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Zusammenfassung

Kolloidale Halbleiter-Nanokristalle (NK) haben sich aufgrund ihrer einstellbaren optoelek-
tronischen Eigenschaften und fortschrittlichen Synthesemethoden, die einheitliche und gut
definierte Strukturen erméglichen, zu einer wichtigen Plattform in der Nanomaterialforschung
entwickelt. Thr groflenabhiangiges Verhalten macht sie sowohl fiir die Grundlagenforschung
als auch fiir technologische Anwendungen vielseitig einsetzbar. Unter ihnen zeichnen sich
Blei-Halogenid-Perowskit (BHP)-NK durch ihre hervorragende Leistung in lichtabsorbieren-
den, -emittierenden und -detektierenden Anwendungen aus, was auf ihre hohe Fehlertoleranz
und vereinfachte Bandstruktur zurtickzufithren ist. Ihre praktische Anwendung wird jedoch
durch geringe Feuchtigkeitsstabilitat und die hohe Bleitoxizitat eingeschrankt.

BHP NK zeigen grofies Potenzial fiir die photokatalytische Wasserstoffproduktion, da
sie hohe Absorptionskoeffizienten und lange Ladungstréger-Diffusionsldngen besitzen. IThre
Zersetzung in polaren Losungsmitteln begrenzt jedoch die Einsatzmoglichkeit fiir diese An-
wendung. In dieser Arbeit wird eine Dampfphasenstrategie vorgestellt, die eine Feststoff-Gas-
Grenzflache etabliert, um den Kontakt zwischen polaren Fliissigkeiten und BHP-Nanoplattchen
(NPI) zu minimieren. Die tiber 20 Stunden unter simuliertem Sonnenlicht aufrechterhalte-
ne Wasserstoffentwicklungsrate der BHP NPI/Platin (Pt)-Katalysatoren bestétigt die Mach-
barkeit des Ansatzes. Zur Untersuchung des Ladungstragertransfers von BHP NPI zu Pt-
Cokatalysatoren wird zeitaufgeloste Photolumineszenz (PL)-Spektroskopie eingesetzt. Die
Ergebnisse verdeutlichen die zentrale Rolle der Exzitonen-Diffusion, modelliert mit expo-
nentieller Zeitverteilung, welche durch Grofie, Geometrie und Konzentration der NP1 und
Pt-Nanocluster beeinflusst wird. Transiente Absorptionsspektroskopie zeigt zudem ultra-
schnellen Elektronentransfer von BHP NP1 zu Pt-Nanoclustern.

Cs,AgBiCls-Doppelperowskit (DP)-NK bieten eine vielversprechende bleifreie Alternative
zu BHP und zeigen Potenzial fiir weifle Lichtemission. Das breite PL-Spektrum mit zwei Emis-
sionspeaks wird bei Cs,AgBiCl,-NK mit indirekter Bandliicke beobachtet, deren Urspriinge bis-
lang umstritten waren. Mittels PL-Anregungs- und temperaturabhéngiger PL-Spektroskopie
werden diese in dieser Arbeit aufgeklart. Die rote Emission stammt von defektgebundenen
Exzitonen mit hoher Oszillatorstdrke, was den starken Absorptionspeak mit hoher Bindungs-
energie erklart. Die blaue Emission steht in engem Zusammenhang mit der Oberflichenchemie
und hangt stark von der Synthesemethode ab. Diese Ergebnisse unterstreichen die zentrale
Rolle von Silber fir die optischen Eigenschaften der Cs,AgBiCl,-NK.

Die Ergebnisse dieser Arbeit liefern wertvolle Erkenntnisse zur Optimierung von Perowskit-
NK in praktischen Anwendungen, insbesondere hinsichtlich der Verbesserung der Feuchtig-

keitsstabilitat in der Photokatalyse und der Reduzierung der Toxizitdt bei Weifilichtemission.
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Abstract

Colloidal semiconductor nanocrystals (NCs) have become a key platform in nanomaterial
research due to their tunable optoelectronic properties, and advanced synthesis methods
that yield uniform, well-defined structures. Their size-dependent behavior—from quantum-
confined to bulk-like regimes—makes them highly versatile for both fundamental studies
and device applications. Among them, lead halide perovskite (LHP) NCs stand out for their
exceptional performance in light absorbing, emitting, and detecting applications, thanks to
their high defect tolerance and a simplified band structure. However, their practical use
remains limited by poor moisture stability and the high toxicity of lead.

LHP NCs show significant potential for photocatalytic hydrogen production due to their
high absorption coefficients and long charge-carrier diffusion lengths. However, their degra-
dation in polar solvents limits the use of LHPs in this application. This thesis proposes a
vapor-phase strategy to address this limitation by establishing a solid-gas interface that mini-
mizes direct contact between liquid polar solvents and LHP nanoplatelets (NPIs). The sustained
high hydrogen evolution rate of LHP NPls/platinum (Pt) over 20 hours under simulated solar
light demonstrates the feasibility of the developed vapor-phase approach, characterized by
the vapor composition and different types of LHP NPIs. To elucidate the charge carrier trans-
fer mechanism from the LHP NPIs to Pt cocatalysts, time-resolved photoluminescence (PL)
spectroscopy is employed. The results highlight the critical role of exciton diffusion, modeled
with an exponential time distribution. The diffusion time distribution is influenced by the
size and geometry of NPIs and the concentration of Pt nanoclusters. Moreover, transient
absorption spectroscopy further reveals ultrafast electron transfer dynamics from LHP NPls
to Pt nanoclusters.

On the other hand, Cs;AgBiClg double perovskite (DP) NCs offer a potential lead-free
alternative to LHPs, showing promise for white light emission. The broad PL spectrum
featuring dual emission peaks is observed in Cs,AgBiClg NCs with an indirect bandgap, the
origins of which have been under debate. The study clarifies their origins using PL excita-
tion and temperature-dependent PL spectroscopy. The red emission comes from excitonic
recombination of defect-bound excitons with a giant oscillator strength, explaining the strong
absorption peak with an extralarge binding energy. The blue emission closely relates to the
surface chemistry of the DP NCs, associated with the synthetic methods. These findings
underscore the critical role of silver in determining the optical properties of Cs, AgBiClg NCs.

The results in this thesis offer valuable insights for optimizing the performance of per-
ovskite NCs in practical applications, including mitigating moisture instability in photocatal-

ysis and reducing toxicity in white light emission systems.
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Introduction

The conceptual foundation of nanotechnology laid by Richard Feynman in his visionary 1959
lecture-There’s Plenty of Room at the Bottom- highlighted the vast potential of manipulating
matter at the atomic and molecular scale.! He anticipated a future where materials and devices
could be engineered with atomic precision. This idea has since inspired the development of
nanoscience, enabling breakthroughs in fields ranging from electronics to energy conversion.

Advances in ultrafast spectroscopy over the ensuing decades significantly propelled
nanoscale research, ultimately giving rise to a specialized branch of nanotechnology centered
on colloidal semiconductor nanocrystals (NCs). Currently, a wide range of semiconductor
NCs with precise structural, compositional, and size control are being actively explored.” The
diversity of these NCs enables a broad spectrum of optoelectronic applications, including
light-emitting diodes (LEDs), photovoltaics, transistors, biomedicine, and photo/electrocataly-
sis.>™ To meet the growing demands in these sectors, continued efforts are required in two
key research areas: the discovery and development of novel materials with targeted perfor-
mance advantages, and the fundamental investigation of their properties using advanced
characterization techniques.

Thanks to their remarkable optical properties such as a large absorption cross-section,
bright and narrow-band emission, high charge carrier diffusion lengths, and exceptional defect
tolerance, lead halide perovskite (LHP) NCs have rapidly regained research prominence since
their first successful colloidal synthesis in 2014.° This resurgence followed the groundbreaking
discovery of perovskites for photovoltaic applications in 2009.” Over the past decade, signifi-
cant advances have been made in the colloidal synthesis of LHP NCs, enabling precise control

over their composition, size, morphology, surface chemistry, and self-assembly behavior.®



The sizes of NCs can be precisely tuned within the sub-10 nm range with the strong/weak
quantum confinement regimes, making excitonic transition bands distinguishable.”'’ Over
the past decade, the power conversion efficiency of perovskite solar cells (PSCs) has increased
dramatically to 25.0%, placing them at the forefront of the drive toward next-generation,
cost-effective photovoltaic and integrated energy technologies, in direct competition with
established silicon-based photovoltaics.® Furthermore, LHPs show great promise for LEDs,
offering full-color display capabilities with wide color gamut, high color purity, and high

luminescence efficiencies.!!

Although LHPs show great potential in replacing traditional semiconductors for various op-
toelectronic applications, they show intrinsic drawbacks which hinder the commercialization—
moisture instability and high toxicity. This thesis focuses on addressing and mitigating these

two challenges in the context of specific application requirements.

On one hand, humidity has been identified as the primary factor driving instability in
LHP devices. Besides moisture, LHPs are soluble in most polar solvents. This limits the use
of LHPs for photocatalytic hydrogen production, which requires polar reactants capable of
donating protons. LHP NCs show significant potential for photocatalytic hydrogen production
due to their high absorption coefficients and long charge-carrier diffusion lengths, which
enhance the photogeneration and utilization of charge carriers.'” To overcome instability
challenges, strategies such as using hydrohalic acid solutions and encapsulation have been
developed.'>!* However, these approaches face practical limitations for industrial application,
due to either insufficient long-term stability or low hydrogen yield, respectively. When
exposed to water molecules, LHPs interact with them through a series of reactions—hydration,
phase transformation, decomposition, and dissolution.” It has been demonstrated that the
hydration process, defined as the rapid formation of hydrogen bonds between water and
organic cations, is reversible when water is taken away from the system.'®!” On the basis,
further studies are needed to manipulate the polar atmosphere for LHP photocatalysis and to

investigate the underlying mechanisms.

On the other hand, the presence of lead in LHPs raises significant environmental and
health concerns. Double perovskites (DPs) have attracted considerable attention as potential
lead-free alternatives to LHPs due to their less toxicity.'® Bismuth with its ionic radius and
electronic configuration similar to lead, is a promising candidate for incorporation into DPs to
retain desirable optical properties while improving environmental safety.'” Among the family
of bismuth-based DPs, Cs,AgBiXg (X = Br, Cl) exhibits broad PL spectra, long charge carrier
lifetimes, and good thermal and environmental stability.”"*! By alloying with metal ions such
as sodium, indium, they can achieve a high PL quantum yield, potential for single-emitter
white light LEDs.?* However, the origin of their broad emission remains a subject of ongoing
debate. To optimize their performance for next-generation lighting and display technologies,

further investigation is needed to clarify the charge recombination processes in Cs,AgBiXs.



1 Introduction 3

In this thesis, optical spectroscopy is employed to characterize the charge carrier dynamics
after photoexcitation. Chapter 2 offers the theoretical concepts of LHPs from the bulk to
quantum confined NCs, strategies to mitigate their limitations, as well as advancements for
optoelectronic applications. In Chapter 3, the chemical synthesis of NCs used in this study
along with the optical characterization techniques, are presented. On the basis, Chapter 4
discusses the stable hydrogen evolution from polar vapor using MAPbBr; nanoplatelets
(NPIs), with an investigation of charge carrier transfer dynamics in the presence of Pt metal.
Chapter 5 examines the charge carrier recombination mechanisms in Cs,AgBiClg NCs. Finally,

a summary and outlook are provided in Chapter 6.






Fundamentals

This chapter highlights the fundamental physical concepts relevant to lead halide perovskite
(LHP) nanocrystals (NCs) as used in this thesis. In Section 2.1, the development of LHP NCs
for optoelectronic applications is introduced, including their basic physical properties and
interactions with light. Lead-free bismuth-based double perovskites (DPs), which offer a
solution to the high toxicity of LHPs, are discussed in Section 2.2. Finally, Section 2.3 focuses
on the mechanism of photocatalytic hydrogen evolution, laying the theoretical foundation for
Chapter 4. Various semiconductor NCs as light absorbers are introduced, and the advantages
and challenges of LHPs in photocatalysis are addressed.
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2.1 Lead Halide Perovskites

Deriving from inorganic perovskite oxides, halide perovskites with the generic chemical
formula ABX3 (where A represents Cs, methylammonium (MA), or formamidinium (FA) ions;
B represents Pb or Sn ions; and X represents Cl, Br, or I ions) exhibit promising performance
in photovoltaics, photodetectors, and LEDs, due to their tunable bandgaps and outstanding
optoelectronic properties.”>>°> The rapid advancement of various applications based on
halide perovskites has driven further investigation into their fundamental physicochemical
properties. As the most extensively-studied perovskites, LHPs refer to a subcategory of halide
perovskites in which Pb?* ions occupy the B-site within a network of corner-sharing [PbX4]*~
octahedra.

In this section, I provide a brief overview of the development of LHPs in energy-related
applications, and offer the fundamental physics underlying this unique material. In addition,
the effect of quantum confinement on perovskite NCs is introduced, with a particular focus
on two-dimensional NPlIs. This is followed by a discussion of the current challenges and

potential solutions addressed in this thesis.

2.1.1 A Success Story

The first LHP was synthesized by Wells in 1892,%° while the crystal structure of hybrid halide
perovskites was characterized by Weber until the 1900s.2”-*® Since M. Era et al. applied them

4? and Kagan et al. used them as semiconducting

in an electroluminescent device in 199
channels for field-effect transistors in 1999,%" their potential for electronic and optical device
applications has been increasingly recognized, attracting significant scientific interest.

In 2009, Kojima et al. demonstrated for the first time MAPbI; as a sensitizer in dye-
sensitized solar cells with a power conversion efficiency of 3.8%.” Three years later, Lee et
al. represented an evolution of perovskite-based solid-state sensitized solar cells, termed the
meso-superstructured solar cell, which achieved a power-conversion-efficiency breakthrough
of 10.9% under full solar illumination.®! Since then, extensive studies on PSCs have emerged.
Over the past 12 years, the efficiency of PSCs has been boosted dramatically from 3.8% to
25.0%, pushing them to the forefront of the campaign for realizing next-generation economical
photovoltaic and integrated technologies.

Alongside the development of PSCs, other optoelectronic applications based on LHPs
have also flourished. The pioneering work on perovskite LEDs emerged in 1994,%” followed
by significant advancements since 2014, when Friend et al. designed perovskite LEDs based
on MAPbX; thin films with an external quantum efficiency (EQE) below 1%.% Currently,
green, red and near-infrared perovskite LEDs have achieved EQEs surpassing 20%,°>~%> with
the highest EQE reaching up to 28.9% for green perovskite LEDs.!! As ideal light emitters,
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LHPs are promising candidates for LEDs to realize full-color displays with wide color gamut,
high color purity, and high luminescence efficiencies. Moreover, LHPs have shown great

potential in a broad range of technological applications including lasers,*® photodetectors,*’*®

40 42

Catalysts,39 transistors,*’ memristors,*! and artificial synapses.

2.1.2 The Band Structure and Optical Properties

The Band Structure

The impressive optical and electronic properties of LHPs are a direct consequence of their
band structure. LHPs are direct-bandgap semiconductors, with both the conduction band (CB)
minimum and the valence band (VB) maximum located at the same point in k-space. Their en-
ergy bands are primarily dominated by the outer atomic orbitals of 32Pb ([Xe]4f'*5d'%6s%6p?)
and X (taking Br as an example: [Ar]3d!%4s%4p®), while the A-site cations participate only
marginally in covalent bonding. Figure 2.1a illustrates the energy states of Pb 6s, Pb 6p, X
ns, X np orbitals and their hybridization states. Both the CB and the VB extrema are formed
by anti-bonding states (¢) that originate from the hybridization of lead and halide orbitals.
Specifically, the minimum of the CB is mainly composed of an antibonding state of Pb 6p and
X ns orbitals, while the maximum of the VB band is characterized by a Pb 6s/X np state.*>**
In addition, the CB in LHPs exhibits overall p-character (orbital angular momentum [ = 1),
while the VB presents overall s-character (I = 0).

When taking into account spin-orbit coupling (SOC), the threefold degenerate CB of
LHPs splits into a double-degenerate (j = %) and quadruple-degenerate (j = %) bands. The
twofold degenerate band (j = %) is termed split-off band. It lies energetically below the
fourfold degenerate bands, distanced by the split-off energy Agp. In LHPs, the split-off band
constitutes the CB minimum. Consequently, both the CB minimum and the VB maximum
are two-fold degenerate. This behavior is atypical for traditional semiconductors such as
II-VI and III-V compounds, where the VB maximum is usually p-like and four-fold degenerate,
while the CB minimum is s-like and two-fold degenerate (Figure 2.1b). Moreover, the four-fold
degenerate VBs in II-VI and III-V semiconductors consist of a light hole (m; = i%) and a heavy
hole (m; = :I:%) band. In contrast, for LHPs, a light electron (m; = j:%) and a heavy electron
(m; = :i:%) band make up the four-fold degenerate CBs, as illustrated in Figure 2.1a.

Furthermore, the band structure determines the properties of photoinduced charge carriers.
LHPs usually exhibit long carrier diffusion lengths and long carrier lifetimes. The orbital
contributions of the bandedge states lead to a reduced spatial overlap of electron and hole
wavefunctions, and hence decreased recombination rates.*>*® Moreover, a weak preferential
localization of electrons and holes in different regions of the perovskite unit cell may cause a
reduction in the spatial overlap of electron and hole wave functions and hence recombination

rates. These properties make LHPs well-suited for photovoltaic applications.



8 2.1 Lead Halide Perovskites
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Lead halide perovskites II-VI and III-V semiconductors

Figure 2.1: The Band Structures of LHPs and Conventional Semiconductors (a) Schematic
energy-level diagram showing the hybridization of s and p orbitals from halide and lead atoms,
and the resulting band structure of LHPs. The top of the VB band originates from a Pb 6s/X
np antibonding state. Due to spin-orbit coupling (SOC), the CB bottom is formed by a spin-
orbit electron (SOE) band, which is energetically separated from the four-fold degenerate light
electron and heavy electron bands. Notably, both the CB bottom and the VB top in LHPs are
derived from antibonding states. (b) Band structure of conventional II-VI and III-V compound
semiconductors, which exhibit opposite bandedge characteristics compared to LHPs. In these
materials, the CB minimum is s-like, while the VB maximum is p-like given by a heavy hole and
a light hole dispersion along with a spin-orbit hole (SOH) band.

Extraordinarily, LHPs exhibit high defect tolerance, which is highly favorable for pho-
tovoltaics and other optoelectronic applications. In MAPbI3, intrinsic point defects, such as
MA;r (i donates interstitials), V4 (V donates vacancies), MApy, V%,g, I, Vi+ , have low forma-
tion energies. They are calculated to lie approximately 0.05 eV above the VB maximum or
below the CB minimum.*’ It has been reported that V5, (halide vacancies) or V}, (A-site cation
vacancies) as shallow defects are the dominant defects under X-poor or X-moderate/rich
synthesis conditions, respectively.*® Deep defects in LHPs have high formation energies,
therefore their concentrations are quite low. This results in a high PL quantum yield because
deep defects contribute to non-radiative recombination in LHPs, rather than shallow defects.
In summary, most point defects in LHPs are shallow defects. It is attributed to the strong
antibonding coupling of Pb s and X p orbitals, along with the high ionic character of LHPs.
Shallow defects do not significantly perturb periodic crystal potentials, thereby enabling
defect tolerance. Accordingly, solution-processed LHPs can sustain superior electronic prop-
erties in the presence of many intrinsic defects. This aligns with observations of long charge

carrier diffusion lengths.

Optical Transitions

Having introduced the physical principles of electron and hole states in LHPs, I now turn

to their interaction with electromagnetic waves. In the following text, LHP NCs without
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quantum confinement are discussed first, followed by those exhibiting quantum confinement
effects. Incident photons hit a LHP NC in its ground state. With a certain probability, electrons
in the VB of the NC are excited into the CB along with the annihilation of the photons. Because
of the law of energy conservation, the relation between absorbed photon energies, the ground

state energies E, and the excited state energies E; is expressed as:
El - EO =n-ho (21)

where o represents angular frequency. Such a optical transition process is called absorption
of n photons. When n = 1, it is called linear absorption.
Besides energy conservation, momentum conservation needs to be satisfied during an

optical transition. It is written as:

hk, — hk, = hk (2.2)

The wavevector of a photon, denoted by k, is given by 27” . This corresponds to values on the
order of 107 m™! for visible light excitation. In contrast, the crystal wavevector in the first
Brillouin zone is associated with g (a is the lattice constant) with the value order of 10° m™!
or 10'° m™!, which is significantly larger than the wavevector of an absorbed photon from
visible light. Therefore, the photon momentum change is neglected in Equation 2.2, which is
simplified as: hk; = hk,. Hence, optical transitions in direct semiconductors are commonly
represented as “vertical” transitions in the energy dispersion diagram. For indirect-bandgap
semiconductors, optical transitions happen with the help of phonons to fulfil the law of
momentum conservation, which will be described in the next subsection.

The quantum mechanical transition rate W, _,{, that an electron is excited from its ground
state to an excited state by absorption of a photon with angular frequency w, can be determined.

Given by Fermi’s golden rule, the transition rate is expressed as:
21 21 n
Wos1 = z|M|2g(hw) = ?KﬂH i[> g(ho) (2.3)

Equation 2.3 shows that the dipole matrix element M and the density of states g(hw) are two
factors influencing the transition rate. The dipole matrix element M describes the perturbation
of electromagnetic waves on electrons, which is directly linked to the oscillator strength of
respective optical transitions. H "is the perturbing Hamiltonian to describe the electric-dipole
interaction, described by —er - ¢ where ¢ represents a perturbing electric field caused by the
light wave. Based on the semi-classical approach and Bloch functions, the dipole matrix

element M is simplified as:

|M| o J uo(r)xul(r)dSr (2.4)
unit cell

with the assumption that light is polarized along x axis of the unit cell. This matrix element M

corresponds to the electric-dipole moment of transitions. Evaluating this quantity necessitates



10 2.1 Lead Halide Perovskites

knowledge of the envelope functions u, and u;, which originate from atomic orbitals of
constituent atoms. r is the position vector of electrons. As a result, the specific electronic
structure of each material must be considered individually.

The factor of g(fAw) in Equation 2.3 represents the joint density of states evaluated at
the photon energy. The density of states describes the distribution of energy states within
bands. In contrast, the joint density of states accounts for the availability of both ground and
excited states within the CB and VB that are separated by the photon energy hw. It effectively
quantifies the number of possible electronic transitions at a given photon energy. For the
simplified parabolic band structure shown in Figure 2.1a, the joint electron-hole density of

states can be derived using the density of states equation for direct-bandgap semiconductors:

For hw < Eq, g(hw) = 0;

1 (2 3/2 2 (2.5)
For hiw > E,, hw :—<—) how — E
where 1 is the reduced electron-hole mass: i = # + # (mg/my; represents the effective
electron/hole mass). Based on Equation 2.3, the transition rate for a dipole-allowed inter-
band transition is proportional to the joint density of states. The absorption coefficient a is

proportional to the transition rate. Therefore, the absorption coeflicient is expressed as:
For v > E,,  a(hv) e (Av — Eg)l/2 (2.6)

For direct-bandgap semiconductors, the bandgaps E, are typically determined from the
absorption onset. However, in some cases, the absorption spectra do not align well with the
model. This discrepancy occurs when Coulomb interaction between electrons and holes is

significant, or when defect states exist within the bandgap.

Excitons

The Coulomb interaction of electrons and holes can give rise to the formation of new energy
states called excitonic energy states. A bound electron-hole pair is called an exciton, created
when a photon is absorbed. The excitons introduce interesting optical properties, which are
important for optoelectronic applications.

Bloch wavefunctions of free electrons and holes in a perfect crystal are delocalized,
meaning that electrons/holes can move freely through the crystal lattice. The Coulomb
interaction between electrons and holes perturbs the independent-particle Bloch picture. An
exciton can move freely through the lattice, but the relative position of the electron and hole
remains confined. The relative motion for excitons in real space leads to discrete eigenstates
of the relative wavevector k, corresponding to excitonic states distinct from the continuum

states of free electron-hole pairs.
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Two types of excitons are observed in crystalline materials (Figure 2.2a): Wannier—-Mott
excitons and Frenkel excitons. Wannier-Mott excitons own a large radius spanning over many
unit cells because of strong dielectric screening. They are delocalized states that can move
throughout the crystal. They have small binding energies with typical values of around 0.01
eV. At room temperature, the collision with phonons of energy kgT can cause Wannier—Mott
excitons to dissociate. In contrast, Frenkel excitons have a much smaller radius which is
comparable to the size of a unit cell. They are tightly bound excitons confined to one molecule
or atom and can hop from one atom site to another site. Frenkel excitons have larger binding
energies of 0.1-1 eV, which makes them stable at room temperature.

A Wannier—Mott exciton is described in analogy to a hydrogen atom in a medium with a
dielectric constant ¢,. In the Bohr model, discrete energetic states of excitons are separated
from the continuum by binding energies. The binding energy Ep and the radius of the

electron-hole orbit r characterized by the principle quantum number n are given as:

B 1Ry Ry
B =-—=—=-—= (2.7)
my ef n n
r(n) = @qnzaH = nag (2.8)
J7;

where Ry is the Rydberg energy of the hydrogen atom (13.6 eV). Ry is the exciton Rydberg
energy. ag is the Bohr radius of a hydrogen atom (5.29 x 10~!! m). ag is the exciton Bohr

@ Wannier-Mott exciton (b) Ey hek
- . . . . . . . . n=3
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- . Eg 5
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Frenkel exciton

Figure 2.2: Excitons (a) Schematic diagram of a Wannier—-Mott exciton and a Frenkel exciton
within the crystal lattice. The Wannier—Mott exciton with a large radius and small binding
energy can move freely through the unit cell, while the Frenkel exciton has a large binding
energy and a small radius comparable to the unit cell, which can only hop from one atom site to
another. (b) A two-particle picture of Wannier—Mott excitons. It shows the energy dispersion as
a function of the exciton wave vector K. Discrete excitonic states with a parabolic dispersion are
below the continuum of free electron-hole band states. At K = 0, excitonic states are isolated by
their binding energies Eg. Optical transtions happen when the energy dispersion of excitons
and the light dispersion overlap.
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radius. my is the free electron mass. Different from a one-particle picture showing the energy
dispersion of free electrons/holes, a two-particle picture is introduced to visualize excitonic
states of Wannier—-Mott excitons. In Figure 2.2b, the excitonic energy dispersion with regard
to the exciton wavevector K = k. + kj, is illustrated with a parabolic dispersion, given as:
Ey(K) = Eg — R—;( + % (2.9)
n 2(mg +my)

Moreover, optical transitions of excitons are displayed in the two-particle picture. Consid-
ering energy and momentum conservation, discrete excitonic states give rise to discontinuous
absorption below the bandgap. In absorption spectra, it is represented by a series of individual
absorption lines energetically below the absorption onset. In practice, these absorption lines
are broadened into peaks due to homogeneous/inhomogeneous broadening. The Coulomb
interaction between electrons and holes in excitons enhances their wavefunction overlap,
resulting in an increased transition probability. Notably, the first excitonic peak is typically the
most prominent, while the second and third excitonic peaks are sometimes indistinguishable
because of the lower oscillator strength and the smaller energy separation from the continuum

states, as well as between the excitonic states themselves.

Recombination

Subsequent to absorption, excitons in excited states return to their initial ground states
radiatively or non-radiatively. Similar to the absorption process, energy and momentum
conservation are fulfilled during recombination. An exciton recombines with a photon of a
certain energy emitted, such spontaneous emission is called PL. In non-radiative recombi-
nation processes, the exciton energy is not transferred to photons. An exciton is sometimes
trapped by a defect state and dissociates by generating heat. When excitons in the excited
states have a high concentration, exciton-exciton annihilation may happen. In this process,
an exciton transfers its energy non-radiatively to another exciton, promoting it to a higher
energy state. For free charge carriers, this phenomenon is referred to as Auger recombination.
Alternatively, an exciton or a charge carrier can transfer to other species in the vicinity, such
as molecules or metal clusters, called energy or charge carrier transfer.

The recombination dynamics of excitons over time can be expressed by rate equations.
dn

3 i proportional to the

The change in the density of excitons in the excited state with time

exciton density n(t), given as:
dn
E(t) = —kn(t) = —(k; + knp)n(t) (2.10)

where k indicates the recombination rate, which is the sum of the radiative recombination

rate k, and the nonradiative recombination rate k,,. This applies to the monomolecular
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recombination dynamics with only one excited state involved. In exciton-exciton annihilation,
the variation of the exciton density scales with the squared exciton density —k,n?(t), given
by a bimolecular model. In the thesis, exciton-exciton annihilation or Auger recombination
are not considered. In actual experiments, the exciton density n(t) is proportional to the PL
intensity I(¢). Thus, a mono-exponential function as a function of time is obtained by solving

the differential equation in Equation 2.10:
1(t) = Lye~Kethaddt = [et/7 (2.11)

which represents the decay dynamics of excitons with an average lifetime of 7 and an initial
PL intensity Ij. The decay curve comprises both radiative and nonradiative recombination
information without the contribution of exciton-exciton annihilation. Experimentally, PL
decay could be monitored by time-resolved PL spectroscopy with different time scales, which

I will describe in detail in Section 3.2.

2.1.3 Quantum Confinement

The optical properties of solids depend on the size when their dimensions are reduced to the
nano-scale, as a consequence of the quantum confinement effect. The Heisenberg uncertainty
principle indicates that quantum size effects will be important if a particle is confined to a
region of x axis of length Ax, which is comparable to or smaller than the de Broglie wavelength
AdeB = h/ py (py is the particle momentum along x) of the particle, as determined by its thermal
motion. This applies to electrons or holes that are otherwise free. Alternatively, the quantum
confinement effect matters when the crystal size gets close to the exciton Bohr diameter.
Based on the degree of dimensionality with the quantum confinement effect, nanostructures
are generally classified into quantum wells (one-dimensional confinement), quantum wires
(two-dimensional confinement), and quantum dots (QDs) (three-dimensional confinement)
(Figure 2.3).* In Chapter 4, I will investigate the optical properties of two-dimensional
lead bromide perovskite NPls. Accordingly, fundamental physics of quantum wells will be

introduced in the following.

The wave functions and the quantized states of electrons and holes in the conduction
and valence bands of a quantum well can be calculated using Schrédinger’s equation and the
effective mass approximation. I talk about free electrons and holes as a start; the discussion
of the quantum confinement effects of excitons will follow. By separating the free motion in
the x, y plane and the quantized motion in the z direction, the total energy for an electron or
hole in the nth quantum level is obtained:

h%k?
Etotal(na k) = E, + 5

(2.12)

*
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Figure 2.3: From Bulk to Lower Dimensional Semiconductors Schematic representation of
bulk, quantum wells, wires, and dots. The generic shape of the density of states for electrons in
the CB of a semiconductor with band gap E, is shown for each type of structure.

with a wave vector k to specify the free motion in the x, y plane, and a quantum number n
to indicate the energy level for the z direction. The calculation of the wave functions and
energies for the quantized states in the z direction is determined by the spatial dependence
of the conduction and valence bands, giving rise to infinite or finite potential wells.”’ In a
model of infinite potential wells (Figure 2.4a), the eigenenergy E, can then be calculated
by solving Schrodinger’s equation in (Equation 2.13) with V(z) = 0 (0 < z < L) and with
boundary conditions given by ¢(0) = ¢(L) = 0. The Schrodinger equation within the well is

as follows: I
h® 9
Hoy(z) = (- o a2+ V(2))¢n(2) = Enpu(2) (2.13)
with the solution:
on(2) = Ansin(=7) (2.14)
T2h?

where L defines the thickness of the quantum well. The comparison of the quantization
energies to the thermal energy kgT offers insight into whether quantum effects are expected
to be significant in a given quantum well at a particular temperature. From Equation 2.15, the
energies of the quantized levels scale with the reciprocal of the effective mass and the inverse
square of the well width. This indicates that low mass electrons/holes in narrow quantum

wells own the highest energies.

Although the infinite well model is a useful starting point for the discussion of quantum-

well physics because of its simplicity, it overestimates the confinement energies. Perovskite
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Figure 2.4: Infinite and Finite Potential Wells (a) The Schematic diagram shows an infinite
one-dimensional potential well of width L with the first three energy levels and corresponding
wave functions included. (b) A finite potential well of width L. The wave functions spread
into the barrier regions by tunneling, consequently reducing the quantum confinement energy
relative to a well with infinite barriers.

NPIs discussed in the thesis are surrounded by ligands, which create finite potential barriers
rather than infinite vacuum barriers. The finite potential discontinuity enables charge carriers
to tunnel into the barriers to some extent, allowing the extension of their wavefunctions and
reducing the confinement energy compared to a well with infinite barriers (Figure 2.4b). In
addition, LHP NPIs with different monolayers tend to stack with each other. In this case,
a quantum well superlattice may form with the combination of multiple quantum wells
from different perovskite NPls separated by ligands as barriers. For the superlattice, the
wavefunctions of charge carriers in each quantum well can spread outside by tunnelling and
hybridize with neighboring platelets. The electronic coupling results in the formation of
minibands, reducing the absorption onset energies.

The optical transitions in a quantum well can be understood by applying the selection
rules and density of states, which will be described as follows. As shown in Equation 2.3, the
transition rate is determined by the joint density of states and the squared electric-dipole
matrix element. Meanwhile, the matrix element M is given by Equation 2.6. On substituting

the initial and final quantum well wave functions, the matrix element M breaks into two parts:
M = McyMen (2.16)

where Mcy is the valence—conduction band dipole moment. It is intrinsic for a specific
material and non-zero. M.}, represents the electron-hole overlap, which is non-zero only
when the quantum number n of electron and hole states are the same for an infinite quantum
well. It indicates that optical transitions are allowed only when the selection rule An = 0 is
obeyed for an infinite quantum well. In finite quantum wells, electron and hole wave functions
with different quantum numbers have a small overlap. However, their corresponding optical

transitions are quite weak.
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Given by the selection rules, optical transitions start with a threshold of photon energy
based on Equation 2.12: E = E, + E; . + Ey . It indicates that the absorption onset of a
quantum well is shifted to the high energy side by (E; . + E; 1,) compared to that of the bulk
semiconductor. Moreover, the confinement energy is determined by the quantum well width L.
Derived from Equation 2.12 and Equation 2.13, the E-k,, diagram shows parabolic dispersions
for An = 0 transitions:

h2kZ, ah? , hkE,

E=E,+E,.+E,,+ =FE, + n“ +
& e nh 2u & 2uL? 2u

(2.17)

In contrast to the bulk semiconductor, the density of states for the two-dimensional

material is:
U
E)=— 2.18
&2p(E) 2 (2.18)
It decides that the absorption coefficient of a quantum well exhibits a step-like structure
(Figure 2.3). A new step shows up at the energy of (E; + E, ¢ + Ey},) for individual An =0

transitions.

The effects of one-dimensional quantum confinement affect excitons as well as unbound
carriers. From a bulk semiconductor to a confined regime, the mutual Coulomb attraction of an
electron and a hole in an exciton increases greatly together with an enhanced exciton binding
energy EI%D (Figure 2.5). On the one hand, the spatial limitation forces electrons and holes to
be closer together. The reduction from three-dimension to two-dimension geometry enhances
the exciton binding energy E123D by a factor of four, without the consideration of dielectric
effects.”’ On the other hand, the electric field extends outside of NPls into the surroundings,
which possess a significantly smaller dielectric constant than within the crystals. This leads
to a weaker dielectric screening of the electric field, and thus the overall stronger Coulomb
interaction. With a larger exciton binding energy, excitons that dissociate in bulk could be
stable in quantum wells at room temperature. Excitonic effects in quantum wells enhances
their optical transition rates. Moreover, the transition energy of excitons is expressed based

on Equation 2.17:

Eexciton = Eg + Ere + Eyp — EEP = Eg + WP (2.19)

In addition, there are two regimes of quantum confinement determined by the relation
of the nanostructure length L and the exciton Bohr diameter ag. In a weak confinement
regime, when L is larger than ag, electrons and holes are considered to move coherently as
a hydrogen-like exciton. The exciton binding energy is calculated using the effective mass

approximation. When L < ag, the strong confinement regime dominates, where electron and
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Figure 2.5: The Quantum Confinement Effect in a Quantum Well (a) Schematic diagram
of an exciton in bulk and in a quantum well. In a quantum well, the electric field of the exciton
extends beyond the platelet. Thus, the dielectric screening of the Coulomb interaction is not as
strong as that within the bulk counterpart. (b) From bulk to a two dimensional quantum well
leads to an increase in the continuum onset (E, + E; . + E; ;) and a larger exciton binding energy
E2P.

hole are regarded as individual particles. Therefore, the exciton binding energy is calculated
differently.”?

Layered LHPs were reported for the first time in the late 1980s.”” In recent years, two-
dimensional NPIs with quasi-two-dimensional characteristics have received much attention
with the prosperous development of perovskites in photovoltaics, as well as characterization
techniques to probe two-dementional nanostructures. Particularly, two-dimensional NPls
have been demonstrated with atomic-precision control over their thickness down to a single
monolayer and large exciton binding energies, an attractive feature for light-emitting devices.
In 2015, Sichert et al. obtained MAPbBr3; NPIs with thickness from a single monolayer to five
monolayers by tuning the ratio of the organic cations.”* In 2018, Bohn et al. presented a facile
synthetic approach for two-dimensional CsPbBr; NPIs of only one specific thickness ranging
from 2 to 6 monolayers, leading to sharp photoluminescence.” It is shown that the reduction
of the monolayer numbers results in an increase of the continuum absorption onset given
by Equation 2.17 at k = 0. The exciton binding energy increases simultaneously. The shift of
the continuum absorption onset is usually larger than the increase of exciton binding energy,
ensuring an overall blueshift of excitonic resonance.

Furthermore, the increased overlap between electron and hole wave functions in quantum
confinement regimes enhances the emission probability and shortens radiative recombination

lifetime. Additionally, the discrete nature of the density of states reduces the thermal distribu-
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tion of carriers within their bands. As a result, the emission efficiency may be improved in
LHP NCs with the confinement effect, facilitating the development of bright light-emitting
devices.

As the degree of quantum confinement increases, quantum wire and QD structures are
formed. Two-dimensional and three-dimensional confinement bring out more interesting
optical properties and their density of states varies greatly (Figure 2.3). In a QD, electron
and hole states are completely quantized. Theoretically, its absorption spectrum consists of
a series of discrete lines. However, individual transitions in traditional semiconductors are
difficult to distinguish due to low confinement energies originating from heavy excitons (a
large effective hole mass). LHP QDs are intrinsically advantageous at this point. The inverted
band structure of LHPs leads to light excitons and thus large confinement energies. This
makes individual transitions in perovskite QDs easier to distinguish compared to conventional
semiconductors.

In practice, inhomogeneous broadening in perovskite QD ensembles limits the resolvability
of individual transitions. Precise control over the size of QDs with a narrow size distribution
is highly desirable. Significant efforts have been devoted to reducing the size deviation of
LHP QDs below 5% and progress has been made with CsPbX; (X = Cl, Br, or I).56’57 More
recently, a novel synthetic strategy—based on the separation of nucleation and growth—has
enabled the production of highly monodisperse, spherical LHP QDs with finely tunable sizes
in the sub-10 nm range.9 Later, BarfiiBer et al.” reported the clear observation of several

distinct confined excitonic transitions of monodisperse spherical-like CsPbBr; QDs.
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2.1.4 Problems and Limitations

Instability

Despite the exceptional performance of LHPs in photovoltaics, their susceptibility to ambient
factors, such as humidity, oxygen, light and heat, gives rise to the well-recognized stability
issue and deteriorates device performance.'>!” Among these factors, humidity has been
demonstrated as the most aggressive cause of instability in materials and devices due to
the formation of the intermediate hydrated perovskite phases such as from CH3;NH;Pbl;
to CH3NH3Pbl;-H,O and (CH3NH3),Pbl-2H, O, which subsequently decompose into solid-
state Pbl, and volatile gases (e.g., HI and CH3NH,). On the other hand, it is reported that a
meticulous amount of moisture has a positive effect on photovoltaic performance.’® Hence,
the manupulation of the ambient environment is vital for their device efficiencies. By careful
operation, superior performance of perovskite photovoltaic devices can be achieved.

However, the water-instability issue devastatingly limits their deployment in water-
mediated applications, such as photocatalytic hydrogen evolution and electrocatalysis. LHPs
degrades fast in aqueous solution, as well as in polar solvents such as methanol, ethanol. It is
a great regret especially for photocatalysis, as LHPs with extrodinary optoelectric properties
and defect tolerance are promising photocatalyst candidates.”” Currently, several strategies
have been developed to address the issue. Encapsulation is a straightforward way to improve
the stability of LHPs by coating NCs with a robust and inert shell.°” It has been demonstrated
that the stability of LHPs is successfully improved by the encapsulation of Si0,,°%%% Ti0,,%?
Al,04,°* or polyhedral oligomeric silsesquioxane.®> However, NCs after post synthesis tend
to aggregate within one shell. Moreover, the existence of the shell limits the mass transfer of
inner cores, such as proton adsorption and reactant desorption for photocatalytic reactions,
which leads to low activities. Another solution is to employ hydrohalic acid solutions (such
as HBr, HI) for halide perovskite catalysis. However, this method is undesirable due to its
environmental unfriendliness and high transportation cost. Long-term exposure to halo acids
still leads to phase segregation, defect formation, and irreversible decomposition.

Based on the principles of physical chemistry, the interaction between LHPs NCs and
water molecules is strongly related to the amount of water or the molar ratio of water to
perovskites.®®®” As the number of water molecules increases, the reactions proceed through
different stages, including hydration, phase transformation, decomposition, and dissolution.
In some cases, the hydration process for the rapid formation of hydrogen bonds between
water and organic cations is reversible when water is removed from the system."” Inspired
by this, it is believed that LHPs NCs could survive in the atmosphere of water if the water
molecule concentration is controlled within a specific range.

In my thesis, conversion from an aqueous solution to a water-steam system is proposed

for LHPs in photocatalytic hydrogen evolution. To be specific, 1 mL of water (or methanol)
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contains 55.6 (or 24.7) mmol of water (or methanol) molecules, driving LHPs NCs to decompose
abruptly. However, the concentration of water (or methanol) in their vapor phase (g) is 1.28
pmol/mL (or 6.79 pmol/mL) at room temperature. Such a dilute atmosphere of polar molecules
alleviates the intensive interaction of LHPs NCs with water molecules, which prevents their
decomposition and dissolution. In addition, the surface-adsorbed water (methanol) molecules
are timely consumed as a proton source in reactions. Eventually, the adsorption and desorption
process will reach an equilibrium in a constant system. In this case, I anticipate that the
ionic structure of LHPs can be stable in polar environments, such as vapor of, e.g., water and
methanol, and steadily generate hydrogen under solar light illumination. The idea will be

presented in detail in Chapter 4.

Toxicity

Besides water solubility, the presence of lead (Pb) in LHPs raises significant environmental
and health concerns. Particularly, possible lead leaching during material degradation and
disposal can lead to bioaccumulation and toxicity.®® These concerns have prompted the search
for less toxic, environmentally benign alternatives that retain the desirable properties of
lead-based perovskites.

In light of the toxicity associated with lead, replacing lead ions with other metal cations
possessing similar electronic configurations presents a promising alternative. Homovalent
ions are firstly considered. Tin (Sn) and germanium (Ge), which belong to the same group in
the periodic table as lead, have been identified as potential substitutes. However, Tin- and
germanium-based LHPs exhibit reduced structural stability compared to their lead-based
counterparts as the +2 valence states of Sn and Ge are easily oxidized into their +4 valence
states.®” In addition, a variety of metal cations with stable divalent valence states—such as
Ca?, Pd*, Cd*, Hg*, Ba™, Be*, Pt**, Ni**, Co*, Zn*, Mn**, Fe*, and Sr**—have been explored
as lead substitutes.”’ However, some metal ions are not environmentally friendly (Cd**, Hg*)
or not suitable for photovoltaic applications because of their high band gap (Be**, Ca*, Ba™,
Sr**).”! Taking these factors into account, cobalt (Co), nickel (Ni), manganese (Mn), and zinc
(Zn) among divalent ions emerge as the most promising candidates for the development of
environmentally friendly lead-free perovskite materials. Nevertheless, synthesis of these
metal ions-based perovskite NCs in ABX; format is still challenging.”> The heterovalent
substitution of lead in perovskites can give rise to a variety of structural dimensionalities,
and new optical properties. Lead can be replaced by tetravalent metal cations (B*), such as
Sn** and Pd*, resulting in the formation of A;BX,-type perovskites.”> Additionally, trivalent
metal cations like Bi** and Sb** can substitute for three lead ions to produce layered A3B,Xq
compounds.’*

Recently, lead-free double perovskites have gained significant attention with a general

formula of A,BB’X, where two trivalent (Bi**, In**, Sb**) and monovalent cations (Ag",
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Cu*) replace two divalent lead cations, resulting in a stable and less toxic structure. This
heterovalent substitution maintains overall charge neutrality within the perovskite lattice.
Among DPs, bismuth (Bi)-based double perovskites—such as Cs; AgBiClg—stand out for their
excellent stability under ambient conditions and promising optoelectronic properties, making
them strong candidates for next-generation optoelectronic applications..>”> In 2016, Slavney
et al. reported a Cs, AgBiClg single crystal with long carrier recombination lifetime of ca. 660
ns.?’ In 2021, Wright et al. observed rapid decays in optical-pump-terahertz probe transients,
which are attributed to small polarons.”®

Despite their promise, the photophysical behavior and underlying electronic structure of
Bi-based double perovskites are not yet fully understood. Their optical absorption spectra
often show indirect band gaps and complex excitonic features, which are not straightforward
to interpret using conventional models. Additionally, intrinsic defects, sub-bandgap states,
and strong spin—orbit coupling contribute to the complexity of their spectral signatures.
These unresolved questions hinder the precise tuning of material properties for targeted
applications. Therefore, further experimental and theoretical investigations are necessary
to elucidate the origin of their optical transitions and to optimize their performance in next-
generation optoelectronic devices. In Chapter 5, I will demonstrate that silver (Ag) plays a
role in the emission of Cs,AgBiClg NCs.

In the following two subsections, I will discuss the current state of research on bismuth-
based DPs (Section 2.2) and the fundamental principles of photocatalytic hydrogen evolution
(Section 2.3), providing the necessary background to support the understanding of my experi-

ments.
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2.2 Bismuth-Based Double Perovskites

2.2.1 An Overview of Bismuth-Based Double Perovskites

Given the high toxicity of lead, bismuth—an environmentally benign heavy metal with a
similar ionic radius and electronic configuration—offers a viable pathway to mimic some of
the advantageous features of Pb-based perovskites while improving environmental safety.
Bismuth-based hybrid halides, such as MA3Bi,Ig and (NHy)3Biylg, have been reported to
possess two-dimensional structures; however, they exhibit low electrical conductivity.””-’® To
accommodate trivalent Bi** into a three-dimensional (3D) perovskite structure, a combination

with a monovalent cation is necessary to form DPs with the formula of A,BBiX,.”!

The name “DPs” refers to the ordering of two distinct B-site cations, effectively doubling
the B-site sublattice within the perovskite structure. Radius-ratio rules guide the selection
of monovalent cations with appropriate sizes to stabilize octahedral halide coordination in
bismuth-based DP structures. To date, various monovalent cations—including potassium (K*),
sodium (Na*), silver (Ag*), thallium (TI*), copper (Cu*), gold (Au*), as well as organic cations—
have been explored in combination with bismuth within DP frameworks both experimentally
and theoretically.””*" While the first bismuth-based halide DPs were proposed as potential

6,°" related compounds have long been known as “elpasolites”—a

photovoltaic absorbers in 201
name derived from the mineral Ky;NaAlF. An article in 1982 summarized that at least 210
halide elpasolites with either cubic and/or tetrahedral structures had already been identified,
including bismuth-containing composites.®’ However, these composites, such as Cs,NaBiClg,
drew interest at that time due to their potential for ferromagnetic phase transition.®” In 2016,
Slavney et al.?’
shortly thereafter by McClure et al.,*> who described the band structure of Cs,AgBiX, (X =

Cl, Br). These highlighted their potential for photovoltaic applications. The first hybrid inor-

investigated the optical properties of Cs, AgBiClg single crystals, followed

ganic-organic DP, MA,KBiCly, was crystallized by Wei et al. via a hydrothermal technique.®*
Subsequently, they introduced silver cations to synthesize MA, AgBiClg, which exhibited a
small band gap of 2.02 eV and good environmental stability.>

Among the family of bismuth-based DPs, Cs,AgBiX¢ has emerged as the most extensively
studied compound. This prominence is largely attributed to its intriguing optoelectronic
properties related to its indirect bandgap, calculated to be 2.06 eV for Cs,AgBiBrg and 2.62 eV
for Cs,AgBiCls.®® At present, large single crystals, NCs, and thin films of Cs,AgBiX, have
been fabricated.®® In addition to its optical properties, Cs,AgBiX, demonstrates exceptional
thermal and environmental stability across different morphologies, with strong resistance to
heat, moisture, and oxygen. These attributes make it a promising candidate for lead-free and

durable photovoltaic and optoelectronic devices.



2 Fundamentals 23

Both theoretical and experimental investigations have been performed to gain insight into
its electronic band structure, carrier effective masses, defect tolerance, and excitonic behavior
of Cs,AgBiX,.270:8%87 These studies have provided critical understanding of its limitations
and potential in energy conversion and optoelectronic applications. In the following sections,

I will describe the band structure and optical properties of Cs, AgBiXy DPs.

2.2.2 The Band Structure of Cs,AgBiX, Double Perovskites

Optical measurements and electronic structure calculations suggest that Cs, AgBiX, exhibits
an indirect bandgap due to the hybridization of frontier orbitals from Ag and Bi. Take
Cs,AgBiClg as an example, its electronic band structure is depicted in Figure 2.6 based on
literature.””%> Notably, the dispersion characteristics of the CB and VB are anisotropic at
the X point of the Brillouin zone. The CB is relatively flat along the X-W direction with a
minor curvature toward the I' point. In contrast, the CB shows a strong dispersion along
the X-T direction, which results in a low hole effective mass. Studies have revealed that the
effective electron mass along the L-W direction for Cs,AgBiClg is approximately 0.53m,,
and the effective hole mass along the X-T" direction is about 0.15m,, assuming a parabolic
band applroximation.%’88 In contrast, CsPbCl; shows an effective electron mass of 0.41m,,
and an effective hole mass along the same direction is 0.35m(,. While these values are
given qualitatively without accounting for carrier scattering rates, it is encouraging that the
estimated effective hole masses for DPs are lower than their lead counterparts.

It is noted that the degenerate states at the I'-point in the CB are split when SOC is

considered. This results in the formation of a narrow, heavy electron band that is energetically
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Figure 2.6: The Electronic Band Structure of Cs,AgBiCl; (a) Electronic band structure of
bulk Cs,AgBiCl,. (b) The molecular orbital diagram of Cs,AgBiCl,. The atomic energy levels
are indicated by black lines. Orange rectangles represent the Bi-Cl hybrid bands, while light
blue rectangles denote the Ag-Cl hybrid bands. The grey rectangles correspond to simplified
energy bands of Cs,AgBiCl;.
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isolated by approximately 1 to 1.5 eV from the next higher CBs. This isolated CB originates
primarily from the splitting of Bi p,/, and Bi ps/, states. The CB minimum is composed mainly
of Bi p and halogen p antibonding states. The VB maximum is dominated by hybridized Ag
4d and halogen p orbitals. The Ag 4d orbitals significantly influence the electronic structure
by lowering the band gap and contributing to the indirect transition observed in these DPs.

Additionally, a minor Bi s/halogen p antibonding contribution appears near the top of the VB.

The quaternary composition of Bismuth-based DPs brings out more intrinsic point defects
compared to LHPs. It has been demonstrated that the trap density in the bulk of Cs; AgBiXg
is in the order of 10" cm™, which is approximately three orders of magnitude higher than
the values reported for lead-based perovskite single crystals.®””" Figure 2.7 shows various
intrinsic defects and their calculated transition levels. These intrinsic defects modify the
electric band structure via introducing transition levels, which strongly affect carrier density
and transport. Vacancies are typically significant in halide perovskites due to their low
formation energies. In contrast, metal interstitials generally exhibit high formation energies,
unless the metal ion exists in a low oxidation state, such as +1.°! In DPs, antisite defects
arising from cation disorder between the B and B’ sites are prevalent, because of the similar
octahedral environment for both sites. T. Li et al. employed density-functional theory to
investigate the defect landscape of CsyAgBiClg, providing insights into its intrinsic defect
chemistry.”” The study indicates that the silver vacancy Vag 18 the most important acceptor
defect whereas the halogen vacancy V{, the antisite defect Biig, and the interstitial Ag; are

primary donor defects in Cs,AgBiCly.”*
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Figure 2.7: Intrinsic defects in Cs,AgBiCl, (a) Several dominant intrinsic defects in the
Cs,AgBiCly crystal lattice include Vg, Ag/, V{, and Bifﬁg. (b) The energy diagram illustrates
the transition levels of various intrinsic defects in Cs,AgBiCl;. Blue levels represent acceptor
defects, while orange levels indicate donor defects. For each defect, the transition levels vary
based on transitions between different charge states (e.g., 0/-1, -1/-2).
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2.2.3 Optical Properties of Cs,AgBiX,; Double Perovskites

Owing to the indirect bandgap nature, the charge carrier lifetime of Cs,AgBiX¢ can reach the
microsecond range. In 2016, Slavney et al. demonstrated PL in Cs,AgBiCl¢ single crystals with
an average lifetime of approximately 660 ns at room temperature, which is very promising for
photovoltaic applications.?’ In the following year, Greul et al. reported the first Cs,AgBiBrg
solar cell, with power conversion efficiencies close to 2.5%.”% In 2018, Hoye et al. observed a
mono-exponential photocarrier decay with a lifetime of 1.4 ps.?! However, concerns remain
regarding their indirect band gaps, which inherently limits optical absorption and thus
photovoltaic performance. It was predicted that the spectroscopic limited maximum efficiency
of Cs,AgBiXg solar cells is below 10% for both bromides and chlorides, taking into account
the optical absorption strength and the bandgap nature in the overall theoretical efficiency of

an absorber material.”*">

Nevertheless, it has been shown that alloyed Cs, AgBiXg is of particular interest for single-
emitter-based white-light-emitting phosphors and diodes for next-generation lighting and
display technologies. Although pure Cs,AgBiXg exhibits a low PL quantum yield, its luminous
properties can be remarkably enhanced by alloying/doping with alkali metal ions,’® transition

metal ions,””

or rare earth metal ions.”® Luo et al. reported that Cs,(Ag ¢Nag 4)(Ing 9¢Big 04)Clg
emitted warm-white light with 86 + 5% quantum efficiency for over 1,000 hours.?? Moreover,

DPs have demonstrated a strong potential for X-ray and UV detectors.””

Despite these promising developments, a deep understanding of the fundamental pho-
tophysical processes in CsyAgBiX, remains essential. Studies have shown that both bulk
and NCs of Cs,AgBiXg exhibit an exceptionally broad PL spectrum centered around 650
nm.’? However, the origin of the red emission remains a topic of ongoing debate. Multiple

mechanisms have been proposed, including the involvement of self-trapped excitons,’®!?"

8 with each offering a distinct interpretation

color centers,'’! and defect-bound excitons,
of the observed spectral features. Wright et al. discovered rapid decay features in optical
pump-—terahertz probe measurements, attributing the broad and strongly red-shifted PL of
Cs,AgBiBr, to the diffusion of self-trapped charge carriers into color centers.”® Zelewski et
al. demonstrated that the PL of Cs, AgBiBrg originates from color centers rather than band-
to-band transitions, and explained it using a Franck-Condon model.!’! Several studies have
investigated the influence of intrinsic defects on charge carrier dynamics in Cs,AgBiXg.5%102
For example, Bartesaghi et al. attributed the rapid depletion of photoexcited charges to
surface recombination, while the prolonged decay over several microseconds was ascribed to
trap-assisted recombination within the bulk.®” Further investigation is required to provide
a clearer picture of charge recombination processes in Cs; AgBiXg, which is also crucial for

optimizing its performance in a variety of optoelectronic applications.



26 2.2 Bismuth-Based Double Perovskites

In my thesis, Cs,AgBiClg colloidal NCs show dual-peak PL, characterized by a spectrally
broad red emission centered around 650 nm and a narrower blue emission band centered
at 425 nm (Figure 5.1d). In Chapter 5, I will systematically discuss the origin and nature of
these two distinct PL bands through a step-by-step physical interpretation, supported by a

theoretical model.
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2.3 Photocatalytic H, Evolution with Pt-Decorated Semi-

conductors

As introduced in Subsection 2.1.4, a vapor-based strategy is proposed to mitigate the solution
(polar solvent)-induced degradation of LHPs in catalysis. Building upon this concept, Chapter 5
will explore the use of the solid—vapor interface for photocatalytic hydrogen evolution, offering
a novel pathway for improving the performance and durability of perovskite-based systems
under aqueous conditions. To establish a comprehensive understanding, the fundamental
mechanisms of hydrogen generation are first introduced in Subsection 2.3.1, with a focus on
key reaction steps, electron transfer processes, and relevant thermodynamic considerations.
Following this, Subsection 2.3.2 reviews recent advances in the development of colloidal
NCs for photoinduced hydrogen evolution. Finally, Subsection 2.3.3 is dedicated to a critical
discussion of the current state of LHPs in this field. The section aims to provide a cohesive
framework for understanding the role of LHPs in photocatalytic hydrogen production and

highlight ongoing challenges and opportunities for future research.

2.3.1 Principles of Photocatalytic H, Evolution

Hydrogen offers a clean and sustainable energy solution with high energy capacity and zero
carbon emissions at the point of use. It can be produced via photo- or electro-catalysis—envi-
ronmentally friendly approaches that utilize renewable solar light or low-cost electricity, to
drive water splitting reactions on semiconductor surfaces. The first example of photo/elec-
trocatalytic H, production was reported by Fujishima and Honda in 1972.1% A photoelec-
trochemical cell was employed with oxygen evolution at the TiO, electrode and hydrogen
evolution at the platinum black electrode. Later, Bard extended this concept to develop a

purely photoinduced reaction system based on semiconductors.'**

Photocatalysis refers to a series of photoinduced catalytic reactions with the participation
of solar light, semiconductors, and reactants. As discussed in Section 2.2, when a semiconduc-
tor absorbs a photon with energy equal to or greater than its bandgap, an electron is excited
into the CB leaving a hole in the VB. It creates a free electron-hole pair or an exciton, which
may recombine rapidly with the emission of a photon. However, some of them diffuse within
the crystal and reach the semiconductor surface. At surface sites, these charge carriers can
initiate redox reactions with molecules absorbed on the photocatalyst surface. Specifically,
an excited electron can reduce an oxidant, while a hole can oxidize a reductant. Take water
as an example, a H,O molecule can be oxidized to O, or reduced to H, through separate
half-reactions:

Hy0 +2h* — 20, +2H', E, =—123eV (2.20)
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2H" + 2~ > Hy, Eq=0eV (2.21)

The reduction and oxidation reactions occurring on the photocatalyst surface form the
fundamental basis of photocatalytic processes. By combining the half-reactions discussed
in Equation 2.20 and Equation 2.21, the overall reaction for water splitting can be written as
follows:

H;0 — 20, +Hz,  AG = +237 k] /mol (2.22)

This process is known as photocatalytic full water splitting, and a schematic representation is
provided in Figure 2.8. Water splitting into H, and O, is a thermodynamically uphill reaction.
In this reaction, solar energy absorbed by the semiconductor—analogous to the role of sunlight
in plant photosynthesis—is stored in chemical bonds in the form of energy-rich products. The
standard Gibbs free energy increase AG for this reaction is +237 kJ/mol (or 1.23 eV). As a
result, the bandgap energy of photocatalysts must exceed 1.23 eV (< 1000 nm) to achieve full
water splitting. Moreover, for both oxidation and reduction to be thermodynamically feasible
on a single photocatalyst, its band extrema must straddle the oxidation and the reduction
potentials. It means that the CB must be more negative than the reduction potential of H*/H,,

and the VB must be more positive than the oxidation potential of H,O/O,.

However, more energy than the Gibbs free energy change (AG) is required to overcome
the activation energy (E,) for redox reactions on the photocatalyst surface (Figure 2.8¢c). In
the Arrhenius model, the activation energy (E,) defines the minimum energy required for a

chemical reaction to occur. Suitable cocatalysts are able to lower the activation energy by
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Figure 2.8: Full Water Splitting with Pt-Decorated Semiconductors (a) Schematic showing
the principle of photocatalytic overall water splitting with Pt-decorated semiconductors. Pho-
toexcited charge carriers diffuse to the semiconductor surface. On the surface, a photoexcited
electron is trapped by Pt clusters and reduces two proton into H,. Simultaneously, a photoex-
cited hole oxidize H,O molecules to generate O,. (b) Schematic illustrating the thermodynamic
requirements for photocatalytic overall water splitting: the reduction potential of H*/H, and the
oxidation potential of H,O/O, must lie within the bandgap of the photocatalyst. The presence of
Pt metal serves as an electron acceptor with a low Fermi level. NHE denotes that all potentials
are measured relative to the normal hydrogen electrode. (c) variation of the Gibbs free energy
(G) during the water splitting process. The reaction is endothermic, requiring a positive AG.
The presence of the Pt cocatalyst reduces the energy barrier of the reaction.
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facilitating the formation of a more favorable transition state. These cocatalysts are typically
metals, metal oxides, or organic molecules that serve as electron or hole acceptors. Common
electron-accepting cocatalysts include Pt, Au, Ni, Pd, and Rh, while hole-accepting materials
include Ag, RuO,, and IrO,. In addition to reducing activation energy, cocatalysts play a
critical role in promoting the separation and transfer of photogenerated charge carriers—
factors essential for effective photocatalytic water splitting. Typically, the recombination of
photoexcited charges occurs on the picosecond to microsecond timescale, whereas surface
reactions with adsorbed species take place over microseconds to seconds. The transfer
and localization of charge carriers at cocatalyst sites reduce the probability of radiative
recombination, thereby enhancing overall photocatalytic efficiency. Furthermore, cocatalysts
provide abundant surface active sites, which accelerate catalytic reactions and enhance

performance.

105 Among them, Pt is particularly effective with its Fermi level close to the reduction po-
tential of H*/H,, making it an ideal electron acceptor widely used for photocatalytic hydrogen
evolution.'”® Figure 2.8 illustrates the role of Pt as an electron acceptor in the water-splitting
process. Numerous studies have demonstrated that the co-loading of both reduction and
oxidation cocatalysts on semiconductor surfaces significantly enhances photocatalytic activity
for hydrogen and oxygen evolution, as well as for overall water splitting.'’® A notable example
highlighting the importance of dual cocatalysts is the Pt-PdS/CdS photocatalyst reported in
2009.17

However, achieving overall water splitting with a H,/O, molar ratio of 2:1 remains chal-
lenging. The generation of molecular oxygen from water is thermodynamically and kinetically
more demanding than hydrogen evolution, as it requires the participation of four photoexcited
holes and proceeds through a series of complex intermediates. Additionally, back reactions
further contribute to the low oxygen production efficiency. In comparison, hydrogen produc-
tion is more efficient and considered more promising in the field of photocatalysis. Therefore,
it is a practical and strategic approach to focus on the hydrogen evolution half-reaction, rather
than complete water splitting. Photogenerated holes are often scavenged directly or indirectly
by a sacrificial agent. In the following text, the focus is placed specifically on hydrogen

generation.

Besides water, many organic compounds can readily donate protons for hydrogen evo-
lution shown in Equation 2.20. Alcohols containing hydroxyl groups, such as inexpensive
and widely available methanol and ethanol, are good choices. Proton sources are not limited
to liquids; they can also exist in gaseous or solid forms. The solid-gas or solid-solid inter-
face avoids solvent-induced side reactions or the degradation of sensitive photocatalysts. In
1977, Schrauzer and Guth reported the first water vapor splitting using TiO, and Fe-doped
TiO, with a stoichiometric ratio H,/O, = 2.1% Suguro et al. offered a historical overview of

photocatalytic water splitting under vapor feeding, and discussed the principles of water
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adsorption on the surface of semiconductors.'?” Till now, more gasous proton sources such
as H,S, methanol are explored for hydrogen evolution.''’ In addition, hydrogen evolution
from photocatalytic biomass (cellulose, lignin, chitosan et al.) and biomass-derived substrates
(including ethanol, glycerol, formic acid, glucose, and polysaccharides), is gaining popularity

due to their abundance and renewability in nature.'!

2.3.2 Colloidal Nanocrystals for Photocatalytic H, Evolution

The past decades have witnessed an explosion of interest in photocatalytic H, evolution. Since
the landmark discovery by Honda and Fujishima in 1972 that titanium dioxide can split water
under ultraviolet light.!’% It is generally accepted that a hydrogen production system achieving
a solar-to-hydrogen conversion efficiency of approximately 10% would be considered viable for
commercial application.'” Despite significant progress, artificial photosynthesis of hydrogen
remains inefficient for industry with solely robust and earth-abundant materials. Improving
the performance of sustainable solar-to-fuel conversion demands a deeper understanding
of photocatalytic mechanism with advanced scientific techniques. Conventional synthetic
techniques (solid-state reactions, hydrothermal reactions, sol-gel processing, et al.) yield
heterogeneous materials that are suboptimal for precise spectroscopic investigation.!”® Thus,
the rational design and precise engineering of photocatalysts are essential for elucidating the
structural and optoelectronic properties that govern their catalytic behavior.

Colloidal semiconductor NCs have been at the forefront of these efforts owing to their size-
tunable optical and electronic properties as well as advances in their synthetic methods that
produce monodisperse, well-defined structures. They have been shown to be very effective
for hydrogen evolution, particularly when coupled with noble metal cocatalysts.!147!16

Among these, metal chalcogenide NCs stand out, as they combine visible-light absorption
with efficient charge transfer properties, and favorable band alignment with water redox
potentials. For instance, H, production with CdS nanorods can reach a 7% power conversion
efficiency (90% quantum efficiency) when a Pt nanoparticle is placed at the tip of a nanorod."”
This configuration enables good spatial separation between electrons transferring to the Pt
nanoparticles and a short pathway for hole collection in the radial direction.'"’

For photocatalytic hydrogen evolution, holes can be confined within specific regions of the
nanostructure that act like a trap, in addition to scavenging them with a chemical agent. The
use of heterostructured nanointerfaces, such as those in CdSe/CdS and ZnSe/CdS core-shell
NCs, has been shown to further enhance hydrogen production efficiency by promoting spatial
separation of charge carriers across distinct domains."'® In CdSe/CdS/Pt NCs, for instance,
photoexcited holes are localized in the CdSe core for oxidation reactions while electrons
migrate to the CdS shell and subsequently to Pt domain, facilitating efficient hydrogen

evolution.
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Besides metal chalcogenides, metal oxide nanocrystals (e.g., TiO,, ZnO, WO,, BiVO,) have
been extensively studied for photocatalytic hydrogen evolution due to their high stability
and low toxicity. However, their large bandgaps limit visible-light absorption, and they often
exhibit poor colloidal dispersibility. Carbon dots, composed of polyaromatic hydrocarbons
functionalized with various surface groups, have recently gained significant attention in the
field of photocatalysis.!'” The appeal lies in their versatility, excellent photostability, absence
of toxic heavy metals, ease of synthesis, and highly tunable optical and electronic properties.
While the application potential is impressive, a detailed understanding of their structure and

the mechanisms underlying photocatalytic reactions is required in the future.

2.3.3 What about Pb-Based Perovskites?

As previously discussed, there is a strong demand for the development of efficient photocat-
alysts for hydrogen production that meet several key criteria: (1) a bandgap energy within
the visible light range to ensure maximum utilization of solar energy; (2) CB band minima
appropriately positioned to drive proton-reduction half reactions; and (3) well-defined nanos-
tructures that allow for precise spectroscopic characterization and mechanistic understanding.

LHPs have risen through the ranks to become one of the most promising photocatalysts.
They exhibit exceptional light absorption capabilities, long charge-carrier diffusion lengths,
and high extinction coefficients. These indicate that they enable efficient absorption of
sunlight and transport of photoinduced charge carriers over micrometer-scale distances to
active surface sites for redox reactions.’® Moreover, their compositional and size versatility
allows for precise band structure tailoring to fit specific applications.

However, LHPs are well known to be highly unstable in the presence of moisture, which
limits their direct application in photocatalytic water splitting. As a result, most advances in
hydrogen production using LHPs have been achieved through a process called acid splitting,
involving a series of reactions. In 2017, Park et al. demonstrated that methylammonium lead
iodide can stabilize in an aqueous hydroiodic acid (HI) solution by maintaining a precipi-
tation—solubility equilibrium.”® Under these conditions, it is capable of reforming HI into
hydrogen (H,) and triiodide (I5), extending the large interest in HPs from photovoltaics to
heterogeneous photocatalysis:

3HI - H, + I3 + H* (2.23)

Wu et al. enhanced the photocatalytic performance of a mixed-halide perovskite with plat-
inum cocatalyst, MAPbBr,_,I,/Pt, proposing a band gap funneling mechanism driven by a
halide gradient that directs charge carriers toward the surface.'?’ The inclusion of Pt nanopar-
ticles effectively suppresses charge recombination, resulting in a hydrogen evolution rate of
2605 pmol g~*h™! with stable activity over six cycles and 30 hours of operation. However, in

HX acid solutions, the oxidation of X~ to X3 takes priority over water oxidation, rendering
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overall water splitting unfeasible. To sustain the photocatalytic cycle, additional reducing
agents such as hypophosphorous acid (HsPO,) are required to convert X5 back to X™. Moreover,
the strong acidity of HX limits the choice of cocatalysts, as many are unstable or degrade
under such harsh conditions.

A straightforward approach to stabilizing LHPs is encapsulating them within a protec-
tive shell in core—shell structures. This shell acts as a barrier, preventing direct contact
between LHPs with polar molecules. For example, Xu et al. employed amorphous TiO, as the
encapsulating layer to synthesize CsPbBr;@TiO, core—shell particles, which demonstrated
significantly improved stability—retaining over 90% of their initial photocatalytic activity after
15 hours of operation.'”! However, the shell materials may partially obstruct light absorption
by the MHP core. An alternative strategy involves coating the LHP nanocrystal surface with
hydrophobic ligands to create a waterproof barrier. Mu et al. applied this method to their
CsPbBr,/Cs,PbBrs nanocrystals, using hexafluorobutyl methacrylate, a highly hydrophobic
ligand. This modification conferred exceptional water resistance: after 100 hours of immersion
in water, 90% of the PL intensity was preserved.'? However, such ligand-based encapsulation
is less suitable for photocatalytic applications that demand fast adsorption of reactants and
efficient desorption of products, due to the diffusion-limiting nature of the hydrophobic
coating.

Recently, water vapor at 100% humidity was employed as a reactant in photocatalytic water
splitting using the MA,CuCl,Br, catalyst, achieving continuous operation for 24 hours.'*®
However, the hydrogen production of LHPs was significantly lower in this work, reaching
only 0.11 pmol g™ h™. In this thesis, the hydrogen generation activity of LHPs is significantly
enhanced using LHPs/Pt nanostructures under methanol vapor. The charge carrier transfer

mechanism is also investigated in detail, as shown in Chapter 4.



Materials and Experimental Methods

This chapter provides a detailed overview of the experimental techniques used, including
material synthesis and analysis methods, which underpin the results presented in this thesis.
Two synthesis approaches for halide perovskite nanocrystals (NCs), the tip sonication and
hot injection methods, are introduced in Section 3.1. They are employed in Chapter 4 and
Chapter 5 to meet specific demands, respectively. The tip sonication method offers an efficient
and cost-effective way for synthesizing lead halide perovskite (LHP) nanoplatelets (NPIs), as
well as their large-scale application in photocatalysis. However, the hot injection synthesis
guarantees high quality and a small size distribution of double perovskite (DP) NCs, which is
beneficial for manipulating their optical transitions. Subsequent characterization of these
NCs requires a variety of optical techniques, such as time-resolved photoluminescence (PL)
and transient absorption spectroscopy (TAS), which are discussed in detail in Section 3.2.
Finally, the generation and detection of hydrogen from photocatalytic reactions are described

in Section 3.3.
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3.1 The Synthesis of Halide Perovskite Nanocrystals

Colloidal semiconductor NCs, are semiconductor crystallites smaller than 100 nm in at least
one dimension, suspended colloidally in a liquid solution.'** They are synthesized at temper-
atures ranging from room temperature to 400°C, with the involvement of surface capping
ligands (usually organic ligands with long carbon chains) to control the nucleation, growth,
and colloidal stability. The synthesis of the first perovskite NCs in 2014° brought them back
to the forefront of research, following the groundbreaking discovery of perovskite films in
photovoltaics in 2012.>! Over the past decade, remarkable control of colloidal perovskite NCs
has been achieved over composition, size, morphology, surface chemistry, and self-assembly.
For example, one can prepare perovskite nanospheres,'’ nanocubes,®® NPIs,”* nanosheets,'?’
and nanowires.'?® The sizes of these nanostructures can be tuned from a monolayer of per-
ovskite unit cells with strong quantum confinement, to NCs with sizes close to the exciton
Bohr radius (in the weak quantum confinement regime), and up to bulk-like NCs whose sizes
are large enough to exhibit optical properties similar to those of their bulk crystals or films.

The synthetic methods of perovskite NCs are summarized into “bottom-up” and “top-
down” strategies.'?” Traditional “top-down” methods, such as physical exfoliation or chemical
etching, offer limited precision and control over the size and shape of NCs.'?®!2” Manipulations
of optical properties of perovskite NCs require decent samples with precisely defined size
and shape. “Bottom-up” methods, which start with small atomic-scale fragments growing
into well-designed NCs, are advantageous over “top-down” approaches at this point and have
gained overwhelming popularity.®

Hot injection synthesis is one of the most developed methods among liquid-phase “Bottom-
up” approaches.'?” It offers NCs with high quality and crystallinity, as well as a small size
distribution. As a result, NCs obtained from hot injection synthesis are ideal for researchers
to investigate their photophysical properties. However, this method increases the cost for
large-scale applications due to the high-temperature inert atmosphere required.

A facile, room-temperature method, known as the tip sonication method, has been devel-
oped to achieve high convenience and productivity of NC synthesis for various applications.'*’
In my thesis, I have employed both the large-scale tip sonication method and the precise hot
injection method to meet specific demands, photocatalysis in polar vapor (Chapter 4) and

investigation of broad white-light emission (Chapter 5), respectively.

3.1.1 Lead Halide Perovskite Nanoplatelets via the Tip Sonication
Method

It is reported that high intensity ultrasound can be employed to produce novel materials and

offers an alternative route to known materials, without exerting high temperatures, high
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pressures, prolonged reaction times, or laborious reaction steps.'>! Compared to traditional
energy sources, ultrasonic irradiation provides a pulse of extremely high temperatures and
pressures in liquids, which cannot be achieved by other methods.'*?

The chemical and physical effects of ultrasound do not originate from a direct interaction
between chemical species and sound waves, but from the physical phenomenon of acoustic
cavitation—the formation, growth, and implosive collapse of bubbles.**!3* Under ultrasound
irradiation, sound waves propagate through the liquid and simultaneously create microbubbles
from dissolved gases such as O,, N, or Ar, and other existing impurities. With accumulating
energy, these microbubbles experience a fast inertial overgrowth through a series of cavitation
stages, until they collapse catastrophically inward. This bubble implosion occurs in less than
one microsecond, generating local ‘hot spots’ with high local temperatures of up to 10,000 K
and pressures as high as 10,000 atm. The combination of extreme local conditions and rapid
cooling creates a unique environment for driving high-energy chemical reactions under these
intense conditions.

With tip sonication, a careful selection of controlled and optimized parameters is necessary
for minimal defect formation and higher NC homogeneity. The sonication intensity influences
the frequency of cavitation events per unit volume occurring within the solvent. The higher
the intensity, the more frequently cavitation activities occur. This results in stronger collapses.
The sonication time is an indicator of the total energy input to disperse and monitor defect

progression.
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Figure 3.1: Tip Sonication Synthesis of MAPbBr; NPIs The schematic diagram illustrates
the synthesis of MAPbBr; NPIs. The reaction is carried out using a sonicator under a power of
15 W for 10 minutes. After the reaction, the stock solution is cooled in an ice bath and washed
several times with ethyl acetate and hexane. The NPls are then redispersed in hexane for further
use.

The tip sonication method applied to LHP NCs was developed by Tong et al.."*’ Since
then, perovskite NCs with different shapes, such as nanowires,>* NPIs,"*’ and nanocubes,'>’
have been reported. This is realized by a variation of ligands with different functional groups,

ligand-to-precursor ratios, sonication intensity, and sonication time. In Chapter 4, I use
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this method to prepare MAPbBr3;/CsPbBr; NPIs with a large surface-to-volume ratio, which
is beneficial for abundant active sites in photocatalytic reactions. Taking MAPbBr; as an
example (Figure 3.1), acoustic cavitation activates the formation of methylammonium-oleate
complexes in the mixture of octedecene (ODE), oleic acid (OA) and oleylamine (OLA). The
complexes react with PbBr, dissolved in the solvents—nucleate and grow with the inducing
of surface surfactants, yielding a mixture of MAPbBr; NPls and their precursors in a one-pot
process. Further purification is carried out to remove unreacted precursors and excess ligands,
including anti-solvent washing and precipitation procedures. The NPlIs are redispersed in
hexane, and the colloidal suspension is ready for further characterization. The morphology
characterized by transmission electron microscopy (TEM) of these NPls is shown in Figure 4.4b
and c. They indicate a two-dimensional platelet shape with variable lateral sizes of several

hundred nanometers.

3.1.2 Cs,AgBiCl; Nanocrystals via the Hot Injection Method

The hot injection approach is referred to as the rapid injection of a precursor into a hot solution
containing the remaining precursors, ligands, and a solvent with a high boiling point.®!*°
The method typically enables the synthesis of small NCs with a narrow size distribution by
separating the nucleation and growth stages, as described by the LaMer mechanism.'*%!*
To achieve this, a quick injection of the precursor must be ensured. Immediately after
the injection of the external reagent into the hot solvent, a rapid nucleation burst occurs

with the simultaneous formation of small nuclei. Injection also initiates a sudden drop in
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Heating of a precursor- Injection of lecithin and Rapid cooling Separation and
organic mixture chloride precursor in ice bath purification

Figure 3.2: Hot Injection Synthesis of Cs,AgBiCl; NCs The schematic diagram illustrates
four steps for the synthesis of Cs,AgBiCl; NCs, which are written at the bottom. The reaction
occurs under a N, atmosphere. The reaction temperature is tuned from 120 °C to 160 °C to
regulate crystal sizes. In the second step, the chloride source termed trimethylsilyl chloride
(TMSCI) is added to the hot solution immediately, following the addition of lecithin. In the last
step, ethyl acetate is used to isolate the NCs from the stock solution. After centrifugation, the
NCs are redispersed in toluene to form a Cs,AgBiCl, colloidal suspension.
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temperature. Together with the temperature decrease, a fast depletion of monomers terminates
the nucleation stage, following the nucleus growth stage with monomers diffusing to their
surface. In this stage, typical processes called size focusing (NCs grow uniformly) and Ostwald
ripening (larger NCs grow at the expense of smaller ones) take place subsequently with the
decrease of monomer concentration, which results in a narrow or a broad size distribution,
respectively.

Stopping the reaction at the precise moment in the size-focusing regime, just before
ripening becomes significant, allows for the formation of NCs that are small, monodisperse,
and highly uniform.'?” Therefore, careful management of reaction time and temperature is
essential to maintain size control and prevent the dominance of Ostwald ripening.

To prepare Cs,AgBiClg NCs in Chapter 5 (Figure 3.2), an organic chloride is injected into
a hot solution (120-160°C) of ODE and OA with dissolved cesium, silver and bismuth salts.
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Figure 3.3: Colloidal Stability of Cs,AgBiCl; NCs The central sketch depicts a Cs,AgBiCl;
NC attached with a lecithin molecule and an OA molecule, which indicates its colloidal stability.
(a) shows molecular structures of OA, OLA, and lecithin. OLA is replaced by lecithin in the hot
injection synthesis. (b) TEM image of Cs,AgBiCl; NCs. The insert shows a size distribution
centered at 15 nm. (c) Absorption spectra of fresh NCs with lecithin and OLA. (d) Comparison
of absorption spectra of Cs,AgBiCl; NCs for fresh samples and those after one month, as well as
PL. The insert displays their colloidal suspension before and after one month.
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The whole reaction is protected by an inert gas—N,. Lecithin is added to the hot solution
several seconds before the injection of the chloride source. An ice bath brings the reaction
to an abrupt halt to control the reaction time. Post-synthesis procedures are performed for
purification and colloidal stability of NCs. After the reaction, NCs are isolated from unreacted
precursors with the help of antisolvents and a centrifugal force, then re-dispersed in nonpolar
solvents.

It is noted that the long-chain amine—OLA, which is commonly used in combination
with OA for a hot injection synthesis, is not employed here. Alternatively, I demonstrate that
soy lecithin, a mass-produced natural phospholipid, serves as a surface-capping ligand for
the better colloidal stability of Cs,AgBiClg NCs (12-22 nm) with a high yield (Figure 3.3a).
Additionally, the use of lecithin prevents the facile reduction of silver ions in the presence of
OLA. Figure 3.3b shows as-prepared Cs,AgBiClg NCs with a size distribution centered at 15
nm. Unlike typical nanocubes acquired from a hot injection synthesis with OLA, these NCs
are spherical. It is known that surfactant molecules play a key role in modulating the kinetics
of nucleation and growth, which dynamically and selectively adhere to specific surfaces
of growing crystals, thus influencing NC shapes. Compared to OLA, long-chain lecithin
molecules show less facet preference, allowing for the growth of all the crystal facets. This
results in the formation of a spherical shape.

Figure 3.3c displays the absorption spectra of Cs;AgBiClg NCs capped with OLA and
lecithin commonly together with OA. The OLA-attached NC solution shows much light
scattering and worse colloidal stability. The NCs protected with lecithin do not exhibit this
issue. Moreover, lecithin decoration ensures long-term retention of the colloidal and structural
integrity of Cs,AgBiClg NCs in ultraconcentrated colloidal solutions. As shown in Figure 3.3d,
the NCs with this long-chain zwitterionic ligand remain stable without degradation and
precipitation for at least one month. This stability arises from increased particle-particle

repulsion, due to the presence of abundant branched chains and ligand polydispersity.'>%1
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3.2 Optical Spectroscopy of Halide Perovskite Nanocrys-
tals

Optical transitions and carrier recombination have been introduced in Chapter 2. In this
section, I will introduce characterization techniques, including absorption and PL spectroscopy
of halide perovskite NCs.

3.2.1 Absorption Spectroscopy

Linear Absorption Spectroscopy

When a light beam encounters an optical medium, several phenomena arise due to light-matter
interactions, which can be categorized into three main types: reflection, propagation, and
transmission. As light propagates through the medium, several processes may take place,
including refraction, absorption, luminescence, and scattering. Nonlinear optical effects,
which occur under high-power conditions, are not discussed here. In the case of colloidal
NC suspensions, it is assumed that light scattering, reflection, and refraction by the NCs is
negligible when the NC sizes are much smaller than light wavelengths. Background effects
from a cuvette and solvent are counteracted through reference measurements. In this case,
light absorption by the NC ensemble can be measured with good precision by the reduction
of transmitted light intensities compared to incident light intensities. The transmittance T is
related to the absorption coefficient @, and the light pathlength through the sample d, or the

absorbance or optical density OD:

T, = 1 _ pad_ jg-on, (3.1)

Ov
where [ is the intensity of the incident light and Iis the intensity of the transmitted light. OD
can be related to the extinction coefficient ¢, the light pathlength through the sample d, and
the sample concentration c in the Bouguer-Lambert-Beer law. It provides the mathematical
and physical basis of light absorption measurements for gaseous and aqueous samples from

ultraviolet to infrared light regions:*’

oD, = —1g(Ii)V —ec-d (3.2)
0

& = ZZV is the molar decadic extinction coefficient, which is an inherent property of substances
and varies with frequencies/wavelengths. The variation of ¢, versus frequencies/wavelengths
is termed as the “absorption spectrum” of a substance. As it may span several orders of

magnitude for a single material, we usually use its logarithmic value /g(¢) to plot an absorption
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spectrum. The Bouguer-Lambert-Beer law only applies to dilute solutions, as the extinction
coefficient ¢ is no longer constant for concentrated solutions but depends on the refractive
index of the solution. A quartz cuvette is utilized to measure the UV-Vis spectra of solutions,
which may decrease the incident light intensity by reflection at the front and back cuvette
surfaces. To eliminate the error from the cuvette as well as the solvent, a blank measurement

is usually employed with the standard cuvette containing the pure solvent.

Xenon lamp Monochromator Sample/Reference  Detector

Figure 3.4: Working Principle of Cary 60 UV-Vis Spectrophotometer A simplified
schematic diagram shows how a Cary 60 UV-Vis Spectrophotometer works. A Xenon Flash
Lamp emits a short, intense pulse of light covering the UV to visible spectrum. The light is
separated into different wavelengths of light by a monochromator, which will pass through a
sample/reference. The transmitted light is collected and converted into electrical signals by a
detector.

In my thesis, all steady-state absorption spectra were acquired with a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies). It is capable of fast measurements at room tem-
perature over a broad spectral range with easy operation. In Figure 3.4, it contains a Xenon
Flash Lamp (80 Hz) generating a broadband of electromagnetic radiation spanning 190-1100
nm wavelength range. White light is directed into a Czerny-Turner monochromator, where it
is dispersed by a diffraction grating. A narrow wavelength band is then selected using an exit
slit, allowing specific wavelengths to be isolated for measurement. The light coming out from
the monochromator illuminates a sample/reference in the sample chamber. The transmitted
light is collected via the detector. Other optical components, such as lenses, mirrors, or
fiber-optics, which relay light through the instrument, are neglected in the schematic diagram.
Moreover, it is flexible to set up the scanning wavelength range and the scanning speed by
changing the average wavelength interval of every point. Here, baseline correction can be
introduced by uploading a file or carrying out a preliminary measurement with a standard

sample. All samples are contained in quartz cuvettes with 1 cm light pathway:.

Transient Absorption Spectroscopy

TAS is a pump-probe spectroscopic technique using the absorbance/transmittance variation
upon a second laser pulse to investigate short-lived and transient electronic states. With

time-resolved absorption spectroscopy, the evolution of non-emissive and dark states can
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be investigated, which is not achievable with time-resolved fluorescence.'*! For transient
absorption measurements, NC are partially excited to an electronically excited state under
a pump pulse. A second laser pulse, referred to as a probe pulse, is imparted in the same
place of the sample with a time delay of 7 compared to the pump pulse. It is usually white
light with a low power intensity to avoid multiple processes. When both a pump and a probe
laser pulse are applied, the sample absorbs less light than it does with only the probe pulse,
because photoexcited charge carriers are already occupying some of the excited states. To
eliminate the specific absorption of the sample in the ground state, the absorbance difference

with and without the pump pulse excitation is calculated and recorded, referred to;
AOD = ODpump — ODno pump

T L
0 0

= 1g(Ino pump) - lg(Ipump)
I
1 (m) (33)

Ipump

It is influenced by the time delay 7 between the probe and pump pulses. By varying the
delay time 7 and the detection wavelength A, we monitor a AOD profile with respect to 7 and
A—that is —AOD(z, A).

Transient absorption spectra presented in my thesis are acquired by a custom-built
transient absorption spectrometer by Newport. The pump and probe beams originate from
the same laser source, which is a 800 nm laser created by a Libra-HE+ Ti:Sapphire amplifier
system (Coherent Inc.). The laser pulses have a duration of 100 fs and a repetition rate of 1
kHz. It is split into pump and probe beams with a power ratio of 98:2 by a beam splitter.
Passing through a BBO crystal, the pump laser frequency is doubled to 400 nm based on
second-harmonic generation. In my thesis, a pump laser with a 400 nm wavelength was used.
For a pump beam with different wavelengths, an optical parametric amplifier (190 nm-12 ym,
OPerA Solo, built by Light Conversion and distributed by Coherent) is applied. The pump beam
is directed through a chopper wheel, which works with half of the laser repetition rate (500
Hz) to block every alternate pulse. Therefore, the optical densities with and without the pump
laser excitation are recorded. The pump pulse passes through a gradient ND filter and is then
guided into samples in a cuvette (1 mm) or on a substrate. Before the sample, a power meter
(Newport, 919E-20U-10-20K) is mounted on the pathway via a flip mirror.

For the probe beam, the laser is directed through a retroreflector mounted on a linear
delay stage to control its pathlength, thereby allowing precise tuning of the time difference 7
between the probe and pump pulses (maximum 3 ns). When 7 is zero, it indicates that the

pump pulse and the probe pulse arrive at the sample simultaneously. The position of the
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Figure 3.5: TAS Setup Originating from Libra-HE+ amplifier, a laser pulse with its wavelength
of 800 nm and its repetition rate of 1 KHZ is split into two beams via a beam splitter. One is
referred to as a pump pulse, the other acts as a probe pulse. The pump pulse is directed through
a chopper with a repetition rate of 500 HZ for alternative detection with and without the pump
beam. The laser frequency is then converted to the second harmonic (corresponding to 400 nm
wavelength) with the help of a B-Barium borate (BBO) crystal. A gradient neutral density (ND)
filter and a flip power meter are mounted on the pathway to monitor the laser energy. After
multiple mirrors, the pump beam illuminates the sample in a cuvette of 1 mm thickness. For
the probe beam, it goes through a translation stage which controls the arrival time difference 7
between the pump and the probe beams at the sample. When 7 is zero, both beams illuminate
the sample at the same time. The probe pulse passes through a CaF, crystal, converted into a
white pulse. The white probe beam is split into a detection beam and a reference beam before
the sample. The detection pulse excites the sample overlapping the excitation spot of the pump
beam. Its transmitted light is coupled into a dual optical fiber, which connects a spectrometer
and a charge-coupled device (CCD). The white light pulse before the sample is also detected
with a separate CCD for reference.

retroreflector where 7 is zero is calibrated according to the spectral variation. The laser beam
is then focused on a CaF, crystal to generate white-light laser pulses. To prevent damage to
the crystal, a translation stage is used to move the crystal within the plane. The white light
beam is collimated via parabolic mirrors and directed to overlap the illumination spot of the
pump beam (650 pm). The excitation spot of the pump beam on the sample is larger than that

of the probe beam, ensuring that the probed samples are in their excited states.

The samples in solution or film are placed on a manual XYZ-stage, which enables spatial
translation in three directions. The absorbance of the samples is maintained at approximately
0.1 to reduce scattering and other optical losses. The transmitted light is coupled into an

optical fiber, which has dual channels: one is an experimental channel accepting transmitted
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white light, the other is a reference channel coupling a part of the white light before the
sample. The fiber is connected to a spectrometer (Newport, MS260i) with three gratings. After
the spectrometer, two light beams are directed into two CCDs, separately. With the help of
reference detection of the original white light, fluctuations in the white light are eliminated.
Moreover, a near-infrared camera is attached to the spectrometer for long-wavelength light

detection.

3.2.2 Photoluminescence Spectroscopy

In the last section, I have introduced the mechanisms of absorption spectral measurements
based on how a monochromatic light beam with a particular photon energy transmits through
a colloidal suspension. The energies of the reflected and transmitted photons are the same
as those of the incident photons. For PL spectral measurements, however, a light beam with
photon energies relatively larger than (nonresonant) or equal to (resonant) material bandgaps
is utilized to impinge a sample and then collect photons with different energies emitted from
the sample. Typically, the band maxima of the emission spectrum are red-shifted in energy
relative to those of the absorption spectrum for the same electronic transition—a phenomenon
known as the Stokes shift. In rare cases, the emission band maxima appear at higher energy
than the absorption maxima, which is referred to as an anti-Stokes shift.

The optical path configuration of PL setup is quite similar to that of absorption measure-
ments. For PL measurements, emitted photons from all directions can be detected, such as
the front of a cuvette where the light incidents, or the back, and the side. We could also
collect emitted photons from all different angles with the help of an integrating sphere, which
is carried out for the quantum yield measurement. Normally, the geometric alignment of
PL detection with the light incidence is avoided, to prevent the impingement of the strong
incident light which may saturate or even damage the photodetector. To avoid this, optical
filters (such as long pass or short pass filters) can be added to block the probing photons from
reaching the photodetector.

In my thesis, partial PL spectra were acquired from Horiba Scientific Fluorolog-3-22. The
layout of basic components and available accessories for the system are customized for
the needs of our group. In Figure 3.6, a 450 W Xe lamp produces photons with different
energies, filtered by a double-grating excitation spectrometer. It allows for choosing a specific
wavelength of light Ao, (or narrow bands of light) to reach the sample. The second parameter
that can be customized is the excitation slit width, which influences the spectral width as well
as the excitation light intensity. The excitation light reaches samples in the compartment
module. With different sample holders, PL of solutions in cuvettes or films on silicon substrates
can be detected from two angles. That is: a right angle perpendicular to the excitation beam or

a “front-face” location whose angle with the excitation beam is smaller than 90°. The emitted
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photons are isolated by an emission spectrometer and converted to electrical signals in a
R928P photomultiplier detector. Here, the emission slit width is tunable to control emission
intensities. An appropriate integration time is required for a good signal-to-noise ratio (0.05-2
s). The wavelength range of emission should be set between Aoy + Ag to 2., — Ay with a
minimum Ay value of 15 nm, to avoid oversaturation by scattered light and the second order
reflection. The variation of signal intensities (at a specific excitation) as a function of detection

wavelength is recorded, and plotted as a PL spectrum. Fluctuations in excitation power are
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Figure 3.6: Working Principle of Horiba Fluorolog-3-22 A Xe lamp as a light source
produces white light, which is filtered by a double-grating excitation spectrometer that selects a
particular wavelength of light to illuminate the sample in the sample compartment. The emitted
photons are partially collected and reach a double-grating emission spectrometer. Here, photons
with different energies are isolated. The optical signals are converted into electronic signals
in a photomultiplier detector R928P and recorded. Low-temperature measurements (77 K) are
realized by attaching accessories to the system, including a temperature controller, vacuum
pump, and liquid nitrogen.
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accounted for to eliminate data errors via calibration. The data is plotted with the software

FluorEssence.

Photoluminescence Excitation Spectroscopy

The setup allows for observing the variation of PL intensities detected at a specific wavelength
in terms of excitation energies. It is referred to as photoluminescence excitation (PLE)
measurements. During measurements, the excitation wavelength is scanned over the desired
range using a monochromator, while the detection wavelength is kept fixed. For a PLE
experiment, a prior knowledge of PL spectra, particularly emission peaks, is required to choose
an emission wavelength for the detector to monitor. An appropriate excitation wavelength
range is also required for acquiring information as well as avoiding oversaturating the detector.

The other parameters for a PLE measurement setup are similar to those for PL measurements.

The signal intensity detected at a specific wavelength is proportional to the carrier den-
sity, which varies with the excitation energies. The carrier density is determined by the
absorption coefficient. Therefore, PLE spectra of NCs usually follow their absorption spectra,
but differentiate for specific processes. The differences highlight other competing decay
processes, including non-radiative decay channels such as trapping, or charge carrier/energy
transfer to different species. Hence, PLE spectra reflect how efficiently excitation at various
higher-energy states contributes to emission from the lowest-energy state, providing insight

into excitation and relaxation pathways.

Temperature-Dependent Photoluminescence

Temperature-dependent PL measurements are performed to investigate the influence of tem-
perature on charge carrier recombination dynamics, which provides insights for trap-mediated
recombination. The measurements can be performed using specific built-in attachments of
the Fluorolog-3-22 system. A vacuum pump, liquid nitrogen or helium, and a temperature
controller are necessary to cool the samples to desired temperatures. The sample on a silica
substrate is placed on a sample holder via silver lacquer. The holder is stuck into a self-
designed chamber instead of a common sample compartment with a specific angle. The
chamber is connected to a Pfeiffer vacuum pump, which creates a high vacuum inside the
cryostat with pressures down to 107¢ hPa. Liquid nitrogen is sucked into the chamber to
cool the sample down to 77K. An intelligent temperature controller (ITC 601) from Oxford
Instruments is connected to acquire real-time temperatures through a sensor attached to the
sample holder. With this setup, PL and PLE from room temperature to 77 K can be realized.

The setup is schematically shown in Figure 3.6.



46 3.2 Optical Spectroscopy of Halide Perovskite Nanocrystals

Micro-PL

Time-resolved PL and partial steady-state PL measurements are performed by a homemade
so-called p-PL spectroscopy setup, based on the method of time correlated single photon
counting (TCSPC). The name originates from the fact that the spatial resolution of this setup
is in the micrometer range. Compared to Horiba PL introduced on the last page, the setup is
advantageous over single-molecule spectroscopy, which avoids spectral broadening of QD
assemblies. It enables the detection of PL images and spectra by switching between a mirror
and a reflection grating with a grating terret inside a spectrograph, as well as the observation
of PL decay traces with nanosecond resolution. With accessories, low temperature PL and PL
anisotropy measurements are achievable.

Figure 3.7 shows the schematic diagram of the TCSPC setup. A supercontinuum white
light laser (SuperK EXTREME EXR-20, NKT Photonics) is employed with a repetition rate of 0.12-
78 MHz (30-90 ps pulse length). Coupled with an acousto-optic modulator (SuperK SELECT,
NKT Photonics) and an UV extension unit (SuperK EXTEND-UV), it allows for choosing a
certain wavelength of light from 330-1100 nm. The switch, excitation wavelengths, repetition
rates, and output power of laser are controlled by the software CONTROL. In my thesis, a 400
nm laser is used in Chapter 4 for both steady-state PL and time-resolved PL measurements.
The laser beam output from a laser unit is aligned with the corresponding mirrors in its light
path and spatially filtered by an iris aperture to remove other wavelengths of light. The
beam intensity is tunable with a gray filter wheel in addition to the software. A flipable
S$120VC photodiode power sensor from Thorlabs is attached to measure the beam power. A
longpass dichroic mirror is applied to direct the laser beam into a sample and cut it off after
the illumination to avoid oversaturation of detection devices. To enhance these functions,
an excitation filter and an emission filter are utilized together with the dichroic mirror. An
Attocube objective LT-APO/532-RAMAN/0.82 is installed to collimate the incoming beam and
focus the excitation light inside the sample solution. The sample is mounted on a piezoelectric
stage (P-545 PI nano™XYZ, Physik Instrumente), which is connected to a manual stage allowing
movement in three directions. A small shift of 1 nm guarantees the precise adjustment of
the focus position and detection spots. The emitted photons are collected by the objective,
transmit through the emission filter, directed by a lens (AC 254-300-A-ML, f = 300 mm, Thorlabs)
to a spectrograph (Acton SpectraPro SP-2300, Princeton Instruments) and a CCD camera (PIXIS
400BR eXcelon, Princeton Instruments). With these two devices, an image detection mode and
a spectrum detection mode can be switched freely by the software Light Field.

Time-resolved PL decay measurements are achievable via a single photon counting module
from Excelitas. To achieve this function, an optical multimode fiber (AMS Technologies) is
connected to the spectrograph with a flip mirror. The fiber positioned at the center pixel
of the CCD, which could couple in all light focusing on its entrance because of a larger

numerical aperture. To choose single-wavelength detection or full-spectrum detection, one
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could select grating mode or mirror mode in TimeHarp. The fiber is parallelly connected
to two single-photon detectors (SPCM-AQRH-16-FC, Excelitas Technologies) with a detection
range of 400-1060 nm. They are APDs with a time resolution of 350 ps and a low dark count
rate of 25 cps, which ensures that weak signals can also be detected. In short, time-correlated
single photon counting (TCSPC) works on the basis of correlating the detection of a laser
trigger pulse with the detection of individual emitted photons. Upon the trigger of a laser
pulse, a laser photon will experience some time in the optical and electrical pathways to be
detected. A timer is set to characterize the time difference. It starts when a laser pulse triggers
and stops as a PL photon is detected. The start/stop process repeats many times, and the time
delays are acquired in a histogram with a bin width of 25 ps. The histogram corresponds to

the instrument response function (IRF), which represents the actual response of the setup,
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Figure 3.7: Working Principle of y-PL Setup The laser beam with a selected wavelength
outputs either from a SuperK Extend-UV or a SuperK Select modulator. It is directed by plane
mirrors through a gradient ND filter and an iris aperture to modulate its purity and intensity.
A power sensor fixed on a flip mount is connected to measure the laser power. Filtered by an
excitation filter and a dichromic mirror, the light beam is focused via an objective on the sample.
The position of the sample is tunable with a three-dimensional manual stage. The emission light
is collected by the same objective, and passes through the dichroic mirror and an emission filter.
Finally, the emitted photons enter a spectrograph. Here, a grating or a mirror are switchable
with the grating turret to realize spectral detection and image acquirement, respectively. The
observation of PL decay is achievable with a flip mirror directing the light beam to a fiber. The
fiber is splited into two avalanche photodiodes (APDs) by a beamsplitter.
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including contributions from the laser, detector, and other components. During the pulse
duration, individual emitted photons from a sample are detected by an APD, and their time
of arrival is correlated to the trigger of laser pulse. By counting many single-photon events, a
histogram of the photon distribution over time is built up. Overall, the timing at the peak
maximum of the IRF refers to the starting (zero) point of the time axis for the sample’s decay
curve.

To satisfy the precision of measurement, the repetition rate of laser needs to be controlled
so that all charge carriers recombine within the laser period. Therefore, charge carrier
recombination with lifetimes in the microsecond range can’t be monitored. High excitation
powers are not preferable which may cause more than one photon to be detected per excitation
pulse. In this case, the second photon from the sample will not induce a second start/stop
delay, and the overall decay process will be monitored with inaccuracy. To decrease possible
errors, the laser beam is blocked before arriving at an APD to make sure that the count rate
of detected laser photons is around 1% of the laser repetition rate (rule of thumb). It is noted
that the IRF with a pulse width around 1 ns is incorporated in the overall PL decay, which
is broader than the desired laser pulse width below 100 ps. For a sample whose lifetime is
within several nanoseconds, the IRF needs to be considered. A deconvolution procedure is
required to remove the instrument interference. In the thesis, the as-prepared LHP NPls own

quite long lifetimes. Consequently, I omitted this step.
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3.3 Photocatalytic Characterization

For the detection of photocatalytic products, an enclosed photoreactor with high light trans-
mittance is required. Photocatalytic reactions are carried out inside the reactor, whose gaseous
products are collected and detected by a gas chromatograph (GC). The collection of generated
gases is divided into two ways. One is manual collection after accumulation for a certain
period, and the average productivity is calculated on the basis of the reaction time. The
other solution is real-time collection with a reactor connected to a GC. In my thesis, I used
the first method with the help of a manual injector and a GC. The design of the employed

photoreactors in my thesis, which I will describe in detail, is simple but exquisite.

3.3.1 Photocatalytic Setup

Preparation of a Pt-A(MA, Cs)PbBr; Specimen

A Pt-A(MA, Cs)PbBrj specimen is prepared for photocatalytic reactions and spectral character-
ization. I choose two different Pt sources, hexachloroplatinic acid hexahydrate (H,PtCls-6H,0)
and Platinum (II) bis(acetylacetonate) (Pt(acac),) to be chemically reduced or photo-reduced
into Pt metal, respectively. For the photoreduction approach, Pt(acac), dissolved in per-
ovskite NPI colloidal solution is reduced into Pt nanoclusters by photogenerated electrons
of perovskite NPIs, forming Pt-A(MA, Cs)PbBr; mixture. The mixture is used for spectral

characterization. The chemical reduction method utilizes ascorbic acid as a reductant. It is

o CH,OH
¢
G0

Pt-MAPbBr, H,0/CH,OH

Figure 3.8: The Photocatalytic Reactor The schematic diagram shows how the reactor
is designed for photocatalytic H, evolution of Pt-MAPbBr; NPls in H,O/CH3;0H vapor. The
reaction is carried out in an enclosed glass bottle of 20 mL, with a screwed plastic cap filled
with a septum. Pt-MAPbBr; NPIs are spread on the inner side wall of the bottle by spinning.
A small glass vial containing a mixed solution of water and methanol is positioned inside the
bottle. The reactor is purged with Argon inert gas to remove oxygen in case of side reactions.
Under illumination, the solution inside the glass vial evaporates, forming an atmosphere of Ar,
CH;0H, H,O mixture inside the big bottle. For detection, a needle is manually inserted into the
bottle to extract gas through the septum for further analysis.



50 3.3 Photocatalytic Characterization

dissolved in methanol together with H,PtCls-6H,O and reacts with each other under sonica-
tion. The reaction products containing Pt nanoclusters and residual ascorbic acid are mixed
with A(MA, Cs)PbBr; NPlIs colloidal solution, ready for photocatalytic activity measurements.

Design of a Photocatalytic Reactor

The study of photocatalytic hydrogen production reactions is performed in a cylindrical glass
bottle of 20 mL with a screwed lid. Between the reactor and the lid is a silicon septum for
sampling the gaseous products by a gas-tight syringe. A Pt-A(MA, Cs)PbBr; specimen is
prepared in advance and evenly coated on the inner wall of the glass bottle by spinning. A
glass vial containing a mixture (1 mL) of methanol and water is placed inside the reactor. It
evaporates into steam under irradiation, which works as a proton source. Before illumination,
the system is flushed with inert gas—Argon to remove air, in case of side reactions. A solar
simulator (LOT, AM1.5) is used as a light source. A glass container filled with water is
put between the reactor and the solar simulator to block infrared light, which removes the
disturbance of heat. The reaction starts when the light source is activated to irradiate the

surface of the reactor. A scheme of the photocatalytic setup is presented in Figure 3.8.

The volume ratio of methanol/water is tuned while keeping the total solution volume
constant. For two-component solution systems in an enclosed space under vacuum, the partial
pressures in vapor are influenced by their volume ratios. The concentration of methanol/water
vapor in the reactor varies with its partial pressure. It is assumed that the temperature of the
reactor is constant under irradiation, and the gas inside the reactor behaves sufficiently like
an ideal gas (not taking into account the cross-association). The concentrations of methanol
and water vapor under different conditions were calculated on the basis of the ideal gas law,
shown in Table 3.1.

Table 3.1: Vapor-Liquid Equilibrium Data for Mixtures of Methanol and Water (Room
Temperature). Calculated Using the Data of Ref.'*?

Partial Methanol Water

Methanol  Total Partial Methanol
Methanol ercent- es.  Pressure  concen- ressure | Comcen or-
amount P P of tration (v) P tration P

age (l)/  sure(v) of water centage

/ mL o / kPa methanol / (v) / kPa )/ )/ %
’ (v)/kPa  pmol/mL pumol/mL ’
0 0 3.17 0 0.00 3.17 1.28 0
0.25 25 8.18 5.66 2.28 2.52 1.02 69.2
0.5 50 11.15 9.28 3.75 1.87 0.75 83.2

1 100 16.85 16.85 6.79 0 0.00 100
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3.3.2 Hydrogen Detection

For detection, gas aliquots from the headspace are sampled every hour once the process is
initiated. A gas-tight syringe with a scale of 10 pL is inserted inside the reactor headspace,
and an aliquot of 10 pL reactant gas is taken after purging the syringe several times. The
reactant gas is quickly injected into a GC (GC2014, Shimadzu) through its injector by vertically
pushing the syringe plunger to the end.

A GC is a common type of chromatography, for the isolation and analysis of vaporized
compounds carried by a continuous gas flow. A GC system has three main components: a
sample injection unit for heating and vaporizing the analyte gas; a column for separating each
component; a detector for qualitative and quantitative analysis. The mobile phase, referred
to as the carrier gas, passes by the sample injection unit, the column and the detector in

sequence under heating.

For the GC2014 system in our lab, argon as a carrier gas is stored in a cylinder and
connected to the GC via valves. A carrier gas flow controller is set inside the GC system
for adjusting the flow speed. Through a dual-packed sample injection unit, the analyte
gas is manually injected into the machine by a syringe. It is heated and vaporized at 80 °C,
transported by the carrier gas to a column. The column is made of a narrow tube containing a
stationary phase, which can be particulate packing material or liquid. The column is enclosed

by a column oven for heating (40 °C). The column tube has a small internal diameter (2-4 mm

Gas-tight syringe

Gas flow

controller Sample injection unit

— e TCD —— _ﬂ_ﬂ_

- Chromatogram
olu
1 Column oven

Figure 3.9: A GC system The schematic diagram shows the main components of our GC2014
system. When analyte gas is injected into the chromatography via a gas-tight syringe, it is
heated and vaporized within the sample injection port. The analyte gas is carried by Argon as
a carrier gas, enters the column heated by a column oven. The column comprises a extralong
and thin tube filled with solid or liquid stationary phase. In the column, various components of
the target gas are separated due to different thermal conductivities. They arrive at the thermal
conductivity detector (TCD) at different retention times, which is a signal for identification. The
TCD converts temperature variation into electrical signals, and sends these signals to a data
processing unit for quantitative analysis.

Ar
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for packed column; 0.1-0.53 mm for capillary column) and a large length (0.5-5 m for packed
column; 5-100 m for capillary column). Here, different components from the analyte gas are
isolated because of their physicochemical properties and different interaction effects with
the column lining or filling. Finally, the components exit the column at different time points,
which is then monitored by a TCD. The TCD converts the fluctuation of thermal conductivity
of analyte molecules to electrical signals, which are output for data processing.

The result is presented by a chromatogram, with the retention time as x-axis and the
detector response as y-axis. The retention time defines the time interval since the analytes
are injected until they are detected after eluting from the column at different times. It is a
parameter used to identify analytes. Under the method conditions in our lab, the retention
time of H, is around 1.4 minutes, O, is around 2.0 minutes, and N, is around 2.5 minutes.
The peaks of these gas analytes show up in sequence at different retention times. The peak
area is proportional to the amount of the corresponding analyte. For quantitative analysis, a
calibration curve (usually in the form of y = ax + b) is built to determine the response factor
(a) by testing the peak areas of a standard analyte with known amounts. The concentration

of the analyte is determined by integration and calculation based on the calibration curve.



MAPDBr; Nanoplatelets for
Photocatalytic H, Evolution: in
Polar Vapor

The outstanding physicochemical properties of lead halide perovskite (LHPs) have made them
a hotspot among optoelectronic applications,® including solar cells,'*® light-emitting diodes
(LEDs),143’144 photodetectors,145 as well as photo- and electroczsltalysis.146 However, their
instability in polar solvents limits their application in photocatalytic hydrogen production.>!*’
In this chapter, a “polar vapor” concept is proposed to investigate whether halide perovskites
can remain stable and potentially generate hydrogen in a polar vapor environment under
simulated solar irradiation.

In this chapter, methanol and water vapor are employed as proton sources for photocat-
alytic hydrogen evolution on lead bromide perovskites. In Section 4.1, I demonstrate successful
photoinduced hydrogen generation from methanol/water vapor using Pt decorated MAPbBr;
nanoplatelets (NPIs), which exhibit superior hydrogen evolution rates (HERs). The activity
is further optimized by tuning the vapor constituents. Additionally, the performance of
Pt-CsPbBr3 NPIs is evaluated for comparison with different perovskite systems. In Section 4.2,
I investigate the electron transfer dynamics from MAPbBr; NPIs to their surface-attached Pt
clusters using time-resolved photoluminescence (PL) and transient absorption spectroscopy
(TAS). A model describing the distribution of charge carrier diffusion times is developed.
Finally, in Section 4.3, I present the long-term stability of hydrogen production and the

regeneration characteristics of MAPbBr; NPIs under polar vapor conditions.
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4.1 The “Polar Vapor” Concept Works

Photoinduced-hydrogen generation of LHPs in methanol/water vapor has been investigated
in this section. A(MA, Cs)PbBr; NPls are used due to their facile scalable synthesis and large
specific-surface-areas. The preparation of A(MA, Cs)PbBr; NPls and their specimens for
photocatalytic reactions is described in Subsection 3.3.1. Control experiments are prerequisites
for photocatalytic measurements to ensure that the observed results originate solely from
photocatalytic reactions, not from side reactions. In the absence of APbBr3/Pt/methanol
and water, no hydrogen was detected through GC-2014. This demonstrates that photocata-
lysts/cocatalysts/proton sources are necessary for hydrogen evolution in the reactions under

simulated solar light.

4.1.1 Vapor Constituents Influencing Hydrogen Evolution Rates

As shown in Figure 4.1, hydrogen evolution rates (HERs) of Pt-MAPbBr3 NPls in methanol/wa-
ter vapor have been evaluated. When Pt-MAPbBr3 NPIs are exposed to water vapor (1.3
pumol/mL, v/v), a tiny amount of hydrogen is detected over four hours, with a stable HER of
23 umol - g~! - h™!. Methanol as a promising proton source is also tested because of its high
saturated vapor pressure. In pure methanol vapor (6.7 pmol/mL, v/v), a significantly higher
HER of 424 pmol - g~! - h™! is obtained. The results suggest that classical polar proton sources,
such as methanol and water, can be applied for hydrogen production in vapor on LHPs.
Methanol/water mixtures are also employed to investigate the influence of vapor constituents

on HERs. When the methanol volume ratio (Vipethanol/ Vimixture) it the liquid phase increases

Pt-MAPDbBr; + CH;0H/H,0 vapor
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Figure 4.1: HERs of Pt-MAPDbBr; in Methanol/Water Vapor The legends show the pro-
portion of methanol in the vapor phase. The corresponding concentrations could be found in
Section 3.3. The data is acquired from GC-2014 after calibration. The samples are illuminated
under a stimulated solar light with Air Mass 1.5.
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from 0% to 25%, 50%, and 100%, its corresponding volume ratio in steam inside the reactor
increases from 0% to 69.2%, 83.2%, and 100%, respectively. With Vi, ethanol/Vmixture il Vapor
rising (Figure 4.1), the HERs on Pt-MAPbBr; improves from 64 umol - g~! - h™! at 69.2%
(v/v, 2.3 umol/mL methanol) to 164 pmol - g~! - h™! at 83.2% (v/v, 3.7 umol/mL methanol).
The result shows that methanol reforming reactions are advantageous over water splitting
reactions under the conditions employed. This may be attributed to methanol’s high saturated
vapor pressure and its dual role in the reactions. Methanol acts as both a proton source and a

sacrificial agent.

Figure 4.2 illustrates the mechanism of methanol reforming at the solid-gas interface.
Upon illumination, electrons are excited to the CB of perovskite NPls, which subsequently
transfer to surface-attached Pt clusters due to the overpotential between them. Electrons
trapped in the Pt clusters react with surface-adsorbed CH3OH molecules and reduce their
protons into H,. Simultaneously, holes in the CB of perovskites diffuse to the surface of NPIs.
The holes oxidize surface-adsorbed CH3;OH molecules or intermediates into formaldehyde
after a series of reactions. Combining two half reactions, the full reaction is obtained:

photocatalysis
CH;0H ——  HCHO + H, (4.1

The solid-gas interfaces mitigate the limitations associated with the use of fragile per-
ovskite materials in photocatalytic hydrogen production. This concept can also be applied

to other halide perovskites. In the following subsection, I will investigate the photocatalytic

activity of cecium-based LHPs for comparison.

-

Methanol H, (g)

Vapor
CH;OH (g)

oH Q-Ao (¢

Figure 4.2: Illustration of Photocatalytic Hydrogen Production of LHP NP1s in Methanol
Vapor On the left, the diagram illustrates methanol reforming at the solid-gas interface. The
two molecules represent methanol (CH;OH) and hydrogen (H,), respectively. On the right, the
reaction mechanism is depicted. The black and white spheres represent an electron and a hole,
respectively. The purple lines indicate the minimum of the CB and the maximum of the VB for
the perovskite. The gray line represents the potential of the Pt clusters.
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4.1.2 Nanoplatelet Thicknesses Influencing Hydrogen Evolution Rates

CsPbBr3 NPlIs are synthesized and decorated with platinum for hydrogen evolution, following
a similar procedure to that used for MAPbBr; NPIs (Chapter 3). In Figure 4.3a, Pt-CsPbBrj
NPIs exhibits a stable HER of 28 pmol - g~! - h™! over four hours in the vapor containing
69.2% methanol, which is lower than the 63 umol - g1 - h™! observed for Pt-MAPbBr; NPls
under the same conditions.

To elucidate the activity differences between Pt-MAPbBr; and Pt-CsPbBr; NPls, steady-
state spectroscopy is conducted on their pristine materials. Figure 4.4a shows UV-Vis and PL
spectra of MAPbBr; and CsPbBr3 NPls. The UV-Vis spectra display an absorption onset at
544 nm for MAPbBr; NPls and at 537 nm for CsPbBr3 NPls, which are attributed to optical
transitions at the direct bandgap extrema in their bulky phases. It is followed by a continuous
increase in signal intensity and several absorption peaks. The multiple excitonic peaks
are attributed to NPls with 1, 2, etc., monolayers whose thicknesses are smaller than the
corresponding Bohr radii (2 nm MAPbBr3, 3.1 nm for CsPbBr3). The thickness of these NPIs
is quantized and a multiple of one monolayer thickness, leading to discrete excitonic peaks.
As reported, the absorption peaks of MAPbBrj at 430, 451, and 470 nm correspond to 1, 2,
and 3 monolayers, respectively.”* For CsPbBrs NPls, the absorption peaks at 456 and 476 nm
correspond to 3 and 4 monolayers, respectively.”” The results indicate that as-synthesized
MAPbBr; and CsPbBrj3 nanostructures consist of a mixture of thick plates and thin NPIs. From
absorption spectra, it is concluded that MAPbBr; owns a larger proportion of thinner NPls
overall compared to CsPbBr;. Moreover, the PL spectra exhibit prominent bands centered at
531 nm for MAPbBr; NPIs and at 520 nm for CsPbBr3 NPIs, which is attributed to excitonic

recombination of thicker NPlIs.
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Figure 4.3: HERs of Pt-CsPbBr; and Pt-MAPbBr; NPIs in Vapor The hydrogen evolution
performance is evaluated under the same conditions. The reactions occur in the vapor containing
69.2% methanol under a stimulated solar light with Air Mass 1.5. The data is acquired from
GC-2014 after calibration.
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Figure 4.4: Comparison of MAPbBr; and CsPbBr; NPIs (a) UV-Vis and PL spectra (365 nm
laser excitation) of MAPbBr; and CsPbBr; NPIs dispersed in hexane. (b) and (c) show their TEM

images with a scale bar representing a length of 200 nm .

The conclusion is further supported by TEM characterization. Figure 4.4b and c display
NPIs with large lateral sizes. Based on the contrast of TEM images, it is apparent that the NPls
of MAPDbBr3 are generally thinner than those of CsPbBr3. The thinner NPls possess a larger
surface-to-volume ratio, leading to more surface active sites for phtotcatalytic reactions. This
explains the better mass-specific hydrogen evolution performance observed for Pt-MAPbBr3
NPIs compared to Pt-CsPbBr; NPls.

In this section, it has been demonstrated that, with the “vapor” concept, LHPs can be
applied for photocatalytic hydrogen generation. The HERs of Pt-MAPbBr; NPIs are influenced

by their vapor constituents. Besides, photocatalytic activity varies among lead bromide
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perovskites with different “A site” cations in the perovskite structure, owning to their NP1
thickness differences. In the next section, I will look into the solid-gas interface to investigate
the charge carrier transfer dynamics.

4.2 Exciton Diffusion to Pt Dominates Electron Transfer

Dynamics

In our case, control experiments have demonstrated that Pt cocatalyst is essential for hydrogen
evolution at the solid-gas interface. Pt, a noble metal with alow Fermi level, forms the Schottky
junction with a semiconductor at their interface. It typically acts as an electron acceptor from
the semiconductor under illumination. In this section, I will investigate electron transfer

dynamics from MAPbBr; NPIs to Pt nanoclusters over different time scales.

4.2.1 Electron Transfer on the Nanosecond Time Scale

The Pt decoration method is described in Section 3.3. In Figure 4.5, steady-state and time-
resolved PL of MAPbBr; NPls with and without Pt decoration are compared. In the presence
of Pt nanoclusters, the PL of MAPbBr; NPls experiences a significant reduction in intensity,
with no shape and position changes observed. Notably, approximately one-tenth of the PL

intensity is retained, suggesting efficient electron transfer from NPIs to Pt metal.
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Figure 4.5: Steady-State and Time-Resolved PL of MAPbBr; and Pt-MAPbBr; NPlIs (a)
Steady-state PL spectra (400 nm excitation) of MAPbBr; and Pt-MAPbBr; NPIs with the same
optical density. The NPIs were dispersed in hexane. (b) PL recombination dynamics were
recorded by TCSPC upon excitation at 400 nm. The grey dashed curve was the fliting results to
model the monoexponential PL decay (purple line).

In Figure 4.5b, the time-resolved PL of pristine MAPbBr3; NPls displays a mono-exponential
decay. After fitting (as shown by the grey dashed line in Figure 4.5a), an average lifetime
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Trec Of 35.3 ns is obtained. The PL decay of Pt-MAPbBr; NPls is much faster than that of the
pristine NPIs. In addition, the spectrum initially loses a significant amount of intensity due
to the limited time resolution of the -PL setup. It is well-established that electron transfer
from a semiconductor to its attached Pt nanoclusters typically occurs on a picosecond or

148

sub-picosecond timescale, “° much faster than what is observed in this measurement.

4.2.2 A Distribution of the Diffusion Time

Considering the two dimensional NP1 structure and the sparse distribution of Pt nanoclusters
on the surface, the observed PL behavior is attributed to the combination of longer-lasting
exciton diffusion and subsequent rapid electron transfer. As shown in Figure 4.6, excitons
photoexcited in the vicinity of a Pt cluster will experience an electron transfer in a short time.
However, for excitons photoexcited far away from a Pt cluster, it will take time to reach such
a cluster. Furthermore, as excitons diffuse within the NPIs, they may recombine radiatively
or nonradiatively, in addition to undergoing an electron transfer. Two other processes are
schematically illustrated in Figure 4.6: (I) An exciton recombines radiatively, emitting a
photon; (2) An exciton is trapped by a defect. Hence, exciton diffusion may dominate the

dynamics of electron transfer to Pt clusters, thus the decay dynamics of PL.

Figure 4.6: Illustration of the Pathways for Photoinduced Excitons The diagram shows
different pathways of photoexcited excitons within MAPbBr; NPIs. From left to right, four
processes are schematically depicted: (I) An exciton recombines radiatively, emitting a photon;
(2 An exciton photoexcited near a Pt cluster, has its electron rapidly trapped by the cluster; 3)
An exciton located far from the Pt cluster diffuses within the NPl and is eventually trapped by
the Pt cluster; @ An exciton is trapped by a defect.

Accordingly, I assume a distribution of diffusion times G(rp) with a maximum diffusion
time 7 oy given by the size and geometry of the NP1 and/or the concentration of Pt clusters.

It is assumed that the distribution function G(rp) for diffusion times 7, decays exponentially
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with increasing rp, values:
™ )

Glrp) = exp(- (4.2)

D, max
As discussed previously, this function models the loss of excitons during their migration
to Pt clusters. An upper limit for the diffusion time is given by the recombination time of
excitons 7. in MAPbBr3 NPls. Once excitons have reached the direct vicinity of a Pt cluster,
an ultrafast electron transfer to the Pt cluster is assumed with a time constant 7y,,¢fe;- Based
on these assumptions, the time-resolved PL of Pt-MAPbBr; can be effectively modeled using
the following equation:

Trec
PL(t) o exp(———) G(tp) - exp(——)drmp (4.3)
Trec  JIrianster ™
Here, 7, is determined as 35.3 ns from the time-resolved PL of MAPbBr; NPls without Pt
decoration. The ultrafast electron transfer time Ty, sfer is assumed as 3 ps.'*® Therefore, the
integration range for the diffusion integral in Equation 4.3 is from T apsfer = 0.003 18 t0 Ty =
35.3 ns. The only fitting parameter left for the PL(t) curve of Pt-modified MAPbBr; NPIs is
™D, max-

As illustrated in Figure 4.7, a 7p_pax value of 7.7 ns results in a near-quantitative agreement
between the experimentally obtained PL(t) curve and the one calculated using Equation 4.3.
Specifically, an R-squared value of 0.996 is obtained from the fitting procedure. The obtained
value for the maximum diffusion time (7 ¢ = 7.7 ns) is smaller than the recombination

time 7., = 35.3 ns for excitons in pristine MAPbBr; NPIs. The exciton diffusion length is
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Figure 4.7: Fitting of the PL Decay for Pt-MAPbBr; NPIs (a) The PL decay of MAPbBr; NPls
was measured using TCSPC under 400 nm excitation. The grey dashed curve represents the
fitting results based on Equation 4.3 with the distribution of diffusion time shown in Figure 4.7b.
(b) The distribution funtion G(z,) with respect to diffusion time 7, with the maximun diffusion
time 7 ., as 7.7 ns. It is acquired from modeling and fitting using Python 3.7 and Spyder IDE
5.5.0.
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estimated to be around 300 nm. It shows that the maximum diffusion time must be limited by

the size/geometry of the NPls and/or the Pt deposition concentration.

4.2.3 Electron Transfer on the Picosecond Time Scale

To elucidate the ultrafast electron transfer process, femtosecond TAS is performed as the
time-resolved PL setup has a limited time resolution. Figure 4.8a shows transient absorption
spectra of MAPbBrj; under the excitation of 400 nm with time delays ranging from 1 ps to
2 ns. It is observed that there are multiple positive and negative peaks for every spectrum
trace. The negative differential absorption signals (bleaching) are attributed to phase-space

149

filling of excitons in NPls with various thicknesses as well as the bulk phase,”*” which are

consistent with their absorption spectra. Apart from the bleaching signal, several positive
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Figure 4.8: Transient Absorption Spectra of MAPbBr; and Pt-MAPbBr; NPIs Transient
absorption spectra of (a) MAPbBr; and (b) Pt-MAPbBr; NCs upon excitation at 400 nm under
different delay times (1 ps, 10, ps, 100 ps, 1 ns, 2 ns). (¢) Comparasion of the bleach dynamics
at the bleach maxima of the bulk phases (527 nm for MAPbBr; and 530 nm for Pt-MAPbBr;)
during the first 8 ps, after normalization. The insert shows the same bleach decay curves over a
longer time scale (1 ns).
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signals (induced absorption) at different energies are observed. Figure 4.8b displays transient
absorption spectra of Pt-MAPbBr; NPls, which closely resemble those of pristine MAPbBr3
NPlIs.

To compare the bleach decay dynamics, the transient traces at the bleaching maxima
(around 528 nm) of the bulk phases in Figure 4.8a and b are plotted in Figure 4.8c. As shown in
the inset, Pt-MAPbBr3 NPls exhibits a faster bleach decay within 1 ns compared to MAPbBrj
NPIs. The faster decay of charge carriers in Pt-MAPbBr3 NPlIs is consistent with the time-
resolved PL results and provides complementary insight on a shorter timescale. To further
investigate the charge carrier decay dynamics, the initial few picoseconds of the transient
traces are enlarged in Figure 4.8. Within the first picosecond after pump-pulse excitation,
both spectra display an ultrafast bleach growth, which is attributed to hot carrier cooling
from higher excited states.””’ This is followed by a continuous bleach decay, leading to
the appearance of a transient maximum. Compared to pristine MAPbBr; NPlIs, the bleach
growth in Pt-MAPbBr; NPlIs reaches its maximum in a shorter time. It indicates ultrafast
electron transfer from CB energy levels of MAPbBr; to Pt, occurring on a picosecond or even
sub-picosecond timescale.

In summary, time-resolved PL and TAS demonstrate that the overall process of exciton
diffusion and subsequent electron transfer from NPIs to Pt takes place on different time scales,
spanning from picoseconds to nanoseconds. The efficient electron transfer from MAPbBr;
to Pt cocatalysts significantly enhances the utilization of photoexcited electrons, thereby

promotes the photocatalytic HER process.
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4.3 Photocatalytic Stability and Versatility of MAPbBr;
Nanoplatelets

4.3.1 Photocatalytic Stability of MAPbBr; Nanoplatelets

Photocatalysis stability is a key factor in evaluating a superior photocatalyst, and it is even
more crucial when assessing fragile halide perovskite photocatalysis. In the last section, I
have demonstrated that LHPs are stable in methanol/water vapor, exhibiting good HERs.

Now, a question arises: how stable are they while maintaining the activity?
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Figure 4.9: Photocatalytic Stability of Pt-MAPbBr; NPIs Photocatalytic stability was
assessed through repeated measurements under the same conditions. Every six hours, the
reactor was re-purged with argon to remove H, and other products. Regeneration experiments
were performed by adding MABr, PbBr, or a Pt precusor to the collected reactants. The mixture
was coated inner wall of the reactor again, and the specimen was placed under light after purging.
The experiments were conducted in a pure methanol stream.

Repeated experiments on hydrogen production of Pt-MAPbBr; NPIs were conducted
every six hours in pure methanol vapor. As shown in Figure 4.9, a robust activity of around
400 pmol - g~! - h™! is maintained until the 10th hour. After 10 hours, the activity begins to
decrease. Ths decline could be attributed to several factors, such as surface degradation or
ion migration, which result in the formation of surface defects.

It has been reported that introducing ’A’ or ’B’ cation-containing salts can help repair
surface defects, such as bromide and lead vacancies in the NPIs.>>"*! T collected the reactants
and coated it inner the reactor again after adding a certain amount of MABr salt. The activity
improves, although only a quarter of the original HER ( 100 pumol - g~! - h™!) is recovered.
PbBr, salt was also employed for regeneration. Silimar to MABr, its effect is not as significant.
Moreover, additional Pt nanoclusters were added to the reactant for repeated measurements.

Surprisingly, the HER fully recovers to 360 umol - g~ - h™! and remains stable for six hours.
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This suggests that the detachment or reduced contact of Pt with NPIs is one contributing factor
for their long-term instability. With effective recycling techniques, LHPs can potentially be

employed for long-term hydrogen evolution in polar environments.

4.3.2 Photocatalytic Versatility of MAPbBr; Nanoplatelets

Instead of employing a solid-liquid interface, a solid-gas interface for perovskite photocatalysis
has been utilized and found to be effective. Solid-solid interface reactions also present potential
alternatives for perovskite photocatalysis. The use of a solid proton source not only enhances
charge separation at the interface but also improves photocatalytic stability.

Biomass is a renewable resource that can be harvested sustainably from plants, algae, and
agricultural or forestry residues. Using biomass for photocatalytic hydrogen production aligns
with the principles of green chemistry, offering a more environmentally friendly alternative
to fossil fuels. Biomass contains a variety of organic compounds, such as sugars, lignin, and
cellulose, which can be utilized in photocatalytic systems to generate hydrogen. For example,
biomass-derived organic molecules can serve as electron donors, participating in light-driven

hydrogen production reactions.
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Figure 4.10: Photocatalytic Hydrogen Production of Pt-MAPbBr; NPIs from Biomass
The experiments were carried out under the same conditions. Instead of using a glass vial
containing methanol/water solvents, a certain amount of biomass (cellulose, glucose, starch)
was added to a Pt-MAPDbBr; mixture. The mixture was evenly spread as a film on the inner
surface of a glass bottle and the reactor was then placed under light.

In this work, several biomass materials, including cellulose, glucose, and starch, have
been tested on Pt-MAPbBr3 NPIs for hydrogen production (Figure 4.10). It is observed that
all three proton sources work, indicating that LHPs with tunable bandgaps and high charge
carrier densities are promising for solar-to-hydrogen conversion with the proposed non-liquid

strategy. Specifically, hydrogen is produced at a rate of 266 pmol - g~! - h™! from cellulose,
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138.2 pmol - g~! - h™! from glucose, and 31.6 pmol - g~! - h™! from starch on Pt-MAPbBr;
NPls.

It is noted that the biomass used here functions not only as a proton source but also as a
sacrificial agent for photoexcited holes. The reaction mechanism with glucose as an example
is schematically shown in Figure 4.11. Upon excitation, electrons in the VB of the perovskite
rapidly transfer to Pt, where they reduce a glucose molecule at the interface to H, through
series of reactions. Holes left in the VB oxidize the intermediate products into carbon-based
products with low formation energies. With this approach, perovskites are suitable not only
for reforming of gas-phase proton sources but also for solid ones. The observed HER using
solid glucose is 63% of that achieved with methanol vapor (424 pmol - g~! - h™!). In the
all-solid-state system, poor mass transfer between proton sources and catalysts limits their

activity compared to the gas-solid-state system.
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Figure 4.11: Illustration of Photocatalytic Hydrogen Production of LHP NPlIs from
Biomass The diagram illustrates hydrogen generation from glucose at the solid-solid interface.
The two molecules represent glucose and hydrogen (H,), respectively. The reaction mechanism
is enlarged and depicted on the right side. The black and white spheres represent an photoexcited
electron and hole, respectively. The orange lines indicate energy levels of the CB and the VB
for perovskites. The gray half sphere represents Pt clusters, where the reduction half-reaction
occurs. The arrow at the bottom indicates the other half reaction-glucose is oxidized into carbon
products.

In summary, it is demonstrated for the first time that LHP NPls decorated with a Pt
cocatalyst can produce hydrogen from polar vapor (methanol, water) and biomass under light,
even without specific encapsulation. This reaction could proceed robustly in the methanol
vapor for 20 hours, achieving an optimized HER of 424 umol - g~ - h™!. The HERs are
influenced by vapor constituents and NPI thickness among different perovskites. Time-
resolved spectroscopic investigation suggests that the diffusion-limited feeding of electron-
hole pairs towards Pt clusters dominates the dynamics of charge transfer. This study provides

a fundamental understanding of halide perovskite photocatalysts and outlines steps towards
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their direct application in stable light-driven reactions in the non-liquid phase, promising

advancements in photocatalysis through ingenious designs.



Cs,AgBiClg Nanocrystals with a

Spectrally Broad Emission: the
Role of Silver

Halide double perovskites (DPs) are emerging semiconductors for optoelectronic applica-
tions since they offer less toxic alternatives compared to lead halide perovskites (LHPs)."
Csy;AgBiXg (X = Br, Cl) as one of the first demonstrated bismuth-based DPs, has shown
potential applications in photovoltaics,” X-ray detection,”? and photocatalysis.>®> Although
exhibiting an indirect bandgap, Cs,AgBiClg colloidal DP nanocrystals (NCs) show bright
photoluminescence (PL) spectra characterized by a spectrally broad red emission centered
around 650 nm and a narrower blue emission band centered at 425 nm. However, the origin
of both emission bands is still under debate.

In this chapter, it is shown that silver plays a crucial role in both emission bands observed
in CsyAgBiClg DP NCs. In Section 5.1, I explain the presence of silver vacancy-bound excitons
with an extralarge binding energy, which is fundamental for understanding the optical
properties of Cs;AgBiClg NCs. In Section 5.2, the red emission is investigated in depth
using temperature-dependent PL measurements. A model has been developed to extract
the activation energy of silver vacancies. Section 5.3 reveals the nature of blue PL, which is
related to surface additives of NCs. The surface chemistry of perovskite NCs is demonstrated

to play a vital role in determining their optoelectronic properties as well as their stability.
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5.1 Defect Bound Excitons with a Large Binding Energy

Spheroidal Cs; AgBiClg NCs with variable sizes (12 nm, 15 nm, 22 nm) have been synthesized
based on the hot injection method described in Subsection 3.1.2. The optical properties of
as-synthesized Cs,AgBiClg NCs are discussed here. Figure 5.1a shows the linear absorption
spectrum of 15 nm DP NCs. Three different optical transition regions are identified based on
the energy diagram in Figure 5.1b. The absorption spectrum starts with an onset at 445 nm,
ascribed to indirect optical transitions, followed by a pronounced excitonic peak at 369 nm.
Toward shorter wavelengths, it continues with an increasing signal corresponding to direct

optical transitions. It is noted that the size of these DP NCs is larger than their exciton Bohr
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Figure 5.1: Linear Spectroscopy of 15 nm Cs,AgBiCl; DP NCs (a) The linear absorption
spectrum of 15 nm DP NCs in toluene. It is composed of three parts: (I) indirect optical
transitions, (2) the strong excitonic resonance and () direct optical transitions. (b) Band structure
of Cs,AgBiCl, DP. The orange horizontal line depicts the hole acceptor level E,. The blue and
red arrows indicate different optical transitions and radiative recombination, respectively. The
green dashed arrow indicates intervalley scattering of photoexcited electrons. (c) The linear
absorption spectra and their corresponding Tauc plots of DP NCs with different sizes (12 nm, 15
nm and 22 nm). (d) PL of 15 nm DP NCs excited at 365 nm (the black arrow).
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Table 5.1: Exciton Peak Position, Direct Bandgap Energies E; Determined from Tauc
Plots and Exciton Binding Energies of NCs with Different Sizes.

Size (nm) ‘ Exciton peak position (eV) ‘ Eq (eV) ‘ Exciton binding energies (eV)

12 3.36 3.97 0.61
15 3.36 3.94 0.58
22 3.36 3.92 0.56

radius, which is between 3-4 nm.*® Accordingly, the strong quantum confinement effect is
not applicable. In this case, a small exciton binding energy of a few meV is expected in these
bulk-like NCs due to the dielectric screening of the Coulomb interaction. In addition, the VB
of Cs, AgBiClg shows a strong dispersion along the X to I direction. It leads to a comparably
small effective hole mass, and thus a small reduced mass of excitons. Accordingly, it further
supports the conclusion that the excitons have a relatively small binding energy. However,
this is in contrast to the extralarge exciton binding energies around 600 meV irrespective of
the NC size, which is obtained from the energetic difference of direct bandgap energies and
the corresponding exciton peak position (Figure 5.1c and Table 5.1).

The prominent absorption resonance was explained as defect-bound excitons reported by
Dey et.®® In halide DPs, there are a large number of intrinsic point defects such as halogen
vacancies, cesium interstitials, and antisite substitutions. Based on the calculated formation
energy of intrinsic defects in Cs, AgBiClg, silver vacancies are the most stable shallow defects
near the VB.® The silver vacancies act as hole acceptors, introducing a shallow trap level
that leads to hole localization. The holes localized in the silver vacancy energy level have an
infinite effective mass, leading to bound excitons with giant oscillator strength. Due to the
localized nature of the bound excitons, one can expect a fixed spectral position in Cs,AgBiClg
DP NCs irrespective of their size, as long as they are larger than the Bohr radius. In fact, the
spectral position of the exciton resonance remains fixed at 369 nm for all sizes of NCs studied
here (Figure 5.1c).

Under an excitation of 365 nm (close to the exciton resonance), a broad emission with two
distinct PL bands is observed (Figure 5.1d). The high-energetic one (blue PL) centers at 425 nm,
and the low-energetic one (red PL) is located at 650 nm. In the following sections, the origin
of the two emission bands will be explained together with spectroscopic measurements. I will
show that the silver defect-bound excitons play an important role on the optical properties of
Cs,AgBiClg DP NCs.
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5.2 Red Emission

PLE spectroscopy of the red and blue PL, performed by tuning the excitation wavelength, has
been conducted to investigate their origins. In this section, I will focus on the low-energetic
red emission. The PLE spectrum detected at 650 nm (as indicated by the orange arrow) is
shown in Figure 5.2. It nicely follows the absorption spectrum of the NCs, especially the
excitonic resonance. It suggests that excitation at the exciton resonance can lead to the red
emission. In the following section, I will testify that the broad red emission originates from
the recombination between electrons at the CB minimum (the L point) and holes in trapping
levels above the VB (Figure 5.1b).
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Figure 5.2: PLE of the Red Emission for 15 nm Cs,AgBiCl,DP NCs The Figure shows the
PLE spectrum (the orange curve) of 15 nm DP NCs in toluene detected at 650 nm (the orange
arrow). It follows well the corresponding absorption spectrum (the light blue curve). The insert
indicates that the red emission originates from silver vacancies.

5.2.1 Temperature Dependence of Red Emission

When the temperature decreases, defect-related carrier recombination exhibits a thermally
activated behavior distinct from free charge carrier recombination.’”* To further testify the
trap-mediated recombination nature of the red PL, temperature-dependent PL. measurements
are carried out.

Figure 5.3a shows a significant increase in the intensity of the red PL as the temperature
decreases from 294 K to 65 K. For Cs,AgBiClg with an indirect bandgap, free electron-hole
pairs at the band extrema recombine with the assistance of phonons. In this case, one would
expect a decrease in emission under low temperatures because of a smaller phonon population.
The result in Figure 5.3a is the opposite, demonstrating the defect-related nature of red PL.
Optical transitions at the direct band edge create electrons and holes at the X point. The

electrons subsequently relax to the CB minimum (L point) after intervalley scattering within
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Figure 5.3: Temperature-Dependent PL (a) PL of 15 nm DP NCs at different temperatures
(from 294 K to 65 K) under 365 nm excitation. The inset shows the enlarged the blue emission
under different temperatures. The arrow shows the lower temperature direction. The small
hump at 410 nm originates from Raman scattering from toluene. (b) Scheme showing hole
populations in the the VB maximum and the defect level E,(the orange flat line), which is
influenced by temperature. The black indicates direct optical transitions. The red arrow shows
excitonic recombination between electrons at L point and holes in the defect level. The green
dashed arrow shows intervalley scattering of electrons.

sub-picoseconds (Figure 5.3b). Holes in the VB maximum are trapped by the defect level. The
localized hole wave function offers large k-values, resulting in nonzero overlap integrals with
electrons at the L point, thereby enabling finite optical transition strengths. This allows for
recombination between electrons at the CB minimum and holes localized at the defect level.
Therefore, a broad red emission is observed in this indirect semiconductor. The localization-
delocalization process of holes is dynamic. Under low temperatures, holes have less thermal
energy (kgT) to de-trap from the localized state. In other words, the silver defect state has a
larger hole population at low temperatures. These trapped holes recombine with electrons and
lead to an increased PL intensity as the temperature decreases. In summary, the temperature-

dependent behavior testifies the defect-mediated carrier recombination as the origin of the
red PL.

In addition, the red PL peak undergoes a redshift of approximately 60 nm (175 meV),
moving to lower energies under low temperatures(Figure 5.4). The significant redshift of the
red PL in these DPs at low temperatures remains under debate.”>!°® The displacement of
atoms from equilibrium perturbs the periodic potential exerted on charge carriers, resulting
in carrier-phonon interactions. In DPs with two B-site metals, this effect is even more
pronounced than their single perovskite counterparts, which provides a complex environment

for carrier-phonon interactions.
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Figure 5.4: Peak Positions of the Red and Blue PL with Temperature The peak position
values are taken from Figure 5.3a.

Compared with the red PL, the blue PL is more insensitive to temperature without obvious
changes in both PL intensity and peak position (inset of Figure 5.3a anf Figure 5.4). I will

explain it in detail in Section 5.3.

5.2.2 A Model for Photoluminescence at Low Temperatures

In the last subsection, the carrier dynamics at low temperatures upon photoexcitation has
been studied. Based on it, [ try to determine the PL intensity with respect to every temperature.
To achieve this, a model is rquired to determine the energetic difference between the defect
energy level and the VB maximum. The experimental values of red PL intensity under different
temperatures are extracted and plotted against éT in Figure 5.5.

To be quantitative, red PL intensity is proportional to the concentration of excitons bound
to the silver vacancy state (nﬁ). The exciton concentration is determined by the concentration
of holes in the defect state. The conclusion is drawn from the following hint. With decreasing
temperature, red emission increases continuously. It follows with the growing population of
holes in the defect state, rather than the typical decrease in the electron concentration. The
concentration of holes trapped in the defect state is expressed by the Fermi-Dirac distribution
function. Then the PL intensity could be written as:

Njp

PLcg —p o nf(T) = (5.1)

, H=Ep
1+ Zexp kT

Here, N represents the density of silver vacancies, which is constant at different temperatures.
The exponential term is multiplied by % because one silver vacancy can only be occupied by
one hole. p is the chemical potential. N, is the energy level of the defects. AE is set as the
energy difference between the defect level E5 and the chemical potential p. Then Equation 5.1
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Figure 5.5: Fitting of Temperature-Dependent PL The scatters show red PL intensities at
different temperatures. The x axis is converted to kLT from T. The curve shows the fitting result
B

based on Equation 5.2 (the inset).

is written as:
1
PLcp —p E— (5.2)

1+ %expE
Cs,AgBiClg exhibits p-type semiconductor behavior with the chemical potential pinned near
the VB maximum as a result of the presence of abundant defects including Ag vacancies.®® It
is assumed that the chemical potential p is quite close to the VB maximum. Therefore, AE is
considered the energy difference between the defect level and the VB maximum , that is the
activation energy of silver vacancies. On the basis of Equation 5.2, a temperature-dependent
PL model is developed. The fitting curve matches the experimental data well. An activation
energy of 56 meV is obtained from the PL of 15 nm DP NCs, which is consistent with the

theoretically calculated values for that of Ag vacancies.
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5.3 Blue Emission

5.3.1 Ligands Play a Role
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Figure 5.6: PLE of the Blue Emission The figure highlights the PLE spectrum of 15 nm DP
NCs in toluene detected at the center of the blue emission (425 nm).

Apart from the red emission, the PL spectrum shows a high-energetic peak centered at 425
nm. To gain insights into its origin, PLE spectroscopy was performed by detecting emission at
this wavelength. Surprisingly, the spectrum doesn’t follow the excitonic absorption peak and
exhibits a hump at its high-energetic side (around 340 nm). It signifies that the blue emission
is not generated through excitation at the strong exciton resonance of NCs.

As reported, the blue emission appears in Cs,AgBiCly NCs,%">” but has never been
observed in Cs,AgBiClg single crystals or polycrystalline films. Unlike traditional synthesis
methods for single crystals or polycrystalline films, such as a hydrothermal method, the
preparation of perovskite NCs requires the assistance of capping ligands to control their
growth and maintain their stability. They are usually organic ligands with long carbon chains
and functional groups such as carboxyl, thiol, amine, etc.. Oleic acid and oleylamine form a
classic combination for the synthesis of colloidal quantum dots. They are reported to be blue
emitters in addition to capping ligands, which may also interact with their matrices.>%!>’

To synthesize the NC, oleic acid is used together with lecithin in place of oleylamine to
enhance their stability. To reveal the role of these ligands in the broad emission of these NCs,
I have detected PL and PLE of the mixture of these two ligands with the same parameter as
those of the DP NCs. In Figure 5.7, the ligands display an asymmetric PL band at 415 nm,
attributed to optical transitions within the molecular orbitals (1 — n* and/or n — 7*). The
result is in agreement with the blue emission of DP NCs. The PLE spectrum of the ligands
is also consistent with that of the NCs at the same detection wavelength. Consequently,

it is concluded that the blue emission of the DP NCs originates from the ligands. As the
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Figure 5.7: Comparasion of PL and PLE between NCs and Ligands The figure shows:
(upper) PL (excited at 365 nm) and PLE (detected at 425 nm) of ligands; (lower) blue emission of
NC, and PLE of NC detected at 425 nm. The right panel shows the schematic diagram of ligands
(oleic acid, lecithin) in toluene and NCs decorated with the two ligands.

antisolvent washing procedure removes residual unattached ligands in toluene, the blue
emission is mainly attributed to the ligands attached to NC’s surface. The conclusion is
supported by temperature-dependent PL results, where the blue emission shows a different
feature (comparatively temperature stable) with the excitonic recombination of the NCs.
The blue emission has been further investigated with regard to NCs with different sizes.
In Figure 5.8a, NCs with a diameter of 12 nm, 15 nm and 22 nm exhibit distinguished PL
intensities. It is observed that the NCs with a smaller size exhibit a stronger blue emission.
This phenomenon is attributed to a larger surface-to-volume ratio for smaller NCs, which
indicates a larger ligand-to-NC ratio. The results reinforce the conclusion that the ligands
attached to NC surface play a indispensable role on the high-energetic emission. It is noted
that the blue emission of ligands may overlap with PL of lead-based perovskites with high

quantum yields. Therefore, its presence was overlooked in many publications.

5.3.2 Plasmonic Enhancement Effects of Surface-Attached Ag

A closer examination of the NC surface using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) (Figure 5.8b) finds that there are abundant
white dots decorating the NC spheres. From energy-dispersive X-ray spectroscopy (the inset
of Figure 5.8b), these bright white dots are identified as Ag nanoclusters with an average
size of 3 nm. The presence of these Ag nanoclusters on the surface of silver-based DP NCs
is not surprising. However, their origins are under debate. Some metal ions, such as Ag”,
were reported to be reduced into their metal clusters ex situ via the electron beam during
TEM characterization.'®” The presence of these Ag nanoclusters is regarded as a disadvantage

to NC stability. Meanwhile, Ag nanoclusters have been documented to form in situ during
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Figure 5.8: Plasmonic Enhancement Effects of Ag Nanoclusters (a) The upper figure
shows blue emissions for NCs with a diameter of 12, 15 and 22 nm (excited at 365 nm). The
lower figure exhibits the absorption spectrum of as-synthesized Ag NPs (3 nm) with a plasma
resonance at 430 nm. The insert draws a NC decorated with ligands (lecithin and oleic acid) and
an Ag nanocluster. The arrow indicates the mechanism of the blue emission. (b) An image of 15
nm DP NCs acquired from HAADF-STEM. The insert testifies the presence of Ag element in
nanoclusters via energy-dispersive X-ray spectroscopy. (c) An image of as-synthesized Ag NPs
obtained from TEM. The insert shows a size distribution centered at around 3 nm.

hot injection synthesis of Ag-based NCs.'®! They could act as nucleation centers for particle
growth in the early stage. In fact, Ag nanoparticles (NPs) can be easily synthesized in the
presence of Ag precursors and oleylamine at 120°C.!°% Based on the study, it is believed that
the Ag nanoclusters on the surface of DP NCs are formed during synthesis. How does their

existence influence the optical properties?

Ag NPs were synthesized via the hot injection method and their size is controlled to be
the same as that of the nanoclusters on NC surface.'®” Figure 5.8c and its insert show uniform
NPs with a size distribution centered at 3 nm. From their absorption spectrum (Figure 5.8a,
lower panel), these Ag NPs exhibit a localized surface plasmon resonance (LSPR) at 430 nm.
Coincidentally, their plasmon signal appears at the same energetic position as the ligand
emission. That means that the surface plasmon of Ag nanoclusters attached to the surface of
NC is resonant with the emission of ligands in the vicinity. Noble metals, such as Au and Ag,
are well-investigated for inducing plasmonic enhancement effects on the emission of nearby
dye molecules with comparable emission frequencies, particularly in the case of dimers and

aggregated morphologies. Considering the coexistence of surface attached Ag nanoclusters
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and ligands resonant at the same wavelength, it is reasonable to conclude that ligand emission
is enhanced by the plasmonic effects of surface-decorated Ag nanoclusters.

In conclusion, this work has revealed the origins of the broad PL spectrum (including
blue and red emission peaks) from Cs,AgBiClg DP NCs. It is the first time that silver (silver
vacancies and surface-attached silver nanoclusters) is testified to play an important role in the
optical properties of Ag-based DPs. The results are helpful for in-depth spectral investigations
of Cs, AgBiClg DPs, as well as their stability and optoelectronic applications.






Conclusions and Outlook

This thesis seeks to address the two limitations of lead halide perovskites (LHPs)-the
moisture instability and the high toxicity—for energy-related applications. The facile
preparation, structural tunability, and unique optical properties of LHPs have led to great
success in solar cells and light-emitting diodes (LEDs). However, due to their dissolution
in polar solvents such as methanol and water, their application in photocatalysis has been
limited. In this thesis, it has been demonstrated that halide perovskite (MAPbBr3, CsPbBrj3)
nanoplatelets (NPIs) are stable for photocatalytic hydrogen production when water vapor and
methanol vapor are used as proton sources. The charge carrier transfer mechanism is inves-
tigated with time-resolved photoluminescence (PL) and transient absorption spectroscopy
(TAS).

Hydrogen evolution rates (HERs) from LHP NPIs decorated by Pt cocatalyst are quanti-
tatively monitored under simulated solar irradiation using a gas chromatography (GC). In
methanol vapor, an optimal MAPbBr; NPls film exhibits steady hydrogen evolution
for 20 hours under solar irradiation, reaching a marked hydrogen evolution rate of 424
umol - g=1 - h™!. The HERs are influenced by the vapor composition and concentration.
More strikingly, the recoverable HER infers that the catalyst remains defect-tolerant during
the reaction. Furthermore, the vapor idea works for different LHP NPls, demonstrating the
general applicability of the method across various perovskite compositions.

Time-resolved spectroscopies reveal that the diffusion-limited feeding of electron-
hole pairs towards Pt clusters dominates the dynamics of charge transfer. The PL
decay of MAPbBr; NPIs is much faster than that of the pristine NPls, which is attributed to

the combination of longer-lasting exciton diffusion and subsequent rapid electron transfer.
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Excitons photoexcited in the vicinity of a Pt cluster will experience an electron transfer
in a short time. However, for excitons photoexcited far away from a Pt cluster, they may
recombine radiatively or trapped by defects, in addition to undergoing an electron transfer.
The diffusion time from NPls to Pt is influenced by the geometry of NPIs and the concentration
of Pt clusters. An exponential distribution function of the diffusion time is assumed, which is
in good agreement with the experimentally obtained data with a maximum diffusion time
extracted. TAS further elucidates the ultrafast electron transfer process with the advanced

bleach growth maximum in the first few picoseconds.

The present study demonstrates a uniquely efficient and stable system using halide
perovskite NCs for hydrogen production under methanol vapor, an environment that is
polar and volatile. It shows the potential of directly using halide perovskites for light-driven
reactions in polar environments. Further development is required to enhance halide perovskite
photocatalysts for a benchmark HER, which is now underway. This study also provides
a fundamental understanding of the electron transfer mechanism from LHPs to Pt metal
across different time scales, providing valuable insights for optimizing their photocatalytic

performance.

On the other hand, bismuth as an environmentally benign heavy metal, offers a promising
alternative to mimic some of the desirable properties of lead-based perovskites due to its
similar ionic radius and electronic configuration to lead, while enhancing environmental safety.
To accommodate trivalent Bi** into a three-dimensional perovskite structure, a combination
with a monovalent cation is required to form double perovskites (DPs) with the formula of
A,BBiX¢ (X = Br, Cl). Among them, Cs,AgBiX, (X = Br, Cl) stands out as the most investigated
DPs due to its intriguing optical properties and good stability. Although exhibiting an indirect
bandgap, Cs,AgBiClg colloidal DP nanocrystals (NCs) show broad PL spectrum promising
for white light emission application. The origin of the dual-peak emission, which has been a

subject of extensive debate for decades, is examined in this study.

In Chapter 5, a bright PL spectrum characterized by a spectrally broad red emission
centered around 650 nm and a narrower blue emission band centered at 425 nm is observed
in CsyAgBiClg colloidal DP NCs. The broad emission was attributed to self-trapped excitons,
color centers, and indirect defect bound excitons. In the thesis, it is shown that silver (silver-
nanoclusters and -vacancies ) plays a crucial role in the explanation of both emission bands
observed in these DP NCs.

The low-energetic red PL originates from defect-bound excitonic recombination
associated with silver vacancies. Ag vacancies as a shallow donor defect are easily formed
during the hot injection synthesis of Cs,AgBiClg. The trapping of holes in Ag vacancies
leads to a spatial localization of the hole wave function on the scale of the lattice constant.
This provides k-values for the hole wave function at all boundaries of the Brillouin zone and

thus favors the recombination with electrons at the L-point. A large exciton binding energy
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of 0.6 eV acquired from UV-Vis absorption spectrum supports the picture of defect-related
excitonic transitions. Moreover, this is confirmed by the photoluminescence excitation (PLE)
spectrum monitored at the red peak maximum, which closely follows the excitonic absorption
spectrum of the NCs. Trap mediated carrier recombination brings out thermally activated
behavior in red PL intensity, characterized by a continuous increase in intensity and a red
shift in energetic position as the temperature decreases down to 65 K. An activation energy
of around 56 meV is extracted from the trapped-mediated PL model.

The high-energetic blue PL comes from surface-attached ligands of NCs, which
may be enhanced by plasmonic effects of Ag nanoclusters. PLE detected at the blue
peak maximum testifies that the high-energy blue emission cannot be excited via the strong
exciton resonance of the NCs, but relates to ligands attached on the NC surface-OA and
lecithin as a combination to increase NC stability and monodispersity. It is supported by the
evidence from size-dependent blue emission. Surprisingly, their emission spectrum coincides
exactly with the plasmon resonance of Ag nanoclusters, which are observed on the surface
of the NCs by transmission electron microscopy (TEM) characterization. The blue emission
may be enhanced by the plasmonic effects of these Ag nanoclusters in the vacinity. More
characterization is required in the future for further investigation.

This work unveals the nature of both emission bands in Cs,AgBiClg DP NCs, and high-
lights the critical role of surface chemistry in colloidal Ag-based DP NCs. Colloidal halide
perovskite NCs, especially those within strong/weak quantum confinement regimes, possess
rich surface chemistry—an aspect that remains largely underexplored and underestimated.
The investigation of the interaction between perovskite NCs and surface additives is of vital
importance for improving their optical properties, stability, and optoelectronic application
performance. Cs,AgBiX, DP NCs with broad emission, represent a promising lead-free
alternative for white light LEDs. Even though the emission efficiency for their pure phase is
low, alloying with metallic ions like Na, In ions has been shown to significantly improve the
PL quantum yield.?” Overall, our findings on the optical properties of Cs,AgBiCly NCs are
important to advance the development of silver-based lead-free DP family towards future

optoelectronic applications.
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Appendix

Chemicals

All the reagents were directly used as received without further purification: PbBr, (=98%,
Aldrich), Cs,CO3 (299.99%, Aldrich), methylammonium bromide (MABr, 98%, Aldrich ),
1-octadecene (ODE, 90%, Aldrich), oleylamine (OLA, 80-90%, ACROS), n-Hexane (299%
GC, Carl Roth), oleic acid (OA, 90%, Aldrich), L-ascorbic acid (AA, =99%), methanol (=99%,
Aldrich), ethyl acetate, H,PtClg, silver acetate (Ag(OAc), 99%, Alfa Aesar), bismuth (III) acetate
(Bi(OAc)3, 99%, Thermo Scientific), lecithin (97%, Carl Roth), toluene (99.5%, Sigma-Aldrich),
chlorotrimethylsilane (TMSCI, 99%, Aldrich).

Synthesis of MAPbBr; and CsPbBr; NPIs

In a typical preparation, MABr (0.3 mmol, 33.6 mg) and PbBr, (0.3 mmol, 110.1 mg) were
added into a 30 mL glass vial with 9 mL of OA and 1 mL of OLA. The mixture was treated
by tip sonication at 30 W for 10 min. Then, the reaction was quenched by an ice-water bath
immediately. The synthetic method of CsPbBr; NPIs is similar to that of MAPbBr; NPls.
Cs,CO3 (0.1 mmol, 32.6 mg) was used instead of MABr (0.3 mmol, 33.6 mg). All other steps
remained unchanged.

After synthesis, the crude solution was centrifuged for 5 min at 10 krpm. The supernatant
was discarded, and the precipitate was redispersed in 4 mL of hexane and 8 mL of ethyl
acetate to remove the residual ligands. Then the mixture was centrifuged at 10 krpm for 5
min. The supernatant was discarded, and the precipitate was washed three times with hexane.
Subsequently, the product was dried by Nj.

Synthesis of Cs,AgBiCl; NCs

Specifically, Cs,CO;3 (16.95 mg), Ag(OAc) (17.17 mg), Bi(OAc); (38.85 mg), 1-octadecene (5
mL), and oleic acid (1 mL) were transferred into a three-neck flask (25 mL) and degassed
for 10 minutes. The mixture was heated to 120 °C under a nitrogen atmosphere and kept at
this temperature for 30 minutes. Subsequently, the temperature of the solution was raised
to 145 °C, and lecithin (322 mg) was added. TMSCI (65 pL) was then swiftly injected into
the solution, and the reaction was quenched by an ice-water bath for 30 s. The resulting
product was washed with ethyl acetate as an anti-solvent and centrifuged at 12000 rpm for
4 min. The sediment was then re-dispersed in toluene (2 mL) for further measurement and
storage. To control nanoparticle size, the injection temperature was set to 120, 145, and 160 °C,
individually.
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