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Abstract

The Synthesis and Study of Perovskites in Novel Forms
William Leal

The need for materials which aid in the production of clean energy has risen dramatically
in recent years due to the looming threat of anthropogenic climate change. Perovskites have had a
long history as a known material dating back to the 19" century and have seen an explosion of
interest in the last 13 years as a material with great potential to oppose this threat when employed
in devices for solar energy conversion. From the first perovskite-based photovoltaic to applications
in photocatalysis, light emitting diodes, lasing, scintillation, and more, perovskite research moves
on at a break-neck pace. Lead halide perovskites serve as the focus of much of this research as
they possess unique optoelectronic properties which make them a prime candidate for application

in solar energy conversion.

Though much work has been done to develop direct synthetic methods for producing lead
halide perovskites, these methods offer little morphological variety, and it is well established that
their optoelectronic properties are tied to their structure and morphology. As such, the present
work aims to develop a synthetic procedure whereby CaCO3 microstructures are electrochemically
deposited on a transparent conducting oxide glass substrate and subsequently converted to PbCO3
and then CsPbBrs, resulting in stratified microstructures with a surface layer of CsPbBr3

nanocrystals.

Lead halide perovskites also exhibit poor stability in the presence of moisture, which

results in their degradation to PbX; salts which pose a risk to the environment. Metal halide double

il



perovskites of chemical formula A2BB'Xs have emerged as a lead-free alternative to lead halide
perovskites, possessing a similar structure and comparable electronic properties. This thesis details
the synthesis of CsoNaYbCls as nanocrystals in order to merge the favorable optoelectronic

properties of double perovskites with those associated with nanomaterials.
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Chapter 1: Introduction

1.1 Metal Carbonates

A plethora of metal carbonates can be found in nature either as minerals or as part of ores.
Minerals such as magnesite (MgCOs, trigonal), calcite (CaCOs, trigonal), strontianite (SrCOs,
orthorhombic), witherite (BaCO3, orthorhombic), cerussite (PbCO3, orthorhombic), siderite
(FeCOs, trigonal), and smithsonite (ZnCOs, trigonal) are naturally occurring, each with their own
uses in society.! While mining remains a common practice for extracting these materials, a great
deal of interest in the scientific community has been placed on understanding how they are
produced in nature so that those processes might be synthetically mimicked. To that end,
biomineralization, the generation of minerals by living organisms, is a process that has garnered
much attention as an avenue for achieving this goal. Calcium carbonate, specifically, is a mineral
attracting much attention in this regard as it is made by countless organisms, including humans, in
various morphologies. Calcium carbonate has three naturally occurring crystal structures, calcite
(trigonal), aragonite (orthorhombic), and vaterite (hexagonal), with calcite being the most

thermodynamically stable polymorph and vaterite the least (Figure 1.1).

5 Im

Figure 1.1: Scanning electron micrographs of the three naturally occurring polymorphs of CaCOs,
(A) calcite (trigonal), (B) vaterite (hexagonal), (C) aragonite (orthorhombic).



1.1.1 Formation of Calcium Carbonate in Nature

It is well known that calcium carbonate (CaCO3) is a ubiquitous compound which is
produced on a variety of scales in nature. It is produced by bacteria in bacterial calcium carbonate
precipitation (BCCP) in many different biomes including ocean water and sediments, freshwater,
and soils.>? Calcium carbonate precipitation (CCP) is a process dependent on four key factors:
Ca®" concentration, dissolved inorganic carbon (DIC) concentration, pH, and nucleation site
availability.* The way in which bacteria have been primarily reported to induce BCCP is in
controlling the pH and DIC concentration, either actively or passively, by various physiological
processes, though the exact nature of this process is a subject of intense debate.? >

(a). —

e |

o o ke LS

Figure 1.2: Scanning electron micrographs of (a) the morphology of the cross-section of the shell of
Mpytilus edulis, the blue mussel (A: periostracum, B: oblique prismatic layer, C: normal prismatic
layer, D: nacreous layer). (b) Amplified image of (a) showing the structure of the oblique prismatic
layer (reprinted with permission from ref. 7).

Calcium carbonate is also produced by countless aquatic organisms as a structural

component in shells, spines, claws, scales, and eye lenses. Even different terrestrial organisms



produce it for use in eggshells, inner ears, or as calcium deposits in the case of some plants.® These
larger-scale organisms each possess their own method for producing calcium carbonate for their
different uses, and many of these processes are not yet known, such as how molluscs produce the
two different layers of calcium carbonate in their shells. Mollusc shells are composed almost
exclusively of calcium carbonate, the outer layer being made of calcite, and the inner layer, called
nacre, being made of aragonite (Figure 1.2). Though it is known that switching of the two
polymorphs is controlled by a thin layer of cells called the outer epithelium, the exact way in which
they do so is still unknown.®’ However, this has not prevented scientists from attempting to

synthetically replicate the production of these fascinating materials.

1.1.2 Synthetic Accessibility of Morphologies

Over the years there have been many methods developed for the synthesis of calcium
carbonate in different morphologies. The most rudimentary methods involve crystallization with
the incorporation of ion additives such as Fe**, Mg?', Ni**, Co?", Zn?", and Cu?*' to favour the
formation of a specific polymorph like aragonite.® Other parameters of crystallization can be varied
as well such as temperature and pH. Adding molecules like amino acids has also been explored in
order to synthesize chiral calcium carbonate crystals. Adding macromolecules, such as fatty acids
and stearic acid, has been extensively studied for controlling all aspects of calcium carbonate

growth from crystal nucleus size and growth rate to preferred polymorph formation.’

Electrochemical deposition is a technique which offers many advantages over traditional
crystallization methods. It can be performed in much shorter periods of time, with great
reproducibility and allows for the material to be preferentially deposited directly onto the substrate.
This method also allows for a greater degree of parametric control, where the applied bias or

deposition substrate surface can be varied in addition to conventional parameters of crystal growth
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such as temperature, ion concentration, and pH.!*!! The electrochemical deposition of CaCOs
operates by applying a negative bias across a working electrode, triggering a two-electron

reduction of water as per Equation 1:'

H,0 + 2e~ = H, + OH™ (1)

OH™ + Ca?* + HCO;~ = CaCO; + H,0 (2)

This produces hydroxide ions at the working electrode (cathode) which react with in-solution
HCOs™ ions to form carbonate anions, which subsequently react with Ca*" ions to form CaCO3 on
the electrode surface.!* The morphology of the resultant crystallites can be controlled by varying
parameters of the deposition, for example the presence of Mg?" ions and increased temperature
hindering the growth of calcite and favouring aragonite, or chiral amino acids as additives to
produce chiral calcite microstructures.!? Electrochemical deposition is a powerful tool for
harnessing calcium carbonate’s remarkable ability as a morphological template, which is often

observed in nature.

1.2 Nanomaterials

In recent years a great deal of interest has been shown in the scientific community towards
the synthesis of nanoscale materials. This can be seen in a variety of fields such as electronics,'*
15 solar energy conversion,'6"!8 drug delivery,'” and medical treatment,?® each benefitting from
different aspects of nanomaterials and their various advantages. A material is generally considered
a nanomaterial when it measures 100 nm or less in at least one dimension, such as a nanowire
(1D), nanosheet (2D), or nanoparticle (3D). In the field of solar energy conversion, where there is

a specific focus on the synthesis of photocatalytic materials, their facile and tunable synthesis,



large surface area-to-volume ratio, and tunable optical properties are all advantageous

properties.?!

1.2.1 Synthesis

Nanomaterials can be synthesized by top-down or bottom-up synthetic methods.?">* A top-
down approach entails decomposing or deconstructing a bulk material down to the nanoscale to
obtain a nanomaterial. Bottom-up synthesis, on the other hand, involves a chemical reaction which
produces a nanosized material. Parameters such as reagent concentration, reaction temperature,
addition of reaction-mediating or structure-directing surfactants, and reaction time can all be tuned
to produce a product with a desired physical or structural property. Which approach is best for the
synthesis of a particular nanomaterial is dependent on the material and its intended application. It
has been shown that both bottom-up and top-down synthesis can result in materials nearly
indistinguishable from one another.?>*® In the case of nanocomposite formation, however, bottom-
up synthesis allows the combination of metals like cobalt and bismuth which are immiscible by
other synthetic means.?” Top-down synthesis, on the other hand, can be of great use in cases where

high throughput is needed, such as for the synthesis of graphene quantum dots.?®

1.2.2 Surface Area-to-Volume Ratio

As a material’s dimensions are reduced from the bulk scale to the nanoscale, the surface
area-to-volume ratio of the material increases as the volume of the material decreases by a factor
of 10° while the surface area decreases by a factor of 10%. This is illustrated in Figure 1.3 where a
cube of edge length / =5 cm is compared to 125 cubes with edge length /=1 cm. Both examples
exhibit the same total volume, however the collection of smaller cubes has much more surface area
exposed compared to if they were all put together in a single cube. This makes it so more of the

material is part of a surface and made available for surface interactions, which is beneficial for
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applications such as photocatalysis, a pillar of solar energy conversion. It has been shown that
increased surface area of a material can improve its photocatalytic ability, as more of the material

is exposed to the reaction solution.?’

Volume = 125 cm3 Volume =125 cm?3
Surface Area = 150 cm? Surface Area = 750 cm?

Figure 1.3: Volume and surface area of one cube with

dimensions 5 x 5 x 5 cm vs. 125 cubes with dimensions of
1x1x1cm.

1.2.3 Size-dependent Properties

At the nanoscale, the electronic structure, optical, and magnetic properties of the material
become dependent on particle size, as dictated by the quantum confinement effect. The quantum
confinement effect occurs when the size of a particle approaches the exciton Bohr radius. At this
scale, the continuum of energy levels for an electron confined in the particle becomes discrete,

making it so the solution for the electron energy from Schrodinger’s equation is:

h2n?

= 3)

n T 2mel?

This shows that the electron energy E. is inversely proportional to the particle size L, which

explains why decreasing particle size causes a blue-shift in emission, and results in an increase in
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bandgap energy. This has been shown in previous work and has since been the driving force for
designing new materials or previously existing ones as nanomaterials for use in light-based devices
such as light-emitting diodes (LEDs), photovoltaic cells, and lasers.>**? The size dependence of
these properties enables another method in which a synthesized material can be fine-tuned for its
application. For example, metal halide perovskite nanocrystals (MHP NCs) are a material which
take full advantage of this property by way of controlling the NC size to tune the bandgap energy,
allowing them to span the entire visible spectrum without need for changing the chemical

composition.>?

1.3 Perovskites

Perovskites are a class of semiconducting material with the general chemical formula
ABX3 (A =monovalent cation, B = divalent cation, X = monovalent anion), crystallizing in a cubic
crystal unit cell with BXs corner-sharing octahedra and belonging to the Pm3m space group
(Figure 1.4A).>* Many variations of perovskite exist and do not necessarily follow this strict
definition. Most perovskite materials do not crystallize in a perfect cubic crystal system, often
exhibiting distortions in the network of BXs octahedra as they individually tilt due to differences
in size of the different A, B, and X ions.>* CaTiOs, the first perovskite found in 1839, exhibits
such a distorted cubic structure. However, materials such as these have their BX¢ octahedron
network intact, so they are considered hettotypes (structures similar to the aristotype of a group of
crystal structures but with lower symmetry) of the perovskite aristotype (the structure with the

highest symmetry in a group of crystal structures).>*

Though SrTiO3 (tausonite) is generally
considered to be the perovskite aristotype, it does not crystallize in a perfect cubic perovskite

crystal system.* In fact, that honour belongs to KMgF; (paraschondolaite), one of the few

naturally occurring perovskites, which crystallizes in a perfect cubic crystal system, making it



more suitable for consideration as the perovskite aristotype.’® More extreme instances of
octahedron network distortion lead to orthorhombic or tetragonal perovskite crystal systems
(Figure 1.4B, C).*” Variations of the chemical formula ABX;3 can be made and still qualify as
perovskite structures as well, as in the case of double perovskites (DPs), with chemical formula
A:BB'Xs such as Cs2BiAgCls,*® and vacancy-ordered perovskites in which vacancies replace the

A-and/or B-site cation.>®

Figure 1.4: Cesium lead bromide in its three possible perovskite phases, (A) cubic (ICSD 29073),
(B) orthorhombic (ICSD 97851), and (C) tetragonal (ICSD 109295) with their accompanying head-
on views.

1.3.1 Major Categories of Perovskite

Within the larger family of perovskites, there are several divisions and categories that exist.
The two major categories are halide and oxide perovskites, where X will either be a halide, as in
CsPbBr3, or oxygen, as with CaTiOs, respectively. These categories can be further divided into
metal and non-metal halide/oxide perovskites and divided further still into all-inorganic or hybrid

organic-inorganic. The present work is focused on MHPs as they have been of extreme interest in



the field of solar energy conversion in the last decade due to their excellent optoelectronic

properties.

1.3.2 Hybrid Organic-Inorganic Perovskites

Though perovskite research dates to the 19" century, it was not until the 21° century that
they garnered attention as an outstanding material for various light-based applications. Originally,
perovskite was the name given to CaTiOs3 in 1839 but was later used in 1926 to name the family
of compounds sharing its crystal structure such as BaTiOs, SrTiOs, and BiFeOs.*° These perovskite
oxides, and many more like them, continued to dominate perovskite research throughout the 20
century for their interesting electronic and magnetic properties but did not possess the properties
needed to revolutionize the field of solar energy conversion. This is mainly a product of their
electronic structures resulting in large bandgaps not suitable for harvesting sunlight.*! However,
discoveries are still being made today, as in the case of CaSiO3 (davemaoite) which was just
discovered encased in a diamond which came from the Earth’s lower mantle and bears importance
as a mineral which helps influence the heat budget of the deep mantle.** Furthermore, a branch of
perovskite oxide research has taken on adapting these materials to make them suitable for solar

energy conversion applications like photocatalytic CO> reduction.*?

MHPs can trace their discovery to 1893 with the first synthesis of CsPbX3,* but weren’t
classified as materials with perovskite structure until 1957,* and it was not until 1978 that the first
hybrid organic-inorganic perovskites, CH;NH3MX3 (M = Pb, Sn, X = Br, I), were synthesized.**-
47 Only in 2009, however, was the light-harnessing potential of halide perovskites truly unlocked
in the first reported perovskite-based photovoltaic device.*® CH3;NH3PbX3 has since led the charge
in pushing perovskite science to new heights as a high-performing semiconducting material with
excellent optoelectronic properties. Hybrid halide perovskites boast electronic structures that result
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in long charge carrier diffusion lengths, low exciton binding energies, strong light absorption in
the visible light regime, and tunable bandgap energies.*’ They are also solution-processable and
can be made from inexpensive materials. Current top iterations of the hybrid organic-inorganic
MHP contain A-site organic cations that are either methylammonium (CH3NH3;", MA) or
formamidinium (CHN,H4", FA) and Pb as the B-site metal cation (although much research is done

with Sn and Ge as the B-site cation as well).3* 30-33

Though these materials have been at the forefront of perovskite research towards
application in light-based processes, they suffer from poor stability, both intrinsic and extrinsic.
Perovskites are prone to ion migration, which can contribute to deterioration of the crystal structure
and, subsequently, the material’s optoelectronic properties.’* Even more serious is the issue of
poor stability in the presence of ambient heat and humidity, whereby a degradation pathway is
triggered resulting in insoluble PbX», posing a serious environmental hazard.>*>>” This has driven
scientists to focus efforts on circumventing these issues, either by stabilizing the material, such as

with the use of passivating capping groups, or by synthesizing new, lead-free perovskites.

1.3.3 All-inorganic Metal Halide Perovskites

Much like their hybrid counterparts, all-inorganic perovskites are a material that, despite
being known for many years, only saw a surge of interest in the last decade. This surge was
intensified when Protesescu et al. reported the first synthesis of CsPbX3 colloidal nanocrystals.*?
This study was of monumental importance not only for having shown that the material’s bandgap
energy could be tuned to span the entire visible light regime, but for developing a synthesis
resulting in colloidally stable all-inorganic MHP NCs which would be adapted for synthesizing

many other such materials.’3

10



One of the reasons for the recent popularity of these materials is their improved stability
over that of hybrid organic-inorganic perovskites. All-inorganic perovskites have a large metal
cation (e.g., Cs") as their A-site cation which is less solvated by water than the weakly bonded
organic A-site cations, such as MA and FA, used in hybrid perovskites. This improved stability,
coupled with the fact that all-inorganic halide perovskites have comparable electronic properties
to their hybrid counterparts, especially CsPbX3, makes them a viable replacement for use in solar

energy conversion over hybrid perovskites.

1.3.4 Optoelectronic Properties

MHPs possess desirable optoelectronic properties as semiconductors. One of their defining
properties is their high light absorption cross-section, which, in addition to generally possessing a
direct bandgap, is due to the nature of the transition at the band edge. This transition arising from
the halide p-orbital to the metal p-orbital enhances the optical absorption, as p-orbitals exhibit less
dispersion than s-orbitals which is reported as resulting in a larger joint density of states (JDOS).*
As such, better overlap between the halide and metal p-orbitals results in increased absorption, and
the overlap is dependent on the B-X-B bond angle in the crystal structure of the material. An angle
of 8 = 180° results in a perfect cubic structure, and optimal orbital overlap resulting in improved
electronic properties.’” As this angle decreases, the BX¢ octahedra tilt to the detriment of the orbital
overlap and, subsequently, the material’s electronic properties. This contributes to the crystal
structure of the material going from cubic to orthorhombic to tetragonal, however these are still

considered perovskite phases as the octahedron network is still intact,>*

though now at a sub-
optimal angle . It is interesting to note that the A-site cation does not directly impact the material’s
electronic properties but, rather, can cause octahedron tilting due to its size and how it fits into the

crystal lattice.?” ¢!
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Figure 1.5: M-X-M bond angle 8 in metal halide perovskite with (A) cubic, (B) orthorhombic, and
(C) tetragonal crystal unit cell.

Other electronic properties for which MHPs are celebrated, such as long charge carrier
diffusion lengths and low exciton binding energy, arise partially due to their rare tolerance to
forming electronic defects. These defects can occur as vacancies in the crystal lattice or Schottky-
type defects and can create defect energy levels which can interfere with the material’s electronic
transitions and properties.®? In the case of MHPs, their tolerance to such defects lies in the fact that
these energy levels generally reside in the valence or conduction band, preserving the nature of the
bandgap.®* Though this is noted as a tolerance and not an immunity, it does result in MHPs being
a very electronically robust material. However, this has not stopped scientists from attempting to
improve the defect tolerance further still, i.e., via the incorporation of organic capping groups on
the surface to passivate the material and render it less susceptible to the generation of defects. This
is typically done using pairs of long chain organic like oleylamine and oleic acid, which enter an
equilibrium in solution to form a positively and negatively charged group, respectively.’® &
However, work is being done to ascertain new molecules which can more effectively perform this

task and even potentially enhance the base material’s electronic properties.®>-¢’
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1.3.5 Tunable Bandgap

One of the strengths that MHPs have is their tunable bandgap which renders them a very
versatile material. It was shown in the pioneering work done by Protesescu et al. that all-inorganic
MHPs could be synthesized in such a way that their bandgap energy could be tuned to any point
in the visible light regime (Figure 1.6).3* This was done not only by demonstrating the synthesis
for the three different halides, CsPbX3 (X = Cl, Br, I), but also for mixed halide perovskites,
CsPb(CI/Br); and CsPb(Br/I);. In adjusting the ratio of halide precursors, PbX>, when performing
the synthesis, one can tune the photoluminescence (PL) of the material to any part of the visible

spectrum.

CsPb(CI/Br), il
CsPbBr,
A CsPbBr,
-
o
= CsPb(Br/Cl),
S
=
CsPbCl,
_'Ah I I I I I | I
400 450 500 550 600 650 700 750 300 500 700
Wavelength (nm) Wavelength (nm)

Figure 1.6: Colloidal perovskite CsPbX3; NCs (X = Cl, Br, I) exhibit size- and composition-tunable bandgap
energies covering the entire visible spectral region with narrow and bright emission: (a) colloidal solutions in
toluene under UV lamp (A = 365 nm); (b) representative PL spectra (Aex = 400 nm for all but 350 nm for
CsPbCl; samples); (c) typical optical absorption and PL spectra (reprinted with permission from ref. 33).

Later work done by Akkerman et al. and Nedelcu et al. showed that post-synthetic

modification of the MHP NC chemical composition was a possibility as well by exposing their
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synthesized CsPbX3 NCs to a variety of halide-containing reagents.®®% Reagents of note were
oleylammonium halides (OLAM-X), lead halide salts (PbX>), octadecylammonium halide (ODA-
X), and tetrabutylammonium halide (TBA-X). The latter three saw lesser degrees of anion
exchange, with PbX> and ODA-X taking much longer to perform the exchange due to their
insolubility, and TBA-X only working to exchange Br™ and I for CI™ and Br", respectively, but
not the inverse. OLAM-X, however, proved to be very effective in converting the NCs in a matter
of seconds. The conversion was even performed by mixing MHP NCs of different halides to obtain
mixed halide perovskites. The ratios here, too, could be adjusted to control the resulting ratio of

the solid solution material.

1.3.6 Limitations

Aside from the underlying issue of perovskite stability discussed in Section 1.3.3, MHPs
have another shortcoming in that they offer little morphological variety. NCs have been shown to
be synthesized as nanocubes, nanosheets/platelets, or nanorods but offer little else in the way of
morphology despite their facile and direct synthesis.”’”! This is true in the bulk scale as well,
where MHPs have been shown to only crystallize in a handful of morphologies,”>”* and this
presents one avenue of research which might result in further tuning the properties of this already

versatile material for use in applications such as photocatalysis for solar energy conversion.

1.4 Double Perovskites

While an “ideal” definition of a perovskite does exist, there are many different materials
that fall into this broad category of semiconductor. Double perovskites (DPs) are one such material
that has also garnered much interest in recent years. As perovskites have the general chemical

formula ABX3, doubling this formula results in a chemical formula of A>2B»Xe. This, of course, is
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aredundant action; however, upon substituting the divalent B-cation for a monovalent and trivalent
cation, B and B' respectively, one is left with a chemical formula of A;BB'X¢, hence the name

double perovskite (Figure 1.7).

ABX,

Figure 1.7: Comparison of crystal structures of single metal halide perovskite with chemical formula
ABX3 to metal halide double perovskite with chemical formula ABB'Xs. Comparison is specifically
made between CsPbBr3; and Cs;NaYbCle (ICSD 50362).

The B-site cation of single MHPs is generally divalent and of a certain size, and of the
potential candidates which fill these criteria, lead has by far been the most successful. However,
this poses environmental risks upon their degradation to PbX>, and DPs are a fine candidate for
circumventing this problem. As the B-site cations in DPs do not necessarily need to both be

divalent, but rather can be mono- and trivalent, the door is opened to many different cations being

used instead of lead, rendering DPs an effective approach to developing lead-free MHPs.

1.4.1 The History of Elpasolites
Much like perovskites themselves, DPs have seen an explosion of interest in the last decade

despite being known since the discovery of KoNaAlFs, elpasolite, in 1883.737° As this discovery
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predated the discovery of X-ray diffraction, the structure of elpasolite remained a mystery until
1932.77 The first reported synthesis of a DP, Cs:Au'Au''Cls, was performed in 1922, with its
crystal structure being determined in 1938.7%7 Further DP research until the 1970s was mainly
focused on discovery and structural analysis of new materials, many of which contained
lanthanides.®*-*? This investigation shifted towards the electronic and magnetic properties of these

lanthanide-containing DPs, 8383

as well as the generation of luminescent materials via doping of
lanthanides and transition metals.®®® This, as well as the study of mixed valency in materials such
as Cs:BAUX (B = Ag!, Aul, X = CI, Br, 1) dominated DP research until the 21 century
when, in 2014, Cs2Snls was reported for use as a hole transport material (HTM) in a photovoltaic
device.”! Though this material was not reported as being a DP, it spurred computational studies
investigating the potential of DPs as inherently photoactive materials.”?* This culminated in the
reported synthesis of Cs2AgBiXes (X = CI and/or Br) in 2016 by three independent groups,®: %3
which has since caused a cascade of research into different DPs for various applications such as
upconversion, X-ray detection, photovoltaic devices and photocatalysis.”’1® Recently, DP
research has taken the form of double perovskite nanocrystal (DP NC) synthesis,!?!"1% as NCs
often have simple and effective synthetic procedures and result in solution processable particles.

They can also take advantage of quantum effects at the nanoscale size regime to further tune the

properties of the material.

1.4.2 Electronic Structure: Single Perovskite vs. Double Perovskite

As previously discussed (Section 1.3.4), the electronic structure of single perovskites is
primarily determined based on the nature of the BX¢ octahedron network. As such, there is little
variety present in the lead halide perovskites (CsPbX3, MAPbX3, FAPbX3) as they all share the

same B-site cation. The A-site cation can play a role in distorting the octahedral network, thus
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affecting the electronic structure, and which halide (or mixture of halides) is present will of course
affect the structure by changing the nature of the BXs octahedra. However, this all results in a
limited variety of electronic structures possible. Being composed of two B-site cations of different
valence, DPs contain two different BXs octahedra in their crystal structure, and their electronic
structure is a result of the combination of both those octahedra.!® As the B-site cations can also
be much more varied in DPs as opposed to single perovskites, this results in a myriad of possible
electronic structures. The band-edge optical absorption of single MHPs is a transition from the
halide p-orbital to the Pb p-orbital and can be considered as a ligand-to-metal charge transfer
(LMCT), and often results in a direct band gap.!%>-1% The same cannot be said for DPs as the band-
edge transition is often a metal-to-metal charge transfer (MMCT),!%* and thus relies on the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the BXs
and B'X¢ octahedra. Selection of the B and B' cations can, therefore, result in a small, large, direct,
or indirect bandgap, making DPs a much more flexible material as their electronic structure can
be much more freely modified than single perovskites.!” However, this causes some of the main
weaknesses of DPs as well, namely their often-low quantum yields resulting from indirect
bandgaps.!%!!! This, however, can be mitigated by alloying or doping, which both involve the
inclusion of foreign atoms. Alloying includes a stoichiometric amount of impurity, as in
Cs2Ag(Bii«Tlx)Brs,' >3 which can change the electronic structure of the material as in Figure
1.8. As Bi** is replaced by TI**, the Bi 6s character decreases and the Tl 6s character increases,
causing the bandgap to change from indirect to direct. In the instance of doping, a small amount
of impurity, on the order of 1-2 atom% or less, is included in the crystal structure which can

introduce new energy states and potentially improve the material’s electronic properties.!!+1!3
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Figure 1.8: Schematic band diagram showing the change in electronic structure over the
composition range of the Cs,Ag(Bii«Tl)Brs solid solution. The bands or portions of
bands that change upon alloying are colored. The red and blue lines correspond to the
bands of Cs,AgBiBrs and Cs;AgTIBrs, respectively, while purple shows an intermediate
composition. Horizontal dashed black lines show the approximate energies of the isolated
molecular orbitals (reprinted with permission from ref. 113)

1.5 Goals and Scope

The proceeding chapters will discuss the synthesis of MHPs in novel forms. Chapter 2 will
discuss the electrochemical deposition of CaCO3 microstructures and their subsequent conversion
via ion-exchange reactions to CsPbBr3. Focus is placed on the exact nature of the final product and
the mechanism though which it is formed. Chapter 3 details the synthesis of CsxNaYbCls
nanocrystals via hot injection method. Despite being a known material, Cs2NaYbCls has yet to be
reported as being synthesized in nanocrystal form, and its properties as a photoactive material are

herein explored.
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Chapter 2: Conversion of Electrochemically
Deposited Aragonite Crystallites to Perovskite

through In Situ lon Exchange

Metal-halide perovskites (MHPs) are a class of crystalline materials typically adopting a cubic
or orthorhombic crystal system and a chemical formula ABX3 (A, B = cations, X = halide) where
the A cation resides in a hole formed from eight corner-sharing BX¢ octahedra. They have garnered
much interest in the field of solar energy conversion due to their unique optoelectronic properties,
including low exciton binding energy, long charge carrier diffusion distances, and tunable band
gaps.!!¢11® These properties make them candidates for many light-based processes and devices,
including as catalysts in chemical transformations (not limited to solar fuels generation),'” and as
active layers in photovoltaics, light-emitting diodes, and radiation detectors.'?%126 It is now well
established that the optoelectronic properties of MHPs are strongly dependent on their structural
and morphological dimensionality. Many of these properties are crucial to the design and
implementation of solar energy conversion architectures (e.g., active layers in photovoltaics) and
include variations in directional transport of charge carriers, reduction of exciton recombination,
and decreasing the number of trap states.'?” Recently, a wide range of MHP nanocrystal (NC)
morphologies have been reported (nanowires, nanorods, nanosheets, etc.) and these typically
exhibit bulk (3D) or quantum-confined (2D or 0D) properties. Developing synthetic methods to
preferentially prepare specific morphologies remains an important avenue of research and coupling
the properties of ensembles of the nanomaterials in microscale architectures is of additional interest

(as evidenced in recent reports of MHP NC superlattices).!?8
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Hybrid organic-inorganic perovskites (where the A-site cation is organic) are of great interest
for their superior optoelectronic properties. Their use in photovoltaic devices has been pivotal in
pushing the efficiencies of these devices to unprecedented levels, competitive with those observed
in commercial crystalline silicon devices,'?® but one of their main challenges is reflected in their
poor stability (particularly with respect to heat and ambient humidity).’>>” All-inorganic
perovskites (where the A-site cation is inorganic), such as those based on cesium, lead, and halide
ions, however, are expected to be more stable (presumably due to the elimination of comparatively
weakly bonded organic ions) while still being a versatile and tunable material, thus making them
of great interest for solar energy conversion.>>>% 13 Many procedures exist for direct synthesis of
different perovskite active layers for solar energy conversion,'?* 1*1-132 byt often these methods
limit the degree of control over the morphologies that can be prepared.!3* Target morphologies are
dictated by the desired application of the material; high quality crystalline layers with fused grain
boundaries for light-emitting or solar electricity applications versus shape and preferentially

oriented, high surface area crystallites or particles for photocatalysis applications.!!

Calcium carbonate is a material that is found with varied morphology in nature, and most
typically as the thermodynamically stable calcite or aragonite and metastable vaterite polymorphs.
Many of these, and modifications of their arrangements, are accessible via bioinspired
(biomineralization) syntheses.!** One such method is electrochemical deposition, where an applied
bias initiates CaCO3 deposition at a working electrode.'? This method affords control over
morphology and chirality through additives in the deposition solution, and typically results in the
generation of nano- to microstructures on the electrode surface.'? In this process, a potential is
applied across an aqueous solution of sodium bicarbonate and a calcium feedstock such that

electrons flow from the cathode into the solution and partially split water into H, and OH ™ ions.!?
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The resulting hydroxide ions can then deprotonate bicarbonate to yield water, leaving the resulting
carbonate to react with calcium cations to produce calcium carbonate. If additives are present in
the deposition solution, they may be incorporated into the crystal lattice as the deposition proceeds;
as they do, they can inhibit or promote the growth of certain crystal facets, thus causing different
morphologies to form. The nature of the final structure is dependent on the identity and action of
the additives themselves, where the addition of magnesium cations has previously been found to
yield rosette aragonite structures while organic acids yield “barrel-like” structures.'> '3° This
former behavior is based on the known relationship between the Mg/Ca ratio and temperature on

calcium carbonate precipitation in sea water. '
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Scheme 2.1. Electrochemical deposition and
ion-exchange conversion protocol for the
calcium carbonates described in this work.
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The conversion of carbonates to hybrid organic-inorganic perovskites with retention of crystal
structure has been previously reported using in situ ion-exchange reactions to convert barium,
strontium, and calcium carbonates to methylammonium lead halide perovskite on a SiO»
scaffold.!3* The present work aims to synthesize all-inorganic cesium lead halide (CsPbX3, X =
Br, Cl, 1) perovskite through electrochemical deposition of aragonite calcium carbonate CaCO3
microstructures and subsequent conversion via ion-exchange (to PbCO3 and finally the target

MHP) with retention of hitherto inaccessible microstructure crystal morphology (Scheme 1).

2.1 Experimental

2.1.1 Materials

Reagents for the electrochemical deposition and conversion of calcium carbonate, sodium
bicarbonate (NaHCO3, ACP Chemicals Inc.), calcium chloride dihydrate (CaCl2-2H20, Fisher),
lead nitrate [Pb(NOs3)2, Fisher], cesium bromide (CsBr, Alfa Aesar), magnesium chloride (MgCla,
Alfa Aesar), methanol (99.8%, ACP) were used as received. The working electrode substrate used
for deposition, fluorine-doped tin oxide (FTO) coated glass (Sigma-Aldrich), was cleaned through
sequential three-fold sonication in soap solution (Sparkleen laboratory detergent for manual

washing, Fisher), distilled water, and acetone (99.5%, Fisher) prior to use.

2.1.2 General Methods

All characterization methods, unless otherwise specified, were performed with the sample kept
on the original FTO substrate on which it was deposited and/or converted. The microstructures on
FTO were first imaged with optical microscopy using a Leitz Laborlux 11 Pol S microscope with

a color Axiocam 105. Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker
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D8 Advance (Bruker AXS, Madison, WI, USA) equipped with CuKa X-ray source (wavelength,
L = 1.54 A, radiation operating at 40 kV and 40 mA), a LYNXEYE linear position sensitive
detector (Bruker AXS, Madison, WI) and a nickel filter. Data was collected using a
continuous coupled 0/20 scan in the 20-range of 20-60 ° with an integration time of 0.2 seconds
and step size of 0.02 °. Samples were analyzed by placing the sample slide on a zero-background
silicon wafer and being manually brought to the scanning height with a raised platform. This
arrangement prevented the rotation of the sample. Scanning electron microscopy (SEM) and
elemental analysis by energy dispersive X-ray spectroscopy (EDS) were performed on an SEM
FEG JSM-7600TFE field-emission scanning electron microscope (JEOL), with X-Max 80 SDD
EDS detector (Oxford). Micrographs were obtained with an acceleration voltage of 5-10 keV, and
elemental analysis was carried out with an acceleration voltage of 15 keV. Solid state emission
was measured using a PTI QuantaMaster 8075 spectrofluorometer (Horiba) equipped with a 75 W
Xe lamp shining through a Czerny-Turner monochromator (Aex = 365 nm) and a slide holder
accessory positioned at 120 °. Samples were scanned with a step size of 1 nm and an integration
time of 1 second. Diffuse reflectance spectroscopy (DRS) was performed using a Cary6000i
spectrophotometer (Agilent) equipped with an integrating sphere. Fluorescence microscopy
images and supporting videos were captured at 60x magnification on a Nikon Ti microscope
equipped with a 60x (NA1.45) lens, and Photometrics Prime BSI camera; crystallites were
illuminated with a 488 nm laser, and an appropriate filter cube (excitation: 488/10 nm, emission:
500-575 nm). Due to the high NA of the 60x lens, samples were required to be suspended in LDF
Oil (R.I 1.515, 700 cSt viscosity), and covered by a #1.5 coverslip. Inductively coupled plasma
mass spectrometry (ICP-MS) analysis was done using an Agilent 7500ce (Agilent). Br, Ca, Cs and

Pb standards were mixed and diluted with 0.06% HCI. The calibration curves were established

23



using the standard solutions at concentrations of 0, 0.05, 0.1, 1, and 10 ppm. Samples were run as
individual batches after having been digested in 0.06% HCI. High resolution transmission electron
microscopy (HR-TEM) was done using a Talos L120C TEM (Fisher) in bright field, with an
accelerating voltage of 120 kV. Samples were scraped off their FTO substrate with a razor blade,
suspended in hexanes, and sonicated for 10 minutes before being deposited on 300 mesh Au TEM
grids with ultrathin carbon film on lacey carbon support film (Ted Pella). Auger electron
spectroscopy was performed using a JEOL JAMP-30 Auger scanning electron microscope with an
accelerating voltage of 3-10 keV. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) spectra were collected using a Nicolet 6700 FTIR with diffuse reflectance Smart

Collector accessory (Fisher).

2.1.3 General Deposition Procedure

The electrochemical deposition of calcium carbonate was performed by first preparing a 100 mL
aqueous reaction mixture in a 100 mL volumetric flask containing 59.6 mg of NaHCOs (7.10 mM),
60.3 mg of CaCl>:2H,0 (4.10 mM), and 61.2 mg of MgCl, (6.40 mM, for a general reaction
scheme see Appendix Figure Al). The reaction mixture was loaded into a 100 mL beaker, and
argon was bubbled through the solution for 1 hour, after which the solution was heated to 45 °C.
Once this temperature was reached, bulk electrolysis was performed using a bipotentiostat
(WaveDriver 20, Pine Research Instrumentation Inc.) with an applied potential of —1.1 V (vs.
Ag/AgCl), with a platinum wire counter electrode and FTO working electrode, for 1 hour. Upon

completion, the deposited film on FTO was rinsed with distilled water and left to air dry.
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2.1.4 General Conversion Procedure

This conversion was performed in two separate steps. The first involved the conversion of the
CaCOs to PbCO:s, followed by the second step where PbCO3 from the first step was exposed to a
solution of CsBr. The conversion of electrochemically deposited CaCO3 to PbCO3 was performed
by first preparing an aqueous solution of Pb(NO3) (25 mL, 3.0 mM). This solution was transferred
to a plastic 50 mL centrifuge tube and was sparged with argon for 1 hour, followed by insertion of
the CaCO3 FTO film under an Ar atmosphere. The FTO was left in the solution for 2 hours, after
which it was removed, rinsed with distilled water, and left to airdry. The second step of the
conversion process to transform PbCOj to perovskite was carried out by first preparing a solution
of CsBr (50 mL, 7.09 mM) in methanol. The PbCO3 FTO was held in the solution by forceps for
30 seconds with stirring. At the end of the conversion period, the FTO was removed from the
solution, rinsed with methanol, and left to air dry. The resulting FTO was kept in a desiccator (over

CaSQq) to preserve the quality of the perovskite material.

2.1.5 Synthesis of OLAM-X

OLAM-CI1 was synthesized by first adding 100 mL ethanol 99 % and OLAM (70 %, 18.0 mL, 38.0
mmol) to a round-bottom flask with a magnetic stir bar. The solution was placed in an ice bath
with vigorous stirring (~1000 rpm) and put under N> inert atmosphere. HCI (12 M, 6.30 mL, 76.0
mmol) was slowly added to the reaction solution and the solution was left stirring overnight. Once
complete, the product was isolated by rotary evaporation, leaving behind a gum-like substance.
The product was washed with minimal amounts of diethyl ether and vacuum filtered. The resulting
waxy white product was dried in a vacuum oven at 80 °C overnight before further use. Synthesis

of OLAM-I was performed by adding > (12.94 mg, 1.700 mmol) and OLAM (70 %, 2.55 mL,
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5.43 mmol) to a scintillation vial with a magnetic stir bar. The solution was left stirring overnight,

resulting in a thick, dark-coloured paste which was used as-is for ion exchange reactions.

2.1.6 General Anion-exchange Procedure

For the anion-exchange of CsPbBr3 to CsPbCl; or CsPblz, OLAM-CI (40.0 mg) or OLAM-I (200.0
mg) were added to a scintillation vial and dissolved in 10 mL of toluene, respectively. The CsPbBr3
sample to be converted was deposited in the vial making sure the face containing the
microstructures was not face-down at the bottom of the vial. The reaction vessel was placed on an
orbital shaker plate for 1 minute or 1 hour. Once the time had elapsed, the sample slide was
removed from the conversion solution with tweezers, rinsed with toluene, and left to air-dry before

being stored in a clean scintillation vial and characterized.

2.2 Results & Discussion

Electrochemical deposition of CaCOs using a modified literature procedure!? from an aqueous
solution of NaHCOs3 (7.10 mM), CaCl,-2H>0O (4.10 mM), and MgCl> (6.40 mM) at 45 °C results
in dendritic microstructures of CaCOs3 (as observed by light optical microscopy, Figure 2.1A).
Microstructures were deposited for 1, 5, 10, 30, and 60 minutes and exhibit different morphologies
between each stage of crystallite growth via optical microscopy (Figure A2). Powder X-ray
diffraction (PXRD) patterns were recorded for each of these growth stages and it was observed
that the crystallites deposited appear amorphous at low deposition times, gradually growing and
more closely resembling the expected aragonite structure with prolonged deposition time (Figure
A2).137138 Samples produced by 60 minute deposition were deemed the most suitable for further

reaction as they most resembled aragonite as determined by PXRD.
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Upon exposure to an aqueous Pb(NOs), solution, optical microscopy shows that the
microstructures retain their morphology but appear less visibly transparent (Figure 2.1B), and,
once converted in the final conversion step to CsPbBr; by exposure to a solution of CsBr in
methanol, show no discernable change in appearance, once again retaining microstructure
morphology (Figure 2.1C). Scanning electron microscopy (SEM) shows that the CaCOs
microstructures are deposited with sizes on the order of 10-50 um in length (Figure 2.1D). On
conversion to PbCOs, SEM shows that, while the microstructure morphology is maintained, the
microstructures gain a textured surface (Figure 2.1E). The microstructure surface initially appears
as a smooth collection of fused rods or needles prior to exposure to the lead solution (Figure 2.1D),
whereas on conversion, qualitatively, it appears as though most visible surfaces have fissured
(Figure 2.1E). We anticipate that this change in surface texture is the result of the formation of
cerussite in the interface-mediated dissolution of CaCOj3 and precipitation of PbCO3.!'*

A recent study by Kim et al. provided insight into this conversion process for all three
polymorphs of CaCOs; and found that the mechanism is one of interface-mediated
dissolution/recrystallization in acidic solution.'**14> All three polymorphs showed the capacity to
undergo the conversion, but with different efficacies dictated by solubility constant, dissolution
rate, crystal habit, and surface areas of the initial microstructures. Vaterite and aragonite, growing
in polycrystalline aggregates, possess higher surface area than euhedral single crystal
microstructures of calcite, causing faster dissolution on exposure to an acidic solution. This leads
to a faster reaction of COs> ions with aqueous Pb*" ions, leading to preferential formation of
PbCOs. Vaterite was found to have a larger dissolution rate than aragonite, so that the CaCOs
microstructure would dissolve more quickly than PbCO3 could form, leaving a large void between

the two layers. Alternatively, in aragonite, the dissolution rate and rate of PbCOj3 precipitation are
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equivalent, making it so the void at the interface between the two materials is much smaller,
creating a more tightly layered composite. This causes the resulting PbCO3 formed over the initial
CaCOs3 microstructure to precipitate in much the same morphology as the layer beneath, effectively
allowing for the retention of crystal morphology, though causing the change in surface texture and
apparent reduction in transparency (Figures 2.1B, E).!* It is anticipated that this type of cerussite
shell may be porous, allowing Pb*" ions in solution to migrate to the CaCO3/PbCOs interface to
continue the process of conversion to PbCO3.!**- 143 The pH of the Pb(NO3), conversion solution
in the present work was measured and was found to be acidic with an average pH of 3.92, hence,

we propose that the conversion process proceeds by the same mechanism outlined above.

Upon conversion to the anticipated final perovskite product (Figure 2.1F) the microstructure
surface appears to be damaged while maintaining the overall microstructure morphology. This
change may be brought about by the same process where the surface of the microstructure partially
dissolves (on extraction of Pb?") and reacts with the ions present in solution to produce a surface
layer of CsPbBr3, causing a change in surface texture while retaining overall microstructure

morphology.
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Figure 2.1. Optical micrographs of (A) CaCOs; grown as aragonite, (B) microstructures after
conversion to PbCOs3, and (C) microstructures after conversion to CsPbBr3 taken at 50x
magnification with (D-F) corresponding scanning electron micrographs. All samples were
analyzed on the FTO substrate on which they were originally deposited and converted.

PXRD patterns were collected of the substrate fluorine-doped tin oxide (FTO) and the resultant
material at each step of the deposition and conversion processes (Figure 2.2A). We note that the
reflections at 260 = 26.4°, 33.6°, and 37.6° present in the collected patterns are characteristic of the
substrate FTO, as denoted by the black lines aligned with the same reflections in the pattern of the
blank substrate FTO. The patterns collected for CaCO3 and PbCOs resulting from electrochemical
deposition and conversion, respectively, match the simulated patterns for their respective naturally
occurring orthorhombic polymorphs, aragonite and cerussite. Despite repeated attempts across
many samples prepared under varying conditions, the collected pattern of the final conversion
product does not match the simulated pattern for cubic perovskite CsPbBrs3, but rather that of
cerussite. This may indicate that the conversion to CsPbBr3 does not permeate the entire

microstructure but rather a thin surface layer.
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These findings were confirmed by SEM energy dispersive X-ray spectroscopy (EDS,
Figure 2.2B). Spectra were collected after deposition and at each conversion step, and while those
of CaCOs; and PbCOs3 adhered to expectations, CsPbBr3 did not. The former showed peaks
characteristic of Ca and Pb, respectively, along with C and O and atomic percentages close to the
expected M:C:O ratio of 1:1:3 (M = Ca or Pb). As for the latter CsPbBr3, while peaks for Pb, Cs,
and Br were present, there were also peaks characteristic of C, O, and Ca. The atomic percentages
collected also show Cs and Br in much lower amounts than are expected, exhibiting a Cs:Pb:Br
ratio of 1:2.8:1.1 rather than the expected 1:1:3 (Table Al). However, SEM-EDS mapping data
confirm the presence of Cs and Br in the general confines of the microstructure (Figure A3).
Similarly, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS, Figure A4)
confirms the presence of carbonates of both Pb*" and Ca**. Modes at 712, 850, 1082, 1500, and
1787 cm! were observed for CaCOs, and these same bands were observed in PbCOs3 samples along
with a set of slightly shifted corresponding peaks (A = 42 cm™), signifying the presence of both
CaCO; and PbCOs in the PbCO; microstructures. No modes, or the disappearance of existing

modes, attributable to the formation of CsPbBr3 were observed.
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Figure 2.2. (A) Powder X-ray diffraction patterns of samples after deposition and ion exchange
reactions with corresponding simulated patterns (CaCO3z ICSD 157993, PbCO3 ICSD 6178,
CsPbBr; ICSD 29073). (B) Energy dispersive X-ray spectra of CaCOs after deposition, and
PbCO3 and CsPbBr3 after respective conversion steps. (C) Diffuse Reflectance UV-Vis and
photoluminescence (PL, Aex = 365 nm) spectra of CsPbBr3; microstructures in the solid state on
FTO slides (inset images of sample in visible and Aex = 365 nm UV light).

These techniques lack surface sensitivity, so Auger electron spectroscopy (AES) was used to
analyze the chemical composition of the microstructure surface. Despite a high degree of sample
degradation, peaks corresponding to Cs, Br, as well as Pb were observed along with C and O
(Figure AS) correlating to our data from SEM-EDS. Analysis of SEM micrographs taken in the
secondary electron scanning mode of a broken microstructure reveal a difference in chemical
composition between the surface and interior of the microstructures (Figure A6). Spot SEM-EDS
analysis of the surface and exposed interior show different chemical compositions where the

former correlates to our earlier SEM-EDS findings, while the latter much more closely resembles

CaCOs; in composition (Figures 2.2B, A4). Taken together, these results support that each
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conversion process does not permeate the microstructures completely, but rather up to an
unspecified depth within the microstructure.

The photoluminescence (PL) of the fully converted product was measured in the solid state on
the FTO substrate. An emission peak was found to be centered around 517 nm (Figure 2.2C),
matching values reported for CsPbBr3 perovskite nanocrystals (PNCs, ca. 500-520 nm, Figure
A7)33 144195 rather than matching the emission maximum of CsPbBr3; microstructures (ca. 530-550
nm).”> 7 146 The absorbance of this material was measured via diffuse reflectance UV-Vis
spectroscopy (DRS, Figure 2.2C). An optical bandgap energy of 2.36 eV was determined
correlating to values reported for CsPbBr3 PNCs rather than microstructures, > 7% 74 144-146

Fluorescence microscopy (FM) was employed to visualize the microstructures upon full
conversion to determine the extent to which the microstructure surface was converted to
perovskite. Figure 2.3A shows that photoluminescence is observed from the entire profile of the
microstructures, qualitatively showing that most of the microstructure surface is converted.
Different emission intensities were observed between microstructures and within the confines of
individual microstructures. A video recording taken during the FM experiment scanning a small
area of the sample shows that these regions of different emission intensity on individual
microstructures exhibit fluorescence blinking (Supporting Video 1), a phenomenon observed
previously in CsPbBr; PNCs but typically not microstructures.'> 147148 Flyorescence blinking is
a phenomenon that is attributed to the Auger-ionization of single nanocrystals, whereby electrons
are ejected from the particle and subsequent excitons relax non-radiatively to the ground state,
leaving the positively charged particle non-emissive until it is neutralized.'*-!! Figure 2.3B is a
high-contrast image showing the brightest points of fluorescence blinking on some of the sample

microstructures. These points are below the resolution of the instrument (308 nm) and thus in the

32



nanoscale size regime. These data, taken together with the electron microscopy and PXRD data,
suggest that the final conversion step results in a thin surface layer of CsPbBr3 nanocrystals. This
nanocrystalline layer may arise because of the dissolution of PbCOs in the surface facets and
subsequent or concomitant rapid formation of CsPbBr; nanoparticles on the microstructure

surface.

Figure 2.3. (A) Fluorescence microscopy image of crystallites after conversion to CsPbBr3. (B)
Photoblinking is observed in areas of higher contrast. (Aex = 488 nm)

We employed inductively coupled plasma mass spectrometry (ICP-MS) to better determine a
chemical composition of the fully converted microstructures (Table A2). On digestion of the
surface bound structure in HCI, Br and Cs were found in appreciable amounts in the samples
analyzed, and a molar ratio of Cs:Br was calculated for each sample. Of the four samples analyzed
(each sample being its own batch), two samples demonstrated a ratio of approximately 2.9,
representing the expected stoichiometry of CsPbBr3, while two samples analyzed demonstrated a
ratio of approximately 5.8-6.2. This may indicate the presence of different stoichiometries, which
can appear in perovskite samples due to the formation of different phases.>* !> Furthermore, the

final product in this work theoretically does not contain any organic capping groups on the
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perovskite surface. In typical CsPbBrs PNC syntheses, organic surfactants are incorporated onto
the nanocrystal surface to passivate it, reduce surface defects, improve colloidal/structural
stability, and modulate optoelectronic properties.®* ¢” In this work where as-converted material
does not incorporate such a protective layer of capping groups the appearance of different

stoichiometries as indicated by ICP-MS is not outside the realm of possibility.

Figure 2.4. Transmission electron micrographs of (A) CsPbBr;3 nanoparticles, (B) nolicrostructure fragments,
and (C) CsPbBr; nanoparticle interplanar d-spacing measurements of 2.6 and 5.3 A for the (210) and (100)
crystal planes of cubic CsPbBr3, respectively.
Transmission electron microscopy (TEM) was used to image at an even smaller scale a sample
which was scraped off the FTO surface, suspended in hexanes and sonicated (Figures 2.4, A8, A9).
The presence of cubic nanocrystals with an average edge length of 14.3 nm was confirmed
(Figure 2.4A) resembling those observed from the hot-injection syntheses of CsPbBrs PNCs
previously reported.>> ¢”> 147 This further supports the conclusion that the surface of the final
product is indeed a thin layer of CsPbBr3; PNCs. Figure 2.4B shows a much larger set of particles,

likely broken fragments of the main body of the microstructure composed of PbCO3 and CaCOs.

Figures 2.4C shows the crystal planes of one nanocrystal found and the measurement of their
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interplanar d-spacing. D-spacing measurements of 2.6 and 5.3 A were determined, which coincide
with the d-spacing of the (210) and (100) crystal planes, respectively, in cubic CsPbBr3.

The same synthetic approach was applied to the direct synthesis of other perovskite halides
CsPbX3 (X = Cl, I). Microstructures were electrochemically deposited on FTO, converted to
PbCO;3, and then exposed to CsCl or Csl in methanol to result in CsPbCl3 or CsPbls, respectively.
The PL spectra of the resulting materials were measured (Figures 2.5A,B).

The directly-synthesized CsPbCls exhibits an emission maximum centered around Aem = 405
nm, which is in line with reported values for CsPbCl3 NCs which range from Aem = 400-410 nm.'>*-
135 For the directly-synthesized CsPbls, an emission maximum of Aem = 800 nm was measured, and
this 1is significantly red-shifted in comparison to reported values of CsPbls NCs which typically
range from Aem = 600-700 nm."*®15® This may be the result of the CsPbls nanoparticles being
uncapped by any passivating organic groups as is the typical end-product of more traditional
synthetic routes. lodide is the halide with the poorest ability to fit in the cesium lead halide
perovskite structure, as indicated by it possessing the lowest Goldschmidt tolerance factor of the
three CsPbX3 perovskites,'> making it particularly susceptible to defects which can potentially
alter the electronic structure to such drastic lengths as is seen with the as-synthesized CsPbls in the
present work. The lack of organic capping groups may also allow the growth of CsPbls

),1°6158 causing a red-shift

nanoparticles to sizes larger than those typically reported (ca. 10-20 nm
in emission. It is likely that both phenomena have a role to play in the discrepancy observed in the

emission properties given the magnitude of the shift exhibited.
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Figure 2.5. PL spectra measured for (A, B) CsPbCls and CsPbl; synthesized directly
by the deposition and conversion process adapted for Cl and I, respectively. PL spectra
recorded for samples of CsPbBr; before, immediately after, and 24 hours after being
post-synthetically modified via anion-exchange to (C) CsPbClz and (D) CsPbls. All
spectra were collected with Aex = 365 nm and contain inset images of the resulting

samples under UV lamp irradiation (A = 365 nm).

The post-synthetic ion-exchange of CsPbBr; NCs has been reported as a reliable method for
altering the composition and electronic properties of MHPs.®® This procedure was adapted to the
present work, and as-synthesized CsPbBr3; samples were exposed to solutions of OLAM-Br and
OLAM-I in toluene for 1 minute and 1 hour. The 1-hour samples were no longer emissive, likely
due to prolonged exposure of halides which may have deteriorated the PNCs on the microstructure
surfaces, or because the PNCs were dislodged from the microstructures and dispersed in the

conversion solution. The 1-minute samples, however, did exhibit emission, and their PL spectra
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were recorded. The initial emission maximum of CsPbBr3 (Aem = 514 nm) drastically decreases in
intensity upon conversion, and a shoulder at Aem = 408 nm is generated (Figure 2.5C). This new
emission is a product of the newly formed CsPbCls, however the fact that characteristic CsPbBr3
emission remains indicates that the conversion was likely not a complete one and, rather, resulted
in a mixed halide perovskite CsPbBr3-xClx. Similar results are seen with the iodide conversion
(Figure 2.5D), where the initial CsPbBr3 emission at Aem = 513 nm dissipates but remains present,
while a new peak at Aem = 628 nm is formed, signaling the formation of a mixed halide perovskite,
CsPbBr3lx, here as well. It should be noted that this emission is much more in line with reported
values for CsPbl; NC emission and may be due to the difference in how the materials are formed
by the different procedures. In the post-synthetic exchange method, an existing perovskite crystal
lattice already exists and serves as a template when exchanged to the iodide, resulting in a more
proper perovskite lattice, albeit a mixed halide one, whereas direct formation of CsPbls is difficult
owing to its low stability. These results show post-synthetic anion-exchange as a viable route for
modulating the electronic properties of materials synthesized by the proposed electrodeposition
and conversion method, though further optimization is needed in order to induce complete halide

conversion.

2.3 Conclusion

Electrochemically deposited aragonite CaCO3; was successfully converted to the perovskite
CsPbBr3; with retention of overall microstructure shape, as evidenced by photoluminescence
spectroscopy and fluorescence microscopy. SEM-EDS in the secondary electron scanning mode
showed that exposure to a concentrated aqueous solution of Pb(NO3), may trigger a localized
dissolution/recrystallization mechanism whereby the microstructure surface is dissolved and

37



COs* reacts with Pb?" in solution to form a layer of PbCOs. This process is reported as being
interface-mediated, causing the resulting microstructure composite to retain the morphology of the
original microstructure. Transmission electron microscopy confirms that, upon exposure to CsBr
in methanol, the resulting perovskite takes the form of nanoparticles on the surface of the
microstructures. Fluorescence microscopy revealed that the as-converted perovskite
microstructures exhibit domains of fluorescence blinking, which is a property found in CsPbBr3
PNCs but not microstructures. This work confirms a synthetic pathway for producing the all-
inorganic perovskite CsPbBr3 in shapes previously not obtainable. Further work is ongoing to
determine if properties (e.g., directing of charge carriers) that might be imparted by the new

morphology could prove useful in solar energy conversion and/or photocatalysis applications.
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Chapter 3: Synthesis of Novel Double Perovskite
Cs2NaYbCls Nanoparticles and Post-synthetic

Anion Exchange

Within the last 5 years, perovskites have emerged as a material of great interest in this field as
they boast desirable optoelectronic properties such as long charge carrier diffusion lengths, low
exciton binding energy, high defect tolerance, high absorptivity, and high quantum yields.!!6-!1%:
160-164 They are a class of semiconductor with the general chemical formula ABX;3 (A = monovalent
cation, B = divalent cation, X = anion) and normally occur with a cubic unit cell and belong to the
Pm3m space group.>* The most promising composition of these materials is based on lead halides
such as methylammonium lead halide (MAPbX3) and cesium lead halide (CsPbX3). Though these
materials are standout performers in terms of their optoelectronic properties (particularly with
respect to their performance as active layers in photovoltaics), they face stability issues, especially
when incorporating organic cations.’ >’ In the presence of moisture and heat, these perovskites
tend to degrade, producing PbX> as an environmentally hazardous by-product. As such, recent
efforts have been focused on creating Pb-free alternatives to the classic lead halide perovskite.
Though tin can also exist in the +2 oxidation state, this state is not stable and causes Sn-based
perovskites to degrade easily due to oxidation.!6>-16¢

Elpasolites, or double perovskites, have seen some attention over the years since their first
synthesis in 1922, primarily for the sake of identifying and structurally analyzing new

compositions in this class of material.''> 17 In the 1970s, interest in these materials grew

particularly with respect to their magnetic properties, but not until recently have they been looked
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upon for their optical properties as a potential Pb-free alternative to Pb-containing perovskites in
solar energy conversion.!'> 1% Double perovskites resemble perovskites in structure, but they
differ in chemical formula. If the chemical formula of a perovskite, ABX3, is doubled, the resulting
chemical formula would be A>B>Xs, the general formula for a double perovskite. This allows the
replacement of Pb*" as the divalent B cation with a monovalent and trivalent cation, B and B,
which maintain the electroneutrality of the compound but allow for the creation of Pb-free
perovskite materials such as Cs2AgBiXe.*®

Though double perovskites have been studied in the past, these studies focused more on bulk
materials.3! In the recent age of surging interest in nanomaterials, many synthetic methods have
been developed to synthesize these materials in the nanoscale size regime as nanoparticles.!°!: 1%
169-171 Synthesizing a material as nanoparticles can endow it with application-dependent favourable
properties such as enhanced surface area and size dependent optical properties allowing for fine

tuning of the material. The present work aims to synthesize Cs2NaYbCls nanoparticles and perform

ion exchange reactions post-synthetically to demonstrate the tunability of the material.

3.1 Experimental

3.1.1 Materials

Reagents for the hot injection synthesis of CsoNaYbCls nanocrystals, sodium acetate (NaAc,
NaC,H30,, ACP), ytterbium(IIl) acetate tetrahydrate (YbAcs, Yb(C:H302)3-4H,0O, Sigma-
Aldrich), oleylamine (OLAM, CisH37N, 70%, Sigma-Aldrich), diphenyl ether (DPE, (CsHs).0,
Acros), cesium carbonate (Cs2CO3, Alfa-Aesar), octadecene (ODE, CisHze, 90 %, Alfa-Aesar),
and oleic acid (OA, CigH3402, 90%, Alfa-Aesar) were used as received. Oleylammonium iodide

and bromide (OLAM-I, OLAM-Br) were synthesized via previously reported procedures using
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oleylamine (70%), iodine (I>, Sigma-Aldrich), hydrobromic acid (HBr, 48%, Sigma-Aldrich), and

ethanol (99%, Greenfield).

3.1.2 General Methods

Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D2 Phaser 2" Generation
PXRD (Bruker AXS, Madison, WI, USA) equipped with CuKa X-ray source (wavelength, A =
1.54 A, radiation operating at 30 kV and 10 mA), a Si-strip SSD160-2 detector. Data was collected
using a continuous coupled 6/26 scan in the 20-range of 20-60 ° with an integration time of 0.4
seconds and step size of 0.02 °. Scanning electron microscopy (SEM) and elemental analysis by
energy dispersive X-ray spectroscopy (EDS) were performed on a Phenom ProX tabletop scanning
electron microscope (Thermo Fisher Scientific) with EDS capability. Micrographs were obtained
with an acceleration voltage of 5-10 keV, and elemental analysis was carried out with an
acceleration voltage of 15 keV. Photoluminescence spectra were measured using a PTI
QuantaMaster 8075 spectrofluorometer (Horiba) equipped with a 75 W Xe lamp shining through
a Czerny-Turner monochromator (Aex = 365 nm). Samples were scanned with a step size of 1 nm
and an integration time of 1 second. Quantum yields were acquired with the same
spectrofluorometer with an integrating sphere equipped. High resolution transmission electron
microscopy (HR-TEM) was done using a Talos L120C TEM (Fisher) in bright field, with an
accelerating voltage of 120 kV. Samples were suspended in hexanes and sonicated for 10 minutes

before being deposited on 300 mesh copper grids with formvar stabilized with carbon.

3.1.3 Synthesis of Cesium Oleate

CsCOs3 (203.0 mg, 0.6230 mmol), octadecene (10 mL), and oleic acid (1.00 mL, 3.69 mmol) were

added to a 2-neck round bottom flask with magnetic stir bar. The mixture was heated to 150 °C
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under N> atmosphere with stirring until all solids had dissolved, signalling completion of the

reaction. The resulting Cs-oleate was stored in a scintillation vial for future use.

3.1.4 Synthesis of Cs2NaYbCle Nanocrystals

YbAcs3 (105.6 mg, 0.2500 mmol) and NaAc (19.7 mg, 0.240 mmol) were added to a 25 mL two-
neck round bottom flask. The openings were plugged by septa and the flask was connected to a
Schlenk line and put under continuous vacuum for 5 minutes. Afterwards, OLAM (0.500 mL, 1.06
mmol), Cs-oleate (1 mL), and DPE (4 mL, 25.4 mmol) were added to the reaction flask with a
magnetic stir bar. With low stirring (~200 rpm), the vessel was placed back under vacuum and
heated to 40 °C. Once the temperature was reached, stirring was increased to high stir (~1000 rpm)
and the solution was left to dry for 30 minutes. After the time had elapsed, the reaction vessel was
flushed with N> and slowly brought up to 105 °C. While the solution was being heated, a separate
solution of benzoyl chloride (200 pL, 1.72 mmol) and DPE (500 pL, 3.17 mmol) was prepared in
a scintillation vial. The vial was sealed with a septum and the solution was sparged with N> gas
for 5 minutes. Once the reaction solution had reached the target temperature, the benzoyl chloride
solution was injected and the mixture was left to react for 5 seconds to 10 minutes after which the
reaction vessel was plunged into an ice bath. Once the vessel was cooled to room temperature, the
solution was centrifuged at 2377 RCF for 10 minutes, the supernatant was decanted, and the

isolated NCs were redispersed in toluene.

3.1.5 Synthesis of OLAM-X
OLAM-Br was synthesized by first adding 100 mL ethanol 99 % and OLAM (14.28 mL, 30.39

mmol) to a round-bottom flask with a magnetic stir bar. The solution was placed in an ice bath
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with vigorous stirring (~1000 rpm) and put under N> inert atmosphere. HBr (48%, 8.56 mL) was
slowly added to the reaction solution and the solution was left stirring overnight. Once complete,
the product was isolated by rotary evaporation, leaving behind a gum-like substance. The product
was washed with minimal amounts of diethyl ether and vacuum filtered. The resulting waxy white
product was dried in a vacuum oven at 80 °C overnight before further use. Synthesis of OLAM-I
was performed by adding I (12.94 mg, 1.700 mmol) and OLAM (2.55 mL, 5.43 mmol) to a
scintillation vial with a magnetic stir bar. The solution was left stirring overnight, resulting in a

thick, dark-coloured paste which was used as-is for ion exchange reactions.

3.1.6 lon-exchange Reaction with OLAM-X

50 mg of OLAM-Br or 200 mg of OLAM-I (both representing an excess amount) were dissolved
in 5 mL of toluene. NCs in toluene (1 mL) were added to the OLAM-X solution and stirred on an
orbital shaker plate for 30 minutes. Further characterization was performed on the NCs in

solution without extraction.

3.2 Results & Discussion

To our knowledge, reported syntheses of Cs2NaYbClg have only resulted in the formation
of bulk double perovskite (DP).”> 17217* The reported synthesis of Cs2AgInCls DP NCs!! was
adapted for the first synthesis of CsoNaYbCls DP NCs. This synthesis resulted in nanoparticles
that were primarily spherical in shape with an average size of 12.82 + 1.914 nm but accompanied
by a less common hexahedron morphology with an average size of 25.28 £+ 5.275 nm (Figure
3.1A). It has been reported that perovskite NCs produced by hot injection see the majority of their
growth in the first few seconds after introduction of the halide precursor.>* However, this was

tested in the present work by extending the reaction time to 1, 5, and 10 minutes after injection of
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the halide precursor. The resulting nanoparticles were imaged via TEM (Figure 3.1), which shows
that the 1-minute reaction time synthesis resulted in NCs that were either spherical or cubic in
morphology with average sizes of 10.52 £ 1.219 nm and 11.23 £ 2.16 nm, respectively (Figure
3.1B), similarly to those of the 5-second reaction. However, the cubic nanoparticles present in the
I-minute sample have more defined vertices whereas those in the 5-second sample are truncated
cubes, or hexahedra. The 5-minute reaction time synthesis showed similar results in that spherical
and hexahedral NCs were observed, however the hexahedra were considerably larger and were
accompanied by particles of irregular shape (Figure 3.1C). These larger particles had an average
width of 46.79 = 10.72 nm while the smaller particles exhibit an average size of 14.61 + 4.48 nm.
Finally, the NCs resulting from the 10-minute synthesis were also composed of hexahedra and
spheres with average sizes 0of 25.93 + 10.90 nm and 18.86 + 4.356 nm, respectively (Figure 3.1D).
These results demonstrate that particle size indeed does not increase dramatically with increased
reaction time. However, the phases of the material did vary upon increasing the reaction time, and

this was further investigated via structural analysis.
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Figure 3.1: Transmission electron micrographs of Cs;NaYbCle
nanoparticles produced via hot-injection method with a (A) 5 second, (B) 1
minute, (C) 5 minute, and (D) 10 minute reaction time.

Powder X-ray diffraction (PXRD) was employed for the structural analysis of the
synthesized NCs (Figure 3.2). In general, the patterns measured for all samples are poorly resolved
due to the nature of NC samples in PXRD. The fact the sample is composed of such small particles
makes it so that the diffraction observed is not very strong as each individual particle has less
material present to diffract the incoming X-rays, causing a worse signal-to-noise ratio.
Additionally, as is seen in the particle size discussed earlier for the different samples, there is a
large degree of variation in NC size, as the sample is composed of a great number of particles

compared to a bulk sample of equal mass, which would have larger particles that are fewer in
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number. This causes the broadening of reflections, as is observed in the collected patterns. Despite
these conditions, information can be extracted from the observed powder patterns. Debye-Scherrer
analysis of each sample’s pattern yielded particle sizes which correlate well to those measured via
TEM. The 5-second sample bears few reflections which match the simulated pattern for bulk cubic
Cs2NaYbCls, and this matches what was seen via TEM where the nanoparticles were primarily
composed of spheres. The pattern measured for the 1-minute sample exhibits the sharpest
reflections, suggesting the best size distribution of the samples, which coincides with what was
seen by TEM as the sample had the smallest deviation of its average particle size. Furthermore,
the 1-minute sample pattern contains reflections which coincide with each of the reflections in the
simulated pattern, along with a handful of reflections which do not, suggesting the presence of two
phases: one cubic and one other (highlighted in Figure A10). This, again, matches the TEM results
which showed a set of cubic NCs, which were by far the most well-defined cubic NCs among the
different samples, alongside the presence of spherical ones. The 5- and 10-minute samples both
show much broader reflections owing to their larger size dispersity, but also show reflections
matching those of the simulated pattern. Of particular interest is the lack of reflections arising from
a secondary phase. Such reflections can still be identified in both samples’ patterns but are
noticeably lower in intensity. This is observed in the transmission electron micrographs as well,
where spherical NCs are few and far between compared to the larger cubic NCs. The identity of
the large irregularly shaped NCs present in the 5-minute sample is, however, an unknown. It is
most likely amorphous material contributing to the severe angle at which the two patterns begin
from 26 =20-30 °. A large amount of amorphous material was also present in the 10-minute sample
as observed by TEM (Figure A10D). Overall, these data show that carefully increased reaction

time may be one viable avenue to obtaining better phase purity for these samples in addition to
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other previously explored methods of improving NC polydispersity such as temperature control

and centrifugation.

—— 10 min Reaction Time
—— 5 min Reaction Time
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Figure 3.2: Powder X-ray diffraction patterns measured for Cs:NaYbCls nanoparticles
produced via hot-injection method with a 5 second, 1-, 5-, and 10-minute reaction time as
compared to the simulated pattern of bulk cubic Cs2NaYbCls (ICSD 50362).

Chemical composition analysis of the NCs was performed using SEM-EDS. Table 3.1
shows data collected for a 10-minute reaction sample, containing a high atomic percentage of
carbon due to the carbon tape upon which the sample was deposited for analysis, and some oxygen
which is often present as a native layer on either the sample stage or the sample film itself. If these
atomic percentages are not taken into account, one is left with the relative atomic percentages

present for Cs, Na, Yb, and Cl that match well with their expected atomic percentages. However,
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reproducibility of these findings is challenging with other samples producing atomic percentages
which differed from these results, owing to sample vulnerability to beam damage during analysis.
As such, these results are taken as a qualitative analysis rather than quantitative, demonstrating the

presence of the expected ions.

Element | Atomic % | Relative Expected
Atomic % | Atomic %

C 76.69 - 0

(0] 2.46 - 0

Cl 11.92 57.17 60

Yb 3.42 16.40 10

Na 2.40 11.51 10

Cs 3.11 14.91 20

Table 3.1: SEM-EDS elemental composition analysis for 10-
minute reaction time sample comprising raw atomic percentages

and relative atomic percentages solely considering Cs, Na, Yb, and
Cl.

PL spectra were collected for each sample (Figure 3.3) and all look qualitatively similar
exhibiting an emission maximum centered around Aem = 430 nm (peak arising at Aem = 410 nm is
attributed to Raman scattering of the solvent toluene). The quantum yields of each sample were
calculated as 2.59, 2.52, 3.61, and 2.39 % for the 5-second, 1-, 5-, and 10-minute samples,
respectively. These quantum yields are quite low compared to typical all-inorganic lead halide
nanocrystals but are characteristic of double perovskites.'%% 17>177 Single lead halide perovskites
generally exhibit a direct bandgap as a result of the nature of the band edge transition, which is
typically a halide p- to lead p-orbital transition.*” Though there is some variety possible with lead
halide perovskites, the nature of the BX¢ octahedra is well defined and this is what governs the

electronic structure of the material. In the case of DPs, each one unit cell has two different types
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of BX¢ octahedra owing to the presence of two different B-site cations. As a result, the electronic
structure can vary as the band edge transition is a metal-to-metal charge transfer (MMCT) which
is dependent on the highest-occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of both BX¢ octahedra, resulting in the possibility for the material to have a direct
or indirect bandgap.'® As such, there is much interest in being able to modulate the electronic

structure of double perovskites to endow them with more favourable electronic properties for their

intended applications.

——1 Min Reaction Time

5 s Reaction Time PL
——1 Min, Post-Br Exchange

5 s, Post-Br Exchange

>
o

PL Intensity
PL Intensity

400 450 500 550 600 650 700 400 450 500 550 600 G50 700
Wavelength (nm} Wavelength (nm)

——10 Min Reaction Time
—— 10 Min, Post-Br Exchange

——5 Min Reaction Time
—— 5 min, Post-Br Exchange

@)
&)

PL Intensity
PL Intensity

400 450 500 550 600 650 700 400 450 500 550 600 G50 700
Wavelength (nm) Wavelength (nm)

Figure 3.3: Photoluminescence spectra of CsaNaYbCle nanoparticles
synthesized with (A) 5-second, (B) 1-, (C) 5-, and (D) 10-minute reaction
times, measured before and after ion-exchange with OLAM-Br. (All
samples were dispersed in toluene with Aex = 365 nm)
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One such way is in tuning the chemical composition, which can be done in situ or post-
synthetically.® 1% 17817 In this work, we attempted to accomplish this via the post-synthetic
anion-exchange of our synthesized NCs. Samples were exposed to OLAM-Br and OLAM-I
dissolved in toluene, and the resulting PL spectra of the Br-exchanged samples were recorded
(Figure 3.3). A noticeable change in PL spectrum is observed across all samples, resulting in
decreased intensity of the initial peak at Aem =430 nm turning it into a shoulder, and the generation
of new peaks/shoulders at ~444, ~467, and ~490 nm. These new signals are notably all separated
by 23 nm and are reminiscent of a vibronic series, though this is uncommon in photoluminescence
of perovskite materials and so it is unclear whether this is pure coincidence. The series of PL peaks
may be due to multiple phases present in the samples experiencing the bromide exchange and
producing varying morphologies, each with their distinct emission. The exchange with OLAM-I
resulted in a solution that was barely photoluminescent and was unsuccessful, likely due to the
large difference in size of the iodide ion compared to the chloride ion, causing too great a change

in crystal lattice and possibly destroying the NCs present in the conversion solution.

3.3 Conclusion

In this work, there is evidence suggesting the first successful synthesis of Cs:NaYbCls DP
NCs. TEM confirms the presence of NCs resulting from a hot-injection synthetic method. The as-
synthesized NCs display a PL peak centered around 430 nm with quantum yields of approximately
2-3 %. Compositional analysis vie SEM-EDS confirmed, qualitatively, the presence of the
expected ions in the analysed samples. These NCs were exposed post-synthetically to OLAM-Br
to trigger anion-exchange towards CsoNaYbBrg, resulting in the generation of a series of PL

peaks/shoulders spaced approximately 23 nm apart. This may hint at the conversion of multiple
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phases in the sample to various bromide-containing species, each with a distinct emission. This
work serves as a launch point from which much more work can be done to ascertain the exact
nature of the resultant DP NCs. The synthetic procedure can be optimized from the adapted method
to produce a more phase-pure material, possibly by performing the reaction at higher temperatures.
Further modification of the electronic structure of the Cs2NaYbCls can also be explored via doping
or alloying, as well as further investigation into anion-exchange. Efforts in these directions can
lead to the optimization of a novel, lead-free perovskite material which can prove useful in

applications of solar energy conversion.
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Chapter 4: Conclusion and Outlook

In the present work, a synthetic method for electrochemically depositing microstructures
of aragonite CaCO3 and converting them to CsPbBr3; via ion-exchange reactions was proposed.
Conversion resulted in layered microstructures as conversion to PbCO; was achieved on the
surface of the microstructures without full penetration and conversion. The final conversion led to
the growth of CsPbBr3; nanocrystals from the PbCOs3 layer of the microstructures, resulting in a
stratified structure. This work demonstrates a novel way in which to control bulk morphology of
a perovskite-containing material. Conversion of metal carbonate microstructures to perovskite has
been previously reported, though this was done with metal carbonates coprecipitated with SiO»
which served as a scaffold, and was done to convert to the hybrid organic-inorganic perovskite
MAPDI;. The present work represents the unique case of using pure metal carbonate
microstructures as a template for conversion to an all-inorganic perovskite. In using
electrochemical deposition as the method for generating these microstructures, a greater degree of
control and reproducibility are achieved versus traditional crystal growth methods.

The synthetic procedure was extended to the direct synthesis of the corresponding chloride
and iodide cesium lead halides, resulting in microstructures of CsPbClsz which adhered to expected
optical properties for nanocrystals of CsPbCls. The resulting iodide diverged significantly from
expected photoluminescence, possibly owing to its lower ease of formation.

The CsPbBr; microstructures modified by post-synthetic anion-exchange, resulting in
mixed halide perovskites CsPbBr;«xClx and CsPbBrs;«Ix, showing that the proposed synthetic

method can be built upon to tune the resulting materials to any point in the visible light spectrum.
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This work represents a unique and interesting case of perovskite synthesis where the
resulting nanocrystals of CsPbX3 are likely without organic capping group, though further
characterization would be required to ascertain this. However, the only possible capping group
that could be present is methanol, which differs significantly from typical long-chain capping
molecules. This leads to two interesting avenues of future work: further characterization of the
surface perovskite layer to determine the presence or absence of capping groups, and the
incorporation of new organic capping groups as a way to stabilize and possibly optoelectronically
enhance the perovskite microstructures.

A synthetic method was also adapted for the synthesis of novel CsaNaYbCls double
perovskite nanocrystals. Using a hot-injection method, nanocrystals were synthesized and were
seen to exhibit an emission maximum of Aem = 430 nm. The synthesis was performed with varying
reaction times to observe the effect on particle size and phase purity, and while a negligible effect
was observed on the particle size, the phases differed at each time interval tested. The 1-minute
reaction time resulted in cubic nanoparticles with well-defined vertices, characteristic of
perovskite nanomaterials. The synthesized materials exhibited low photoluminescence quantum
yields of approximately 2-3 %, which is typical of double perovskites which often have indirect
bandgaps. As such, anion-exchange was performed as the change in chemical composition can
result in the modulation of a perovskite material’s electronic structure and properties. Bromide
anion exchange resulted in the generation of a series new emission peaks separated approximately
23 nm apart, potentially signaling the conversion of multiple phases present in the sample to

bromide-containing species.
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This work serves as a launching point for future investigation and characterization of
Cs2NaYbCls nanomaterials, as well as the exploration of different ways in which the electronic

structure can be modified to enhance the material’s optoelectronic properties.
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Appendix
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Figure Al. Reaction scheme for the electrochemical deposition of CaCO3 and subsequent
conversion to perovskite CsPbBr3 via ion exchange reactions. (A) Experimental setup for
electrochemical deposition of CaCO3z on FTO. (B) CaCO3 microstructures are left in an
airtight vessel, a centrifuge tube with two holes pierced through its cap, while Ar gas is
sparged through the reaction solution. (C) After being dried in a vacuum oven for 1 hour,
the sample is held by forceps in the reaction mixture for 30 seconds.
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Figure A2. Optical microscope images taken at 40x magnification of CaCOs crystallites
electrochemically deposited for (A) 1, (B) 5, (C) 10, (D) 30, and (E) 60 minutes on FTO
with (F) their respective powder X-ray diffraction (PXRD) patterns.

20 LM
]

67



CaCoOs PbCOs3 CsPbBr3
Element | Atomic % | Expected | Element | Atomic % | Expected | Element | Atomic % | Expected
Atomic % Atomic % Atomic %
C 20.1 20 C 34.7 20 C 25.5 0
60.9 60 51.9 60 52.9 0
Ca 17.5 20 Ca 0 0 Ca 3.0 0
Pb 0 0 Pb 13.3 20 Pb 10.5 20
Cs 0 0 Cs 0 0 Cs 3.8 20
Br 0 0 Br 0 0 Br 4.1 60

Table Al. SEM-EDS elemental composition analysis of microstructures after electrochemical
deposition of CaCO3 and conversion to PbCO3 and CsPbBrs.
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Figure A3. SEM micrograph of fully converted microstructure (top left) with EDS map
analyses of Pb, Cs, and Br. Mapping analysis of Pb in Figure A3 shows a clear picture of Pb
residing in the microstructure. Analyses of Cs and Br show similar results, but to a less
intense degree. Though it is a fainter signal compared to that of Pb, Cs and Br can be seen
in the microstructure as well.
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Figure Ad4. Diffuse reflectance infrared Fourier transform spectroscopic data for (A)
electrochemically deposited CaCO3 microstructures with peak assignments and (B) as-
deposited CaCOs; compared to microstructures converted to PbCO3; and CsPbBri. The
subsequent traces in Figure A4B, taken after conversion to PbCO3; and CsPbBr3, contain the
same peaks as seen in the spectrum of CaCOj3, but also show a secondary set of peaks slightly
red shifted in energy. This occurs because of the formation of a core/shell structure where the
electrochemically deposited CaCOs; microstructures are converted to PbCOs3 up to a certain
depth but not completely. As such, both CaCO3 and PbCO3 exist in the sample after exposure
to the concentrated Pb(NO3), aqueous solution, and this is reflected in the results shown in
Figure A4. The CsPbBr3 trace looks identical to that of PbCO3 as the amount of PbCOj that
has been converted to CsPbBr; is likely too small to have caused any changes in the IR
spectrum of the final material. This demonstrates the lack of surface sensitivity of DRIFTS
and the need for more sensitive methods of characterization.
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Figure AS. Auger Electron Spectroscopic (AES) data taken from various points on two
different samples with characteristic energies outlined and labelled for Br, Pb, C, Cs, and O.
Samples are numbered 278 and 294 and were analyzed at different positions on the samples.

These different analyses are denoted as run numbers after the sample number in the legend of
Figure AS.
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Spot#1 Spot#2
Element | Atomic % | Expected | | Element | Atomic % | Expected
Atomic% Atomic %
(0] 50.14 0 o] 56.08 60
C 22.61 0 C 22.61 20
Pb 18.87 20 Pb 20.53 20
Ca 7.01 0 Ca 0.33 0
Cs 0.71 20 Cs 0.25 0
Br 0.67 60 Br 0.20 0

Figure A6. Secondary electron scanning mode SEM micrograph of fully converted, fractured
microstructure with accompanying SEM-EDS analysis of surface and exposed interior.
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Br:Cs by
Sample ID [Ca](ppm) [Br](ppm) [Cs](ppm) [Pb](ppm)
element mass
299 4.20E-01 4.38E-02 2.54E-02 1.20E+00 2.87
306 4.26E-01 3.21E-02 8.55E-03 1.20E+00 6.24
302 1.17E-01 3.32E-02 1.91E-02 3.76E-01 2.89
309 1.38E-01 3.22E-02 9.18E-03 7.61E-01 5.83
Stock 1 8.41E-03 8.78E-03 0.00E+00 1.31E-02
Stock 2 6.43E-03 4.81E-03 0.00E+00 0.00E+00
Stock 3 1.74E-02 2.90E-03 0.00E+00 3.44E-03

Table A2. Chemical composition of perovskite microstructure samples as determined by
inductively coupled plasma — mass spectrometry (ICP-MS) compared to elemental
concentrations present in stock digestion solution. The data reported in Table A2 show some
contamination in the stock digestion solution of Ca, Br, and Pb. The differences between the
stock solution and the actual sample analyses, however, were found to be at least one order of

magnitude, meaning the amounts present in the samples are significantly different from those
in the stock digestion solution. The samples named “Stock 1, 2, and 3” are different aliquots
analyzed from the same stock solution. Each sample was run as an individual batch.
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Figure A7. Absorbance and PL spectra acquired for as-synthesized CsPbBrs; nanocrystals

suspended in toluene.
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Figure A8. (A) Measurement of interplanar spacing (d-spacing) for (210) crystal plane in bright
field TEM depicted by light blue arrow. (B) Fast Fourier transform (FFT) collected of observed

nanoparticle. (C) Histogram of nanoparticle size.
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Figure A9. (A) Measurement of interplanar spacing (d-spacing) for (100) crystal plane in bright
field TEM depicted by space between white lines. (B) Fast Fourier transform (FFT) calculated
for observed nanoparticle. (C) Inverted FFT and interplanar d-spacing measurement of (100)
crystal plane.
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Figure A10: Zoomed-in transmission electron micrographs of (A) 5-second, (B) 1-, (C) 5-, and
(D) 10-minute reaction samples shown in Figure 3.1 with different observed morphologies
highlighted. Hexahedral, cubic, spherical, and amorphous particles are highlighted by green,
blue, purple, and red circles, respectively.
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Figure A11: Histograms (A, B) represent the size distributions of small spherical NCs and hexahedron

NCs present in the
present in S-minute sample, respectively. Histograms (G, H) represent the size distribution of hexahedral

represent the size distributions of large amorphous particles and smaller spherical and cuboid NCs
NCs and spherical NCs present in the 10

small spherical NCs and cubic NCs present in the 1-minute sample, respectively. Histograms (E, F)



