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Abstract

Study of Halide Perovskites at the Level of Tonic Octahedron

by

Jianbo Jin

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Peidong Yang, Chair

Metal halide perovskites, a class of semiconducting materials with remarkable
optoelectronic properties, have attracted considerable attention in recent years. This
dissertation delves into innovative design and synthesis approaches, as well as structural
transformations and applications of halide perovskites, with a focus on the fundamental
properties of the metal halide ion octahedron [MXs]™ (M = metal cation, X = halide anion)
as the primary building block and functional unit. By examining the assembly, connection,
and interaction of these octahedra, this research aims to establish a solid foundation for the
future development and application of halide perovskites.

Chapter 1 provides a comprehensive overview of halide perovskites, covering their
fundamentals, structural chemistry, stimulus response, and applications, with particular
emphasis on the metal halide octahedron as the key building block and functional unit. In
Chapter 2, we propose a new design principle for halide perovskite structures based on
ionic octahedron networks (IONs) and report the first experimental synthesis of a novel
halide perovskite, CsgAus sIn;.sClo3, which adopts an ABOs-type ION. Chapter 3 examines
the stimulus-responsive behavior of metal halide perovskites, using Cs3Bi2Bry as a model
compound. By employing in situ characterization techniques, we identify two distinct
distortion classes of [BiBrs]*~ octahedra and analyze the changes in exciton emissions in
relation to the octahedral distortion. In Chapter 4, we utilize our understanding of [MXs]"
octahedra to establish the electronic band structure and photoexcitation model of molecule-
like halide perovskite Cs2TeBrs. We demonstrate that different LED wavelengths can
generate holes in various valence bands and differentially activate benzyl alcohol
molecules. Lastly, Chapter 5 summarizes the research findings and provides insights into
future directions for halide perovskite studies, emphasizing the significance of
understanding the metal halide ion octahedron.
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Chapter 1 Overview of Halide Perovskites Studies

1.1 Halide Perovskites

In 1839, Gustav Rose discovered CaTiOs, which was named “Perovskite” in honor of the
Russian mineralogist Lev Perovski. The term "perovskite" was later expanded by Victor
Goldschmidt in 1926 to encompass a class of compounds sharing the same structure as
CaTi0s.! Halide perovskite structures were first identified in CsPbX3 (X = CI-, Br, I') by
C. K. Moller in 1958.2 Unlike oxide perovskites, halide perovskites exhibit semiconductor
behaviors and possess unique optoelectronic properties.

Over the past two decades, halide perovskite has been extensively studied as emergent
semiconductor materials due to their remarkable optoelectronic properties,** rich structure
chemistry,>® and wide applications in solar cells’ !, light-emitting diodes!!:',
photocatalysts'?, radiation detectors'?, etc. In this chapter, I will delve into the fundamental
aspects and structural chemistry of halide perovskites, discussing their responses to
environmental stimuli and briefly exploring their various applications.

1.2 Fundamentals of Halide Perovskites

1.2.1 Ionic Soft Lattice

Halide perovskites, at their core, are complex metal halides. However, varying the metal
cations and halide anions can result in significantly different structures as well as their
physical and chemical properties. For instance, as illustrated in Table 1.1, NaCl consists
of ionically bonded Na" and CI ions, forming an ionic lattice. This lattice structure gives
NaCl a high melting point (801 °C) and enables it to dissolve in polar solvents like water.
In contrast, TiCls is a molecular crystal comprised of discrete tetragonal TiCls molecules
with a considerably lower melting point (-24.1 °C). As a Lewis acid, TiCls is highly
reactive, and it reacts with H>O as the exothermic hydrolysis reaction.!> As mentioned in
Section 1.1, the halide perovskite family has the general formula of AMX3 (A = Cs”, Rb",
etc., M = Pb?", Sn?*, Ge?", etc., X = CI', Br-, I), which consists of a network of corner-
sharing [MXe]* ionic octahedra (Figure 1.1). The large differences in electronegativities
of the alkali metal cations A", metal cations M?*, and halide anions X" result in the ionic
bonding natures of Cs — X and M — X bonds. The chemical bonding characteristics enable
the ionic nature of halide perovskite lattice.

a b
O A = Cs*, Rb*, MA*
© M-=Po, sz
© X=CI,Br,I-
[MXg]*
AMX; halide perovskites ionic octahedron

Figure 1.1 (a) AMX3 halide perovskite lattice and (b) the [MXe]* ionic octahedron.



Table 1.1 Comparations of three metal halides: NaCl, TiCls, and CsPbBrs.

Metal Halides NaCl TiCly CsPbBr3
ﬁ?‘f ? ¢f
Structures o %{ﬁ -0
88 & &8
Crystal type Ionic crystal Molecular crystal Ionic crystal
Melting point 801 °C -24.1 °C 567 °C
Solubility in H20 Soluble Reactive Soluble

Comparing to the large cohesive energy (> 4 eV per atom) for conventional covalent
bonded semiconductors, such as Si,!® the halide perovskites exhibit a much lower cohesive
energy, for example, 3.40 eV per atom for bulk CsPbls.!” (Table 1.2 and Figure 1.2a) The
ionic chemical bonding characteristics and stereochemically active ns? lone pair electrons
in Pb*" and Sn?" cations cause the ionic perovskite lattice to have a lower mechanical
strength (Figure 1.2b), lower melting point, facile solution processability, and rich
structural diversity, laying the foundation for the facile synthesis and rich chemistry of
halide perovskites. As a result, the halide perovskite structure is highlighted with a “soft”
and ionic lattice. '® Owing to this “softness”, halide perovskite structure processes rich
structural chemistry and unique physical properties such as the lattice dynamics, structural
transformation, vacancy and anion diffusion, and easy hybridization with organic
molecules, leading to a highly reconfigurable lattice, in contrast with the rigid, covalent-
bonded lattice in traditional semiconductors.

Table 1.2 Comparations of structural properties of conventional semiconductor with halide
perovskites.!® Copyright © 2021, Elsevier Inc.

Con}ventlonal Halide perovskite
semiconductor
Bonding type Covalent, Ionic Ionic
Cohesive energy >4 eV/atom 3 eV/atom
Melting point Above 1000 °C Below 600 °C
Solubility Insoluble in solvents Soluble in polar solvent
Synthesis temperature -y 300 o Below 150 °C
(Solution phase)
Synthesis temperature | Evaporation: >1000 °C Evaporation: 400 — 600 °C
(Vapor phase) Deposition: >1000 °C Deposition: 100 —400 °C
Growth kinetics Slow Fast at low temperature
Incorporation with Only on the surface | In the lattice (hybrid perovskites)
organics (nanocrystals) On the surface (nanocrystals)
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g 3000 ¢ AP O 1 % 300 r
o
el
> s o F 0O sic
£ 2000 o ZEHED - g 200 & o
© g ] o i x | ms  Gaas
1= 1000 DDT@D&P ouF _8 100 cg E‘F Eh DED?I',IEKDS
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Figure 1.2 Physical properties of the Ionic soft halide perovskite lattice. (a) Relation
between melting temperature with and the cohesive energy of various semiconductors and
insulators. (b) Relation between bulk modulus and renormalized Debye temperature for
different semiconductors and insulators. (¢) Schematics of unique structural properties of
halide perovskites.!® Copyright © 2021, Elsevier Inc.

1.2.2 Optoelectronic Properties

Halide perovskites have been attracted tons of attention last decade with their remarkable
optoelectronic properties, including strong light absorption, tunable bandgaps, long charge
carrier diffusion lengths, high carrier mobilities and carrier lifetime, and defect tolerance.’

i) large absorption coefficients. One of the most prominent optoelectronic properties of
halide perovskites is their strong absorption of light across a wide range of wavelengths.
The materials exhibit a high absorption coefficient (Table 1.3), which allows for the
efficient harvesting of light in thin-film devices. The origin of the large absorption
coefficients comes from the relatively large band front density of states (DOS) attributed
to the anti-bonding nature of metal cations and halide anions.

ii) tunable bandgaps and strong emissions. Another significant property of halide
perovskites is their tunable bandgap, which can be adjusted by altering their chemical
composition. By varying the halide anions (CI", Br, or I'), researchers can fine-tune the
bandgap to achieve different emission colors across the whole visible spectrum. More
importantly, due to the soft, reconfigurable lattice of halide perovskites, the anions can be
tuned with facile post-synthetic anion exchange.!” Besides, the great tunability in both A
and M sites also leads to the changes in bandgaps, emissions, and electronic band
levels.?2! (Figure 1.3) The photoluminescence of halide perovskites, particularly their
nanocrystals, has been demonstrate to have near unity of quantum yield.?>%}

iii) high carrier mobility. In comparison to other semiconductor materials, halide
perovskites have also been found to exhibit significantly higher carrier mobility (i) as
illustrated in Table 1.3. The high carrier mobility times carrier lifetime (p1-7) can facilitate
the collection of photogenerated charge carriers before they recombine, resulting in high



power conversion efficiencies for photovoltaics or high external quantum efficiencies and
bright emissions for LEDs.

Anion exchange b ‘B’ cation exchange

a

cr Br I©

—_—

WAl

Wavelength

Emmision

Emmision

Cs(Pb:M)X,

d

| »

Insertion reactions o
c +/—- FA* =
‘A’ cation exchange or MA* CsPbX, +-Pb* | /- PbX, or +/— CsX ~ Gh

33
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+— FA*
> /[ orMA* =
Z - WS
z b s Pb
& == 2 PbB,
@ (Cs:MA)Pbl 3 + PbBr,
<

— PbBr,
Cs,PbBrg

Time (Cs:A)PbX, CsX Wavelength

Figure 1.3. (a) X site anion exchange, (b) M site cation exchange, and A site cation
exchange, and (d) stichometry tuning of halide perovskite, and their tunable optoelectronic
properties.?’ Copyright © 2018, Macmillan Publishers Limited, part of Springer Nature.

iv) defect tolerance. Halide perovskite is also found to be “defect-tolerant”.?+23

Comparing to defect intolerant materials, like GaAs, their defect levels are deep states
situated in the middle of the bandgap, which will cause the non-radiative recombination of
photogenerated electrons and holes. However, in the defect-tolerant halide perovskites, the
main defect levels are all “shallowed” levels near the band fronts. (Figure 1.4) This enables
great optoelectronic properties to be achieved even with halide powders and thin films of

halide perovskites.

Defect-intolerant Defect-tolerant
CdSe, GaAs APbX,
CB
i \ ~ Pb(6p)
1 _‘ metal 'l F—— 7—
e ! 1 shallowor
II m'f'tgap ,’ 1 intra-band
states
nonmetal # I} 1 states
_——-,
\ I
\
1
 —
VB

Figure 1.4. Electronic structures of defect-intolerant semiconductors and defect-tolerant
halide perovskite.* Copyright © 2017, American Association for the Advancement of

Science.



Table 1.3 Comparations of optoelectronic properties of halide perovskites with other
semicondutors.?® Copyright © 2015, The Materials Research Society.

Absorption Diffusion Carrier Carrier Bandeans
Materials coefficient length mobility lifetime e\§ P
(em™) (um) (cm*-V-s)
c-Si 10? 100 -300 10— 10° 4 ms 1.1
GaAs 4 3
thinfilm 10 1-5 >10 50 ns 1.4
CIGS 10°-10* 0.3-0.9 10— 102 250 ns 1.1
CdTe 10° 0.4-0.6 10 20 ns 1.5
Organic 10°-10° 0.005-0.01 | 10°-10* 1 -100 ps 1.6
PbS 2_103 -4_ 102
QDs 10--10 0.08-0.2 10*-10 30 ps 1.3
Halide 103~ 104 0.1-1.9 266 270 ns 1.6
perovskite

1.2.3 Ionic Octahedron Units

Chemists strive to understand the world by examining the fundamental building blocks and
functional units of various compounds. Starting from the basic properties of atoms and ions,
we can determine the properties of the compounds, such as inferring a compound's ionicity
from the electronegativity differences between two elements. In a similar vein, the study
of countless organic compounds can be streamlined by classifying them based on the
functional groups that compose them. This dissertation is driven by the same motivation:
to analyze halide perovskites through their building blocks and functional units - the
[MXe]™ metal halide ionic octahedron units.

The chemical foundation of this study is rooted in the varying ionicity and bonding between
Cs" and X as well as M"" and X". Taking CsPbBr;3 as an example, the electronegativities
of Cs, Pb, and Br are 0.7, 1.8, and 2.8, respectively. Consequently, the Cs — Br bond
exhibits a higher ionic character compared to the Pb — Br bond. This distinction allows the
[PbBrs]* unit to be treated as a single entity, leading to an alternative description of halide
perovskites as Cs* paired with the super anion [PbBre]*". This observation holds true for
other central metal cations as well, given that Cs always has the lowest electronegativity.

The [MX¢]" ionic octahedra serve as the fundamental building blocks of halide perovskites.
(Figure 1.5) The AMX3 halide perovskite lattice is constructed through the corner-sharing
of [MXs]* ionic octahedra. Halide perovskites now encompass a broader class of materials
characterized by a corner-sharing [MXs]" octahedral framework.> All halide perovskites
and related structures are formed from [MX¢]" units in various dimensions (3D, 2D, 1D,
and 0D), connection styles (corner-sharing, edge-sharing, and face-sharing), and different
charges (central M™" with oxidation states ranging from +1 to +5). The rich structural
chemistry of halide perovskites will be explored in depth in Section 1.3.



<111>

perovskite-like
halides

Figure 1.5. Halide perovskite structures constructed from metal halide ionic octahedra in
various dimentions.?” Copyright © 2019, Royal Society of Chemistry.

Wt

Moreover, the [MXs]|™ ionic octahedra serve as the optoelectronic units of halide
perovskites. The remarkable optoelectronic properties of these materials are primarily
attributed to the [MXg]™ ionic octahedra, as the band edges of halide perovskites are
composed of atomic orbitals (AOs) from both M and X. For example, as illustrated in
Figure 1.6, the valence band maximum (VBM) of CsPbBr3 is formed by Pb 6s electrons
and Br 4p electrons, while its conduction band minimum (CBM) consists of Pb 6p AOs
and small portions of Br 4p AOs, respectively. The electronic band structure of CsPbBr3
aligns with the molecular orbitals (MOs) of the [PbBrs]* octahedron. The highest occupied
MO (HOMO) of the Oy [PbBrs]* is the 3ai, state, formed by Pb?" 6s AOs and Br 4p AOs,
while the lowest unoccupied MO (LUMO) of the Oy [PbBrg]*is the 4t state, formed by
Pb?" 6p AOs and Br 4p AOs.
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Figure 1.6. Partial density of states (pDOS) and electronic band structures of CsPbBrs,
indicating the band fronts are mainly contributed by Pb and Br atomic orbitals.?* Copyright
© 2017, American Chemical Society.

From an alternative perspective, the electronic structure of CsPbBr3 can be derived from
the MOs of the [PbBrs]* octahedron, taking into account the translational symmetry that



arises from the stacking of the octahedra within the perovskite lattices. This relationship
has been demonstrated to hold true for other metal cations in various metal halide
perovskites.?® The contributions of A-site cations play a secondary role - these cations can
modulate the packing, connection, and tilting of [MX¢]™ units, which subsequently affects
their orbital overlaps and influences the optoelectronic properties (such as bandgaps and
carrier lifetimes) of halide perovskites.?*0

The [MXs]™ ionic octahedra also function as the operative units in halide perovskites. The
ferroelectricity of CsGeBr;3 arises from the off-centering of the [GeBrs]* octahedron. In
contrast to the 6s? electrons of Pb?" that are stabilized by the relativistic effect, the 4s? lone
pair electrons of Ge?* are much more active.’! Consequently, the lone pair of electrons
exhibits anisotropic behavior, leading to the off-centering of Ge** within the individual
[GeBre]* units. This reduces the point group from Oy to Csy and the space group from Pm-
3m to R3m, a ferroelectric space group. Our group has experimentally confirmed the
ferroelectricity of CsGeBr3 and demonstrated that the polarization direction aligns with the
Ge?" off-centering direction.??
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Figure 1.7. (a) The unit cell of CsGeBr3; and the Ge** off-centering in the ferroelectric
phase, (b) Atomic-resolution STEM image on a localized domain of CsGeBr; nanowire
displays the atomic displacement vector map. (c) Current versus electric field loop after
subtracting the leakage contribution and the corresponding ferroelectric hysteresis loop of
CsGeBr3.3 Copyright © 2022, The Authors, exclusive licensee American Association for
the Advancement of Science.

In summary, metal halide ionic octahedra serve as the fundamental building blocks and
functional units of halide perovskites. By examining these materials at the level of ionic
octahedra, we can gain a deeper understanding of the synthesis, transformation, and
applications of halide perovskites.



1.3 Rich Structure Chemistry of Halide Perovskites
1.3.1 Lead Halide Perovskite Structures

Characterized by a soft, reconfigurable lattice and relatively low cohesive energy, halide
perovskites can readily incorporate organic molecules into their inorganic lattices, resulting
in the formation of organic-inorganic hybrid perovskites (OIHPs). In halide perovskite
AMX3 lattices, organic molecules typically occupy the A site. Methylammonium (MA)
and formamidinium (FA) lead halide perovskites serve as prototypical examples of OIHPs,
and they are as popular as their all-inorganic counterparts.>> Owing to the predominant
ionic bonding within the halide perovskite lattice, these materials exhibit high solubility in
polar solvents, which enables excellent solution processability for solution-based synthesis.
Additionally, their relatively lower melting point allows for solid-state synthesis or vapor-
phase synthesis. Over the past decade, researchers have developed several facile synthetic
methods for lead halide perovskites.
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Figure 1.8. Synthesis of lead hallde perovskltes at different length scales. (a) Lead
bromide colloidal nanostructures with various morphologies.'® Copyright © 2021, Elsevier
Inc. (b) Bulk CsPbBr; single crystals synthesized using the Bridgman growth method.**
Copyright © 2018, The Authors. (¢) CsPbBr3; nanowires synthesized via CVT growth.%
Copyright © 2019, American Chemical Society. (d) CsPbBr3; nanoplates synthesized via
CVT growth.*® Copyright © 2019, National Academy of Sciences. (¢) CsPbX3
heterostructure nanowires produced through solution-based synthesis and post-anion
exchange.?” Copyright © 2017, National Academy of Sciences.



The synthesis of halide perovskites with sizes ranging from quantum dots of a few
nanometers to bulk crystals of several centimeters has been achieved. Colloidal
nanocrystals of lead halide perovskites are primarily synthesized using two well-
established liquid-phase methods: the hot injection (HI) method and the ligand-assisted
reprecipitation (LARP) method.®® By finely tuning precursors, ligands, reaction
temperature, and reaction time, various morphologies of lead halide perovskite
nanostructures, including nanocubes,** rhombic dodecahedrons,*” nanowires with different
aspect ratio,*® and nanoplates,*! can be synthesized. (Figure 1.8a) Halide perovskites
nano/micro single-crystalline structures (Figures 1.8c-e) can be produced with chemical
vapor transportation (CVT) methods®>* and solvent-based methods.’” It is also worth
noting that, due to their excellent solution processability, lead halide perovskite thin films
can be easily created with polar solvents, spin-coating, and heating, providing the
foundation for most halide perovskite devices. Various synthetic methods for halide
perovskite thin films have been developed, expanding the range of fabrication techniques
available for these materials.*?

Bulk crystals of halide perovskites can be obtained through solid-state synthesis (e.g.,
Bridgman growth method) and solution-based synthesis methods, including the
solution—temperature—lowering (SLT) method, inverse—temperature crystallization (ITC)
method, antisolvent crystallization (AVC) method, and others.*** The ITC method is
employed when the solubility of a single crystal has greater solubility in the solvent at
lower temperatures but decreases upon increasing the temperature. Saidaminov et al.
optimized the ITC method for obtaining the high-quality millimeter-sized MAPbX; single
crystals within 3 h.* Using the vertical Bridgman growth method, single crystals of all-
inorganic CsPbBr3 as large as the centrifuge tubes can be produced (Figure 1.8b).3
Furthermore, most of these synthetic methods can be successfully applied to other halide
perovskite systems that will be discussed in the following sections.

The rich structural chemistry of lead halide perovskites is also manifested in their
reconfigurable compositions and structural transformations,*® as previously discussed in
Section 1.2. Post-synthetic anion exchange can be used to form CsPbX3 (X =CI, Br, I")
heterostructures (Figure 1.8¢).3%7

1.3.2 Lead-free Halide Perovskite Structures

Halide perovskites can also be alternatively formulated with a diverse range of metal
cations in different oxidation states, instead of Pb?". These compositions are referred to as
lead-free halide perovskites.*’ Lead-free halide perovskites can be classified into the
following structures (Figure 1.9):

i) CsM(II)X3 [1-1-3] phase: The realization of lead-free CsM(II)X3 phases is quite
straightforward, by substituting the Pb** with other divalent cations, such as Sn**, Ge*",
Cd?*" and Hg?". Tin iodide perovskite provides a lower and more ideal bandgap (1.25 eV
for CsSnl3) than the lead iodide perovskites (1.72¢V for CsPbls).2! Presently, researchers
are investigating mixed Pb-Sn systems to develop optimized material configurations with
reduced bandgaps for enhanced photovoltaic performance.?!

ii) CsxM(DM’(IID) X6 [2-1-1-6] phase: CsoM(I)M’(I11)Xs phase is formed by replacing
every two adjacent Pb?" site with a monovalent and a trivalent metallic cation. These two



metal halide octahedra with different charges will pack into a face-centered cubic (FCC,
Fm-3m) unit cell, which is double the dimensions of the original cubic CsM(II)X3 unit cell.
As a result, this type of halide perovskite is commonly referred to as double halide
perovskites.*

A wide synthetic space has been established for double halide perovskites, with elements
for M(I) including Ag, Au, In, Cu, Tl, and Na, as well as elements for M’(III) such as Bi,
Sb, In, Fe, Sc, T1, and rare earth (RE) elements.*” The electronic structure of double halide
perovskites now arises from AOs contributed by both central metal cations. It is worth
noting that certain double perovskites deviate from the ideal FCC lattice, such as the
tetragonal unit cell for Cs;Au(I)Au(IIT)Cls lattices with Jahn-Teller distortion®’, and the
tetragonal super-unit cell for CsxIn(I)In(III)Cl¢ with octahedron tilting, rotation, and
disordering.’! Double perovskites are employed in various optoelectronic applications,
such as white LEDs with Cs;Agi—xNaxInCls.>?

poe L WL
CsM(I1)X, CszM(I)M(IIIXG Cs,M(IV)X Cs;M(ll), X, Cs, M(I)M(lI),X,,

Figure 1.9 The unit cells of lead-free halide perovskite structures.’>® Copyright © 2021,
American Chemical Society.

iii) Cs:xM(IV)XGs [2-1-(0)-6] phase: The CsoM(IV)Xs phase is achieved by replacing two
adjacent Pb?* sites with a vacancy and a tetravalent metal cation, such as Sn**, Ge**, Te*,
Se**, Mo*", Pt*, Pd*", Ir**, Os*", Re**, and RE*".>* This type of perovskite still shares the
doubled FCC perovskite unit cell and is called vacancy-ordered double halide perovskites.
Compared to other 3D halide perovskites, the 2-1-6 phase halide perovskites are considered
0D halide perovskites, where the metal halide octahedra are more electronically isolated.
This isolation results in strong electron-phonon coupling in these halide perovskites and
leads to remarkable broadband emission properties attributed to self-trapped exciton (STE)
emission.>>-

iv) CssM(I1I)2Xo [3-2-(0)-9] phase: CssM(I11)2Xo is a 2D halide perovskite achieved by
replacing every three layers of Pb** with two layers of trivalent cations, such as In**, Bi**
and Sb**. The 3-2-9 halide perovskites are also noted as vacancy-order halide perovskites.
Due to low electronic dimensionality and strong exciton-phonon coupling, these low-
dimensional halide perovskites can exhibit broad outstanding broad emission properties,
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which are originated from radiatively decay of STE.>’® Extended 3-2-9 phases can be
achieved by partially replacing the M?* cation layers, such as in CssCuSbCli»*° and
CS4MnBi2C112.60

It is also worth noting that one of the biggest concerns for the practical use of lead halide
perovskites is the toxicity of Pb?*.%! Researchers have experimentally proven the biological
impact of dissolving Pb*" from halide perovskites on plants.®? The European Union adheres
to RoHS1 (Restriction of Hazardous Substances) in 2003, RoHS2 in 2011 and RoHS3 in
2015 as "lead-free directives," limiting the maximum concentration of Pb to 0.1% by
weight in any homogeneous layer of a device.®® As a result, lead-free halide perovskites
have attracted more attention as alternatives to lead halide perovskites in certain
applications.

1.3.3 Low-dimensional Halide Perovskites
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Figure 1.10 (a, c, d) 2D Halide perovskites structures tailoring from 3D halide perovskite
lattice along different directions. * Copyright © 2001, Royal Society of Chemistry. (b)
The RP, DJ, and ACI phase 2D halide perovskites.®> Copyright © 2021, The Authors.
Advanced Energy Materials published by Wiley-VCH GmbH.

The 3D halide perovskite lattice can be engineered into lower dimensionalities through the
incorporation of organic ammoniums. This process yields a variety of 2D halide perovskite
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structures.’® Ruddlesden-Popper (RP) phase halide perovskites are formed by integrating
two layers of ammonia from the <100> direction.®* RP phase perovskites possess a general
formula: A'2An.1PbaBr3n+1, where A' represents the organic ammonium, A denotes the 3D
perovskites A site cations such as Cs, Rb, and MA, and n indicates the number of inorganic
layers. (Figure 1.10a) RP phases are postulated to function as “quantum wells”, with their
optoelectronic properties displaying layer dependencies.'?> Other phases like Dion-
Jacobson (DJ) phase and alternating cations interlayer (ACI) phase can be obtained when
tailoring the halide perovskites with other organic molecules.®® The 3D halide perovskites
lattice can also be tailored along the <110> directions (Figure 1.10¢), or along the <111>
direction (Figure 1.10d).** The choice of organic cations will also interferer with the
octahedron tilting in the layer, which will adjust the free exciton (FE) emissions and STE
emissions of the 2D halide perovskites.®’

The metal halide octahedron can also be connected in 1D with the cooperation with organic
molecules, two configurations of corner-sharing octahedron chains have been established:
a linear chain®® (Figure 1.11a) or a zig-zag chain® (Figure 1.11b). When the organic
species are bulky, the metal halide octahedron will become isolated to form 0D OIHPs’
(Figure 1.11c¢). In comparison to 3D halide perovskites, some low dimensional halide
perovskites exhibit higher stabilities towards moisture.”! As a result, the scientists also
introduce 2D halide perovskites layers on top of 3D lead iodide perovskites to improve
solar cell stability.”

cis linear chain of corner-sharing [Pbl;]3-..
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Figure 1.11 (a) 1D Halide perovskite structures with a linear chain of corner-sharing
octahedra. (b) 1D Halide perovskite structures with a zig-zag chain of corner-sharing
octahedra. (c) 0D halide perovskite structures with isolated [SnBrs]* octahedron.
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1.3.4 Halide Perovskites-related Structures

Contrary to the structures discussed in previous sections, numerous metal halide structures
exhibit correlations with halide perovskites, yet are not classified as halide perovskites.
This is due to the metal halide octahedra no longer being corner-sharing, or the metal
halides not conforming to the [MXs]™ octahedral configuration.’ (Figure 1.12)
Consequently, these structures are referred to as perovskite-related or perovskite derivative
structures. In this section, I will highlight several non-perovskite structures that exhibit
fascinating optoelectronic properties.

A-B(I1)-X alternative stoichiometries

Cs,PbX, CsPb X,

X, M) ApBX,

Figure 1.12 Some ternary metal halides which is not a halide perovskite.> Copyright ©
2020, American Chemical Society.

Certain halide perovskites undergo phase transitions into non-halide perovskite phases.*
For example, CsPbl; exists as a halide perovskite at high temperatures, but its low-
temperature thermodynamically stable phase is a non-perovskite phase. The [Pbls]*
octahedra build up an edge-sharing dimer 1D Pb-I chain.”® Besides, some CsM(IT)X3
materials also didn’t shows the halide perovskite phase, as their tolerance factors are larger
than 1.7* Instead, it is in a hexagonal [MXs]* face-sharing 1D chain for transitional metal-
based halide perovskites like CsNiCl3”> and CsCuCls.”® Moreover, some 3-2-9 halide
perovskites are also adopt the face-sharing dimer phase rather than the halide perovskite
phase at ambient conditions.®’

With the introduction of organic molecules, there are more hybrid perovskite derivative
structures can be achieved. Various structures in octahedron edge-sharing dimer, edge-
sharing 1D chain, face-sharing chain.”’-® The hybrid low-dimensional halide perovskite
derivatives also exhibit interesting optoelectronic properties, for examples, C4N2H14PbBr4
has a complex edge-sharing Pb-Br chain and shows a quite strong broadband white
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emission’’; (TDMP)PbBr; in a mixed edge-sharing and corner-sharing configurations also
exhibits a white emission for PLQY of 90%.7®

Besides, some of complex metal halides do not have a [MXg]" octahedral anion, as the
metal cations better fits in the tetrahedral vacancies of X, such as Zn?" and Cu".
CsCual388! and Cs3Cuals*? are also identified as another two lead-free emitting materials.

1.4 Environmental Stimuli and Their Impact on Halide Perovskites

Halide perovskites display a variety of transformations when subjected to specific
environmental stimuli, such as high temperatures, low temperatures, moisture, light
excitations, electrical bias, pressure, and magnetic fields. This section will briefly discuss
the effects of these environmental stimuli and the corresponding responses exhibited by
halide perovskites.

1.4.1 Temperature

The effects of temperature changes on halide perovskites have been extensively studied
using various in sifu temperature characterization techniques, such as absorption
spectroscopy, X-ray diffraction (XRD), electron microscopy, and photoluminescence (PL).
Halide perovskites exhibit unique properties when subjected to high or low temperatures.

Temperature changes can significantly impact the structure of halide perovskites. For
instance, in the prototypical CsPbBr3 halide perovskite, metal halide octahedra are more
well-aligned at high temperature, while tilting and distortion reduce lattice symmetry at
low temperature. Specifically, the corner-sharing [PbBrs]* octahedra become increasingly
tilted when CsPbBr3; goes from the cubic phase (Pm-3m, T > 130°C), to the tetragonal
phase (P4/mbm, 88°C < T < 130°C), and then the orthorhombic phase (Pnma, T < 88°C).%?
The tilting of [PbBre]* octahedra can influence the orbital overlaps and change the
electronic structures.’*3* Additionally, for CsPbls, the low-temperature thermodynamically
favorable phase is the non-perovskite 6-phase. The increase in temperature induces a phase
transition from the 3-phase to the high-temperature halide perovskite phase.* (Figure 1.13)
The Yang group has designed the photovoltaic smart window based this phase transition,3
and the kinetics have also been studied in detail via in situ Cathodoluminescence (CL).%¢
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Figure 1.13 Illustration of reversible phase transitions in polymorphic perovskites.*®
Copyright © 2020, American Chemical Society.
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Furthermore, temperature changes also influence the dynamics of halide perovskite lattices.
Although the unit cell tends to adopt a higher symmetry, this only refers to the average
structure; dynamic features (such as vibrations and lattice disordering) continue to increase
with rising temperatures. The elongation of carrier lifetime can be explained by structural
disorder that prompts partial charge localization, reduces nonadiabatic coupling, and
diminishes quantum coherence as temperature increases.®’” On the other hand, lowering the
temperature can significantly suppress lattice vibrations and non-radiative recombination
processes, leading to improvements in photoluminescence quantum yield (PLQY) and
narrowing of emission bands.%®

Excessively high temperatures can also be detrimental to halide perovskites, as they exhibit
relatively low melting points.®* Moreover, halide anions are prone to evaporation, which
can induce decomposition or thermal reduction of metal cations in the perovskite structure.
This underlines the importance of carefully controlling temperature conditions when
working with halide perovskites to maintain their stability and performance.

1.4.2 Pressure

Apart from temperature, the behavior of halide perovskites under high pressure has also
been extensively investigated. Research on halide perovskites under non-ambient pressure
conditions is typically conducted using a diamond anvil cell (DAC).”® The compression
can also induce phase transitions in halide perovskites. For instance, in Cs2M(IV)Xe halide
perovskites, the A-site cations tend to occupy the larger cuboctahedral vacancies, which
are more compressible compared to the octahedra. As the pressure increases, the face-
centered cubic (FCC) lattice transforms into a monoclinic unit cell with distortions of
[MXGe]?* units. (Figure 1.14a) The characteristic pressure for such phase transition is also
dependent with the halide anions. For example, the Cs>SnCls remains the FCC lattice up
to 20 GPa, Cs2SnBrs undergoes phase transition at 15.4 GPa, while the Cs2Snls undergoes
phase transition at 8 — 10 GPa.”!

Isotropic high pressure can also eliminate the anisotropic features within halide perovskites,
such as the Ge** off-centering we discussed in Section 1.2.3. Only ~1 GPa is needed to
compress the R3m ferroelectric lattice back to the Pm-3m cubic lattice.”” (Figure 1.14b)
Consequently, the Ge 4s? lone pair electrons are highly sensitive to high pressure, and
researchers are able to regulate the optical properties of Ge-Br halide perovskites with
pressure.”® Furthermore, due to changes in octahedron distances or configurations induced
by pressure, the electronic structures of halide perovskites are also altered by pressure.”*

High pressure can also induce phase transitions in mixed-valence halide perovskites, like
Cs2AuxXe6”® and CszInzXe,”® where the Au and In are in mixed-valence for +1 and +3. While
under compressions, the tetragonal, mixed-valence phase Cs;Au(I)Au(III)Cls will undergo
phase transition into the cubic, homo-valence phase CsAu(II)Cls after 12.5 GPa, as suggest
by the in situ high pressure single crystal XRD. More specifically, in Cs;Au(I)Au(IIT)Cls,
the [Au(I)Cls]>~ [Au(III)Cl¢]*~ are compressed octahedron and enlonged octahedron,
respectively. While at 15 GPa, the structure is determined as a cubic phase with
[Au(IT)Clg]* octahedron (Figure 1.14¢).°” In situ optical measurements have observed
bandgap closure in Cs>Aule”® and CsInoClg, indicating a semiconductor-to-metal phase
transition induced by pressure.’!
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Copyright © 1995, Academic Press. (¢) Pressure-induced phase transitions of Cs2AuxCls.
1.4.3 Other stimuli

In addition to the impacts from high temperature, low temperature, or non-ambient pressure,
halide perovskites can also be influenced by other environmental stimuli such as moisture
or chemicals,®>* electrical fields,'? light excitations,!?! or magnetic fields.!?> For example,
water vapor can trigger the high-T CsPbl; to change into the low-T yellow phase by
lowering the energy barrier.*® Furthermore, the Br-I mixed halide perovskites will
process anion redistribution and end up with phase transitions when under external
electrical fields or light excitations.!?! Understand the impact of each environmental stimuli
and the responses of halide perovskites are essential for the fundamental understandings,
practical application, and the rational regulations of the properties of halide perovskites.

1.5 Applications of Halide Perovskites

Indeed, halide perovskites have attracted significant attention due to their outstanding
optoelectronic properties and solution processability discussed in Section 1.2. Their
application in various fields demonstrates their versatility and potential for future
technological advancements. Here, we briefly discuss some of the primary applications of
halide perovskites (Figure 1.15a):

i) Photovoltaics: Halide perovskites have revolutionized the field of photovoltaics due to
their high-power conversion efficiency (PCE), which has rapidly improved over the years.
Efficiencies of laboratory-scale devices using these materials have increased from 3.8% in
200919 to 25.7% in 2021 in single-junction architectures,' and to 29.8% in silicon-based
tandem cells,!*® exceeding the maximum efficiency achieved in single-junction silicon
solar cells. (Figure 1.15b) As of today, core problems and research subjects include their
short- and long-term stability, as well as the large-scale device fabrication.!%
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ii) Light emitting diodes (LEDs): The tunable bandgap and high photoluminescence
quantum yield (PLQY) of halide perovskites make them excellent candidates for LEDs.
Perovskite LEDs exhibit narrow emission linewidths, high color purity, and the potential
for low-cost, solution-processed fabrication. Over the past few years, perovskite LEDs
have achieved high external quantum efficiencies (EQE) of 18.65% for blue LEDs,'%7 28.9%
for green LEDs,!% and 25.8% for red LEDs.!% As of today, core problems and research

subjects include device stability and material toxicity, as well as the large-scale device
fabrication.!!?

iii) Photodetectors: Halide perovskites have been explored for their use in photodetectors
with great responses to UV-visible light,!'! near-infrared (NIR) light,!'? and high-energy
radiations, including X-ray!!® and gamma-ray.>* Their high atomic numbers, high charge
carrier mobility, and solution processability make them suitable for developing high
performance direct X-ray detector with a high sensitivity and low detection limit.!''* And
the great and tunable photoluminescence of halide perovskite enables the great applications
in scintillators in indirect photodetectors.'*

iv) Photocatalysts: Halide perovskites have shown potential as photocatalysts for various
reactions, including water splitting,!!'>117 small molecule activation,!'®!" and organic
transformation.'?*-12* Material systems based on pure metal halide perovskites, or
composite materials of perovskites and other semiconductors or metals, have been shown
as new platforms for carrying out photocatalysis.!>123
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Chapter 2 A New Design Principle for Constructing New Halide
Perovskites at the Level of Ionic Octahedron

Parts of the content of this chapter were reprinted and adapted from the following
publications with permission: Jianbo Jin, Maria C. Folgueras, Mengyu Gao, Sunmoon Yu,
Sheena Louisia, Ye Zhang, Li Na Quan, Chubai Chen, Rui Zhang, Fabian Seeler, Kerstin
Schierle-Arndt, and Peidong Yang. "A New Perspective and Design Principle for Halide
Perovskites: Ionic Octahedron Network (ION)." Nano Letters, 2021, 21(12), 5415-5421.
Copyright © 2021, American Chemical Society.

2.1 Introduction

Halide perovskites have been extensively studied as emergent semiconductor materials due
to their remarkable optoelectronic properties,’? and wide applications in solar cells*®,
light-emitting diodes’®, photocatalysts’, radiation detectors!'?, etc. The halide perovskite
family has the general formula of APbX3 (A = Cs™, Rb", etc., etc., X = Cl, Br, I'), which
consists of a network of corner-sharing [PbXs]* octahedra. The metal halide ionic
octahedron is the fundamental building block of halide perovskites!!, with a diameter of 5-
6 A. Besides the lead halide perovskites, more complex structures appear when replacing
Pb?* with other metal cations as described in Section 1.3. The design principle for those
lead-free halide perovskites is generally based on charge balancing!>!3 (Figure 1.10). For
example, when the divalent site (Pb*") is replaced with a monovalent and a trivalent cation
(like Ag* and Bi*"), the two cations will arrange in a rock-salt (NaCl) type structure, in the
space group of Fm-3m.!*!> Other structures form in perovskites with trivalent or
quadrivalent metal cations coupled with vacancies, like Cs3Bi(II1)2Xo!¢ and Cs>Sn(IV)Xe!".
The emergence of lead-free halide perovskites provides more functional and
environmentally friendly choices for various device applications.'®2°

The metal halide ionic octahedron is the functional unit of halide perovskites, as mentioned
in Section 1.2.3. As emerging optoelectronic materials, the band fronts of halide
perovskites are mainly contributed by the atomic orbitals (AOs) of metal cations and halide
anions.?! One can derive the band structures of halide perovskites from the molecular
orbitals (MOs) of [MXg]™ ionic octahedra, as well as the translational symmetry of the
lattice matrix.?? Various functionalities of halide perovskite solids can be attributed to the
metal halide ionic octahedra those constructed up the materials. For instance, the molecular
absorption feature and the self-trapped exciton (STEs) emissions of Cs>TeCls are attributed
to the [TeCls]* ionic octahedron.?* And the origins of ferroelectricity of CsGeBrs; is the
off-centering of Ge** within the [GeBrg]*~ octahedron.?* The optoelectronic and chemical
properties of the extended perovskite solids are dictated by the assembly, connectivity, and
interaction of these octahedra. Hence, building up a fundamental understanding at the level
of metal halide octahedron will lay the foundation for the synthesis, study, and applications
of their solid assembly.

In this work, we have proposed a new design principle for halide perovskites. By
representing the metal halide ionic octahedron in halide perovskites as a super atom, the
halide perovskite can be described as an extended ionic octahedron network (ION)
balanced by selected cations. This new perspective and design of halide perovskites based
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on ION could enable the prediction of different packing and connectivity of the metal
halide octahedra based on many different solid-state lattices. In this work, a new halide
perovskite CsgAus slnisCly; was discovered with a BaTiOs-lattice ION {[InClg][AuCls]
[Au/InCl4]3}® assembled from three different ionic octahedra [InCls], [AuCls], and
[Au/InCl¢] and balanced by positively charged Cs* cations. This success of the ION design
concept in the discovery of CssAus.sIn;sCls opens up a new venue for the rational design
of new halide perovskite materials. This chapter will focus on new design principles for
constructing new perovskite materials at the level of ionic octahedron by manipulating
various functional metal halide octahedra into a new matrix for the new and multifunctional
halide perovskite structure.

2.2 Ionic Octahedron Network (ION)
2.2.1 The Conceptualization of ION
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Scheme 2.1. Ionic Octahedron Network (ION). (a) Metal halide perovskites can be
considered as extended Ionic Octahedron Networks (IONs) stabilized with positively
charged cations. (b) Seven different lattices of octahedron packing and the predicted I[ONs
and metal halide perovskite structures. Examples: The CsPbBr; halide perovskites can be
considered as [PbBrs]* octahedron placed in a simple cubic ION stabilized with Cs*
cations; the vacancy ordered halide perovskite Cs,SnCl can be considered as the [SnCls]*
octahedron placed in a face-centered cubic (FCC) ION stabilized with 8 Cs* cations; etc.
All of the crystal structures are plotted with VESTA software.?

Halide
Perovskites

Inspired by the charge balancing design principle and the NaCl-type double halide
perovskite, charge-ordered double perovskites, where the metal cations are mixed valence
of the same element, including Au'/Au*, TI*/TI**, and In'/In*, have also been
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investigated.?*2® A pressure-induced semiconductor-to-metal phase transition of the
charge-ordered CsxIn(I)In(IIT)Cls has also been spectroscopically observed in our previous
work.?? While many structures have been synthesized based on this design principle of
charge balancing, recently we have turned our attention to the packing and
interconnectivity of the [MXs]™ building block itself in order to discover new types of
halide perovskite lattices. To this end, we consider the ionic [MX¢]" octahedron as a super
ion/atom. Just as different atoms and ions can pack to form different crystalline lattices,
these ionic [MXs]|™ octahedra can in principle pack into different types of negatively
charged, extended ionic octahedron networks (IONs), with and without corner sharing.
Halide perovskite crystal structures are eventually formed when this negative charged ION
is stabilized by counter cations (Scheme 2.1a). For example, the prototypical CsPbX3
perovskites can be considered as a simple cubic lattice-based ION balanced by Cs cations,
i.e., in the context of ION, there is one [PbXs]* corner-shared octahedron and one Cs cation
within the unit cell.

Scheme 2.1b summaries seven cubic IONs with different packing and interconnectivity.
Vacancy-ordered double perovskites like Cs2SnCls can be viewed as having a face-
centered cubic-lattice ION, and there are 8 Cs cations and 4 [SnClg] octahedra within the
unit cell. On the other hand, double halide perovskites like Cs>AgInCls correspond to a
NaCl-lattice ION. There are again 8 Cs cations, and 4 [AgCls] and 4 [InCls] octahedra
within one unit cell. The body-centered cubic-lattice ION (BCC) is not a close packing,
thus resulting in octahedron tilting in Cs4PbBrs to stabilize the crystal structure (Figure
2.1).

2.2.2 Predictions of New Halide Perovskite Structures based on ION

With this general principle of the ionic octahedron network in mind, one could start to ask
the following question: what if we start to arrange these [MXs] octahedra into lattices other
than simple cubic, BCC, FCC or rock-salt? Will that lead to the discovery of new crystal
structures for the halide perovskite family? For example, the CsCl-type ION could result
in a structure with formula of CssM(I)M(III)Cli2, in the space group of Pm-3m or slightly
deviated because of octahedron rotation. ReOs-type ION would result in a structure with
the compositions CssM(I)M(II1); X5 or CssM(IV)M(II)3 X3, in the space group of Pm-3m.
In this particular case, corner-shared [M(I)Xs] and [M(III)Xs] octahedra would form a large
ionic cage structure. Likewise, Perovskite-lattice (BaTiOs-lattice) ION leads to a complex
halide perovskite structure with the CssM(IV)M(IIT)M(I1I)3X24 composition, in the space
group of Pm-3m. Similarly, three octahedral units form a BaTiOs-lattice ION according to
the following formula: {{M(IV)Xe][M(III)Xs][M(II1)Xe]3} in terms of {ABXs3}, which is
then balanced by the 8 Cs cations. After consideration of interconnectivity of the octahedral
units, the final composition can be reduced to CssM(IV)M(II)M(III)3X24. It is important
to point out that so far in our discussion we have not considered the possible formation of
halide vacancies in the structure, which is quite common in many inorganic halide
perovskite lattices®®. For example, it is conceivable that one can assemble a BaTiOs lattice-
based ION using all trivalent cations by creating a halide vacancy in the structure, which
would end up with a CssMIII)M(III)M(II)3 X3 stoichiometry. These halide perovskites
predicted based on the CsCl, ReOs, and BaTiO; lattice ION, however, have not been
reported previously and yet to be confirmed experimentally. Here we detail the discovery
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of a new halide perovskite based on the predicted BaTiOs lattice ION. This packing and
interconnecting of the sub-nano metal halide ionic octahedron building blocks represent a
new line of thinking for the rational design of complex halide perovskite crystal structures.

BCC ION Cs,PbBr,

Octahedron
tilti ng

Figure 2.1. (a) Distortions of the ionic octahedron in CS4PbBI‘6 from the BCC-type ION.
The [PbBrs]* ionic octahedron will tilt to form a crystal structure in trigonal (R-3¢) space

group.
a CszAu(I)Au(III)CIs [Au(l)CIE  [Au(l)Cl]*

elongated compressed
octahedron octahedron

?
2.80 A : 3.01A
62 28 A

Cs,In(l)In(ll)Clg Rotations of [In(lll)Clg]*-
; . ; octahedron

Figure 2.2. (a) The elongated and compressed gold chloride ionic octahedra in
Cs:Au()Au(IIT)Cls, (b) the rotations of the [In(III)Cl¢]>~ ionic octahedron in
CsaIn(I)In(I1I)Cle.

2.3 Experimental Methods

2.3.1 Materials Preparations

Chemicals: CsCl (99.999%, Sigma-Aldrich), HAuCls-xH20 (99.9%, Alfa Aesar), InCl;
(99.99%, Alfa Aesar), and L-Ascorbic acid (AA, >99.9%, Sigma-Aldrich) are used as
received. All the precursors are stored in HCI to avoid decomposition. Stock solutions of
0.50 M CsCl/ 0.25 M HAuCly / 0.25 M InCl; are prepared by dissolving 0.420g CsCl /
0.492g HAuCl4-3H,0 / 0.277g InCl; in SmL 12M HCI (37%). The solid salts are
completely dissolved, resulting in a clear stock solution. The stock solutions are stored in
amber vials for further use.
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Synthesis of CsgAussIni.sCl; single crystals: 300 pL of 0.25M HAuCls solution, 100puL
of 0.25 M InCls solution, and 320 puL of 0.50 M CsCl solution were mixed in 12M HCI
(37%) for a total volume of 6mL. Yellow fine powders form immediately upon addition of
the CsCl solution. The solution was heated on a hot plate to produce a clean solution. Mild
conditions (<60°C) have been used to avoid the decomposition of [AuCls]” under heat.
Yellow single-crystals with diameters of 100 um were formed after cooling down to room
temperature. Crystals were collected by a vacuum filter and washed with cold anhydrous
methanol.

Synthesis of CsgAuzsInisClas single crystals with reduced bandgaps: 300 uL of 0.25
M HAuCly solution, 100 pL of 0.25 M InCl; solution, and 320 pL of 0.50 M CsCl solution
were mixed in 6M HCI for a total volume of 4mL. Yellow or orange-yellow fine powders
form immediately upon addition of the CsCl solution. The solution was heated on a hot
plate to get a clean solution. Different molar ratios of ascorbic acid (AA) were added to the
clean solution. Orange-to-black single-crystals with diameters of 250 pm were formed after
cooling down to room temperature. Crystals were collected by a vacuum filter and washed
with cold anhydrous methanol.

2.3.2 Characterizations

Powder X-ray Diffraction (PXRD) and Synchrotron PXRD: The normal PXRD
patterns were measured from a Bruker D2 Phaser Diffractometer equipped with a 30 kV
Cu Ka X-ray source operating at 10 mA, and an SSD 160 silicon strip detector. Synchrotron
PXRD were measured at Beamline 2-1 of Stanford Synchrotron Radiation Lightsource
(SSRL), SLAC National Accelerator Laboratory. Powders were measured in capillary
tubes with a Pilatus 100K Detector, at the wavelength of 0.729319 A.

Single Crystal X-ray Diffraction (SCXRD): X-ray diffraction data (CssAuz.sInisClas-
Yellow and CssAussIngsClas-Black) were collected at the Small Molecule X-ray
Crystallography Facility (CheXray) in College of Chemistry, UC Berkeley. SCXRD were
measured with a Rigaku XtaLAB P200 instrument equipped with a MicroMax-007 HF
microfocus rotating anode and a Pilatus 200K hybrid pixel array detector using
monochromated Mo Ko radiation (. = 0.71073 A). Both crystal datasets were collected at
room temperature (293 K). A yellow crystal of dimensions 0.19 x 0.17 x 0.12 mm? was
measured in a triclinic strategy. A black piece of crystal of dimensions 0.202 x 0.116 X
0.031 mm?, which is cut from a big black crystal, was measured in the m-3 point group.
CrysAlisPro®' was used for data collection and data processing, including a multi-scan
absorption correction applied using the SCALE3 ABSPACK scaling algorithm within
CrysAlisPro. Using Olex23?, the structures were solved with the SHELXT?? structure
solution program using Intrinsic Phasing and refined with the SHELXL3* refinement
package using Least Squares minimization.

Low-frequency Raman spectroscopy: Ultra-low-frequency (ULF) Raman spectra were
acquired at the Stanford Nano Shared Facilities (SNSF). The Raman spectra of the samples
were measured by a confocal Raman microscope system (Horiba LabRAM HR Evolution).
The single crystals were dispersed onto glass microscope slides for measurement. A
continuous-wave 633 nm laser was focused onto a crystal at a constant power density set
by neutral density filters. The Raman signal from the sample was collected using a
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microscope objective in a back-scattering geometry (100 x, NA 0.6). High-resolution
Raman spectra were measured with a CCD detector equipped with a diffraction grating of
1800 gr/mm and a ULF filter package (10 cm™) to remove the Rayleigh scattering line
from the signal.

Scanning electron microscopy (SEM) and energy-dispersive spectrometry (EDS):
SEM images were acquired using a FEI Quanta 3D FEG/FIB SEM. Atomic ratio in the
single crystals were determined via the EDX detector.

X-ray photoelectron spectroscopy (XPS): XPS measurements were conducted with
Thermo Scientific K-Alpha Plus using an Al Ka source (Photon energy 1486.6 eV). Shirley
background was used for background subtraction, and spectra were collected with only a
few scans (1-5 scans, ~10 s/scan) for Au 4f level to avoid the photoreduction of surface
Au(III) species.

X-ray absorption spectroscopy (XAS): XAS was measured at beamline 7-BM of the
National Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory (BNL).
Single crystals were grounded into powders and sandwiched between Kapton tapes for
measurements. All XAS data was measured simultaneously in transmission mode and in
fluorescence mode. 120 scans for the In K-edge and 20 scans for the Au Ls-edge were
collected and merged. Fluorescence data were analyzed using Athena®® and plotted in
Figures 2.8 and 2.14.

Inductive coupled plasma atomic emission spectroscopy (ICP-AES) and mass
spectroscopy (ICP-MS): ICP-AES results were acquired by a Perkin Elmer ICP Optima
7000 DV Spectrometer at the Microanalytical Facility in College of Chemistry, UC
Berkeley. ICP-MS measurements were performed at the UC Davis Interdisciplinary Center
for Plasma Mass Spectrometry (UCD/ICPMS), a Campus Research Core Facility (CRCF),
using an Agilent 8900 ICP-MS.

2.4 New Halide Perovskites: Cs-Au-In-Cl in ABOz-type ION

2.4.1 Synthesis and Composition Characterizations

We started with Au*" and In** halide octahedra building blocks to test our idea of new
design based on ION, because they possess the same charge, similar radii, but different
coordination behaviors (Figures 2.2). Simply by dissolving HAuCls, InCls, and CsCl into
HCI solution, yellow octahedral-shaped single crystals crystallized out of solution with
slow cooling (Figure 2.3a). Interestingly, the powder X-ray diffraction (PXRD) patterns
show that the resulting crystals have a simple cubic unit cell with a = 10.48 A, doubled
from the lattice parameter for CsPbCl3 perovskites (Figure 2.3b). This observation is quite
different from the Cs3M(III)>Xo hexagonal structure with trivalent cations, and any other
reported halide perovskites with two B-site cations in FCC (Figure 2.4). As seen in Figure
1b, there are diffraction peaks (labeled in red) in the PXRD patterns that should be
systematically absent in the Fm-3m space group but present in the simple cubic lattice.
Energy-dispersive X-ray spectroscopy (EDS) confirms that the crystals have the
composition of CssAus sIn1sCla; (Figure 2.5).
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Figure 2.3. (a) Optical microscope image (scalebar: 200um), (b) Experimental and
calculated synchrotron powder x-ray diffraction patterns
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Figure 2.4. PXRD patterns of CssAus sIn;.sCloz (Pm-3m) with lattice parameter, a = 10.48
A, compared to the double halide perovskite Cs2AgBiCls (Fm-3m), the vacancy-ordered
halide perovskite with trivalent cations Cs3SbzClo (P-3m1), and CsPbCl; halide perovskite
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Figure 2.5. SEM image and SEM-EDS of CSsAu3.In1.5Clz3. () SE imags (Scalebar:
50 um), (b) EDS spectra and result table.
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To further characterize the oxidation states of the Au and In in the final products, X-ray
photoelectron spectroscopy (XPS) is used to probe the Au 4f and In 3d core levels (Figures
2.6a,b) and the spectra confirms both elements exist dominantly as the trivalent oxidation
state (Figures 2.6¢,d During measurements, the surface and sub-surface Au’" species can
be reduced under X-ray irradiation, such that the shoulder peak which is attributed to the
Au” will increase in intensity as the exposure time increases. This is quite common for the
Au** compounds*®, including CsAu(IIT)Cls (Figure 2.7).
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Figure 2.6. XPS Characterizations of CssAussInisCl; crystals and the reference
samples (a, b) XPS on Au 4fand In 3d core level of CsgAus sIni sClos crystals, respectively,
XPS peaks of Au**, Au*, oxidation states are labeled. (¢) XPS on Au 4f level of
CsAu(IIN)Cly, (b) XPS on In 3d level of CszIn(IIT)Cls-H2O.
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Figure 2.7. Surface Au(IIl) photoreduction with exposure time in XPS. (a)
CsgAus slng 5Clp3 and (b) CsAu(III)Cls. #X-Y represent the average spectrum over the Xth
to Yth scan, with 10s/scan.
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In order to confirm the oxidation states of the Au ions, X-ray absorption near edge structure
(XANES) is also measured on the Au Ls-edge. For transition metals like Au, the L3-edge
XANES is dominated by a rising-edge®’. Figure 2.8a shows exactly this rising feature for
both CsgAussIni sClos and the reference sample CsAu(IIl)Cly in the Au Li-edge XANES.
The In K-edge XANES is also measured and is charactered by a strong white line peak
feature corresponding to the transition of 2s core electrons into empty 5p states.’® Figure
2.8b shows the white line of In in CssAussin;sClx overlaps pretty well with the In®*
standard compound, Cs2In(IIT)Cls-H20O. The XANES confirms that both cations (Au and
In) exist as +3 oxidation states in our crystals.
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Figure 2.8 (a) XANES on Au L3 edge of CsgAus slni sClos crystals. Au(0) foil, Au(I)Cl,
CssAu(D)Au(II)Cls and CsAu(III)Cls are used as reference samples for Au Ls-edge
XANES. (b) XANES on In K edge of CssAusslnisCly; crystals In(0) foil, In(I)Cl,
CsaIn(D)In(III)Clg and CszIn(IIN)Cls-H2O are used as reference samples for In K-edge
XANES.

2.4.2 Structural Determination

(0kI)

Figure 2.9. Precession image of CssAuzslnisCls-Yellow diffractions along (0KI).
Diffraction peaks corresponding to {100}, {110}, {210}, and other Bragg peaks show that
a simple cubic lattice has been observed.
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Single-crystal X-ray diffraction (SCXRD) is used to determine the crystal structure of the
CsgAus slng sClps. A simple cubic unit cell in space group of Pm-3m was determined. The
diffraction pattern also shows weak diffraction for (100), (110) and (210) peaks (Figure
2.9). The crystallographic table of CsgAus.sIni sCl; (marked as CsgsAus sInisClaz-Yellow)
is listed in Table 2.1. The final crystal structure is determined as a new halide perovskite
with a BaTiOs-type ION in the formula of Csg{[InCls][AuCls][In/AuCls]; (Figures
2.10a,b), as we have predicted and discussed in Scheme 2.1. A vacancy is formed on one
of the Cl atom-sites to balance the charge. The calculated powder diffraction patterns from
the determined crystal structure matches perfectly with the experimental PXRD results
(Figure 2.3b).

BaTiO,-Type ION

CCSB{ABxs} Csg{[INCl][AUCIs][Ausin,6Clals}
[InCl] 100% In
’ In- CIE
2530 A
(Clsj)s 100% Au
"@' °‘ - A

X  [Au/InCl,(Cly),] 5/6Au 1/6 In

M - Clq:
2.851 A

“’ M — CI:

2.308 A

Figure 2.10. Single-crystal structure of CssAuzsInisCls. (a) ION based on BaTiO;
lattice packing, (b) View of the unit cell of CssAusslnisClas, (¢) Each metal halide ionic
octahedron and there representation in the ABX3 based ION. (i) Super “A” site: Isotropic
[InClg] octahedron colored in purple; (i1) Super “B” site: [Au(Clss)s] isotropic octahedron
colored in yellow, centric Au atoms bonded with six bridging Cl atoms, which is only 5/6
occupied; (iii) Super “X” site is an elongated [ Au/InCls(Clss)2] octahedron colored in blue,
the metal occupancy is 5/6 Au + 1/6 In.
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From the SCXRD, we can identify the metal species of each octahedron in the BaTiOs-
type (or more generally ABXs-type) ION (Figure 2.10¢). The super-“A” site is an isolated
[InCl¢] isotropic octahedron, the center metal is 100% of In, with In-Cl bond length of
2.530 A. The super-“B” site is the [AuCls] isotropic octahedron with only 5/6 occupation
for the six bridging Cl atoms, the bond length of Au-bridging Cl is 2.392 A. The super-“X”
site will be an elongated [Au/InCls] metal halide octahedron. The metal occupancy is
identified as 5/6 Au + 1/6 In from the electron density, which agrees with the occupancy
of the bridging Cl. bond length of M-Clsss (Bridging Cl) is 2.851 A, while that of M-Cl is
2.308 A. Bridging Cl atom links the “B” and “X” site octahedra. As a result, the
CssAussIni sClas is a new halide perovskite, with all ionic octahedra packed in the
perovskite-type ION to yield the final stoichiometry Csg{[InCls][AuCls][In/AuCls]s},
consistent with the prediction we made in Scheme 2.1. For the ABXj-lattice ION,
[InCl6][AuCls][In/AuCl4]; carries 8 negative charges and is balanced by the Cs cations
within the lattice. This new structure represents the first example of rational design of new
halide perovskites based on our concept of extended ION (Scheme 2.1).

Table 2.1: Crystallographic information of CssAussInisClas-Yellow.

Crystal CssAus.sing sCls-Yellow
CSD no. 2082755
Empirical formula Aus 5Cl3Csslny s
Formula Weight 2740.24
Temperature / K 293(2)
Crystal System Cubic
Space group Pm-3m
a=b=c/A 10.4849(2)
a=B=y/° 90
Volume / A3 1152.64(7)
Z 1
Pealc (g/Crn3) 3.948
u/ mm! 19.402
F(000) 1181.0
Crystal Size / mm3 0.19 x0.17 < 0.12
Radiation Mo Ko (A=0.71073 A)
20 range for data collection/ ° 5.494 to 58.834
Index ranges 3shsl14;-lasks14;
-13<1<14
Reflections collected 17279
Independent reflections 3€i£§;ni 6(())10 25 82]5’
Data/restraints/parameters 373/0/18
Goodness-of-fit on F? 1.135
Final R indexes [I >= 2o(])] R1=0.0477, wR>=0.1230
Final R indexes [all data] R1=0.0576, wR> =0.1294
Largest diff. peak/hole /e 2.35/-1.94
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2.5 New Physics with Incorporation of Au(I)

While tuning the single crystal growth conditions, we discovered that when we use 6M
HCl instead of 12M HCI, orange (rather than yellow) crystals are formed, with an extended
absorption tailing at longer wavelengths (Figures 2.11). When we further apply heating
(>95°C) during the synthesis, the resulting crystals are black with a smaller bandgap. This
could be attributed to the formation of Au(I) complexes during the synthesis. The
[Au(IIT)Cls]~ complex in acidic solution could decompose or be reduced into [Au(I)CL2]~
under heating or irradiation.>**° As a result, there could be a very small amount of this
Au(I) complex formation in the solution, and its concentration can be influenced by heating
and by the HCI concentration. The introduction of Au(l) into this particular ionic network
could result in the change of the electronic structure, and consequently their optical
properties.

12M HCI 6M HCI 6M HCI 6M HCI 6M HCI
a AA 0% AA 0% AA0.1% AA 0.5% AA 1.0%

o\ ]

— 12M-Yellow
= 6M-AA0%

= 6M-AA0.1%
— 6M-AA0.5%
= 6M-AA1.0%

Normalized Absorbance
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Figure 2.11. Au(I) induced bandgap narrowing in CssAussInisCls structure. (a)
Optical microscope images (scalebar:100um), (b) UV-Vis-NIR absorption spectra.

With this hypothesis on the role of mixed-valency in this extended ionic network,
controlled reduction experiments were carried out by adding small amounts of reducing
agents such as L-ascorbic acid (AA) before the crystallization of the crystals. Figure 2.11a
shows that we can grow different colored crystals with the addition of AA. Figure 2.11b
shows systematic red shifting of the absorption across theses crystals and indicates bandgap
narrowing with an increasing amount of reduced Au(I). The results confirmed that
introduction of the Au(l) dopants would reduce the absorption bandgap of the
CsgAus sIni sClz3 new halide perovskites from 2.37 eV to 1.43 eV, (Figure 2.12) a value
that is quite comparable with that of Cs;Au(I)Au(IIT)Cle.*! The Au(I) dopant concentration
produced with different molar ratios of AA can be estimated from the decrease in intensity
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of the characteristic absorption peak of [AuCls]™ at 313 nm.*? This analysis yields that less
than 3% of the [AuCl4]” will be reduced with AA when the molar ratio of AA is less than
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5% (Figure 2.13).
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Figure 2.12. Bandgap evaluation with Tauc plots. (a-¢) Bandgap was evaluated with
Tauc plots for both direct and indirect bandgaps.
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Figure 2.13. Estimation of Au(I) with UV-Vis of [AuCLj]". Changes of the intensity of
absorption peak at A = 313 nm, which is the [AuCl4]" characteristic absorption peak. The
inset shows the raw UV-Vis absorption for solutions with different amounts of Ascorbic
acid (AA). 0.1mM HAuCls solutions were prepared, and different ratios of AA solutions
were added. The solutions were kept in a vial and stored for 8 hours before UV-Vis
measurements.

37



XANES on the Au L3 edge also indicates only negligible Au(I) exists in the doped crystals
(Figure 2.14a). Both inductively coupled plasma atomic emission spectroscopy (ICP-AES)
and mass spectroscopy (ICP-MS) measurements confirmed no significant changes in Au:In
ratio upon Au(I) doping (Table 2.2). PXRD shows no changes in the simple cubic structure
across the various crystals and only a slight modification in lattice parameter to 10.49 A
with Au(l) dopants (Figure 2.14b). SCXRD measurements were also collected on the
black crystals (Table 2.3, CsgAusslnisCl-Black) and showed the structure is still
essential the same overall structure as Csg{[InCls][AuCls][In/AuCls]3. Raman
measurements (Figure 2.14¢) show the emergence of new vibrational modes with the
presence of Au(l) dopants in the crystal structure, as well as second harmonic features
which are also observed in Cs;Au(I)Au(III)Cls halide perovskites.** This set of
experiments suggest that once we establish the overall ionic octahedron network, BaTiOs-
lattice in this case, it is possible to further modify the optical and electronic properties by
introducing mixed-valency within this interconnected network. Further detailed studies
including electronic structure calculations of these new halide perovskites are in progress.
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Figure 2.14. (a) XANES on Au L; edge, (b) powder XRD pattern, and (c¢) Low-frequency
Raman spectra of CsgAusslnisClys crystals synthesized with different amounts of L-
ascorbic acid (AA), and the Raman spectra of CsAu(III)Cls and Cs;Au(IIT)Au(IIT)Cls.

Table 2.2: Composition determination. Quantitative measurements of the composition

of CsgAus sIn; sClp3 with different absorptions using ICP-AES, SEM-EDS, and ICP-MS.
ICP-AES (ppm) SEM-EDS (Atomic ratio %)

Cs Au In Au:In Cs Au In Cl Au:ln

12M-Yellow | 26.8 17.7 4.88 | 2.11 |22.14 10.06 431 6350 233
6M-AA0% | 100 6.8 190 2.07 |22.27 998 426 6350 234
6M-AA0.1% | 23.7 162 421 | 224 2235 999 421 6345 237
6M-AA1.0% | 89 56 148 ] 222 ]23.64 1024 399 62.13] 2.56

Crystal

ICP-MS (ppb)

Crystal
Cs Au In Cl Au:In
12M-Yellow 13.424 5.430 2.825 29.071 1.92
6M-AA0% 8.190 3.113 1.596 17.863 1.95
6M-AA0.1% 10.051 4.140 1.851 22.195 2.24
6M-AA0.5% 10.409 4.425 2.057 22.999 2.15
6M-AA1.0% 13.389 5.576 2.556 28.919 2.18
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Table 2.3: Crystallographic information of CssAussIni.sClas-Black.

Crystal CssAussini sCls-Black
CSD no. 2082756
Empirical formula Aus 5Cl3Csslny s
Formula Weight 2742.71
Temperature / K 293(2)
Crystal System Cubic
Space group Pm-3m
a=b=c/A 10.4914(5)
a=B=y/° 90
Volume / A3 1154.78(17)
Z 1
Pealc (g/Crn3) 3.944
u/ mm! 19.446
F(000) 1182.0
Crystal Size / mm3 0.202 x 0.116 x 0.031
Radiation Mo Ko (A=0.71073 A)
20 range for data collection/ ° 6.726 to 58.64
Index ranges 13sh=12,-4sk<13
-10<1<13
Reflections collected 2686

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

335[Rist = 0.0525,
Ryigma = 0.0128]
335/0/18
1.115

Final R indexes [I >= 2o(])] R1=0.0512, wR, =0.1214
Final R indexes [all data] R1=0.0640, wR, =0.1273
Largest diff. peak/hole /e 2.18/-1.21

2.6 Conclusion

In conclusion, we propose here a new perspective and design principle of halide
perovskites based on a collection of extended ionic octahedron network (ION) balanced by
counter cations. Using this new design concept, we have discovered a new halide
perovskite structure, CsgsAus sIni.sClzz, or Csg{[InCls][AuCls][In/AuClas]s}, which can be
considered as a BaTiOs-type ION charge balanced with Cs cations. This is the first reported
example of halide perovskites predicted based on the ionic octahedron network concept.
With this powerful ION design principle, we can further replace one of the trivalent cations
into a quadrivalent cation, to achieve the CssM(IV)M(III)M(III);:X24 halide perovskites
with the BaTiOs-type ION as we have discussed in Scheme 1. There are potentially more
new perovskite structures to be discovered based on this ION design principle, including
new halide perovskite structures based on CsCl-type and ReOs-type ION, e.g.,
CssM(DM(II) X 12, CssM(DM(I11)3Clyg or CssM(IV)M(11)3X15. We now have an enormous
synthetic space to design and synthesize new halide perovskite crystal structures,
considering that we can explore many different ways of packing and interconnectivity of
the octahedral units and use different halide ions and balancing counter cations.
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Additionally, introducing mixed-valency into the this overall extended ION network
design enables additional further structural and electronic tunability.
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Chapter 3 Environmental Stimuli-Responsive Properties of
Halide Perovskites: The Pivotal Role of Ionic Octahedra

Parts of the content of this chapter were reprinted and adapted from the following
publications with permission (* for equal contribution): Jianbo Jin”, Li Na Quan®, Mengyu
Gao, Chubai Chen, Peijun Guo, and Peidong Yang*. " Octahedral Distortion and Excitonic
Behavior of Cs3Bi2Bro Halide Perovskite at Low Temperature" J. Phys. Chem. C., 2023,
127(7), 3523-3531. Copyright © 2023, American Chemical Society.

3.1 Introduction

Metal halide perovskites is a new family of semiconductor materials that have been
extensively studied in the past decade due to their superior optoelectronic properties! and
rich structures.* The prototype metal halide perovskites have the formula of AMX3 (where
A = CH3;NH5", Cs*, Rb", etc., M = Pb?*, Sn?*, Ge?*, etc., and X = CI-, Br, and I"), which
is built up by the corner-sharing [MXs]™ metal halide ionic octahedra. Such ionic octahedra
are the basic structural and functional units of metal halide perovskites.® The assembly,
connection, and interaction of octahedra in metal halide perovskites are critical to creating
novel optical, electronic and chemical properties.” Thus, a fundamental understanding of
the behavior of [MXs]™ octahedron is essential for establishing a basis for the rational
synthesis and potential applications of metal halide perovskites.

The optoelectronic properties of metal halide perovskites can be regulated by various
environmental stimuli, such as temperature,®!! electrical field,'?"'* and pressure!>~!8 as we
discussed in Section 1.4. These properties are believed to be related to the behavior of
individual octahedra within the material, as the soft lattice nature of metal halide
perovskites allows for changes in the packing, connectivity, and configuration of [MXs]"
octahedra in response to the external stimuli.!® One example of this is the distortion of
[MXs]™ octahedra that occurs with changes in temperature, as seen in the tilting and
misalignments of [PbBrs]* octahedra in 3D and 2D lead halide perovskites.?°2* The tilting
of [PbBrs]* octahedra can influence the orbital overlaps and change the electronic
structures.?*? In addition to the tilting among a collection of octahedra, distortions also
happen within an individual octahedron, such as off-centering of the center metal sites, and
Jahn-Teller distortions. With the existence of ns? lone pair electrons, metal cations like
Ge?*,26 Sn?*,27 Sb** 2829 Bi** 3031 Te#t 3234 etc. would show off-centering for the metal
cations under certain conditions. The carrier dynamics and photoluminescence (PL) of
metal halide perovskites with those M"" cations are heavily dependent on the off-centering
and dynamics of the ns? lone pair electrons.?’*!"3 For example, the off-centering of the
Ge?" in [GeBrs]* octahedron contributes to the ferroelectricity of CsGeBrs.?® And the
emission and molecule-like absorbance features of Cs;TeCls can be understood with the
dynamic Jahn-Teller distortions of [TeCls]*~ ionic octahedron.®> Thus, it is possible to
correlate the responses of metal halide perovskites to various environmental stimuli with
the dynamic behavior of the individual octahedra building blocks. To better illustrate the
nature of different kinds of metal halide octahedron distortions, we can classify them into
two families of distortions: intra-octahedral distortion, which is the distortion happening
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within an octahedron, and inter-octahedral distortion, which is the distortion happening
among a collection of octahedra.

Vacancy-ordered halide perovskites, including Cs2M(IV)Xe and CssM(111)2Br9, are formed
with vacancies on the Pb?* sites based on the prototype CsPb(II)X3 halide perovskites.
Due to the low electronic dimensionality and strong exciton-phonon coupling, these low-
dimensional halide perovskites can exhibits broad outstanding broad emission properties,
which are originated from radiatively decay of the self-trapped excitons (STEs). 33373
Studies have shown that among these vacancy-ordered halide perovskites, Cs3Bi2Bro (CBB)
displays two distinct emissions that can be attributed to the emissions of STEs and free
excitons (FEs), respectively.’’#? As a result, the CBB would be a great platform to study
how the excitonic behaviors of halide perovskites can be understood from the distortions
of the [BiBrs]*~ octahedra. While scientists have studied the mechanisms for the two
emissions from bulk CBB, there are significant research gaps in its structural
transformations and changes in excitonic behaviors at low temperature. Understanding the
excitonic behaviors of compounds like CBB is crucial to study the nature of their optical
responses as well as their applications.*! (Figure 3.1)

In this study, CBB is selected as a prototypical compound to investigate the relationship
between structural distortions and optoelectronic properties of 2D halide perovskites.
Through in situ single crystal X-ray diffraction (SCXRD), two kinds of distortions of the
[BiBrs]*~ octahedron within the CBB lattices are identified upon lowering of temperature:
intra-octahedral distortion, which involves the off-centering of Bi atoms within [BiBrs]*-
octahedron, and inter-octahedral distortion, which refers to the collective misalignments
among the [BiBrs]* octahedra. Temperature-dependent optical measurements reveal that
the excitonic luminescence of CBB changes from a dominant blue emission (462 nm) at
temperatures above 100 K to a broad and red emission (550-750 nm) at 4 K. The FE and
STE models are applied to study the correlation between the distortion of [BiBre]*~
octahedron and the changes in optoelectronic properties of CBB. Through this
investigation, we are able to establish a structure-property relationship and gain a
comprehensive understanding of the dynamic behaviors of [BiBrs]*~ octahedra in CBB.

3.2 Experimental Methods
3.2.1 Materials Preparation

Materials. CsBr (99.999%, Sigma Aldrich), BiBr3 (99.998%, Sigma Aldrich), and HBr
(Sigma Aldrich, reagent grade, 48%) were used as received without further purification or
modification.

Synthesis of Cs3Bi2Bry single crystals. Cs3;Bi2Bry single crystals were synthesized using
the HBr solution methods. Typically, 0.05mmol BiBr3; and 0.75mmol CsBr were dissolved
in 1.0mL HBr to yield a light-yellow clean solution. The solution was heated at 80°C and
then kept at room temperature. Thick octahedral-shaped crystals in size of about 200 um
were crystalized out by keeping this solution overnight. However, we found the thick
crystals will result in poor Riy values for the SCXRD. Instead, we used HBr evaporation
methods for thinner crystals for SCXRD. 100uL solution was dropped onto a glass slide
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and got fully dried by hot plates. Thick single crystals were exfoliated with 3M scotch tape
to very thin layers for PL measurements.

3.2.2 Characterizations

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data is collected using a
Bruker D8 laboratory diffractometer with a Cu Ka radiation source in ambient conditions.
Data is collected from 26 = 7° to 60°. The single crystals are ground into powders and
transferred onto the glass for measurements.

Single-Crystal X-ray Diffraction (SCXRD). The SCXRD data was collected at the Small
Molecule X-ray Crystallography Facility (CheXray) at the College of Chemistry, UC
Berkeley. SCXRD was measured with a Rigaku XtaLAB P200 instrument equipped with
a MicroMax-007 HF microfocus rotating anode and a Pilatus 200 K hybrid pixel array
detector using monochromated Cu Ko radiation (A = 1.54184A). All crystal datasets were
collected at the same piece of crystal (Figure 3.1). CrysAlisPro** was used for data
collection and data processing, including a multi-scan absorption correction applied using
the SCALE3 ABSPACK scaling algorithm. Unwrapped images were also generated with
the CrysAlisPro. Using Olex2%, the structures were solved with the SHELXT* structure
solution program using Intrinsic Phasing and refined with the SHELXL* refinement
package using Least Squares minimization.

Optical Microscope Imaging. An unpolarized, white-light optical microscope was used
to visualize single crystals under either a 20 x or a 50 x microscope objective. Cs3Bi2Bry
crystals were observed under dark-field imaging. The single crystals were dispersed onto
the glass for measurement.

Figure 3.1 Optical microscopy images of thin Cs3;Bi2Bro crystals.

Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy. (SEM-
EDS) A field-emission SEM (FEI Quanta 3D FEG SEM/FIB) was used to visualize single
crystal morphologies and to determine the atomic ratios in the single crystals via the EDX
detector.

Temperature-dependent Raman Spectroscopy. The Raman spectra of the samples were
measured at Sector 13 (GeoSoilEnviroCARS, University of Chicago, IL) of the Advanced
Photon Source (APS), Argonne National Laboratory (ANL), using a custom-built con
confocal Raman microscope system with 660 nm laser excitation.*® Solid-state volume
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Bragg filters equipped on the system permit the measurement of Raman peaks down to
about 5 cm’'. The single crystals were dispersed onto glass microscope slides for
measurement. The laser was focused onto a crystal facet at a constant power density (<2
mW) set by neutral density filters. The Raman signal from the sample was collected using
a Mitutoyo microscope objective in a back-scattering geometry (20 %, NA 0.42). The high-
resolution Raman spectra were measured with a CCD detector and a Princeton Instruments
Acton Series 2500 (focal length = 500 mm) equipped with a diffraction grating of 1200
gr/mm.

PL Spectroscopy. All photoluminescence-related measurements, including standard PL
and PL microscope imaging, were collected with a home-built PL microscope system. The
single crystals were exfoliated onto SiO; substrate and conducted PL measurements. A
continuous-wave solid-state 375 nm laser (Coherent OBIS 375LX) was focused obliquely
onto the sample with a constant power density in visible wavelength measurements, which
was set by neutral density filters. The PL signal from sample was collected using a
microscope objective (50%) coupled to a long-pass filter (390 nm) to remove the laser line
from the signal. PL spectra were collected under a 1 s exposure time with a Si CCD detector
cooled to -120°C via liquid nitrogen and equipped with a diffraction grating of 150 gr/mm.
The PL imaging was taken under bright-field conditions. Low-temperature PL
measurement was measured in the same PL microscope system coupled with a microscope
cryostat (Janis Research, ST-500). Samples were held inside the cryostat under vacuum
(5%10% torr) and cooled to 4 K with liquid He. The incident excitation laser beam was
focused onto the sample through a transparent quartz window. The spectra were taken by
the grating-based spectrograph.

Density Function Theory (DFT) Calculations. The electronic band structures of
Cs3Bi2Bro at 200 K, 90 K, and 19 K were calculated by DFT calculations with the
CASTEP* code implemented in Materials Studio 2020. The norm conserving
pseudopotential*® was applied for electron interactions in metal halides. All three structures
models were imported from CIF files, and the geometry optimization has been applied with
PBE+GGA¥. A fine frame was chosen for energy cutoffs and calculation quality.
Electronic band structures and partial density of states (pDOS) were calculated with
PBE+GGA without spin-orbital coupling (SOC). Electronic band structures were further
calculated with PBE+GGA with the SOC effects.

Molecular Orbitals Calculations. The molecular orbitals of [BiBrs]* octahedron in Oy
and C3, point groups were calculated with the Gaussian engine implemented in WebMO.>°
The octahedral models were imported in XYZ format, with structural parameters listed in
Tables S7 and S8. The calculations were carried out with B3LYP>! theory and SDD basis
set. The charge was set to -3 and the spin multiplicity was set to the singlet.

3.3 Structure Evolution of Cs3;Bi2Bry from Room Temperature to 100 K

Cs3Bi2Bro (CBB) is a layered metal halide perovskite that two-thirds of the M?" sites are
occupied by Bi** cations, with layers of vacancies on metal sites formed along the <110>
directions (Figure 3.2a). Thin CBB crystals are synthesized by the typical HBr evaporation
crystallization process for later characterizations. The phase and the composition of the
formed crystals are confirmed through the PXRD (Figure 3.2b), SEM images and the EDS
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spectra (Figure 3.3). While phase transitions at different temperatures have been
extensively studied in CsPbX3, the low-temperature structure studies on CBB are still
lacking. To quantitatively investigate the configurations of [BiBrs]’>~ metal halide
octahedra upon cooling, SCXRD is applied on a thin plate-shaped CBB crystal (0.024 x
0.069 x 0.074 mm), using the liquid nitrogen (LN2) stream for cooling. All crystallographic
tables are summarized in Tables 3.1 and 3.2. The SCXRD results reveal that an off-
centering distortion occurs within [BiBrg]*- octahedron as the temperature is lowered from
293K to 100 K, while maintaining a P-3m1 trigonal lattice. The rising of the off-centering
distortion is due to the presence of Bi 6s? lone pair electrons. This distortion occurs within
the individual octahedron and repeats periodically within the entire lattice space, without
resulting a supercell formation since the octahedra are still perfectly lined up along the ¢
axis of the unit cell. Therefore, we designate this off-centering as an intra-octahedral

distortion.
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Figure 3.2 (a) The layered structure of Cs3Bi2Bro. (b) Powder XRD of Cs3Bi2Bry crystals.
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Figure 3.3 SEM image (inserted) and EDS spectrum of Cs3Bi,Bry crystals.
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Table 3.1 Crystallographic tables for Cs3Bi2Bry single crystals at room temperature (RT),

250 K, and 200 K.

Crystal Cs3Bi2Bro RT Cs3Bi2Bry 250 K Cs3Bi2Bry 200 K
ICSD Number 2195436 2195439 2195440
Empirical Bi2BroCs; Bi2BroCs; Bi2BroCs;
formula
Formula weight 1535.88 1535.88 1535.88
Temperature/K 293(2) 250(2) 200(2)
Crystal system trigonal trigonal trigonal
Space group P-3ml P-3ml P-3ml
a/A 7.96050(10) 7.94240(10) 7.92250(10)
b/A 7.96050(10) 7.94240(10) 7.92250(10)
c/A 9.84580(10) 9.83020(10) 9.81380(10)
a/° 90 90 90
p/e 90 90 90
v/° 120 120 120
Volume/A3 540.334(14) 537.027(15) 533.448(14)
Z 1 1 1
Pealemg/mm’ 4.720 4.749 4.781
wmm-! 89.722 90.275 90.880
F(000) 646.0 646.0 646.0
Crystal 0.074 x 0.069 x 0.074 x 0.069 x 0.074 % 0.069 x
size/mm? 0.024 0.024 0.024
Radiation CuKoa (A=1.54184) | CuKa (A=1.54184) | CuKoa (A=1.54184)
20 range for 9.01 to 156.782°

data collection

Index ranges

8.982 to 156.714°
-10<h<9,-9<k<

8.996 to 157.808°
-10<h<9,-10<k

-9<h<10,-10<k

10,-10<1<12 <10,-9<1<12 <10,-12<1<10
Reflections 11671 11533 11558
collected
Independent 479[Rint = 0.0497, 479[Rint = 0.0469, 474[Rine = 0.0604,
reﬂectlons Rsigma = 0.0123] Rsigma = 0.01 18] Rsigma = 0.0150]
Data/restraints/p 479/0/20 479/0/20 474/0/20
arameters
Goodness-of-fit 1.128 1.104 1.114
on F
Final R indexes | R;=0.0123, wRy= | R;1=0.0136, wRo= | R;=0.0170, wRy =
[[>=20 (I)] 0.0309 0.0306 0.0420
Final R indexes | R;=0.0124, wR,= | R;1=0.0136, wRo= | R;=0.0170, wRy =
[all data] 0.0309 0.0306 0.0420
Largest diff.
peak/hole / e A 0.65/-0.55 0.58/-0.79 1.03/-1.33
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Table 3.2 Crystallographic tables for Cs3Bi2Br single crystals at 150 K and 100 K.

Model 1 Cs3Bi:Bry 100 K

Crystal Cs;Bi:Bry 150 K
ICSD Number 2195441 2195437
Empirical formula Bi2BroCss Bi2BroCs3
Formula weight 1535.88 1535.88
Temperature/K 160(2) 100(2)
Crystal system trigonal trigonal
Space group P-3ml P-3cl
alA 7.90260(10) 7.88410(10)
b/A 7.90260(10) 7.88410(10)
c/A 9.79620(2) 9.77930(10)
a/° 90 90
p/e 90 90
v/° 120 120
Volume/A3 529.820(14) 526.432(14)
Z 1 1
pcalcl’l'lg/l'l'll’l'l3 4.814 4.845
wmm-! 91.503 92.092
F(000) 646.0 646.0
Crystal size/mm? 0.074 x 0.069 x 0.024 0.074 x 0.069 x 0.024
Radiation Cu Ka (A=1.54184) Cu Ka (A=1.54184)
20 range for data 9.028 to 157.488° 9.042 to 156.494°
collection

Index ranges

Reflections collected

Independent

reflections
Data/restraints/parame
ters

Goodness-of-fit on F2

Final R indexes

-10<h<9,-10<k<9,-9<
1<12

11412

469[Rint = 0.0623, Rsigma =
0.0159]

469/0/20
1.115

R; =0.0137, wR2 = 0.0327

-9<h<9,-9<k<10,-12<
1<9

11368

467[Rint = 0.0593, Rsigma =
0.0149]

467/0/20
1.121

R; =0.0148, wR> = 0.0358

[[>=2c (D]
Final R&;i?xes [all Ri=0.0137, wR>=0.0327 | R;=0.0148, wR> = 0.0358
Largest diff. peak/hole 0.61/-1.14 0.92/-0.83
/e A - i
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Off-centering

® Bry.

Figure 3.4 (a) the off-centering of Bi*" within single [BiBrs]*~ octahedron are along the ¢
axis of the trigonal unit cell, (b) The [BiBrs]*~ octahedron model in O and (c) Csy point
group, the red arrow shows the off-centering vector (doc).

Figure 3.4a shows the intra-octahedral distortion happens along the c axis of the hexagonal
unit cell. To investigate this distortion upon cooling, an off-centered octahedron model, as
depicted in Figure 3.4b, is applied. The Bi 6s? lone pair electrons polarized along the 3-
fold axis of an Oy [BiBrs]*~ octahedron, which is the same as the Ge 4s? long pair electrons
in [GeBre]* octahedra within CsGeBr3.2% As a result, the [BiBrs]*~ octahedra within lattice
exhibit in Cs, symmetry rather than Oj, point group symmetry, and the six Br atoms are no
longer symmetrically identical (Figure 3.4c). Two different types of Br atoms, labeled as
Bri and Br, as distinguished, where Br; represents the external Br atom and Br; represents
the shared Br atom which bridges two corner-sharing [BiBre]*~ units. Figures 3.5a,b
summarize the quantitative structural analysis from room temperature to 100 K. Along the
cooling, the lattice parameters are found to decrease linearly from 7.9605 A to 7.8841 A
for a, and from 9.8458 A t0 9.7793 A for ¢, indicating that no phase transition takes place
in this temperature region. Figures 3.5¢,d depict the variations in the Bi-Br; and Bi-Br;
bond lengths. Interestingly, it is noteworthy that the Bi-Br; bond length remains relatively
constant, while the Bi-Br; bond length demonstrates a linear decrease. This observation
implies that the lone pair electron end is more flexible when the lattice is shrunken. To
quantify the Bi** off-centering, the octahedron scales (L) is calculated as the average of
atomic distances of Bria-Brz,, Brip-Brap, and Brie-Brae. The off-centering vectors (doc)
represents the displacement of the real Bi atom Cartesian coordinates from the theoretical
octahedron center, which is exactly the middle point of Brla-Br2a, Br1b-Br2b, and Brlc-
Br2c. The intra-octahedral distortion can be quantified by utilizing the ratio of off-centering
vectors to the octahedron scales (doc% = doc/ L). As the lattice is compressed upon cooling,
the doc% increases from 0.2167 A to 0.2258 A, with L decreasing from 5.6740 A to 5.5693
A. This results in a linear increase of the intra-octahedral distortion (d,.%) from 3.819%
to 3.990% (Figure 3.6). All details of the calculation are covered in Table 3.3.
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Figure 3.5 The changes of lattice parameters (a) a, (b) lattice parameters c, (c) Bi-Br; bond
length, (d) Bi-Br; bond length of Cs3Bi2Brg from room temperature to 100 K.
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Figure 3.6 The changes in degree of off-centering (do.%) of Cs3BizBro from room
temperature to 100 K.
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Table 3.3 Calculations of off-centering (do) in Cs3Bi2Bry lattices from 293 K to 100 K.

Temperature Atom a b c
(K) X y Z X y Z X y z
Br1 |3.980{4.585] 3.343 |5.961[1.155] 3.343 [2.000{ 1.155 | 3.343
Br2 |3.980{0.000] 0.000 |1.990(3.447] 0.000 [5.970{ 3.447 | 0.000
293 K | Mavg|3.980{2.298] 1.671
Bi |3.980(2.298| 1.888 | a b c L | Diff/c | Diff/L
Diff 0.000]0.000{ 0.217 ]7.961|7.961| 9.846 |5.674[2.201%)|3.819%
Temperature Atom a b c
(K) X y Z X y Z X y z
Br1 |3.971{4.580] 3.343 |5.952[1.149] 3.343 [1.990| 1.149 | 3.343
Br2 |3.971{0.000] 0.000 |1.986(3.439] 0.000 [5.957{ 3.439 [ 0.000
250 K |Mavg|[3.971(2.293] 1.671
Bi [3.971|2.293] 1.890 | a b c L | Diff/c | Diff/L
Diff | 0 0 | 0.218 [7.942]17.942( 9.830 |5.670]2.221%]3.850%
Temperature Atom a b c
(K) X y z X y zZ X y z
Bri |"0%2287] 3342 |1.9815.718] 3342 || o | 5718 | 3342
0.000 -
Br2 6.861( 0.000 3.431( 0.000 |1.981| 3.431 | 0.000
200 K 1.981
M avg [0.000)4.574| 1.671
Bi |0.000(4.574| 1.892 | a b c L | Diff/c | Diff/L
Diff [0.000]0.000{ 0.221 |7.923|7.923| 9.814 |5.665[2.251%)3.899%
Temperature Atom a b c
(K) X y Z X y Z X y z
Br1 |3.951{4.572] 3.341 |5.935[1.136] 3.341 [1.968| 1.136 [ 3.341
Br2 |3.951{0.000] 0.000 |1.976(3.422] 0.000 [5.927{ 3.422 | 0.000
150 K |[Mavg|[3.951]|2.281| 1.671
Bi |[3.951|2.281| 1.894 | a b c L | Diff/c | Diff/L
Diff |0.000]0.000{ 0.223 ]7.903|7.903| 9.796 |5.663[2.280%)|3.943%
Temperature Atom a b c
(K) X y Z X y Z X y z
Br1 0.000 2.259] 3.340 |1.986(5.698| 3.340 1.9-86 5.698 | 3.340
0.000 -
100 K Br2 6.828| 0.000 1971 3.414( 0.000 |1.971| 3.414 | 0.000
M avg [0.000)4.552| 1.670
Bi |0.000(4.552| 1.896 | a b c L | Diff/c | Diff/L
Diff ]0.000/0.000{ 0.226 |7.884|7.884| 9.779 |5.659{2.309%)|3.990%
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3.4 Phase Transition of Cs3Bi:Bry below 100 K
3.4.1 c-Doubled Trigonal Phase at 90 K

The inter-octahedral distortion is also observed in the in situ temperature-dependent
SCXRD experiments. While phase transitions at different temperatures have been
extensively studied in CsPbX3, the low-temperature structure studies on CBB are still
lacking. Nuclear quadrupole resonance (NQR) spectra indicated that CBB undergoes a
phase transition at approximately 90 K.!! Furthermore, an additional x-ray scattering peak
can be observed between the (1,0,8) and (1,0,9) Bragg peaks of the prototype trigonal unit
cell of CBB at 80 K.!!

-8 100 K (h00) o = (100) *
(00I) = (001) +(101)

(002) m(102) =
+(103)  (103) «
(007) ®(107) ®
#(008) *(108)
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90 K (h00) e o +(100) =

(OOI) ©(001) +(101) &

- %(002) - (102)
1 - (102.5)
: ®(103) %(103)
®(007) (107) &
f » (008) = (108) W
: (108.5)
-l L # (009) & (109)

Figure 3.7 The Diffraction Patterns of CS3B12Br9 at 100 K and 90 K. Unwrapped images
built on (100) and (001) layers based on P-3m1 unit cell of Cs3Bi2Bry at 100 K (a) and 90
K (b). The white boxes highlighted the region where additional diffractions appear. The
side figures show the occurrence of (1,0,2.5) and (1,0,8.5) peaks.

To experimentally confirm the existence of the phase transition, SCXRD measurement at
90 K is conducted to the same CBB crystal. Intriguingly, the raw data reveals the presences
of a doubled trigonal unit cell. Unwrapped images built on (100) and (001) layers on raw
diffraction frames of experiments at 100 K and 90 K are displayed in Figures 3.7a,b. These
figures demonstrate the presences of additional diffractions (highlighted in the white boxes)
that correspond to the c-doubled super unit cell. The zoomed images clearly show the
(1,0,2.5) and (1,0,8.5) diffractions, which correspond to the (1,0,5) and (1,0,17) facets in
the doubled unit cell. These extra diffractions are also present in the Unwrapped images
built on (010) and (001) layers (Figures 3.8a,b). However, no extra diffractions have been
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shown in the Unwrapped images built on (100) and (001) layers, indicating that there is no
unit cell doubling along the a- and b-axes (Figures 3.8¢,d). As a result, a c-doubled P-3m1
trigonal unit-cell with dimensions of a = 7.8804 A and ¢ = 19.5572 A has been determined
from the dataset (labeled 90 K-doubled in Table 3.4). The adjacent two layers of [BiBrs]*
octahedra within 90 K-doubled CBB unit cell are no longer identical, which is shown in
blue and red in Figure 3.9. The degrees of off-centering for the two octahedra (d,.%) are
calculated as 3.874% and 4.125%, respectively (details in Table 3.5).

90K

8 w |[a|] o =

Figure 3.8 (a,b) Unwrapped images built on (010) and (001).(c,d) Unwrapped images built
on (100) and (010).

It is worth noting that the temperature of 90 K is close the capability of the LN stream
cooling system to keep the temperature safe and stable in SCXRD measurements.
Additionally, all additional peaks observed at 90 K remain relatively weak. Therefore, the
crystal structure can still be solved, or in another word, averaged in the prototype P-3ml
trigonal unit cell with dimensions of a = 7.8800 A and ¢ = 9.7789 A (as labeled 90 K-
prototype in Table 3.4), referring to a smaller R; and wR> residue parameters. The doc%
is calculated as 3.997% in this averaged unit cell. However, with the clear differences
observed in the 90 K Unwrapped images, we have experimentally proved that a phase
transition occurs from 100 K to 90 K, and the two layers of [BiBrs]*~ octahedra in the c-
doubled unit cell are no longer crystallographically identical. Furthermore, Figure 3.9
shows the octahedra are still perfectly aligned along the c-direction at 90 K. This phase
transition is caused by the differences in the level of intra-octahedral distortion between
the two connected [BiBrs]* octahedra. It is assumed that the lowering of symmetry and
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changes in intra-octahedral distortion occur prior to any changes the inter-octahedral
distortion as the temperature decreases. Low-T Raman spectroscopy also shows the lattice
at 78K retrains the stretching vibrational modes of [Bi:Bro]>~ as same as the room

temperature structures (Figure 3.10).
Table 3.4 Crystallographic tables for two Cs3Biz2Bry structural models at 90 K.

Crystal Cs3Bi:Bry Model 2 Cs3Bi2Bro
90 K-prototype 90 K-doubled
ICSD Number 2195438 2195442
Empirical formula Bi2BroCss; Bi2BroCs3;
Formula weight 1535.88 1535.88
Temperature/K 90(2) 90(2)
Crystal system trigonal trigonal
Space group P-3ml P-3ml
a/A 7.88000(10) 7.88040(10)
b/A 7.88000(10) 7.88040(10)
c/A 9.77890(2) 19.5572(2)
a/° 90 90
pB/e 90 90
v/° 120 120
Volume/A3 525.863(14) 1051.80(3)
Z 1 2
Pealemg/mm’ 4.850 4.850
w/mm-! 92.191 92.185
F(000) 646.0 1292.0
Crystal size/mm? 0.074 x 0.069 x 0.024 0.074 x 0.069 x 0.024
Radiation Cu Ka (A=1.54184) Cu Ka (A=1.54184)
26 range for data 9.044 to 156.738° 9.044 to 157.55°
collection

Index ranges

Reflections collected

Independent
reflections
Data/restraints/param
eters
Goodness-of-fit on F?

Final R indexes

-9<h<9,-10<k<9,-9<
1<12

11403

467[Rint = 0.0640, Rsigma =
0.0388]

647/0/20
1.143
R1=0.0154, wR> = 0.0388

-9<h<9,-9<k<9,-24<
1<19

22778

930[Rint =0.0963, Rsigma =
0.0227]

930/0/38
1.250
R; =0.0385, wR> = 0.0909

[1>=26 (1)
Final R&:gﬁxes [all 1 R, = 0.0154, wR2 = 0.0388 | Ry =0.0425, wRa = 0.0928
Largest diff.
peak/hole / e A 0.90/-1.25 2.20/-1.98
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" Model1 )[ Model2 )  Model3
100 K 90 K [ICSD:96723]
P-3m1 P-3m1 19 K C2/c

Increased Distortion Between [BiBrg]*- Octahedra

Figure 3.9: Phase Transitions and Octahedron Distortions of Cs3Bi2Bry below 100 K.
The side view and top view of the prototype P-3m1 unit cell (100 K, Model 1), the doubled
P-3m1 unit cell (90 K, Model 2) and the quadruple monoclinic C2/c unit cell (19 K, Model
3, ICSD-96723'"). [highlighting the unit cell expanding as a direct consequence of inter-
unit distortion]
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Figure 3.10 Temperature-dependent Raman spectra of Cs3Bi2Bry crystals from room
temperature to 78K.
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Table 3.5 Calculation details of off-centering (doc) in Cs3BixBry lattices at 90 K.

Temperature (K)| Atom 2 5 ¢
X y Z X y z X y z
Br1 0.000[2.257|3.340]|1.985(5.696| 3.340 1 9-85 5.696 | 3.340
90 K- Br2 0.0006.8240.0001 9-703.412 0.000{1.970] 3.412 | 0.000
prototype :

M avg |0.000[4.550/1.670
Bi ]0.000{4.550/1.896| a b c L | Diff/c | Diff/L
Diff [0.000]0.000]0.226(7.880]7.880( 9.779 |5.6582.313%/3.997%
a b c
X y Z X y z X y zZ

Br1 |1.958|3.419}4.844/3.940 4.844(5.922( 3.419 | 4.844

Temperature (K)| Atom

0.014

d”;f'd Br2 [5.935]1.123[1.577]3.94004.578] 1.577[1.945] 1.123 | 1.577
0‘61‘* M avg [3.94002.2753.211

Bi  [3.940[2.275[2.994{ a b c L [ Diff/c | Diff/L
Diff 0.000]0.000[0.217|7.880]7.880[19.557|5.636[2.217%|3.847 %

Temperature (K)| Atom 2 5 =
X y Z X y zZ X y Z
Br1 [1.95§8]3.4194.844/0.000(6.810] 4.844 1 9-58 3.419 | 4.844
90 K- -
Br2 . .260[0.000(2.2 .2601(1.974| 5. 2
doubled r 1'9745 689(8.260]0.000[2.270] 8.260 [1.974| 5.690 | 8.260
0: M avg [0.000}4.550[6.552

Bi  ]0.000[4.550[6.786 a b C L [ Diff/c | Diff/L
Diff 0.000]0.000[0.234{7.880]7.880[19.557|5.682(2.397%|4.125%

3.4.2 Monoclinic Phase at 19 K

The inter-octahedral distortion is also observed in the in situ temperature-dependent
SCXRD experiments at temperatures below 90 K. A monoclinic unit cell of CBB (ICSD:
96723)!"" with dimensions of a = 13.6750 A, b = 7.8593 A, and ¢ = 19.5572 A has been
reported at 19 K. Table 3.6 summarizes the crystallographic details of the monoclinic unit
cell, which is 4 times larger in volume compared to the prototype P-3m1 unit cell at room
temperature. Figure 3.9 illustrates the side views and top views of the three CBB unit cell
models. It is evident that the [BiBrs]*~ are no longer perfectly aligned at 19 K, indicating
that inter-octahedral distortion occurs upon cooling from 90 K to 19 K. The transformation
from the P-3m1 unit cell to c-doubled P-3m1 unit cell, and to the quadruple monoclinic
C2/c unit cell demonstrates an increasing degree of octahedral distortions within and
among octahedra with decreasing temperature.

In summary, the well aligned [BiBrs]*~ become increasingly distorted when the
temperature is lower than 90 K, and the symmetry of the lattice decreases from the trigonal
into a monoclinic symmetry.
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Table S4. Crystallographic tables for Cs3Bi>Bro single crystal at 19 K.!!

Crvstal Model 3
e Cs3BizBry 19 K
ICSD Number 96723
Empirical formula Bi2BroCss
Formula weight 1535.88
Temperature/K 19K
Crystal system Monoclinic
Space group C2/c
a/A 13.6750(3)
b/A 7.8593(2)
c/A 19.6321(1)
a/° 90
p/e 89.53(0)
v/° 90
Volume/A3 2109.91)
Z 4

3.5 Opto-electronic Performances of Cs3:Bi:Bro at Low Temperature

The electronic band structures and optoelectronic properties of halide perovskites are
closely related to the dynamic behaviors of [MX¢]" octahedra that make up the materials.
As demonstrated by Shi ef al., CBB exhibits two distinct emission peaks: a blue emission
referring to the near band edge emissions of FEs, and a broad near-infrared (NIR) emission
that is attributed to the radiative decay of STEs.?” This broad emission is proved to be not
associated with the defect-assisted processes as the same life time is observed on CBB
powders and high-quality single crystals from the time-resolved photoluminescence
(TRPL) measurements.’” Low-temperature optical measurements are conducted on
exfoliated thin CBB crystals. Both FE and STE emissions are observed in the temperature-
dependent PL. measurements (Figure 3.11a). At room temperature, a weak emission at
about 470 nm is observed, which is very close to the direct bandgap transition from CBB,
as determined to be 2.64 eV from the Tauc plot (Figures 3.12b,¢). This band edge FE also
contributes to an exitonic absorption peak in the absorption spectrum (Figure 3.12a). Upon
cooling of CBB from room temperature to 100 K, the blue emission centered at 463 nm
becomes stronger. At the temperature of 60 K, a shoulder FE emission centered at 450 nm
emerges, and it becomes more significant at 40 K and lower temperature. (Figure 3.11b).
On the other hand, at the temperature around 200 K, the broad NIR STE emission centered
around 720 nm emerges, characterized with a significant stokes shift and a broad full width
at half maximum (fwhm). The center of the STE emission shifts slightly to 737 nm at 100
K, and the intensity of the STE emission becomes much stronger. At 60 K, the STE
emission remains similar, but the center shifts further to 770 nm. At the temperature of 40
K, another broad red emission peak centered at 643 nm appears, which becomes the
dominant emission peak at 10 K and 4 K. In addition, the intensity of STE emission vs FE
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emission increases as the temperature deceases. As a result, the emission of CBB changes
from dominating blue emission above 100 K (Figure 3.11c¢) to red emission at 4 K (Figure
3.11d).
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Figure 3.11 Temperature-dependent Optical Measurements on Cs3;Bi:Bro. (a-b)
Temperature-dependent photoluminescence spectra (a, 150 gr/mm, b, 1200 gr/mm) of
Cs3Bi2Bry from room temperature to 4 K. (c-d) Optical microscope images of the blue
emissions above 100 K and the red emissions at 4 K under laser excitation (375nm), scale
bar: 20 pm.
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Figure 3.12 Optical Measurements of Cs3BizBro at room temperature. (a) UV-vis
absorption spectra, and (b-c) Tauc plot of Cs3Bi2Brg at room temperature, it shows the
Cs3Bi2Bry is a near direct bandgap semiconductor.

To gain insights into the splitting and changes observed in the emission spectra, density
function theory (DFT) calculations are performed on three CBB models (200 K, 90 K, and
19 K) with different levels of intra-octahedral and inter-octahedral distortions. Electronic
band structures and partial density of states (pDOS) are calculated using the GGA-PBE
functional without spin-orbital coupling (SOC) effects (Figure 3.13). The valence band
edge of CBB is contributed by Bi 6s and Br 4p electrons, while the conduction band edge
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composed by Bi 6p and Br 4p electrons. This is in great agreement with the highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO)
of the [BiBrs]*- octahedron, respectively (Figure 3.14).
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Figure 3.13 DFT calculated band structures partial density without SOC effects of (a)
prototype P-3m1 unit cell of Cs3BixBrg at 200 K, (b) doubled trigonal P-3m1 unit cell of
Cs3Bi2Bro at 90 K, (c) the primitive cell quadruple monoclinic C2/c unit cell of Cs3Bi2Brg
at 19 K.
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Figure 3.14:(a) Molecular orbital energy diagram of Op and Csy [BiBrs]*~ ionic octahedron,
(c) Selected basic molecular orbitals of Csy [BiBrs]*", the LUMO is formed by Bi 5p and
Br 4p orbitals, the HOMO is the a; state contributed by Bi 6s and Br 4p orbitals, the MO
below HOMO is a non-bonding state fully contributed by Br 4p.
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SOC effects are included in the band structure calculations to reveal the band dispersions
of the system composed of heavy atoms. The band structures of the prototype P-3ml
structures (200 K) and the c-doubled P-3m1 unit cell at 90 K are shown in Figures 3.15a,b.
Since the c-doubled cell preserves the trigonal symmetry, the band structure of 90 K
exhibits a similar structure, but with twice the number of energy bands after folding along
the k-space. A small energy gap appears at the I point, due to the SOC effect. Figure 3.15¢
illustrates that the degenerated energy bands are split into two conduction band fronts at 19
K. This results in the emergence of the new FE emission at 450 nm. The STE emission
peaks exhibits in a continuous trend from room temperature to 60 K, despite the occurrence
of a phase transition at 90 K. This suggests that the c-doubled trigonal structure after phase
transition does not significantly alter the nature of the STE states, as STE is dependent on
the electron-phonon coupling and the phonon dispersion remains similar when the structure
is still in a trigonal symmetry. However, due to the phase transition, when the temperature
in between 100K to 60K, the emission shifts from 737 nm to 770 nm is greater than the
shifts observed above 100 K. The emergence of a new broad red emission at 40 K should
correspond to the well-aligned [BiBrs]*~ bilayers in the trigonal phase Model 2, due to a
phase transition into the misaligned [BiBrs]*~ bilayers in the unit cell of Model 3 (Figure
3.9). This suggests a phase transition from the c-doubled trigonal unit cell to monoclinic
unit cell occurs at the temperature around 60 K and 40 K, with an increased degree of the
inter-octahedral distortion.
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Figure 3.15: Band Structures and Schematics for Exciton Behaviors of Cs;Bi2Bro. (a,
d) DFT calculated band structures and the schematics for Exciton behaviors of prototype
P-3m1 unit cell of Cs3Bi;Bry at 200 K, (b, e) DFT calculated band structures and the
schematics for Exciton behaviors of doubled trigonal P-3m1 unit cell of Cs3;Bi2Broat 90 K.
(c, ) DFT calculated band structures and the schematics for Exciton behaviors of the
primitive cell quadruple monoclinic C2/c unit cell of Cs3BizBroat 19 K.
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The intensities of both FE and STE emissions are increased when the temperature cools
from room temperature to 100 K, while the CBB lattices remains in the prototype P-3ml
phase. This enhancement can be attributed to the reduction in exciton dissociation caused
by the decrease in temperature, leading to an increase in intensity for both FE and STE
emissions. Additionally, the STE emission is found to be more prominent compared to the
FE emission at 100 K. The intra-octahedral distortion within the [BiBre]*~ octahedron leads
to a strong exciton-phonon coupling in CBB.?® This results in the STE of CBB being more
susceptible to non-radiative recombination at room temperature.’’ Therefore, as the
temperature is lowered, the non-radiative thermal quenching of STE is suppressed, and as
aresult, STE emissions increases more significantly. At temperatures below 60 K, the STE
emission remains stronger compared to the FE emission, which can be attributed to the
presence of intra-octahedral distortion. Smith et al. report that the intensities of FE and
STE emissions are closely correlated with octahedron distortion.?? They report that a
stronger STE:FE intensity ratio is achieved with a greater degree of tilting of [PbBre]*
octahedra long the z axes in 2D A;PbBry crystals, either triggered by organic cations or the
lowering of temperature.?? Similarly, the inter-octahedral distortion in the monoclinic
lattice can provide more intrinsic lattice vibration and distortion for the FE to be trapped to
the new STE states. Figures 3.15d-f illustrate the schematics for the FE and STE emissions
for CBB at 200 K, 90 K and 19 K. In conclusion, the blue FE emission is stronger than the
NIR STE emission on CBB at 200 K, as most of the STEs undergo a non-radiative
recombination process. As the temperature decreases to 90 K, the STE emission
significantly increases as the non-radiative recombination gets suppressed. Finally, at 4 K,
the two conduction band edges contribute to two distinct FE emissions, while the new red
STE emission dominates due to a higher level of octahedron distortions.

3.6 Conclusion

In this work, we are categorizing the distortions of metal halide octahedron in perovskites
into two modes: intra-octahedral distortion and inter-octahedral distortion. We
quantitatively analyze the structure of Cs3Bi2Brg (CBB) layered perovskites using in situ
SCXRD from room temperature to 100 K and found the CBB keeps in the P-3m1 trigonal
unit cell with the increase in the intra-octahedral distortion — Bi*" off-centering within
[BiBrs]*~ octahedron. The phase transition from original P-3m1 phase to the c-doubled
trigonal phase is experimentally proved at 90 K. The temperature-dependent optical
measurements reveal the changes in both free exciton (FE) and self-trapped exciton (STE)
emissions, which results in the CBB blue emissive above 100 K and red emissive at 4 K.
We use the understanding of the performances of [BiBre]*>~ octahedra to address and
understand the complex excitonic behaviors of CBB. This work highlights the dynamic
nature of the metal halide octahedra and it presents a new approach for studying the
behaviors of halide perovskites under various environmental stimuli from the knowledge
of the individual metal halide octahedra.
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Chapter 4 Guiding Halide Perovskite Applications through the
Understanding of Ionic Octahedra

Parts of the content of this chapter were reprinted and adapted from the following
publications with permission (* for equal contribution): Jianbo Jin*, Haowei Huang *,
Chubai Chen, Patrick W. Smith, Maria C. Folgueras, Sunmoon Yu, Ye Zhang, Peng-Cheng
Chen, Fabian Seeler, Bernd Schaefer, Carlos Lizandara-Pueyo, Rui Zhang, Kerstin
Schierle-Arndt, and Peidong Yang. "Benzyl Alcohol Photo-oxidation Based on Molecular
Electronic Transitions in Metal Halide Perovskites" ACS Photonics, 2023, 10(3), 772-779.
Copyright © 2023, American Chemical Society.

4.1 Introduction

Metal halide perovskites are a family of emergent semiconductors with remarkable
optoelectronic properties'-? and rich structural chemistry.? Halide perovskite materials have
been widely applied in photovoltaics,*” light-emitting diodes,®° photodetectors,!®!! and
other fields due to their tunable band gaps, facile synthesis, high absorption coefficients,
and high charge mobilities.!>!* Recently, semiconductor materials have been more
extensively applied to drive photocatalytic reactions including water splitting,'+'® small
molecule activation,'”!® and organic transformation.!®-?* Material systems based on pure
metal halide perovskites, or composite materials of perovskites and other semiconductors
or metals, have been shown as new platforms for carrying out photocatalysis.?*?

Vacancy ordered double perovskites, with the formula of Cs2M(IV)Xe, are formed when
every two adjacent B?* sites of the traditional ABX3 perovskite structure are occupied by
a M*" cation (e.g., Te*", Sn*", Pt*", Ti*") and a vacancy.?®?” The [M(IV)Xs]> octahedra are
stacked in the face-centered cubic (FCC)-type lattice in the CsoM(I'V)Xe halide perovskites.
As a result, the [M(IV)Xe]* octahedra are more electronically isolated due to the zero-
dimensional (0D) nature of this halide perovskite structure. Our previous work on CsxTeXse
has revealed that this electronic isolation of the [TeXs]* ionic octahedra leads to a change
in the electronic bands of CsyTeXs from discrete forms in the Cl° to Br versions to
continuous ones in the I version, indicating that the Cs;TeCls and Cs;TeBrs systems are
more molecule-like in comparison to CsyTelg. This is further confirmed by the molecule-
like absorption features in the Cs;TeCls and Cs>TeBrs systems.?®?° Compared with the
three-dimensional (3D) or two-dimensional (2D) counterparts,!®-?2233% the 0D molecule-
like halide perovskites can have multiple electronic transitions, with the formation of
energy specific photo-generated holes, to enable various catalytic reactions. Currently,
most photocatalytic works are based on the 3D or 2D halide perovskites, with very little
attention being devoted to these 0D systems, let alone their molecule-like properties.

In this work, a detailed understanding of the Cs;TeBrs electronic structure and its
photoexcitation is presented with the consideration of individual molecular orbitals from
these isolated octahedral building blocks. Two optical absorption features correspond to
two unique electronic transitions, (1) a highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO) transition under 455 nm excitation and (2)
mixed transitions including lower HOMO states to LUMO transition, and HOMO to higher
LUMO states transition under 365 nm excitation. With this in mind, we examined the
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excitation wavelength dependent photo-oxidation of benzyl alcohol using Cs>TeBrs as
photocatalysts. Significant differences in photocatalytic performance are observed and
different forms of activated alcohol radicals are detected under the two excitation
wavelengths. As a case study, this work highlights the application of molecule-like halide
perovskites in photocatalysis. The highly tunable energy band structures and catalytic
centers in perovskites can offer a valuable platform for photocatalytic mechanistic studies
and catalyst development in the foreseeable future.

4.2 Experimental Methods

4.2.1 Materials Preparation

Materials. CsBr (99.999%, Sigma Aldrich), TeBrs (99.9%, Alfa Aesar), TeCls (99.9%,
Alfa Aesar), BiBr3 (99.998%, Sigma Aldrich), PbBr; (99.999%, Sigma Aldrich), TiO»
Aeroxide® P25 (80% Anatase + 20% Rutile, purchases from Thermo Fisher Scientific), N,
N-Dimethylformamide (DMF, 99.8%, Sigma Aldrich), benzyl alcohol (BA, >99%, Sigma
Aldrich), a,a,a-Trifluorotoluene (TFT, 99%, Sigma Aldrich), HCI (ACS reagent grade,
37%, Sigma Aldrich), and HBr (ACS reagent grade, 37%, Sigma Aldrich) were used as
received without further purification or modification. N-octylamine (OctAm, 99%, Sigma
Aldrich) and oleic acid (OA, 99%, Sigma Aldrich) were used after treatment with a 4A
molecular sieve.

Synthesis of ligand-free Cs:TeBrs nano and micro powders. A solution synthetic
method with HBr and anhydrous ethanol (EtOH) was chosen for ligand-free Cs2TeBrs
powders.?! 0.5 mmol TeBrs (0.2236 g) was dispersed into 6mL EtOH and 0.1 mL HBr
(48%) to get a clear orange solution. Orange powders will form after the injection of 2 mL
0.50 M CsBr HBr solution (0.1064 g/mL) into the orange solution. The orange powders
were then separated and washed 2 times with EtOH with centrifugation 8000 rpm for 5
min, and then dried overnight in the vacuum oven at 60 °C before all characterizations and
photocatalytic performances tests.

Synthesis of ligand-free Cs:TeClg nano and micro powders. 0.5mmol TeCls (0.1347 g)
was dispersed into 6 mL EtOH and 0.1 mL HCI (37%) to get a clear yellow solution.
Lemon-yellow powders will form after the injection of 2 mL 0.50 M CsCl HCI solution
(0.0842 g/mL) into the yellow solution. The powders were then separated and washed 2
times with EtOH with centrifugation 8000 rpm for 5 min, and then dried overnight in the
vacuum oven at 60 °C before all characterizations and photocatalytic performances tests.

Synthesis of ligand-free Cs3Bi:Bro nano and micro powders. 0.5 mmol BiBr3 (0.2244
g) was dispersed into 6 mL EtOH and 0.1 mL HBr (48%) to get a light-yellow solution.
Yellow powders will form after the injection of 1.5 mL 0.50 M CsBr HBr solution (0.1064
g/mL) into the yellow solution. The powders were then separated and washed 2 times with
EtOH with centrifugation 8000 rpm for 5 min, and then dried overnight in the vacuum oven
at 60°C before all characterizations and photocatalytic performances tests.

Synthesis of CsPbBr; nanopowders. CsPbBr; nanopowders were synthesized with the
ligand-assisted reprecipitation process (LARP) method.** A mixture of 0.1 mmol CsBr
(21.2 mg) and 0.1 mmol PbBr; (36.7 mg) was dissolved in 5 mL of DMF. 20 pL of OctAm
and 0.5 mL of OA were added to form a precursor solution. 0.5 mL of precursor solution
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was injected into 20 mL of toluene under vigorous stirring. The powders were then
separated and washed 2 times with Toluene with centrifugation 10000 rpm for 10 min, and
then dried overnight in the vacuum oven at 60 °C before all characterizations and
photocatalytic performances tests.

4.2.2 Characterizations

Photocatalytic benzyl alcohol oxidation measurements. About 10 mg of Photocatalysts
were weighted by microanalytic balance and dispersed in TFT to form a 1 mg/mL
photocatalysts solution. 200 uL BA was added in 10 mL TFT to form a BA solution. ImL
photocatalysts solution and 1 mL BA solution were added into a 20 mL quartz tube reactor.
A three-way valve with an Oz balloon was used to control the atmosphere. The mixture
was irradiated with various light sources (e.g., 25 mW/cm? 365 nm LED). The suspension
was centrifuged at 14000rpm for Smin after the reaction and the solution was analyzed by
Shimadzu GC-2010. All detailed reaction conditions are summarized in Tables 4.3-4.6.

Powder X-ray Diffraction (PXRD). PXRD data were measured with a Bruker D8
laboratory diffractometer with a Cu Ko radiation source in ambient conditions. The
powders were flattened onto a glass slide for measurements.

UV-vis Absorption Spectroscopy (UV-vis). The absorption spectrum was obtained with
a UV-vis spectrometer (UV-2600, Shimadzu). The powders were dispersed onto the
double-sided scotch tape on a quartz slide. The background scan was taken for scotch tape
with quartz slides only.

The Tauc plot was calculated from the absorption spectrum. (a¢hv)!" vs. hv was plotted out,
where r = 1/2 for direct bandgap and r = 2 for indirect bandgap.

X-ray Photoelectron Spectroscopy (XPS). The conventional XPS survey and the low
energy inverse photoemission spectroscopy (LEIPS) survey were measured with a PHI
Versa Probe IV multi-technique instrument at Stanford Nano Shared Facilities (SNSF).
CTB powders were dispersed in EtOH and dropcasted onto a highly doped Si chip for
measurements.

For conventional XPS, the measurement was carried out using an Al Ka source (Photon
energy 1486.6 eV), with the neutralizers.

For LEIPS measurement, the raw LEIPS and low energy electron transmission (LEET)
spectra were collected and shown in Figure S7. The 1* derivative of the LEET spectrum
was shown in red. The band pass filter (BPF) was 4.77 eV. We chose -7.03 eV as the
inflection point (IP), and we considered the later maximum at about -6.2 eV as resulted
from the poorly charged powders. The LEIPS spectrum was calibrated into energy from
the vacuum level by the following formula.

EUS.EvaC == E+ EIP - EBPF

Valence band XPS (VB-XPS) measurements were conducted with Thermo Scientific K-
Alpha Plus using an Al Ka source (Photon energy 1486.6 eV) at Molecular Foundry at
Lawrence Berkeley National Laboratory (LBL). Shirley background was used for
background subtraction. The Cls peak was used to calibrate the bonding energy.
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Scanning Electron Microscopy (SEM). SEM images in Figure 4.1 were collected with a
JOEL JCM-7000 Benchtop SEM. The energy-dispersive X-ray spectroscopy (EDS) in
Figure 4.2 was collected by a field-emission SEM (FEI Quanta 3D FEG SEM/FIB)
equipped with an EDX detector.

Electron Paramagnetic Resonance (EPR). Continuous-wave (CW) X-band electron
paramagnetic resonance (EPR) measurements were performed at room temperature using
a Bruker Elexys E580 spectrometer equipped with a ER4119HS High-Q CW resonator
operating at a frequency of 9.83 GHz. All spectra were recorded with a modulation
frequency of 100 Hz and modulation amplitude of 1 G. The microwave power used for all
spectra was 0.47 mW, and was spot-checked by attenuating the power to determine that
the signal response was linear. While these parameters may lead to minor broadening of
the narrow lines for the organic radicals in the present study, they were necessary to
improve the sensitivity to allow for the detection of the low-concentration photoradical
products.

To prepare the samples, about 2 mg powders were dispersed in a mixed solution of 1 mL
Toluene containing 10 uL. BA and 10 pL of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
and then transferred into an EPR tube. To detect the alcohol radicals, the toluene used was
pre-saturated with Ar. After that, the sealed EPR tube was shaken vigorously and placed
in the microwave cavity of the EPR spectrometer. Spectra were recorded either in the dark
or irradiated by 365 nm LED or 455 nm LED at room temperature.

Flat-band Measurements (Mott-Schottky Plot). Flat-band measurements were carried
out using a standard three-electrode setup. Ag/AgCl electrode (+0.21 V vs NHE) was
employed as the reference electrode, a platinum wire was used as the counter electrode.
The working electrode was CsxTeBrs nano powders deposited on a cleaned indium tin
oxide (ITO) substrate and immersed in the electrolyte solution. Tetrabutylammonium
hexafluorophosphate (TBAPFg, 0.1 M) dissolved in acetonitrile (ACN) solution was used
as the electrolyte. Mott—Schottky plot was measured in dark at a frequency of 1 kHz.

Molecular Orbitals Calculations. The molecular orbitals (MOs) of [TeBrs]> octahedron
in On and Dan point groups were calculated with the Gaussian engine implemented in
WebMO.* The octahedron models were imported in XYZ format with parameters shown
in Tables 4.1 and 4.2. The calculations were carried out with B3LYP?* theory and SDD as
the basic set. The charge was set to -2 and the multiplicity was set to the singlet.

4.3 Electronic Transitions of Cs2TeBrg

Ligand-free Cs2TeBrs (CTB) powders in the size range of hundreds of nanometers (Figure
4.1) were synthesized through a facile solution synthesis as described in the Supporting
Information. The composition of the nano and micro powders is confirmed by energy-
dispersive X-ray spectroscopy (EDS, Figure 4.2) with a formula of Cs:Te:Br =
2:1.023:6.076. Figure 4.3 shows the X-ray photoelectron spectroscopy (XPS) survey scans
of CTB powders, which further prove the approximate 2-1-6 composition. The low signal
intensity of C s also indicates that the powders are ligand-free. The powder X-ray
diffraction (PXRD) pattern of CTB powders matches perfectly with the calculated patterns
of the FCC unit cell, which reveals that CTB is an FCC solid assembly of [TeBrs]> ionic
octahedra. (Figure 4.4).
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Figure 4.3 XPS survey of Cs;TeBrs nano and micro powders. The Auger peaks are labelled
for Te MNN and Cs MNN.
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Figure 4.4 Powder XRD of Cs;TeBrs nano and micro powders.

Our previous studies reveal that the [TeBrs]*~ ionic octahedron is the electronic unit and
vibrational unit of the CTB solids.?® Therefore, the electronic transitions of an individual
[TeBrs]* ionic octahedron are essential for a comprehensive understanding of the
electronic transitions in CTB solids. Figure 4.5 illustrates the correlation between the
electronic bands of CTB solids and the MOs of the [TeBre]?>~ octahedron. For the [TeBrs]*
ionic  octahedron in O, point group, its electron configuration s
1a3,1t9, leg2ai,2t, 1t5,2e53t7,1t5, 1t7,3a5 j4t9,, *3¢ The lowest unoccupied
molecular orbital (LUMO) is the 4¢;, state constructed from the Te 5p and Br 4p orbitals,
while the highest occupied molecular orbital (HOMO) is the 3a;, state, which is a
hybridization of the Te 5s and Br 4p orbitals. Importantly, the first MO below the HOMO
(marked as “HOMO-1") is the 41;, state fully contributed by non-bonding Br 4p orbitals.
The details of the MO calculations are shown in Table 4.1. The electronic band structure
of CTB is in good agreement with the MO diagram of [TeBrs]>. According to the partial
density of states (PDOS) from the density function theory (DFT) calculation,?® the frontier
band structure can be classified into three electronic bands (Figure 4.6), which are a
conduction band (CB) constructed from Te 5p and Br 4p orbitals, the highest valence band
(VB)) formed by the hybridized Te 5s and Br 4p orbitals, and the band directly below the
highest VB (marked as “VB,”) constructed from Br 4p orbitals. It is worth noting that the
triplet CB will split into a doublet CB (marked as “CB;”) and a singlet CB (marked as
“CB1”) due to the spin-orbital coupling (SOC) effects. The band structure with SOC effects
can still be described by the MO diagrams of a photoexcited [TeBre]?>~ octahedron in a Dy,
point group due to a dynamic Jahn-Teller distortion.’”-3° For the [TeBrs]* ionic octahedron
in the Dy, point group, the 3-fold symmetry is no longer existing, the details of the MO
calculations are shown in Table 4.2. The triplet LUMO in the O; point group (4¢:.) splits
into a singlet az, state (LUMO), and a higher doublet e, state (marked as “LUMO+1"),
while the original triplet HOMO-1 (/¢ state) also splits into an a2, state (marked as

71



“HOMO-1") and an e, state (marked as “HOMO-2"). Figure 4.7 shows the shapes and
symmetry of the frontier MOs of the Dy, [TeBrs]*". The LUMO and LUMO+1 orbitals are
still constructed from the Te 5p and Br 4p orbitals, the HOMO is the a;, state hybrid by
the Te 5s and Br 4p orbitals, and the HOMO-1 and HOMO-2 orbitals are fully contributed
by non-bonding Br 4p orbitals. Based on the studies of the [TeBrs]* octahedron, we can
understand the nature of each frontier band for the CTB solids.
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Figure 4.5. Molecular orbital energy diagram of Oy, and Dy;, [TeBre]*” ionic octahedra,
and a schematic of the electronic band structure of Cs>TeBre.
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Figure 4.6 (a) The electronic band structure of Cs>TeBrs (Copyright © 2021, American
Chemistry Society?®), and (b) the simplified schematic for the band structure with the
corresponding atomic orbital compositions. The blue and violet boxes in (a) correspond to
the CB; and CBa, respectively, the red box corresponds to the VB, and the green box
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Table 4.1 Molecular orbital calculation details of an O [TeBrs]*" octahedron.

XYZ Coordinates:
Te 70.00000 0.00000 0.00000
Br 2.70060 0.00000 0.00000
Br -2.70060 0.00000 0.00000
Br 0.00000 2.70060 0.00000
Br 0.00000 -2.70060 0.00000
Br 0.00000 0.00000 2.70060
Br 0.00000 0.00000 -2.70060
Orbital | Symmetry | Occu. Encrgy Orbital Symmetry Occu. Energy
(au) (au)
1 AlG 2 -0.57556 21 T2U 2 -0.03249
2 TIU 2 -0.52569 22 T1G(HOMO-1) 2 -0.01603
3 TIU 2 -0.52569 23 T1G(HOMO-1) 2 -0.01603
4 TIU 2 -0.52569 24 T1G(HOMO-1) 2 -0.01603
5 EG 2 -0.51452 25 A1G (HOMO) 2 -0.00381
6 EG 2 -0.51452 26 T1U (LUMO) 0 0.13979
7 AlG 2 -0.41332 27 T1U (LUMO) 0 0.13979
8 T1U 2 -0.1704 28 T1U (LUMO) 0 0.13979
9 T1U 2 -0.1704 29 T1U 0 0.22479
10 T1U 2 -0.1704 30 T1U 0 0.22479
11 T2G 2 -0.05972 31 T1U 0 0.22479
12 T2G 2 -0.05972 32 EG 0 0.23673
13 T2G 2 -0.05972 33 EG 0 0.23673
14 EG 2 -0.0517 34 T2G 0 0.27541
15 EG 2 -0.0517 35 T2G 0 0.27541
16 T1U 2 -0.03454 36 T2G 0 0.27541
17 T1U 2 -0.03454 37 T1U 0 0.2861
18 T1U 2 -0.03454 38 T1U 0 0.2861
19 T2U 2 -0.03249 39 T1U 0 0.2861
20 T2U 2 -0.03249 - - - -
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Table 4.2 Molecular orbital calculation details of a D4, [TeBrs]* octahedron.

XYZ Coordinates:
Te 70.00000 0.00000 0.00000
Br 2.60060 0.00000 0.00000
Br -2.60060 0.00000 0.00000
Br 0.00000 2.60060 0.00000
Br 0.00000 -2.60060 0.00000
Br 0.00000 0.00000 2.80060
Br 0.00000 0.00000 -2.80060
Orbital | Symmetry | Occu. Energy Orbital Symmetry Occu Energy
(au) (au).
1 AlG 2 -0.58587 21 EU 2 -0.02881
2 EU 2 -0.53414 22 EG(HOMO-2) 2 -0.01384
3 EU 2 -0.53414 23 EG(HOMO-2) 2 -0.01384
4 B1G 2 -0.5181 24 | A2G(HOMO-1) | 2 -0.01376
5 A2U 2 -0.51477 25 A1G(HOMO) 2 0.00261
6 AlG 2 -0.50884 26 A2U(LUMO) 0 0.12495
7 AlG 2 -0.40913 27 EU(LUMO+1) 0 0.16082
8 EU 2 -0.17974 28 EU 0 0.16082
9 EU 2 -0.17974 29 A2U 0 0.22278
10 A2U 2 -0.16401 30 EU 0 0.22854
11 B2G 2 -0.06718 31 EU 0 0.22854
12 EG 2 -0.05829 32 AlIG 0 0.23663
13 EG 2 -0.05829 33 BI1G 0 0.23981
14 B1G 2 -0.05427 34 B2G 0 0.27507
15 AlG 2 -0.04753 35 EG 0 0.2758
16 EU 2 -0.03551 36 EG 0 0.2758
17 EU 2 -0.03551 37 EU 0 0.28718
18 B2U 2 -0.03342 38 EU 0 0.28718
19 A2U 2 -0.03304 39 A2U 0 0.28719
20 EU 2 -0.02881 40 EU 0 0.28956
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Figure 4.7 Selected frontier molecular orbitals (MOs) of a D4 [TeBrs]* ionic octahedron:
the LUMO and LUMO+1 are the 4a2, and Se, state, respectively, forming by Te 5p and Br
4p orbitals; the HOMO is the Sa;, state contributed by Te 5s and Br 4p orbitals; the HOMO-
1 and HOMO-2 are /az, and 2e; state, respectively, fully contributed by Br 4p orbitals.

Optical and photoelectron spectroscopic characterizations are applied to quantitatively
investigate the electronic band structure. A molecule-like absorption feature is observed in
the UV-vis absorption spectra of the CTB powders (Figure 4.8a, highlighted in blue).
Based on the frontier band structure identified above, the molecule-like absorption peak
across 2.2-2.8 €V, akin to the “A band” in the [TeBrs]>~ absorption spectra, is attributed to
the HOMO-to-LUMO transition.>>-"-*® Figure 4.8b shows the Tauc plot of CTB based on
the indirect bandgap model. 2.22 eV is identified as the indirect bandgap value of CTB,
while 2.68 eV is the maximum wavelength (Amax) of this molecule-like absorption.
Absorbance from the second group of transitions, akin to the “B band” in the [TeBrs]*~
absorption spectra, occurs when the excitation energy is higher than 2.85 eV. In a manner
similar to electronic transitions in Au cluster systems,***! a group of specific transitions
from a deeper state, or specific transitions towards a higher state can be facilitated by
photons of higher energy. As a result, the electronic transitions in this region could refer to
three transitions, including HOMO-1-to-LUMO, HOMO-2-to-LUMO, and HOMO-to-
LUMO+1.3>-38
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Figure 4.8 (a) UV-vis absorption spectrum of CsoTeBrs powders. (b) Tauc Plot for
CsyTeBrs based on an indirect bandgap assignment.
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Valence band X-ray photoelectron spectroscopy (VB-XPS) in Figure 4.9a shows the
detailed VB structures of CTB. Each component of the VB has been identified based on a
previous study.®® The 3a;, state occurs as a shoulder peak to the major Br 4p peak, which
is clearer in the case of CsxTeClg (Figure 4.10). This agrees with our observation that the
electronic bands in CTB are more dispersive than Cs;TeCle.?® As a result, the band edges
of the VB band and the VB> band are estimated as 1.17 eV and 1.83 eV relative to its
Fermi level, respectively. Low energy inverse photoemission spectroscopy (LEIPS) is
performed to find the absolute value of the conduction band minimum (CBM), which is
determined as -3.73 eV vs. the vacuum level (Evac) (Figure 4.9b). The corresponding low
energy electron transmission (LEET) spectrum is in Figure 4.11.
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Figure 4.9 (a) VB-XPS of Cs>TeBrg. The two band edges of VB1 and VB; are estimated
to be 1.17 eV and 1.83 eV vs. its Fermi level, respectively. (b) LEIPS of Cs;TeBrs. The
electron affinity (EA) is estimated as 3.73eV.
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Figure 4.10 VB-XPS spectra of Cs,TeClg (yellow) and Cs,;TeBrg (orange).
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Figure 4.11 (a) Raw LEET and (b) raw LEIPS spectra for Cs>TeBrs.

Flat-band measurement is applied to further confirm the CBM potential. And the Mott-
Schottky plot of CTB suggests a CBM value of -0.97 V vs Ag/AgCl (3 M KCI) reference
electrode (Figure 4.12), which is -3.68 eV vs Eyac., and it matches very well with the LEIPS
result under vacuum. The combination of these results yields relative energy levels for this
molecule-like CTB in Figure 4.13. Detailed calculation processes for each energy level is
shown in Figure 4.14. The CBM and VBM are -3.73 eV and -5.97 eV with respect to the
vacuum level, respectively. The band edge of the VB: band is estimated as -6.63 eV vs.
Evac. The energy gap for the second group of transitions is then calculated to be 2.90 eV,
perfectly in alignment with our observations in the UV-vis absorption spectrum.
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Figure 4.12 Mott-Schottky plot for Cs>TeBrs.
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Figure 4.13 (The comprehensive energy diagram of Cs;TeBrs vs. the vacuum level and
selected reaction redox potentials.
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Figure 4.14 The calculation details of the energy levels for CsoTeBrs. (a) The energy
differences between CBM and the band edges of VB and VB; are from the Tauc Plot
analysis, respectively. (b) VB-XPS reveals the energy levels of the band edges of VB and
VB vs. its Fermi level (Er). (c) LEIPS estimates the electron affinity of CTB, which is the
energy difference between the CBM and the vacuum level (Eyac).

4.4 Photocatalytic oxidation of Benzyl Alcohol with Cs;TeBrs

Compared to the potentials for several typical redox reactions, we find that the CBM of
CTB is above @g,,.0; (-0.33 V vs. normal hydrogen electrode, NHE), while benzyl
alcohol-to-benzaldehyde @p4/pap (+1.98 ¢V vs. NHE)* is in between the two VB energy
levels. Thus, in order to realize the photocatalytic benzyl alcohol (BA) oxidation reactions,
we could rationally photo-activate the CTB system with UV light to generate energy-
sufficient holes at the deeper valence band (the VB, band).
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Figure 4.15 (a) Photocatalytic behavior of Cs2TeBrs on benzyl alcohol oxidation under
different light irradiation. (b) Photocatalytic performance of Cs2TeBrs on benzyl alcohol
oxidation.

First, different excitation wavelengths are used to excite particular electronic transitions in
CTB for photocatalytic BA oxidation, including a 365 nm UV LED, a 455 nm blue LED,
and a Xe lamp with and without a 400 nm long pass filter. The photocatalytic efficiencies
are shown in Figure 4.15a and Table 4.3, which clearly demonstrate that the performance
is fully dominated by UV photon excitation. The reaction is later carefully quantified under
a 365 nm and a 455 nm LED (Figure 4.15b), and we find that the formation of
benzaldehyde (BAD) linearly increases in the first 3 hours, with over-oxidation towards
benzoic acid occurring after 2 hr. CTB shows efficient photocatalytic behavior of 16.69
umol BAD and 1.52 pumol benzoic acid in 2 hr under 365 nm excitation, but it performs
poorly with less than 2 pmol BAD in 24 hr under 455 nm excitation, even though the
powders have strong absorption at 455 nm. And the performances of CTB under 365nm
can be well maintained over 4 cycles. (Figure 4.16 and Table 4.4)
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Figure 4.16. Photocatalytic performance of Cs2TeBrg over 4 cycles under 365 nm LED for
2 hr reactions.

Compared to other semiconductor photocatalysts and halide perovskite materials,
including commercial TiO2 P25, Cs3Bi2Bro, CsPbBr3, and Cs>TeCls, CTB exhibits superior
photocatalytic performance for BA oxidation under 365 nm excitation (Figure 4.17 and
Table 4.5). Due to molecular electronic transition nature for the 0D halide perovskites, the
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holes derived from relatively discreet and deeper energy states of CTB can be generated
using 365 nm photons and be used for our oxidation reaction. In comparison, for 3D
(CsPbBr3) and 2D (Cs3Bi2Br9) halide perovskites and semiconductors (TiO2 P25) with
more dispersed energy bands, holes generated from high energy UV photons tend to
thermalize rapidly to the VBM level, which become less energetic towards the oxidation
reaction. This difference in the excitation results in a higher photocatalytic performance
for our CTB system.
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Figure 4.17 Comparison of the photocatalytic performance of Cs2TeBrs with other
semiconductors.
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Figure 4.18. Photocatalytic oxidation mechanisms on a semiconductor. (a) Aerobic
oxidation. The photogenerated electrons will be utilized to reduce the O into a superoxide
radical (-Oy"), while the holes will be used to activate the alcohol to produce alcohol
radicals. The alcohol radicals will be oxidized into aldehyde after the radical reacts with
the superoxide radicals. (b) Direct oxidation. Two photogenerated holes are used for
oxidation, and the electrons are used for other reduction reactions, like hydrogen
production, metal cation reduction, sacrificial agents’ reduction, etc.
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Understanding the photocatalytic mechanism at the molecular level is crucial to explain
the differences in performance under the two different excitation wavelengths. Figure 4.18
represents the typical molecular pathways for alcohol oxidation on a semiconductor
photocatalyst.***> Figure 4.18a shows the superoxide radical-involved reaction
mechanism. Under light excitation, an electron-hole pair will be generated, thermalized,
and transported to the surface of the catalyst. The photogenerated electrons will be utilized
to reduce the O; into a superoxide radical (-Oz), while the holes will be used to activate
the alcohol to produce alcohol radicals. The alcohol radicals will be oxidized into aldehyde
after the radical reacts with superoxide radicals. Figure 4.18b represents a direct oxidation
mechanism, where the electron in the CB is not used to form superoxide radicals, and two
holes are used to oxidize the alcohol into aldehyde.

60 - Vv Benza!dehyde 365nm LED
E Benzoic Acid
40 A /

<] 7
BB 7

0 Z Z 7 pava
2

o e 455nm LED
/
L @B @ - o

or'\g"“a\ 52032' 52?532' N\eO\‘\ [\

Figure 4.19 Photocatalytic performance of Cs;TeBrs on benzyl alcohol oxidation with
different sacrificial agents under both 365 nm and 455 nm LED. All experiment details and
conditions are listed in supporting information.

To probe the photocatalytic mechanism of the molecule-like CTB halide perovskites,
various sacrificial agents are added to the reaction (Figure 4.19 and Table 4.6). Sacrificial
agents are selected based on their inertness to the photocatalytic reactions and to the
photocatalysts themselves. Thus, methanol (MeOH) and ammonium persulfate (2NH4"
S»0g%) are used as the hole and electron sacrificial agents, respectively. The photocatalytic
performance significantly decreases upon the addition of MeOH as the activation of benzyl
alcohol with the hole is now prohibited. Adding S>Os? should block O, from being reduced;
however, we find that the performance metrics increase with the amount of S>0s?~ added.
This behavior arises from the fact that the direct oxidation processes are boosted by
electron scavengers. It also proves that the holes generated with 365 nm LED irradiation
are highly active for alcohol activation and oxidation. In order to evaluate the role of O
during the photocatalysis process, reactions under Ar are launched. The removal of O is
achieved with an argon (Ar) Schlenk line, and the CTB under this environment performs
poorly due to the reduction and decomposition of Te*" by the photogenerated electrons
(Figure 4.20). The Ar experiments confirm that the photogenerated electrons are taken by
O2 in the case of aerobic oxidation conditions. Similar control experiments are applied for
photocatalytic tests under 455 nm LED irradiation, and these control experiments reveal
that even when the system is injected with large amounts of electron scavengers, the
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photogenerated holes excited by 455 nm light still yield very limited photocatalytic
performances.

Before reaction After reaction

< .

Figure 4.20. Decomposition of Cs;TeBrs during photocatalysis under Ar.

Electron paramagnetic resonance (EPR) spectroscopy with 5,5-Dimethyl-1-Pyrroline-N-
Oxide (DMPO) is applied to measure the active reaction radical intermediates during the
reactions. First, the superoxide radicals are observed under both excitation wavelengths
(Figure 4.21a), which means that the photogenerated electrons under both wavelengths are
sufficient for superoxide radical formation, in agreement with the CBM determined in
Figure 4.13. The broadening of EPR peaks under 365 nm excitation corresponds to the
ring opening decomposition of the DMPO--O>~ species.!” On the other hand, activated
alcohol radicals are detected in the Ar atmosphere. Intriguingly, signals representing
different types of alcohol radicals are observed under the two different light excitations
(Figure 4.21b). The oxygen-centered alcohol radicals (-OR, alkoxy radicals) are detected
under 365 nm LED irradiation, while the carbon-centered alcohol radicals (‘R, alkyl
radicals) are observed under 455 nm LED irradiation. This observation reveals that there
are two different hole populations triggering the reactions under the different excitation
wavelength, and the alcohols are activated in different molecular pathways.
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Figure 4.21 (a) EPR spectra for active oxygen radicals during the photocatalysis of
Cs2TeBrs. Superoxide radical signals are detected under both excitation wavelengths. The
broadening of EPR peaks under 365 nm excitation corresponds to the ring opening
decomposition of the DMPO--O, species. (b) EPR spectra for active alcohol radicals
during the photocatalysis of Cs2TeBrs without O>. The spectrum of the oxygen-centered
alcohol radical is observed under the 365 nm LED, and a featured splitting corresponding
to carbon-centered alcohol radical is observed under the 455 nm LED.
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Figure 4.22 Schematics of the proposed photocatalytic benzyl alcohol oxidation reaction
pathways under the (a) 365 nm LED and (b) 455 nm LED irradiations.

Figure 4.22a and 4.22b summarize the reaction schematics for photocatalytic reactions
under 365 nm LED and 455 nm LED. For 365 nm excitation, electrons from a deeper state,
VB, can be excited to CBj, with electronic transitions from VB; to CB; also occurring.
The electrons in both CB; and CB; can be used to reduce the oxygen into superoxide
radicals, while the energy-efficient holes generated in VB2 can effectively form alkoxy
radicals and carry out reactions toward BAD formation. The thermalizations of high energy
electrons and holes may happen with a minor population suggested by the selection rule
because of the same symmetry between HOMO (a;s) and HOMO-1/-2 (a2 and eg), and
between LUMO (a2,) and LUMO+1 (e,). When illuminated with a 455 nm LED, only the
electrons in VB are excited to CB; through the HOMO-to-LUMO transition. As a result,
while the electrons in CB; is energy-efficient for producing superoxide radicals, the holes
generated in VB is energy-inefficient to BA oxidation. The formation of oxygen-centered
or carbon-centered radicals is relevant to the adsorption and activation of the BA (Figure
4.23).* If the benzyl alcohols dissociate first, they will be activated into the alkoxy radicals.
This reveals the fact that holes from the different VBs can create different activation
pathways for benzyl alcohol. It opens the possibility to achieving different reaction
pathways or selectivity by controlling the wavelengths with which this molecule-like
semiconductor photocatalyst is irradiated.

©/\OH H+ ©/\o +h* ©/\o
. 1+ A .
©/\OH +h* |:©/\OH:| H* ©/\0H ©/\o
—_— —_ or

More stable

CB,o

Ehole at VB4
insufficient for @p4/4p

Figure 4.23 The formation of alkoxyl and alkyl radicals from benzyl alcohol.
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Table 4.3 Photocatalytic performance of Cs>TeBrs under different irradiations (BAD for

benzaldehyde, BAcid for benzoic acid).

Group | Reaction Conditions Yield / %

1 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 4.76
25 mW/em? 365 nm LED, O; balloon, 30 min. BAcid: 0.07

) 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 8.12
25 mW/em? 365 nm LED, O; balloon, 1 hr. BAcid: 0.29

3 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 16.69
25 mW/em? 365 nm LED, O; balloon, 2 hr. BAcid: 1.52

4 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 24.32
25 mW/em? 365 nm LED, O; balloon, 3 hr. BAcid: 4.33

5 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 29.37
25 mW/em? 365 nm LED, O; balloon, 4 hr. BAcid: 7.92

6 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 31.84
25 mW/em? 365 nm LED, O; balloon, 6 hr. BAcid: 46.89

7 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 13.21
100 mW/cm? Xe Lamp, O: balloon, 4 hr. BAcid: 0.91
1 mg Cs,TeBrs powders, 2 mL TFT with 100 pmol BA, BAD: 0.77

8 100 mW/cm? Xe Lamp + >400 nm filter, O, balloon, 4 S
hr BAcid: 0.01

9 1 mg Cs,TeBrs powders, 2 mL TFT with 100 pmol BA, BAD: 0.05
25 mW/cm? 455 nm LED, O; balloon, 2 hr. BAcid: -

10 1 mg Cs,TeBrs powders, 2 mL TFT with 100 pmol BA, BAD: 0.81
25 mW/ecm? 455 nm LED, O; balloon, 4 hr. BAcid: -

1 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 1.96
25 mW/ecm? 455 nm LED, O; balloon, 24 hr. BAcid: 0.06

12 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 0.54
Dark, O balloon, 24 hr. BAcid: -
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Table 4.4. Photocatalytic performance of Cs2TeBrs over 5 cycles (BAD for benzaldehyde,

BAcid for benzoic acid).

Group | Reaction Conditions Yield / %
1 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 15.24
25 mW/cm? 365 nm LED, O; balloon, 2 hr, 15T cycle. BAcid: 1.47
) 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 15.92
25 mW/cm? 365 nm LED, O; balloon, 2 hr, 28P ¢ycle. BAcid: 1.65
3 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 16.33
25 mW/cm? 365 nm LED, O; balloon, 2 hr, 3RP cycle. BAcid: 1.73
4 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 14.48
25 mW/cm? 365 nm LED, O; balloon, 2 hr, 4™ cycle. BAcid: 1.60

Table 4.5. Photocatalytic performance of Cs;TeBrs compared to P25 and other halide

erovskites (BAD for benzaldehyde, BAcid for benzoic acid).

Group | Reaction Conditions Yield / %

1 1 mg Cs,TeBrs powders, 2 mL TFT with 100 umol BA, | BAD: 16.69
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: 1.52

) 1 mg TiOz P25 powders, 2 mL TFT with 100 umol BA, BAD: 5.52
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: 0.44

3 1 mg Cs3Bi:Bro powders, 2 mL TFT with 100 pmol BA, | BAD: 5.15
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: 0.32

4 1 mg CsPbBr; nano powders, 2 mL TFT with 100 pmol | BAD: 0.20
BA, 25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: -

5 1 mg Cs,TeCls powders, 2 mL TFT with 100 pmol BA, BAD: 0.52
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: 0.15

6 No catalyst, 2 mL TFT with 100 umol BA, BAD: 0.07
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: -
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Table 4.6. Photocatalytic performance of CsxTeBrs with various sacrificial agents (BAD
for benzaldehyde, BAcid for benzoic acid).

Group | Reaction Conditions Yield / %
1 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 16.69
25 mW/cm? 365 nm LED, O; balloon, 2 hr. BAcid: 1.52
1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 18.64
2 25 mW/cm? 365 nm LED, 20mg (NH)2S,0s, O balloon, 2 A
hr BAcid: 1.78
1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 47.95
2 . .
3 ﬁf mW/cm* 365 nm LED, 100mg (NH4)2SzOs, (0)) balloon, 2 BAcid: 15.26
4 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 2.78
25 mW/cm? 365 nm LED, 100uL. MeOH, O: balloon, 2 hr. | BAcid: -
5 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 2.70
25 mW/cm? 365 nm LED, Ar sealed, 2 hr. BAcid: -
6 1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 0.05
25 mW/cm? 455 nm LED, O; balloon, 2 hr. BAcid: -
1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 0.87
7 25 mW/cm? 455 nm LED, 20mg (NH4)2S:0s, O balloon, 2 S
hr BAcid: -
1 mg Cs2TeBrs powders, 2 mL TFT with 100 umol BA, BAD: 1.10
8 25 mW/cm? 455 nm LED, 100mg (NH4)2S20s, O: balloon, 2 B Acia' i

hr.
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4.5 Conclusion

In summary, we have established the electronic band structure and photoexcitation pictures
in the molecule-like halide perovskite Cs>TeBrs based on the knowledge of the [TeBrs]*
ionic octahedron. UV-vis absorption spectroscopy, VB-XPS, and LEIPS are used to obtain
a comprehensive electronic band structure of this material. When applying this molecule-
like halide perovskite for the photocatalytic aerobic oxidation of benzyl alcohol, we find
that the 365 nm LED and 455 nm LED can generate holes in different valence bands and
activate the benzyl alcohol molecules differently. EPR measurements clearly show the
formation of oxygen-centered alcohol radicals under 365 nm LED and carbon-centered
alcohol radicals under 455 nm LED. The photogenerated holes under 455 nm are energy
insufficient; thus, only UV photons contribute to most of the photocatalytic performance.
This study also establishes a new rational design principle for halide perovskites
photocatalysts. With an understanding of [MXs]™ octahedron molecular orbitals and
energetic transitions, we can derive the electronic structures of halide perovskites, and we
can apply a suitable light irradiation to drive certain photocatalytic reactions. The highly
tunable energy band structures and catalytic centers in perovskites can offer a valuable
platform for photocatalytic mechanistic studies and catalyst development in the foreseeable
future.
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Chapter 5 Summary and Outlooks on Halide Perovskite Studies
at the Level of Ionic Octahedron

In this chapter, the primary objective is to present a comprehensive summary of the
research efforts and conclusions drawn throughout this dissertation, with a focus on the
study of halide perovskites at the ionic octahedra level. Furthermore, a broader perspective
on the future direction and potential implications of this research area will be discussed.

5.1 Summary

In Chapter 1, the primary focus is on introducing the study of halide perovskites. The ionic
soft lattice of halide perovskites is emphasized, with special attention given to the metal
halide octahedron as the fundamental building block and functional unit. A range of halide
perovskite and perovskite-related structures are presented, along with discussions on the
changes in properties of halide perovskites in response to various environmental stimuli.
Furthermore, the applications of halide perovskites as optoelectronic materials are explored.
These topics serve as the foundation for the main research directions pursued in the
subsequent chapters of this dissertation.

Chapter 2 marks my initial efforts in manipulating the [MX¢]™ ionic octahedra to enable
novel design and synthesis of all-inorganic halide perovskites. In this work, we propose a
new design principle for halide perovskite structures based on the concept of ionic
octahedron networks (IONs). Beyond the well-established perovskite structures, our design
principle predicts new metal halide perovskite structures based on CsCl-, ReOs-, and
ABOs-type IONs. Experimentally, we discovered and synthesized a unique halide
perovskite structure, CsgsAus.sInisCl2s, which adopts an ABOs-type ION and represents a
first-time report in the field. The ION design principle paves the way for rational design of
new halide perovskite materials and exhibits significant potential for future high-
throughput theoretical calculations and experimental syntheses.

In Chapter 3, I discussed how the responses of metal halide perovskites to environmental
stimuli can be analyzed through the behaviors of individual octahedra. Owing to the soft
lattice nature of metal halide perovskites, the packing, connectivity, and configuration of
[MX6]™ octahedra can be influenced by factors such as non-ambient temperature, electrical
fields, and compression. In this work, we used Cs3Bi:Bro9 2D halide perovskites, which
exhibit both free exciton emission and self-trapped exciton emission, as a model compound.
We utilized various in situ characterization techniques to identify two distinct distortion
classes of [BiBrs]*~ octahedra and analyzed the changes in exciton emissions of Cs3Bi>Bry
in relation to the octahedral distortion. This work offers a new perspective on studying the
environmental response of halide perovskites. By understanding the behavior of individual
octahedra, we can design and rationalize the properties of perovskite materials through the
regulation of environmental stimuli.

In Chapter 4, we explore the understanding and application of halide perovskites based on
the knowledge of [MX¢]™ octahedra. Since ionic octahedra are the optoelectronic units of
halide perovskites, their electronic structure and photoexcitation can be understood based
on the molecular orbitals of individual ionic octahedra. In this study, we established the
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electronic band structure and photoexcitation model in the molecule-like halide perovskite
Cs2TeBrs based on the knowledge of the [TeBrs]*~ ionic octahedron. We discovered that
365 nm LED and 455 nm LED can generate holes in different valence bands and activate
benzyl alcohol molecules differently. This study establishes a new rational design principle
for halide perovskite photocatalysts. By understanding the [MXg]" octahedron molecular
orbitals and energetic transitions, we can derive the electronic structures of halide
perovskites and apply suitable light irradiation to drive specific photocatalytic reactions.

5.2 Outlooks

5.2.1 High Throughput Synthesis based on ION
High throughput and machine learning In situ characterization

optical
microscope PL monitor

synchrotron
light source

Emissive
units
OC—

Ferroelectric Paramagnetic
units units

Figure 5.1 Manipulating various functional metal halide octahedron building blocks into
a new matrix for creating novel, multifunctional halide perovskites, combined with high-
throughput synthesis approaches.! Copyright © 2021, Elsevier Inc.

The ultimate target is to rationally construct new perovskite materials at the level of ionic
octahedron by manipulating various functional metal halide octahedra into a new matrix
for the new and multifunctional halide perovskite structure. (Figure 5.1) The
CsgAu(III)3 sIn(I1I); 5Clp3 is the first success based on ION, and there is a vast synthetic
space available for designing and synthesizing new halide perovskite crystal structures.
This approach could be applied to emerging high throughput synthesis methods and
machine-learning-driving high-throughput theoretical studies for developing new halide
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perovskites and perovskite-derivatives.! Unexplored predictions that have not yet been
experimentally realized include new halide perovskite structures based on the CsCl-type
ION [CSSM(I)M(III)Xlz], ReOg-type ION, [CSgM(I)M(IH)3C11g or CSgM(IV)M(H)3X18],
and BaTiOs-type ION, [CssMIV)MIID)M(II1)3X24].

5.2.2 New Halide Perovskite Building Blocks

Starting from the idea on manipulations of [MXe]™ in all-inorganic perovskites, there are
further possibilities in the packing of ionic octahedron units when we introduce other
spacers or counterions within the soft lattice. For example, a novel class of building blocks
in formula of (crown ether@A)>M(IV)Xs is designed and experimentally achieved by me
and my colleges.? (Figure 5.2) Interactions of alkali metal-bound crown ethers with the
[M(IV)Xe]* octahedron result a structurally and optoelectronically tunable dumbbell-
shaped structural unit in solution and result a rhombohedral stacking of these new building
blocks, which is quite different from the original face-center cubic stacking of [M(IV)X¢]*~
without crown ethers. We have successfully demonstrated the great tunabilities on this
dumbbell structural unit across the synthetic space for various selections of crown ethers,
alkali metals, center metal cations, and the halides. This new structural unit provides more
emerging possibilities in the octahedron manipulation, and this supramolecular assembly
route introduces a new general strategy for designing halide perovskite structures with
potentially unconventional optoelectronic properties.
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Figure 5.2 Structural tunability in a new class of halide perovskite building blocks, (Crown
ether@A)>M(IV)Xe.2 Copyright © 2022, American Chemical Society.

5.2.3 Simplifying Halide Perovskite Problems through Ionic Octahedra Analysis

By simplifying complex problems through the analysis of individual octahedra behavior,
researchers can gain valuable insights into the fundamental mechanisms governing the
performance of halide perovskites under various conditions. This knowledge can be
applied to predict and manipulate the properties of these materials for specific applications,
such as improving stability, efficiency, and environmental compatibility. For instance, the
incorporations of Jahn-Teller distortions of [Cu(I[)Bre]* can significantly prevent the
aggregations of CsPbBr; nanosheets.> Nowadays, the development of advanced in situ
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characterization techniques can enable researchers to better understand the behavior of
ionic octahedra, including distortion, tilting, translation, rearrangement, valence changes
or even decompositions. Understanding the characteristics of individual metal halide ionic
octahedra can also provide a foundation for the rational design of new halide perovskite
materials and their integration with other materials or systems. Moreover, the knowledge
gained from analyzing the behavior of ionic octahedra in halide perovskites can be
combined with computational modeling and high-throughput screening techniques to
efficiently explore new halide perovskite structures and compositions. (Figure 5.3)

High throughput Knowledge Base
in situ measurements of lonic octahedron

lonic Input Output Perovskites
Octahedra Stimuli Behaviors Properties
Oct 1 7 S1 B 1 P1
\
Oct 2 / S2 B2 P2
Oct 3 S3 B3 P3

Figure 5.3 Utilizing the knowledge base of ionic octahedra to streamline the understanding
of halide perovskite complexities.

5.2.4 The ""Personal Tailor" Application of Halide Perovskites with Ionic Octahedron

"‘ D oo aD 50 ¢
202 GR 24

®C" @n@C @Bi" ¢ Te"

Figure 5.4 (a) Customizing halide perovskite applications guided by the knowledge of
ionic octahedra. (b) Co-doping Bi** and Te*" into Cs>SnCls achieves white emissions.*
Copyright © 2022, Wiley-VCH GmbH.

Once we have established a comprehensive knowledge base of halide perovskites, we
essentially possess a guidebook for the effective utilization of halide perovskite materials
containing specific ionic octahedra. By understanding the behavior of ionic octahedra
within halide perovskites, we can gain insights into various electronic processes, such as
the excitation of electrons, the formation of different types of holes, and the resulting
emission characteristics. This knowledge allows us to tailor applications for individual
halide perovskites or, conversely, to identify the types of octahedra required for particular
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applications. (Figure 5.4) For instance, different self-trapped exciton (STE) emissions are
observed from various [MXs]" octahedra, such as blue emission for [BiBre]*-, green
mission for [TbCls]*, yellow emission for [TeCls]*", orange emission for [PtCls]*~, and red
emission for [SbBre]*>~. With the proper doping strategy and energy transfer among ionic
octahedra, strong white emissions with a photoluminescence quantum yield (PLQY) of
68.3% can be achieved.* Elements from the rare earth family with near-infrared molecular
orbital transitions can facilitate the development of NIR emitters or up-conversion
materials.> This approach opens up more opportunities and applications for halide
perovskites, particularly lead-free halide perovskites.
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