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Abstract

Hybrid halide perovskites are currently one of the most studied semiconductors. However, due to poor intrin-
sic and extrinsic stability, further developments to commercialize devices based on hybrid halide perovskites
are limited. Many different strategies have been used to tackle this issue. Dimensionality reduction of hybrid
halide perovskites has proven to be one of the most promising to improve stability or change material func-

tionality. Thus, in my thesis, I focus on the phenyl-derived spacer molecules which form Dion-Jacobson (DJ)

type layered hybrid perovskites.

In Chapter 2, I investigated the stability properties of DJ layered hybrid perovskites based on 1,4-phe-
nylenedimethanammonium (PDMA) spacers. I demonstrated its propensity to hydrate when exposed to a hu-
mid environment. Unlike MAPDI;, hydration is reversible as no Pbl, was detected after several hydration cy-
cles. Furthermore, we found that the hydration occurs within minutes. It can be significantly slowed down by
post-annealing samples in the air. Nonetheless, our results revealed that layered hybrid perovskites are sus-

ceptible to humidity.

In Chapter 3, I have extended the study by looking at the spacer size effects on material properties. More
specifically, I looked at the role of the alkyl chain length in bifunctional phenyl-derived spacers. We found
that in para configuration, at least one methylene group, linking aromatic core and ammonium cation, is
needed to form layered hybrid perovskites. Perovskites with the longest spacers show the best stability in hu-

mid environments.

In Chapter 4, I have looked at the effects of spacer fluorination. We expected to control the m—r interactions
between the spacer molecules by incorporating perfluorinated PDMA (F-PDMA) spacers, which have oppo-
site quadrupole moments compared to their nonfluorinated counterpart. However, our study reveals na-
nosegregation in layered hybrid perovskites based on mixed spacers. Stability tests unveiled higher materials

durability in a humid environment when using F-PDMA spacers, which are more hydrophobic than PDMA.

In Chapter 5, I investigated the mechanical properties of DJ and Ruddlesden—Popper (RP) layered hybrid io-
dide and bromide perovskites. Materials were subject to hydrostatic pressure in the 0-0.35 GPa range to
study structure-property relationships. Both RP and DJ perovskites show the most significant compression
along the layer stacking direction leading to the reduced quantum confinement evidenced by the redshift in
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the optical bandgap. Among all the compositions, benzylammonium lead bromide ((BzA)2PbBr4) exhibited
the most significant optical and structural property changes. It is attributed to the non-centrosymmetric crys-

tal structure.

In Chapter 6, I have described the electrical properties of both DJ and RP hybrid iodide perovskites based on
PDMA and BzA spacers, respectively. Our results revealed that both perovskites are mixed conductors with
very comparable conductivities, which are significantly lower than MAPDI;. Surprisingly, the iodine ex-
change rate in these samples is comparable to three-dimensional hybrid perovskites. The iodine doping ex-
periments suggest that iodide vacancies are the main ionic carriers. Lastly, we obtained 0.6-0.9 eV activation
energy for ionic carriers, larger than 3D perovskites. This implies that dimensionality reduction is an effec-

tive strategy to reduce ion migration.

Keywords: layered hybrid perovskites, hydration, structure-property relationships, mixed conduc-
tivity, aromatic spacers
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Résumeé

Les pérovskites a halogénure hybrides constituent actuellement 1'une des classes de semi-conducteurs les plus
étudiées. Cependant, en raison de leur faible stabilité, les développements visant a commercialiser des dispo-
sitifs basés sur cette technologie sont limités. De nombreuses stratégies différentes ont été utilisées pour ré-
soudre ce probléme. Pourtant, la réduction de la dimensionnalité des pérovskites aux halogénures hybrides
s'est avérée étre 1'une des plus prometteuses pour améliorer la stabilité ou modifier la fonctionnalité des maté-
riaux. Ainsi, dans cette thése, je me concentre sur les molécules d'espacement dérivées du phényle qui forment

des pérovskites hybrides en couches de type Dion-Jacobson (DJ).

Dans le chapitre 2, j’ai étudié la stabilité de pérovskites en couche de type DJ basés sur des molécules d’espa-
cement de type 1,4-phenylenedimethanammonium (PDMA). J’ai démontré leur propension a s’hydrater
lorsqu’exposé & un environnement humide. A la différence de MAPDI3, I’hydratation est réversible, comme
démontré par I’absence de Pbl, résiduel aprées plusieurs cycles d’hydratation. De plus, nous avons observé que
I’hydratation prend place dans les premiéres minutes d’exposition et que ce processus peut étre considérable-
ment ralenti en procédant a la cuisson des échantillons a ’air libre. Néanmoins, nos résultats démontrérent que

les pérovskites hybrides en couche sont sensibles a I’humidité.

Dans le chapitre 3, j’ai poussé plus en avant I’étude en me focalisant sur les effets de la taille des espaceurs
sur les propriétés des matériaux. Plus spécifiquement, j’ai observé le role de la longueur de la chaine alkyl des
molécules d’espacement bifonctionnels dérivés du phényl. Nous avons découvert qu’en configuration para, au
moins un des groupes méthyléne, liant le noyau aromatique au cation ammonium, est nécessaire pour former
une structure en couche. De plus, les pérovskites basés sur les molécules d’espacement avec les linkers les plus

étendus montrent la meilleure stabilité dans les environnements humides.

Dans le chapitre 4, j’ai étudi€ les effets de fluoration de I’espaceur. Nous nous attendions a contrdler les inte-
ractions n—7 entre les molécules d’espacement en incorporant des molécules d’espacement PDMA perfluoré
(F-PDMA), qui présentent un moment quadrupolaire opposé a leur contrepartic non perfluoré. Cependant,
notre étude a révélé I’apparition de nanoségrégation dans les pérovskites en couches basés sur des molécules
d’espacement mixtes. Les tests de stabilité démontrérent une meilleure durabilité en environnement humide
pour les structures utilisant des molécules d’espacement perfluorés, étant donné leur caractére plus hydrophobe

que le PDMA non fluoré.



Dans le chapitre 5, je me suis intéressé aux propriétés mécaniques des pérovskites en couches a base d’iode et
de brome en organisation DJ et Ruddlesden-Popper (RP). Les matériaux ont été sujets a une pression hydros-
tatique comprise entre 0 et 0.35 GPa dans le but d’étudier les relations entre structure et propriétés. Tant les
pérovskites DJ que RP subissent la compression la plus importante le long de leur direction d’empilement,
menant a un confinement quantique réduit, comme démontré par le redshift dans la bande interdite optique.
Parmi toutes les compositions, le bromure de benzylammonium de plomb ((BzA),PbBr4) subit les changement
de propriétés optiques et structurelles les plus importantes. Ceci est attribué a sa structure crystalline non-

centrosymmeétrique.

Dans le chapitre 6, j’ai décrit les propriétés électriques tant des pérovskites hybrides DJ que RP basés sur les
molécules d’espacement PDMA et BzA, respectivement. Nos résultats démontrérent que les deux pérovskites
sont des conducteurs mixtes présentant des conductivités trés similaires, et qui sont bien moindre que celle de
MAPDI;. Etonnamment, la vitesse d’échange d’iode dans ces échantillons est comparable aux pérovskites hy-
brides tridimensionnels. L’expérience de dopage d’iode suggére que les vacances d’iode sont les principaux
conducteurs d’ions et nous avons obtenu des énergies d’activation pour les transporteurs d’ions comprises
entre 0.6 et 0.9 eV, ce qui est significativement plus grand que pour les pérovskites hybrides en 3D. Ceci
implique que la réduction de la dimensionnalité des pérovskites est une stratégie efficace pour prévenir et

diminuer la migration d’ion.

Mots-clés: pérovskites hybrids en couches, hydratation, relations structure-propriétés, conductivité
mixte, molécules d’espacement aromatiques
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Chapter 1  Introduction

1.1 The call for sustainable energy technologies

Energy is central to the development of humanity. For ages, biomass had been one of the primary
energy sources, which was substituted by coal which is more energy-dense. Coal played a crucial role in the
first industrial revolution as it had been used to produce coke, the primary fuel in metallurgy to smelt iron.
Moreover, coal had been the fuel to power the steam engines in the X VIII-XIX centuries. With the
increasing human population and accelerated technological development, more energy resources were
needed. Subsequently, the modern era of using oil and gas started in the XIX century, which was adopted in
most industry sectors. The demand and investments stimulated an increase in oil production without knowing
that the relentless dependence on fossil fuels would pose an existential threat to humanity and the entire

ecosystem. '~

Energy from fossil fuels is extracted via combustion reaction with carbon dioxide (CO,) as a byproduct,
which traps heat by absorbing and re-emitting infrared light. Historical data reveals a steadily increasing con-
centration of CO, (Figure 1:1a).”> As the concentration of CO, increases, more heat is trapped. The excess
heat raises the global temperature, which induces secondary effects, such as methane release from the thaw-
ing of permafrost, and increased water vapor content in the atmosphere, effectively trapping more heat and
causing global warming. This process features a negative feedback loop that can only be resolved by reduc-
ing CO, emissions, which requires controlling the use of fossil fuels as limited and polluting energy re-
sources. However, there is a geopolitical challenge to this issue as vast oil and gas resources are controlled
by several countries that are part of the Organization of the Petroleum Exporting Countries (OPEC), which
could manipulate oil and gas prices by altering the levels of supply,* triggering far-reaching effects on the

global economy.™®

In addition, oil and gas can be used as weapons in modern warfare, as exemplified by the currently ongoing
Russo-Ukrainian war. For instance, Europe is in a highly vulnerable position due to its heavy reliance on
Russian oil and gas. Thus, fossil fuels are inflicting not only global warming but also wars, which could lead
to devastating consequences. Therefore, there is substantial pressure on humanity to stop using fossil fuels as
soon as possible. This can be facilitated by relying on alternative energy resources to replace fossil fuels. For
instance, nuclear, hydro, biomass, wind, and solar energies have already been identified as viable substitutes.

Among these energy sources, solar energy has the most significant potential (Figure 1:1b).’
9
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Figure 1:1. (a) Evolution of CO2 concentration in the atmosphere in 1960-2021, (b) global energy potential by fuel
type.’

Solar power can be converted into thermal or electrical energy. For solar-to-thermal energy conversion, ther-
mal radiation is collected by the flat solar thermal collectors which transfer the power to the heat exchanger
that warms the water in the households. On the utility-scale, solar concentrators, such as parabolic mirrors,
are used to improve efficiency. Alternatively, an array of heliostats can be used to focus the sunlight on the
receiver, which contains heat transfer fluid such as molten glass. In this case, thermal energy is used to gen-
erate steam which powers the electricity generators. However, this technology is not very scalable since it
requires large areas to install the arrays of mirrors with two-axis rotors, which help track the motion of the

sun. In this regard, technologies converting solar energy directly into electricity are more attractive.

Technologies that utilize photons to generate electricity are called photovoltaic (PV) cells, which are com-
monly based on stacks of semiconductor materials. The main component in a PV cell is a photoactive semi-
conductor, which effectively absorbs light and converts it to electron and hole pairs. PV cells can be divided
into generations based on the photoactive layer. The 1% generation solar cells employ single-crystal or poly-
crystalline silicon wafers for light harvesting, which is the most mature technology. The 2™ generation PV
cells are based on thin-film semiconductors such as amorphous silicon, cadmium telluride (CdTe), and gal-
lium arsenide (GaAs). Lastly, the 3" generation is based on the novel photoactive materials, such as organic
semiconductors, dye sensitizers, quantum dots, and hybrid halide perovskites. In particular, hybrid halide
perovskite solar cells have captured a tremendous amount of attention in the past decade due to its photovol-
taic performance (Figure 1:2), which has approached performance levels (25.7 %) of mature technologies

such as single crystal silicon cells in just a decade.

10
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Figure 1:2. Best research-cell solar-to-electric power conversion efficiency chart highlighting the emerging photovoltaic

technologies.?

1.2 Hybrid halide perovskites

Hybrid halide perovskite materials are based on both organic and inorganic building blocks defined
by a chemical formula ABX;*'° The inorganic sublattice is formed by a three-dimensional network of cor-
ner-shared BX¢" octahedra, where B are divalent metal cations, such as Pb*" or Sn**, and X are halide anions
(CI', Br or I'), while A central cations fill the cuboctahedral cavities. Due to geometric limitations reflected
in the empirical Goldschmidt’s tolerance factor,'' only certain A cations are compatible with the perovskite
structure, such as methylammonium (MA™), formamidinium (FA"), and cesium (Cs").'*'* Nonetheless, the

chemical space of hybrid halide perovskites offers a vast variety of possible compositions.'

Compositional engineering has been extensively used to tune the properties of hybrid perovskite materials."
Halide mixing proved to be an effective strategy to modulate the bandgap.'®'” Alternatively, Pb substitution
with Sn can also control the optical bandgap,'® as the conduction and valence band edges are formed by B
and X orbitals.'” However, Sn-based perovskites suffer from poor stability due to Sn** oxidation,*® making
these materials predominantly Pb-based. Lastly, the optical bandgap can be modulated by mixing A cati-
ons.?""* In this case, local strain affects the lattice parameters and octahedral tilting, changing the B and X
orbital overlap and the resulting (opto)electronic structure.” It has been demonstrated that A cation can be
one of the critical parameters for solar cell performance.'? Initial studies focused on perovskites based on
MA cations,** whereas a significant boost was achieved when FA substitutes MA cations.” The gains in per-
formance are ascribed to a more optimal bandgap,®® allowing to reach 25.7 % of power conversion efficiency

that is close to the thermodynamic (Shockley-Queisser) limit for the single junction PV cells.”’

11



Despite their excellent optoelectronic properties, the perovskite solar cell technology has not yet been fully
exploited due to poor material stability. This is related to the effect of external factors, such as humidity, ox-
ygen, heat, and light, which can cause degradation.”®* Furthermore, hybrid halide perovskites are mixed
ionic-electronic conductors with a significant ionic component. Under operational conditions, the migrating
ions might lead to hysteresis effects,*® suppressed PV performance,’' or even photodecomposition via iodine
excorporation.’>** All these shortcomings hold perovskite technology back from full commercialization.***’
Many studies report the improved stability after perovskite surface passivation or bulk incorporation with
organic ligands, which could lead to the formation of low-dimensional perovskites.***’ These materials are
thermodynamically more stable than their 3D counterparts due to higher formation energies, as well as

higher resilience to external degradation factors.*' ™ This particularly refers to layered (two-dimensional)

hybrid perovskites, which belong to the class of low dimensionality perovskites.

1.3 Layered hybrid perovskites

The dimensionality of hybrid halide perovskites is defined by the connectivity of the {BXs} octahe-
dral network (Figure 1:3a). In archetypical perovskite compositions, such as MAPbI; and FAPbI;, {BXs}
octahedra extends in three dimensions. On the other hand, layered (two-dimensional, 2D) perovskites consist
of perovskite slabs that form a 2D-like network. Further reduction in the octahedron connectivity results in
one-dimensional (1D) perovskites followed by zero-dimensional (0D).** While three-dimensional perov-
skites consist of corner-sharing octahedra network, different biding modes (edge, phase-sharing) (Figure

1:3b) are available in lower-dimensional perovskites.

a) 3D 2D 1D 0D

G ¢
SRR L 2R 4

Corner-sharing Edge-sharing Face-sharing

66 X P

Figure 2:3. (a) Schematic of octahedron network dimensionality. In the 3D case, the network expands in all directions;

the 2D connectivity extends along two axes. In the 1D example, the octahedron connects along a single axis, and no

network is formed in the 0D case. (b) Possible modes of octahedron connectivity.
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Depending on the crystallographic plane that bisects the three-dimensional (3D) perovskite framework (Fig-
ure 1:4a-b), layered perovskites can be further classified into (100), (110), or (111) phases.* The latter is the
least common structure, as it requires trivalent B ions or incorporation of the vacancies on the A site.*®
<100> oriented perovskites (Figure 1:4¢) are the most commonly reported. They can be classified into Rud-
dlesden-Popper (RP),*” Dion-Jacobson (DJ),* and alternating cations (AC),* which can be viewed as a com-
bination of RP and DJ archetypes (Figure 1:5). The chemical formula of RP perovskites is (A’)2An-1PbnXsn+1,
with A’ denoting monofunctional spacer and » the number of perovskites layers, which are displaced with
respect to each other by half a unit cell parameter along the in-plane directions (1/2, 1/2).°° On the other
hand, DJ perovskite layers are not displaced and they commonly involve bifunctional spacer molecules bind-
ing neighboring perovskite layers, with the chemical formula (A’”)An.1PbyX3n+1, where A’’ is a bifunctional
spacer. Both DJ and RP phases can be further categorized into compositions based on the number of octahe-

dral perovskite layers (n).

Figure 1:4. Representation of cubic three-dimensional perovskite lattice and its cuts along (a) (100) and (b) (110)

direction. Corresponding examples of (c) <100> and (d) <110> oriented layered hybrid perovskites.

Layered hybrid perovskites can be treated as natural quantum well structures as their charge carriers are con-
fined to perovskite slabs, with increasing exciton binding energy as compared to 3D phases.’' Moreover, the
bandgap of common 2D perovskites, such as Pb and I-based n = I composition, is above 2 eV,*® undermin-
ing their potential use as efficient photoactive layers. The introduction of quasi-layered perovskites (n > 1)

allows tuning optical properties as the confinement effects are reduced with an increasing layer thickness
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(n).>*>' However, maintaining a phase-pure quasi-layered structure is a challenge, as the formation energy of
compositions with different # is closely comparable, leading typically to the formation of mixed phases of

various 7 compositions that are not determined by the stoichiometry of the precursors.*

ACI (0,1/2)3 (1/2,1/2) RP
°
ACI RP
c m phase m
B o e =
DJ ACI
. DJ ACI 44
@

L _ng
(0,0) a (1/2,0)
1 466 +64 .

Figure 1:5. Schematic representation of layered hybrid perovskites and their phase which indicate the relative
displacements with the adjacent perovskite layers. Layers in DJ perovskites stack directly on top of each other with no
displacement (0,0), while RP and ACI form staggered packing arrangements with the (1/2,1/2) and (1/2,0) or (0,1/2),

respectively.

The structural and optoelectronic properties of layered hybrid perovskites are dependent on the organic
spacer. There are no strict selection rules concerning spacer molecules as long as they are geometrically
compatible with the perovskite lattice since the layered structure is more flexible to accommodate various
cation sizes, extending the chemical space of layered hybrid perovskites. Based on their functionality, the
spacer molecules can be electronically insulating, electroactive, or photoactive.’” The majority of organic
spacers designed to date are electronically insulating, which template the structure of the layered hybrid per-
ovskites and do not directly contribute to the modulation of (opto)electronic properties. (Figure 1:6a) On the
contrary, electroactive spacers not only template the growth of layered hybrid perovskites but are also con-
tribute to the electronic bandgap formation through the alignment of their highest occupied molecular orbital
(HOMO) and/or lowest occupied molecular orbital LUMO levels with the conduction band (CB) and valence
band (VB) edges (Figure 1:6b-d).>*>*

However, the electroactive spacers consist of sterically demanding polycyclic aromatic cores, such as py-
rene, perylene, and naphthalene, making their incorporation into perovskite structure challenging. Alterna-
tively, photoactive spacer contributes to the resulting functionality in response to light, such as by undergo-
ing cross-linking via photopolymerization reaction under irradiation.”® To date, the most attention is attracted
to insulating spacers due to their relatively simple structure and accessibility, as well as good compatibility

with three-dimensional perovskites and enormous diversity.*®
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Figure 1:6. Example of the band diagram of layered hybrid perovskites with (a) insulating spacer layers and (b-d)

electroactive spacers.

1.3.1 Building blocks of spacers molecules

When designing spacer molecules, one should consider three components, namely the core
(backbone), anchoring group, and the substituent (functional) groups. The core of the spacer can be aliphatic
or aromatic moieties. The former provides flexibility to the spacer, while the latter contributes to its rigidity.
This profoundly affects the charge transport properties as the exciton diffusivity increases with the spacer
rigidity.”” Moreover, the length of the aliphatic spacer might affect the light absorption properties® and
stability’”® or even crystal growth and orientation.’"*> Moreover, the size of the aromatic spacers can
influence the phase distribution in quasi-layered perovskites.®> Additionally, the length and position of the
linkers, which connect the core of the spacer with the anchoring group, play a crucial role in controlling the
steric hindrance effect. Extended linkers release hindrance, allowing stronger interactions.’® Alternatively,

bifunctional aromatic spacers with para-substitution have the least steric hindrance.®*

Typically, organic spacers are primary ammonium ions that bind to the inorganic framework. The introduc-
tion of secondary, tertiary, or quaternary ammonium salts might be unfavorable due to decreased number of
hydrogen bonds and increased steric demand. On the other hand, this opens new avenues for molecular engi-
neering to tune material properties. For instance, it has been demonstrated the propensity of tertiary diprop-
ylammonium iodide salt to form layered perovskites, which shows higher thermal stability than its 3D coun-
terpart.®> This has been attributed to the higher number of van der Walls interactions which compensate for
the negative effect of the lower number of hydrogen bonds. Even spacers with quaternary ammonium an-
choring groups (e.g. phenyltrimethylammonium) forms layered perovskites with improved stability.®® None-
theless, bulky anchoring groups might induce significant distortions in the perovskite slabs, which would re-

sult in larger bandgaps, which is detrimental for PV applications.®’
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Other functional substituent groups (-H, -F, -CI,-OH, -CH3) can be incorporated into the spacer, thereby af-
fecting its assembly.®® 7" The position of the substituent can significantly affect the structural disorder in the
thin film samples. For example, para-fluorinated phenylehtylammonium (PEA) spacers were found to be co-
aligned and packed in an ordered way, while ortho- and meta-isomers assemble in a less ordered manner.”
Although not beneficial to photovoltaics so far, such rearrangements might break the crystal centrosym-
metry, providing additional functionality for the potential applications in piezoelectricity or second harmon-
ics generation.”" Lastly, perfluorinated spacers have enhanced environmental stability due to increased hy-
drophobicity. *7* Other functional groups can contribute to tailoring the assemblies of the spacer layer
through various noncovalent interactions, indirectly affecting the properties in perovskite materials and de-

vices.*?
1.3.2  Prospects of DJ layered hybrid perovskites

The nature of spacer cations further defines the layered perovskite phase. Specifically, DJ type
layered perovskites typically contain monolayers of bifunctional spacers, whereas RP structure is supported
by the bilayers of monofunctional spacers which interact via van der Waals forces. With an additional degree
of freedom, monofunctional spacers are more flexible to penetrate deeper into perovskite slabs and establish
stronger hydrogen bonding interactions. Due to enhanced attractive forces, in-plane octahedral distortion can
be induced.” Consequently, B and X orbital overlap reduces as the layers get more distorted, leading to an
increase of the bandgap.”>’® In addition, owing to the van der Waals gap, the interlayer distances in RP
perovskites are larger, leading to strengthened charge confinement effects,”’ leading to high exciton binding
energies.”’ This impedes charge carrier extraction, which is essential for PV applications. In this regard, DJ
type perovskites have more prospects, benefiting from weaker confinement’®” due to short interlayer

spacing, which might be further reduced under the light.*

Environmental stability is one of the most attractive advantages of layered hybrid perovskites. Due to the hy-
drophobicity of the organic spacer, layered perovskites are reported to have better stability in humid atmos-
pheres than their 3D counterparts.*”®' The stability depends on the strength of the interaction between or-
ganic cations and the inorganic framework.'® Thus, the stability of layered hybrid perovskites relates to the
strength of the assemblies, such as due to hydrogen bonding and van der Waals interactions. This is particu-

larly relevant when comparing DJ and RP phases.®®*

The structural difference between DJ and RP perovskite phases might also reflect the mechanical properties,
which are very important for strain engineering that has become a topic in the perovskite community.*%
Currently, it is known that layered hybrid perovskites are softer than their 3D counterparts, which is at-

tributed to the compressible organic spacer layers. *** Studies on pressure-dependent structural properties
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report similar behavior of both aliphatic and aromatic spacers.””* However, little is known about the role of

the van der Waals gap in determining the mechanical properties.

Finally, ionic migration in layered hybrid perovskites is expected to be reduced due to reduced dimensional-
ity and the insulating spacer layer, consequently further benefiting their intrinsic stabilities. Early reports
demonstrated that ion migration in materials based on monovalent spacers, such as n-butylammonium (BA)”
and 2-phenylethylammonium (PEA)’! is suppressed, confirming the initial hypothesis. However, the litera-
ture on this topic is presently very scarce. Yet, the role of the van der Waals gap in controlling ion migration
remains elusive as there are no reports investigating the ionic transport properties of DJ systems. This is an
important gap in knowledge on the structure-property relationships of these materials of interest to their ap-

plication in optoelectronics as well as the emerging field of optoionics,”® stimulating ongoing investigations.

1.4 Thesis goals

This thesis focuses on unraveling the critical structure-property relationships of layered hybrid perovskites
based on Dion-Jacobson phases. The research is therefore based on n=1 compositions employing phenyl-
derived spacer moieties as model systems, with more emphasis on the DJ phases, which are underrepresented
in despite their potential advantages over RP analogues. This has been addressed through the following ques-

tions in the thesis.

e How stable are DJ-type perovskites in a humid environment? (Chapter 2)

e What is the role of alkyl chain length of the spacers? (Chapter 3)

e Can perfluorination of the spacer affect the material properties? (Chapter 4)

e How does the van der Waals gap affect the mechanical properties? (Chapter 5)

e  What are the mixed conductivity properties of layered hybrid perovskites? (Chapter 6)

Chapters 2 to 5 are based on published studies that were completed over the course of my doctoral research,
while Chapter 6 contains the results of the work, which is in preparation for publication. Each of the follow-
ing chapters includes a more focused introduction to the questions enlisted above while providing specific

objectives and methodologies employed in the course of this research.
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Chapter 2 Stability of Dion-Jacobson hybrid
layered perovskites in humid environment

This chapter is based on the publication in ACS Energy Letters entitled:
Unravelling the Behavior of Dion—Jacobson Layered Hybrid Perovskites in Humid Environments
by:

Algirdas Ducinskas, Gee Yeong Kim, Davide Moia, Alessandro Senocrate, Ya-Ru Wang, Michael A. Hope,
Aditya Mishra, Dominik J. Kubicki, Mitosz Siczek, Wojciech Bury, Thomas Schneeberger, Lyndon Emsley,
Jovana V. Mili¢, Joachim Maier, Michael Gritzel

My contribution:

Led the project, conceptualized the study, established collaborations, performed most of the experiments,
made most of the figures, and wrote the manuscript.

DOI:

https://doi.org/10.1021/acsenergylett.0c02344

2.1 Introduction

Despite exceptional photo-electrochemical properties, *'° hybrid halide perovskites materials show
poor intrinsic and extrinsic stability (towards temperature, electrical bias, light, oxygen and moisture).”’ A
possible strategy to improve stability is to introduce large organic cations which, according to the Gold-
schmidt tolerance factor, cannot fit into the A site,” but are able to act as spacer molecules connecting neigh-
boring inorganic layers. The resulting materials are referred to as layered (2D) hybrid perovskites.”***They

9798 with chemical

can be further divided into two main categories, namely Ruddlesden-Popper (RP) phases,
formula A’»Ax.1BnX3n+1 based on monovalent organic spacer (A’) bilayers, and Dion—Jacobson (DJ) phases
defined by the A”’A,,1B.Xsn+1 formula featuring divalent spacer (A”) monolayers.” For both classes of mate-
rials, n is the number of perovskite layers between each layer of spacer molecules.”'*!'"! The spacer mole-
cules render 2D hybrid perovskites more resilient to moisture as compared to their 3D counterparts,®'*°
therefore, increasing the organic spacer content (i.e. reducing the number of perovskite layers, n) is expected
to enhance the stability against moisture. Accordingly, it was reported that RP-type layered perovskites
based on 2-phenylethylammonium (PEA") spacer moieties in n = 5 compositions disproportionate upon ex-
posure to humid atmosphere into lower (1 < 5) compositions.'* Similar observations apply to butylammo-
nium (BA")-based layered hybrid perovskites.'”*'® Moreover, RP perovskites based on a 1-propylamine
spacer exhibit inferior stability as compared to DJ perovskites based on 1,3-diaminopropane analogues,

which was attributed to the removal of the van der Waals gap present in RP hybrid perovskites.'”® This
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suggests that the structure of layered perovskites plays an important role in their stability against humidity
and that DJ perovskites have the potential to exhibit enhanced moisture tolerance. However, their behavior in
humid environments has not been critically assessed.

Bifunctional spacers directly connect the perovskite layers of the DJ phase,”'"’

resulting in the shorter inter-
layer spacing, which could improve charge transfer.'” For this reason, DJ perovskites have been imple-
mented in PV devices and reached a power conversion efficiency of 18%.'” Even though DJ phases are ex-
pected to exhibit improved extrinsic stability, a few hydrated structures have been reported for perovskites
based on bifunctional spacers, such as 2-(aminomethylpyridinium)''’ and 1,4-phenylenediammonium.'"' The
examples of hydrated phases comprising bifunctional spacers suggest that DJ perovskite phases might be
prone to hydration, which has so far not been demonstrated, despite its relevance for their optoelectronic ap-
plications. Therefore, in this chapter I present an study on hydration effects in DJ layered hybrid perovskites
based on 1,4-phenylenedimethanammonium (PDMA?*") spacer, which has been reported to be a promising
candidate for PV applications.'"''>!"3 In contrast to the expected resilience to moisture, we reveal that thin
films and powders of (PDMA)Pbl4 (n = 1) undergo hydration upon exposure to > 65 + 5% relative humidity,
as demonstrated by X-ray diffraction (XRD) and UV-vis absorption spectroscopy, as well as thermogravi-
metric analysis (TGA) and solid-state NMR spectroscopy. However, the corresponding changes in structural
and optical properties could be reverted upon annealing at 150 °C and suppressed by post-synthetic anneal-
ing in air. The latter phenomenon was attributed to the generation of Pbl, that acts as a self-protective layer,

retarding humidity-induced changes.

2.2 Results and discussion

2.2.1 Characterization of pristine (PDMA)PDbI; thin films

Perovskite thin films of (PDMA)PbI4 were fabricated via spin-coating with a solution obtained by
mixing stoichiometric quantities of the corresponding precursors, followed by annealing at 150 °C for 10
min (detailed information about films prepration is presented in Annex, Section 8.1.1). While n =1 compo-
sitional representatives, such as (PDMA)Pbls, might not be the best candidates for photovoltaic applica-
tions,” they feature the highest relative content of the spacer layer that are thus expected to present the great-
est resilience to moisture. Furthermore, unlike n > 1 compositions that form mixtures of quasi-2D and 2D/3D

phases in thin films,’**°

rendering their critical assessment more complex, # = 1 compositions are known to
form well-defined 2D phases in thin films. Therefore, they represent appropriate model systems to evaluate

the behavior of this class of materials in humid environments.
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Figure 2:1. (a) Structural representation of the (PDMA)PbI4 layered structure. Pb*" is shown in grey, I- is depicted in
dark purple, and the PDMA?" is depicted with its DFT-calculated structure.''* (b) XRD of (PDMA)PbI4 thin films on
microscope glass. Peaks denoted with * belong to (001) Bragg planes and # to (h00) planes. (¢) UV-vis spectrum of
(PDMA)PDbl4 thin films on microscope glass.

To confirm the formation of the layered (PDMA)PbL4 perovskite structure, the films were analyzed by XRD.
The diffraction pattern (Figure 2:1b) exhibits a peak at a low diffraction angle (20 = 7.2°), corresponding to
an inter-planar d-spacing of 12.2 A, which provides a fingerprint of the layered structure.' !> Considering
that the PDMA?" molecule length and the [PbIs]* octahedron size are both approximately 6 A (Figure 2:1a),
this peak is attributed to the (001) reflection. The higher-order (00/) diffraction peaks are found at 14.3, 21.5,
and 28.8°. This indicates the presence of crystallites that consist of perovskite layers that are parallel to the
substrate.''®!"” The further peak at 14.5° is assigned to the (100) reflection since the corresponding d-spacing
of approximately 6 A is comparable to the size of the [Pbls]* octahedron. The (200) reflection is also ob-
served at 29.1°, and these correspond to crystallites with the perovskite layers perpendicular to the sub-
strate.®"'"® Thus, crystallites in the analyzed (PDMA)Pbl, thin films have both perpendicular and parallel ori-
entations, which is in good agreement with previous reports.'?%!!>!1?

Having demonstrated that (PDMA)Pbl,4 forms a layered structure and taking into account that the van der
Waals radius of iodide is smaller than the spacing between the inorganic layers,'*” quantum confinement is
expected to take place, where the 2D layer of corner-sharing [Pbls]™ octahedra forms a quantum well struc-
ture.''” Indeed, the UV-vis absorption spectrum of (PDMA)Pbl, shows a strong excitonic absorption peak
located at 510 nm (Figure 2:1¢), which indicates significant confinement of the excitons (exciton binding en-
ergy >>kT).”" In addition to the main excitonic peak, an absorption peak is detected at 395 nm, which could
correspond to optical transitions to the Rydberg states.’' This, however, appears unlikely since the energy
difference between the two absorption peaks is 0.7 eV, which is higher than the reported exciton binding en-
ergies. >""'?!. Alternatively, the absorption peak could be caused by a secondary phase, which is not observed
by XRD. Amorphous phases such as reaction intermediates incorporating solvent molecules'** could be re-
sponsible for this second feature. However, a clear solvent dependence of the absorption peak has not been

observed (Annex, Figure 8:1:4).
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2.2.2 Hydration of (PDMA)Pbl4 thin films

Upon exposing the (PDMA)PbL, films to 65 + 5% RH, their color changes and the films become
pale (Figure 2:2a, inset). These treated films will be further referred to as hydrated. Their UV-Vis absorption
spectra (Figure 2:2a) clearly indicate that the excitonic peak at 510 nm, which is attributed to the layered
structure, is suppressed, whereas the 395 nm absorption peak is enhanced. This observation supports the ar-
gument that the 395 nm peak is not caused by the optical transitions to a Rydberg state associated with the
low energy absorption peak. Such a strong, localized optical absorption at 395 nm suggests that this peak
could come from a phase with reduced dimensionality that forms upon hydration, as reported previously for
low-dimensional perovskite materials.'***° For instance, hydration studies on MAPbI; revealed that, upon

exposure to humid air, MAPbI; transforms into a 1D hydrated phase,'**-’

which features a localized absorp-
tion at c.a. 400 nm, or to a 0D structure.'” Earlier studies on 1D iodoplumbates also show optical absorption
in the 400 nm region.*’ In addition to the reduction in dimensionality, changes in connectivity between
[Pbls]* octahedra may cause variation in the optical band gap;*' 1D perovskites with face-sharing octahedra
have larger band gaps than their 2D corner-sharing counterparts.*' Alternatively, the spacing between inor-
ganic perovskite layers may also have an effect on the absorption properties,'** yet XRD patterns of pristine
samples (Figure 2:2b) do not include signals that reveal larger d-spacings. From this we conclude that the

absorption at 395 nm corresponds to a low-dimensional phase, the origin of which is not determined in the

pristine sample.

To assess variations in the crystal structure and changes in crystallinity, the structural properties of hydrated
(PDMA)Pbl4 samples were analyzed by XRD (Figure 2:2b, blue). The most intense peaks of hydrated sam-
ples are recorded at 8 and 13° without a set of clear (00/) reflections, which implies that the layered structure
is disrupted. This observation is in agreement with the decrease in the absorption of the excitonic peak.
Moreover, the absence of the peak at 12.8° suggests that the samples do not undergo degradation to form
Pbl,, unlike 3D halide perovskites under comparable experimental conditions.'*® Furthermore, crystallization
from a water-based solution enabled a single crystal to be isolated (detailed information about crystal growth
is available in Annex, Section 8.1.2). The structure determined by XRD (Figure 2:2b, red) confirms the pro-
pensity to form 1D perovskite-like structures with PDMA*" in the presence of water. The crystals were found
to have a stoichiometry of (PDMA)Pb,ls-2H-0, crystallizing in the monoclinic P2;/n space group, with the
[Pb,ls]* " forming an infinite polymeric chain structure along the crystallographic a-axis. The PDMA?" cati-
ons are also aligned, forming stacks along the same axis, whereby the aromatic rings of neighboring spacers
interact by parallel-displaced -+ *m stacking interactions with a distance of 3.54 A. Water molecules and
NH;" moieties of the PDMA?" ions are involved in the formation of N-H~O hydrogen bonds, forming lad-
der-like polymeric chains along the a-axis, which separate [Pb,ls]* ", polyanions. The simulated XRD pattern
of the (PDMA)Pb,ls-2H-0 structure (Figure 2:2b, red) closely matches the experimental XRD pattern of the
hydrated films (Figure 2:2b, blue), which indicates that this is the 1D phase that forms upon exposure of
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(PDMA)PbI4 to humidity. However, since the PDMA:PD ratio is different between the initial 2D DJ and hy-
drated 1D phases, the hydration reaction must also form (PDMA)I,, according to the following reaction
(Equation 2:1). This is consistent with the (PDMA)I, signals observed in the XRD pattern (Figure 2:2b,
grey). The scattering power of the lighter (PDMA)I; is significantly less than for (PDMA)Pb.ls2H,O, but

the ratios of the observed reflections are approximately consistent with the expected 1:1 atomic ratio.

2(PDMA)PbI, + 2H,0 —» (PDMA)Pb,I, - 2H,0 + (PDMA)I,

Equation 2:1 — Hydration reaction formula.
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Figure 2:2. (a) UV-Vis absorption spectra of (PDMA)Pbl4 films, before (black) and after (blue) exposure to 65 £ 5%
RH. After hydration, the peak at 510 nm is suppressed whereas the one at 395 nm is enhanced. The inset shows photos
of pristine (stored in 5 % RH) and hydrated films. (b) XRD patterns of pristine (black), hydrated (blue) films, and the

simulated patterns of the hydrated 1D (PDMA)Pb2ls2H20 structure (red) (shown in ¢; CCDC number 2041350) and

(PDMA)I structure (grey; CCDC number 2041787) based on the single crystal analysis, indicating the disruption of the
layered structure upon hydration. The XRD intensity of the hydrated sample is multiplied by 10.

In order to quantitatively determine the water uptake by the thin films and powders, we performed thermo-
gravimetric analysis (TGA) on (PDMA)Pbl4 powders (Annex, Section 8.1.3). This study reveals that at 35 +
2% RH, there is around 4 at% hydration (Annex, Figure 8:1:1). In comparison, for the (PDMA)I, precursor
salt, even less hydration was observed (1.8 at% hydration at 35 + 2% RH) (Annex, Figure 8:1:2). It is as-
sumed that Pbl, does not hydrate at 35 £+ 2% RH since Pbl, films do not exhibit changes in optical absorption
after exposure to a 65 + 5% RH atmosphere (Annex, Figure 8:1:5). This suggests that it is the structure and
packing of such layered perovskites that are required for significant hydration and not the properties of the
constituents.' The (PDMA)Pbls powders show a higher water uptake under 65 + 5% RH conditions; TGA
measurements indicate a hydration stoichiometry of 0.98 + 0.02 H,O per PDMA** (Annex, Figure 8:1:3), in
accordance with the 1:1 ratio predicted by hydration reaction (Equation 2:1). Unlike hydrates of MAPDI3,
which are reported to spontaneously revert to the initial perovskite structure when returned to a 35% RH at-

mosphere at room temperature,'** the hydrated (PDMA)Pbl4 phase does not spontaneously convert back to
p p
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the layered perovskite structure when the humidity is lowered. Dehydration was not observed even when
samples were stored under a ~15% RH argon atmosphere (Annex, Figure 8:1:6). This suggests that the hy-

drated phase is stable at room temperature.

The structural changes and degree of hydration were further characterized by solid-state NMR of the
(PDMA)I; precursor, mechanosynthesis (PDMA)Pbl4, and scraped thin films of hydrated (PDMA)Pbls4 (An-
nex, Section 8.1.4). Following the mechanosynthesis of (PDMA)Pbl, significant changes in the 'H reso-
nances of the PDMA?" moiety are observed compared to the precursor (PDMA)I, salt (Figure 2:3), corre-
sponding to the substantial change in structure. Upon hydration, the "H spectrum changes significantly (Fig-
ure 2:3), confirming the considerable structural change shown by XRD. The components arising from
(PDMA)Pb:1s-2H>0 and (PDMA)I, cannot be fully resolved. However, an additional intensity corresponding
to the H,O is observed, and quantification of the 'H spectrum yields a hydration stoichiometry of 0.86 — 0.99
H,O per PDMA*" (Annex, Table 8:1:1), which shows that the reactivity of the thin films is the same as for
the powders studied by TGA.
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Figure 2:3. "H NMR spectra of (PDMA)I2, mechanosynthesised (PDMA)Pbls, and scraped thin films of (PDMA)Pbl4
following hydration. Spectra were recorded at 21.1 T and 50 kHz MAS with a Hahn echo pulse sequence and a 10 s
recycle delay. Resonances are labelled with their chemical shift, and assignment according to the inset structure of

PDMA?". Note that in (PDMA)I there are two crystallographically distinct CHz (b) environments in the structure and

for the hydrated sample the PDMA?" resonances in (PDMA)PbzlsxH>0 and (PDMA)I overlap and cannot be fully re-

solved.
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2.2.3 Reversibility of hydration process

To probe the reversibility of the hydration process, in-situ temperature-dependent XRD measure-
ments were performed starting from already hydrated powders. Upon heating under a nitrogen atmosphere,
the hydrated form reverts to the layered structure at 150 °C, as shown by the disappearance of the diffraction
peaks at 8, 9, and 13° (Annex, Figure 8:1:7). Comparable diffraction patterns are observed for pristine and
dehydrated samples (Figure 2:4d). However, the crystallinity of the dehydrated (PDMA)PDbI, is lower com-
pared to the pristine sample. Furthermore, no signals of Pbl, species can be distinguished, which excludes
irreversible degradation during the hydration—dehydration process. In addition, upon dehydration (150 °C for
10 min under an inert atmosphere), the absorption spectra of dehydrated (PDMA)Pbl, films closely resemble
those of the pristine films (Figure 2:4a). The recovery of the optical properties was further assessed by meas-
uring photoluminescence (PL) (Figure 2:4b). While pristine films emit at 517 nm, hydrated samples have
broad and weak emission in the range of 400—470 nm. This PL signal is expected to originate from the hy-
drated phase via trap-assisted emission. '*° Dehydrated samples exhibit strong emission at 518 nm accompa-
nied by a broad emission in the range of 400—470 nm. These results suggest partial reversibility of the hydra-

tion-induced structural and optoelectronic changes.
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Figure 2:4. (a) UV-Vis absorption spectra of (PDMA)Pbls films at different hydration states. (b) PL emission spectra;
the inset shows emission in 370 nm to 500 nm, which is attributed to the hydrated (lower-dimensional) phase. Dehy-
drated samples were heated at 150 °C for 10 min under argon. (¢) Evolution of PL parameters: peak position (black rec-
tangles), full width at half maximum (FWHM) (red rectangles), and PL peak intensity (blue triangles) over two hydra-
tion and dehydration cycles. (d) XRD diffraction patterns of pristine (black), hydrated (blue), and dehydrated (red) films

also indicate the reversible nature of the process.
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In order to further address the reversibility of this process, PL emission properties were monitored for two
consecutive hydration—dehydration cycles (Figure 2:4c). Pristine films exhibit stronger and narrower PL
emission than films after hydration—dehydration, however, the PL emission properties of films after the first
and second hydration—dehydration cycles are closely comparable. The drop in PL intensity and peak broad-
ening could be attributed to the structural rearrangements during the 1% hydration-dehydration cycle and re-
duced sample crystallinity. (Figure 2:4d). Such changes in structural and optoelectronic properties upon hy-
dration are observed for the thin films of (PDMA)FAPb.I; n =2 compositions as well, indicating that higher
compositional representatives are also prone to hydration under comparable mechanism. The XRD pattern of
hydrated (PDMA)FAPD;I; film show diffraction peaks that closely correspond to (PDMA)Pb.ls-2H>O and
(PDMA)I, suggesting that the hydration process of n = 2 phases is comparable to the hydration in n = 1 sys-
tems (Figure 2:5a). However, unlike n = 1 compositions, they show a lower level of reversibility under com-
parable experimental conditions as dehydrated films exhibit more prominent # = 1 excitonic peak (Figure
2:5b), which is likely to be associated with higher structural rearrangements that require further analysis

which is beyond the scope of this investigation.
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Figure 2:5. (a) XRD patterns of pristine (black) and hydrated (blue) (PDMA)FAPb:I7 (n = 2), pristine (purple)
(PDMA)PbI4 (n = 1) films, along with the simulated patterns of the hydrated 1D (PDMA)Pbzls-2H20 (red) and
(PDMA)L: (grey). (b) UV-Vis spectra of pristine (black), hydrated (blue), and dehydrated (red) (PDMA)FAPb2I7 n =2

films.

2.2.4 Kinetics of hydration process

The reversibility of water-induced changes of structural and optoelectronic properties is highly rel-
evant to the protective role of 2D perovskites in perovskite solar cells. For this purpose, it is important to es-
timate the rate of such changes. We, therefore, performed in-situ UV—vis absorption measurements of n = 1

samples exposed to a humid (65 + 5% RH) atmosphere. To determine the kinetic profile of the hydration
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process, we monitored the evolution of the optical absorption over time (Figure 2:6a) and analyzed the nor-
malized intensity of optical absorption at 510 nm at different time instances (Figure 2:6¢). The evolution of
the absorption suggests that pristine (PDMA)Pbl4 films hydrate within minutes at 65 + 5% RH. The hydra-
tion kinetics are dependent on the relative humidity level, with higher RH (~80%) atmospheres causing a

faster hydration process (Annex, Figure 8:1:8), which is in agreement with previous observations.'?”-'**
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Figure 2:6. (a) In-situ UV-Vis absorption spectra of pristine (PDMA)Pbls films that have been exposed to the 65 = 5%
RH in argon atmosphere for 150 min; the excitonic peak at 510 nm is gradually suppressed and it completely diminishes
after 150 min (blue line). (b) In-situ UV-Vis absorption spectra of samples post-annealed in air for 10 min at 150 °C
before (black line) and after being exposed to 65 £ 5 % RH argon atmosphere for 16 h and 45 min (blue line). (c) The
hydration kinetic profiles of pristine (black), post-annealed in argon (blue), and post-annealed in air (red) samples were

acquired by monitoring the intensity of the absorption peak at 510 nm.

Thus far, we have analyzed data referring to thin films or powders of (PDMA)Pbls which were annealed in
argon atmosphere. We now explore the effect of supplementary post-synthetic annealing (hereinafter referred
to as post-annealing) step performed either in argon or ambient atmosphere. The hydration is suppressed by
post-annealing samples in air at 150 °C for 10 min prior to the hydration step, with the samples showing a
remarkably improved resilience to moisture (Figure 2:6b). A comparison of the optical absorption as a func-
tion of time (Figure 2:6¢) unambiguously shows that the hydration rate is slowed significantly when the sam-
ple had been post-annealed in air (red curve) as compared to the pristine sample (black curve) or to a sample

that had been post-annealed in argon (blue curve).

To identify the origin of hydration resilience, we performed X-ray photoelectron spectroscopy (XPS) and
monitored the changes in surface chemistry. During the post-annealing process in air, (PDMA)Pbls may re-
act with oxygen and form PbO/PbO»;'* we therefore investigated the possibility of forming such a capping
layer that could slow down the hydration. However, Pb 4f core level spectra (Figure 2:7a) show no difference
between pristine and post-annealed in air samples, which is corroborated by the I 3d and O 1s spectra (An-
nex, Figure 8:1:9), implying that PbO/PbO; is not generated upon post-annealing in air. Alternatively, instead
of lead oxides, a Pbl, layer could form during the post-annealing step.'*’ This could also act as a protective
layer since Pbl, films do not appear to hydrate upon exposure to humidity, as monitored by in-situ UV-Vis

measurements. As the chemical environments of Pb*" ions in (PDMA)Pbl, and Pbl, are comparable, XPS is
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unable to discern the difference. Therefore, we analyzed the films using grazing-incidence XRD measure-
ments. The recorded diffraction patterns of pristine samples and those post-annealed in argon and air (Figure
2:7b) do not exhibit significant differences in either peak positions or peak intensities, in accordance with a
comparable crystal structure for all samples. However, the inset shows that post-annealed in air samples fea-
ture a very small diffraction peak at 12.8°, which corresponds to Pbl,. After longer post-annealing in air, the
diffraction peak at 12.8° becomes more pronounced (Annex, Figure 8:1:10) strongly indicating that during

this process the Pbl, is gradually generated.
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Figure 2:7. (a) X-ray photoelectron spectra (XPS) in the Pb 4f core level range of pristine (black) and post-annealed
(red) samples of (PDMA)Pbl4. (b) Grazing incidence XRD measurements of pristine (black), post-annealed in argon
(blue) and post-annealed in air (red) samples of (PDMA)Pbla4 before hydration indicate comparable crystal structures.

However, the inset shows a very small Pbl> peak that is apparent when the sample is post-annealed in air. (c—d) Surface
morphology images obtained by atomic force microscopy (AFM) suggest that both pristine (c) and post-annealed (d)

films consist of grains that are of comparable size. Post-annealing was performed for 10 min at 150 °C in air.

Based on the observation of a low degree of hydration for Pbl, thin films, this result suggests that Pbl, for-
mation may be responsible for the increased resilience to hydration of samples post-annealed in air. Another
possibility is that the difference in hydration rates is due to differences in the sample microstructure. For ex-
ample, assuming that water molecules have a faster diffusion through grain boundaries, the hydration of pol-
ycrystalline materials with larger grains should be slower. Atomic force microscopy (AFM) images of pris-
tine (PDMA)PDL, films reveal large grains of several um (Figure 2:7¢). Upon post-annealing in air, the sam-
ple roughness increases, yet the grain size remains comparable (Figure 2:7d). We can thus conclude that the

morphology does not significantly contribute to the suppression of the hydration, which can instead be
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mainly attributed to the generation of Pbl,. However, future work will be needed to assess if and how the
grain boundaries are involved in the hydration process, as well as to determine a detailed mechanistic under-
standing of this phenomenon. From our findings, we infer that during the post-annealing process in air, a thin
self-protective layer of Pbl, is generated, and consequently, the structure and optical absorption of post-an-
nealed 2D perovskites stabilize in humid environments. This provides a new route for increasing the mois-
ture stability of layered hybrid perovskites. Furthermore, the analysis of the 2D n = 1 composition provides
the basis for extending the understanding to n > 1 quasi-2D and 2D/3D perovskite systems that are expected

to be highly relevant for photovoltaic applications in the future.

2.3 Conclusions

In this chapter, I have presented the results of investigations of the effects of humidity on Dion—
Jacobson-type 2D layered hybrid perovskites of (PDMA)Pbls composition. I have demonstrated that ithin
minutes of exposure to 65 + 5% RH, a structural transformation takes place that disrupts the layered perov-
skite structure, as observed by XRD, solid-state NMR and UV-vis optical absorption spectroscopy. The for-
mation of 1D perovskite-like chains with water molecules is further evidenced by single-crystal X-ray struc-
ture analysis. The observed hydration-induced processes are partially reversible when annealing the powders
and thin films at 150 °C in an inert atmosphere, while the rate of hydration could be retarded by post-syn-
thetic annealing in air before exposure to humidity. We assign this effect to the formation of a thin layer of
Pbl,, which likely protects the 2D perovskite. This study thereby evidences the tendency of a 2D DJ layered
perovskite to hydrate in humid atmosphere. Moreover, it provides a new strategy to improve the resilience of
layered hybrid perovskites against moisture, which is relevant for the stabilization of hybrid perovskite-based

optoelectronic devices.
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3.1 Introduction

While the use of layered perovskites significantly widens the compositional space available for op-
toelectronic devices, there are several intrinsic problems. The identification of compounds that can be pro-
cessed into phase-pure 2D perovskite films with suitable structural and optical properties is a key chal-
lenge."*"*2 Depending on the application, environmental stability can also be an important constraint.'*?
Furthermore, due to insulating spacer molecules, the conductivity of these materials is lower as compared to
the 3D hybrid perovskites."** This can be to some extent circumvented by changing the number (n) of perov-
skite layers, which defines the quantum well thickness and optoelectronic properties.'*> Nonetheless, as n
increases the phase purity becomes an issue.'**"'** Moreover, recent work showed that even the issue of

photo-induced phase instability also affects mixed halide 2D systems.'**!¥’

To address these and other challenges, significant effort has been spent towards the development and investi-

106,138,139 107,116

gation of suitable spacers, including aliphatic, aromatic,'*"'*! heterocyclic, and polycyclic aro-
matic molecules.'** Due to the plethora of spacers available, a holistic understanding of structure—property
relationships in layered perovskites is essential to provide material design rules. Typically, when designing a
spacer, one should consider its geometry and functional groups, including the core of the spacer (e.g. aro-
matic moieties), the length of the anchoring group (e.g. alkylammonium chain), and the counter ions (e.g. I,

Br"). Based on the previous reports for RP-type layered perovskites, the penetration depth of the anchoring
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group into the perovskite layers, which correlates with the length of the alkylammonium chain, has a strong
effect on structural and optoelectronic properties.’*'*! Hitherto, the corresponding effect of the length of the
anchoring alkylammonium group on the DJ phases is not well understood, despite the importance of the

spacer group on the resulting properties.

In this study, we analyze hybrid halide perovskites based on bifunctional 1,4-phenylene derived analogues of

143144 namely 1,4-phenylenediam-

one of the most studied organic spacers, 2-phenenthylammonium (PEA),
monium (PDA), 1,4-phenylenedimethylammonium (PDMA) and 1,4-phenylenediethylammonium (PDEA)
(Figure 3:1a). While I-based systems incorporating PDA or PDMA spacers have been previously re-
ported, %1139 PDEA remains unexplored. To minimize the level of complexity and issues associated
with phase purity we focus on n = 1 layered perovskite compositions based on iodide and bromide halides
(Figure 3:1b). We demonstrate that the control of the spacer length affects material dimensionality, optical

properties, and environmental stability, which is particularly enhanced for longer alkyl chains and bromide

compositions.
n +
a) HsN NH; b)
PDA
+ ® -
NH5 NH,§
. /—<: :)—’ Pb*
HaN ®|, Br
PDMA
N
NH;
HaN—/ C
PDEA

Figure 3:1. (a) Molecular structures of PDA, PDMA and PDEA organic spacers. (b) Illustration of layered DJ
perovskite structure based on (PDMA)PbX4 composition.

32 Results and discussion

3.2.1 Structural characterization of thin films

We studied layered hybrid perovskites based on the (S)PbX4 (n = 1) composition, where S = PDA,
PDMA, or PDEA, and X =1 or Br. The synthetic procedure is detailed in the Appendix, Section 8.2.1. For
simplicity, (S)PbX4 materials based on PDA, PDMA, or PDEA spacers will be denoted as PDA-X, PDMA-
X, and PDEA-X, respectively, depending on the halide counter ion (X = I, Br). The structure of thin films
deposited on glass substrates was investigated by means of X-ray diffraction (XRD). The XRD pattern of
PDA-I (Figure 3:2a, black) corresponds to the (PDA)Pbls-2H,O dihydrate (Figure 3:2a, green), which is a

30



one-dimensional (1D) perovskite, indicating that a layered phase has not formed.'"" This is likely due to the
lack of flexibility of the PDA spacer,'* as well as its lower level of penetration into the neighboring perov-
skite layers, which prevents the formation of a layered phase.'*'** In addition, the PDA-I precursor solution
changes its properties over time, which is likely due to the oxidation and subsequent polymerization of
(PDA)L, (Appendix, Section 8.2.2)."* A significant difference in the behavior of the spacer was observed
when the alkyl chain length of the spacers was extended by one methylene (—CH>—) group; the PDMA-I
films show typical layered perovskite diffractograms with a sharp diffraction peak at 7.19°, which corre-
sponds to the (001) reflection with a layer spacing of 12.3 A, along with higher order diffraction peaks of the
(007) Bragg planes family (Figure 3:2a, red).'"”'** Further extension of the spacer to PDEA led to a larger
lattice parameter, evidenced by the diffraction peak located at 6.98° (Figure 3:2a, blue), corresponding to a
layer spacing of 12.7 A. However, the crystallinity of the PDEA-I system appears to be lower as compared to

PDMA-, resulting in broader diffraction peaks and the higher order reflections are hardly resolved.'

The XRD patterns of Br-based films (Figure 3:2b) show the effect of the halide on structural properties. In
contrast to PDA-I, the Br-based analogue forms crystalline films with the most intense peak at 7.42°, corre-
sponding to a d-spacing of 11.9 A, accompanied by higher order reflections (Figure 3:2b, black). However,
there are two additional peaks below 10° located at 5.90° and 7.0°, which are not attributable to a layered
structure. This might be related to the unstable PDA-Br solution (Appendix, Section 8.2.2). In addition, con-
sidering previous reports on the corrugated structure of perovskites based on a monofunctional (4-bromo-
phenyl)ammonium spacer,'*' which is comparable to PDA, we suspect that the PDA-Br system might form a
corrugated structure. As in the iodide-based systems, the extension of the alkyl chain by one methylene re-
sulted in a well-defined layered PDMA-Br material with the basal peak centered at 7.26° (Figure 3:2b, red),
corresponding to a d-spacing of 12.2 A. The XRD of PDEA-Br showed only a single broad peak located at
7.01° with a layer spacing of 12.6 A (Figure 3:2b, blue), hinting at a lower crystallinity and an increased lat-

tice parameter as compared to PDMA-Br.

a) —— (PDA)Pbl4-2H,0 b) —— PDA-Br
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Figure 3:2. X-ray diffraction pattern of (a) I- and (b) Br-based n = 1 layered perovskites. Black: PDA, red: PDMA, blue:
PDEA. The green line in a) shows the simulated diffractogram of (PDA)Pbls-2H>O (CCDC no. 632922 based on
ref.!!),
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To acquire more information about the structure and crystallite orientation, we used synchrotron radiation to
perform grazing incidence wide-angle X-ray scattering (GIWAXS) measurements (Figure 3:3a-d)."** While
in the samples of PDMA-based perovskites (Figure 3:3a,c) a well-ordered out-of-plane stacking was indi-
cated by pronounced intensity maxima of the scattering signal in the vertical direction, ring-like signals were
observed for the PDEA systems (Figure 3:3b,d). These reveal a random orientation of crystallites with no
preferred stacking orientation, which is in accordance with the XRD data that probe the vertical direction
and, therefore, yield a much larger signal for the well-ordered layered structure as opposed to the randomly
oriented crystallites. I- and Br-systems showed the same orientation of crystallites and the layer spacings ob-
tained from GIWAXS are consistent with those from XRD (Table 3:1). Both methods show a trend of in-
creasing layer spacing with longer spacer molecules, in accordance with the expectations. Moreover, I- had a
slightly larger unit cell than Br-systems due to the larger ionic radius. For the PDA-based films, the difficul-
ties to form a layered phase are further apparent (Appendix, Figure 8:2:3). In summary, PDMA and PDEA
spacers form thin films with 2D structures, while increasing the spacer length from PDMA to PDEA results

in a more isotropic distribution in crystallite orientation for both I- and Br-based materials.

15 2 25
(A)'

Figure 3:3. GIWAXS images of (a) PDMA-I, (b) PDEA-I, (c) PDMA-Br, and (d) PDEA-Br.

Xy

32



Table 3:1. Layer spacing from GIWAXS measurements.

Composition Layer spacing [A]
(PDMA)PDI4 12.28 + 0.011
(PDMA)PbBrs 12.22 + 0.006
(PDEA)Pbls 12.73 £ 0.007
(PDEA)PbBr4 12.65 + 0.008

Due to the weak diffraction of PDEA-based perovskites, to confirm the formation of a layered structure,
mechanosynthesized powders of PDEA-I were studied by solid-state NMR spectroscopy, which is highly

sensitive to the local structure and dimensionality of hybrid perovskite systems despite possible differences

NN, G

in morphology compared to thin films (Figure 3:4a, b).'**'>*
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Figure 3:4. Solid-state magic angle spinning (MAS) NMR spectra of mechanochemically prepared PDEA-I powder: (a)
Room temperature 2’Pb spectrum and (b) 2’Pb—'H HETCOR spectrum at 100 K.
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Figure 3:5. "H—"3C cross polarisation spectra of (PDEA)Pbls and (PDEA)I: recorded at 15 kHz MAS with a 3 s recycle
delay and a 1 ms contact time. The assignment is given and spinning sidebands are marked with an asterisk. The signals

arising from the polypropylene Eppendorf used for ball-milling of the (PDEA)Pbl4 are marked with PP.
The room temperature *’Pb NMR spectrum (Figure 3:4a) exhibits a major signal at ~1030 ppm, which is
characteristic of a 2D n = 1 structure,'* as well as a minor signal at ~50 ppm due to unreacted Pbl,. Further-

more, the *’Pb—'H HETCOR spectrum recorded at 100 K (Figure 3:4b) shows a clear correlation between
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the 2*’Pb environment in the perovskite layers and the 'H signals of the PDEA spacer (both the -NH;" signal
at ~8 ppm and the alkyl signals at ~4.5 ppm), proving atomic-scale contact between the two; notably, the
Pbl, impurity is absent due to the lack of 'H in this phase. The spectrum was recorded at 100 K to avoid dy-
namics of the spacer, which reduce the efficiency of cross-polarization;'>® consequently, the temperature-
dependent “’Pb signal is observed at a lower shift of 720 ppm.'>*'>” The modification of the PDEA cation
environment in formation of the layered perovskite can also be seen by the change in the *C NMR signals,
particularly those of the alkyl carbons, which are closer to the perovskite layers (Figure 3:5). Taken together,

these observations provide strong evidence for the formation of a layered PDEA-I perovskite structure.

3.2.2  Optical characterization of thin films

The role of alkyl chain length in the optical properties by UV-vis absorption and of steady state
photoluminescence (PL) spectroscopy. The absorption of RP-type n = 1 perovskites can be modulated by
controlling the length of the organic spacer; shorter spacers reduce the exciton absorption energy.'*!!°%!1>
The variations in the alkyl chain length change the potential barrier width between lead halide layers'® and
further affect the perovskite structure by inducing octahedral tilting.'®' This is particularly important as the
optical properties of layered perovskites are influenced by the Pb—X distances, Pb—X—Pb angles,'*® and quan-
tum and dielectric confinement.”” Typically, n = 1 layered perovskites based on Pb and I feature exciton

peaks at around 500 nm (~2.5 e¢V), which can be detected at room temperature due to the strong exciton

binding energy (Ey, >> kT).”!
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Figure 3:6. (a—b) UV-Vis and steady state PL emission spectra of PDA-I (black), PDMA-I (red) and PDEA-I (blue).
The inset in (a) shows zoomed-in absorption in the 300 — 440 nm range, whereas the inset in (b) represents the zoomed-
in emission in the 380 — 500 nm interval. (c—d) UV-Vis and steady-state PL emission spectra of PDA-Br (black),
PDMA-Br (red) and PDEA-Br (blue).
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This is clearly demonstrated in the optical absorption spectra of the films (Figure 3:6a), which show pro-
nounced excitonic peaks for both PDEA-I and PDMA-I samples at 503 nm and 508 nm, respectively, in ac-
cordance with the reduced alkyl chain length. One would expect an even further exciton absorption energy
reduction in the PDA-based perovskites if they formed well-defined layered perovskites. Instead, we observe

a resonant absorption at 380 — 400 nm, which is attributed to the 1D iodoplumbates.'®

The emission maxima of the PDMA-Iand PDEA-I samples are located at 518 nm and 522 nm (Figure 3:6b).
The larger Stokes shift in PDEA-I might be associated with energy loss via vibrational relaxation and it could
also be influenced by higher structural disorder, consistent with the increase in the PL peak width upon ex-

151,164

tending the alkyl chain of the spacer (Figure 3:7a-d).
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Figure 3:7. (a-d) Gaussian fits for main PL emission peaks with the corresponding values of full width at half maximum

(FWHM): (a) PDMA-L, (b) PDMA-Br, (c) PDEA-I and (d) PDEA-Br.

The broad emission detected in PDEA-I in the 400 — 500 nm range might originate from surface species,

such as intermediate 1D iodoplumbate phases,'**'%

given the similarity to the PDA-I emission (Figure 3:6b,
inset). The substitution of I with Br resulted in wider PDMA-Br, PDEA-Br optical bandgaps with excitonic
peaks centered at 401 nm and 397 nm, respectively (Figure 3:6¢). The long absorption tail in PDMA-Br sam-
ple might be attributed to the high surface roughness. For the PDA-Br, an absorption peak at ~350 nm sug-
gests that carriers are not solely confined in 2D structures. The emission properties of Br-based films reveal
that the PL peaks of both PDMA-Br and PDEA-Br are centered at 407-408 nm, whereas PDA-Br has a very

broad emission in the 400—500 nm region (Figure 3:6d). As in the I-based systems, PDEA-Br thin films
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exhibit a larger Stokes shift and emission bandwidth as compared to PDMA-Br (Figure 3:7b, d). While both
PDMA- and PDEA-based 2D perovskite films feature pronounced excitonic optical absorption and emission,
a sharper emission for the PDMA systems is likely related to a higher structural homogeneity, resulting from

the more oriented grain distribution compared to PDEA.

To gain more insights into the role of alkyl chain length with regard to charge carrier dynamics, we per-
formed transient absorption (TA) spectroscopy measurements (Figure 3:8a—c). We focus our analysis on the
I-based samples due to setup limitations in the UV region. The TA spectra of PDMA-I and PDEA-I (Figure
3:8b,c) display similar features, consisting of a negative photobleaching signal at 500 and 510 nm, respec-
tively, as well as two positive features. The presence of a single photobleaching signal indicates an n = 1
phase with no higher order phases being present.'** On the other hand, the PDA-I TA spectrum shows no ap-
preciable features (Figure 3:8a), further demonstrating the absence of a layered n = 1 structure in this system.
The shape of the signal in both the PDMA-I and PDEA-I spectra appears to closely match that of the second
derivative of the absorption spectra, shown by the dashed black line, which allows us to conclude that the

positive features arise due to a photoinduced Stark effect. Stark effects, first evidenced in hybrid perovskite

166,167 168

materials in 2014,'% and subsequently in 2D-perovskites and perovskite nanocrystals, °° arise due to a
change in the absorption of a material in the presence of an electric field; in the case of the photoinduced

Stark effect, the electric field is a photoinduced (local) field.
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Figure 3:8. Transient absorption spectra of (a) PDA-I, (b) PDMA-I, and (c) PDEA-I. Samples were excited at 389 nm
with a fluence of 23.2 pJ cm? (PDA-I) and 3.26 pJ cm? (PDMA-I and PDEA-I). The dashed black line corresponds to

the second derivative of the absorption spectrum.
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The photoinduced signal, A4, has been shown to comprise of a linear combination of the first and second
derivatives of the absorption spectrum.'® Changes in the dipole moment are associated with the second de-
rivative of the absorption spectrum, whereas changes in the polarizability of the sample are associated with
the first derivative.'®” Therefore, in the PDMA-I and PDEA-I samples the photoinduced Stark effect arises

due to a change in the dipole moment, caused by the photogeneration of charge transfer (CT) excitons.

Kinetics traces of the Stark effect feature reveal that the lifetime of CT excitons is comparable between the
samples; this implies that the time constant for exciton separation into free charges will be similar between
the two samples (Appendix, Figure 8:2:4). The Stark effect feature appears to be larger in the PDMA-I sam-
ple, when compared to the PDEA-I, which might be rationalized by the shorter spacer length and smaller
layer spacing, resulting in a stronger electric field due to the charge transfer exciton across the layers. Fur-
thermore, layered perovskites have been shown to form multiple quantum well structures,'’’ and tunnelling
1,167

between these structures can also increase the contribution of the second derivative to the TA signa

which stimulates a follow-up investigation.

3.2.3 Implications on stability in a humid environment

In the previous chapter, it was demonstrated that the PDMA-I system hydrates within minutes
when exposed to an atmosphere> 65+5 % relative humidity (RH)."*> We further extended the analysis of the
environmental stability to other DJ perovskites by exposing the samples to a 70+5 % relative humidity (RH)
atmosphere for 20 min at 28 °C. The results revealed unchanged structural (Figure 3:9a), optical absorption
(Figure 3:10a) and emission (Figure 3:11a) properties of PDA-I samples, which is expected since the starting
structure is already in a dihydrate phase. The Br analogue changed its structure (Figure 3:9d), and new dif-
fraction peaks emerged below 10°, while the optical properties did not change remarkably (Figures 3:10b
and Figure 3:10b). Typically, optical properties are sensitive to changes in the material structure. For exam-
ple, when PDMA-I samples undergo a transformation from 2D into a 1D structure (Figure 3:9b), optical
properties exhibit significant blue shift (Figure 3:10c and 3:11c), which is attributed to the enhanced confine-

ment effects in the lower dimensional perovskite structures.
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Figure 3:9. X-ray diffractograms of (a) pristine (black) and hydrated (grey) PDA-I films and the calculated pattern for
(PDA)Pbl4-2H0 (green);'!! (b) pristine (red) and hydrated (grey) PDMA-I films, and the calculated patterns for
(PDMA)Pb2Is-2H20 (blue) and (PDMA)I2 (black);!** (c) pristine (blue) and post-treated (grey) PDEA-I films. Diffrac-
tion patterns of Br-based samples using PDA, PDMA, and PDEA spacers are shown in panels (d), (¢), and (f), respec-

tively.

The replacement of I" with Br™ counter ion has a significant effect on the propensity of PDMA-based systems

to hydrate, as the crystal structure was retained in the PDMA-Br sample upon exposure to humid conditions

(Figure 3:7¢), showing no blue shift in optical properties (Figure 3:8d and 3:9d). The resilience to humidity

might be associated with the contracted lattice, which hampers water intercalation into the crystal struc-

ture,'”" or stronger hydrogen bonds between Br and the spacer molecules,'’* increasing the hydration en-

thalpy.
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PDEA-Br. Solid lines represent absorption of pristine samples, whereas post-treated sample absorption is shown as

dashed curves.
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The longest spacer molecules might benefit from the reduced steric hindrance effects, allowing ammonium
cations to form strong hydrogen bonds, which could improve material robustness in humid environments. In
fact, the results of this study revealed improved stability of PDEA-I and PDEA-Br thing films, as structural
(Figure 3:9c, f) and optical (Figure 3:10e, f and Figure 3:11e, f) properties were retained after exposure to a
humid environment. Moreover, contact angle measurements revealed an improved hydrophobicity of PDEA-
I based films (Figure 3:12a-c) also hinting at better stability. However, Br-based films were not necessarily

more hydrophobic (Figure 3:12d-f), suggesting that other factors might play a role.
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Figure 3:11. PL emission spectra of (a) PDA-I, (b) PDA-Br, (¢) PDMA-I, (d) PDMA-Br, (¢) PDEA-I and (f) PDEA-Br.

Solid lines represent the emission of pristine samples, whereas post-treated sample emission is shown as dashed curves.

Figure 3:12. Images of water drop on (a) PDA-I, (b) PDMA-I, (c) PDEA-I, (d) PDA-Br, (¢) PDMA-Br and (f) PDEA-

Br thin films and its corresponding contact angles.
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All in all, the length of the organic spacer and the counter ion affect the stability of DJ perovskites as well as
structural and optoelectronic properties (Table 3:2). While extended spacer systems and Br-based analogues
provide enhanced stabilities, they may however affect the resulting charge carrier mobilities and conductivi-

ties of the resulting materials, which remain to be assessed.

Table 3:2. Summary of the main findings of this study: the formation of a layered structure, hydration stability, and ab-
sorption (A) and emission (PL) wavelengths.

v HaN
+ + HzN 3
NH; NH;

A PL
401 nm | 407 nm

A PL
397 nm | 408 nm

508 nm | 518 nm 503 nm | 522 nm

2 The feasibility to acquire well-defined layered perovskite thin films. Green = formed layered perovskite; grey = possi-
bly formed a layered perovskite but not well-defined; red = did not form. ° Environmental stability with regard to hy-

dration during a 20 min exposure to 70+5 % RH. Green = stable; grey = already hydrated; red = unstable.

33 Conclusions

In summary, we investigated Dion—Jacobson layered perovskite phases based on phenylene-
derived aromatic spacers (S) with different length alkyl chains (i.e. PDA, PDMA, and PDEA) and halide
counter ions (X = I, Br) of (S)PbX4 (n = 1) composition. The systems based on the PDA spacer did not form
a well-defined layered structure. Instead, we demonstrated that PDA-I forms a hydrated 1D structure. The
extension of the alkyl chains in the PDMA and PDEA spacers rendered them compatible with the formation
of layered perovskite structures, as evidenced by X-ray diffraction and solid-state NMR spectroscopy.
Moreover, GIWAXS measurements revealed that in PDMA-based perovskites crystallites are oriented in
out-of-plane directions, whereas there is no preferred stacking orientation in PDEA thin films. Optical
bandgap and the emission bandwidth also increase with length of alkyl chain. Moreover, the analysis of
charge carrier dynamics by transient absorption spectroscopy revealed in PDMA-I and PDEA-I films a
photoinduced Stark effect, which arises due to photogeneration of CT excitons and is related to the length of
alkyl chain. Finally, the resilience against moisture increases with the length of the alkyl chain and the
substitution of iodide with bromide also proved to be an effective strategy to enhance stability against
humidity. These results provide critical insights into material design, offering new strategies for tuning the

properties of these materials for optoelectronic applications.
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Chapter 4  Effect of spacer perfluorination

This chapter is based on the publication in Nanoscale entitled:

Nanosegregation in Arene-Perfluoroarene n—Systems for Hybrid Layered Dion—Jacobson Perovskites
by:

Masaud Almalki,* Algirdas Duéinskas,* Loi C. Carbone,* Lukas Pfeiffer, Laura Piveteau, Weifan Luo,
Etham Lim, Patricia A. Gaina, Pascal A. Schouwink, Shaik M Zakeeruddin, Jovana V. Mili¢, Michael
Gritzel

*(equally contributed)

My contribution:

Performed experiments for optical and structural characterization, carried out hydration experiments, asissted
and guided Loi C. Carbone, made couple of figures and revised manuscript.

DOI:

https://doi.org/10.1039/DINR08311B

4.1 Introduction

While RP phases (Figure 4:1b) have been widely used in perovskite optoelectronics, DJ phases
(Figure 4:1c¢) are underrepresented despite their appealing optoelectronic properties and environmental
stability. It is thereby of interest to understand and control their structural and optoelectronic properties,

which are highly dependent on the supramolecular self-assembly of the organic spacer layer.®!%%173:174

b I I
b»c ”

Hybrid Perovskites Ruddlesden-Popper Layered Perovskites

‘ F§ EF NHy
+ J
N F 3. SF NH, (=9
Haltl = a >
v

F-PDMA - PDMA

a
® X
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o~

Arene-Fluoroarene 11-System Dion-Jacobson Layered Perovskites

Figure 4:1. Structural representation of (a) 3D and (b—c) 2D layered hybrid perovskite structures, highlighting (b)
Ruddlesden-Popper and (c) Dion-Jacobson (b) phases. The grey octahedra represent {PbXs} frameworks whereas cyan
rods illustrate the organic spacers. (d) Schematics of a n-stacking of arene and perfluoroarene moieties, namely 1,4-

phenylenedimethylammonium (PDMA) and its analogue containing a perfluorinated phenylene moiety (F-PDMA).
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A complementary pair of organic spacers could engage in n—7 interactions, e.g. between arene and per-
fluoroarene species, through self-assembly to form an alternating-cation 2D perovskite system.®® This has
been previously analysed based on 2-phenylethylammonium (PEA) and 2-(perfluorophenyl)ethylammonium
(FEA), forming an RP phase.®® Such a favourable interaction is based on the complementarity between the
quadrupole moments of the aromatic rings that is expected to yield a more compact parallel (m—r) stacking in
arene-perfluoroarene systems (Figure 4:1d).°7*!7>718 This could alter the optoelectronic properties of the
hybrid material **13>14>17:180 1n addition, the fluoroarene moieties are expected to increase hydrophobicity
and reduce halide ion migration through zm-ion interactions, which is relevant to the resulting stability of ma-
terials.”'7181-182 Sych tailored arene-perfluoroarene m-interactions, however, remain unexploited in control-

ling the properties of DJ perovskite phases.**¢%7%"

Here, we investigate a DJ system employing arene and perfluoroarene species, namely 1,4-phenylenedi-
methylammonium (PDMA) and its analogue comprising a perfluorinated phenyl moiety (F-PDMA), as well
as their mixture (1:1 PDMA/F-PDMA, denoted as PF). We evidence the formation of layered perovskite
structures by X-ray diffraction (XRD), accompanied by changes in the optoelectronic properties via UV-vis
absorption and photoluminescence (PL) spectroscopy. We further demonstrate the formation of nonsegre-
gated structures by solid-state NMR spectroscopy, while revealing enhanced environmental stability of the

resulting materials in humid environments, which is relevant to their future application.

4.2 Results and discussion

4.2.1 Structural analysis

Thin films of layered perovskites were prepared based on SPbls (n = 1) compositions (S = PDMA,
F-PDMA (NMR spectra confirming structure is available in Appendix, Figure 8:3:1-3), and 1:1 PDMA:F-
PDMA, denoted as PF) by solution-processing followed by annealing, in accordance with the procedure re-
ported in the Appendix, Section 8.3.1. Structural properties were investigated by X-ray diffraction (XRD) in
the Bragg-Brentano configuration (Figure 4:2). The XRD patterns of the thin films show low angle reflec-
tions (< 10°) at 26 of 7.22°, 6.93° and 7.17° for (PDMA)Pbls4, (F-PDMA)PbI, and (PF)Pbly, respectively,
which is accompanied by periodic patterns typical of layered (2D) perovskite structures. **'3*13>1% This is
particularly the case for (PDMA)PbL, (Figure 4:2a), whereas (F-PDMA)Pbls shows lower intensity peaks
with a poor signal-to-noise ratio, suggesting lower crystallinity (Figure 4:2b). We further observed a low an-
gle diffraction for the mixed (PF)Pbls system characteristic for 2D structures, with an increase in relative in-
tensity of the 14° and 28° diffraction peaks (Figure 4:2¢). This suggests that the presence of F-PDMA modi-
fies out-of-plane texture of the films. To corroborate this, we analysed the films by grazing incidence wide

angle X-ray scattering (GIWAXS) measurements (Figure 4:2d—f and Appendix, Figure 8:3:4). Films with
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different (5%, 10%, 25% and 50%) F-PDMA content were investigated (denoted as 5%, 10%, 25%, and 50%
(PF), respectively) and compared to the PDMA-based 2D perovskite composition. We observe a very clear
dependency of out-of-plane texture on F-PDMA content, which is confirmed by gamma integrations of the
diffraction intensity at 7.3° (Appendix, Figure 8:3:5d). Likewise, a visual inspection of GIWAXS images

133145 whereas upon the gradual addition of

shows that (PDMA)PDI, crystallites have a preferred orientation,
F-PDMA continuous Debye-Scherrer rings appear, indicating a more random distribution of crystallites (Fig-
ure 4:2d—f and Appendix, Figure 8:3:4). This suggests that F-PDMA inhibits the formation of texture in the

films of PF-based compositions, which is likely a consequence of competing fluorine-based interactions in F-

PDMA-based systems, in accordance with previous reports. 7>
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Figure 4:2. Structural properties of layered hybrid perovskites. (a—c) XRD patterns of thin films based on (a)
(PDMA)PbI4 (black), (b) (F-PDMA)PbI4 (blue), and (c) (PF)Pbl4 (red) compositions on microscope glass. (d—f)
GIWAXS patterns of thin films of (d) (PDMA)Pbly, (¢) (F-PDMA)Pbl4, and (f) (PF)Pbl..

The atomic-level interactions were further analysed by solid-state nuclear magnetic resonance (NMR) spec-
troscopy (Figure 4:3)."* Solid-state NMR has emerged as a powerful method to characterize the atomic-level

structure of lead-halide perovskite materials.'™'*® To shed light on the coordination and distribution of the
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spacer ligands within the DJ phases, we relied on our previously developed approach.®® Specifically,

F NMR spectra were recorded for the fluorinated spacer (F-PDMA) and a mechanosynthetic mixture of the
two spacers (F-PDMAIL and PDMALI, stoichiometric 1:1 mixture, denoted as PF), as well as their corre-
sponding 2D perovskites, namely (F-PDMA)Pbl4 and (PF)Pbls (Figure 4:3b). The '’F NMR spectra of the F-
PDMA spacer in pure state and within a mixture with PDMA were found to be identical, featuring two
fluorine signals at —135 and —139 ppm, indicating that the chemical surrounding of the fluorine atoms is the
same in both samples. This suggests that the PDMA and F-PDMA powders do not form a homogeneous
phase upon mixing, but remain spacially separated within microcrystalline grains constituted of only one of
the two molecules. However, the '’F NMR spectra of 2D perovskites substantially change as compared to the
spectrum of the pristine spacer, with different intensity ratios of the '’F NMR signals, indicating the
formation of new phases. This evidences that the fluorine atoms experience a different chemical surrounding

within the perovskite material, in agreement with the incorporation of F-PDMA into the perovskite structure.

Similarly, ’F NMR of a 2D perovskite phase based on a 1:1 spacer mixtures (PF) reveals the formation of a
different phase as it exibits an additional signal at ca. =130 ppm, whereas the other two signals remain
almost unchanged in intensity and chemical shift. This is in accordance with nanosegregation into domains
within the 2D perovskite material in which all spacers are fluorinated, forming the same phase as in materials
prepared exclusively from F-PDMA. The additional signal at =130 ppm could either originate from the
fluorinated spacers at the interface of these domains or from the domains where F-PDMA and PDMA form a
homogeneous mixture. We have investigated this further by comparing ">C cross-polarisation (CP) NMR
spectra obtained by transferring polarisation either from 'H or from '°F nuclei (Figure 4:3c). Detailed
information is available in Appendix, Section 8.3.1. While the resolution of the '’F=>'*C CP NMR spectra
was insufficient to extract any additional structural insight, 'H=>"*C CP NMR corroborates the co-existence
of independent phases, each comprising only one spacer, in the mixed system, further evidencing their
nanosegregation. In summary, solid-state NMR further confirms that F-PDMA is integrated into the DJ 2D
perovskite structure, while evidencing that the mixture of spacers (F-PDMA and PDMA) leads to phase
segregation, which is in accordance with a previous report on the perfluorinated spacers in RP phases.®®

These structural changes are directly reflected in the optoelectronic properties of the films.
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Figure 4:3. Atomic-level structure of layered hybrid perovskites. (a) Structural representation of PDMA (top) and F-
PDMA (bottom). (b) '°F NMR spectra of F-PDMALI, 1:1 spacer mixture (PF), and the corresponding 2D perovskites.
(c) *C CP NMR spectra of arene spacer (PDMA), the perfluoroarene analogue (F-PDMA), a mixture of the two spacers
(PF) as well as their 2D perovskites structures. The '3C spectra obtained by transferring polarization from 'H to *C are

depicted in dark blue and the spectra obtained when transferring polarization from '°F to '3C are depicted in black.

4.2.2  Optical properties

The optical properties of the thin films were analysed by UV-vis absorption and PL spectroscopy.
The excitonic features in the absorption spectrum in the range of 490-500 nm are in agreement with the
formation of layered 2D structures.'*!**!*> For (PDMA)Pbls, (F-PDMA)Pbl, and (PF)Pbl,, absorption
maxima were observed at 510 nm, 480 nm, and 505 nm, respectively (Figure 4:4a). Thin films containing
mixtures of arene and perfluoroarene spacers with increasing amounts of F-PDMA (5%, 10%, and 25%)

feature a gradual blue shift of the absorption maximum to 510 nm, 509 nm, and 507 nm, respectively
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(Appendix, Figure 8:3:5b). Similarly, PL spectra (Figure 4:4b and Appendix, Figure 8:3:5¢) show minor
Stokes shifts of ca. 20 nm, 10 nm, and 15 nm for (PDMA)Pbls, (F-PDMA)PbI4 and (PF)Pbls, respectively.
Furthermore, PDMA-based layered perovskites showed the highest photoluminescence quantum yield
(PLQY) of about 0.2%, whereas F-PDMA revealed a very low PLQY of 0.08% (Appendix, Figure 8:3:6¢).
For PDMA/F-PDMA mixtures, increasing the F-PDMA ratio (5, 10, 25, 50%) resulted in the reduction of the
PLQY (t0 0.17, 0.14, 0.11, and 0.75%, respectively), and which is in the agreement with the reduction in
crystallinity revealed by XRD measurements. The corresponding PL spectra of neat F-PDMA-based thin
films also appear to involve multiple signals. None of the features could be ascribed the to spacer as no per-
ceptible PL signal was detected in the 470-520 nm range (Appendix, Figure 8:3:6a, b). Therefore, we suspect
that structural disorder in F-PDMA might result in this type of emission profile, however, further

investigations are needed to validate this hypothesis.
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Figure 4:4. Optoelectronic properties of layered hybrid perovskites. (a) UV-vis absorption spectra and (b) PL spectra of
thin films based on (PDMA)Pbls (black), (F-PDMA)Pbl4(blue), and (PF)Pbl4 (red) on microscope glass.

4.2.3 Stability in a humid environment

Having evidenced the 2D perovskite formation through optical and structural properties, the
stability of the materials was analysed by monitoring the behaviour of the films in humid environments.'**!"!
For this purpose, we measured contact angles (Figure 4:5) for the films based on F-PDMA, PDMA and with
various amounts of F-PDMA (5%, 10%, 25% and 50%) with respect to PDMA in 2D perovskite
compositions. With increasing F-PDMA content from 0%, over 5%, 10%, 25%, up to 50%, contact angles of
49.6°, 59.6°, 62.1°, 63.3°, and 60.1° were obtained, respectively, showing a substantial increase in
hydrophobicity in presence of F-PDMA. The system based on 25% F-PDMA demonstrated the greatest
hydrophobicity, which was accompanied by the highest intensity of diffraction peaks that are commonly
associated with the crystallites of perovskite layers that are perpendicular to the substrate (Appendix, Figure

8:3:5a).**This suggests that the changes in hydrophobicity are likely not only associated with the fluoroarene
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content but also with the orientation of crystallites and the organic spacers in the films. The environmental
stability was further assessed by measuring optical (UV-vis absorption and PL spectra) as well as structural
properties (XRD) after exposing the samples to a relative humidity of 70+5% for 15 min. While
(PDMA)Pbl is known to hydrate in humid conditions (Figure 4:6a),'** (F-PDMA)Pbl, did not undergo any
change (Figure 4:6b). However, the UV-vis absorption spectra of mixed (PF)Pbls films changed when
exposed to humid conditions (Figure 4:6¢), with a 25 nm blue shift of the absorption peak at 510 nm and an
increase of absorbance in the 405 nm region. Furthermore, recorded XRD patterns (Figure 4:6d) reveal a
transformation that could be depicted as a superimposition of the patterns of two species, i.e. the hydrated

PDMA-based phase and the co-existing (F-PDMA)PDbI, phase.

F-PDMA PDMA PF 5%
PF 10% PF 25% PF

£, P 2

Figure 4:5. Contact angles of water droplets on F-PDMA (48°), PDMA (49.6°), F-PDMA 5% (59.6°), F-PDMA 10%
(62.1°), F-PDMA 5% (63.3°), and F-PDMA 50% (60.1°) films.

This observation is in accordance with the formation of a segregated structure of the perovskite phases based
on two spacer moieties in mixed thin films (Figure 4:6¢), as indicated by solid-state NMR spectroscopy.
Since PDMAI-based films are known to hydrate, whereas F-PDMAI-based ones are resistant to hydration,
the mixed cation system is expected to be more resilient to moisture. Instead, the formation of a hydrated
PDMA phase suggests that, in contrast to the previous reports on arene-fluoroarene-based systems,''*" the

corresponding DJ systems remain nanosegregated like recently reported RP systems.®®
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Figure 4:6. Environmental stability of layered hybrid perovskites. (a—c) UV-vis spectra of (PDMA)PbI4 (black), (F-
PDMA)PbI4 (blue), and (PF)Pbl4 (red) on microscope glass before (plain lines) and after (dashed lines) exposure to a
relative humidity of 70+5% for 15 min. (d) XRD patterns of (PDMA)PbI4 (black), (F-PDMA)PbI4 (blue), and

(PDMA'F-PDMA)PDI

(PF)Pbl4 (red) on microscope glass after exposure to humid conditions (referred to as hyd). (e) Schematic

representation of layered and nanosegregated PDMA/F-PDMA perovskite structures.

4.3 Conclusions

In summary, we investigated arene and perfluoroarene spacers, namely 1,4-
phenylenedimethylammonium (PDMA) and its analogue containing a perfluorinated phenyl moiety (F-
PDMA), for their propensity to form hybrid Dion-Jacobson layered perovskite materials through self-
assembly. The analysis showed that PDMAI, F-PDMA, and their 1:1 mixture form layered perovskite
materials, which are not well oriented in the case of F-PDMA-based films. Moreover, while the F-PDMA.-
based system showed resilience to moisture, its addition to the PDMA-based composition did not prevent

hydration, suggesting the possible formation of a segregated structure which was confirmed by solid-state
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NMR spectroscopy. This provides insights into the design of Dion-Jacobson perovskites incorporating arene-

perfluoroarene m-systems, stimulating further studies on their application in optoelectronics.
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Chapter 5  Pressure induced changes in RP and
DJ perovskites

This chapter is based on the publication in Advanced Materials entitled:

Reversible Pressure-Dependent Mechanochromism of Dion—Jacobson and Ruddlesden—Popper
Layered Hybrid Perovskites

by:

Loreta A. Muscarella,* Algirdas Dudinskas,* Mathias Dankl, Michat Andrzejewski, Nicola Pietro Maria
Casati, Ursula Rothlisberger, Joachim Maier, Michael Graetzel, Bruno Ehrler, Jovana V. Mili¢
*(equally contributed)

My contribution:

Prepared samples, measured thin film XRD, analysed data, established collaboration, and wrote half of the
manuscript.

DOI:

https://doi.org/10.1002/adma.202108720

5.1 Introduction

Layered two-dimensional (2D) hybrid perovskites have attracted considerable interest due to their
unique optoelectronic properties and highly modular structure that can be tailored by altering both organic
and inorganic components.’**>'3>!'! These materials are composed of organic spacer (S) layers connecting
adjacent perovskite slabs consisting of # layers of 3D perovskite based on the SxAn.iMnX3n+1 formula, where
x is the number of spacer molecules connecting two neighbouring perovskite layers, involves a central (A)
cation (e.g. Cs’, methylammonium (MA"), formamidinium (FA"), etc.) embedded in the {MX¢} octahedral
metal-halide framework based on divalent metal ions (Pb*" or Sn**) and halide (X") anions (I", Br", or CI).
Their structural characteristics are the result of a subtle interplay between the organic spacer layer and the
inorganic slabs and they are often broadly classified into Ruddlesden—Popper (RP)*® and Dion—Jacobson
(DJ) phases.” In the case of RP perovskites, the perovskite layers are displaced by half the length of the unit

135 whereas

cell vectors along the in-plane direction, which mostly involves monofunctional spacers (x = 2),
DIJ perovskites attain the alignment in the structure without relative displacement and are commonly based
on bifunctional spacer molecules (x = 1; Figure 5:1a)."”> The monofunctional spacers in RP phases form
bilayers with van der Waals gap,'® whereas bifunctional spacers in DJ layered perovskites directly connect
the neighbouring perovskite slabs.”” They are further classified based on the number of perovskites layers (1)

which are separated by the organic spacer layer (e.g., n =1, 2, 3, etc.).”*>!** Since the spacers are mostly
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electronically insulating, the charge carriers in these materials are predominantly confined to the inorganic
slabs, resulting in natural quantum well (QW) behaviour (Figure 5:1b), where optical bandgap decreases
with the width of the QW because of reduced quantum confinement.’"*® This implies that their optical
properties can be modulated by changing the number of perovskite layers (n). Furthermore, quantum
confinement can be tuned by the width of the potential barrier, which is controlled by the spacer size that

further affects their optoelectronic properties.'>*'>

a) b)
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Figure 5:1. Schematic representation of a) Dion—Jacobson (DJ) and Ruddlesden—Popper (RP) phases and b) their quan-
tum well behaviour, with the energy bandgap (E¢) defined by conduction band (CB) and valence band (VB) edges of
the inorganic slabs and the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of the or-

ganic spacer layer. In blue, the electronic wavefunction is shown, located mostly in the inorganic framework. c) Illustra-

tion of the different possible structural changes that control the optoelectronic properties of layered 2D perovskites by
external pressure: at low pressure, the main effect is reflected in changes in the organic spacer and octahedral tilting,
whereas at high pressure an additional effect on the bond length and angle is expected. A representative RP perovskite

is used in the illustration.

It would be of interest to control these effects on the potential barrier width without changing the perovskite
composition, which can be achieved by relying on their mechanical properties and responsiveness to external
stimuli, such as pressure.””'”* Thus, understanding the structure-property relationships in such layered perov-
skites can serve as a guide to design materials with specific properties, whereas understanding the behavior

of n =1 layered 2D perovskites provides a limiting case for the analysis of # >1 systems in the future.
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Moreover, knowing the pressure response of these materials might open opportunities for sensing applica-
tions, where high sensitivity to external mechanical stimuli and reversibility are highly desirable, and is rele-

vant also in other contexts, such as for flexible solar cells, where strain might be induced during operation.

The relatively low bulk modulus (K) of hybrid 3D perovskites (of the order of 10s of GPa) renders them soft
materials that are more easily compressible across different pressure ranges, demonstrating mechanochromic
behaviour."”**® For comparison, halide perovskites show at least a five times smaller bulk modulus than

their oxide analogues (> 100 GPa).'?*2%

For 2D hybrid halide perovskites, the bulk modulus might not be an appropriate descriptor of their
mechanical properties since compression in these materials is mostly anisotropic.””'®* Alternatively, their

201 which is

mechanical properties can be better described by in-plane or out-of-plane Young’s modulus (F),
more commonly used for layered perovskites as it defines the material’s ability to deform along a given axis
when force is applied. In-plane E is typically determined by the M—X bond strength, whereas out-of-plane £
depends on the organic spacer.®”**!3> An appropriate choice of organic spacers can lead to a much smaller £

in the 2D layered hybrid perovskites than the 3D analogous,®”**

suggesting a higher pressure sensitivity for
tuning their optoelectronic and transport properties. The anisotropy of layered hybrid perovskites renders
their compression predominant in out-of-plane (a-axis) direction under pressure.’”'*22 This is expected to
be mainly determined by the organic spacer layer and it could result in different structural changes, including
the compression of the organic spacer, its tilting, and increased penetration depth, inducing also possible
changes in the octahedral tilting of the inorganic layer (Figure 5:1c, leff). These structural distortions are ex-
pected to change the QW structure or the M and X orbital overlap and, consequently, optical properties.
More specifically, the compression of spacer molecules or M—X bonds lowers the optical bandgap due to in-
creased overlap of wave functions between adjacent perovskite layers or increased antibonding atomic over-
lap between the metal and halide orbitals, respectively. The deviation of M—X—M angle from the 180° (i.e.

141

octahedral tilting) leads to an opposite effect. " Under higher pressures, the compressed inorganic perovskite

lattice relaxes through two competing processes, namely M—X bond tilting or M—X bond contraction (Figure

5:1c, right),"”***** which directly affect the optoelectronic properties.'**2%

While previous work primarily involved analysing the behaviour of hybrid perovskites under high pres-

193,205 -

sure, it is of great importance to study effects in mild pressure regimes (< 1 GPa), since induced levels

206,207 85,208

of strain are comparable with polaron effects, chemical (i.e. conformational) strain or strain due to
lattice mismatch®*** especially in 2D/3D perovskite composites.*'” In that regard, the behaviour under mild
pressures may serve as a powerful tool for controlling the properties of these materials in a manner compara-

ble to other processes inducing internal strain. However, the investigations of layered 2D perovskites in such
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mild-pressure ranges are underrepresented and the differences in the pressure-dependent behaviour of RP

and DJ phases remain elusive.

Herein, we investigated representative DJ and RP 2D perovskites based on 1,4-phenylenedimethylammo-
nium (PDMA) and benzylammonium (BzA) spacers under hydrostatic pressure up to 0.35 GPa. These aro-
matic spacer moieties are closely comparable, and they have already demonstrated the capacity to form well-

defined 2D perovskite phases,''>!!%!4!

which makes them appropriate models to analyse the differences in
compression between RP and DJ type perovskites. We further study the effect of the halide counter ion on
their structure-property relationship by comparing systems based on (BzA),PbX4 and (PDMA)PbX4 compo-
sitions for X = I, Br ions by means of pressure-dependent UV-vis absorption, photoluminescence (PL) emis-
sion spectroscopy and X-ray scattering measurements, as well as density functional theory (DFT) calcula-
tions. One might expect that the additional degrees of freedom due to van der Waals gap in RP spacer layers
would render them more compressible as compared to their DJ analogues. Similarly, the differences in the

lattice compression of I- and Br-based systems are expected to become apparent.'®’

We find that the bulk modulus of RP and DJ is comparable under mild pressure despite the different binding
mode of the spacers. The compression is predominant along the stacking direction (a-axis). In addition, we
establish no direct pressure-dependent difference between the I- and Br-based compositions as their differ-
ences under pressure are more subtle. For all compositions, we observe that the unit cell monotonically
shrinks with the applied pressure, which is accompanied by a red shift of the optical absorption upon increas-
ing the pressure to 0.35 GPa. Moreover, (BzA),PbBrs shows the most significant red shift of the optical ab-
sorption (-54.9 meV) as compared to the other compositions where a comparable shift (~-30 meV) is ob-
served. Synchrotron diffraction measurements and DFT calculations suggest that this is due to the smaller
lattice spacing of the Br-based perovskite planes that initially enables only a shallow penetration of the Bz
cations into the inorganic layer, but leads to a stronger pressure response with larger structural rearrange-
ments as compared to its [-based system and PDMA-based DJ analogues. The pressure responses are found

to be reversible, stimulating future applications.

52 Results and discussion

5.2.1 Structural characterization by means of XRD

To gain insights into the pressure response of RP and DJ perovskites, we prepared I- and Br-based
precursor solutions using the monofunctional BzA and the bifunctional PDMA as organic
spacers.'!>!19141.164211 Thege aromatic spacers were selected based on their comparable structural features that
permit the formation of phase-pure 2D RP and DJ perovskites. We fabricated thin films based on
(PDMA)PbX4 and (BzA),PbX4 (X =1, Br) compositions, as described in the Appendix, Section 8.4.1. We
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focused the analysis on these n =1 2D systems, since they represent the most well-defined layered structures

which are typically oriented parallel with respect to the substrate.” %1%

Layered perovskite structure in the given thin films is confirmed by well-defined periodic diffraction patterns
measured by X-ray diffraction (XRD) at ambient pressure, which exhibit the (h00) reflections that confirm
parallel orientation of the perovskite slabs with respect to the substrate (Figure 5:2). A shift towards higher
angles is observed when the iodide in the PDMA-based system is replaced by the bromide counter ion (Fig-
ure 5:2a), in accordance with the smaller halide radius, which in turn led to a smaller unit cell. On the con-
trary, when the iodide is replaced by bromide in the BzA-based systems, we observe the opposite behavior
and a shift toward lower angles, indicating a larger lattice parameter a (Figure 5:2b). This finding could sug-
gest a difference in the packing of the spacer for different halide counter ions, implying a larger distance be-

tween the perovskites slabs in (BzA),PbBr, as compared to the iodide counterpart.
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Figure 5:2. X-Ray diffraction pattern (Cu Ka 1.5406 A) of thin films based on a) (PDMA)PbX4and b) (BzA):PbXs (X

=1, Br) composition on microscope glass slides at ambient pressure.

To understand this peculiar behavior as a function of halide counter ion and to elucidate the role of the physi-
cal pressure on the structural properties of these compositions, we investigated pressure-induced changes in
the lattice parameters by pressure-dependent X-ray scattering. Diffraction data of perovskite powders for
each composition were acquired using a synchrotron source at several pressure points in a membrane dia-
mond-anvil cell (experimental details are provided in the Appendix, Section 8.4.1). I-based samples con-
tained only the perovskite phase, while signals of precursors were detected in Br counterparts (Appendix,
Figure 8:4:7). Yet the diffractions of the perovskite phase were easily identifiable allowing to perform relia-

ble data analysis as the beam damage on the samples is negligible (Appendix, Figure 8:4:6).

At low pressures, the monoclinic P2/c space group is assigned to (PDMA)Pbls and (PDMA)PbBr4, the or-
thorhombic Pcab with non-standard settings of Pbca in order to keep consistently the organic spacers along
[100] direction to (BzA),Pbls, and the orthorhombic Cmc2, to (BzA).PbBrs4. Despite compression along all

the axes (Figure 5:3a,b), the largest compression is found to be along the a-axis (stacking direction) for all
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systems, which is in accordance with previous reports.'®**°* This trend is significantly more pronounced for
the (BzA),PbBr;4 (Figure 5:3b), which is the only one amongst the studied compositions that features a non-
centrosymmetric structure. It shows a larger compression in the stacking direction (-6% relative change) and
an elongation of the in-plane lattice parameters (b and ¢ axis) followed by a compression (Appendix, Figure
8:4:1d) — a rare structural feature known as negative area compressibility. Furthermore, the non-
centrosymmetric (BzA),PbBr; crystal structure reveals two distinct values of Pb—X-Pb angles (¢; and ¢ in
the b-c plane), whereas the octahedral tilting in the other three compositions is defined only by single Pb—X—
Pb angle (¢1; as shown in (BzA),Pbls, Figure 5:3c¢).

Perovskite layers are more distorted in (BzA),PbBrs composition since the deviation of ¢, and ¢, from 180° is
larger as compared to its iodide analogue (Figure 5:3d). Therefore, the cavities between PbBrs octahedra are
smaller, which in turn hinders the penetration of organic spacer into the perovskite layers that could lead to
the higher interlayer spacing in (BzA),PbBr4 (Figure 5:2b). The angle between two adjacent octahedra hardly
changes under pressure in the case of (BzA),Pbls, whereas both Pb—Br—Pb angles in (BzA),PbBr4 change
significantly between 0.15 — 0.25 GPa, the range where the compression along the a-axis is the strongest
(Figure 5:3d). Although these changes are remarkable, the Cmc2, space group is preserved, implying that

(BzA),PbBr4 undergoes an isostructural phase transition in this pressure range.*'?
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Figure 5:3. a) Relative change of the lattice parameters as a function of pressure for (PDMA)PbX4 and b) (BzA):PbX4
compositions. ¢) Schematic representation of (BzA)PbBr4 alternating inorganic sheet (4BA4) in comparison with its
iodide counterpart (44A4) and the corresponding d) inter-octahedral tilting angles in (BzA)2PbBrs and (BzA).Pbls

systems, as extracted from the refinement of X-ray powder diffraction measurements.
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To quantify at a first approximation the compressibility of the compositions in study, we calculate the iso-
thermal bulk modulus, which is the inverse of compressibility, from the pressure-volume relationship (Figure

5:4) assuming mostly isotropic response to pressure by relying on the second order Birch-Murnaghan equa-

tion of state.”!*

3 % 3 Vi 3
0\3 0\3
- (-9
2" \v 4
Equation 5:1 — Steady-state condition formula

Here, Krg is the isothermal bulk modulus at standard temperature, V, is the initial volume, V is the volume at
pressure P. To account for the isostructural phase transition in (BzA),PbBr4, the two-phase transition regimes
are fitted separately and two K are obtained for this composition (Figure 5:4b). As a result, there was no
effect of the halide ion in PDMA-based systems since both (PDMA)Pbls and (PDMA)PbBr4 show compara-
ble bulk moduli (Figure 5:4a and Table 5:1). Furthermore, van der Waals gap renders both (BzA),Pbl4 and
(BzA),PbBry4 slightly more compressible (i.e. having lower bulk moduli) as compared to PDMA-based sys-
tems (Figure 5:4b and Table 5:1). In addition, two distinct bulk moduli for (BzA),PbBrs composition have
been identified, which are attributed to isostructural phases at low and elevated pressure.”'* These results
suggest the important role of the spacer cation in the resulting behavior. Since elucidating the local orienta-
tion and environment of the organic spacer molecules remains challenging based on the X-ray powder dif-

fraction data, we further investigate the effect of pressure on the organic spacer layer by DFT calculations.
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Figure 5:4. Pressure-Volume (P-V) relationship as a function of pressure fitted with second order Birch-

Murnaghan equation of state fit (solid black line) for a) (PDMA)PbX4 and b) (BzA),PbXa.
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Table 5:1. Isothermal bulk moduli for the layered 2D perovskites studied.

Composition K1 (GPa)
(PDMA)Pbl4 11.40+0.11
(PDMA)PbBr4 12.68 £ 0.14
(BzA),Pbls 10.82 £0.04
(BzA),PbBr4 (< 0.14 GPa) 7.14 £0.22
(BzA),PbBr4 (> 0.14 GPa) 7.48 £0.27

5.2.2 Structural characterization by means of DFT

For DFT calculations, the data obtained from the synchrotron scattering measurements was used as
initial starting point. For each pressure the coordinates of the atoms were relaxed without any constraints
while fixing the lattice parameters at the experimentally measured values in order to better account for the
thermal expansion of the lattice parameters at the measured temperature. The results suggest that the
compression along the a-axis is due to reduced distance between the two neighboring spacers and their closer
packing (Figure 5:5a). The initial vertical distance between the two BzA spacers, d(BzA-BzA), defined from
the center of the benzyl ring, is significantly larger in the case of (BzA)2PbBr4 (4.43 A) as compared to
(BzA)2Pbl4 (2.97 A; Figure 5:5a). This distance decreases by 0.4 A for (BzA)2PbBr4, whereas for the I-
based analog the decrease accounts to only 0.08 A within the same pressure range, resulting in a larger

compression for (BzA)2PbBr4.

Calculations further suggest the presence of two distinct octahedra tilting angles (141.5° and 154.5°) in
(BzA),PbBr4 (Appendix, Figure 8:4:2a). These angles are lower than the one in (BzA),Pbl4 (by 4° and 16°,
respectively), which represents a higher distortion of the octahedra, thereby leaving less room for the BzA
spacers to penetrate than the already shorter Pb—Br distances would allow. The penetration depth of the
spacer into the inorganic framework is the result of an interplay of interactions between the organic and
inorganic components and it changes continuously upon increasing pressure for the PDMA-based
compositions (Appendix, Figure 8:4:2a) and (BzA),Pbl4 (Figure 5:5b), whereas in (BzA),PbBr;4 there is an
abrupt change leading to higher penetration depth (Figure 5:5b). This difference in the (BzA),PbBrs system
could primarily originate from the changes in the octahedral tilting angles, the spacer packing and

orientation.'®!
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In addition, the Pb—X bond length could potentially also change under pressure. The equatorial Pb—Br bond
lengths in (BzA)2PbBr4 at low pressure (2.98 A and 3.02 A; Appendix, Figure 8:4:2c) are smaller than the
ones in (BzA)2Pbl4 (3.21 A and 3.25 A; Appendix, Figure 8:4:2¢), leading to a denser octahedral packing,
which could potentially limit the spacer penetration into the Pb—Br lattice at ambient pressure as evidenced
in Figure 5:2b. However, the axial Pb—X bond lengths remain constant over the entire pressure range (Ap-
pendix, Figure 8:4:2c). DFT calculations suggest a very small compression of Pb—X bonds with pressure that
can affect the Pb—X antibonding overlap and thereby the bandgap, which has however not been experimen-
tally detected in the studied pressure range. This implies that the measured compressions are not caused by
the changes in the Pb—X bond lengths. Instead, the response to mild pressure is the result of changes in the
packing within the organic spacer layer. This packing within the organic spacer layer has been previously
associated with the non-centrosymmetric structure of the (BzA)2PbBr4 composition,141 which is unique for
this composition as compared to others. The calculations for (BzA)2Pbl4 and (PDMA)PbX4 show compara-
ble change under pressure (Figure 5:6a-c), whereas the two BzA spacers in (BzA)2PbBr4 were found to
move closer together as shown in the Figure 5:6d. In the pressure range between 0.164 GPa to 0.213 GPa,
the BzA spacers were found to penetrate deeper into the inorganic lattice, hence affecting the resulting prop-
erties (Figure 5:5b). It is important to note that the zero is set at the halide planes and larger penetration cor-
responds to more negative values. This process is accompanied by a decrease in the BzA tilting angle,
0(BzA...nPbX), defined as the angle between the a-axis and the benzyl plane (Appendix, Figure 8:4:2d).
Such a change corresponds to a rearrangement of the BzA spacers into a more parallel orientation with re-
spect to the a-axis (Appendix, Figure 8:4:2d). Moreover, this is reflected in the changes in the horizontal di-
rection that are uniquely observed for the (BzA)2PbBr4 composition (Appendix, Figure 8:4:2¢). Conse-
quently, the significant change in the distance between the neighboring BzA groups is qualitatively in ac-
cordance with the experimental observation of a larger compression for (BzA)2PbBr4. Such changes in the
assembly of the spacer layer in response to pressure are further reflected in their optoelectronic properties

and thus mechanochromism.
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Figure 5:5. Calculated a) average distances of the (vertically) neighboring BzA rings d(BzA~BzA) in the RP layer and
b) nitrogen penetration depth in the halide plane d(NXux) as a measure of the penetration depth based on the DFT-

optimized structures (PBEsol).

58



(BzA),Pbl, 5A

0.014 GPa

(PDMA)PbB, _5A

0.1599 GPa 0.7881 GPa

Figure 5:6. Relaxed structures of a) (BzA)2PbBrs at 0.014 GPa and at 0.673 GPa, b) (BzA).Pbl4 at 0.0186 GPa and at
0.8229 GPa. ¢) (PDMA)PbBr3 at 0.0042 GPa and at 0.3011 GPa, d) (PDMA)Pbls at 0.1598 GPa and 0.7881 GPa. The
rectangle in grey highlights the change in the spacer distances for all the systems at a representative low and high

pressure.

5.2.3 Mechanochromic properties

To assess the mechanochromic properties, we monitored the optical absorption properties as a

function of applied external stress by measuring pressure-dependent absorption on (PDMA)PbX, and
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(BzA),PbX4 (X = Br, I). The samples were placed inside a hydrostatic pressure cell filled with an inert liquid
(tetradecafluorohexane, FC-72, as detailed in the Appendix, Section 8.4.1. A schematic representation of the
measurement cell is shown in Figure 5:7a. We applied pressure from 0 to 0.35 GPa in steps of 0.05 GPa
through a manual pump. Quantum and dielectric confinement effects give rise to an intense and narrow exci-
tonic absorption feature (Appendix, Figure 8:4:3), typical of layered 2D perovskites.”'>*'® We observe a con-
tinuous shift of the excitonic peak toward lower energies for all analyzed perovskite compositions (Figure
5:7b—e). In addition, the red-shift confirms that a mild external pressure can be sufficient to tune the optical
properties in these materials. Similarly, pressure-dependent PL measurements show a red-shift toward

smaller energy upon increasing pressure (Figure 5:8).
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Figure 5:7. Schematic of the a) experimental setup for pressure-dependent absorbance measurements and b) pressure-
dependent absorbance collected (PDMA)Pbl4, ¢) (BzA)2Pbls, d) (PDMA)PbBr4 and e) (BzA).Pbls in the pressure range
from ambient to 0.35 GPa. The inset shows a schematic representation of the layered structures. f) Energy difference of

the excitonic peak energy as a function of applied pressure.

We obtained the excitonic peak energy of the (PDMA)PbI,; and (BzA),Pbls as a function of pressure fitting a

skewed Gaussian function to the absorption spectra. At ambient pressure, the excitonic peak energy of
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(PDMA)PbI4 and (BzA),Pbls is 2.41 eV and 2.36 eV, respectively. Upon increasing the pressure, the exci-
tonic-peak shift at 0.30 GPa as compared to ambient pressure is about (-25 + 0.6) meV for (PDMA)Pbl4 and
(-27 £ 1) meV for (BzA):Pbls (Figure 5:7f). We observed a similar linear trend for both RP and DJ perov-
skites until the pressure of 0.30 GPa, where the response to external pressure causes a comparable energy
shift. For pressures higher than 0.3 GPa, the (BzA),Pbls appears to shift to a larger extent in comparison with
the (PDMA)PDbL4, showing an energy shift of (-33 £ 1) meV and (-27 + 0.5) meV, respectively (Figure 5:7f).
A more pronounced difference in the response for higher pressures (above 0.3 GPa) is likely to be associated
with the structural differences of the corresponding RP and DJ phases, in accordance with the previous re-
ports.'*22 Further investigations at pressures above 0.35 GPa are not possible with the same experimental
setup because of the limitations of the hydrostatic pressure cell. Nevertheless, monitoring the shift of the ex-
citonic peak by its maximum intensity reveals the same slope as fitting the skewed Gaussian with a larger
error given by the resolution of the absorbance measurement (Appendix, Figure 8:4:4). For Br-based ana-
logues, the excitonic peak energy is 3.06 eV and 3.07 eV for (PDMA)PbBr4 and (BzA).PbBr4, respectively.
Upon increasing the pressure to 0.35 GPa, the energy shifts for both (PDMA)PbBrs and (BzA),PbBr4 by (-31
+ 1) meV and (-55 £ 0.2) meV, respectively. The (BzA),PbBr4 has a notably larger energy shift than its I-
and PDMA-based systems (Figure 5:7f).
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Figure 5:8. Pressure-dependent photoluminescence for a) (PDMA)Pbl4, b) (BzA):Pbls, ¢) (PDMA)PbBr4, d)
(BzA)2PbBra. The photoluminescence peak shifts towards smaller energy as a function of pressure for all the

compositions studied.
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To sum up, the energy shifts in I-based samples closely correspond to each other, which suggests that pres-
sure-dependent properties are comparable for RP and DJ phases in this pressure range. However, Br-based
systems show contrasting differences, with (BzA),PbBr4 having substantially larger shifts as compared to
(PDMA)PbBr4and I-based systems. Such larger shift in (BzA),PbBr4is in accordance with the more signifi-
cant compressibility of (BzA),PbBrs4 as compared to its [-based analogs and PDMA-based systems (Table
5:1). Furthermore, the isostructural phase transition induced by the reduction of octahedral tilting (i.e. the
Pb—Br—Pb angle is closer to 180°) is associated with the change of penetration depth of the BzA spacers into
the perovskite lattice and the distance between the neighboring spacers. This is related to the quantum con-
finement, which is reduced by the change in potential barrier width. The qualitative variations of the band

gaps as a function of pressure are well reproduced theoretically (Appendix, Figure 8:4:5).

The shifts of the excitonic peaks are fully recovered for both I- and Br-based RP and DJ perovskites upon
decompression from 0.35 GPa to ambient pressure, implying that the process is reversible in this pressure
range. The corresponding absorption spectra of both materials almost perfectly overlap after decompression
(Figure 5:9a—d). The reversibility of the optical features strongly suggests structural reversibility, which is in
agreement with the DFT predictions and in contrast with the amorphization commonly reported at higher
pressures.”'7!? This reversibility of the mechanochromic response of layered hybrid perovskites is of inter-
est to their use as model systems for elucidating structure-property relationships in hybrid layered materials,

which is relevant for the long-term stability of flexible perovskite devices, but also points towards the use of
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Figure 5:9. Pressure-dependent absorbance recorded using UV-VIS at three characteristic pressures in the forward and

reverse direction for a) (PDMA)Pbls and b) (BzA)2Pbls, c) (PDMA)PbBrsand d) (BzA).PbBr4.
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5.2.4 Correlation between structural and optical properties

We can directly correlate the experimental structural parameters obtained by pressure-dependent
XRD measurements with the changes in the optical absorption. The relationship between the shift in the
exciton absorption peak and the length of the a-axis is linear for both PDMA-based and BzA-based samples
(Figure 5:10a,b), with the exception in (BzA),PbBr4, where we observe two different regimes which are
attributed to the isostructural phase transition. A linear fit of the energy shift as a function of the a-axis
length results in a comparable slope of 0.223+0.009 eV/A and 0.2284-0.005 eV/A for (PDMA)PbBr, and
(PDMA)Pbl, respectively. The slope of 0.07840.003 eV/A was obtained for (BzA),Pbls, whereas
0.05240.01 eV/A and 0.03640.001 eV/A for (BzA),PbBr, below and above the isostructural phase
transition, respectively (Figure 5:10a,b). This suggests a stronger dependency of the optical properties of
PDMA systems on the change of the a-axis compared to the BzA systems. No correlation was observed
between Pb—X—Pb angle and the optical absorption (Figure 5:10c,d), except in the case of isostructural phase
transition regime in (BzA),PbBrs (Figure 5:10d). Thus, we find that the bandgap change is largely caused by
the compression of the a-axis in the representative DJ and RP layered 2D perovskites, which is expected
based on the reduced quantum confinement, whereas the changes do not correlate with the Pb—X—Pb angles
within the same structural phase. This further implies that the differences in the mechanochromic response
for different organic moieties are directly associated with the interactions within the spacer layer and their

contacts with the perovskite slabs.
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Figure 5:10. Optical absorption shift as a function of a) the a-axis length for PDMA- and b) BzA-systems, and as a
function of the Pb—X-Pb angles for ¢) for PDMA- and d) BzA-systems based on the experimental data.
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5.3 Conclusions

In summary, we report a direct comparison of the response of iodide and bromide-based RP and DJ
2D perovskites to pressure by using comparable aromatic spacer moieties, namely benzylammonium (BzA)
and 1,4-phenylenedimethylammonium (PDMA), respectively. We applied a mild pressure up to 0.35 GPa to
all the compositions and detected a red shift of the excitonic peak upon increasing the pressure. Despite dif-
ferent binding mode of the spacers, we find that the RP and DJ perovskites behave similarly in this pressure
range, with an anisotropic response predominantly in the out-of-plane (a-axis) direction. Moreover, while
PDMA-based perovskites were not found to be susceptible to changes associated with the halide ion, pre-
sumably due to higher geometric constraints in DJ phases, BzA-based perovskite results in a larger excitonic
peak shift in bromide-based compositions that is in contrast with their higher expected level of rigidity as
compared to iodide-based phases. Furthermore, X-ray scattering experiments in conjunction with DFT calcu-
lations under pressure suggest that this effect is related to the structural properties of the 2D perovskite
phases. Specifically, X-ray scattering experiments reveal significant relaxation of Pb—X—Pb angle in
(BzA),PbBr4, which is evidenced by the isostructural phase transition, whereas no phase transition is de-
tected for the other compositions. DFT computations further indicate that this isostructural space group tran-
sition is associated with a decrease in the distance between BzA spacers and with an increased penetration
depth of the spacers into the Pb—Br lattice. Moreover, this phase is the only one among the studied composi-
tions that features a non-centrosymmetric lattice, which is likely to further amplify its mechanochromic re-
sponse. These differences explain the large compression of (BzA),PbBrs under mild pressures.

This study thereby provides important insights into the mechanochromic properties of layered hybrid perov-
skites while highlighting the importance of an interplay between the organic and the inorganic layers in the
resulting structure. Moreover, the unique reversibility of their mechanochromic response in this mild pres-

sure range opens new perspective towards the utility of layered hybrid perovskites as potential platforms for

223,224 220-222

amphidynamic materials and mechanophores, which expands the perspectives for their future ap-

plications.
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Chapter 6 Mixed conductivity of layered
hybrid perovskites

This chapter will discuss the mixed conductivity of layered hybrid perovskites by using (PDMA)Pbl4 and
(BzA),Pbly as representatives of DJ and RP perovskite phases, respectively. This is the subject of a manu-

script that is currently in preparation.

6.1 Introduction

Unlike classical semiconductors such as Si, GaAs, and CdTe, hybrid halide perovskites are mixed

ionic-electronic conductors.””> %’ This has been evidenced by the appearance of hysteresis in current-voltage

228 229

characteristics of solar cells,”® photo-induced halide mixing,*** photodecomposition,>***' field-switchable
photovoltaic effects,”*? and perceptible electromotive force voltage,”?’ which point to the significant ion con-
duction in these materials. Previous extensive studies on the electrical properties of MAPbI; provide strong

indications that iodide vacancies are the primary mobile species.”**** There is no strong consensus on the

1 235 227,236,237

dominant defect disorder as both anti-Frenkel =~ and the Schottky-type intrinsic disorders are feasi-

ble.

Under equilibrium dark conditions, the iodide defect concentration(d), which is defined by material material
stoichiometry (MAPDI;:5), is directly coupled with the electronic carrier concentration. The nature of the
electronic conductivity relies on the concentration levels of iodide vacancies, which can be denoted (V;) ac-
cording to Kroger-Vink notation M{, where M is atom type, L represents the regular site in the perfect
crystal, and C stands for the effective (relative) charge. Specifically, the reduction in iodide vacancies upon
iodine (/) incorporation would lead to an increased hole concentration (h'), converting the material to a p-

type system, in accordance with the equation 6:1.'%°

1
ShHVisIf+h

Equation 6:1 — Iodine incorporation reaction.

Moreover, variation in the concentration of ionic defects can be altered by subjecting the sample to the elec-
trical potential difference, which induces ion redistribution if electrodes are used that block the ions. This
process involves a coupled transport of electrons and ions via the chemical diffusion process. Quantitatively,
this process is characterized by a chemical resistance (R®) and a chemical capacitance (C®).”® When the sam-
ple is sandwiched between ion-blocking electrodes to which a voltage is applied, in such a stoichiometric po-

larization, the redistribution of ions leads to a compositional gradient in the sample. Under steady-state
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condition (Figure 6:1a), the electrochemical potential of halide ions (fi,-) is constant, whereas the electron’s
electrochemical potential (fi,) and, consequently, the halogen (px) chemical potential follow the gradient es-
tablished by the applied potential. Assuming a small perturbation and an approximately linear relationship
between iodine defect concentration and the iodine chemical potential, the stoichiometry profile would fol-
low the py. Under these steady-state conditions, the stoichiometric variations within the material can be eval-
uated by a relationship described by the equation 6:2, where U, is external steady-state bias and F stands for
Faraday’s constant. The process of ion redistribution might cause reversible degradation in perovskite solar
cells under operational conditions.”***" However, voltages exceeding the stability limit of materials could
drive them to decomposition, as the induced stoichiometric variations exceed the stability window (Figure
6:1b). For instance, voltages above 1.4 V could trigger MAPbX; (X = I, Br, Cl) decomposition into methyla-
mine, lead halides (PbX>), and hydrogen halides (HX).'*

_AIJ'X

F = Uss

Equation 6:2 — Steady-state condition formula

b)

M MX X
log P(X;)

Figure 6:1. Schematic representation of (a) of the steady-state situation when the mixed conductor is sandwiched
between ionic blocking electrodes; (b) stability window of the binary materials, here y-axis represents temperature,

while x is the activity of the constituting elements. Adopted from the reference.'®’

Similarly, a chemical bias can also induce degradation, whereas light can be detrimental in the process. It has
been demonstrated that a significant enhancement of ion conduction occurs upon exposure to light.*° The
current proposition of the underlying mechanism driving this process relies on the assumption that photo-
generated holes localize on the iodide, which promotes the formation of neutral iodine interstitials. By in-
creasing the concentration of neutral iodine interstitials under light, the composition of the material could
exceed the limit of the stability window, leading to photodecomposition via iodine excorporation. This ef-
fect is more pronounced in iodide-based perovskites, supposedly due to more polarizable iodine.**' Another

phenomenon related to ion migration is photo de-mixing, whereby mixed halide compositions suffer from

66



halide segregation when the material is exposed to light.”* This effect might hinder the material’s perfor-

mance, as the electronic carriers can get trapped in iodide-rich domains.**

Ton migration is a critical factor undermining stability and performance of the hybrid halide perovskites.'®
To tackle this problem, it is important to reduce ion migration, or in an ideal case, eliminate it. Composi-
tional engineering can to an extent reduce the problem of ion migration. More specifically, mixed A cation
compositions may benefit from an increased activation energy for ion migration, while ion conductivity in
Br-based compositions is less susceptible to the photoinduced effects.”*' However, compositional engineer-
ing does not eliminate the issue. Alternatively, dimensionality engineering might be a more effective way to
tune ionic transport properties. The structure of perovskite materials with reduced dimensionality is tem-
plated by the large organic spacer cations, which could effectively act as physical barriers preventing ion mi-
gration. For example, layered perovskites based on BA organic spacers are reported to have imperceptible

90243 while systems based on PEA still exhibit high activation energy for ion migration.”’ How-

ion migration,
ever, the effects of spacer cations on ion transport properties have to be carefully investigated, since it has
been demonstrated that spacer molecules have a significant role in controlling photo-induced halide segrega-
tion, which is directly related to ion migration."*” Until now, only the ionic properties of 2D perovskites
based on monofunctional spacers, which form RP-type perovskites, have been studied. Given the earlier evi-
dence on the substantial role of spacer cations in determining electrical properties, studies on DJ-type perov-
skites employing bifunctional spacers would provide new insights. This especially refers to the effects of the
reduced interlayer spacing and the removal of the van der Waals gap on the ionic conductivity. To this end,
this thesis focuses on the electrical properties of both RP and DJ type layered perovskites utilizing structur-

ally closely comparable spacers, allowing to elucidate the aforementioned effects related to mixed conductiv-

ity.

6.2 Results and discussion

6.2.1 Thin films for in-plane conductivity

This study focuses on representative layered hybrid perovskites based on » = 1 compositions com-
prising benzylammonium (BzA), which crystallize in RP type (BzA),Pbl, structure, and phenylenedimetha-
nammonium (PDMA) spacers, forming DJ (PDMA)Pbl4 perovskites. The corresponding samples were pre-
pared from perovskite solutions, which were obtained by dissolving stoichiometric quantities of (BzA)I and
Pbl, in dimethylformamide (DMF) or (PDMA)L and Pbl; in 4:1 (v:v) DMF: dimethyl sulfoxide (DMSO) to
yield 0.4 m (BzA),Pbls and (PDMA)PDl,4 solutions, respectively. The precursor solutions were thereafter
spin-coated at 1000 rpm for 10 sec and 4000 rpm for 20 sec and subsequently annealed for 10 min at 100 °C
(BzA),Pbl4 and 150 °C (PDMA)Pbls. Quartz substrates with gold interdigitated electrodes were used for the
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electrical measurements with the total overlap area between electrode fingers of 0.0016 cm? and the distance

between each electrode of 10 um (Figure 6:2a).

X-ray diffraction pattern of a (BzA),Pbl, thin film shows (001) reflection peaks (Figure 6:2b), which indicate
the presence of crystallites with basal planes that are oriented parallel to the substrate. For the (PDMA)Pbls
thin films, the most intense peaks have Miller indices (h00), corresponding to the parallel orientation of per-
ovskite layers with respect to the substrate. In addition, there are (0kl) reflections (Figure 6:2b) coming from
perpendicularly orientated perovskite layers.'** Nonetheless, the intensity of these peaks is low, implying that
the dominant crystallite orientation is parallel to the substrate. Considering the electrode architecture and the
orientation of the crystallites in the analyzed films, one could presume that in such device architecture
mainly in-plane conductivity was measured (Figure 6:2a, inset). Good electrical contact is established con-
tact between electrodes and perovskite, as both (PDMA)Pbl, (Figure 6:2d) and (BzA),Pbls (Figure 6:2¢) thin

films have compact and uniform morphology, with different domain sizes, whose effects will be discussed in

the later sections.
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Figure 6:2. (a) Schematic representation of the electrode substrate used for electrical measurements. Inset: graphic
illustration of a (PDMA)Pbl4 perovskite placed between two electrodes (b) X-ray diffraction patterns of (BzA):Pblsin
blue and of (PDMA)Pbl4 in black. Here * corresponds to higher-order (h00) reflections and # - to (Okl) ones. (c—d) SEM
images of (c) (PDMA)Pblsand (d) (BzA)2Pbls thin films deposited on the electrode substrates.

6.2.2 Galvanostatic measurements of RP and DJ samples

The electrical properties were measured by galvanostatic polarization experiments (more infor-
mation about the technique and the data analysis is available in Appendix section 8.5.1). The shape of the

polarization curves of (PDMA)Pbl4and (BzA),Pbls thin-film recorded in Argon atmosphere at 60 °C (Figure
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6:3a,c) are indicative of a mixed conductor. Electronic and ionic conductivities of the DJ samples are closely
comparable and in the range of 4 x 10" — 5 x 10! S/cm, while RP exhibits lower electronic (2.5 x 107"
S/cm)and ionic (1.5 x 10" S/cm) conductivities (Figure 6:3e, yellow region). The higher resistivity of RP
samples could be associated with the larger interlayer spacing, though the difference between RP and DJ

conductivity values is not sufficiently significant to draw an unambiguous conclusion.

Dimensionality reduction has a substantial effect on electrical properties. Both RP and DJ samples have sev-
eral orders of magnitude lower conductivity in comparison to MAPbI; with the reported values on the order
of 10°— 107 S/cm 2723023324124 [ gwer electronic conductivity of layered hybrid perovskites might be at-
tributed to their larger bandgap, reducing the concentration of thermally excited electronic carriers. In addi-
tion, carrier confinement effects that could hamper charger transport, should be considered as well. These
effects would be lower in quasi-2D perovskites (n > 1), as their structural properties approach 3D perov-
skites. Similarly, multiple factors might be playing a role in the case of reduced ionic conductivity, such as
defect formation energy, anisotropy effects, or ion migration energy barrier."> The activation energy associ-
ated with the material’s conductivities is a function of all these factors and will be discussed later in this
chapter.
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Figure 6:3. Galvanostatic polarization curves of (a) (PDMA)Pbls and (¢) (BzA)2Pbl4 in argon atmosphere at 60 °C; (b)
(PDMA)Pbls4 and (d) (BzA)2Pbls under iodine atmosphere P(I2) (0.685 x 107 bar; argon carrier gas) at 60 °C. (e)
Extracted electronic (eon) and ionic (ion) conductivity values of (PDMA)PbI4 (labeled as DJ) and (BzA):Pbls (denoted
as RP).
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The conductivity of mixed conductors can be modulated by changing their stoichiometry. For example, in
iodine-deficient conditions, MAPbI; is an n-type semiconductor, while in the iodine-rich case it is a p-type
semiconductor, as the concentration of holes and iodide vacancies are interrelated by the equation 6:1. This
has been experimentally demonstrated by measuring electrical properties under constant iodine partial pres-
sure (P(I2))."**** Assuming that halide defects are the primary defects contributing to the ionic conductivity
in layered hybrid perovskites, the iodine partial pressure might also be a gauge to tune electrical properties.
To this end, both RP and DJ samples were exposed to iodine partial pressure (0.685 x 10 bar; more infor-
mation about the experimental setup for iodine pressure control is available in Appendix section 8.5.2). The
shapes of equilibrated polarization curves of (PDMA)Pbly4 (Figure 6:3b) and (BzA),Pbl4 (Figure 6:3d) have
changed as compared to inert (argon) conditions. Firstly, the samples are less resistive as the voltage rise is
smaller under similar current levels. Secondly, the transient voltage step is shorter, implying an increased
contribution of electronic conductivity. This has been confirmed by qualitative analysis revealing an aug-
mented electronic conductivity in both (PDMA)Pbls and (BZA),Pbls, while their ionic conductivity is
slightly reduced (Figure 6:3¢). These results provide strong evidence for mixed conductivity in layered hy-

brid perovskites.

6.2.3 lodine incorporation and excorporation kinetics

We have shown that the conductivities of (PDMA)PbI4 and (BzA),Pbls change when they are ex-
posed to a fixed external iodine partial pressure compared rather than to pure argon. This observation implies
iodine incorporation into the crystal lattice via gas-solid reaction. The detailed study on oxygen incorporation
in SrTiOs revealed that this reaction could consist of several steps.”*> This involves surface reactions in
which bonds between molecules are broken, redox reactions where atoms are ionized, bulk transport via
chemical diffusion, and grain boundary transport processes, which are expected to occur in the incorpora-
tion/excorporation process. These reaction steps are not well understood in halide perovskites. The overall
reaction rate is limited by the step with the slowest process. Therefore, the equilibration time constant of the
conductivity upon a change in iodine partial pressure is an excellent parameter to evaluate the incorporation
reaction kinetics. For instance, it has been reported that the iodine exchange rate can be significantly sup-
pressed by doping MAPbI; with ethyleneammonium (en) as the equilibration time of conductivity increases.
246 In this case, doping did not modify substantially the bulk transport properties since the conductivities of
pristine and en-MAPDbI; samples are comparable. Therefore, slower iodine incorporation is attributed to the

reduced surface reaction rate.
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Figure 6:4. Electronic conductivity equilibration curves obtained from data of galvanostatic polarization measurements
of (PDMA)PbIs when (a) P(I2) changed from 3.45 x 107 to 1.45 x 107 bar, (c) P(I2) varied from 4.55 x 10 to 2.5 x 10-
¢ bar, and of (BzA)2Pbls when (c) P(I2) is adjusted from 3.45 x 107 to 1.45 x 107 bar and (d) from 4.55 x 10 to 2.5 x

107 bar. The carrier gas is argon and the sample temperature 60 °C.

Despite the fact that layered perovskites are more resistive than MAPDI; and that iodine incorporation is ex-
pected to occur across the layers, given the sample architecture used (Figure 6:2¢), the equilibration kinetics
have a characteristic time constant of 2—4 h (Figure 6:4), which are comparable to MAPbI;.**’ These results
suggest that the bulk diffusion does not limit the overall reaction. Moreover, this could also point to a rela-
tively efficient surface reaction step. The rate of iodine exchange might be faster when iodine diffuses within
the perovskite layers. Moreover, fast diffusion might occur through the pinholes present in the thin film. This
suggests the importance of sample morphology as well as orientation of the layered perovskite phases. De-
spite the morphological differences between RP and DJ samples (Figure 6:2d,e), the incorporation and exco-
poration kinetics are found to be comparable. The rate of iodine exchange renders these materials good gas

permeation substrates but undermines their applications as passivation layers for perovskite solar cells.

6.2.4 Defect chemistry model

Until now, there has been no defect chemistry model which can be applied to the layered hybrid
perovskites. Previous extensive studies on MAPDI; suggest the dominance of iodide vacancies in ionic con-
ductivity.'®?*® There is no strong consensus on the dominant disorder type in hybrid perovskites. However,
the intrinsic-Schottky disorder is more commonly considered, as the is experimental evidence of a high con-

centration of MA defects, which would compensate for the halide defects in MAPbI;.*** Assuming that the
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intrinsic-Schottky disorder is dominant, the defect chemical equations for (PDMA)Pbl4 and (BzA),Pbl4 can
be expressed as follows (equation 6.3). For simplicity, we used structure-element formulation for the

building units, where vacancies are denoted as V.

® = Vppua +2V; (la)
=V, +V, (ib)

O=e+h (2)

1
EIZ +Vi=1+h (3)

Equation 6:3 — Defect equation for Schottky disorder in (1a) (PDMA)Pbls and (1b) (BzA):Pbls. Equation (2) for

electronic disorder and (3) iodine incorporation reaction.

From the defect equations, one could obtain the defect concentration dependence on the iodine partial pres-
sure, which is commonly represented using Kroger—Vink diagrams (Figure 6:5a,b) that are divided into three
distinct regions. Specifically, N regime represents iodine-poor conditions when the majority carriers are elec-
trons (e") and iodine vacancies (V;), the I region corresponds to the situation when ionic defects are dominant
charge carriers, whereas at high iodine partial pressures materials enter the P region, where the holes become
predominant charge carriers. Assuming that the charge carrier mobility is independent of defect concentra-
tion, the conductivity should be directly proportional to the defect concentration. Thus, conductivity depend-
ence on iodine partial pressure might be investigated with the help of in Kroger-Vink diagrams. For MAPbI;,
the experimentally obtained slopes of ionic and electronic conductivities as function of iodine partial pres-
sure are in good match with Kréger-Vink diagrams in I and P regions.”*”** This is further corroborated by
the experimental and theoretical studies on defect concentrations that point to I and P-type conductivity prop-

erties. 250,251
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Figure 6:5. Kroger-Vink diagrams of (a) (PDMA)Pbl4 and (b) (BzA):Pbl4, considering the Schottky disorder and

assuming that Pb defects are frozen-in.
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6.2.5 lodine partial pressure dependent conductivity measurements

(PDMA)PbI4 and (BzA):Pbls conductivities have been analyzed as a function of iodine partial
pressure (shown in Figure 6:6). The scanned iodine partial pressure was varied in the range from 3.45 x 107
to 1.41 x 107 bar, whereas samples were measured in two different rounds for the purpose of reversibility
assesment. During the first set of measurements iodine partial pressure was increased, whereas in the second
round of measurements the samples were returned to the lower iodine partial pressure. Direct (DC) and alter-
native (AC) current electrical characterization methods were used to characterize the electrical properties.
This involved DC galvanostatic polarization measurements according to the data analysis method described
in Appendix section 8.1 to estimate both ionic and electronic conductivity. The results (Figure 6:6b,c) show
reversible electronic conductivity in both samples since values from the first and second measurements are
closely comparable. In addition, electronic conductivity increases with iodine partial pressure, indicating p-
type conduction. The 0.36 = 0.06 slope of electronic conductivity suggests sample stoichiometries between I
and P regimes, according to the Kroger-Vink diagram for (PDMA)Pbl4 (Figure 6:5a). However, the ionic
conductivity is not reversible and its dependence on iodine partial pressure is not in line with the model
(Figure 6:5a). In the case of (BzA),Pbls, electronic conductivity exhibits a 0.41 & 0.06 slope pointing to the I
regime (Figure 6:6b), which is corroborated by unsignificantly changed ionic conductivity with the slope -

0.04 = 0.05 (Figure 6:6c¢).

While electronic conductivity from galvanostatic polarization measurements could be extracted without res-
ervations, the assessment of the total conductivity might have constraints due to the limited time resolution
of the instrument, which is typically around 1 sec. To overcome these shortcomings, electrical properties
were characterized in a frequency domain using electrochemical impedance spectroscopy (EIS) allowing to
measure conductivity changes in the subsecond time intervals. This technique utilizes frequency-dependent
sine wave bias to perturb the sample. The response of these samples can be modeled in terms of equivalent
circuits including resistors and capacitors and the impedance data are plotted in the complex plane (Nyquist
plot).?? Typically, the recorded spectrum of hybrid halide perovskite mixed conductors measured using ion-
blocking contacts consists of several features. The high-frequency feature can be ascribed to a resistance as-
sociated with the total conductivity (ionic and electronic) and to the high frequency dielectric capacitance of
the sample. The low frequency feature is ascribed to the polarization of the mixed conductor, whereby ionic
carriers are blocked at the interface with the contacts, such that the resulting resistance at very low frequen-
cies is purely electronic.”>**** To extract information about resistance or capacitance involved in each pro-
cess, an equivalent circuit model is fitted to the spectrum. Usually, each feature can be fitted with a single
resistor-capacitor (RC) element. In a complex plane, the fit has a semicircle shape, where the diameter corre-

sponds to the resistance of the given process.
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EIS spectra of the layered perovskites thin films measured in a horizontal device configuration do not con-
tain well resolved features (as shown in the representative spectrum, Figure 6:6d), complicating the analysis.
In this case, the total conductivity is obtained by fitting a single RC element at a high and medium frequency
range, taking a high degree of uncertainty into account. Under these conditions, the ionic conductivity is
found from the equation 8.5 in Appendix section 8.5.1, where electronic conductivity values are taken from
galvanostatic measurements. The acquired ionic conductivities for both (PDMA)Pbl4 and (BzA),Pbl4 (Figure
6:6e,f) display systematically higher values than the ones obtained from the galvanostatic polarization
method, suggesting that the total conductivity is underestimated using the DC method. The -0.18 £ 0.13
slope of (PDMA)Pbly is in line with the Kroger-Vink diagram in the I, P regime (slopes between 0 and 0.16),
whereas the results of (BzA),Pbls are puzzling as the extracted ionic conductivity increases slightly with io-

dine partial pressure.
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Figure 6:6. Representation of DC polarization curve (a) and electronic and ionic conductivities of (b) (PDMA)Pbls and
(¢) (BzA)2Pbls. An example of EIS spectra and fits with (d) single RC element and the corresponding ionic
conductivities of (¢) (PDMA)Pbls and (f) (BzA)2Pbla. (g) Representation of a fit with two RC elements and ionic
conductivities for (h) (PDMA)Pbls and (i) (BzA)2Pbla.

Considering all the techniques discussed below, it is challenging to draw an unambiguous picture of the de-
fect chemistry in (PDMA)Pbl4 and (BzA):Pbls perovskite thin films. While electronic conductivities show
reversibility and slopes suggest I and P region according to the Kroger-Vink diagrams, the ionic conductivi-

ties are not following the expected trends. The defect chemistry model might be more complex as the
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compositions of the investigated materials involve bulky organic molecules. The picture of defect chemistry

of quasi layered hybrid perovskites (n > 1) might thus have more resemblance to the one of MAPbI3, as their
compositions involve typical A cations (MA, FA or Cs), where their respective defects could compensate for
halide vacancies. In this regard, further studies on the electrical properties of 2D materials with n = 1 compo-

sitions are needed to deepen the understanding and provide a more general model.
6.2.6 Thermal stability

The conductivity measurements were performed at the constant temperature of 60 °C. However,
additional information about the electrical properties can be extracted by changing the temperature to
provide more information about the activation energy. Before performing these measurements, it is essential

to evaluate the thermal stability of materials.

In this study, thin films were analyzed using the in-situ temperature-dependent XRD technique. By tracking
the intensities of diffraction peaks over time (Figure 6:7a-c) we reveal that (BzA),Pbls (002) and (004) peaks
diminish at 90 °C, indicating layered structure disruption (Figure 6:7a). Moreover, the peak at 6.9°, which is
attributed to the intermediate phase, becomes more intense, implying layered structure conversion to the
intermediate phase for Bz-based RP phases. At higher temperatures, this phase is further transformed into
Pbl, (Figure 6:7b). To verify whether (BzA),Pbls is meta-stable and kinetically trapped at lower tempera-
tures, samples were kept at 60 °C for 42 days. The film showed no decomposition (Figure 6:7d), indicating
comparable thermal stability with MAPbI;.>>> On the other hand, (PDMA)Pbls, the samples show remarkably
improved thermal stability as no degradation was observed in the temperature range up to 150 °C (Figure

6:7¢).
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Figure 6:7. XRD peak intensity change over time of (BzA)2Pbls sample in the temperature range of (a) 90—100 °C, (b)
100-140 °C, and of (PDMA)Pbls sample in the temperature range of (c) 100—150 °C. The peak intensities were
normalized by taking the initial values at starting temperatures. (d) XRD diffraction of graphs of (BzA)2Pbla before
(black) and after exposure to 60 °C for 42 days (blue).
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This can be related to the van der Waals gap between organic layers in RP hybrid halides perovskites.
Weakly bound spacer molecules might be more susceptible to thermal stress, which could eventually induce
material degradation. On the other hand, bifunctional spacers in DJ analogs do not form a van der Waals gap
between adjacent perovskite layers. Therefore, a more rigid structure renders materials more robust against
heat,**'% which was corroborated by the results of our study. This makes DJ perovskites more promising

materials for designing protection and passivation layers in the perovskite solar cells.

6.2.7 Activation energy

We have analyzed ionic and electronic conductivity dependence on temperature to further
investigate electrical properties. From these measurements, the activation energy of ionic and electronic

conductivity can be obtained using the Nernst-Einstein relation:

—FE
o) = Fexp (57)

Equation 6:4 — Nernst-Einstein equation.

Here, g, is constant, k Boltzmann constant, E, activation energy, and T temperature in Kelvin. Considering
the thermal stability, which has been addressed in the previous section, (PDMA)Pbls was measured in the
range between 333 and 393 K, while (BzA), from 323 K to 353 K. The extracted activation energies of elec-
tronic carriers are 0.5 £ 0.11 eV and 0.66 + 0.13 eV for (PDMA)Pbl4 and (BzA).Pbls, respectively (Figure
6:8a,c). Generally, the activation energy involves a migration and a formation term. The latter can be calcu-
lated from the mass action law for the respective defect reactions. In the case of electronic carriers with a
negligible migration energy, the activation energy of electronic carriers corresponds to the thermal excitation

(formation) energy.

The activation energy Ej4 of ionic defects for optoelectronic applications should be so high, that ionic defects
can be considered frozen-in. However, ionic conductivity in hybrid halide perovskites is significant, and the
activation energy is not high enough to prevent ion transport from being activated. The currently available
studies report activation energies of iodide defects in MAPbI; in the range 0.2 — 0.6 eV.?272*23¢2% These
values are very dispersed because activation energy depends on several parameters. First, variations in the
local structure might significantly affect the activation energy barrier. For instance, it has been demonstrated
that partial A cation substitution could result in increased,”****! or decreased activation energy.”** Second,
sample morphology is also an essential factor affecting activation energy as grain boundaries might facilitate

ion transport.”®® Lastly, dimensionality reduction has been proven to be an effective strategy to increase
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activation energy. More specifically, suppressed ion migration along the in-plane direction has been reported

in (BA)2(MA),Pbsl;, *° while others have shown 0.74 eV activation energy in (PEA),Pb(Br,I)s thin films. *'

Results of this study revealed an activation energy of 0.87 + 0.14 ¢V and 0.55 + 0.13 eV for (PDMA)PDbI,4
and (BzA),Pbls, respectively (Figure 6:8b,d). It is worth noting that RP samples underwent clear changes
during the measurement, though no noticeable degradation was detected. The slightly larger activation en-
ergy for (PDMA)Pbls might be attributed to a higher degree of octahedral distortion®** or smaller role of
grain boundaries*®” due to larger domains (Figure 6:2d). In addition, anisotropy effects due to layered crystal
structure have to be taken into account. In this regard, activation energy across perovskite layers is expected
to be larger than for the in-plane direction since the jump distance of iodide ions might increase, and transi-
tion states might have higher energy. Thus, the activation energy of (PDMA)Pbl4 might be influenced by
crystallites with basal planes perpendicular to the substrate (Figure 6:2b), while (BzA),Pbls sample consists
of crystallites allowing to measure in-plane activation energy. Attempts to record the out-of-plane activation
energy were unsuccessful since there is no strategy to effectively control the crystal orientation at this point.
Direct electrode deposition on top of perovskites also did not yield measurable devices. For this purpose,
measurements on single crystals might be a good alternative. Nevertheless, in this study, we have demon-
strated that layered hybrid perovskites have higher activation energies as compared to ones of their three-

dimensional counterparts, confirming that dimensionality reduction is an effective strategy to mitigate ion

migration.
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Figure 6:8. Arrhenius plots of (PDMA)Pbl4 for (a) electronic and (b) ionic carriers, of (BzA)2Pbls for (c) electronic and

(d) ionic carriers. Here, in the legend label, ‘down’ is assigned to the values obtained from high to low temperature.
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6.3 Conclusions

Based on the results presented in this work, we conclude that (PDMA)Pbl4 and (BzA),Pbls materi-
als are mixed conductors. In the dark close to equilibrium at 60 °C the samples exhibit ionic conductivities
on the order of 10'° S/cm, which is comparable to their electronic conductivity values. Results suggest no
significant role of van der Waals gap, since measured conductivities of DJ and RP samples are in good corre-
spondence. On the other hand, these materials are 2-4 orders of magnitude more resistive as compared to 3D
hybrid perovskites, underscoring the effect of dimensional reduction. Exposure of samples to iodine partial
pressure revealed fast incorporation and excorporation processes, whose timescales are comparable to-
MAPDI;. Upon iodine incorporation materials were p-doped, which was evidenced by the increased elec-
tronic conductivity. From the results of temperature dependent conductivity measurements, we obtained
higher activation energies of ion migration than for 3D hybrid perovskites, which is inline with the supressed
ionic conductivity. In addition to these results, we found that (BzA),Pbly suffers from lower thermal stability,

which might the result of weak van der Waals intractions between spacer molecules.

On a broader perspective, the results of this study reveal that layered perovskites compositions based on phe-
nyl-derived spacers might not be the ideal candidates to solve the ion migration problem, given the fast io-
dine excorporation/incorporation kinetics. Despite significantly reduced ion migration, effective iodine
would still undermine material stability. Furthermore, quasi-hybrid layered perovskites (z > /) might have
even more compromised stability due to inherited features from three-dimensional perovskites. This finding
challenges the current perspective on the role of these materials in stabilizing hybrid perovskite devices and

stimulates further investigations to realize the potential of these materials.
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Chapter 7  Summary

7.1 Achieved results

In Chapter 2, I have presented the case study of Dion-Jacobson hybrid perovskite hydration.
Specifically, we demonstrated that perovskites employing 1,4—phenylenedimethylammonium (PDMA)
spacers hydrate within minutes when exposed to 60 — 70 % relative humidity. Upon hydration layered
structure is converted to 1D dimensional dihydrate with the formula (PDMA)Pb.ls-2H,0O. A similar process
was observed for both n = I and n = 2 compositions (with FA cation). Due to reduced dimensionality,
dihydrate exhibits a larger optical bandgap, which on one hand might be beneficial for the protective layers
due to reduced absorption. On the other hand, these materials are very resistive making them less attractive
for optoelectronic applications. Nonetheless, hydration is reversible and initial material properties can be
restored upon sample annealing at 150 °C. We found that the environment for the dehydration process is
very important. Samples annealed in air showed dramatically increased robustness to humidity. This has
been attributed to Pbl,, which is generated during the annealing process. Our study suggests that Pbl, resides
mainly at the surface, pointing to the importance of surface chemistry and its implications on material

stability.

In Chapter 3, I have investigated spacer size effects on the perovskite properties. For this study, the size of
phenyl-based spacers was changed by changing the length of the alkyl chain tethering group to obtain 1,4—
phenylenediammonium (PDA), PDMA, and 1,4—phenylenediethylammonium (PDEA). Our results revealed,
that only PDMA and PDEA spacers template the layered perovskite growth. Systems employing PDA
spacer, which is the most rigid, form 1D perovskite. Thus, a certain degree of flexibility in the spacer mole-
cule is necessary to form a layered structure. Furthermore, we found the link between material stability and
spacer length. PDEA based perovskites showed no hydration, while both PDMA and PDA based perovskites
have a propensity to hydrate. Large spacer molecules could induce stronger confinement effects, which could
impede charge transfer across perovskite layers, leading to compromised charge transport properties. Hence,
there is a trade-off between stability and conductivity, and the size of the spacer plays a crucial role in this

balance.
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In Chapter 4, I have further extended the investigation on the effects of spacer functionalization. For this pur-
pose, the core of PDMA was fluorinated to obtain perfluorinated PDMA (F-PDMA). This turned out to be an
effective strategy to improve the material stability as no hydration was observed in F-PDMA samples, which
could be attributed to increased hydrophobicity. Furthermore, given the opposite quadrupole moments in
PDMA and F-PDMA we investigated the opportunity of enhanced n-w interactions which would facilitate
the compact spacer packing. Our results revealed that systems based on PDMA/F-PDMA consist of segre-
gates without long range ordered packing of alternating spacers. This was further evidenced by the stability
test in a humid atmosphere. Post-treatment analysis revealed the co-existence of hydrated PDMA and pris-

tine F-PDMA, corroborating the segregation of the spacers.

In Chapter 5, I have looked into the difference in mechanical properties of RP and DJ perovskites. To this
end, four compositions (eg. (BzA),Pbls, (BzA),PbBrs, (PDMA)Pbls, (PDMA)PbBr4) were chosen for this
study. Mechanical properties were tested by applying 0 — 0.35 GPa external pressure on the samples. Struc-
tural analysis revealed anisotropic lattice compression, with the largest degree of contraction along the out-
of-plane direction, which is dictated by the organic spacers. The analysis of bulk modulus revealed that DJ
layered hybrid perovskites are more rigid than their RP counterparts, pointing to the role of the van der
Waals gap. In fact, the packing density of the organic spacers has a substantial effect on the compressibility
of the material. More specifically, our study revealed that (BzA),PbBry is the softest material, exhibiting al-
most 5 times larger compression along the out-plane direction. This has been attributed to loosely packed
spacer layers, rendering them more susceptible to compression. We found a link between the compression of
interlayer distance and the optical bandgap reduction. We suggest that a shorter interlayer distance weakens
the confinement effects, which cause a red shift in optical absorption. Alternatively, local structural rear-
rangements such as octahedral tilting (Pb-X-Pb angle) might also influence the optical absorption, which is

reversible together with structural properties in the pressure range of 0 — 0.35 GPa.

In Chapter 6, I have presented a study on the electrical properties of layered hybrid perovskites. Namely,
(BzA),Pbls and (PDMA)PbI,4 were investigated. These materials are semiconductors since we could measure
ionic conductivity, which is comparable to electronic conductivity. In dark conditions close to equilibrium at
60 °C, the measured conductivity values are in the order of 10™'° S/cm, which could be attributed to the
higher activation energy for ion migration. We did not find a link between structural properties (van der
Waals gap) and conductivity, as the conductivity of both samples is very comparable. Nonetheless, dimen-

sionality reduction from 3D to 2D has a substantial effect, since MAPbI3 is 2 — 4 orders of magnitude more
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conductive. Moreover, data of iodine partial pressure conductivity measurements suggest that iodine defects
are the primary ionic carriers, however clear defect model could be drawn. Interestingly, the iodine excorpo-
ration and incorporation kinetics in investigated materials is comparable to MAPDbI;. Thus, these materials,
especially (BzA):Pbls, which in addition to that suffers from poor thermal stability, might not be good candi-

dates for passivation layers in perovskite solar cells.

7.2 Future development

Over the course of my doctoral studies, I have investigated mainly n = I layered hybrid perovskites based on
phenyl-derived spacers in DJ structure. Given their propensity to hydrate, the design rules for organic spacers
have to be revised. From this work, I suggest two potential strategies: functionalize the spacer or increase its
size. While the former might only increase hydrophobicity, the latter might lead to the more suppressed ion
migration due to insulating spacers. However, this might dramatically reduce the electronic conductivity,
which cannot be compromised in optoelectronic applications. In this regard, electroactive spacers might
come into play. Good alignment of their HOMO, LUMO with perovskite VB and CB might facilitate the
electronic carrier transport, while their usually bulky and large core might be beneficial for stability and ion
migration issues. Furthermore, investigations on quasi-layered hybrid perovskites (n>1) might provide more

insights.

In addition, layered perovskites might be designed not only for the PV or LED applications but also for other
applications such as sensing, second harmonic generation, and piezoelectricity. This can be available thanks
to the vast chemical space for spacers molecules. The field of layered perovskites is in its infancy, and more
systematic studies on spacer’s role in structure-property relationships are needed to realize some of the pro-

spects of layered hybrid perovskites.
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Chapter 8  Appendix

8.1 Supplementary information of Chapter 2

8.1.1 Materials and Methods

Perovskite thin film preparation involved a 0.4 m (PDMA)Pbl4 solution which was obtained by mixing
Pbl, and (PDMA)L; powders in 1:1 equivalent molar ratio with DMF:DMSO (9:1) (v:v). (PDMA)Pbl, films
were solution-processed by a spin-coating procedure. The perovskite solution was dropped on the glass sub-
strate (Assitent 50), which afterwards was spun at 1000 rpm and 4000 rpm for 10 s and 20 s, respectively.
Spin-coated films were annealed on a hot plate at 150 °C for 10 min. Both solution preparation and spin-
coating/annealing procedures were carried out in an argon atmosphere glovebox (0.5 ppm < O, and 0.5 ppm
< H,0). Prior to perovskite deposition the substrates were ultrasonically cleaned with acetone and ethanol

sequentially for 5 minutes. Afterwards samples were cleaned by UV-Ozone for 15 min.

Perovskite powder preparation used mechanosynthesis. In this case the reactants were ground in a ball
mill (Retsch Ball Mill MM-200) using a grinding jar (10 ml) and a ball (10 mm) for 30 min at 25 Hz. The
molar ratio of Pbl, and (PDMA)L; powders was 1:1 which corresponds to the stoichiometry of (PDMA)Pbl4

perovskites. The resulting powders were annealed at 150 °C for 30 min.

Powder X-Ray diffraction measurements were carried out using PANalytical Empyrean Series 2 instru-
ment in Bragg-Brentano configuration with Cu Ka radiation at 40 kV voltage and 40 mA current. For the
grazing incidence measurements, the X-ray incidence angle was set at 2°. In both conditions diffracted X-

rays were detected using a PIXcel3d detector.

Single crystal X-Ray diffraction. Diffraction data for PDMAPbI4x2H,0 (Figure S1-S5) were collected on
a Rigaku Oxford Diffraction XtaLAB Synergy-R DW diffractometer equipped with a HyPix ARC 150° Hy-
brid Photon Counting (HPC) detector and for (PDMA)I, on a Kuma KM4 diffractometer equipped with Sap-
phire CCD detector at 100 K using Mo Ka (A= 0.71073 A). Data were processed using the CrystAlisPro
software. The structures were solved by direct methods using SHELXS and refined by full-matrix least-

squares methods based on F* using SHELXL.

UV-Vis measurements were performed using a Shimadzu UV-2600 spectrophotometer. Films were placed
in an air tight quartz cuvette. During in-situ measurements, the cuvette temperature was set at 29 = 1 °C. In

order to monitor humidity induced changes, the cuvette was flushed with argon gas bubbled through a
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deionized water vial, which was kept in a bath at 22 °C. The bath temperature was controlled by a thermostat
(Julabo). The flow rate of the humidified Ar gas was 200 standard cubic centimetres per minute (sccm). Af-
ter the humidity equilibrium was reached (60—-70%; fluctuations due to variations in cuvette temperature), the

UV-Vis absorption spectrum was recorded every 90 seconds.

AFM measurements: surface morphology was examined by atomic force microscopy (AFM), using a Cy-

pher instrument (Asylum Researcher) and silicon probes.

PL measurements: steady-state photoluminescence (PL) spectra of (PDMA)Pbl4on glass substrates were
recorded with a Fluorolog 322 spectrometer (Horiba Jobin Yvon iHr320 and a CCD) with a bandpass of 5

nm upon excitation at 350 nm (Xenon lamp) with a band pass of 2 nm.

Thermogravimetric analysis (TGA): (PDMA)Pbls powders were exposed to 70% RH atmosphere for ap-
proximately 72 hours. The hydrated powders were then transferred to a quartz crucible and loaded on the
TGA balance. Hydrated powders were heated up to 150 °C with a ramp rate of 5 °C/min and then kept at 150
°C for 30 minutes. The mass of the powder was recorded every 15 seconds. The Experiment was performed
in a nitrogen atmosphere.

NMR: 'H solid-state NMR experiments were performed at 900 MHz (21.1 T) using 1.3 mm rotors at 50 kHz
magic angle spinning (MAS) with a Hahn echo pulse sequence (n/2—t—n—1—acquire), an echo delay, 1, of a
single rotor period (20 ps), and a quantitative recycle delay of 10 s. The spectra were background subtracted
with the spectrum of an empty rotor acquired under the same conditions and referenced to adamantane at
1.91 ppm. Spectra were deconvoluted using the dmfit software. 15 hydrated (PDMA)Pbly4 thin films depos-

ited on microscope glass were scraped for the NMR sample.

XPS: The X-ray source was Al Ka (1486.6 ¢V) and the binding energy scale was calibrated by setting the
C—<C (adventitious carbon) peak to 284.8 eV.

DFT calculations were performed with the Gaussian 09 Rev. D suite of programs on the Fidis computer

cluster of EPFL. The spacer geometry optimizations were performed at the B3LYP/6-31G(d) level of the-
ory.

8.1.2 X-ray Crystal Structure Analysis

The single crystals of (PDMA)Pb,1sx2H,0 were obtained by aging of the precipitate from the post-reaction
mixture obtained by mixing PDMA, MAI, PbO and concentrated aqueous solutions of HI and H3PO,. The
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structure is available on the Cambridge Structural Database under CCDC number 2041350, whereas the
structure of (PDMA)I; can be found under CCDC number 2041787.

8.1.3 Thermogravimetric analysis of (PDMA)Pbls and (PDMA)I> powders
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Figure 8:1:1. Hydration degree dependence of (PDMA)Pbls powders on the relative humidity (RH) in the range 037

%. Results are obtained from an in-situ hydration TGA experiment.
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Figure 8:1:2. Hydration degree dependence of (PDMA)L powders on the relative humidity (RH) in the range 0-37 %.

Results are obtained from an in-situ hydration TGA experiment.

To determine the hydration degree at 70% RH, powders were hydrated ex-situ and then dehydrated during
TGA measurements. The initial, anhydrous (PDMA)PbI4 mass was 128.6 mg. After hydration and dehydra-
tion cycle the powder mass was 128.8 mg. This suggest that during the hydration and dehydration cycle only
water molecules were incorporated and expelled from the powders. The in-situ recorded mass change profile
with buoyancy effects included is shown in Figure S8. Considering that 2.65 & 0.05 mg of water was taken

by the powders, the ratio between water and Pb atoms is 98 £ 2 %.
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Figure 8:1:3. Mass change profile of (PDMA)Pbl4 powders that were hydrated ex-situ at 65+5 % RH for 53 hours. In
order to perform the dehydration of the samples, they were heated up to 150 °C.

8.1.4 Solid-state NMR Spectroscopy

Quantification: Integrating the relative intensities of the NH3 + aromatic (a + ¢) and CH» (b) resonances in
(PDMA)I; yields a ratio of 2.67, which is in reasonable agreement with the expected ratio of 2.5 from the
stoichiometry of PDMA?*". For the hydrated sample, it is not possible to fully resolve and assign the H,O res-
onance which overlaps with the CH, signals from both phases. However, by taking the integration of the
NH; + aromatic (a + ¢) signal, the expected integration of the CH; resonances can be calculated (Table S1).
This integration can then be subtracted from the total integration of the CH, + H,O resonances, leaving the
integrated intensity for the H,O. Comparing this intensity to the PDMA®" NH; + aromatic resonance allows
the stoichiometry of hydration to be calculated, noting that a factor of 5 is needed to account for the 10
PDMA?*" NHj; + aromatic protons compared to two H,O protons. If the (NH; + aromatic):CH, ratio is taken
as 2.5, this yields 0.86 H,O per PDMA?*". If the ratio of 2.67 measured for (PDMA)I; is used, then the calcu-
lated stoichiometry is 0.99 H,O per PDMA?",

Table 8:1:1. Quantification of the H2O stoichiometry in hydrated (PDMA)Pbla.

NH; +aromatic intensity 61.45
CH: + H20 intensity 35.17
(NHs + aromatic):CH: ratio 2.50 2.67
CH: intensity 61.45 x 2.50 = 24.58 61.45 x 2.67 = 23.01
H20 intensity 35.17 —24.58 = 10.59 35.17 -23.01 =12.16
Stoichiometry 5%10.59/61.45=0.86 5%12.16/61.45=0.99
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8.1.5 Supplementary Spectral Data
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Figure 8:1:4. UV-Vis spectra of (PDMA)Pbl4 thin films that were synthesized using DMF, DMSO and DMF:DMSO

9:1 (v:v) solvents. All spectra show a resonant absorption peak located at 395 nm.
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Figure 8:1:5. In-situ UV-Vis absorption spectra of a Pbl> film during exposure to 60—70% RH. The absorption has been

recorded every 90 seconds for 150 minutes.
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Figure 8:1:6. In-situ UV-Vis absorption of a (PDMA)Pbl4 film just after hydration (black line) and after exposure to
15% RH atmosphere for 14 h 40 min (blue line).
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Figure 8:1:7 XRD patterns of (PDMA)Pbls powders in pristine (black), hydrated (blue) and dehydrated (red) condition.
The dehydration was done under nitrogen atmosphere at 150 °C. The broad signal/background in the region of 7° may

be due to the dome used for the in-situ measurements.
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Figure 8:1:8. Time dependence of the 510 nm UV—Vis signal arising from (PDMA)Pbl4 for (PDMA)Pbl4 films at 60—
70% RH (blue curve) and at ~80 % RH (red curve), showing faster hydration at 80% RH.
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Figure 8:1:9. (a) O 1s XPS spectra of pristine (black) and post-annealed in air (red) samples. (b) I 3d XPS spectra of

pristine (black) and post-annealed in air (red) samples.
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Figure 8:1:10. XRD patterns of (PDMA)Pbls, for the pristine film (black) and for films post-annealed in air at 150 °C
for 10 minutes (blue) and for 30 min (red). The inset shows the region from 8 to 14°. Here the 12.8° peak becomes more

pronounced after longer annealing time, suggesting that during the air annealing process Pbl» is gradually generated.

8.2 Supplementary information of Chapter 3

8.2.1 Materials and Methods

Chemicals used for the perovskite solution. 1,4-Benzene diammonium iodide (PDA)L, (CAS Number:
116469-02-4) and 1,4- Benzene diammonium bromide (PDA)Br; (CAS Number: 116469-01-3) were ac-
quired from GreatCell. 1,4-phenylenedimethyleneammonium (PDMA) and 1,4-phenylenediethylammonium
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(PDEA) spacers were synthesized in house. Pbl, inorganic salt with 99.999% purity was bought from Alfa
Aesar and PbBr; with >98% purity (CAS Number: 10031-22-8) from TCI. Organic solvents dimethyl sulfox-
ide (DMSO) with 99.7% purity and dimethylformamide (DMF) with 99.8% purity were acquired from Acros

Organics.

1,4-phenylenediethylammonium iodide (PDEAI). The solution of 2,2’-(1,4-phenylene)diacetonitrile

(500 mg, 3.11 mmol) was suspended in tetrahydrofuran (THF, 5 mL) in an ice-water bath and treated with
borane tetrahydrofuran complex solution (9.3 mL, 1.0 M in THF, 3 equiv) under an argon atmosphere. The
reaction mixture was stirred for 24 h at ambient temperature. The resulting solution of the amine intermedi-
ate was quenched with EtOH (10 mL), treated with HI (1.2 mL, 57% aqueous solution, 3 equiv) in an ice-
water bath and stirred for 6 h. The resulting solution was concentrated under vacuum, re-dispersed into EtOH
(5 mL) and re-evaporated three times. Then it was poured dropwise into diethyl ether (50 mL). The obtained
precipitate was filtered, extensively washed with diethyl ether and dried under vacuum to afford PDEAI
(1.08 g, 83%) as a crystalline white solid.

"H NMR (400 MHz, (CD5),S0): 6 =7.59 (bs, 6H), 7.23 (s, 4H), 3.01 (dd, J = 9.7, 6.2 Hz, 4H), 2.85 (dd, J =
9.7, 6.2 Hz, 4H) ppm; >C NMR (101 MHz, (CD5),SO): 6 = 136.12, 129.48, 40.36, 33.11 ppm.

1,4-phenylenediethylammonium bromide (PDEABr;). The solution of 2,2’-(1,4-phenylene)diacetonitrile
(500 mg, 3.11 mmol) was suspended in tetrahydrofuran (THF, 5 mL) in an ice-water bath and treated with
borane tetrahydrofuran complex solution (9.3 mL, 1.0 M in THF, 3 equiv) under an argon atmosphere. The
reaction mixture was stirred for 24 h at ambient temperature. The resulting solution of the amine intermedi-
ate was quenched with EtOH (10 mL), treated with HBr (1.5 mL, 48% aqueous solution, 4.27 equiv) in an
ice-water bath and stirred for 6 h. The resulting solution was concentrated under vacuum, re-dispersed into
EtOH (5 mL) and re-evaporated, three times. Then it was poured dropwise into diethyl ether (50 mL). The
obtained precipitate was filtered, extensively washed with diethyl ether and dried under vacuum to afford
PDEABT; (0.78 g, 77%) as a crystalline white solid.

"H NMR (400 MHz, (CD5),SO): 6= 7.85 (bs, 6H), 7.23 (s, 4H), 3.02 (dd, J = 9.7, 6.2 Hz, 4H), 2.87 (dd, J =
9.7, 6.2 Hz, 4H) ppm; C NMR (101 MHz, (CD5),SO): 6 =136.19, 129.38, 40.41, 33.0 ppm.

Perovskite thin film preparation included a 0.4 m perovskite (SPbX4) solution that was prepared by mix-
ing PbX; and SX, powders in a 1:1 equivalent molar ratio. Mixtures of iodide containing compounds were
dissolved in DMF:DMSO (4:1) (v:v),whereas bromide ones in DMF:DMSO (1:1) (v:v). Spin-coating
method was used to prepare the samples. The perovskite solution was dropped on the glass substrate (As-

sitent 50), which afterwards was spun at 1000 rpm and 4000 rpm for 10 s and 20 s, respectively. Spin-coated
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films were annealed on a hot plate at 150 °C for 10 min. Solution preparation procedure was done in an ar-
gon atmosphere glovebox (0.5 ppm < O,, 0.5 ppm < H,O), whereas spin-coating was performed in a dry air
glovebox (RH < 5%). Before perovskite deposition the substrates were ultrasonically cleaned with acetone

and ethanol sequentially for 5 min. Afterwards samples were cleaned by UV-Ozone for 15 min.

Sample hydration was performed in ambient atmosphere. The humidity was controlled with a humidifier,

which was filled with deionized water. During hydration samples were kept at 28 °C.

Perovskite powder preparation used mechanosynthesis. In this case the reactants were ground in a ball
mill (Retsch Ball Mill MM-200) using a grinding jar (10 ml) and a ball (10 mm) for 30 min at 25 Hz. The
molar ratio of PbX; and (S”*)X, (X =1; A” = PDEA) powders was 1:1 which corresponds to the stoichiome-
try of (PDEA)PDI4 perovskites. The resulting powders were annealed at 150 °C for 30 min.

X-Ray diffraction measurements were carried out using a PANalytical Empyrean Series 2 instrument in
Bragg-Brentano configuration with Cu Ka radiation at 40 kV voltage and 40 mA current. A nickel filter was

used to reduce the KB contribution.

GIWAXS was measured at beamline ID10 of the ESRF and beamline P08 at DESY. Beam energies were 22
keV and 18 keV respectively, with incidence angles from 0—0.3°. All measurements were done in a nitrogen

atmosphere. A Pilatus 300K detector (ESRF) and a Perkin Elmer 2D detector (DESY) were used.

Solid-state NMR experiments were performed at 11.7 T with a Bruker Avance III spectrometer. Direct
297Ph experiments were performed at 15 kHz magic angle spinning (MAS) with a low temperature 3.2 mm
probe, using a non-rotor-synchronised spin echo experiment with a 10 us echo delay, a 0.1 s recycle delay,

and 8000 scans. Echo-detected *’Pb—'H HETCOR experiments were performed with a low temperature 1.3

mm probe at 30 kHz MAS, using a contact time of 6 ms with rf powers of ~120 and ~150 kHz for ’Pb and
'H, respectively, and an effective recycle delay of 80 ms. 32 steps were recorded in the indirect dimension
with a 4 ps increment and 24000 scans. 'H and "*C experiments were referenced to adamantane at 1.91 ppm
and 38.5 ppm, respectively, and **’Pb experiments were referenced to Pb(NOs), at —3492 ppm at room tem-
perature.

UV-Vis measurements were performed using a Shimadzu UV-2600 spectrophotometer.
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PL measurements: steady-state photoluminescence (PL) spectra of perovskite films on glass substrates
were recorded with a Fluorolog 322 spectrometer (Horiba Jobin Yvon iHr320 and a CCD) with a bandpass

of 5 nm upon excitation at 370 nm (Xenon lamp) with a band pass of 5 nm and integration time of 0.2s.

Transient absorption measurements: Transient absorption (TA) measurements were performed for the
samples deposited on the glass substrate. The humidity of the lab was around 30%. For the samples which
were susceptible to hydration (PDMA-I), the measurements were done inside of an argon filled cell to ensure
that sample hydration was stopped. TA spectra were measured using a femtosecond pump-probe spectrome-
ter based on a Ti:sapphire laser (Clark-MXR, CPA-2001) delivering 778 nm pulses with a width of 150 fs at
a 1 kHz repetition rate. Part of the fundamental was passed through a BBO crystal, undergoing second har-
monic generation in order to generate the 389 nm pump beam. The probe beam consisted of a broadband
white light continuum (400-1050 nm) generated by passing the remainder of the fundamental through a 5
mm-thick oscillating CaF, plate. The pump and probe beams were set at magic angle polarization and were
spatially and temporally overlapped with respect to each other using a delay stage. The probe beam was split
into a signal beam, which passed through the sample, and a reference beam passing next to it in order to ac-
count for shot-to-shot fluctuations. The signal and reference beams were dispersed in two separate grating
spectrographs (SpectraPro 2500i, Princeton Instruments) and detected shot-to-shot at 1 kHz by 512x58 pixel
back-thinned charge-coupled device cameras (Hamamatsu S07030-0906). The frequency of the pump beam
was modulated using a chopper set at 500 Hz, which allowed for the absorption with and without the pump

to be acquired simultaneously.
8.2.2 PDA Solution Instability and its Effects on Thin Film Properties

After complete dissolution, both PDA-I and PDA-Br precursor solutions were transparent. However, over
several hours of storage the color changed and eventually they became dark and opaque (Figure S1.) This

process can be accelerated if solutions are heated and it is likely associated with the oxidation followed by a

polymerization of the corresponding spacer moieties, which is known for anilinium systems.

PDA-I PDA-Br

Figure 8:2:1. Photographs of vials with fresh (yellow) and aged (black) solutions of PDA-I and PDA-Br solutions.
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Films synthesized using the aged solutions exhibited different optical and structural properties as compared
to the ones obtained from fresh solutions. Absorption spectra of samples from aged solution showed a bump
in the 500-600 nm interval, which might be attributed to the oxidized spacer since phenylenediammonium
salts are known to be very hygroscopic and sensitive to oxygen. X-ray diffraction patterns disclose that the
structure of the films obtained from the aged solutions is completely different. In case of PDA-I, samples
prepared from a fresh form well defined 1D structure, whereas an aged solution yields a completely different

structure with no overlapping diffraction peaks. Similarly, PDA-Br gives a completely different structure.
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Figure 8:2:2. UV-vis spectra of (a) PDA-I films from fresh (black) and aged (red) precursor solutions, (b) PDA-Br from
fresh (black) and aged (red) solutions. X-ray diffractograms of (¢c) PDA-I from fresh (black), and aged (red) precursor
solutions as well as (PDA)Pbls- 2H20 (green), (d) PDA-Br from fresh (black) and aged (red) precursor solutions.
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8.2.3 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)

Q, A

0.5 1 1.5 ] 2 25 0.5 1 1.5 ] 2 25
Qy (A Qyy [A]
Figure 8:2:3. GIWAXS data of (a) (PDA)Pbl4, (b) (PDA)PbBr4. Please note that thin films used for the measurements

were obtained from aged solutions.

8.2.4 Transient Absorption Spectroscopy
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Figure 8:2:4. (a-d) Normalized kinetic traces of the Stark effect feature (a) and the ground state bleaching in logarithmic
time scale (b) and in linear time scale (c) taken from TA measurements of PDMA-I (red) and PDEA-I (blue). It is evi-
dent from (a) that the dynamics of the Stark effect feature does not change when the spacer size increases from PDMA
to PDEA. Therefore, we can say that the difference in size between the two spacers is insufficient to cause a difference
in the lifetime of the charge transfer excitons. However, there is a slower decay of the ground state bleaching in the

PDEA sample.
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8.3 Supplementary information of Chapter 4

8.3.1 Materials and methods

The spacers were synthesized by protonation (PDMALI) and reduction followed by protonation (F-

PDMAL), as detailed below. The starting materials were commercially available, and conditions were based

+ _
N F NHg
_ +
I” HaN :

FF

on previous reports.'%!%?

(Perfluoro-1,4-phenylene)dimethanamonium iodide (F-PDMALI,): A solution of 2,3,5,6-tetrafluoroter-
ephthalonitrile (506.1 mg, 2.53 mmol) under nitrogen was suspended in anhydrous tetrahydrofuran (TFH)
(15 mL) in an ice-water bath and treated with borane tetrahydrofuran complex solution (12 mL, 1.0 M in
THF, 12 mmol). The reaction mixture was stirred for 24 h at ambient temperature. The solution of the result-
ing amine intermediate was quenched with EtOH (25 mL), treated with HI (1.5 mL, 57% aqueous solution,
11.4 mmol) in an ice-water bath and stirred for 6 h. The resulting suspension was then concentrated in vacuo,
re-dispersed into EtOH (5 mL) and poured dropwise into diethyl ether (200 mL). The obtained precipitate
was filtered, extensively washed with diethyl ether and isopropanol, and dried to afford F-PDMALI, (278 mg,
24%) as a crystalline white solid.

"H NMR (400 MHz, (CD5),SO): & = 8.33 (bs, 6H), 4.22 (s, 4H) ppm; *C NMR (101 MHz, (CD3),S0): § =
144.9 (d, J = 247.4 Hz), 114.3, 30.9 ppm; "°F NMR (377 MHz, (CD5),SO): 6 =—140.6 ppm.

Perovskite thin films were prepared based on n = 1 S;Pbls compositions (S = PDMA; F-PDMA and 1:1
PDMA:F-PDMA, denoted as PF) through solution processing. Specifically, stoichiometric amounts of Pbl,
and the spacers (or their 1:1 mixture) were dissolved in a solvent mixture of N,N-dimethylformamide
(DMF)/dimethyl sulfoxide (DMSO) (4:1 v/v). The solution was heated at 60 °C for a few minutes to facili-
tate this process and the resulting solution was obtained with a concentration of 0.4 M. Both solution prepara-
tion and spin-coating/annealing procedures were carried out in an argon atmosphere glovebox (0.5 ppm < O
and 0.5 ppm < H,0). Prior to perovskite deposition the substrates were ultrasonically cleaned sequentially
with acetone and ethanol for 5 min. Thereafter, the samples were cleaned by UV-Ozone for 15 min. The
films were deposited on microscope slides (Assitent 50) by spin-coating 30 uL of the solution by using a
two-step program with an acceleration of 100 rpm/s for 10 s and 2000 rpm/s up to 4000 rpm/s for 20 s fol-
lowed by annealing at 150 °C for 10 min.
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Perovskite thin films for grazing incidence wide angle X-ray scattering measurements were prepared
based on n =1 S,Pbls compositions (S = PDMA; F-PDMA and 1:1 PDMA:F-PDMA, denoted as PF)
through solution processing. Stock solutions of Pbl,, PDMA, and F-PDMA with a concentration of 0.4 m
were prepared followed by mixing these stock solutions to obtain the resulting perovskite precursor solu-
tions. The subsequent spin-coating/annealing procedures were in accordance with the previous procedure. In

this case, we observed excess Pbl; in the measurements.

Perovskite powders were prepared based on n =1 S,Pbls compositions (S = PDMA; F-PDMA and 1:1
PDMA:F-PDMA, denoted as PF) through mechanosynthesis. Stoichiometric amounts of Pbl, and the corre-
sponding spacers were ground with beads in a ball mill (Retsch Ball Mill MM-200) using a grinding jar

(10 mL) and a ball (210 mm) for 1 h at 25 Hz followed by subsequent annealing in an oven at 150 °C for
30 min to get the final powder.

Powder X-Ray diffraction measurements were carried out using a PANalytical Empyrean Series 2 instru-
ment in Bragg-Brentano configuration with Cu Ka radiation at 40 kV voltage and 40 mA current. For the
grazing incidence measurements, the X-ray incidence angle was set at 2°. Under both conditions diffracted

X-rays were detected using a PIXcel3d detector.

Grazing incidence wide angle X-ray scattering (GIWAXS) of the thin films on microscope glass was
measured at 1.5° incidence angle with a D8 Discover Plus TXS (Bruker) equipped with a rotating anode
(Cu), a Dectris Eiger2 2D detector, and using a point-collimated beam of approx. 300 um, at a power of

5.4 kW.

UV-vis measurements were performed using a Shimadzu UV-2600 spectrophotometer.

Steady-state photoluminescence (PL) spectra were recorded with a Fluorolog 322 spectrometer (Horiba
Jobin Yvon iHr320 and a CCD) with a bandpass of 5 nm upon excitation at 350 nm (Xenon lamp) with a

band pass of 2 nm.

Solid-state NMR spectra of mechanochemically prepared powders were recorded on a 500 MHz Bruker
spectrometer (11.7 T) equipped with an Avance III console and a 3.2 mm three-channel low temperature
MAS probe. Samples were packed into 3.2 mm zirconia rotors under ambient conditions and spun at a fre-

quency up to 20 kHz using nitrogen gas.
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"F NMR spectra were acquired using a Hahn echo pulse sequence with m/2 pulses of 4.5 ps, echo delays of
four rotor periods and 128 accumulated transients. Recycle delays were set to 1.3 times T;. '°F chemical
shifts were referenced to the secondary reference polytetrafluoroethylene (PTFE, -121 ppm)."?C CP MAS
spectra were obtained by transferring polarization either from 'H or from "°F to '*C nuclei by cross polariza-
tion (CP)** with variable amplitude during a contact time of 1.5 and 2.0 ms respectively.**® Heteronuclear

27 ("H) or continuous

decoupling of either 'H or '’F nuclei was achieved using the spinal64 pulse sequence
wave irradiation ('°F) at 64 or 80 kHz, respectively. Recycle delays were set to 1.3 times T of the 'H, re-
spectively "°F signal and 1024 scans were accumulated for every spectrum. *C chemical shifts were refer-
enced to the secondary reference adamantane (left peak at 38.48 ppm).

3C CP spectra were obtained by transferring polarisation from either 'H (dark blue spectra in Figure 4:5¢) or
from '°F nuclei (black spectra in Figure 4:5c). The 'H->"*C CP NMR spectrum of neat PDMA exhibits two
signals, one from -CH»- (44 ppm) and another from aromatic carbons (134 ppm). In the equivalent spectrum
of fluorinated spacers, there are two signals from aromatic carbons (145, 113 ppm) and the -CH,- signal is
shifted (34 ppm) due to the presence of the fluorine atoms. The "H->"*C CP NMR spectrum of the mixture of
the two spacers is a linear combination of the spectra of the individual spacers. The spectra of the two
perovskite samples are almost identical to the spectra of the pristine spacers used for the synthesis.

The F 3"3C CP NMR spectra are composed of significantly broader signals, with more than an order of
magnitude larger line width. This is explained by residual dipolar interactions of the protons, which remains
significant at the applied magnetic field strength (11.7 T) and the used spinning speed (20 kHz magic angle
spinning). For technical reasons, decoupling of 'H is not possible in the experimental configuration in which
F>1C CP transfer is conducted. An increase of the applied magnetic field and the spinning speed should

lead to sufficient reduction of the residual dipolar interaction of the 'H spins which is necessary to record

better resolved "*C spectra after polarization transfer from '°F nuclei.

Contact angle measurements were recorded with a drop shape analyzer (KRUSS, DSA100) at ambient

temperature to assess hydrophilicity of surfaces.

Photoluminescence quantum yield (PLQY) was measured using an integrating sphere (Fluorolog, Horiba
Jobin Yvon), an Andor Kymera 193i spectrograph, and a 660 nm continuous-wave laser (OBIS, Coherent)
set at 1-Sun equivalent photon flux (1.1 pm beam full-width half-maximum, 632 pW); photoluminescence
was collected at normal incidence using a 0.1 NA, 110 um-diameter optical fiber. For the absolute spectral
calibration of the PLQY measurement system, we used a radiometrically calibrated halogen lamp (HL-3 plus

CAL from Ocean Optics). PLQY is defined as the emitted photon flux divided by the absorbed photon flux
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measured under open circuit; the emitted photon flux is limited by non-radiative recombination processes

under this condition.?®®

8.3.2 NMR spectroscopy
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Figure 8:3:1. °F NMR spectrum of F-PDMALI: in (CD3)2SO (400 MHz, 298 K).
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Figure 8:3:2. '"H NMR spectrum of F-PDMALI in (CD3)2SO (400 MHz, 298 K).
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Figure 8:3:3. 3C NMR spectrum of F-PDMAL in (CD3)SO (101 MHz, 298 K).

8.3.3 Supplementary data
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Figure 8:3:4. Grazing incidence wide angle X-ray scattering (GIWAXS) data at incidence angles of ca. 1.5° map of the
films with F-PDMA content of a) 5%, b) 10%, and c¢) 25%. d) Integrated diffraction patterns (from GIWAXS images)
for thin films containing PDMA (black), F-PDMA (blue), and their mixtures (PF) based on F-PDMA content of 5%
(light grey), 10% (medium grey), 25% (dark grey), and 50% (red) compositions. The data for 2D perovskites based on
PF mixtures with 1:1 PDMA and F-PDMA are presented in Figure 2 of the main manuscript.
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Figure 8:3:5. (a) XRD patterns, b) UV-vis absorption spectra, ¢) PL spectra d) Gamma scans integration for the peak at
7.3° with gamma = 270° corresponds to out-of-plane vector for thin films containing PDMA (black), F-PDMA (blue),
and their mixture (PF) with F-PDMA content of 5% (light grey), 10% (medium grey), 25% (dark grey), and 50% (red).
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Figure 8:3:6. PL spectra for neat PDMAIL, F-PDMALI: and their mixture in a) thin films and b) solution of DMSO. ¢)

Photoluminescence quantum yield (PLQY) for thin films based on different compositions.

8.4 Supplementary information of Chapter 5

8.4.1 Materials and Methods

Sample preparation. lodide-based solutions were obtained mixing Pbl, and (PDMA)I, powders in 1:1 stoi-
chiometric ratio for (PDMA)Pbl4, whereas 1:2 ratio of Pbl,:(BzA)I for (BzA),Pbls. Subsequently, solid mix-
tures were dissolved in the N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solvent mix-
ture (4:1, v/v) to obtain 0.2 M solutions. Bromide-based solutions were made mixing PbBr:(PDMA)Br; in
1:1 ratio for (PDMA)PbBrsand in 1:2 PbBr,:(BzA)Br for (BzA),PbBr4. The mixtures were then dissolved in
(DMF:DMSO) (1:1, v/v) solvent to obtain 0.2 M solutions. All the films were solution-processed by spin-
coating. Before deposition, the glass substrates were ultrasonically cleaned with acetone and ethanol sequen-
tially for 5 min, followed by UV-Ozone cleaning/treatment for 15 min. Precursor solution was dropped on
the glass substrate (Assitent 50), which was afterwards spun at 1000 rpm and 4000 rpm for 10 s and 20 s,

respectively. Spin-coated films were annealed on a hot plate at 150 °C for 10 min. Solution preparation was
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carried out in an argon atmosphere glovebox (0.5 ppm < O, and 0.5 ppm < H,0), whereas sample deposition

in the dry air glovebox (RH =5%).

Perovskite powder preparation. Perovskite powders were prepared using mechanosynthesis by grinding
the precursor salts in a ball mill (Retsch Ball Mill MM-200) using a grinding jar (10 ml) and a ball (210 mm)
for 30 min at 25 Hz. The molar ratios of all the precursors were stoichiometric and the resulting powders
were annealed at 150 °C for 30 min.

Pressure-dependent absorption. We measured pressure-dependent absorption using LAMBDA 750
UV/Vis/NIR Spectrophotometer (Perkin Elmer). The samples were placed inside a pressure cell (ISS Inc.)
filled with inert liquid (perfluorohexane, FC-72, 3M). The increase in the volume of the liquid inside the
pressure cell upon pumping generates high pressure. Measurements are performed from ambient to 0.35 GPa
pressure in steps of 0.05 GPa, waiting 7 min before each step to ensure equilibration of the sample under
pressure. Prior to use, the liquid is degassed in a Schlenk line to remove oxygen, responsible for scattering of
light above 0.300 GPa and consequent reduction of the transmitted signal. We estimate an error of the read-

ing of 0.020 GPa.

X-Ray diffraction. Measurements were carried out using PANalytical Empyrean Series 2 instrument in
Bragg-Brentano configuration with Cu Ka radiation at 40 kV voltage and 40 mA current. A nickel filter was

used to reduce K contribution. A PIXcel3d X-rays detector was used.

Steady-state photoluminescence. We measured photoluminescence (PL) with a home-built setup equipped
with a 405 nm CW laser source (S1FC405, Thorlabs) for the iodide-based perovskite composition,
(BzA),Pblsand (PDMA)Pbls. To measure the PL of bromide-based perovskite composition, (BzA),PbBrsand
(PDMA)PbBI4, a 375 nm laser was used. The PL was coupled into a fiber connected to an OceanOptics
USB4000 spectrometer. To remove the excitation laser from the acquired signal, a long-pass filter LP500
was mounted before the spectrometer for the iodide-based compositions. An integration time of 1 s was used

for each measurement.

Density Functional Theory. All computations were done at the DFT level of theory with the software pack-
age Quantum ESPRESSO v6.6 using ultrasoft pseudopotentials from the pslibrary 1.0.0, a wavefunction cut-
off of 60 Ry, a charge density cutoff of 480 Ry, a I'-point centered k-point Monkhorst-Pack grid (according
to Table S1), Gaussian spreading of 0.005 Ry and the semiempirical Grimme‘s DFT-D3 vdW correction.”®~
27 Relaxations were performed using the PBEsol functional in which the energies and forces are converged

up to 10”7 Ry and 10 Ry/Bohr, respectively. For each pressure, the experimentally obtained structure files
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were taken as initial starting point. The coordinates of the atoms are fully relaxed (without any constraints)
while fixing the lattice parameters at the experimentally measured values. For the PDMA based systems, a
2x2x1 supercell was created prior to relaxation. For the computations of the bandgap, single point energy
computations were done on the relaxed structures using the Perdew-Burke-Ernzerhof (PBE) functional with
a wavefunction convergence up to 10 Ry and (apart from (BzA),PbBr;) at a denser k-point Monkhorst-Pack
grid (Table 8:4-1).

Table 8:4:1. k-point Monkhorst-Pack grid used for the relaxation and SPE of the systems.

System Relaxation| SPE
(BzA),PbBr4 8x8x2 8x8x2
(BzA),Pbl4 6x6x2 | 9x10%3
(PDMA)PbX4 (X=Br,I)| 4x4x6 6%x6x9

High-pressure powder X-ray diffraction. High-pressure powder XRD measurements were performed
with synchrotron radiation in the Swiss Light Source (A= 0.49217A and Pilatus 6M detector).?’* The samples
were compressed in a membrane diamond-anvil cell using DAPHNE oil as a pressure-transmitting medium.
Prior to the measurement, the cell is pre-pressurized applying a pressure of 3-4 bars on the membrane to
avoid leaks and ensure a good sealing. This results in a slightly higher value for the first datapoint with re-
spect to ambient pressure. We note that the response of the membrane used to measure the (PDMA)PbBr4is
higher than for the other compositions, resulting in higher starting pressure. We used o-quartz as a pressure
calibrant, blended together with a sample, and diffraction patterns of the mixture were collected. The equa-
tion of state of quartz was used to determine pressure with accuracy of approximately 0.005 GPa.?”® Raw

data was processed in Dioptas®’*

extracting patterns of the mixtures after masking diffraction spots from the
diamonds. PXRD patterns were treated with TOPAS software and unit-cell parameters were determined us-
ing Rietveld refinement.?’>’® Positions of the atoms in all the four compounds were refined isotropically, the
exception is (BzA),PbBrs were the inorganic fragment was treated as a rigid body and refined anisotropi-

cally.
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8.4.2 Supplementary figures and tables
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Figure 8:4:1. Lattice parameters as a function of pressure obtained from Rietveld refinements of diffraction patterns for
a) (PDMA)Pbl4, b) (BzA)2Pbl4, ¢) (PDMA)PbBr34, d) (BzA)2PbBr4. The red axis refers to the a-axis (in red). When not

present, the error bars are smaller than the symbol size.
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Figure 8:4:2. Computed a) ¢§(Pb—X—Pb) tilting angle and b) nitrogen penetration depth in the plane formed by the halide
atoms d(N~Xu). The penetration depths of the two nitrogens in the PDMA spacer are not equivalent. Computed c)
average equatorial (triangle) and axial (disk) Pb—X bond lengths d(Pb—X). The octahedra has two inequivalent
equatorial bonds and one axial bond and d) average tilting angles of the benzyl ring relative to the a-axis ¢(BzAnpsx).

¢) Computed horizontal distance between the spacers d(SS)nor.
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Figure 8:4:3. Absorbance collected at ambient pressure for a) (PDMA)Pblsand (PDMA)PDbBr34, b) (BzA)2Pbl4 and

(BzA)2PbBr3 highlighting the presence of the typical excitonic feature observed in layered 2D perovskites.

Q
N

1 1
w N
o o

1
AN
o

Energy difference (meV)

Energy difference (meV) A2

-
o O

1 1 1
w N =
o o o ©

1
S
o

(PDMA)PbI,
. Fit
Max Position
0.05 0.15 0.25 0.35
Pressure (GPa)
(PDMA)PbBr,
. Fit ,_
Max Position
005 015 025 035

Pressure (GPa)

(®)
N—

-30
-40

Energy difference (meV)

o
N

-10

1 1 1 1 1
O O B WN
o O O O O

Energy difference (meV)

o

-10¢
-20¢

(BzA),Pbl,
t. Fit
Max Position
005 015 025 035
Pressure (GPa)
(BzA),PbBr,
. Fit
Max Position
0.05 0.15 0.25 0.35

Pressure (GPa)

Figure 8:4:4. Excitonic peak estimated using a skewed Gaussian fit (blue) and the maximum intensity position of the

excitonic feature (in orange) for a) (PDMA)Pbls, b) (BzA)2Pbls, c) (PDMA)PbBr4, d) (BzA)2PbBra. The two methods

result in comparable results. The larger error in the second method is given by the resolution of the absorbance

measurement.
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Figure 8:4:5. DFT calculation of the change of bandgap Egap relative to the corresponding structure at low pressure for

all the compositions in study.

8.4.3 Synchroton data analysis and beam damage

o
- .
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.t ﬁ
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Cia .

Figure 8:4:6. The samples inside a diamond anvil cell with a visible radiation damage after the experiments. The pres-

ence of this damage does not affect the reliability of our experiments because the main reflection of the phases we ana-

lyze correspond to their reference crystal structures.

A detailed description of the XRD patterns for all the four samples (Figure 8:4-7) is reported below.
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The mechanosynthesis of (BzA):Pbly resulted in almost a full conversion of the precursors into the desired
product. The fitting of SiO; (red) and (BzA),Pbly4 (green) patterns left just a few unidentified Bragg peaks
(black plot), which were assigned neither to Pbl, nor BzA-I.

The reaction leading to (BzA),PbBry is slower and apart from the product identified (35.9%) the sample
contains unreacted precursor BzA-Br and PbBr; (18.4 and 11.5%, respectively) and the remaining 34.2% is

quartz. All significant reflections were fitted during the refinement (black).

The scattering of (PDMA)PbI, sample was weaker, thus no strong high-angle reflections appeared for 26 >
26°. Only the product and quartz were identified, but some remaining Bragg peaks (black) could come from
the phases. Although the fitting of the full substrate’s patterns was unsuccessful, some of the reflections
matched, which indicates partial amorphisation and/or preferential orientation of the substrate crystals after

mechanosynthesis.

The reaction yield of (PDMA)PbBr, within the given conversion time is not full as PbBr, (28.8%) and
PDMA-Br (18.6%) were identified in the mixture together with the product (21.7%) and the pressure sensor
(30.9%). As indicated before, lack of some reflection (e.g. 001 206~3.7°) may suggest preferential orientation
of PDMA-Br crystals. On the other hand, no distinguishable Bragg peaks for 20 > 12° and broad reflections
below may indicate partial amorphisation of the organic precursor. The crystal structure of (PDMA)PbB14 is
unknown and for the research purposes, it was assumed it is isostructural to the I-analogue, which gave a
good agreement with the collected data. Attempts to obtain a single crystal confirming the crystal structure

were unsuccessful.
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Figure 8:4:7. XRD patterns of a) (BzA):2Pbl4, b) (BzA)2PbBra4, ¢) (PDMA)PbBr4 and d) (PDMA)PbBr4 showing the
mixtures (orange) and separated patterns of the components, quartz (red), products (green) and unreacted substrates (if

present, gray and magenta).

8.5 Supplementary information of Chapter 6

8.5.1 Galvanostatic measurements of mixed conductors

The electrical properties of the materials can be investigated using galvanostatic polarization. As
the name implies, constant current in the square-wave form is applied during these measurements while the
voltage is recorded over time. If the specimen under investigation is solely an electronic conductor, the
recorded voltage profile will have the shape of square-wave (Figure 8:5:1a), where Ohm’s law defines the

maximum voltage. Then using the relationship (equation 8:5:1), conductivity can be calculated. Here, A —is
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the electrode overlap area, 1 — the gap between electrode fingers. In order not to violate the linearity
assumption from Ohm’s law, the polarization measurements should be performed under small voltages. This
especially applies to semiconductors.
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Figure 8:5:1. Representation of galvanostatic polarization profile of (a) electronic conductor and (b) mixed conductor.

(c) Simplified equivalent circuit model for the transport in a mixed conductor, adopted from the reference.?’’

11
T UA

Equation 8:5:1 — Conductivity formula.

o

In the case of mixed conductors, the voltage profile has a different shape (Figure 8:5:1b). Here, the voltage
transient is ascribed to the chemical diffusion, which can be interpreted using the simplified equivalent cir-
cuit (Figure 8:5:1c¢). The polarization process can be divided into three steps based on this model. In the first
instance, when current is applied, the current flows through both Reon (electronic resistance) and Rion (ionic
resistance) rails. Thus, the initial voltage jump (¥juny) arises from the total conductivity R (equation 8:5:2).
Afterward, there is exponential voltage transient with a characteristic time constant (t°), which is defined by
equation 8:5:3, where R® (equation 8:5:4) — chemical resistance and C®— chemical capacitance. Lastly, when
C?is fully charged, the voltage reaches saturation (V) point since the current passes only through the Reon.

Having all this data, the ionic conductivity can be calculated using equation 8:5:5.

ReonRion
Reon + Rion

Equation 8:5:2 — Total resistance formula

Rior =

8 — RSO

Equation 8:5:3 — Characteristic time constant formula

RS = Rion + Reon

Equation 8:5:4 — Chemical resistance formula
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Oion = Otot — Oeon

Equation 8:5:5 — Ion conductivity formula
8.5.2 lodine partial pressure control

Given iodine’s propensity to directly transform from solid to the gas state, which is called
sublimation, we used iodine powder as the source material. In order to control the saturation vapor, the
iodine container was kept at a constant temperature inside the thermostat. Table 8:5:1 indicates the
temperature ranges for the studied iodine partial pressures, which can be calculated using the 8:5:6 equation.
The measurement cell and the iodine container were connected by leakage-proof plastic gas lines. Argon was
used as a carrier gas. The exhaust line from the measurement cell was inside the fume hood for the safety

since iodine vapor is highly toxic.

3512.8

logP = — —2.013logT + 13.374

Equation 8:5:6 — Relationship between iodine temperature and its partial pressure

Table 8:5:1. Temperatures and their corresponding iodine partial pressure levels on a logarithmic scale.

T(K) Log P (bar)
233.1 -6.46179
238.1 -6.16388
240.1 -6.0483
243.1 -5.87861
245.1 -5.76786
248.1 -5.60519
252.1 -5.39452
253.1 -5.34293
254.1 -5.29175
258.1 -5.09116
261.1 -4.94488
263.1 -4.84928
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