr radius of MAPbBr3 perovskite material was theoretically
calculated to be 4.7 nm [169]. Hence, possible quantum confinement effects could explain the
optical behaviour of the colloidal solutions. Simultaneously, increasing AdNH> concentration
enhanced the PLQY, as discussed previously. Here, more efficient PNP stabilization can
possibly reduce the formation of the defects which results in preferential non-radiative

recombinations, as reported in [92] and [98].
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Table 6. Optical properties of colloidal solutions where the PNP were prepared with different precursors ratios

AdNH; ratio E:;frs::::n (amy  FWHM (am) PLQY (%) Band gap (eV)
2.5 509 32 57 2.46
1.6 508 29 70 2.45
1.2 511 27 67 2.44
1.0 513 26 66 2.44
0.8* 519 26 44 2.33
0.4 522 24 8 2.32
MABr ratio E:;frs::::n (am)  FWHM (am) PLQY (%) Band gap (eV)
1.9 529 20 18 2.27
L.1* 522 21 40 2.33
0.9 519 23 36 2.33
HeA ratio E:;frs::::n (amy  FWHM (am) PLQY (%) Band gap (eV)
19 521 22 53 2.35
9.5% 522 21 40 2.33
4.8 522 21 29 2.33
24 523 21 36 2.34

*Standard ratios for the PNP preparation which are described in the experimental section.
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Figure 18: Varying precursor chemicals ratio in precursor solution and the influence on optical properties. a)
UV-Vis spectra and b) PL spectra of colloidal solutions prepared from precursor solutions with 0.8, 1.0 and 1.6
molar equivalents of AANH: with respect to PbBr2, c) PL spectra when varying MABr and d) HeA concentration

in the precursor solutions and e), f), g) photos of the colloidal solutions with different AANH>, MABr and HeA

ratios, respectively (under UV irradiation).

To evaluate the influence of the concentration of the capping agents on the size of the
resulting nanoparticles, the samples prepared from precursor solutions with 0.8, 1.0 and
1.6 mol. eq. of AANH> with respect to PbBr; were analysed by TEM (Figure 19). In general, no
difference in the PNP morphology was observed with the concentration changes, where all
samples contained spherical and highly crystalline nanoparticles. To follow the crystalline
structure better, corresponding reciprocal diffraction patterns of the TEM images were obtained

by applying Fast Fourier Transformation (FFT). Average sizes of the PNP were 8.5+1.8 nm,
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6.2+0.4 nm and 4.5+0.6 nm, respectively. Obviously, the amino-capping agents directly
controlled the nanoparticles growth during the ligand-assisted precipitation method of

preparation.

a) 0.8 mol. eq. b) 1.0 mol. eq. ¢) 1.6 mol. eq.

2 s re
' P

Figure 19: TEM images of PNP containing a) 0.8, b) 1.0 and c) 1.6 mol eq. of AANH: and corresponding FFT
images.

As anticipated, the concentration of MABTr in the precursor solution had a significant impact
on optical properties. It was observed that increasing the MABr amount from 0.9 to 1.9 mol.
eq. with respect to PbBr; yielded to the formation of colloidal solutions with red-shifted
emission maxima from the initial 519 nm to 529 nm. This was attributed to an excess of MABr
which might have replaced the capping agents preventing the nanoparticles from the additional
growth. Therefore, the nanoparticles can grow bigger, as related to their red shift observed in
emission maxima. Interestingly, the highest PLQY of 40% was detected when 1.1 mol. eq. of
MABTr with respect to PbBr> were added to the precursor solution. Moreover, increasing the
MABT concentration up to 1.9 mol. eq. with respect to PbBr; caused a drop of PLQY to 18%
which could also point out to the replacement of the capping agents which prefer the radiative

recombination processes.

Finally, the concentration of HeA in the precursor solutions did not exhibit any significant
effects on the emission spectra of the resulting colloidal solutions. The emission spectra were
only negligibly shifted from 523 to 521 nm while increasing the HeA concentration from 2.4 to
19 mol. eq. with respect to PbBr.. However, the HeA concentration had a considerable effect
on PLQY which increased up to 53% when 19 mol. eq. were added with respect to PbBr; into
the precursor solutions. Obviously, increasing amounts of the carboxylic acid-based capping
agents helps to stabilize the PNP in the colloidal solutions and to reduce the non-radiative

recombinations. On the other hand, additions of such as excesses of the starting material could
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cause accumulation of the unreacted material causing contamination of the colloidal solutions.

The contamination could impede further processing of the colloidal solutions.

In conclusion, it was demonstrated that the concentration of precursor chemicals in the
precursor solution has a significant impact on the resulting optical properties, particularly on
the PLQYs. Here, the deviation of the PLQY of AdNH, stabilized PNP (section 7.1.1)
presenting almost 15% of the average value can be explained. Considering even tiny deviations
in ratios of precursor chemicals in the precursor solution can cause significant changes in the
resulting PLQY. Hence, the results presented in Table 6 are collected from a typical experiment
without including reliability data. Therefore, it is worth noting that the above-mentioned trends

in optical properties were observed among all performed experiments.

7.1.8 Comprehensive characterization of PNP

To fully characterize the prepared PNP and to better understand the ligands binding to the
nanoparticles surface, X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared
(FTIR) spectroscopy were employed. The samples for this characterization were prepared by
the optimized procedure; the precursor solution was prepared in DMF with the molar ratio of
the precursors 1:1.1:0.8:9.5 for PbBr,, MABr, AANH; and HeA. The precursor solution was
precipitated in toluene in volume ratio 0.002 at 3 °C. For XPS, PNP were centrifugal casted
onto a glass substrate and as casted film was carefully washed with toluene and it was
consecutively dried at ambient conditions [101]. For the FTIR characterization, the colloidal
solution was centrifuged (5000 rpm/10 min) and the solid material settled on the bottom of the
centrifugation tube was carefully rinsed with toluene. The solid material was finally collected

after being dried at ambient conditions.

XPS provides information about the binding energy of a core-level electron atom present in
the sample. The detected binding energy gives details not only about the composition of the
sample but also about the environment of individual atoms [170]. Hence, it can be employed to
study the PNP composition and to elucidate the binding of capping agents to the perovskite

core€.

The survey spectrum (Figure 20a) detected all expected elements in the sample of PNP —
namely, carbon, nitrogen, lead and bromine pointing out to the perovskite material, and carbon,

nitrogen and oxygen signals confirming the presence of capping agents.
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Figure 20: XPS of PNP stabilized by AANH> and HeA in amounts of 0.8 and 9.5 mol. eq. with respect to PbBr

High resolution Pb 4f XPS spectrum showed two characteristic symmetric peaks positioned
at 138.3 eV and 143.2 eV, attributed to Pb 4f7» and Pb 4fs», respectively (Figure 20c) [101].
The calculated spin—orbit splitting is 4.9 eV, which is in agreement with previously reported
results [152] and [171]. Two peaks were also observed in the Br 3d XPS spectrum, specifically
at 68.2 eV and 69.2 eV, pointing out to Br 3ds» and Br 3ds», respectively [172]. The N 1s XPS

spectrum revealed one peak with the centrum at 401.8 eV. This peak can be associated to the
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methylammonium salt and also to the ammonium salt of AdNH> [152]. Additionally, the
presence of the only peak at 401.8 eV suggests the charged character of the primary ammonium
group in AdNH2 molecules. This might point out to the absence of a free primary amine which
acts as an impurity because of not being involved in PNP surface stabilization [92]. The C 1s
XPS spectrum was deconvoluted into three peaks, the peak at 285.0 eV can be attributed to C—
C and C—H bonds of adamantyl-moiety and of the side chain of HeA, next peak at 286.2 eV
can be assigned to the C—N bond of the amino groups [152]. Finally, the peak at 289.2 eV can
be related to the C—O bond of the carboxylic acid group [173]. Because of the ionic form of the
carboxylic acids, only the C—O bond was proven in the spectra due to the delocalization of the
negative charge among the carboxylic group [174]. The O 1s XPS spectrum exhibited one peak
at 533.0 eV pointing out to the C—O bond of the carboxylic acid, what supports the
aforementioned statement about the presence of carboxylate anion of HeA. The quantification
of the perovskite components by XPS showed ratios of 2.7 and 1.2 for Br/Pb and N/Pb,

respectively, which is in correspondence with previously reported results [101].

FTIR spectroscopy was employed to detect the presence of the capping ligands decorating
the surface of the PNP and to compare the spectrum of PNP with the spectrum of the precursor
solution (see in Figure 21) [90]. Three main characteristic peaks of MABr were found at 3300—
2700 cm™ (broad signal) assigned to the Br-H, at 1000 and 912 cm™! (narrow and medium
signals, respectively) assigned to C-H rocking bonds as described in previous reported literature
[175] and [176]. The characteristic signals of MABr were detected in both precursor solution
and PNP with a slight shift — signals at 3300-2990 and 912 cm™! could correspond to the
vibrations of the methylammonium ions in the surrounding of PbBr;~. Simultaneously,
interaction between PbBr; and MABr in the precursor caused a shift of the dominant C=0 signal

from DMF from 1670 cm™! to a lower wavenumber 1650 cm™ [177].

Bands at 2900 and 2845 cm! related to —~CH, groups from AJNH, appear at higher
wavenumber in the spectrum of PNP (namely at 2916 and 2857 cm™!, respectively) which can
be an indication of nanoparticles surface passivation. Furthermore, the signal at 1595 cm™ from

the amine of AANH, was shifted to a lower wavenumber 1579 cm™! attributed to the possible
coordination with the PbBr3~ from the amino groups [148]. In the precursor, the signals at 2930

and 2855 cm’! were attributed to the alkyl groups and the signal detected at 1705 cm™ was
assigned to C=0 stretching band from carboxylic acid group of HeA [178].
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Figure 21: FTIR spectra of precursors of PNP stabilized by AANH: and HeA in amounts of 0.8 and 9.5 mol. eq.
with respect to PbBr:

7.1.9 Testing different carboxylic acids as capping agents

To evaluate the role of the carboxylic acid-based capping agent, different carboxylic acids
were selected to stabilize PNP — acetic acid (AcA), trifluoroacetic acid (TriflacA) and propanoic
acid (PropA) were selected in order to study short-chain carboxylic acids which act as stronger
acids in comparison with already used HeA. Furthermore, n-octanoic acid (OctA), oleic acid
(OleicA) and adamantanecarboxylic acid (AdA) were chosen to represent long-chain and bulk-
chain carboxylic acids. In addition, a reference sample (noted as ref) without any carboxylic
acid addition was prepared for comparison. A fixed ratio of precursors was set to 1:1.1:0.9:9.5

for PbBr,, MABr, AdNH; and carboxylic acid.

All samples containing different carboxylic acid-based capping agents formed colloidal
solutions (Figure 23d), and their optical properties are collected in Table 7 and in Figure 23.
The emission maxima differed in the range from 520 to 528 nm according to the carboxylic
acid. It was observed that the choice of carboxylic acid also had a strong influence on the
resulting PLQY which varied from 3 to 58%. From the point of view of PLQY, the best capping
agents were PropA and HeA, which is in agreement with already published results [101].
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Figure 22: Structures of chosen carboxylic acids acting as capping agents for PNP stabilization

Table 7: Comparison of optical properties of PNP colloidal solutions with different capping agents

Carboxylic acid E:Sf:ﬁ::n (amy  FWHM (am) PLQY (%) Band gap (eV)
AcA 52842 19+ 1 4246 230+ 1
TriflacA 520+ 2 20+ 1 342 233+1
PropA 52142 2541 5847 23241
HeA 52142 241 51+7 23241
OctA 52342 26+ 1 35+5 23141
OleicA 52142 24+ 1 16+5 233+1
AdA 52442 19+ 1 7+4 22741
Reference 528 +£2 20+ 1 45+ 6 226+1

Obviously, too short carboxylic acids such as AcA and TriflacA are not suitable for the PNP
synthesis. They were supposed to protonate AANH: easier than long chain carboxylic acids
because they are stronger acids and they do not possess steric hindrances [158]. Nevertheless,
it was already described that AcA can undergo a reaction with MABr forming a volatile
methylammonium acetate which would cause lowering the concentration of reagents in the
precursor solution [179]-[180]. On the other hand, long- and bulk-chain carboxylic acids do

not seem to be suitable for surface passivation either, probably because of the interplay of steric
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hindrances and the strength of the carboxylic acid. OleicA and AdA are weaker acids in

comparison with HeA and thus, formation of Brensted acid-base equilibrium between

carboxylic acids and primary amines is not efficient.
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Figure 23: Optical properties of typical colloidal solutions of PNP with different carboxylic acids as capping
agents — a) UV-Vis spectra, b) PL spectra, c) PLQY values and d) photos of the colloidal solutions under
UV irradiation (excitation wavelength 366 nm).
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7.1.10 Colloidal stability

Colloidal stability is an important factor which needs to be evaluated before processing the
colloidal solutions into functional devices. Here, the colloidal stability of the colloidal solutions
prepared with different carboxylic acid-based capping agents (discussed in the previous section
7.1.9) was studied over the period of 21 days. Namely, emission spectra alongside the PLQY's
were monitored to evaluate the colloidal stability (see Figure 24). The colloidal solutions were
stored at ambient conditions and sealed externally under parafilm to avoid any contamination.
All colloids tended to settle over the time period, nevertheless, it was easy to redisperse them

in sonication bath into clear colloidal solutions prior to the measurement.

In general, emission maxima shifted to higher wavelengths and the PLQYs were changing
over the time (as shown in Figure 24). For example, freshly prepared PNP stabilized by AdNH>
and PropA exhibited an emission maximum of 521 nm and PLQY of 60%, whereas, the
emission maximum was 529 nm and the PLQY was of 27% in case of 21 days old colloidal
solution. The band gap shifted from 2.32 to 2.28 eV in the same period of time. Interestingly,
colloidal solutions prepared with TriflacA as a carboxylic acid-based capping agent did not

exhibit photoluminescence after 3 days anymore.
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Figure 24: Colloidal stability of PNP prepared with different carboxylic acids as surfactants: a) monitoring
emission maxima and b) PLQY over the period of 21 days

The red-shift in the emission spectra was attributed to the degradation of the capping agents
attached to the PNP surface. An explanation could be that the organic shell gets thinner because
of the leakage of the capping agents over time and the nanoparticles undergo additional growth
or aggregation because of the dynamic character of the ligands binding, causing a red shift in
the emission spectra [158]. Nevertheless, a different trend was noticed in emission maxima

when comparing PropA and HeA with AdA, AcA capping agents for the PNP stabilization.
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The AdA and AcA stabilized PNP as well as the reference sample with no carboxylic acid-
based capping agent did not possess any significant shift of the emission maxima within the
period of 21 days. This observation suggests that no leaking of carboxylic acid-based capping
agents causing additional crystal growth or aggregation occurs. Therefore, the hypothesis that

AdA and AcA are not able to efficiently stabilize PNP from section 7.1.9 could be correct.

To conclude this study, from the point of view of the colloidal stability, HeA seems to be
the best carboxylic acid in combination with AdNH- since the PLQY decreased from 58 to 46%

whereas more significant drop was observed when PropA was used, from 60 to 27%.

7.1.11 Optical properties of centrifugal casted films

Thin films were prepared from PNP dispersion by centrifugal casting method. Centrifugal
casting method enables a formation of densely packed and uniform films where the thickness
can be easily controlled by adjustment of the PNP concentration in colloidal solutions [101].
Here, PNP stabilized by AdNH> and HeA (in molar ratio 0.8 and 9.5 with respect to PbBr»)
were prepared by precipitating the corresponding precursor solution in toluene in volume ratio
0.002. As prepared colloidal solution of the volume of 25 ml was centrifugal casted
(5000 rpm/10 min) onto a glass substrate (1x1 cm). The resulting film was then carefully rinsed
with approx. 3 ml of toluene and it was subsequently dried in the toluene atmosphere. A photo
of a typical centrifugal casted film is shown in the inset in Figure 25a, the film shows a green
light emission under UV irradiation. It is worth emphasizing that PNP were successfully
centrifugal casted not only onto glass substrates, but also onto ITO glass, sapphire or glassy
carbon substrate. Furthermore, PNP film was also successfully centrifugal casted onto

a PEDOT:PSS deposited film showing a high versatility of this method of casting.

UV-Vis and PL spectra of the films prepared on glass substrates are shown in Figure 25a.
The emission maximum of 521 nm does not show any significant shift when compared to
a typical colloidal solution with emission maximum of 521+2 nm. Nevertheless, a strong
decrease in PLQY was observed, the PLQY of the centrifugal casted film was of ~17%, whereas
a typical PLQY of the colloidal solution is 48+7%.

In order to demonstrate the surface morphology, atomic force microscopy (AFM)
measurements of the centrifugal casted film were performed (Figure 25b). The root mean
square (RMS) roughness (Rq) value was 40 nm. Simultaneously, the thickness was measured
by a mechanical profilometer, and the detected thickness was 520+£100 nm. The standard

deviation corresponds to the deviation from the scale bar from Figure 25b. Both AFM and
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profilometry showed the inhomogeneous overcoat, even though the substrate was fully covered.
From an application point of view, the prepared film was not homogeneous enough to be
implemented into a functional device, hence further surface treatment is needed to smooth the

resulting films.
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Figure 25: a) Optical properties of centrifugal casted film and its photo under UV irradiation (366 nm) in the
inset, b) an AFM image of centrifugal casted film

In order to study the possibility of tuning the thickness of the film, different colloidal
solutions were prepared by precipitating the precursor solutions in toluene in volume ratios
0.002, 0.008 and 0.004. The resulting colloidal solution of the volume of 25 ml was centrifugal
casted onto the glass substrate by the same procedure as discussed above. The thicknesses of
the centrifugal casted films were 520+100, 150+£50 and 60+30 nm, respectively. Apparently,
lowering the concentration of colloidal solutions helps to prepare films with lowered roughness.
For the purposes of this work, volume ratio of precursor solution and toluene was set to 0.002

also for film preparation to obtain comparable data among all samples.

The measured PLQY was significantly lower in films in comparison with the corresponding
colloidal solution; it decreased from 48+7% to ca. 17% which is not in agreement with
previously reported work [101]. The decrease in PLQY could be caused by preferred non-
radiative relaxation processes in PNP at room temperature due to the presence of trap states
formed during the loss of capping agents from the nanoparticles surface during the centrifugal

casting [181].

To study the effect of the temperature on the optical properties on optical properties,

emission spectra were measured at different temperatures ranging from 3 to 300 K.
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Wavelengths were calculated into energies in order to evaluate the changes in the symmetry of
the emission peaks, as shown in Figure 26a. As expected, the emission intensity increased by
two orders of magnitude with decreasing temperature which could be attributed to the
suppression of non-radiative relaxation processes [182]. Nevertheless, the emission maxima
shifted to lower energies with decreasing temperature, from 2.38 eV (521 nm) to 2.29 eV
(540 nm) by decreasing the temperature from 300 to 3 K. Simultaneously, a shoulder in the
region of lower wavelengths was observed while reducing temperature. In order to make the
changes in emission spectra more evident, emission maxima and FWHM were plotted as

functions of logarithm of reciprocal temperature (see in Figure 26b).
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Figure 26: Dependency of emission spectra of centrifugal casted films on temperature — a) emission spectra at
different temperatures and b) changes in emission maxima and FWHM at different temperatures

The results presented in Figure 26b highlighted that the temperature may induce changes in
crystal lattice. When decreasing temperature, a significant shift in emission maximum to lower
energy was detected around 275 K attributed to the phase transition from cubic to tetragonal.
From 50 K the emission maximum starts to shift to higher energies related to the phase
transition to orthorhombic [183]. In addition, a shoulder in emission spectra detected at lower
temperature could indicate a disordered transition to orthorhombic phase. Due to the low
mobility of MA cations at lower temperature, MA-ordered and MA-disordered orthorhombic

domains of different optical properties can be formed during the phase transition [184].
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7.2 Amino acids as ligands for PNP stabilization

In general, amino acids have already been employed in surface decoration of different
nanomaterials and they have proved to broaden the functionality of the resulting material as
discussed in section 4. For example, decorating CdSe and ZnS quantum dots with cysteine and
histidine ligands improves solubility in water and biocompatibility [185]. Moreover, surface
decoration of gold nanoparticles with amino acids enables self-assembly properties [ 186]. Here,
PNP were stabilized by proteinogenic essential amino acids L-lysine (Lys) and L-arginine (Arg)
(structures are shown in Figure 27), alongside different carboxylic acids, namely HeA, OleicA
or AdA, their structures already showed Figure 22. Both Lys and Arg possess primary amine
and guanidine moiety in their side chains, respectively, which can be employed in PNP growth
control and stabilization. On the other hand, a-amino and carboxylic groups are supposed to be
decorating the surface of the shell and being available for further interactions. Results from this

section are summarized in a work reported by A. Jancik Prochazkova et al. [148].

O j\f\H (@)
H,N
2 \/\AHk OH H,N N /\/\/U\ OH
NH, H NH,
L-lysine (Lys) L-arginine (Arg)

Figure 27: Structure of amino acids L-lysine and L-arginine

7.2.1 Optical properties of PNP stabilized by amino acids

To support the conclusions from section 7.1, both amino acids Lys and Arg were used for
PNP stabilization alongside HeA presenting a short chain carboxylic acid, OleicA presenting
along chain carboxylic acid and with AdA presenting a bulk chain carboxylic acid.
Simultaneously, toluene and chloroform were employed as precipitation media to deepen the
study about different solvent systems (section 7.1.6). Trying all possible combinations gave 12
samples (see further Table 8 in detail) and in all cases colloidal solutions were formed. Photos
of all prepared samples are shown in Figure 28 where the name of the samples referred to the

solvent and to a combination of amino- and carboxylic acid-based capping agents.
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Figure 28: Colloidal solutions of PNP stabilized by amino acids and different carboxylic acids-based capping
agents, photos under UV irradiation (366 nm)

UV-Vis and PL spectroscopy techniques were employed in order to evaluate optical
properties of colloidal solutions (see in Figure 29 and Table 8). As expected, and according to
the previous results (section 7.1), absorption onsets of all samples were in the green part of the
visible spectrum. In addition, emission maxima of the toluene-based colloidal solutions were in
the range 520-528 nm whereas chloroform-based samples exhibited blue-shift in emission
maxima ranging from 491 to 509 nm. Figure 29 showed not only a blue shift of chloroform-
based colloidal solutions with comparison to toluene-based samples, but also a broadening of
the emission spectra was evident. Table 8 demonstrates that FWHM of emission spectra of
toluene-based colloidal solutions is in the range 20—23 nm whereas the FWHM of emission
spectra of chloroform-based colloidal solutions is in the range 22-36 nm. Interestingly, it was
observed that FWHM tends to be lower in colloids containing AdA (Table 8) which could be
attributed to a higher degree of self-organization that is common in adamantyl-based
compounds [99] and [100]. Simultaneously, a significant decrease in PLQY was observed when
PNP were prepared in chloroform (in agreement with previous experiments described in section
7.1.6). For example, PNP stabilized by Lys and HeA prepared in toluene (noted as sample TOL-
Lys-HeA-PNP) and in chloroform (noted as sample CHLF-Lys-HeA-PNP) exhibited PLQY of
7617 and 5+2%, respectively. Here, it is worth to emphasize that PLQY was measured via
“direct excitation” method described in 6.3.2 and quite large values of standard deviation
(compared to toluene-based colloidal solution of PNP stabilized by AANH> and HeA described

in 7.1.1) might be coming from the experiment set-up.

Additionally, the lower PLQY detected in the samples prepared chloroform might be related
to the aprotic nature of the solvent that often acts as luminescence quencher, an effect already
reported [166]-[167]. To test this assumption, we added an equal amount of toluene to all the

samples prepared in chloroform and vice versa. As a result, the addition of chloroform to
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toluene-based samples showed an average of five-fold PLQY decrease from initial ~100% to
~20%. On the other hand, the addition of toluene to chloroform-based samples yields

an approximately two-fold PLQY increase.
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Figure 29: Optical characterization of amino acids stabilized PNP

However, the blue-shift of emission spectra could suggest that PNP prepared in chloroform
grow smaller than those prepared in toluene and the broadening of the emission spectra could
be attributed to a non-homogeneous size distribution. In order to support these assumptions,
TEM images of all samples were taken (Figure 30), typical diameters of PNP are listed
in Table 8. The TEM images confirmed the presence of nanoparticles in all samples.
In agreement with previous results from AdNH> stabilized PNP (Figure 13), sub-10 nm PNP
stabilized by amino acids were spherical and highly crystalline. As expected, PNP prepared
in chloroform exhibited a smaller diameter than nanoparticles prepared in toluene. An average
size of PNP prepared in chloroform was in the range of 5-6 nm whereas PNP prepared
in toluene had an average diameter of 6—8 nm. Here, the blue-shift in emission spectra
of chloroform-based colloidal solutions can be explained by the quantum confinement effects.

Lowering the PNP dimension during the precipitation in chloroform was attributed to the
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presence of electronegative chlorine atoms of chloroform that can coordinate Pb?* [186] and
[187]. Nevertheless, solvatochromism effects due to the solvent induced aggregation could also

take place here [188].

Regarding the size distribution of PNP in individual samples, PNP prepared in chloroform
exhibited broader size distribution than PNP prepared in toluene. For example, the average size
of TOL-Lys-HeA-PNP was of 8+2 nm presenting a deviation of 25% of the average size
of nanoparticles whereas the average size of CHLF-Arg-HeA-PNP was of 8+2 nm, presenting
a deviation of 33% of the average size of nanoparticles. This finding can support the difference
in FWHM which was of 22 and 36 nm for TOL-Lys-HeA-PNP and CHLF-Arg-HeA-PNP
samples, respectively. Here, it is worth noting that PNP of sizes below 3—4 nm were not

detected because of the resolution of transmission electron microscope.

Table 8: Optical characterization of amino acids stabilized PNP and comparison of their diameters

Sample ggsb‘”‘ylic ]Ifll:;?lslll(l)lllln fn‘;vn?M PLQY (%) Eg(eV) ggieter
(nm) (nm)
TOL-Lys  HeA 520 22 76+17 231 8+2
OleicA 521 23 75419 231 742
AdA 526 21 71228 2.30 742
TOL-Arg  HeA 528 22 9247 2.28 61
OleicA 525 22 72420 2.29 61
AdA 526 20 71417 2.28 7+1
CHLF-Lys HeA 509 26 542 2.34 541
OleicA 506 25 199 2.38 541
AdA 508 26 61 2.38 5+1
CHLF-Arg HeA 492 36 742 2.40 622
OleicA 507 36 33+14 2.28 62
AdA 491 22 441 2.46 541
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TOL-Arg-AdA

Figure 30: TEM images of PNP stabilized with amino acids and different capping agents
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7.2.2 Comprehensive characterization of PNP stabilized by amino acids

The perovskite-like structure of the amino acids-stabilized PNP was confirmed by powder
XRD (spectra shown in Figure 31). The spectra from the nanoparticles were compared to the
bulk MAPbBr3 perovskite crystal, see Figure 12. Reflections (001), (011), (111), (002), (021),
(211), (220), (300) and (310) were found at peaks positioned at 14.90°, 21.14°, 26.02°, 30.07°,
33.72°, 37.08°, 43.05°, 45.83° and 48.42°20 which are typical for MAPbBr3; perovskite-like
structure with a cubic unit cell structure [76]. In general, PNP samples exhibited peak

broadening when compared to bulk MAPDbBr3 that stems from the small size of the crystallites

[157].
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Figure 31: Powder XRD spectra of PNP stabilized by amino acids as capping agents which were prepared in a)
toluene and in b) chloroform

In addition, FTIR spectra were recorded and compared with the spectra of precursor
chemicals. Figure 32 shows typical FTIR spectra of PNP stabilized by amino acids alongside
HeA. As observed previously (section 7.1.8), characteristic N-H stretch vibrations were found
around 3100-3200 cm™! as well as C—H rocking bonds at 1000 and 912 cm™! in all PNP samples
pointing out to a presence of methyl group from MABET, as reported in [175]-[176] and [189].
Furthermore, a peak in the region around 1498 cm!is assigned to the interaction between COO~
and NH3" groups from the carboxylic acid and methylammonium or protonated primary amine

from amino acids [190].

In general, spectra of pure Lys and Arg show two bands at 2851 and 2925 ¢cm™ attributed to
the asymmetric and symmetric CH> stretching, respectively [190]. These signals were found
in both spectra of PNP. Additionally, as expected, C—N stretching from amine groups from Arg
were detected at 1181 cm™ in both Arg stabilized PNP [191]. Finally, C=O vibrations from
carboxylic group of Lys (at 1577 cm™) or Arg (at 1614 cm™) appear at higher wavenumbers

80



in Lys stabilized PNP (1584 cm™') and lower in Arg stabilized PNP sample (1564 cm™),
respectively [177] and [191].
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Figure 32: FTIR spectra of PNP stabilized by amino acids Lys or Arg alongside hexanoic acid

7.2.3 Amino acids with protected ac—amino groups for PNP stabilization

DFT calculations revealed that the e-amino group and the guanidyl group of side chains
of Lys and Arg are employed in PNP stabilization in preference to the o—amino group [148].
To support the calculation, Lys and Arg analogues with protected a—amino group Ne-(tert-
Butoxycarbonyl)-L-lysine (boc-Lys) and Ng-(fert-Butoxycarbonyl)-L-arginine (boc-Arg)
(Figure 33), were used for PNP stabilization to favour selective bonding between positively

charged side chains of the amino acids.

(0] JI]I\H (0]
H,N
; \/\/ﬂ)\m{ H,N” N OH
NH H NH
e A5
N,-(fert-Butoxycarbonyl)-L-lysine N,-(fert-Butoxycarbonyl)-L-arginine
(boc-Lys) (boc-Arg)

Figure 33: Structures of boc-Lys and boc-Arg used for PNP stabilization
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PNP stabilized by boc-Lys and boc-Arg were prepared using HeA as a carboxylic acid-based
capping agent. The colloidal solutions were prepared by the ligand-assisted precipitation
method as in case of Lys and Arg stabilized PNP. The precursor ratio was 1:1.1:0.8:9.5 for
PbBr, MABr, boc-protected amino acid and HeA, respectively, all dissolved in DMF.
The precursor solution was subsequently precipitated in toluene in volume ratio 0.002. In both
samples, clear colloidal solutions exhibiting green emission under UV irradiation were obtained
(see in insets in Figure 34a and b). Both, boc-Lys and boc-Arg PNP suspensions showed bright
blue and cyan luminescence, respectively, under UV illumination (insets in Figure 34 a and b).
The complete optical data of boc-Lys and boc-Arg stabilized PNP are summarized in Figure 34a
and b and Table 9 the. Interestingly, the emission spectra of the PNP stabilized with boc-Lys
and boc-Arg are significantly blue-shifted by 38 and 5 nm, respectively, when compared to
their unmodified counterparts TOL-Lys-HeA-PNP and TOL-Arg-HeA-PNP (compared with
Table 8). Whereas, the PLQY of the samples synthesized with boc-protected amino acids
remained high, though for boc-Lys was about 60%, whereas for boc-Arg was about 95%.

Table 9: Optical properties of boc-Lys and boc-Arg stabilized PNP

Emission PNP
Ligand maximum FWHM (nm) PLQY (%) E; (eV) diameter

(nm) (nm)
boc-Lys 482 32 60£10 2.56 4.4+0.5
boc-Arg 523 22 945 2.33 6.1£1.0

In addition, TEM images of PNP (Figure 34c and d) show spherical particles with an average
diameter of 4.4+0.5 nm and 6.1+1.0 nm for PNP stabilized by boc-Lys and boc-Arg,
respectively. Notably, the nanoparticles prepared using amino acids with a protected c—amino
group exhibited smaller diameter, when compared to their unmodified counterparts. As already
discussed in Table 8, TOL-Lys-HeA-PNP and TOL-Arg-HeA-PNP exhibited an average
diameter of 8+2 nm and 6+1 nm, respectively. Taking this into consideration, the blue shift

obtained could be partly attributed to quantum confinement effects.

The formation of smaller PNP with the use of a—amino protected group can be caused by
preventing the self-organization of the amino acids in the solution between deprotonated

carboxylic group and the protonated a—amino group [192] and [193]. Therefore, side chains in
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boc-protected amino acids do not compete with a—amino groups to interact with the perovskite

precursors, resulting in more efficient PNP formation.
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Figure 34: Characterization of PNP stabilized by boc-Lys and boc-Arg: a) and b) UV-Vis and PL spectra of
boc-Lys and boc-Arg stabilized PNP; insets:photos of colloidal solutions under UV irradiation (366 nm) and

¢), d) corresponding TEM images of the samples
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7.3 Influence of the additions of water into the precursor solutions

Lead halide perovskite materials are known to undergo a rapid decomposition in humid
environments [194]-[195]. Intercalated water molecules interact with halides of PbXs and
ammonium moiety of MA via hydrogen bonding to form MAPbX3-H,O hydrated species.
Water migration through the material is more facile as going from X = Cl” to Br~ and to I" in
MAPbBLX3 due to increasing ionic radius and extending Pb—X interaction. Hence, the presence
of iodide ions in the perovskite structure provides the easiest passage for ions and water

molecules [195].

On the other hand, a certain amount of water present in the precursor chemicals, precursor
solutions or present during their processing is reported to facilitate nucleation and
crystallization of the perovskite material [155]. In this case, water weakly binds to
methylammonium ions and forms a reversible hydrated phase within the perovskite, which
quickly forms dehydrated perovskite after the thin film deposition procedure [196]. For
example, a defined amount of water added into methylammonium iodide solution in isopropyl
alcohol improved the crystallization of the perovskite material, which helped to form larger
grain size during the sequential deposition of perovskite films [197]. Simultaneously, a certain
amount of water can benefit to form a homogeneous solution by increasing solubility of the

precursor chemicals in the precursor solution [198].

In agreement with aforementioned, we found out that optical properties of boc-Lys stabilized
PNP described in section 7.2.3 exhibited a dependency on the water content within the precursor
solutions. Additions of water into the precursor solutions ranging from 0 to 32 mol. eq. with
respect to PbBr; caused shifting of emission maxima in the range from 476 to 505 nm due to
quantum confinement. The above-mentioned findings are presented in a publication by

A. Jancik Prochazkova et al. [149].

7.3.1 Colloidal solutions characterization

Precursor solutions containing PbBr,, MABr, boc-Lys and HeA in ratio 1:1.1:0.8:9.5 were
prepared in a glove box to avoid moisture contamination. Finally, deionized water was added
in amounts corresponding to 0-32 mol. eq. with respect to PbBr>. The precursor solutions were
left to be stirred for 7 days inside the glove box. It is worth noting that boc-Lys was badly
soluble in the precursor solution; if no water was added, and the precursor solution was cloudy.

Whereas, the precursor solutions with a small amount of water (e.g. 0.4 mol. eq.) appeared as
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a clear solution and thus, more homogeneously dissolved. Obviously, the addition of water

favoured dissolving all precursor chemicals in the precursor solution.
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Figure 35: Optical properties of boc-Lys stabilized PNP colloidal solutions, dependency of the addition of water
into the precursor solutions on a) emission spectra, b) PLQY, c¢) emission maxima and d) band gap

All the prepared samples formed a colloidal solution after the precipitation in toluene in the

volume ratio 0.002 (Figure 35¢). The reference sample without any water addition exhibited

greenish-blue emission with an emission maximum at ~490 nm as already shown in section

7.2.3. The emission maximum of the PNP changed rapidly after an addition of water from 0.4

to 2 mol. eq., a blue shift was observed up to 10 nm (Figure 33a). Interestingly, emission

maxima shifted to higher wavelengths when the addition of water was further increased, as
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demonstrated in Figure 35. The band gaps were changing correspondingly. In addition,
increasing additions of water remarkably enhanced the PLQY of the PNP. As shown in
Figure 35b, the PNP prepared without any water addition exhibited a PLQY of 60%.
An addition of 32 mol. eq. of water with respect to PbBr, caused an increase of up to 70%.
Simultaneously, FWHM of the emission spectra showed a significant decrease with
an increasing amount of water in the precursor solution. The colloidal solution without any
water addition showed FWHM of 34 nm whereas colloidal solution prepared from the precursor
solution containing 32 mol. eq. of water with respect to PbBr, showed FWHM of 22 nm. All
observations, such as the increase of PLQY and the decrease of deviation and FWHM with
increasing additions of water into the precursor solutions, suggest better stabilization of PNP in
the colloidal solutions. The better stabilization of PNP was attributed to the improvement of the
solubility of boc-Lys in the precursor solution. Moreover, water molecule is supposed to

support the complex formation in the precursor solution [155].

a) 0 mol. eq. of H,O  b) 2 mol. eq. of H,O c) 32 mol. eq. of H,O

Figure 36: TEM images of boc-Lys stabilized PNP prepared from precursor solutions with different addition of
water —a) 0 mol. eq., b) 2 mol. eq. and c) 32 mol. eq. with respect to PbBr:>with corresponding FFT images in
the insets

To evaluate the influence of water in the precursor solutions on the resulting morphology of
PNP, TEM images of samples prepared from precursor solutions containing 0, 2 and 32 mol.
eq. of water with respect to PbBr, were taken (Figure 36a, b and c, respectively). The TEM
images revealed spherical and crystalline nanoparticles. The average size of PNP was 4.4+0.5,
4.0£0.5 and 6.24+0.6 nm in samples prepared from precursor solutions with addition of 0, 2 and
32 mol. eq. of water with respect to PbBr2, respectively. Aforementioned shifts in emission
maxima were probably caused by quantum confinement effects. The most blue-shifted emission
maximum of the sample prepared from the precursor solution with 2 mol. eq. of water was of

476 nm, corresponding to the smallest measured diameter of ~4 nm. On the contrary, the
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biggest PNP of ~6.2 nm were detected in the sample prepared from the precursor solution with
an addition of 32 mol. eq. of water which exhibited the most red-shifted emission spectra with

the maximum at 505 nm.

7.3.2 Films characterization

The influence of the additions of water on the optical properties of the corresponding films
was evaluated and the same trends as in colloidal solutions were observed, see results in
Figure 37. Interestingly, an increase in the PLQY's with an increasing amount of water in the
precursor solutions was more significant in films than in colloidal solutions of nanoparticles.
Thin films prepared from PNP without any addition of water exhibited the PLQY of 60%.
Whereas the solid-state PLQY increased to 87-93% after an addition of 32 mol. eq. of water
with respect to PbBr» (Figure 37b). The comprehensive list of optical properties of the films in
comparison with optical properties of the corresponding colloidal solutions is summarized in

Table 10.

Table 10: Optical properties of boc-Lys stabilized PNP in colloidal solutions and in films prepared from precursor
solutions with different additions of water

Emission maximum

Mol. (nm) FWHM (nm) PLQY (%) Band gap (eV)
eq. of

water Solution  Film Solution Film Solution Film Solution  Film

0 490+15 483+15 34 32 60+10 60+10 2.50+0.10 2.50+0.10
0.4 476+15 485+15 28 23 68+4 75+10 2.45+0.05 2.48+0.05
0.8 479+15 490+15 30 32 6748 60+10 2.45+0.10 2.50+0.10
2 476+12 492+15 30 23 577 60+10 2.52+0.05 2.50+0.05
4 480+10 493+£15 28 29 68+7 65+10 2.50+0.05 2.55+0.05
8 486+10 499+10 29 20 69+8 70+10 2.47+0.05 2.47+0.05
16 498+7 50245 24 22 7545 80+10 2.40+0.03 2.43+0.03
32 505+5 506+3 22 22 70+9 87+5 2.38+0.03  2.40+0.03
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In order to test whether the PLQY can be further enhanced by increasing the concentration
of water in the precursor solution, a sample containing 64 mol. eq. of water with respect to
PbBr> was prepared. In this case, an emission maximum of 508 nm in thin film was observed
and the PLQY was of 50%, demonstrating that there is a limit of the water content which is

needed to obtain the highest PLQY of PNP.
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Figure 37: Optical properties of boc-Lys stabilized PNP films, dependency of the addition of water into the
precursor solutions on a) emission spectra, b) PLQY, c) emission maxima and d) band gaps
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7.3.3 Optical stability

The PL spectra of the prepared colloidal solutions and thin films were re-measured after two
days in order to evaluate the optical stability of the samples. The samples were prepared from
precursor solutions with 0, 2 and 32 molar equivalents of water with respect to PbBr> (see
Figure 38). In general, it was observed that the emission maxima shifted to higher wavelengths
in both colloidal solutions and films after two days (Figure 38a and b). Remarkably, the shift
became smaller with an increasing addition of water into the precursor solution. The emission
maximum of a film prepared from the precursor solution without any addition of water was red-
shifted about 11 nm. Whereas, if 32 mol. eq. of water were added to the precursor solution, the
red shift observed was only of 1 nm after two days. In general, a broadening of the emission

spectra was detected with time, assuming that aggregates of nanoparticles are formed with time.
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Figure 38: Optical stability of boc-Lys stabilized PNP, emission maxima changes a) in colloidal solutions and b)
in films and changes in FWHM c) in colloidal solutions and d) in films
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As shown in Figure 38b and d, films prepared from a precursor solution containing 32 mol.
eq. of water with respect to PbBr> exhibit improved stability of optical properties than samples
prepared without any water addition to the precursor solution. Therefore, optical properties of
the sample prepared from the precursor solution with 32 mol. eq. of water were studied over
the period of 77 days (Figure 39). Here, the emission maximum was observed to shift about
4 nm to higher wavelengths over the period of 77 days. At the same time, PLQY dropped from
93% to 86% in the same period. It is worth noting that the film was stored at ambient conditions

in the Petri dish in order to avoid any contamination.
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Figure 39: Optical stability of film of boc-Lys stabilized PNP with an addition of 32 mol. eq. of water with
respect to PbBr: in the precursor solution

Moreover, the emission spectra were recorded at different temperatures in the range from 2
to 325 K as for AANH: stabilized PNP in section 7.1.11. As expected, PL intensity increased
with decreasing temperature as shown in Figure 40a. The increase was over an order of
magnitude. Simultaneously, shifting of emission maxima to higher wavelengths and thinning
of the emission spectra was observed with decreasing temperature, as shown in Figure 40b in
detail. Changes in the spectra point out to the phase transition from cubic to tetragonal and to
orthorhombic around 275 and 50 K, respectively [183]. Those results were in agreement with
previous experiments. From this point of view, it was assumed that the presence of water in the

precursor solution favourably assists the complex formation and helps during the precipitation.
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Figure 40: Dependency of emission properties on temperature — a) emission spectra at different temperatures, b)
emission maxima and FWHM as a function of temperature for boc-Lys stabilized PNP prepared from precursor
solution with an addition of water 32 mol. eq. with respect to PbBr:

7.3.4 Morphology of the films

From the point of view of high PLQY and good optical stability, PNP prepared from a
precursor solutions containing 32 mol. eq. of water with respect to PbBr2 can be expected to be
applicable into functional devices. For that aim, it is necessary to evaluate the morphology of
the films. As in previous work [101], films were prepared from colloidal solutions with different
concentrations of PNP. The colloidal solutions were prepared by precipitating different volume
ratios of precursor solution in toluene. The resulting colloidal solutions (in final volume of
25 ml) were centrifugal casted onto glass substrates. As expected, the resulting films were

thinner and their roughness was smaller with reducing the concentration of PNP in the colloidal

solutions (Table 11).

Table 11: Varying thickness of films by tuning the concentration of PNP by changing the volume ratio between
precursor solution and toluene during the precipitation

Volume ratio Thickness (nm)

0.002 400+£100
0.0008 200+60
0.0004 17070
0.0002 60£20
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Figure 41: An AFM image of film of boc-Lys stabilized PNP with addition of 32 mol. eq. of water with respect to
PbBr: in the precursor solution (image Rq 55 nm)

An AFM image of the film prepared by precipitating precursor solution in toluene in volume

ratio 0.002 was captured (Figure 41) and the root-mean-square (RMS) roughness (Rq) value

estimated to be 55 nm The film was considered then less homogeneous than the one prepared

with AANH: stabilized PNP, see discussion in section 7.1.11.

7.3.5 Comprehensive characterization of PNP stabilized by boc-Lys

Water-soluble amino acids exhibit limited solubility in organic solvents including polar
solvents such as DMF [199], what supported the observation that the precursor chemicals
showed poor solubility in the precursor solution without any addition of water as discussed in
7.3.1. Taking into account that the precursor solutions exhibited slightly acidic pH (pH of ~6),
a protonation of the amino groups may probably occur since ammonium salts are generally
known to be extremely hygroscopic [200]. Hence, boc-Lys can be fixed due to the formation
of weak bonds between ammonium groups and water molecules resulting in highly mobile
species. Therefore, more effective nanocrystal formation can occur during the ligand-assisted

precipitation.

DFT calculations were performed in order to investigate the formation of a complex between
PbBr3—boc-Lys*—H>0 [149]. The presence of the hydrated complex was apparent from the
FTIR spectra (see Figure 42) where the peak in a region of ~1680 cm™' points out to the
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vibration of hydrated species. Obviously, the precursor solution without any addition of water
showed a sharper peak in comparison with solutions with water additions ranging from 0.4 to
32 mol. eq. with respect to PbBr>. Altogether, hydration of boc-Lys causing a boc-Lys*—H>O
complex formation is supposed to show a characteristic peak at ~2800 cm™' [149], nevertheless,

this peak is overlapped by the CH> vibrations in this region [190].
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Figure 42: FTIR spectroscopy of precursor solutions containing different additions of water

To investigate the effect of the hydration of ammonium salts deeper, a precursor solution
containing AANH: (prepared in section 7.1) was prepared with an addition of 8 mol. eq. of water
with respect to PbBr». Interestingly, no detectable shift of the emission maximum was observed
when comparing emission spectra of AANH: stabilized PNP prepared from precursor solutions
with 0 and 8 mol. eq. of water (see in Figure 43). According to the geometry, the distance
between the water molecule and the ammonium salt of the capping agent is 1.75 and 1.70 A for
the AANH3"—H,O and boc-Lys*—H»O complexes, respectively. This suggests that the boc-Lys-
based hydrated complex is more stable than the AdNHz-based one [149].
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Figure 43: Emission spectra of colloidal solutions of PNP stabilized by AANH> with and without addition of
water into the precursor solution. Inset: corresponding photo of the samples under UV irradiation in the inset
(366 nm)

In addition, XPS was employed to study PNP and the nature of the ligands binding to the
nanoparticles surface. The sample for XPS was prepared from a precursor solution containing
32 mol. eq. of water with respect to PbBr,. The precursor solution was precipitated in toluene
in volume ratio 0.002 and the resulting material was centrifugal casted onto a glass substrate as

described in section 7.1.8.

In agreement with previous experiments, Pb 4f XPS spectra showed two characteristic
symmetric peaks at 138.4 eV and 143.3 eV, attributed to Pb 4f7, and Pb 4fs;, respectively.
The spin—orbit splitting was 4.86 eV, which corresponds with previously reported results [152]
and [171]. In comparison with Pb 4f XPS spectra of AANH; stabilized PNP (see in section
7.1.8), two additional peaks at 136.4 and 141.3 eV appeared. These peaks could indicate to the
lead(0) rich surface of the nanoparticles [172]. On the Br 3d XPS spectrum, two peaks at 68.2
and 69.2 eV were observed. They can be attributed to Br 3ds» Br 3ds., respectively [172]. The
N 1s XPS spectrum was deconvoluted into two peaks with centres at 400.0 and 401.8 eV
indicating the presence of amide group of boc-Lys [171] and of ammonium salts of primary
amine of boc-Lys [201] and of the methylammonium salt [ 152], respectively. It is worth noting
that the presence of the only peak at 401.8 eV, which suggested the charged character of the
primary ammonium group in the side chain of boc-Lys. The O 1s XPS spectrum showed two
peaks at 531.8 and 533.3 eV which are attributed to the carboxylate species C=O and C-O,
respectively. Finally, four peaks at 285.0, 286.1, 287.1 and 289.4 eV were deconvoluted from
the C 1Is XPS spectrum. The peak at 285.0 eV was assigned to C—C and C—H bonds, the next
peak at 286.1 eV was attributed to the C—N bond of the amino group, the peak at 287.1 eV
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proves the C—N bond of amide group and the peak at the highest binding energy of 289.4 eV,

can be assigned to the C—O bond of the carboxylic acid group [173].
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Figure 44: XPS of boc-Lys stabilized PNP which were prepared from precursor solution with an addition of
water of 32 mol. eq. with respect to PbBr
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7.4 Cyclic peptide for PNP stabilization

Incorporation of proteins and peptides into nanostructures paves the way for their
applications into sensors and functional electrochemical and optoelectrical devices not only for
biomedical applications [202]-[204]. Proteins and peptides as nature-inspired materials show
selectivity and high affinity to the surfaces of a wide range of solid materials, for example
metals, metal oxides, magnetic materials, semiconductors and polymers [205]-[206].
In addition, proteins and peptides are known for their self-assembly properties [207] and

additional functionalization of the resulting materials [32].

As far as lysine and arginine were found to be suitable capping agents for PNP stabilization
(discussed in section 7.2), oligopeptide containing lysine or arginine moieties are supposed to
be suitable candidates for PNP stabilization. RGD peptides (where R: arginine, G: glycine, D:
aspartic acid) have been already employed to improve biocompatibility of desired materials due
to enabling cell adhesion via the RGD sequence [208]. Since, cyclic oligopeptides in general
possess higher stability in comparison with their linear counterparts, we selected
cyclo(RGDFK) pentapeptide which contains arginine, glycine, aspartic acid, phenylalanine and
lysine, see chemical structure in Figure 45. Cyclo(RGDFK) peptide possesses both lysine and
arginine moieties which can be employed in PNP stabilization. Also cyclo(RGDFK) is soluble
in DMSO which is an appropriate solvent for PNP precursor solution preparation (as discussed
in section 7.1.1). PNP stabilized by the cyclo(RGDFK) peptide were prepared and their

properties studied, summarized in a publication by A. Jancik Prochazkova ef al. [150].
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Here, a precursor solution was prepared in DMSO because of the solubility of the
cyclo(RGDFK) in this solvent. The ratio of precursor chemicals was kept the same as in
previous experiments (1:1.1:9.5 for PbBr,, MABr and HeA) while the amount of
cyclo(RGDFK) was varied from 0.4 to 1.0 to evaluate an optimal concentration. The colloidal
solutions were prepared by precipitating the precursor solutions in toluene or in chloroform in
volume ratio of 0.002. Interestingly, a weak emission under UV lamp was observed in case of
toluene colloidal solutions, whereas the chloroform colloidal solution exhibited a stronger
emission. It was assumed that chloroform as more polar solvent dispersed the perovskite

nanoparticles decorated with oligopeptide moieties on its surface more efficiently.

Chloroform colloidal solutions prepared from the precursor solutions with an amount of 0.4
and 0.6 mol. eq. of cyclo(RGDFK) with respect to PbBr; exhibited green emission under UV
irradiation and emission maxima were positioned at 514 and 515 nm with PLQY of 2 and 20%,
respectively. No colour change was detected when precipitating precursor solution with
1.0 mol. eq. of cyclo(RGDFK) with respect to PbBr,. Therefore, as an optimal amount of
cyclo(RGDFK) was 0.6 mol. eq. with respect to PbBr2. The optical properties of the resulting

colloidal solution are shown in Figure 46a.

For the evaluation of the nanoparticles morphology, PNP were studied by TEM. A typical
TEM image is shown in Figure 46b, that shows a collection of particles with an average
diameter of 6+2 nm. Taking into account the bright dots observed on the corresponding Fourier
transform (FFT) pattern, a highly defined crystalline planes on TEM images can be observed,
thus the samples were highly crystalline.
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Figure 46: PNP stabilized by cyclo(RGDFK) peptide, a) optical characterization and the photo of the
corresponding chloroform-based colloidal solution under UV irradiation in the inset and b) TEM image of the
nanoparticles with a FFT image in the inset
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To investigate whether the cyclo(RGDFK) is preferably bound to the lead bromide during
the complex formation via primary amine of lysine moiety of guanidyl group of arginine
moiety, DFT calculations were performed [150]. According to the calculation, Gibbs free
energy of the complex of lead bromide and primary amine of the lysine moiety was about
0.39 eV lower than the energy of the complex formed between lead bromide and guanidyl group
of the arginine moiety. That calculation was supported by recording the FTIR spectrum of the
precursor solution containing 0.6 mol. eq. of cyclo(RGDFK) with respect to PbBr; (Figure 47).
The modelled spectra (shown in the original paper [150]) predicted a sharp peak in the region
of 3200 cm™! as an evidence of the interaction between ammonium ion from the lysine moiety
and lead bromide. This signal was indeed detected in the FTIR spectrum (see in Figure 47).
The spectrum also revealed a typical broad signal in the region 2900-3300 cm™' which is
characteristic for perovskite structure. In addition, C—H rocking bonds from methylammonium
ions were detected at 1010 and 945 cm™' [175]-[176] and [189]. Furthermore, a characteristic
signal of peptide bond was revealed in the region 1650 cm™ (C=O0 stretching) and 1530 cm™
(N-H bending) [209] indicating to the presence of cyclo(RGDFK).
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Figure 47: FTIR spectrum of DMSO-based precursor solution containing cyclo(RGDFK) pentapeptide as
capping agent
Regarding the PLQY of the chloroform colloidal solution, it was determined to be ca 20%,
which was significantly lower than previously prepared nanoparticles. This low PLQY could
be caused by quenching properties of chloroform as discussed in section 7.2.1. Furthermore,
the colloidal solutions prepared from DMSO-based precursor solution exhibited lower PLQY
with comparison to their counterparts prepared from DMF-based precursor solution (discussed

in section 7.1.1). Nevertheless, lower values of PLQY could be also attributed to electron
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transfer between PNP and the capping agents. Hence, the electron density distribution of the
cyclo(RGDFK)-NH3"—PbBr3;~ complex was modelled [150]. The highest occupied molecular
orbital (HOMO) is supposed to be localized at the guanidyl group in the ground state. However,
the lowest unoccupied molecular orbital (LUMO) was displaced at the PbBr3;~. Therefore, it
was assumed that the charge carriers generated during the photo excitation can be transferred

between the nanoparticle and the capping agents and thus causing the drop in the PLQY.
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7.5 Peptide nucleic acids stabilized PNP

Peptide nucleic acid (PNA) is an artificial oligomer which was synthesized in order to mimic
DNA/RNA in 1991 by P. E. Nielsen and co-workers [210]. PNA contains the same purine and
pyrimidine bases attached to its backbone as DNA or RNA. In addition, thanks to N-(2-
aminoethyl)-glycine backbone linked by amide bonds, the distances between neighbouring
purine or pyrimidine bases are the same as in the case of DNA or RNA. This gives
an opportunity to form complementary pairs not only between PNA-PNA, but also between
PNA-DNA or PNA-RNA. In addition, lack of phosphate groups in the PNA structure removes
a negative charge among the PNA chain and thus, the PNA-DNA or PNA-RNA complex is
bound even stronger than in the case of binding only DNA-DNA or RNA-RNA. And finally,
replacing sugar and phosphate groups by N-(2-aminoethyl)-glycine units along the backbone
gives PNA oligomers a better stability over a broader pH range and a resistance to degradation
by enzymes [211]-[212]. For that reason, PNA is usually used in molecular biology procedures,
diagnostic assays or antisense therapies. However, apart from bio-molecular applications, PNA
has recently attracted a considerable attention because of charge transfer in PNA-metal
complexes [213], the self-assembly properties of PNA layers [214] and the formation of
PNA/DNA ensembles from the charge transfer point of view [215].

Bearing in mind these features, PNA was evaluated to be a suitable capping agent for PNP
stabilization because of its primary amine in the terminal N-(2-aminoethyl)glycine unit. The
use of the amino group for the perovskite crystal growth control would cause decoration of the
surface of PNP by purine or pyrimidine bases available for sensing possibilities. Hence,
thymine-based monomer (PNA-M) and trimer (PNA-T) of PNA (Figure 48) were synthesized
by S. Gaidies from Institute of Polymer Chemistry in Johannes Kepler University Linz and they
were used for PNP stabilization among HeA. The results were published by A. Jancik
Prochazkova et al. [151].

7.5.1 Optimization of PNA stabilized PNP

PNP were prepared according to the standard procedure of the ligand-assisted precipitation
method. The precursor solution was prepared by dissolving perovskite precursors PbBr, and
MABTr with capping agents PNA-M (the structure is demonstrated in Figure 48a) and HeA
alongside, in DMF. To evaluate optimal concentration of capping agents for PNP formation,

several precursor solutions containing 0.4-1.6 mol. eq. of PNA-M to PbBr, were tested.
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The ratio between PbBr,, MABr and HeA were kept constant at 1:1.1:9.5. The precursor
solution was left to be magnetically stirred for approx. 24 hours to let the complex formation

occur. The results are presented in Figure 49 and summarized in Table 12.
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Figure 48: Chemical structure of synthesized thymine-based a) monomer and b) trimer of PNA molecule

In agreement with previously discussed results (section 7.1.7), a blue-shift of emission
maxima was observed with increasing PNA-M concentration in the precursor solution.
Emission maximum of 514 nm shifted to 511 nm when the amount of PNA-M was increased
from 0.4 to 1.6 mol. eq. with respect to PbBr; in precursor solutions. That shift suggested
a better control of the PNP growth during the precipitation. As suggested in section 7.1.7,
a sufficient amount of capping agents can induce reduction of size of the resulting nanoparticles

which causes a blue-shift in emission spectra.
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Figure 49: Optimization of concentration of the capping agents for PNA-M stabilized PNP preparation,
a) optical properties of PNP prepared from the precursor solutions with different concentration of PNA-M (the
concentration is presented in mol. eq. with respect to PbBr3) and b) a photo of the corresponding samples under
UV irradiation (366 nm)

101



Interestingly, the green emission was most obvious in the sample prepared from the
precursor solution containing 0.4 mol. eq. of PNA-M with respect to PbBr: (see in Figure 49b).
The detected PLQY was 19% whereas increasing PNA-M concentration in the precursor
solution caused a significant drop of PLQY to 1% pointing out to a possible quenching effect

of PNA-M capping agent.

Table 12: Optical properties of PNA-M stabilized PNP prepared from precursor solutions with different PNA-M
concentration (in mol. eq. with respect to PbBr3)

PNA-M Emission

0
(mol. eq.) maximum (nm) FWHM (nm) PLQY (%) Band gap (eV)
0.4 514 26 19 2.33
0.8 513 28 1 2.36
1.0 513 28 1 2.35
1.6 511 26 1 2.35
a) b)
0.3 4 crude L1 crude F1
washed > 0.2 washed >
: i
< 02 £ = E
5 = 3 =
= (-9 (= (-9
2 bt 2 ol \ 3
e < e <
< 0.1 = < £
2 2
toluene Z / chloroform | 4
d . , B — 0.0 ; . —— 0
480 500 520 540 560 580 600 480 500 520 540 560 580 600

Wavelength (nm) Wavelength (nm)

Figure 50: PNA-M stabilized PNP prepared in a) toluene and b) in chloroform and an influence of washing step
on optical properties
The reproducibility of PNA-M stabilized PNP was evaluated by preparing several precursor
solutions containing 0.8 mol. eq. of PNA-M with respect to PbBr.. An average emission
maximum was obtained of 510+3 nm and a PLQY was of 2+1%. The optical band gap was of
2.36*1 eV demonstrating a good reproducibility of PNA-M stabilized PNP.

In addition, chloroform as a precipitation medium was tested. Simultaneously, a washing
procedure was performed for both toluene and chloroform colloidal solutions in order to

evaluate the influence of purification procedure on the resulting optical properties (Figure 50
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and Table 13). The use of chloroform as a precipitation medium was observed not to cause any
significant change in emission maximum neither in PLQY. The emission maximum appeared
at 505 nm and PLQY was 2%. Nevertheless, FWHM increased about 5 nm with comparison to
the emission spectrum of the toluene-based colloidal solution which suggested a possible
broadening of size distribution of PNP. In addition, a non-symmetrical emission spectrum of
PNA-M stabilized PNP prepared in chloroform (Figure 50b, dark blue line) suggested the non-
homogeneous size distribution. This observation was in agreement with a previous experiment
proposing that the ligand-assisted precipitation technique can be optimized according to the

general rules valid for any combination of capping agents.

Table 13: Dependence of washing procedure on the optical properties of PNA-M stabilized PNP

Emission FWHM o Band gap

Solvent Treatment maximum (nm) (nm) PLQY (%) (V)

crude 508 25 1 2.37
Toluene

washed 507 25 3 2.37

crude 505 30 2 2.32
Chloroform

washed 508 31 2 2.31

Considering the influence of washing steps on the resulting optical properties, there was not
observed any significant difference between crude and washed colloidal solutions prepared
neither in toluene nor in chloroform (Table 13). Nevertheless, considering quite low PLQY
obtained from the PNA-M stabilized PNP (~1%), the additional lowering of PLQY due to the

purification (as discussed in 7.1.3) was not easy to detect here.

Subsequently, PNA-T was used as a capping agent for PNP stabilization. For that, toluene-
and chloroform-based colloidal solutions were prepared from precursor solutions containing
0.4-1.2 mol. eq. of PNA-T with respect to PbBr». (Figure 51 and Table 14). Interestingly, the
precursor solution with 1.2 mol. eq. of PNA-T did not form a colloidal solution neither in
toluene nor in chloroform (Figure 51a and b, respectively). As expected, the use of chloroform
instead of toluene as a precipitation medium caused a blue-shift in emission spectra of about
16 nm for the sample prepared from a precursor solution containing 0.8 mol. eq. of PNA-T with
respect to PbBr. This observation was in agreement with results from sections 0 and 7.2.1. It is

worth noting that the chloroform-based colloidal solution prepared from a precursor solution
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containing 0.8 mol. eq. of PNA-T with respect to PbBr; exhibited weak emission and absorption
as shown in a photo in Figure 51b. Therefore, toluene was evaluated to be a better precipitation

medium for PNA-T stabilized PNP preparation.
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Figure 51: Optimization of capping agents concentration for PNA-T stabilized PNP preparation, a) and b)
photos of colloidal solutions with different PNA-T concentration (in mol. eq. with respect to PbBr3) in toluene
and chloroform, respectively, under UV irradiation and c), d) corresponding UV-Vis and PL spectra

In agreement with the results from PNA-M-based PNP, PLQY dropped with increasing the
concentration of PNA-T in precursor solutions (Table 14). Surprisingly, a negligible red-shift
from 528 to 529 nm (see also in Figure 51c) occurred in a toluene-based sample when the
concentration of PNA-T was increased from 0.4 to 0.8 mol. eq., respectively. Considering the
bulkier nature of PNA-T with comparison to PNA-M, steric hindrance effects between
neighbouring PNA-T capping agents on the PNP surface could take place. Hence, the
concentration of PNA-T was adjusted to 0.4 mol. eq. with respect to PbBr, in precursor

solutions for further studies.
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Table 14: Optical properties of PNA-M stabilized PNP prepared from precursor solutions with different
concentration of PNA-M (in mol. eq. with respect to PbBr3)

PNA-T Emission FWHM o Band gap
Solvent (mol. eq.) maximum (nm) (nm) PLQY (%) (eV)

0.4 528 23 12 2.30
Toluene

0.8 529 20 10 2.30

0.4 518 30 14 2.32
Chloroform

0.8 513 32 - -
PNA-M-PNP

PNA-T-PNP

Figure 52: HRTEM images of a-b) PNA-M-PNP with an individual and a group of nanoparticles, respectively,
and c-d) PNA-T-PNP with an individual and a grou;; ’(Z;l;moparticles, respectively. FFT images in insets in a)
To confirm the presence of PNP in prepared samples, HRTEM images were taken for
samples of PNA-M and PNA-T stabilized PNP containing 0.8 and 0.4 mol. eq. of capping
agents with respect to PbBr; in the precursor solutions, respectively. Figure 52 shows HRTEM
images of both samples with apparent individual spherical shape and highly crystalline
nanoparticles. The typical diameter is 9.4+2.0 and 9.5£2.3 nm for PNA-M and PNA-T
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stabilized PNP, respectively, showing a broader size distribution in comparison with PNP with
different capping agents. Additionally, Energy Dispersive X-Ray Analysis (EDX) was used to
semiquantitatively detect the composition of the nanoparticles stabilized by PNA-T. The
significant presence of bromide, lead, carbon, oxygen and nitrogen coming from the perovskites
and PNA structures was successfully confirmed. In addition, all mentioned elements were
approximately homogeneously distributed (see Figure 53). Figure 53f shows a merged image
where a red colour rich area indicates high concentration of Pb. Lead(0)-rich surface was
already observed in case of boc-Lys stabilized PNP where XPS analysis was performed (see in

section 7.3.5).

)

Figure 53: HRTEM-EDS images from elemental mapping of sample PNA-T-PNP, scale bar 100 nm

Finally, the perovskite-like structure was verified by powder XRD spectroscopy in both
PNA-M and PNA-T stabilized PNP comparing spectra of PNP samples and bulk MAPbBr3;
single crystal (spectra shown in Figure 54). Peaks corresponding to the reflections (001), (011),
(111), (002), (021), (211), (220), (300) and (310) were observed at positions 14.88°, 21.11°,
25.93°, 30.03°, 33.68, 37.00°, 43.00°, 45.74° and 48.5°26, respectively. In general, the XRD
patterns were in a good agreement with previously reported results and confirmed the cubic unit
cell structure of the PNP [76]. The broadening of peaks for both PNP samples is attributed to
the decreasing crystallite size [157].
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Figure 54: Powder XRD spectra of PNP stabilized by PNA-M and PNA-T and their comparison to bulk
MAPbBBrs crystal

7.5.2 PNA-PNP thin films characterization

Films of PNA stabilized PNP were prepared by centrifugal casting. In order to obtain
comparable data with previous experiments, colloidal solutions were prepared by precipitating
the precursor solution in toluene in volume ratio 0.002. The resulting colloidal solution of total
volume 25 ml was used for the centrifugal casting of PNP onto glass substrates. The films were
densely packed and seemed to be homogeneously covering the substrate, photos of the films
are shown in Figure 55b and c. Nevertheless, both PNA-M-PNP and PNA-T-PNP films
exhibited light scattering which indicates a rough surface. To study the morphology of the films
in detail, AFM was used to determine the surface appearance of the film prepared from PNA-
M-PNP (Figure 55¢). The root-mean-square roughness was of 97 nm which could be

an indication of the inhomogeneous overcoat assumed above.

Both samples exhibited green emission under UV irradiation with emission maxima of 519
and 531 nm for PNA-M-PNP and PNA-T-PNP films, respectively (Figure 55 and Table 15).
Obviously, the emission peaks of the films were red-shifted when compared to the original
colloidal solutions, assumingly due to the partial aggregation. Furthermore, the PLQY of the
PNA-M-PNP and of PNA-T-PNP films were around 0.5 and 0.4%, respectively. Moreover, the
PNA-M-PNP film was stored at ambient conditions and its optical stability was evaluated over
the period of 32 days. As demonstrated in Figure 55d, a red shift in the emission maximum
from initial 517 to 524 nm was observed suggesting a good optical stability. The shift is
comparable to the shifts in already described PNP samples (section 7.3.3).
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Table 15: Optical properties of films of PNA-M and PNA-T stabilized PNP

Capping Emission o

agent maximum (nm) FWHM (nm) PLQY (%) Band gap (eV)
PNA-M 518+1 24 ~0.5 2.37

PNA-T 530+1 21 ~0.4 2.29

Simultaneously, the annealing of the centrifugal casted films was tested as a post-treatment

procedure and no significant change in emission spectra was observed when annealing up to

100 °C. However, samples annealed at 130 °C showed a red shift of the emission maxima up

to 523 nm (from initial 518 nm) suggesting that PNP start to aggregate at high temperatures due

to the dynamical surface instability.
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Figure 55: a) Optical properties of films of PNA-M and PNA-T stabilized PNP, b) and c) photos of the
corresponding PNA-M and PNA-T stabilized PNP, respectively, under UV irradiation, d) optical stability of
PNA-M-PNP film over the period of 32 days, e) AFM image of PNA-M-PNP film

108



In addition, emission spectra of PNA-M-PNP film were recorded at various temperatures in
the range from 10 to 300 K as for AANH> and boc-Lys stabilized PNP in sections 7.1.11 and
7.3.3. As expected, with decreasing the temperature the PL intensity increased by two orders of
magnitude (Figure 56). The increase in PL intensity detected for AANH, (Figure 26) and boc-
Lys (Figure 40) stabilized PNP was only by 1.5 and 1 orders of magnitude, respectively. Hence,
the increase in PL intensity and therefore the increase in PLQY could confirm the reduction of
the non-radiative relaxation processes by lowering the temperature [216]. Nevertheless,
changes in emission maxima and the corresponding FWHM of the spectra point out that the
phase transition from cubic to tetragonal and to orthorhombic around 250 and 50K,

respectively [183].
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Figure 56: a) PL spectra of PNA-M-PNP film detected at different temperature, b) dependency of FWHM and
emission maxima on temperature

7.5.3 PNA-M stabilized PNP for adenine sensing

PNA-M is supposed to bind to the PNP surface via primary amines. Hence, the thymine
moiety should be dangling out of the nanoparticles surface being available for further
interaction. Considering a possibility of charge transfer between nucleic acid and PNA [213]
and [217], adenine was introduced to the colloidal solution as a complementary pair to the
thymine moiety decorating the surface (schematically shown in Figure 57). The complementary
pairing is realized via hydrogen bonds which can enable PL quenching by the charge transfer

between the PNP surface modified with thymine moieties and adenine [218].
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Figure 57: Binding of adenine to thymine-based monomer of PNA modified nanoparticles surface via hydrogen
bonds (red dashed lines)

Therefore, adenine was added into toluene-based PNA-M-PNP colloidal solution in
a defined amount to reach molar ratios of 0, 20, 60 and 100% with a respect to the amount of
thymine-based PNA-M stabilizing the PNP. The solutions were left to be magnetically stirred
for 5 hours to let the hydrogen bonds formation to occur. Subsequently, PL spectra of the
samples were measured and the changes in PL intensity were studied (Figure 58 and Table 16).
As expected, the intensity of fluorescence emission dropped significantly with the adenine
addition while no notable changes in emission maxima were detected. The loading of 60% of
adenine was evaluated as the limit of detection corresponding to 1.76 ppm which is comparable

with other nucleic acid sensors [218].
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Figure 58: Adenine sensing by PNA-M-PNP, a) PL spectra with different adenine loading in the colloidal
solutions and b) changes in PL intensity with increasing adenine concentration in the colloidal solution
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Table 16: Optical characterization of PNA-M-PNP colloidal solution with different adenine loading

Adenine conc. Adenine loading  Emission maximum PL intensity
(mol-dm™) (%) (nm) (a.u)

0 0 517 354 000
4.4-10° 20 517 157 000
1.3-10° 60 517 126 000
3.7-107 100 516 126 000

DFT calculations were performed to elucidate electron density distribution in order to better
understand the luminescence quenching by the addition of adenine [150]. The HOMO of the
ground state was localized at the adenine molecule when considering the formation of the
PbBr; —PNA"---adenine complex (--- stands for the suggested hydrogen bonding between
thymine moiety and adenine as demonstrated in Figure 57). On the other hand, the LUMO is
localized at the PbBr3, suggesting that the photogenerated charge carriers can be transferred
from the perovskite material to the surface ligands due to the dominant hole mobility in the

MAPDbBT13; materials [219].
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8 Conclusion

To summarize, a comprehensive optimization of the ligand-assisted precipitation method
was initially performed for the preparation of AANH; stabilized PNP. MAPbBr3; PNP stabilized
by AdNH; formed spherical and highly crystalline sub-10 nm nanoparticles in agreement with
already published results [101]. It was demonstrated that there is a crucial influence of the
choice of the solvent systems. The most suitable solvent for the precursor solution preparation
was DMF. Simultaneously, toluene, diethylether, chloroform and chlorobenzene were
evaluated as suitable precipitation media for PNP colloidal solutions preparation. The highest
PLQY was detected for colloidal solutions prepared in toluene, nevertheless, the use of different
solvents can broaden the applicability of these materials especially into multi-layered systems.
In agreement with previous experiments [92], increasing concentration of amino-based capping
agents led to the improvement of PLQY. At the same time, the growth of nanoparticles was
limited with increasing amounts of capping agents due to better stabilization, hence, quantum
confinement effects were observed. Moreover, it was found out that temperature selected during
the precipitation has a significant effect on resulting optical properties. An optimal temperature
for the ligand-assisted precipitation was found to be about 3 °C, which resulted in a formation
of the most emissive colloidal solutions. Finally, different carboxylic acids as additional
capping agents were tested as well as their colloidal stability. Namely, TriflacA and AcA were
chosen as strong carboxylic acids, then PropA, HeA, OctA and OleicA were tested as
carboxylic acids with different length of the side chain and finally, AdA was tested as a bulk-
chain carboxylic acid. It was evaluated that propanoic acid alongside AdNH: induced the
formation of the most emissive colloidal solutions, whereas, the use of hexanoic acid alongside
AdNH: improved colloidal stability. Therefore, hexanoic acid was further employed with

various amino-based capping agents.

To prove the versatility of the ligand-assisted precipitation method of PNP preparation,
different amino-based capping agents were tested. For that, proteinogenic amino acids Lys and
Arg were chosen as capping agents for the first time. They were attached to the PNP by their
side chains in order to decorate the surface with a.-amino and carboxylic groups to broaden the
functionality of the resulting nanomaterials. Modifying Lys and Arg molecules by attaching
boc groups to the a-amino groups led to an improvement of PLQY. Simultaneously, as formed
nanoparticles grew smaller which suggested that boc-Lys and boc-Arg stabilized PNP better
than their unmodified counterparts. Moreover, additions of water into the precursor solutions

containing boc-Lys with HeA as capping agents facilitated the control of the PNP growth which
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was described for the first time. It was assumed that water molecules improved the solubility
of boc-Lys and simultaneously enhanced the mobility of the hygroscopic precursors. Hence,
better complex formation within the precursor solutions was supposed to facilitate the crystal
growth control during the precipitation. Indeed, changes in the dimensionality were observed
with different additions of water and therefore, quantum confinement effects occurred. In
addition, boc-Lys stabilized PNP were centrifugal casted onto substrates and characterized. oc-
Lys stabilized PNP prepared from precursor solution with an addition of water of 32 mol. eq.
with respect to PbBr; exhibited PLQY up to 93% in thin films with an acceptable optical
stability over a period of 77 days. In comparison with AdNH> stabilized PNP, the films
exhibited a PLQY of only 17%. The dramatic increase in PLQY could be attributed to the
reduction of the traps which cause non-radiative recombination processes. Due to high PLQY,
easy variability of optical properties and good optical stability, boc-Lys stabilized PNP are
expected to be applicable especially in optoelectronic devices, such as LEDs, lasers and

photodetectors.

As a proof-of-concept, a cyclo(RGDFK) pentapeptide was employed as a capping agent for
PNP preparation. Nevertheless, peptides are known to be sensitive to the nature of their
environment (temperature, pH, solvent systems, etc.). This makes their combination with
perovskite materials more difficult (perovskites are sensitive to water, they are soluble in polar
aprotic solvents, etc.). Besides, PNA are more abundant materials which are used in biology
and sensing applications to mimic DNA/RNA. Hence, monomers and trimers of thymine-based
PNA were employed during the PNP stabilization. As demonstrated, thymine moiety decorated
the PNP surface and thus, being available to interact and to sense with adenine molecules via

hydrogen bonding.

It is worth emphasizing that PNP stabilized by nature-inspired capping agents (such as here
selected cyclo(RGDFK) and PNA) exhibited significantly lower PLQY of the resulting
colloidal solutions and corresponding thin films. This behaviour was probably caused by charge
transfer between perovskite nanoparticles and the capping agents decorating their surface.
Therefore, these nanomaterials are not ideal for applications in light emitting devices.
Nevertheless, charge transport properties and affinity to desired surfaces or analytes are
required in sensing devices where the unique properties of peptides/PNA molecules (i.e. self-
assembly properties, sensing abilities and affinity to desired surfaces) can be combined with

perovskites to aim for those purposes.
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As a result, almost 7 papers directly related to the topic of perovskite materials have been
published in peer reviewed journals. The aims of this work were accomplished and the
foundations of the study of perovskite nanoparticles modified with nature-inspired capping
agents, such as amino acids, peptides and peptide nucleic acids, were laid. The future
perspective for this class of hybrid materials is their incorporation in functional devices
requiring excellent optical properties with additional self-assembly and sensing abilities.
Moreover, the influence of water on the formation of perovskite nanoparticles was described
for the first time. Here, the boc-Lys stabilized PNP prepared from the precursor solution with
an addition of water exhibited PLQY up to 93% in thin films which predetermines them to be
applied in optoelectronic devices, such as LEDs, lasers and photodetectors. An additional study
revealing their anti-stokes photoluminescence was published very recently in collaboration with
Linz Institute of Organic Solar Cells (LIOS) in Johannes Kepler University Linz, providing the

fundamentals for their possible application in optical cooling systems [220].
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10 List of abbreviations and symbols

AcA
ACN
AdA
AdNH;
AFM
Arg
ATR
boc-Arg
boc-Lys
CB
cyclo(RGDFK)
DLS
DMF
DMSO
DNA
EDS
FA

FFT
FTIR
FWHM
GBL
HeA
HRTEM
ITC
LED
Lys
MA
OctA
OLED
OleicA
PCE

PL
PLQY
PropA
PNA
PNA-M

10.1 Abbreviations

Acetic Acid

Acetonitrile

Adamantane-1-carboxylic Acid
Adamantyl-1-amine

Atomic Force Microscopy

L-Arginine

Attenuated Total Reflectance
No-(tert-Butoxycarbonyl)-L-Arginine
Nou~(tert-Butoxycarbonyl)-L-Lysine
Conduction Band

Cyclic (RGDFK) pentapeptide
Dynamic Light Scattering
N,N-Dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic Acid

Energy Dispersive X-ray Spectroscopy
Formamidinium

Fast Fourier Transform
Fourier-Transform Infrared (spectroscopy)
Full Width at Half Maximum
v-Butyrolactone

Hexanoic Acid

High Resolution Transmission Electron Microscopy
Inverse Temperature Crystallization Method
Light Emitting Diode

L-Lysine

Methylammonium

n-Octanoic Acid

Organic Light Emitting Diode

Oleic Acid

Power Conversion Efficiency
Photoluminescence (spectroscopy)
Photoluminescence Quantum Yield
Propanoic Acid

Peptide Nucleic Acid

Monomer of Peptide Nucleic Acid
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PNA-T
PNP
QLED
RMS
RNA
Rpm
Rq
STM
TEM
TriflacA
uv
VB
XPS
XRD

Trimer of Peptide Nucleic Acid
Perovskite Nanoparticles

Quantum Dot Light Emitting Diodes
Root Mean Square

Ribonucleic Acid

Rotates per Minute

Roughness

Scanning Tuneling Microscope
Transmission Electron Microscopy
Trifluoroacetic Acid

Ultraviolet

Valence Band

X-ray Photoelectron Spectroscopy
X-ray Diffraction

10.2 Symbols

o

n
v

1/n

ao

Es

EF

Eq

Ein

h+

h

m %

Sa and S
solvent

t
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absorption coefficient
absolute photoluminescence quantum yield (PLQY)
photon frequency

constant denoting the nature of the transition above photoexcitation
Bohr radius

constant of proportionality
electron

energy

integral of the emission spectrum
Fermi energy

energy of bandgap

kinetic energy

hole

Plank’s constant

effective mass

integrals of the emission spectra in the excitation area of the sample and pure

tolerance factor
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