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Abstract

Two Dimensional (2D) pnictogens are predicted to have thickness dependent transitions
in electronic properties and hence constitute key interest in energy and electronics
applications. The ultra-smooth surface of 2D materials like graphene facilitates the
realization of high lattice mismatched layers to grow atop each other via Van-der-Waals
epitaxy. The thus grown polymorphic structures of these pnictogens on graphene have
also been found to be superior anode materials for batteries. This study aims to realize

such heterostructures and investigate the properties of their rich phases.

Aberration corrected atomically resolved scanning transmission electron microscopy
was employed to probe the evolution of structure and morphology at the interfaces in
the 2D antimonene (Sb) - graphene heterostructures and bismuthene (Bi) - graphene
heterostructures grown via a physical vapor deposition technique of thermal
evaporation. These pnictogens were found to simultaneously exist in two different
textures of their thermodynamically preferred layered 2D -phase, namely: 3-(001) and
B-[2-21] phases on graphene. Importantly, a strong indication for preferred relative
crystallographic orientations with respect to the supporting graphene monolayer lattice
was observed for both the phases, indicating the existence of rotational Van-der-Waals
epitaxy in 2D Sb/Bi - graphene heterostructures. The studies here also highlight other
interesting properties of the grown pnictogens: (1) exceptional resilience of both phases
against environmental oxidation was revealed via electron energy loss spectroscopy
(both low-loss and core-loss); (2) electron beam induced in situ crystallizations
processes and associated plasmon dynamics were studied with valence electron energy
loss spectroscopy etc. Sensitivity of exact Sb / Bi growth results for both phases on
graphene on employed processing and substrate properties incl.,, notably, the nature of
the support type underneath the direct graphene support was found. This work thereby
provides fundamental insights into the phase wealth and epitaxy landscape in 2D Sb/Bi

and 2D Sb/Bi- graphene heterostructures.
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As another promising cost-effective and rational technique to scalable synthesize 2D
materials, route of liquid phase exfoliation was explored to exfoliate pnictogens, where
exfoliation of Bi under the here adopted processing conditions resulted in the synthesis
of laterally large 2D sheets of bismuth-oxy-carbonate. The efficacy of five different
common solvents in exfoliating Bi was examined. The synthesized exfoliated
sheets/flakes of bismuth-oxy-carbonates were later utilized as catalyst component by
integrating them with titanium dioxide as photocatalyst via simple mix and match
method. The composite showed improved hydrogen evolution rates upon water-
splitting as compared to respective individual components. This work thereby further
demonstrates the application of bismuth-oxy-carbonate as a catalyst component to drive

photocatalytic water splitting reactions to produce hydrogen.
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Kurzfassung

Zweidimensionale (2D) Pniktogene haben Lagenanzahl-abhingige Uberginge in ihren
elektronischen Eigenschaften und sind daher fiir Energie- und Elektronikanwendungen
von grofiem Interesse. Die ultraglatte Oberflaiche von 2D-Materialien wie Graphen
erleichtert die Realisierung von Heterostrukturen mit hoher Gitterfehlanpassung, die
mittels Van-der-Waals-Epitaxie iibereinander wachsen. Die so auf Graphen
gewachsenen polymorphen Strukturen dieser Pniktogene haben sich auch als
vielversprechende Anodenmaterialien fiir Batterien erwiesen. Ziel dieser
Untersuchungen ist es, solche Heterostrukturen zu realisieren und die Eigenschaften

ihrer reichhaltigen Phasen zu untersuchen.

Aberrations-korrigierte, atomar aufgeloste
Rastertransmissionselektronenmikroskopie wurde eingesetzt, um die Entwicklung der
Struktur und Morphologie an den Grenzflachen in den 2D-Antimon (Sb) - Graphen-
Heterostrukturen und Bismuthen (Bi) - Graphen-Heterostrukturen zu untersuchen, die
mittels physikalischer Aufdampfungstechnik gewachsen wurden. Es wurde festgestellt,
dass diese Pniktogene in zwei verschiedenen Texturen ihrer thermodynamisch
bevorzugten geschichteten 2D-3-Phase ko-existieren, namlich: 3-(001) und B-[2-21]
Phasen auf Graphen. Wichtig ist, dass fiir beide Phasen ein starker Hinweis auf
bevorzugte relative Kkristallografische Orientierungen in Bezug auf das tragende
Graphen-Monolagengitter beobachtet wurde, was auf die Existenz von Van-der-Waals-
Epitaxie in 2D-Sb/Bi-Graphen-Heterostrukturen hinweist. Die hier durchgefiihrten
Studien heben auch andere interessante Eigenschaften der gewachsenen Pniktogene
hervor: (1) Die auf3ergewohnliche Widerstandsfahigkeit beider Phasen gegen Oxidation
durch Umwelteinfliisse wurde mit Hilfe der Elektronen-Energieverlustspektroskopie
nachgewiesen; (2) Elektronenstrahlinduzierte in-situ-Kristallisationsprozesse und die
damit verbundene Plasmonendynamik wurden mit Hilfe der Valenz-Elektronen-
Energieverlustspektroskopie untersucht. Die Abhangigkeit der exakten Sb/Bi-
Wachstumsergebnisse fiir beide Phasen auf Graphen auf die verwendeten Prozess- und

Substrateigenschaften, insbesondere die Art des Tragers unter dem direkten Graphen-
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Trager, wurde auch untersucht. Diese Arbeit liefert somit grundlegende Einblicke in den
Phasenreichtum und die Epitaxielandschaft in 2D Sb/Bi und 2D Sb/Bi Graphen

Heterostrukturen.

Als weitere vielversprechende und kostengiinstige Technik zur skalierbaren Synthese
von 2D-Materialien wurde Fliissigphasenexfoliation untersucht, um Pniktogene zu
exfolieren, wobei die Exfoliation von Bi unter den hier verwendeten Bedingungen zur
Synthese von lateral grofden 2D-Schichten aus Bismut-Oxy-Carbonat fiihrte. Die
Wirksamkeit von flinf verschiedenen gangigen Losungsmitteln bei der Exfoliierung von
Bi wurde untersucht. Die synthetisierten Bismut-Oxy-Carbonat-Schichten/-Flocken
wurden als Katalysatorkomponente verwendet, indem sie mit Titandioxid als
Photokatalysator durch eine einfache Misch- und Anpassungsmethode integriert
wurden. Diese Hybride zeigten bei der Wasserspaltung verbesserte
Wasserstoffentwicklungsraten im Vergleich zu den jeweiligen Einzelkomponenten.
Diese Arbeit demonstriert somit die Anwendung von Bismut-Oxy-Carbonat als
Katalysatorkomponente, um photokatalytische Wasserspaltungsreaktionen zur

Erzeugung von Wasserstoff anzutreiben.
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Chapter 1

Prologue

OH, YOU KNOW...
ANOTHER FULL DAY

OF AIMLESS MENTAL
LOITERNG.
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Chapter Preview

Chapter 1 provides an overview of the subjects that form the basis of my investigation and
thereby my thesis. The thesis deals with synthesis of pnictogens particularly antimony and
bismuth (and their compounds) in low-dimensional form by employing two primary;
physical and wet-chemical based synthesis routes. The choice of the selected model systems
has been substantiated and a short preface of all the chapters of the thesis has been
provided. The figure caption for chapter 1 is an illustration adopted from
“http://phdcomics.com”, whom I have been an ardent follower of, owing to the funny

twist they deliver to the day-to-day happenings in any graduate’s life during PhD.
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1. Prologue

1.1 Thesis Framework

This doctoral study encompasses the detailed study of low dimensional pnictogens (and
also their corresponding compounds). “Pnictogens” is general term use to refer to
elements of Group VA, consisting of: Nitrogen (N), Phosphorus (P), Arsenic (As),
Antimony (Sb) and Bismuth (Bi). The bulk metallic character increases down the group
with N and P being non-metals, As and Sb being semi-metals and Bi being metal.! Results
regarding their scalable synthesis, outlining their different properties towards successful
realization of catalytic applications have been presented and future insights have been
postulated. The low-dimensional pnictogens and their compounds were produced via
adopting two principal synthesis approaches:
(1) via physical vapor deposition (PVD) route of thermal evaporation

(2) via wet-chemical route of liquid phase exfoliation (LPE)

The choice of pnictogens (and their oxides) to be investigated was kept restricted to
antimony and bismuth only. Firstly, this was due to the reported poor ambient stability
of few-layered black-phosphorus2-4, toxicity-related concerns with arsenic® and as-of-yet
scarcely successful experimental realization of few-layered nitrogen®-8. Secondly, the rich
allotropic wealth of Sb and Bi remain to be the focus of extensive scientific research
because of their remarkable affirmative response towards several electronics and energy

related applications, all of which has been discussed in detail in chapter 2.

Three primary model systems have been explored in this thesis, namely:
e Antimonene-graphene heterostructures
e Bismuthene-graphene heterostructures

e 2D (two-dimensional) Bismuth oxycarbonates

To note is that the term “graphene” sometimes has been adopted in place of “monolayer
graphene” or “MLG” and that all of them imply the same meaning in the context of this

thesis. For the synthesis protocol involving the physical vapor deposition via thermal

(.
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evaporation, monolayer graphene was utilized as substrate. This further had two-fold

advantages:

(1) Monolayer graphene has already been suggested as a potential substrate for the

epitaxial growth of 2D pnictogens by prior DFT study®. Additionally, this is also

supported by our findings enclosed in the thesis.

(2) Monolayer graphene is also a suitable template for the employed atomic

resolution electron microscopic studies as shown by prior studies??. This further

facilitated the direct assessment of interfacing and epitaxial effects in 2D Sb/Bi -

Carbon heterostructures. Our findings therefore could provide productive

insights for understanding any potential monolayer graphene related 2D-2D

heterostructure model system.

Having stated the choice of research system, the motive behind the carried-out research

presented in the form of this thesis was to address some key loopholes in the present

state-of-the-art research on 2D pnictogens and 2D pnictogen based compounds, which

were:

*clip art adapted from
www.slidemodel.com

THE IDEA

Outlining the parameter space for the scalable
growth/ synthesis of few-layered pnictogens and their
compounds.

Providing clearer picture of the phase and epitaxial
relationships in 2D pnictogens

Studying their diverse properties including probing
some in-situ (e.g.: e- beam induced crystallization) as
well as ex-situ (ambient oxidation resilience)
processes.

Communicating an application perspective of the

studied properties

Chapters 4-6 address these aforementioned gaps in realizing the motives behind this

doctoral study. The three experimental chapters: Chapters 4-6, constitute below

mentioned three major highlights of this thesis.

=
.
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Clear and wealthy insights for phase identification of the grown/synthesized 2D
pnictogens (including their compounds) are one of the main highlights of the work
carried out in this thesis. The phase analysis presented here removes ambiguities present
in some of the prior works (cited in the respective chapters) and presents an all-inclusive
approach towards understanding the structural analysis of the few layered pnictogens
and their compounds well complemented by the simulated atomic-structural models and

corresponding electron diffraction patterns.

PVD employed studies mainly deal with electron microscopy assisted investigations,
pointing out the multi-dimensionality of the transmission electron microscopes in
gaining understanding about particular model system (including electron beam driven
transitions). Information obtained via imaging, diffraction patterns and associated
spectroscopic techniques acquired on Transmission Electron Microscopes (TEM) and
Scanning Transmission Electron Microscopes ((S)TEM) was paramount in disentangling
structural and based complexities and consequently shape the second major highlight of

this thesis.

Here reported simple-to-follow strategy for Liquid Phase Exfoliation of Bi resulted into
the synthesis of 2D bismuth oxycarbonates possessing ultra-large lateral dimensions,
which were established as potential co-catalyst material for steering UV-light driven
photo-catalysis. Notably, Photocatalysis remains one of the central strategies for
effectively tackling the world’s increased energy demands. This enriches the envisaged
research on emerging 2D materials in green energy landscape, forming the third highlight
of this thesis and further pandiculating the scope of this thesis in the direction of

sustainable research.

1.2 Thesis Structure

This thesis comprises of two background chapters and three chapters constituted by the
experimental findings of the systems explored. An intro- and outro- chapters are
provided at the beginning and the end of the thesis respectively to help reader get a brief
overview of the studies performed and also carry with them some outlook for the future
(A
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directions given the current state of the art of research on 2D pnictogens and their

compounds.

During interpretation and presentation of the introduced methodology, findings etc. as a

part of this thesis, wherever required, strong correlation with the prior works has been

juxtaposed in order to better explain the significance of the implemented protocol and

the obtained results. On that note, following are the brief precaps of the chapters forming

part of this thesis:

-
O

01.

Chapter 2 provides background to the field of 2D pnictogens (Sb and Bi, including
their compounds), their properties, synthesis techniques and also applications.
The chapter also defines a typical process of photocatalysis and sheds some light

on its elementary pre-requisites.

Chapter 3 provides details as well as fundamental working principles of all the
instrumentation facilities employed for the synthesis and characterization of the
model systems explored in this thesis. Information regarding the general sample
preparation and the studies related to testing the quality of the substrates have
also been provided. People who have assisted in obtaining specific data have also

been kindly acknowledged.

Chapter 4 explores the model system 1: antimonene-graphene heterostructures,
providing insights into the rich phase and epitaxy landscape in 2D Sb and 2D
Sb/graphene heterostructures. The findings not only reveal the key influence of
direct support under graphene and substrate temperature on the Sb growth but

also highlight the good oxidation resilience of the antimonene on graphene.

Chapter 5 explores the model system 2: bismuthene-graphene heterostructures,
providing insights into the structure and morphology evolution of low-
dimensional Bi nanostructures onto suspended graphene membranes as a
function of substrate temperature. The rich phase and epitaxy landscape in 2D Sb

and 2D Sb/graphene heterostructures. The studies uncover some multi-faceted

o

ﬁ

3



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

DISSERTATION || Tushar Gupta Chapter 1

in-situ electron beam induced atomic dynamics and associated plasmonic

property change.

e Chapter 6 explores the wet chemical route of liquid phase exfoliation to obtain
low-dimensional pnictogens (Sb and Bi). The chapter however encompasses the
results for bismuth only since the exfoliation of antimony was not successful via
the followed methodology. On a very interesting note, the chapter introduces the
synthesis of unusually large 2D bismuth oxycarbonate Bi202C03 nanosheets via
the template-free sonochemical approach and highlights the likely reaction
pathways for this transition from Bi to Bi2z02C03. Role of nature of 5 different
solvents in governing the morphology of exfoliated Bi202C03 has been discussed
in detail. 2D Bi202C03 were then placed as promising catalyst component by
revealing their higher response towards hydrogen evolution reaction (HER) with

TiO2 for photocatalytic HER as compared to their individual components.
e Chapter 7 provides future outlook on 2D pnictogens and their compounds-based

research centered on the conclusions drawn from the work presented in this

thesis.
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Chapter Preview

Chapter 2 provides fundamental insights into the world of Pnictogens: dealing with their

structure, properties, synthesis methodologies.

The chapter also introduces the concept of artificial photosynthesis or to say photocatalysis
for the production of hydrogen and oxygen from water and finally presents the application
prospects of pnictogens in the field of hydrogen evolution reaction via photocatalytic water

splitting.

The caption figure for the chapter 2 shows the different elements in group VA of the

periodic table in some of their available forms, adopted from “http://periodictable.com”
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2. Background

2.1 Context

Successful realization of graphene and its numerous exciting properties! brought an
explosive growth of research interest in 2D materials; including the current hot topic
MXenes2. Consequently many other 2D materials were studied which could compensate
for the absence of band gap in intrinsic graphene, among which Transition Metal Di
Chalcogenides (TMDCs) were extensively investigated for their exquisite property of
thickness, strain and functionality dependent band gap tunability etc.3 However the
limited applicability of these materials in applications requiring lower band gaps (~ 0.1 -
1eV ) spurred interest in the then scarcely investigated mono-elemental 2D materials

from group 13, 14 and 15 of periodic table*.

2.2 Pnictogens

Group VA (15) elements, often referred to as pnictogens, namely: Nitrogen (N),
Phosphorus (P), Arsenic (As), Antimony (Sb) and Bismuth (Bi) in monolayer form
represent an interesting class of 2D materials exhibiting broad range of band gaps and
high carrier mobility>. These class of materials have shown superior promise towards
various energy® and electronics’8 related applications and have thus gained tremendous

amount of research interest.

By means of comprehensive theoretical calculations?, initially 9 different allotropic forms
of group 15 monolayers have been predicted to exist as shown in Figure 2.1. Out of these
9 allotropic forms, 5 are with typical honeycomb structure: a, 3, vy, 6, € and 4 exhibit non-
honeycomb structures: ¢, 1, 6, . However, lately few studies® followed a new
nomenclature for structural classification for the group 15 monolayers as shown on
Figure 2.2. Despite, there exists few structural similarities in both the nomenclatures,
namely: 3 = Buckled (hb) structure, a = Asymmetric-Washboard (aw) structure. Among

these different allotropic forms, a-form with puckered structure is the lowest energy
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configuration for phosphorene, whereas for the case of arsenene, antimonene and
bismuthene, B-form with buckled structure remains the most stable and lowest energy

configuration as reported by prior studies>10-13,

Phosphorene Arsenene
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Figure 2.1: (a) Top views of the relaxed Group 15 monolayer allotropes with five typical honeycomb
structures (o, B, v, 8, €) and four non-honeycomb structures (¢, n, 6, ). (b) Calculated average
binding energies of all Group 15 monolayer allotropes, which show energetic stability for o and 8
phases of Group 15 monolayers. b) Phonon band dispersions of all Group 15 monolayers, which
exhibit thermodynamic stability (adapted from ref: 5)
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Figure 2.2: Stability analysis of group-VA elements that can form stable, 2D monolayer of hb-, sw-
or aw-, and so-structures. Monolayers which are already synthesized are marked. The right panels
display the top and side views of the optimized atomic structures. 2D hexagonal and rectangular
unit cells are delineated (adapted from ref: 9)

The following sections will now summarize the current state of the art in terms of

synthesis, properties and applications of two of the members of the pnictogen family in
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their low dimensional forms: antimonene and bismuthene, which constitutes the subject

of investigation in this thesis.

2.3 Antimonene

Antimonene has emerged as a promising 2D material since its discovery in 201514
because of its unique opto-electronic properties. Theoretical and experimental studies
parameterized its notable semiconducting properties including including low thermal
conductivity, tunable bandgap, superior optical response and high carrier mobility as
well as its electrochemical and catalytic properties for its suitability in various application
regimes®1>16, Unlike for its fellow family member phosphorene, good structural stability

was predicted for antimonene which further led to its increased attention.

2.3.1 Structure

Bulk antimony exists in three allotropic forms in normal conditions: Gray, black, and
explosive antimony. Among them, the most stable form is the Gray Sb with rhombohedral
structure and typical semi-metallic features in its layered bulk structure. This bulk
rhombohedral phase undergoes a thickness dependent transition in its electronic
properties where its 22-layer film behaves as a topological insulator, 8-layer film exhibits
quantum spin Hall (QSH) effect and thicknesses under three layers show semiconducting
naturel’. As already mentioned in section 2.2, antimonene has been found to exist only in
a- and B-phases. Figure 2.3 shows the optimized structures for a- and B-allotropes of
antimony having nonplanar structures as per prior studies. The calculated lattice
parameters of both the phases are a = 4.74 A and b = 4.36 A, and the corresponding Sb-
Sb bond length being 2.95 and 2.87 A for a-Sb; while for p-Sb monolayer, a = b = 4.07 A
with Sb-Sb bond length to be 2.84 A10, The B-Sb monolayer has a buckling height of 1.67
Ats,
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Figure 2.3: Top and side views of (a) a-Sb and (b) 3-Sb structure (adapted from ref: 19)

2.3.2 Properties

Stability: In addition to the evaluated stability of the o and 8 allotropes of Sb at room
temperature via phonon dispersion calculations as shown in Figure 2.15, finite
temperature ab-initio, molecular dynamics simulations revealed that both a and
allotropes of antimonene remain stable at 1000 K for 2 ps18. Prior studies reported higher
cohesive energy of a-phase than [3-phase® with a-phase having the highest cohesive
energy among all the other allotropes. Annealing few-layered antimonene at 210 °C
revealed its oxidation behavior confirmed by band gap of ~ 1 eV measured by UPS which
were further supported by Density Functional Theory (DFT) in one prior study?2°.
Remarkable ambient oxidation stability was highlighted by the preserved antimony

vibrational modes in the Raman spectra over a period of a month by a former work?1.

Mechanical: Antimonene in its layered (3-allotropic form has been studied to possess an
in-plane stiffness of around 41 ] m-2, which is comparable to that of silicene (monolayer
of Si)18. Calculated Youngs modulus and shear modulus of 31 ] m2 and 13 ] m2 reveal

good mechanical properties of f-antimonene?22.
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Thermal: Earlier work?3 recorded the highest thermoelectric performance of (-
antimonene among all the other allotropes of antimonene, having a figure of merit (ZT)
of 2.15 at room temperature which could be enhanced under the tensile strain. The
thermal conductivity of B-allotrope was found to deteriorate under the effect of certain
chemical functionalization processes such as full hydrogenation or halogenation2+. In
addition to this chemical modification, size and nature of edges were also found to have

an impact on the thermal conductivity of a and 3 allotropes of antimonene?>.

Optical: Earlier theoretical study# reported an opening of band gap of 2.28 eV in
antimonene of one layer thickness, which was subsequently modified by several other
studies10.1826 by considering different potentials and taking spin-orbit coupling into
account thereby reporting much lesser band gap values of 0.76 and 1.55 eV. Consistently
all these studies reported the nature of band gap to be indirect, which restricted the
applicability of antimonene for certain applications like solar cells. Lately, the possibility
of transforming the nature of band gap from indirect to direct under the effect of up to 12
% biaxial strain!* was discovered where the transition from indirect to direct band gap
happened at about 3.8 % strain. Along this direction, a recent study?” demonstrated the
insensitivity of the strain along zig-zag direction towards tuning the nature of band gap.
Only the strain in the armchair direction was found to activate this indirect to direct band
gap transition via a band switching mechanism. Surface charged dopants have also been
studied to enhance the optical absorption of antimonene in lower light energy regions?28.

Particularly, absorption of a-Sb was studied to range from visible to UV region?2°.

Electronic: Antimonene has higher carrier mobilities (150 / 510 cm?2 V-1 s-1 for electron
/ hole) than arsenene (21 / 66 cm?2 V-1 s-1) owing to stronger electron-phonon interaction.
Moreover it was found that more phonons possess stronger interaction with electrons in
conduction band than those at valence band30. Akin to the change of nature of band gap
of antimonene on the application of biaxial strain as outlined previously, application of
strain was also found to be effective in modulating the electronic structure and effective

mass of carriers, particularly in the case of a-antimonene, where applying ~8% strain
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along the arm-chair direction was found to enhance the carrier mobility up to 4 x 10> cm?

V-1 s1quite close to that of graphene3!.

Sb bilayer Sb monolayer

215eV 2.07 eV
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s
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Figure 2.4: (a) Electronic band structures of antimonene trilayer, bilayer and monolayer (calculated
at the HSEO6 level of theory). (b) Electronic band structures of the monolayered antimonene (Sb)
under biaxial strain calculated at theHSE06 level. The horizontal dash lines indicate the Fermi level
(adapted from ref: 14)

Electrochemical: First principle calculations3? show high specific capacity and small
diffusion barriers towards Na absorption for antimonene exhibiting its ability to enable
fast ionic diffusion over its surface. This has been fruitfully exploited in designing anodes
based on antimonene for lithium and sodium ion batteries33. Antimony in its elementary
form has always been a promising battery anode material because of its high theoretical
capacity (C = 660 mAh g1) upon its complete lithiation and for exhibiting fast inter-layer
ionic transport34. Nanosculpting antimony to dimensions up to 20 nm has been studied

to exhibit not only stable operation with higher current densities along with faster
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kinetics but also showed higher rate capabilities at higher current rates33. In a yet another
study3> exploring antimonene for supercapacitor applications, antimonene
demonstrated remarkable capacitance of 1578 F g1 with high current density of 14 A g1
making net energy and power densities to reach competitive values of 20mWh kg1 and

4.8 KW kg1 respectively.

Catalytic: Based on its strong interaction with light and excellent semiconducting
properties, antimonene has also been studied for photocatalysis. First principle
calculations3®¢ demonstrated that antimonene exhibits photocatalytic properties
irrespective of the pH conditions, but is dependent on the length of the armchair edge.
Moreover, 2D engineering of bulk Sb to antimonene has been found to make it an active
2D electro-catalyst for formate formation upon CO2 reduction on account of exposure of

large number of catalytically active edge sites37.

2.4 Bismuthene

Currently, Bismuth is the heaviest element in its elemental 2D form of bismuthene among
all the group VA single layer materials. Unlike graphene which behaves as a conductor,
bismuthene is a topological insulator at room temperature 38 and hence is novel and
superior since most topological insulators operate at cryogenic temperatures. The
electronic properties of bismuthene can be altered from semi-metallic to semi-
conducting / metallic based on the interplay between the thickness and stacking of sheets
much similar to its fellow pnictogen member Sb, as already described above. The room
temperature display of topological insulation property also broadens the scope of
applicability of bismuthene in wide domains ranging from nanoelectronics, spintronics,
saturable absorbers, quantum computing etc3°. Quantum confinement effects in
nanostructures of bismuth give rise to several interesting properties like
superconductivity4?, semimetal to semiconductor transition4142, large

magnetoresistance344, high thermoelectric efficiency*> etc.
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2.4.1 Structure

Bismuth has rhombohedral (gray arsenic type) crystal structure with space group D53q
(R-3m) and corresponding point group Dsa (-3m). Bulk bismuth is ABC stacking of
bismuthene layers along [001]nex direction. It is also referred to as A7 crystallographic
structure or the blue phosphorus structure. Note that the direction referred to here is in
hexagonal notation. The bonds of the trivalent bismuth atoms are directed to the three
nearest neighbors and since there is only weak bonding between the layers, Bi single
crystals cleave in the (001)uex plane6. Bismuthene has experimentally been realized in
three different allotropic forms as shown in Figure 2.5 out of the 9 predicted as described
before. Out of these, two are the a- and [-phases having A17 black phosphorus and A7
blue phosphorus structures respectively. The third allotrope depicted in Figure 2.5 (c) is
the recently realized puckered single layer of bismuthene with rectangular symmetry
similar to that of a-Bi#’” denoted as M-Bi. Important to note is that a-phase is the same
rhombohedral phase when viewed along [2-21] zone axis. Following translations from

rhombohedral notations to hexagonal notations will help remove any ambiguities:
(111)rnh = (003)nex L [001]nex = B-Sb/Bi = hb Sb/Bi

(110)rh = (012)tex | [2-21]tex > a-Sb/Bi = aw Sb/Bi

@ s ® (10)esi  © (110) MBi

Figure 2.5: Crystallographic structure of bismuth allotropes: (a) -Bi [hexagonal, (111) structure],
(b) o-Bi [(110) paired layer structure with rectangular unit cell], and (c) monolayer bismuth
(MBi)—the new single layer rectangular structure reported. Crystallographic directions, unit cells,
and interlayer distances are marked in each case (adapted from ref: 47). The directions given here
are in rhombohedral notations.
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Where () denote planes (h k1) and [ ] denote directions [u v w]. It is however reported
that A17 structure or the a-phase can only exist in paired layer form since the second
layer is required to bind it together providing them even layer stability48. The lattice
constants of the free-standing monolayer of B-Bi is a = 4.5 A whereas for the - phase is
a=4.5 A and b = 4.8 A. The approximate thickness of a monolayer of B-Bi is 1.5 A and that
of a-Bi is 3.3 A%%. As compared to the fellow pnictogen Sb, Bi is more isotropic and less

layered in structure>9.

2.4.2 Properties

Stability: While (3-allotrope is the most stable and energetically favorable allotrope of
bismuthene, it can readily transform into metastable planar structures>!. Additionally,
studies synthesizing bismuthene via vapor growth methods have found a-Bi to transform
into the bulk (3-Bi above critical thickness of 4 layers at room temperature. This critical
thickness of transformation was found to increase with substrate temperature. Even
layer stability of the a-Bi as mentioned before makes it grow laterally flat#8. Molecular
dynamics calculations suggested that both (-Bi and a-Bi structures sustain to thermal
excitations; however, irreversible distortions start to occur above 700 K52, The effects of
oxygen and water environmental molecules on the structural stability of bismuthene was
outlined using first-principles calculations where strong acceptor role and the low
splitting energy barrier (~0.60 eV) of oxygen on bismuthene suggested the high
possibility of formation of bismuthene oxides at elevated temperatures on its surface.
Nevertheless, similar to that of antimonene, the stability of bismuthene under ambient
environment was maintained due to donor role of water to the oxidized bismuthene

surface as found by one of the earlier studies3°.

Mechanical: The reported Young's moduli of bismuthene along the armchair and zigzag
directions are ~26.2 N m~! and ~25.46 N m~1, respectively>354 whereas fracture stress
and fracture strain are ~4.21 N m-! and ~19.50% along the armchair direction and ~4.22
N m-1and ~25.5% along the zigzag directions respectively. Increasing temperature was

found to cause the failure at lower fracture stress and strain. Overall, zigzag direction was
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found to be more resilient to fracture and less vulnerable to temperature change than the
armchair direction. In addition to the temperature-based studies, increasing vacancy
defects were equally found to impact and deteriorate the mechanical properties of the 3-
bismuthene>*. Earlier studies outlined the values of in-plane stiffness for single layer
bismuthene and found it to be smaller when compared with those of graphene (330 N m-
1), h-BN (240 N m1), silicene (65 N m1), and MoS2 (138 N m-1), all having single-layer

honeycomb structure>2,

Thermal: Thermoelectric performance of monolayer -Bi was predicted to be much
better than its bulk counterpart owing to larger power factors and lower thermal
conductivity of monolayer B-Bi. Similar to B-Sb, the -Bi structure also has a high
thermoelectric efficiency>5. The figure of merit (ZT) value for monolayer bismuthene can
be optimized to as high as 2.4 at 300 K (higher than the bulk Bi, which is 1.44>6) by doping
and could be further improved to maximum of 4.1 at 500 K55 In line with these
observations, thermal conductivity was found to decrease with increasing temperature
and vacancy concentrations in a former study where the predicted thermal conductivity
of ~1.3 W m-1K-tat 300 K (which is considerably lower than other analogous 2D
honeycombs) could be engineered to ~0.75 W m~1 K-1 by removing only ~1% bismuth
atom from the domain. This renders -bismuthene a promising material for high-

performance thermoelectric operations>4.

Electronic: The monolayer of bismuthene is characterized by an indirect band gap of
0.56 eV as computed via first principle calculations by prior studies>? on account of strong
spin orbit coupling effect due to its heavy mass. However, the nature of the band gap of
monolayer of bismuthene can be tuned from indirect to direct by either stacking another
bismuthene monolayer atop or by the application of in-layer biaxial strain®8. Another
study>” found the band gaps to be unaffected by up to +6% strains and perpendicular
electric fields up to 0.8 eV A1, indicating the robustness of electronic properties of
bismuthene against possible strain or interfacial charge transfer. However, band gap
closes for compressive strain beyond 7% transforming the nature of monolayer

bismuthene from semiconductor to semi-metal as shown in Figure 2.6.
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Figure 2.6: Calculated band structure of monolayer bismuthene under -7%, -2% and +5% strains
(adapted from ref: 58)

Electrochemical: Layered structure with large interlayer spacing, eco-friendly nature,
long mean free path, relatively low working potential and high volumetric capacity of
3800 mA h L1 impart great potential to bismuth for its use an anode material in
batteries®®. The interlayer spacing in bismuth along the c-direction is 3.979 A, which
remarkably facilitates the diffusion of lithium (1.52 A) and sodium (2.04 A) ions®® and
even potassium ions. Not only its bulk but also in its 2D form of bismuthene, the layered
structure facilitates the diffusion of ions penetration of electrolyte and buffering the
volumetric variations further boost its anodic performance®°. Prior studies via in situ
microscopic as well as theoretical studies found large anisotropic volume expansions of
~ 142 % during sodiation in bulk bismuth which was mitigated by the use of 2D
bismuthene with large aspect ratio®l. Former studies found bismuthene to deliver an
extraordinary charge-discharge capacity of 201 mA h g1 at the current density of 20 A
g~1 for more than 2500 cycles without any obvious decay and achieve a capacity of 423
mA h g1 at the current density of 2.5 A g1 realizing excellent rate-capability and long-

term cycling stability in potassium ion batteries as also shown in Figure 2.75°.

Catalytic: Close positioning of Bi to traditional formate-producing metals in the periodic
table (e.g: Pb, T, Sn, Hg) suggested its possible activity for CO2 reduction to formate,

where its less toxic and environment benign nature than many of its neighbors proved to
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be advantageous in further exploring its catalytic potential®2. Interestingly, bismuthene
monolayers have been studied to show the capability of selectively reducing CO2 to
HCOOH only with high Faradaic efficiency of ~99%, high durability (>75 h) and low onset
overpotential of <90 mV®é3. This high performance out-beats many other studied
electrocatalysts®* for formate production. Importantly, o-Bi was found to show
comparatively lower activity towards COz reduction than 3-Bi because of compressive
strain®3. The large amount of exposed active edge sites and high conductivity in
bismuthene are responsible for its high intrinsic catalytic activity. The reduction activity
was found to be more pronounced at the edge sites rather than the facet sites via first

principle calculations®>.
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Figure 2.7: A comparison of cycling performance with as-reported anodes for potassium ion

batteries (adapted from ref: 59). The star mark is an indicator for bismuthene.

2.5 Synthesis of antimonene and bismuthene

This section describes the state-of-the-art in the physical vapor deposition assisted
process of thermal evaporation of antimony and bismuth as well as the wet chemical

approach of liquid phase exfoliation. Due to the vast available literature, for the case of
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thermal evaporation, only key insights from the antimony and bismuth deposition on
graphene/ highly ordered pyrolytic graphite-based substrates will be presented to
enable catch the similarities and dissimilarities with the here explored Sb/Bi-graphene
based heterostructures. For the case of LPE, prior studies involving only sonication and
centrifugation assisted exfoliation of pure metal precursors have been presented to assist

projecting the findings of this thesis in a relatable background.

2.5.1 Thermal Evaporation

Earliest studies regarding the vapor assisted synthesis of antimonene and bismuthene
date back to as early as 1970s where the deposition was carried out in an ultra-high
vacuum chamber with a base pressure of around 10-19 mbar, equipped with a quartz
crystal microbalance for precise monitoring of the growth / thickness deposition and a
thermocouple for monitoring the source temperature. High purity precursor powders/
crystals (~99.9998% or 6N grade) were mounted on a tungsten boat and resistively
heated controlled by a thermocouple. A prior step of degassing of the substrates was
adopted before carrying out the deposition to ensure the removal of contaminants®6-68,
For the type of substrates employed , while highly ordered pyrolytic graphite (HOPG) was
the preferred choice, the growth characteristics of antimonene and bismuthene were also
studied on other substrates like MoS269, Si(111)48. The surface inertness of these
materials as substrates provides the feasibility of fabricating the nano-crystallites of
various elements / alloys. Synthesis of antimony and bismuth in low dimensional form
via vapor assisted route of thermal evaporation reveals a huge difference in their growth

dynamics and deposits characteristics as discussed below.

Antimony deposition on HOPG, MoS: etc. at room temperature yielded separated 3D
spherical islands mostly nucleated at the steps of the substrate employed. A small fraction
of 2D and 1D structures were also found to be present during room temperature
deposition. Apparently, 3D morphology was completely transformed to mainly 2D and

1D deposits during deposition at substrates placed at temperatures = 100 °C as can be
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seen in Figure 2.8 (B). Along with the substrate temperature, the flux rate was also found
to govern the lateral sizes of the deposits as can be seen in Figure 2.8 (A). The synthesis
of 2D and 1D crystallites of Sb at higher substrate temperature was done at an expense
of loss of amount of deposited antimony as prior studies®667.70 observed significant
amount of desorption of antimony from surface placed at temperatures = 220 °C due to
the decrease in sticking coefficient of antimony. The formation of 3D spherical/ fractal
islands of antimony has been studied to occur via condensation (physisorption) of
antimony vapors (consisting of Sbs flux)71.72 on a relatively colder substrate (referring to
room temperature depositions) while during depositions at higher temperatures, the
antimony flux in its Sb4 form dissociates to Sbz and Sb1 (both being chemisorbed) leading
to the formation of 2D and 1D structures of antimony. In the same direction, it has also
been suggested that the crystallization of the antimony deposits is also thickness
dependent as shown in Figure 2.8 (C), along with being substrate temperature
dependent. These all constitute few of the several other observations found in this study
as well and have been well described in Chapter 4 with respect to graphene as a novel
substrate. However, the existing anomalies in the accurate assignment of the 1D
structures of antimony calls out for a more detailed analysis which is one of the major
foundations of the research presented in this thesis. Several prior studies’3 have notably
regarded the hexagonal ordered structure of the 2D Sb to be a-Sb (111)rn, while square
symmetry observed in 1D nanorods of Sb was often indexed to as simple cubic
antimony’4. This inconsistency has been very well resolved in this study by presenting a
clear structural and crystallographic annotations for the obtained different structures of

antimony on monolayer graphene in Chapter 4.

Similar experiments were performed to obtain bismuthene via thermal evaporation on
HOPG?75, mica’¢, silicon nitride?7, Si (111)48, Si (001)78, graphene’9.80 etc. Bismuth deposits
follow similar fashion as that of antimony where the step edges of the HOPG act as
nucleation sites for the growth of Bi nanostructures as outlined by several prior
studies?>81-83 but in terms of morphology of the deposits, they exhibit significant
variation from the antimony. For the deposition of bismuth at room temperature, the
morphology ranges from rod-shaped morphology to star shaped morphology depending

on the pre-treatment procedure of the HOPG before the actual deposition7>83. Both the
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morphologies expand laterally with increasing deposited thickness as well as the flux and
eventually form compact structures as shown in Figure 2.9(A) and (B). The room
temperature (RT) deposits exhibited high degree of crystallinity and have also been
observed to show some epitaxy relations with respect to HOPG and graphene. The Bi
structures were found to grow with Bi (012)nex plane parallel to the substrate thereby
showing the preferred epitaxial relations existing in the Bi-HOPG systems to be
Bi(012)nex || HOPG(001)nex and in the case of Bi-graphene systems to be Bi(012)uex ||
graphene(001)uex as outlined by prior work® and also outlined in Figure 2.9(C). As
already discussed in section 2.4.2, the films at smaller thickness have (012)uex orientation

which undergoes a transition to (001)Hex orientation at higher thicknesses.

it
Figure 2.8: (A) SEM images (2.2 pm x 1.6 pm) of the evolution of the surface morphology after
deposition of 40 ML antimony at deposition rates of (a) 1.0 A s, (b) 2.0 A s, (c) 10 A s1, and (d) 20
A s1 (adapted from ref: 84). (B) crystalline (a), amorphous + crystalline (b)amorphous (c) Sb
deposits obtained at heated (a, b) and room temperature (c) deposition of Sb (adapted from ref:
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85). (C) SEM images of antimony deposited on HOPG (0001) (a) 40 monolayer thickness of Sb with
deposition rate of 1.0 A s'1, (b) 200 monolayer thickness of Sb with deposition rate of 1.0 A s1
(adapted from ref: 86). (D) (a) 3D-view STM image after 3.9 monolayer Sb deposition on HOPG with
a flux of 4 A min-1 at room temperature. Scan size: (1000 nm)2, (b) small-area (9 nm x 9 nm) image
taken on the top region of a 1D structure (adapted from ref: 73)
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coverage (flux ~ 0.005 A s1) and as a function of increasing flux (adapted from ref: 75). (B) SEM
images of bismuth films for the coverage range of 0.7-100 ML (flux = 0.03 A s'1) (adapted from ref:
83). (C) STM images of Bi on monolayer EG. (a-c) Large scale images (scale bar = 12, 20, and 25 nm,
respectively) of Bi at coverage of 0.5 monolayer (ML), 1.0 ML, and 2.0 ML. The red arrows in panel a
direct to graphene <11-20>gn, the green one to <10-10> gn. (d) High-resolution image (scale bar =0.8
nm) shows the atomic structures of Bi and graphene. The red line highlights Bi <11-20>rn ||
graphene <11-20> rn. The green hexagon and rectangle highlight one honeycomb of graphene and
one unit cell of Bi film. (e) Proposed model of ultrathin Bi on graphene. (f) Zoomed-in STM image
(scale bar = 5 nm) from the red square in panel c. The inset (4 nm x 4 nm) shows the atomic zigzag
structure of Bi(01-12)uex with Bi atoms overlaid (adapted from ref: 80). (D) Atomic resolution
images recorded on two different 5 ML thick islands: (a) 25 x 25 nm 3D top view and (d) 7 x 7 nm.
In the top-left inset in (a) magnification of two stripes (which are 2 ML higher than the 5 ML base)
is shown. (b) The cross-section profiles recorded in two places on the thicker stripe (marked with
light and dark red arrows and with #1 and #2 respectively) and thinner one (marked with blue
arrow and #3). (c) Model for 2 ML stripe on top of 5 ML base. White arrows in (a) and (d) indicate
the direction (adapted from ref: 87).

Our work here for the first time also compare these prior results on supported graphene

with truly free-standing, unsupported graphene to capture intrinsic effects only.
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Figure 2.10: SEM images from 5 ML samples grown at flux of 0.018 A s'1 at temperatures of (a) 373
K and (b) 421 K (adapted from ref: 82)

Bismuth, alike antimony, also suffers from the low sticking probability at higher
temperatures and therefore bismuth deposition at higher temperature leads to relatively
less amount of Bi deposits on the substrates. Prior studies8? dealing with deposition of
bismuth at higher substrate temperatures have reported growth of 1D structures from
step edges of HOPG with a very low density of terrace nucleated islands as shown in
Figure 2.10. However, the range of substrate temperature utilized in those studies were
very narrow ranging from room temperature to around 150 °C. Such narrow temperature
ranges make it impossible to exacerbate the effects of the substrate temperature on the
morphology of the Bi deposits and hence present an overall different picture as compared
to studies’” performed on other inert substrates but on a wider temperature range where
melting of Bi deposits was observed during deposition of Bi at higher substrate
temperatures eventually leading to spherical particle like morphology. However, with
increasing deposition thickness the bismuth deposits were found to expand laterally even

at higher temperature deposition much in concord to the room temperature deposition.

2.5.2 Liquid phase exfoliation (LPE)

The wet chemical approach for the synthesis of layered materials via liquid phase

exfoliation has recently gained remarkable attention due to its several advantages over
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other synthesis techniques like mechanical exfoliation and chemical vapor deposition
(CVD) particularly, its cost-effective nature and high-yield8® of the exfoliated layered
products. Additionally, the insensitivity of the process to air and water and potential to
be scaled up to produce larger amounts of exfoliated materials further enables the
formation of hybrid films with enhanced properties®® through this technique. The process
essentially introduces the layered materials to ultrasonic waves in the solvent of choice
with a selection criterion based on similarity between solvent’s surface energy to that of
layered material. These sonic waves result in generation of the cavitation bubbles which
burst to release energy sufficient to break the layered materials to produce exfoliated

materials?9,

In this context, use of LPE technique to obtain stable suspension of few-layered
antimonene sheets in an isopropanol : water (4:1) mixture without the use of any
surfactants was demonstrated by Gibaja et al°1. Several other solvents namely: ethanol,
acetone, isopropanol, chloroform, water etc. were also tested for their performance
towards exfoliating antimony, all of them however did not show any promising results.
Several techniques like Raman spectroscopy, Atomic Force Microscopy (AFM),
Transmission Electron Microscopy (TEM) were particularly utilized for demonstrating
the few-layered nature of the exfoliated materials and could potentially be used to
decipher their oxidative susceptibility as well, given the difference in the signature
Raman modes and electron diffractions of antimony and its oxide as outlined in Figure
2.11. Other optical techniques Ilike UV-Vis absorption spectroscopy and
Photoluminescence (PL) spectroscopy have also been utilized for understanding the
nature and properties of exfoliated materials, especially the semiconducting ones like
Mo03°2, MoS223 etc. These techniques, however are not very effective in providing a direct
measure of the thinness of the exfoliated antimonene and bismuthene because of their
semi-metallic nature even in few-layered form as already described in section 2.3 and 2.4.
While Gibaja et al.?1 used relatively shorter sonication time of 40 mins, another study?®4
employed typical sonication times up to 30 h for obtaining much thinner and laterally
large antimonene sheets by exfoliating antimony in isopropanol with a concentration of
sodium hydroxide. This process although yielded better quality of antimonene sheets, but

because of relatively longer sonication times employed, the process was time consuming.
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This bottleneck was overcome by a simple pre-treatment step of the antimony bulk
precursors introduced by Martinez-Perifian et al.35, which involved ball-milling of the
antimony crystals for 180 min at 3000 rpm before 40 min sonication in isopropanol :
water (4 : 1) mixture, resulting in a 10 times higher yield of antimonene. The process was
thus often referred to as modified LPE. Following this approach, Wang et al.%> explored
butanol-2 to be the suitable solvent for exfoliating antimonene based on contact angle
and wettability measurements. The studies further suggested grinding of the antimony
crystals in the mortar provides shear force along the surface in a controlled manner as

compared to ball milling and mechanical exfoliation via kitchen blenders>? thereby

facilitating the exfoliation of antimony into laterally large and thin sheets as shown in

Figure 2.11.
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Figure 2.11: (A) (a)X-ray diffraction (XRD) patterns of bulk Sb crystals, Sb plates after grinding, and
the resulting antimonene. (b) TEM and (c) high-resolution TEM (HRTEM) images of obtained
antimonene. d) Raman spectra of bulk Sb crystals, Sb plates after grinding, and antimonene
obtained at different centrifugation speeds. (B) AFM images and corresponding height profiles of
antimonene with tunable layer thickness obtained at different centrifugation speeds by spin-
coating onto mica film. (a-c) 1000-2000 rpm; (d-f) 2000-5000 rpm; (g-i) 5000-9000 rpm. (C)
schematic of adopted LPE procedure to exfoliate antimony (adapted from ref: 95).

Liquid phase exfoliation of bismuth followed a similar route as adopted for the exfoliation
of antimony. In the prior studies®®-98, bulk bismuth was firstly grinded in the solvent of
choice (mostly ethanol and isopropanol) . This slurry of grinded bismuth + solvent was
then diluted with extra solvent to make a concentration of about 4 g L-1 and was then
subjected to very long sonication times of around 15 h followed by one step
centrifugation at around 5000 - 7000 rpm for 20 min. A bit different from the antimony,
for the exfoliation of bismuth, particularly the use of ice bath was stressed upon during
the sonication which is apparent from the very long sonication times employed leading

to localized heating of the solution as well as of the sonic bath/ sonic tip as well. In terms
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of performance of various solvents in exfoliating bismuth: ethanol®7.98, isopropanol?® and
N-methyl-2-pyrrolidone (NMP)?° were found to outperform other tested solvents and
yielded thin bismuthene sheets with higher aspect ratios. The quality of the exfoliated
bismuth sheets was confirmed with the help of TEM, X-ray diffraction (XRD), AFM and
Raman spectroscopy as shown in Figure 2.12. Notably, a recent study1%0 synthesized large
aspect ratio bismuthene sheets employing bulk bismuth powder with spherical particle
like morphology as the precursor without employing the grinding step but employing
relatively shorter sonication times of ~ 50 min. The details of this study along with an
analogy with our adopted methodology for the liquid phase exfoliation of bismuth has

been described in detail in Chapter 6.
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Figure 2.12: Characterization of ultrathin bismuth nanosheets. (a) SEM image of ultrathin bismuth
nanosheets. (b) HRTEM image of ultrathin bismuth nanosheets with the lattice fringes of (012) and
(110) planes, upper inset is FFT. (c) AFM image of as-obtained ultrathin bismuth nanosheets and
the corresponding height profiles. (d) XRD patterns, (003) peak upper inset, and (e) Raman spectra
of bulk Bi crystals and bismuth nanosheets. (f) XPS of bismuth nanosheets (adapted from ref: 101).

“An important outcome of the prior LPE studies was the intervlay between

sonication conditions like ultrasonic power and duration, solvent selection criterion,

centrifugation conditions like speed, number of repetitions and duration in governing

the size and vield of the exfoliated materials. This overall constitutes a huge

parameter space to explore and thus renders the optimization of a standard LPE

process to be highly material selective.”
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2.6 Photocatalytic Water splitting

Photocatalytic water splitting!92, or as it is often called “artificial photosynthesis” is a
technique of splitting water into gaseous form of its two constitutional elements Hz T and
Oz T respectively via mimicking the natural process of photosynthesis. While in the
conventional process of photosynthesis, sunlight is utilized by plants to synthesize
nutrients from water and CO2, akin to this, a typical photocatalytic water splitting
experiment utilizes a photocatalyst provided with an artificial source of light (photon
energy) to break H20 into Hz T and Oz T respectively. A co-catalyst is sometimes may be
needed to drive this reaction smoothly; depending upon the catalytic properties of the
photocatalyst used and on the range of wavelength used for excitation. This form of water
splitting has long been studied to be the most promising technology to produce hydrogen
energy directly from renewable sources like water and solar energy103-106, This further
implies that successful cost-effective development of this technology could be an answer
to the current as well as future major energy and environmental problems with particular
emphasis on minimizing our reliance on depletable fossil fuels and CO2 generation. Since
its first demonstration back in 1972 by Fujishima and Honda9Z, the field of photocatalytic
water splitting has made tremendous progress but mostly under ultra-violet (UV)
excitation as there remain multiple challenges to be resolved for driving the process
under visible light. Some of them include: finding new single-phase materials, strategies
for decorating photosensitizer absorbing visible light on UV-active photocatalysts, band

gap tuning etc. 103

The photochemistry of the water splitting process deals with the absorption of photons
in the form of incident light by the photocatalyst. For this reason, the photocatalysts are
generally required to be semiconductor materials with band gap (Eg) value that
facilitates the capturing of the photons (hv) by the electrons at the lowest energy state
(ground state) implying hv = Eg. As a result of this photon capture, the ground state
electrons break away from their electronic shells and make a transition to the higher
vacant electron shells and thus creating photoexcited electrons (e-) at conduction band

(CB) and holes (h*) at valence band (VB). These photogenerated charges are then
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transported to the surface of the photocatalyst. This makes large surface area to be an
optimum structural constraint for the photocatalyst structure which could help facilitate
the charge separation and prevent their recombination. Once transported to the surface
of the photocatalyst, these charges interact with the water adsorbed on the surface of the

photocatalyst thereby steering the redox reaction of dissociating H20 into H2T and 027107,

Concisely, the process of photocatalytic water splitting involves four prime chronological
steps: photocatalyst absorbing photons > excitation of ground state electrons >
generation of e- - h* pairs (excitons) 2 redox reaction between photogenerated charges
and water. The thermodynamic feasibility favors the spontaneous recombination of the
generated charge carriers and poses a major impediment thereby severely limiting the
efficiency of the overall process. This further imposes stringent prerequisite of a minimal
band gap of of 1.23 eV to be possessed by the photocatalyst to ensure the feasibility of
water splitting!%7. To further achieve higher Hz production, a complementary strategy is
the use of electron donor sacrificial reagents1%® which effectively consume holes and
prevent the recombination of photoinduced electrons and holes on the photocatalyst’s
surface. Some commonly used sacrificial reagents are methanol, triethanolamine, lactic
acid etc!%9. Band gaps along with band edge positions of selected semiconductor

photocatalysts have been shown in Figure 2.13.
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Figure 2.13: Bandgaps and band-edge positions with respect to the vacuum level and NHE for
selected semiconductors. The horizontal red lines represent the conduction-band edges. The
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horizontal green lines represent the valence-band edges. The two dashed lines indicate the water
redox reaction potentials (adapted from ref: 110)

Alongside it has also been well-acknowledged that the process of photocatalytic water
splitting does not lead to the production of any concomitant hazardous byproducts. A

general mechanistic process of water splitting can be summed up by following equations:

Photocatalyst b hr+e (D)
4h* + 2H20 — 02 1 + 4H* 2)
de + 4H* — 2Hz 1 (3)
2H20 —2— 0,1 + 2H2 1, (AE° = -1.23eV) (4)

The absorption of photons by the catalyst leads to the generation of excitons as shown by
equation 1. The nucleophilic nature of water molecule due to two lone pair electrons on
the O atom stimulates its oxidation with h* leading to the generation of oxygen gas and
H* (equation 2). Finally, these dissociated H+ ions are reduced by the photogenerated
electrons to release the hydrogen gas (Equation 3). The net equation of the overall

photocatalytic water splitting process is given by Equation 4.

The scenario however changes on the introduction of the sacrificial reagent. As per its
role of electron donor or hole scavenger, the h* is now no more available to cause the
oxidation of water to generate Oz, instead methanol gets oxidized to formic acid and
water gets reduced to generate the hydrogen gas. The same has been summed up in the

equations below111:

hv

Photocatalyst — h*+e (D
H20 + h* — *OH + H* (2)
CH30H + *OH — *CH20H + H20 3)
*CHz0H — HCHO + H* + & (4)
2H*+2e-— H2 1 (5)
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HCHO + H20 — HCOOH + Hz 1 (6)
HCOOH — CO2 T + Ha 1 7)
CH3OH + H20 — CO2 T+ 3H2 T (8)

The absorption of photons by the photocatalyst leads to the generation of excitons as
shown by equation 1. The holes oxidize the H20 to form the *OH radicals (equation 2).
These *OH radicals oxidize the methanol to formic acid as shown by equation 3, 4 and 6.
While the electrons reduce the H* ions to form the hydrogen gas (equation 5). The formic
acid then dissociates into carbon dioxide and hydrogen gas as shown in equation 7. The
net equation of the overall photocatalytic water splitting process under the influence of
the sacrificial regent is given by Equation 8111, Please however note that the set of
equations and hence the mechanism will differ in case a different sacrificial reagent is

employed.

Current approaches for the successful realization of the water splitting systems can be
broadly classified into two principle approaches. Where the first approach deals with the
single photocatalyst (may be functionalized with co-catalyst) with a sufficiently narrow
band gap and good stability against photo-corrosion. Due to the stringent pre-requisites,
the number of reliable, reproducible photocatalysts suitable for one-step water splitting
is limited112113, The other approach is inspired by the natural process of photosynthesis
and is also referred to as “Z-scheme”. In this approach two different photocatalysts114 are
used, utilizing a two-step excitation mechanism. The advantages of using two different
photocatalysts over a single photocatalyst includes the possibility of utilization of wider
solar spectrum which reduces the change in Gibbs free energy required to drive each
photocatalyst further facilitating the separate evolution of Hz and O2. Prior studies have
observed good 02 evolution utilizing two different photocatalysts W03 and BiVO4 with a
redox mediator115116, However, the studies are not limited to these two systems, many
other combinations of two different photocatalysts have been explored by earlier
works!17 where improving charge transfer has often been presented as a major obstacle
in the successful performance of these two mixed photocatalysts. Figure 2.14 shows the
mechanistic model of current successful photocatalytic water splitting systems based on

the two approaches described above.
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Figure 2.14: Schematic energy diagrams of photocatalytic water splitting by one-step and two-step
photoexcitation systems. C.B.~> conduction band, V.B. - valence band, Eg 2 band gap (adapted from
ref: 118)

2.7 Antimonene and Bismuthene as photocatalysts

Two-dimensional materials hold promising potential as photocatalysts owing to their
several interesting and catalytic-suitable properties namely: large surface area, good
mechanical strength, better optical and electrical performance compared to the bulk type
photocatalysts®. Their high surface to volume ratios enables better charge separation and
the high-density surface-active sites promote active reactions on the photocatalysts
surface. Their superior mechanical properties provide durability, good thermal
conductivity facilitates the dissipation of heat generated during exothermic reactions,

combined with their thickness dependent tunable opto-electronic properties reflect on
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their capabilities as a potential photocatalyst!19120, [n order to tackle the crucial problem
of short life time of photogenerated charges, 2D materials are now being more considered
because of their ability to separate the electrons and holes effectively21. This all comes
well complemented by their economically viable synthesis which could help replace
currently used noble metal co-catalysts like platinum, palladium, gold etc. which are

expensive and have limited reservel20,

In that context, bismuthene nanosheets have been positively evaluated for their
enhanced hydrogen evolution activity both theoretically and experimentally in prior
studies122123, where the recorded higher catalytic activity was attributed to sufficient
exposure of the active sites in 2D layered morphology of bismuthene and short charge
diffusion distances, both leading to enhanced hydrogen adsorption on the catalyst
surface. Bismuthene under long term hydrogen evolution tests demonstrated excellent
durability and efficient catalytic activity, all indicating towards prosperous implications
of bismuthene in the domain of catalytic hydrogen evolution reaction applications. Along
with bismuthene, several other ternary compounds of bismuth in their 2D form have also
been studied for their optimal response towards photocatalytic hydrogen evolution

reaction!24125,

2.8 Conclusion

Given the numerous fascinating properties of antimonene and bismuthene as already
outlined in section 2.3.2 and section 2.4.2, these materials tend to dominate the current
field of research on 2D materials for their various promising prospective applications in
the field of energy and electronics. The field however critical hinges on several platforms,

such as:

e Lack of clear distinct structural identification of the different low-dimensional
forms of these materials via various top-down and bottom up approaches.
e While most of the studies have focused on the successful synthesis of antimonene

and bismuthene, only very few of those studies have provided comprehensible
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details on the scalability of the adopted technique. The here adopted technique
hold the promise of intrinsic scalability with limited control as compared to other
techniques like molecular beam epitaxy (MBE).

e For the field of catalysis, antimonene and bismuthene have been immensely
studied by prior works, but for the specific field of photocatalytic hydrogen

evolution reaction via water splitting, the studies are rather scarce in number.

These bottlenecks form the major basis / motivation for the research on antimonene and
bismuthene presented in this thesis. Clear and distinct crystallographic structural
evaluation of the synthesized low dimensional antimonene and bismuthene has been
presented in parallel to outlining their several other interesting but seldom reported
oxidation resilience property and structure-property correlations etc. The applicability
of the adopted synthesis techniques has been also been presented on the merits of its
scalability. And finally, the photocatalytic hydrogen evolution performance of these
pnictogens has been presented thereby filling some major gaps in the synthesis,
characterization and applications of two-dimensional pnictogens and based

heterostructures.
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Chapter Preview

Chapter 3 sheds light on the fundamentals and working principles of the various
instruments employed for the synthesis and characterization of the model systems explored

in this thesis.

A distinctive outline has been provided as to how particular technique was utilized to gain
wealth of information on the material’s structure, property and could even assist

establishing a structure-property correlation.

The figure caption for chapter 3 is the image of the correlative AFM-SEM measurements

performed on the few-layered antimonene-graphene heterostructures.
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3. Experimental Techniques

3.1 General Sample preparation

Two different procedures were adopted for the synthesis of few-layered pnictogens
(particularly, antimonene and bismuthene), namely physical vapor deposition (PVD)
technique of thermal evaporation and wet-chemical approach of liquid phase exfoliation
(LPE). For the part of the studies dealing with the PVD of Sb and Bi, primarily two types
of substrates were employed: (a) Chemical vapor deposition (CVD) (960 °C in CH4/Hz2/Ar
at ~12 mbar) grown polycrystalline (grain size tens of pum)! monolayer graphene films
remaining on their 25 um thick Cu foil catalysts and (b) CVD graphene films suspended
as freestanding monolayer membranes over the regular hole arrays in an amorphous
carbon film of a Transmission electron microscope (TEM) grid {Quantifoil (QF TEM)} i.e.
no Cu underneath2. The same has been schematically explained in Figure 3.1. For studies
regarding deposition on graphene-free reference, also Cu foils without graphene were
prepared as substrates by annealing Cu foils at 960 °C in 12 mbar H2 without CH4. All the
samples were handled and stored in ambient atmosphere between ex-situ graphene,
antimonene and bismuthene deposition / preparation steps and measurements in
aberration-corrected Scanning Transmission Electron Microscopy (STEM) and TEM,
resulting in adventitious hydrocarbon contaminations on the graphene membranes as
discussed in detail in Chapter 4 and 5, which were however typical and relevant for

scalable 2D heterostructure processing3.

<0
L
<1
e
.
®K
.
.

Figure 3.1: Schematic drawings (not to scale) showing the different substrates employed for the
PVD of Sb and Bi (a) shows the typical Cu foil catalyst having monolayer graphene grown via CVD
(b) shows the transferred monolayer graphene on the Quantifoil TEM grids
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Figure 3.2 outlines the quality of the monolayer graphene (MLG) samples supported on
the copper catalyst foils as well as suspended on the QF TEM grids. The high-quality of
the monolayer graphene on both the substrates has been well concorded with the Raman
spectroscopy showing very low intensity of D bands at 1350 cm'! compared to intense G
and 2D bands at ~ 1560 cm and ~ 2700 cm! respectively. All lying in line with the
standard monolayer graphene characterization via Raman spectroscopy as per prior
reported studies*. In addition to the Raman spectrum acquired on the QF TEM grids,

Annular Dark Field (ADF) images of the suspended MLG captured in aberration-corrected

STEM also suggested the high quality of graphene utilized as a substrate for the PVD of
Sb and Bi.

(c) 500- 2D

I MLG on QF TEM grid
400 { [ MLG on Cu catalyst foil

G

Intensity (counts)

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm'1)

5 nm

Figure 3.2: Optical image of the (a) Cu tape with CVD grown MLG, (b) QF TEM grids with MLG. (c)
Raman spectrum acquired on (a) and (b). (d) shows a series of ADF images acquired in aberration-
corrected STEM in increasing magnification to resolve the high quality MLG on the QF TEM grids.

For the part of this thesis dealing with the liquid phase exfoliation (LPE)> studies, the
solvents (namely: Water (H20), methanol (MeOH), isopropanol (IPA), ethanol (EtOH) and
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H20:1PA (4:1) mixture) with exfoliated flakes/nano-sheets (or the final suspension) were
drop-casted onto single-crystalline Si(100) wafers with pre-grown 90nm of SiOz and the
solvent was then allowed to evaporate at room temperature. These Si wafers with the
drop-casted exfoliated flakes/ nano-sheets were then readily utilized for the Scanning
Electron Microcopy (SEM), Atomic force Microscopy (AFM), X-Ray Diffraction (XRD), X-
Ray Photoelectron spectroscopy (XPS), Photoluminescence (PL) and Raman
measurements. For the Transmission Electron Microscopic (TEM) measurements,
{including bright-field (BF-TEM), Selected Area Electron Diffraction (SAED) and Energy
Dispersive X-Ray spectroscopy (EDS)} the exfoliated solutions were drop-casted on the

lacey carbon TEM grids.

“Substrates employed for the PVD of Sb and Bi included monolayer graphene supported

on its Cu catalyst foils and suspended on Quantifoil TEM grids. Raman and ADT images

indicated the high gquality of monolayer graphene employed as a substrate. For LPE,

samples were drop-casted on Si wafers and lacey carbon TEM grids”

3.2 Deposition/ Growth Methods

3.2.1 Physical Vapor Deposition

Physical Vapor Deposition (PVD) of antimony and bismuth on monolayer graphene-
based substrates (QF TEM grids as well as Cu tapes with CVD grown monolayer
Graphene) employed a commercial thermal evaporation system (MANTIS deposition
system QUBE series, see Figure 3.3) with a base pressure of 4x10-> mbar. For PVD, Sb
powder (Goodfellow, 99.999% purity, maximum particle size 150 um) and Bi powder
(Goodfellow, 99.999% purity, maximum particle size 150 pm) (see Figure 3.6) were
loaded into a Tungsten boat, which was heated resistively to sublime the Sb and Bi
powders. Phase diagrams of W and Sb® as well as Bi and W7 were cross-checked to ensure
that no undesired intermetallics were formed during evaporation under the
implemented experimental conditions. Samples were loaded upside down over the
evaporation source and were placed behind a manual shutter. The sample table was
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electrically heated to a desired substrate temperature, where primarily three set of
temperatures namely: RT (i.e. non-heated), 150 °C and 250 °C were employed in this
study. The Sb and Bi evaporation flux and thus their nominally deposited thickness was

monitored in-situ using a non-heated Quartz Crystal Microbalance (QMB).

> Substrate table
Chamber

Substrate holder

Quartz microbalance /
Crystal detector
»Shutter

T

#Substrate

*Path of vapour from the
heated precursor

#Shutter

Clamps connected to high
current source

Filament boat filled with
I evaporant (precursor)

High vacuum created by the Turbo pump
and backed by the rotary pump

Figure 3.3: The MANTIS deposition system (QUBE series) employed for the PVD of Sb and Bi. (a)
chamber and (b) the user control module placed below the deposition chamber. The schematic of
the thermal evaporation (c) with all the labelled components.

Oum 10 20 30 40
(201) H 195 14 (b)-lz 1 Sb calibration deposition
0.10 -
10 1.00 g 0.08 -
5 080 |% ooe
£
0.60 T 0.04-
30
0.40 0.02
40
0.20 .00 0 3 5 3 4 s 6 - 8
000 Distance (pm)

Figure 3.4: (a) The AFM image of the 70nm Sb deposited on Si wafer (with pre-grown 90nm SiOz).
(b) height profile measured across the edge of the deposited Sb film showing the obtained thickness
of the Sb film measured via AFM to be same as the thickness displayed by the QMB during in-situ
deposition of Sb on the Si wafer. This provided a tooling factor of 1 for Sb deposition thickness
monitoring via quartz crystal microbalance implying that the thickness displayed during the PVD
of Sb is actually the thickness of the Sb deposits but this generally holds true for the depositions at
room temperature. See chapter 4 and 5 for more details.

The nominal Sb and Bi thickness QMB measurement was calibrated by evaporation of
selected Sb and Bi films over partially masked Si wafers (“thickness monitors”) at room
(
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temperature to measure Sb and Bi film thickness over film edges by AFM. Note that the
nominal thicknesses quoted for the Sb and Bi throughout this thesis refers to the
measured thickness values obtained from the non-heated QMB and from the Si wafer
calibration depositions at RT. A typical calibration study for the Sb PVD has been
presented in Figure 3.4, where the AFM data has been presented for the 70 nm Sb which
was test deposited for the calibration studies on the partially masked wafer. The edge of
the Sb film deposited can be clearly seen in the AFM image in Figure 3.4. The thickness of
the deposited film via AFM measurements was found to be exactly same as the thickness

monitored via QMB during the Sb PVD.

As will be discussed in detail later in Chapters 4 and 5, where in-depth studies on the
exploration of the parameter space of Sb and Bi PVD on monolayer graphene (supported
on Cu tapes as well as suspended on QF TEM grids) have been provided, actual retained
thicknesses of Sb and Bi on the substrate (monolayer graphene) could strongly vary as a
function of increasing substrate temperature and also on type of direct support

underneath the substrate via desorption effects.

3.2.2 Liquid Phase Exfoliation

For the liquid phase exfoliation of Bi, a one-step Sonication + Centrifugation assisted
recipe was implemented. The sonication of Bi powder (Goodfellow, 99.999% purity,
maximum particle size of 150 um) (Figure 3.6) employed a commercial ultra-sonic bath
system (SONOREX DIGITEC DT255 H-RC ultrasonic bath manufactured by BANDELIN
Electronic GmbH & Co. KG) with an operating ultrasonic frequency of 35 kHz and
ultrasonic nominal power of 160 W. Five different solvents were tested for their efficacy
towards sonication of bismuth powder, namely: Water (H20), methanol (MeOH),
isopropanol (IPA), ethanol (EtOH) and IPA:H20 (4:1) mixture. All the five chemicals used
were technical grade and were used without any further processing. Sonication was
carried out for 15hrs. Centrifugation was carried out at a commercial laboratory
centrifuge (Model 1-6P, manufactured by SIGMA laborzentrifugen GmbH) at the
maximum speed of 5630 rpm for 20 mins. Handheld digital thermometer [Model HH11B
series, single input, Type-K (Chromium-Alum) thermocouple with an accuracy of + (0.1%
(/.
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reading + 1 °C) manufactured by OMEGA Engineering GmbH] was employed for the
regular monitoring of the temperature to carry out the sonication process strictly within

the permissible limits of the temperature range required.

Liquid phase exfoliation of bismuth was carried out at two different environments: at
room temperature and at ice-cold temperature (to note here is that the temperatures (RT
and ICE) could only be maintained for the process of sonication) to investigate the effect
of temperature in addition to the effect of the sonication process. The room temperature
sonication was carried out at temperatures maintained strictly between 22 °C to 26 °C,
whereas during the ice sonication procedure, the temperature was strictly maintained
between 0.1 °C to 2.2 °C. The temperature was regularly monitored with the help of a
digital thermometer. The initial starting concentration was chosen to be 4 mg mL-1, where
60 mg of 5N grade Bi Powder was dispersed in 15 mL of 5 different solvents namely:

water (H20), methanol (MeOH), isopropanol (IPA), ethanol (EtOH) and IPA:H20 (4:1).

R

Step 1: Step 2: Step 3: Step 4: Step 5: Final
Bulk Bi powder Bulk sample in Ultrasonie Collecting and transferring  Centrifugating the Colleeting and suspension
(00 mg)in 15 ml.  bath with DI Water (S) for supernatant after sonication  supernatent from sonication  transferring supernatant

solvent 15 hrs (@ 5630 rpm for 20 mins after centrifugation

Figure 3.5: Schematic diagram of the synthesis methodology including ultrasonication and
centrifugation steps.

Figure 3.6: The initial starting bulk materials for the PVD as well as LPE deposition / growth
schemes. (a) bulk Bi powder (b) bulk Sb powder. The inset shows the optical appearance of the
respective bulk powders.
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Sonication process was carried out for 15 hrs. After the process of sonication, the
supernatant was immediately and carefully collected and transferred to the fresh
centrifuge tubes without disturbing the sediment. From the initial 15 mL volume of the
solution used for the sonication, an approximate volume of 10 mL was safely collected for
the next step of centrifugation. Centrifugation was only done once since the second
centrifugation step was found to considerably damage the samples in terms of flake size
and distribution as discussed in detail in chapter 6. After the centrifugation, again the
supernatant was immediately and carefully separated without disturbing the sediment
and transferred to a separate tube. From the initial 10 mL volume of the sonicated sample
used for centrifugation, approximately 7.5 mL volume of supernatant was safely
recovered after centrifugation. It was this volume of the supernatant (after sonication
and centrifugation) that was further utilized for testing its potential towards
photocatalysis and is referred to as exfoliated flake/nano-sheets. The schematic of the

overall exfoliation process is described in Figure 3.5

“P1VD technique of thermal evaporation was employed for the growth of few layered

antimonene and bismuthene on monolavyer graphene supported on polycrystalline Cu

catalyst tapes and suspended on Quantifoil TEM grids. Wet chemical route of liquid

phase exfoliation was employed to obtain thin flakes/nano-sheets of bismutite. The
efficacy of five different solvents (Water (H>0), methanol (MeOH), isopropanol (IPA),
ethanol (EtOH) and H>0:1PA (4:1) mixture) in LPE was tested.”

3.3 Characterization Tools

3.3.1 Transmission Electron Microscopy

The bright field and dark field imaging, diffraction measurements and associated
spectroscopic measurements involving energy dispersive X-ray spectroscopy (EDS) and
Electron Energy Loss Spectroscopy (EELS) were performed on FEI TECNAI F20
transmission electron microscope, a facility at USTEM, TU Wien, Vienna. The qualitative

and quantitative elemental analysis was done with the help of EDS with EDAX Apollo
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XLTW SDD system equipped at the FEI TECNAI F20, which is a window less version of a
Peltier cooled silicon drift detector for enhanced performance towards lighter elements.
The spectroscopic measurements involving EELS were carried out using GIF Tridiem post
column energy filter equipped at FEI TECNAI F20. Bright/ dark field images (tilted and
non-tilted) as well as diffraction patterns (tilted and non-tilted) were captured with the
help of GATAN Rio16, a bottom mount CMOS camera attached on the FEI TECNAI F20
TEM. For all the measurements including imaging, diffraction and spectroscopy, the TEM
was operated at 60 kV, since imaging under the electrons with energy > 80 keV has been
found to induce structural changes in pristine graphene, including also its point defects,
grain boundaries and dislocations via the phenomenon of beam induced knock-on
damage as already highlighted by prior studies8-11. Visualizing the Fourier Transform
(FT) patterns on the high-resolution images as well as the basic processing of the images
in terms of additional contrast/ brightness adjustment, scaling etc. was carried out with
the help of ImageJ!? and Gatan™ DigitalMicrograph!3 software packages wherever
required, for all the microscopic images obtained via TEM, scanning electron microscope

(SEM) and (S)TEM.

=

|\|T_n4'| B

Figure 3.7: (a)FEI TECNAI F20 transmission electron microscope facility at USTEM, TU Wien utilized
for all the imaging (BF, DF and diffraction) and spectroscopic studies (EELS).(b) Cross sectionally
cut TEM. (c) All the components of TEM (labelled). (courtesy: USTEM, TU Wien, Vienna.)

The basic working principle of a transmission electron microscopel# is the same as that
of a light or an optical microscope except the fact that in a light microscope we use light

for imaging the sample, on the other hand in an electron microscope (whether
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Transmission, Scanning or (Scanning) Transmission), electron beam is used to image
material of interest. Since the light microscope primarily uses the visible light which has
a fixed range of wavelength (and hence fixed energy), the resolution of a light microscope
is limited and low whereas in an electron microscope the possibility of accelerating the
electrons to variable energy offers the advantage of providing atomic-scale resolution,

given the fact that the wavelength of electrons is much smaller than light.

The TECNAI F20 FEG-TEM employed had a Schottky-type electron gun with tungsten tip
(cathode) emitter. The electrons ejected from the emitter are then focused by a set of
electromagnetic lenses which are Cu windings having current running through them. The
current carrying Cu windings create a magnetic field and thereby enabling the
functionality of the whole entity as an electromagnetic lens. Several sets of lenses focus
the electrons to be parallel to the optic axis which is then passed through the sample. An
important pre-requisite for the samples to be successfully investigated in a TEM is that
they have to be thin enough to be electron beam transparent. The TEM’s are high vacuum
devices where the sample sits inside the vacuum column having typical pressures in the
range of 107 mbar to maximize the mean free path of the electrons. This is further
complemented by a cold trap (cooled by liquid nitrogen) to trap the residual gases or any
contaminants. The beam after passing through the sample picks up the image and this
image is further magnified by a set of projector lenses sitting below the sample. The image
of the sample is made observable when the electron beam hits the fluorescent screen.
This screen is also a junction between the column and the camera. The screen has to be
lifted so that the image of the sample can reach the camera for the final image of the
specimen to be recorded/acquired. The TEM also houses a set of apertures namely
condenser aperture, objective aperture and SAED aperture whose roles are to adjust the
intensity of the electron beam, adjusting the contrast of the image and for recording the

diffraction patterns respectivelyl4.

Figure 3.7 shows the image of the FEI TECNAI F20 (a) employed for all the TEM studies
reported in this thesis. A picture of the cross-sectionally cut TEM (b) is attached with all
the components labelled (c) to provide a better understanding of the insides of a
transmission electron microscope in general. Both the instruments in the Figure 3.7

including the labelling chart are the facility at USTEM, TU Wien, Vienna.
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“PFEI TECNAI F20 TEM was mainly utilized for all the BF images presented in

this thesis (including high-resolution images). TEM was extensively utilized for the

evaluation of the epitaxial relationships in Sb/qraphene and Bi/graphene systems

via Fourier transform (FI) on high resolution TEM images as well as via diffraction

patterns. Fourier transform of high- resolution images and diffraction patterns were

used for the phase analysis.”

3.3.2 Scanning Electron Microscopy

The SEM utilized for all the respective studies presented in this thesis was FEI Quanta
250 FEQG, a facility at USTEM, TU Wien, Vienna. The SEM was primarily utilized for the
imaging as well as for energy dispersive x-ray spectroscopic studies for compositional
analysis. EDAX studies were carried out via EDAX SDD Octane Elite 55 detector with SizN4
window. The Everhart-Thornley secondary electron detector employed in the SEM
provided the images of the sample. An acceleration voltage of 10 kV was employed for
imaging conditions while the choice of the acceleration voltage for the EDS was made as

per the elements to be identified.
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Figure 3.8: Picture of (a)FEI Quanta 250 FEG scanning electron microscope facility at USTEM, TU
Wien utilized for the secondary electron imaging as well as EDS studies. The schematic of SEM
showing the labelled components of an SEM (b) and (c) shows the interaction of electron beam with
the sample.

Figure 3.8 shows the picture of the SEM (a) utilized for any SEM-related study reported
in this work along with the schematic showing different parts of an SEM (b) and the
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electron beam-sample interaction (c). What differentiates an SEM from TEM is the mode
of operation!>. While for TEM, an electron transparent sample was the pre-requisite,
there is no such thickness-based restrictions on the samples to be investigated under an
SEM. This makes the microscope structure completely different for a SEM as compared
to the TEM especially for the part after the sample. Since the electron beam does not
passes through the sample the SEM is only limited only till the sample chamber starting
from the electron gun in terms of its design. The electron beam is focused onto the sample
surface with the help of electromagnetic lenses (akin to that in a TEM). Now another set
of lenses (along with scan coils) direct the electron beam from side to side in order to
scan the sample (these lenses are analogues to the projector lens which magnify the
image in a TEM). On account of interaction of the electron beam with the sample,
secondary electrons are produced. These electrons are the electrons from the sample
spurred by the incident electron of the beam. These secondary electrons are collected by
the secondary electron detector which are then translated to the image giving
information about the topology of the sample. The sample here is also kept in vacuum
with pressure values ~ 10-¢ mbar to maximize the electron mean free path and reduce

the scattering of electrons from the ambient gases in the sample chamber?5.

3.3.3 Energy Dispersive X-ray Spectroscopy

As already described in Figure 3.8c, regarding the interaction of the electron beam with
the sample, characteristic X-rays are also generated among the different emissions
produced. These X-rays are produced when an inner electron in the atom of the specimen
is knocked off from its shell by the electron beam. This vacancy of the inner electron is
ultimately filled by the electron from the outer shell. This transition from outer higher
energy shell to inner lower energy shell results in release of energy (the energy
difference) in the form of X-rays, which are called as characteristic X-rays. The energy of
these X-rays is unique to the transition and specific element and hence can provide

information on the elemental composition of the sample under investigation.

The EDS detector comprises a crystal (Si) which absorbs the incoming X-rays (a

collimator helps in capturing X-rays only from the illuminated area of the sample), these
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absorbed X-rays are then converted into charge which is further converted into voltage
signal by a preamplifier. These voltage signals are then passed onto a pulse processor
which after measuring the voltage signals passes them to an analyzer subunit for the
display of the data. EDS can help in quantitative as well as qualitative elemental analysis

of the samples!#. A typical EDX spectrum has been shown in Figure 3.9.

3000 +C
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0 5 10 15
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Figure 3.9: A typical EDX spectrum

“CFEI Quanta 250 FEG SEM was mainly utilized for secondary electron imaging as well

as for enerqy dispersive x-ray spectroscopic studies on the samples. Correlative AFM-

SEM studies were carried out in a different SEM (FEI Quanta 600F SEM) by installing

a GETec AFSEM module inside the specimen chamber”

3.3.4 Raman Spectroscopy

All the Raman spectroscopic measurements presented in this thesis were carried out
using HORIBA LabRAM 800HR Raman Spectrometer, a facility under the research group
of Process Analytics at Institute of Chemical Technologies and Analytics, TU Wien, Vienna
(see Figure 3.10). Every Raman measurement carried out employed a green laser having
wavelength of 532 nm and power ~ 54.25 mW. Complete care was taken to use the laser

intensity sufficient enough to provide good signal to noise ratio without causing any
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visible damage to the samples. Choice of the type of filter (notch or edge) and therefore
the spacer was made depending on the position of the Raman active modes of the sample
under investigation and the same has been described in chapters 4-6. An objective lens
of 100x was employed to focus the light onto the sample as well as to collect the scattered
light. Generally, a diffraction grating of 1800/mm was used to obtain well resolved

Raman modes from the sample in the spectrum.

Figure 3.10: HORIBA LabRAM 800 HR dispersive Raman microscope (facility at Institute of Chemical
Technologies and Analytics (research group of process analytics), TU Wien, Vienna) utilized for the
Raman spectroscopic studies on all the samples investigated in this thesis.

Any spectroscopy, in general, refers to the study of the interaction of electromagnetic
radiation with matter. While there are many diverse types of spectroscopic techniques
devoted for studying various particular phenomena, the name of the spectroscopic
technique is generally after the part of the electromagnetic radiation spectrum used or
the typical exploited interaction phenomena. Raman spectroscopyl® is a vibrational
spectroscopic technique which is based on the inelastic scattering of the light upon
interaction with the matter. While the majority of the incident photons are scattered
elastically (following the principle of conservation of energy and momentum i.e. the
scattered photon has the same energy or wavelength as the incident photon, a
phenomenon called as Rayleigh scattering) upon interacting with the matter (specimen),
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a small fraction of the incident photons is inelastically scattered (approximately ~ 1 in
10¢) which also makes Raman scattering a very weak process. It is these inelastically
scattered photons which provide a wealth of information sufficient enough to chemically

fingerprint the sample (matter) under investigation1617,

The inelastic scattering occurs via two ways: anti-Stokes scattering (when the scattered
photon has higher energy or lower wavelength than the incident photon) and Stokes
scattering (when the scattered photon has lower energy or higher wavelength than the

incident photon).

(a) ALASER

A.}LASER - )\SCATTER
Rayleigh Scattering

ALASER < ASCATTER (Stokes) /

A‘LASER > ASCATTER (anti-Stokes)

4, Raman Scattering

Aty (counts)

anti-Stokes

Raman Shift (cm ')

Figure 3.11: (a) A pictorial representation of the principle of the Raman spectroscopy depicted by
incident laser light on the antimony atoms exhibiting A1z mode of vibration (b) representation of
the relative intensities of the elastic and inelastic scattering. (image not subject to scale)

This decrease or increase in energy of the scattered photon is related to the vibrational
energy spacing in the ground electronic state of the molecule and therefore the
wavenumber of the Stokes and anti-Stokes lines are a direct measure of the vibrational
energies of the molecule in sample under investigation16. Both the anti-Stokes as well as
the Stokes lines are equi-spaced from the central Rayleigh line due to the gain or loss of
one vibrational quantum of energy in either casel8. But since the intensity of the anti-
Stokes line is much less as compared to the Stokes line only the more intense Stokes lines
are measured in the Raman spectrum as also the case with measurements reported in

this thesis.
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A brief pictorial representation of the working principle of the Raman spectroscopy with
antimony as sample showing one of its vibrational modes (A1g)!? in its monolayer form

has been presented in Figure 3.11.

“Raman spectroscopic measurements were mainly carried out for chemical finger printing

of the initial bulk as well as few layered samples. Another objective behind the Raman

studies was to help distinguish metallic pnictogens from their oxides (if any) and to deduce

the nature of oxides (whether superficial or bulk) For all the Raman measurements

presented in this thesis, HORIBA LabRAM 800 HR dispersive Raman microscope was

employed”

3.3.5 Electron Energy Loss Spectroscopy

Electron Energy Loss Spectroscopy or EELS20 is a yet another analytical spectroscopy
associated with a TEM. It is also used for the qualitative and quantitative compositional
analysis in addition to identifying the allotropes, studying oxidation, chemical
fingerprinting etc.21 The compositional sensitivity of EELS spans from Helium to Uranium
which is much higher than other techniques like EDS, XPS, Auger electron spectroscopy.
In a TEM, the electron beam passing through the sample primarily emerges out in three

possible ways:

1. asadirectun-scattered beam (which is used for capturing the bright field images).

2. as an elastically scattered beam (used for recording the diffraction pattern) and,

3. as an inelastically scattered beam, where the electrons in the beam encounter the
change in the energy and momentum on account of their interaction with the
sample. It is this change in energy (loss or gain) which provides a wealth of

information about the samples22.

A typical EELS spectrometer system, as shown in Figure 3.12a, consists of a magnetic
prism in which a uniform magnetic field of around 0.01T is generated by the carefully
designed pole pieces (the curved surfaces). The inelastically scattered electrons enter the

spectrometer, where the magnetic field of the magnetic prism disperses them according
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to their kinetic energy, much analogous to the splitting of white light into VIBGYOR by a
glass prism. An important consideration regarding the EELS measurement is to have

thinnest sample possible to avoid background effect due to scattering in thick samples20.
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Figure 3.12: (a) EELS Instrumentation typically incorporated in a TEM which is also the case with
the TEM (FEI TECNAI F20 TEM) employed for the imaging and EELS spectroscopic measurements
here. ((a) is adopted from ref: 23). Different parts of a typical EELS spectrum recorded on the
antimony nanostructures in one of our model systems has been presented in (b-e), where (b) shows
the highly intense zero loss peak constituted by direct un-scattered electrons. (d) is a magnified
version of the region next to the zero-loss peak also known as the low loss region where Sb plasmon
peak and low energy Sb N-edge can be seen. (c) represents the core loss region with huge
background and a little hump has been resolved in (e) after the background subtraction to clearly
visualize the Sb M-edge along with the ELNES features present in the corresponding ionization edge.

EELS is the analysis of the energy distribution of the electrons that have interacted with
the specimen inelastically. These in-elastic collisions tell us a tremendous amount of
information about the electronic structure of the specimen atoms, which in turn reveals
the details of the nature of the atoms, their bonding and the nearest neighbor
distributions, their dielectric response etc. Figure 3.12b,c shows a typical EELS spectrum,
which can be categorized into three principal regions of the spectrum, giving us different

information about the specimen:

1. The zero-loss peak, comprising of elastically scattered electrons, defines the
energy resolution and is essential in calibrating the spectrum.
2. The low loss region up to an energy loss of 50 eV contains electrons which have

interacted with the weakly bound outer shell electrons of the atoms in the

W

0/.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M You

DISSERTATION || Tushar Gupta Chapter 3

specimen. This part of the spectrum contains information about the electronic
properties of the specimen.

3. The core-loss region comprises of electrons that interact with the more tightly
bound inner-shell or the core electrons. This part of the spectrum therefore

contains the characteristic information of the atoms in the specimen.

The excitation of atomic inner shells facilitates the study of unoccupied conduction states
in the sample. This excitation requires an amount of energy which is a function of specific
electron shell of a specific atom and hence is uniquely determined. These distinctive
signals in the core-loss region are therefore known as “atomic ionization edges”. Named
by the initial state, the atomicionization edges are used for the elemental fingerprinting?4.
During the process of ionization, after providing sufficient energy to electrons to escape
nucleus attraction some electrons might move to higher empty energy levels instead of
escaping completely. Energy distribution due to influence of its neighbors on an atom
govern these unfilled energy levels. This is reflected by the intensity fluctuations in
ionization edge are termed ELNES (Energy Loss Near Edge Structures, as shown in Figure
3.12e) which can give information on bonding state of ionized atom?2>. For the studies

concluded in this thesis, EELS applicability was two-fold:

1. For outlining the presence of superficial surface oxidation in the case of
antimonene/graphene heterostructures, where simultaneous help of core-loss as
well as low-loss spectrum was taken to show the good oxidation stability of
antimonene/graphene heterostructures. (see chapter 4 for details)

2. For delineating the associated property change during in-situ crystallization of Bi
nanoparticles on graphene. Real time VEELS was performed. (see chapter 5 for

details.)

“EELS studies helped disentangling superficial surface oxidation in the case of

antimonene on_graphene, thus outlining their good oxidation resilience towards

environmental oxidation. For this both low-loss as well as core-loss regions of the EELS

spectrum were investiqated. In a yet another study involving in-situ crystallization of

the bismuthene nanostructures on graphene, EELS experiments helped in suggesting a
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possible structure-property correlation occurring during crystallization phenomena. For

this real time EELS measurements were performed”

3.3.6 Photocatalytic Hydrogen Evolution Reaction

For a typical photocatalytic HER experiment, 7.5 mg of the photo-catalyst (TiO2) was first
dispersed into 15 mL DIW and was then subjected to 3 min sonication. After sonication,
the reaction mixture was transferred to the custom-made flow reactor (see Figure: 3.13)
under constant stirring. To this reaction mixture 15 mL of the exfoliated solutions were
mixed. To note here is that since most of the solvents used for the exfoliation were
alcohols, the whole suspension (exfoliated flakes /nano-sheets in solvents) was utilized
for the role of sacrificial agent (alcohol) as well as for the co-catalyst (exfoliated flakes
/nano-sheets). For the case of the exfoliated flakes /nano-sheets in DIW, the 7.5 mg of
photo-catalyst was dispersed in 15 mL HPLC-grade methanol and the solution of
exfoliated flakes /nano-sheets in DIW was used as it is. This suspension of photo-catalyst
solution and solution of exfoliated flakes /nano-sheets (total volume 30 mL) was then
purged with Ar flow to eliminate the dissolved oxygen and also to ensure the proper
mixing of the two different solutions of the photo-catalyst and the co-catalyst. Afterwards,

the reactor was closed.

During light irradiation, the reactant solution was kept under constant stirring at speed
of 250 rpm under a constant Ar (argon 5.0) flow of 30 mL / min controlled by a mass flow
controller (Q-flow 140 series, MCC-Instruments) carrying all the gases from the reactor
to the gas detector after passing through CaClz trap (model WT 20.5 N, SUN-Control-
Analytik GmbH) to avoid water impurities entering the X-stream gas analyzer. Hydrogen
generation was detected online and in-stream using Emerson gas analyzer equipped with
a TCD (thermal conductivity detector). The light source used was a 4 W output power
LED (SOLIS-365C by THORLABS, Inc.), which can provide irradiation with a nominal
wavelength of 365 nm. The reactors were placed in a black box to avoid the

environmental influences.

_¥Y

7

W



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

DISSERTATION || Tushar Gupta Chapter 3

() .

light source

quartz glass
Ar&other _ ﬂj\g/

gases out NS

Figure 3.13: (a) Drawing scheme of the reactor utilized for evaluating the photocatalytic
performance of the liquid phase exfoliated Bi solutions in response to hydrogen evolution via water
splitting (adapted from ref: 26) (b) actual reaction setup

The light source, SOLIS LED (A = 365 nm) was directed via cable and made to irradiate
from the top of the reactor. The top cap of the reactor was made of quartz. The total
volume of the reactor is about 100 mL, a typical volume of 30 mL reactant solution (15
mL of the exfoliated solution + 15 mL of TiO2 (7.5 mg) solution in solvent (DIW / MeOH))
was placed inside. The measurements were repeated once to ensure the repeatability of

the overall process.

The samples which showed positive response towards photocatalysis were further
subjected to TEM characterization in their suspension form to investigate the
immobilization mechanisms of the co-catalyst over the photo-catalyst to account for the
observed HER. A scheme of the overall photocatalytic experiment assembly has been

shown in Figure 3.14.
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Figure 3.14: Schematic illustration of the overall experiment setup for carrying out the
photocatalytic water splitting reactions.

“Photocatalytic experiments were performed by mixing the exfoliated solutions obtained

via LPE of Bi with TiO» and were carried out in a flow reactor. TiO» was employed as

photocatalyst and exfoliated flakes / nano-sheets were utilized as co-catalyst. This was

principally performed to show the advantageous application prospects of the exfoliated

flakes/ nano-sheets in the catalysis domain. Their positive response towards

photocatalysis provides an extra-edge to the exfoliated flakes/ nano-sheets in addition

to their ultra-large and thin lateral sizes obtained by the adovted LPE protocol”

3.3.7 Scanning Transmission Electron Microscopy

The Scanning Transmission Electron Microscope or (S)TEM differs from the traditional
Transmission Electron Microscope (TEM) in its way of addressing the sample. While a

conventional TEM exploits a near-parallel electron beam which passes though the
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sample. In STEM, a convergent fine focused beam is deployed which is scanned across the
specimen surface in raster fashion providing unprecedented insights about the specimen
at the atomic scale. Probe of atomic dimension is the key to high resolution STEM which
is principally governed by the electron optics of the microscope?’. The diameter of the
probe determines the resolution of the scanned image. Additionally, the incorporation of
aberration correctors have significantly improved the performance of STEMs28 by

improving depth of focus and signal-to-noise ratio in annular dark field (ADF) images?2°.
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Figure 3.15: (a) Aberration-corrected NION UltraSTEM 100 (a facility at Division of physics of
nanostructured materials, faculty of physics, University of Vienna, Vienna), utilized for capturing
all the ADF images presented in this thesis. (b) shows the cross-sectional view of a STEM with all its
components labelled (adapted from ref: 30)

All the HAADF (High Angle Annular Dark-Field) images were acquired in NION
UltraSTEM 100, a facility at Division of physics of nanostructured materials, faculty of
physics, University of Vienna, Vienna. The design of aberration-corrected STEM varies
significantly from a conventional TEM. As described in section 3.3.1, in a TEM the electron
gun (or source of electron) is mounted on the top, whereas in the NION STEM, the

electron gun is mounted at the bottom and the sample is placed at the top as can be seen
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from Figure 3.15. The electron beam from the gun is then steered up by a pair of
deflectors and continues with three round condenser lenses, a quadrupole-
octupole C3/Cs corrector, a quadrupole triplet called quadrupole lens module (QLM) for
coupling the corrector electron-optically to the OL, a lower OL winding module, sample
stage/OL polepiece module, an upper OL winding module, four round projector lenses,
and a detector column that includes several detectors and other devices: a high-angle
annular dark-field (HAADF) detector, a pneumatically controlled beam stop that can be
inserted when recording diffraction patterns, medium angle annular dark-field (MAADF)
detector, bright field (BF) detector, a quadrupole/octupole module called quadrupole-
octupole coupling module (QOCM) for optimized coupling of inelastically scattered
electrons into an electron energy loss spectrometer, a 1kx1k fast read-out CCD camera
for Ronchigram, diffraction pattern and image read out, an EELS entrance aperture and

finally an electron energy-loss spectrometer?s,

Figure 3.16: (a) BF image and corresponding (b) DF image of 10 nm Sb deposited on monolayer
graphene suspended on quanti-foil TEM grids at 150 °C captured on FEI TECNAI F20 TEM.

While a BF detector employed at TEM includes the transmitted beam thereby making the
holes appears bright, a DF detector excludes the transmitted beam and therefore holes
(or vacuum) appears dark in a dark-field image, the same has been illustrated in Figure
3.16. In STEM, annular dark field (ADF) detectors are employed which surround the

transmitted beam for collecting the scattered electrons. The inner angle of the ADF can

W

A

- &

=S




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M You

DISSERTATION || Tushar Gupta Chapter 3

be adjusted via post-specimen lenses to enhance the efficiency to collect scattered
electrons. At higher collection angles (HAADF), it offers an atomic number (Z)
dependence of the image contrast (often referred to as Z-contrast imaging)31. To note is
that the high angle of the detector signifies values in several of tens of mrad (typically 60-
200 mrad), which is generally the angle at which all diffraction spots of significant
intensity values will be excluded. Electrons scattered at higher angles are though
relatively few in number, are strongly dependent on the atomic number “Z” and
insensitive to the structure and orientation of the specimen30. The variation in the HAADF
intensity as a function of the atomic number is given by the relation: I < Zx, where x lies
between 1.5 and 2 but a typical value of 1.7 has been often quoted for most experimental

setups32.

A custom-built enclosure for maximum thermal stability and low magnetic fields ensured
the consistency and reproducibility of the results by the instrument. NION UltraSTEM
100, an aberration-corrected state-of-the-art scanning transmission electron microscope
with ultra-high vacuum conditions (~ 108 mbar, ensuring minimal additional
hydrocarbon adsorption from residual gas during imaging) at the sample having
minimum probe size of 1.0 A was operated at an acceleration voltage of 60 kV with a beam
current of ~30 pA and a convergence semi-angle of 80-200 mrad?8 for obtaining all the
HAADF images presented in this thesis. The NION UltraSTEM can be operated at
acceleration voltages ranging from 20-100 kV, the choice of using 60 kV for imaging
purposes was made for the purpose of consistency in all the electron microscopic data
presented in this thesis since the TEM was operated at 60 kV (as described in section
3.3.1) in addition to the fact that operation at 60 kV reduces the radiation damage to the
low-Z element (like B, C, N, O) containing specimens. For imaging light elements like
carbon, ADF detectors with detector half angles ranging from ~ 60-200 mrad were
employed on account of their recognized suitability33. The microscope houses a high-
brightness cold field emission electron gun (CFEG )28. As a basic protocol for removing
the adsorbed thin water films from the samples, the samples were annealed at 150 °C in
~10-> mbar for ~8 h prior to being loaded into STEM. The same samples were checked at
FEI TECNAI F20 before loading them into the STEM and this pre-processing step for the

STEM was found to have no effect on the representative state of the samples.
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“ADF (HAADTF and MAADTF) images of antimonene and bismuthene deposited on

graphene were captures in STEM to assist in elucidating the rotational vdW epitaxial

relationships in both the model systems. Identifying and highlighting all the salient

planes and directions was only possible with the help of atomically-resolved ADF

captured in STEM. Atomically-resolved ADF images also helped in the phase analysis

of the deposited antimonene and bismuthene structures on graphene in both top plan

view as well as cross-sectional view confiqurations. STEM was operated at 60 KV to

complement the TEM data which was also operated at 60 KTV’

3.4 Miscellaneous: Contributions

All experimental preparations, characterizations and data analysis was done by the
author himself with the following exceptions: All the CVD grown MLG on Cu tape samples
utilized for the Sb and Bi PVD were prepared by the author with the help of Dr. Kenan
Elibol with partial help from Dr. Kimmo Mustonen (Physics of Nanostructured Materials,
Faculty of Physics, University of Vienna) at University of Vienna, Vienna. The correlative
AFM-SEM measurements were performed by Dr. Stefan Hummel (Physics of
Nanostructured Materials, Faculty of Physics, University of Vienna) at GETec Microscopy,
Vienna via GETec AFSEM module installed in a FEI Quanta 600F SEM. All the AFM data
presented in this thesis on the various samples have been kindly provided by Dr. Kenan
Elibol (Physics of Nanostructured Materials, Faculty of Physics, University of Vienna,
Vienna) on NT MDT NTEGRA Spectra in tapping mode and Maximilian Winzely (Institute
of Chemical Technologies and Analytics, Faculty of Technical Chemistry, TU Wien,
Vienna) on Brucker Nanoscope 8 multimode scanning probe microscope in tapping
mode. Cross-sectional FIB sample preparation was done by Dr. Gerlinde Habler
(Department of Lithospheric Research, University of Vienna, Vienna) on FEI Quanta 3D
FEG. The real-time EELS data during in-situ crystallization of Bi nanoparticles on
Graphene and the VEELS + core-loss EELS data on antimonene/graphene
heterostructures was acquired and analyzed by the author with the assistance of Dr.
Michael Stoger-Pollach (University Service Facility for Transmission Electron

Microscopy, TU Wien, Vienna) on FEI TECNAI F20. PL measurements were kindly
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provided by Alexander Goetz and Dr. Sarah M. Skoff (Research unit of Applied Quantum
Physics, Institute of Atomic and Sub-atomic Physics, TU Wien, Vienna) using a custom-
built confocal microscope with a 50 x Mitutoyo objective (NA= 0.55) and an Andor
Technology Shamrock SR-303i spectrometer. The excitation laser was a 532 nm extended
cavity diode laser with typical powers of 10 pW at the target. XPS measurements
(including the data processing and fitting) were generously performed by Dr. Markus
Sauer and Dr. Annette Foelske (Analytical Instrumentation Center, TU Wien, Vienna)
employing a custom-built SPECS XPS-spectrometer equipped with a monochromatic Al-
Ka X-ray source (pFocus 350, spot size: 400 um, power: 100 W) and a hemispherical
WAL-150 analyzer (Acceptance angle 60°). The overview and detailed spectra were
recorded with pass-energies of 100 eV and 30 eV, and energy resolutions of 1.0 eV and
0.1 eV, respectively and were analyzed using transmission corrections (as per
manufacturer’s specifications), Tougaard backgrounds, and sensitivity parameters after
Scofield within CASA XPS software, and charge correction was applied so the binding
energy value of adventitious carbon from surface contamination was shifted to 285 eV.
Deconvolution of XPS signals was carried out using symmetric Gaussian-Lorentzian
peaks (GL(30)) and Levenberg-Marquardt least-square peak fitting. Some XRD
measurements were provided by Jakob Rath and Shaghayegh Naghdi (Institute of
Materials Chemistry, TU Wien, Vienna) using a PANalytical X’Pert Pro multi-purpose
diffractometer (MPD, CuKa, Bragg-Brentano geometry), a facility at X-Ray Center, TU
Wien, Vienna. Ms. Nicole Rosza contributed to the LPE related studies in the form of her

bachelor thesis which was co-supervised by the author.
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Chapter 4:

Antimonene/Graphene Heterostructures
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Chapter Preview

Chapter 4 provides a holistic assessment of two-dimensional antimony grown on
monolayer graphene via a physical vapor deposition technique of thermal evaporation
employing high resolution electron microscopy and associated analytical spectroscopic

techniques.

Two-dimensional (2D) antimony (Sb, "antimonene"”) recently attracted interest due to
peculiar electronic properties and suitability as anode material in batteries. Sb however
exhibits a large polymorphic/allotropic structural diversity, which is also influenced by the
Sb's support. Thus, understanding Sb heterostructure formation is key in 2D Sb integration.
Particularly 2D Sb/graphene interfaces are highly important in electronics and batteries.
Few-layered 2D Sb/graphene heterostructures are thus studied here by atomic-resolution
(scanning) transmission electron microscopy. Co-existence of two Sb morphologies was
found: First was a 2D morphology of layered (-Sb with -Sb (001) || graphene (001)
texture. Second were one dimensional (1D) Sb nanowires which could be matched to [3-Sb
with B-Sb [2-21] L graphene (001) and were also closely related to thermodynamically
non-preferred cubic Sb (001) || graphene (001). Importantly, both Sb morphologies
showed rotational van-der-Waals epitaxy with graphene and were resilient against
environmental bulk oxidation, although superficial surface Sb-oxide formation merits
consideration, including epitaxial Sb203 (111) / [5-Sb (001) heterostructures. Exact Sbh
growth behavior depended on processing and substrate properties including, notably, the
support underneath the graphene. This introduced the substrate underneath a direct 2D
supportas a key parameter in 2D Sb heterostructure formation. The study provides insights
into the rich phase and epitaxy landscape in 2D Sb and 2D Sb/graphene heterostructures.
The figure caption for chapter 4 is a schematic representation of the growth morphology
evolution of Sb (green) on monolayer graphene (pink) as a function of substrate

temperature.

The contents of this chapter have been published as T. Gupta et al. Resolving few-layer

antimonene/graphene heterostructures. Npj 2D Mater. Appl. 5, 53 (2021)
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4. Antimonene/Graphene Heterostructures
4.1 Introduction

Among the two-dimensional (2D) pnictogens (i.e., group 15/VA elements, incl. P, As, Sb

and Bi)l-4 particularly mono- and few-layered 2D Sb (“antimonene”) has recently
attracted increasing research interest>¢. Firstly, this is due to 2D Sb’s peculiar electronic
properties towards novel 2D electronics incl. layer-dependent (semi-)metal-to-
semiconductor transition’8 high carrier mobilities?, strain-tunable indirect-to-direct
band gap transition’8, and the possibility of two- and three-dimensional topological
insulator behavior for mono1%- and few-layered> 2D Sb, respectively. Secondly, the recent
high interest equally resulted from 2D Sb’s high suitability for sustainable energy and
catalysis applications, incl. as an anode material in next-generation Li- and Na-ion
batteries!1-21 as well as in (electro-)catalysis22-24, supercapacitors?s, charge extraction in

photovoltaics2¢, and thermoelectrics?’.

Sb however shows a large polymorphic/allotropic structural diversity. This includes
several layered, potential 2D forms®828-31 such as in particular the thermodynamically
most stable, rhombohedral, buckled honeycomb-structured 3-Sb (A7, R-3m, 166)322.23.30-
4* and the metastable orthorhombic, puckered “washboard”-structured o-Sb (A17, cmca,
64)314546, Additionally several non-layered metastable allotropes at high pressure and in
thin film form have been reported incl. simple cubic, body-centered-cubic, face-centered-
cubic and hexagonally-close-packed Sb#7-56. Most of these phases are related via small
atomic rearrangements315456, and some even have been suggested to show thickness
dependent phase transitions in nanostructures3l. This polymorphicity calls for close
control over Sb’s structure in any potential synthesis scenario for the various desired
application fields. The structure of Sb deposits is however not only determined by kinetic
growth process conditions but is also intimately linked to the Sb deposits’ support, an
effect which is exacerbated for ultrathin 2D Sb. Therefore, understanding Sb
heterostructure formation is key for controllable 2D Sb growth. This is true not only for

Sb’s use in 2D electronics, where typically laterally large, defect-free 2D Sb films are
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desired33, but also for Sb’s use in catalysis and energy applications, where often nano-

sized 2D Sb deposits with a large number of edges are preferred?223,

Among the various possible Sb heterostructures®, in particular 2D Sb/graphene
interfaces were of prime importance for two reasons: First, in the context of catalysis and
energy applications, Sb/carbon hybrids were emerging as a highly useful materials
combination, e.g. in batteries!!-20, electrocatalysis?223 and supercapacitors?>. 2D
Sb/graphene heterostructures can readily approximate such Sb/carbon hybrids in order
to understand their as-of-yet little elucidated interface properties. Second, in the context
of 2D electronics, recent work suggested that device contacts formed by 2D Sb/graphene
heterostructures could be technologically advantageous towards tuning contact
resistances®758, The structural properties and formation mechanisms of Sb
heterostructures incl. 2D Sb/graphene, remain however largely underexplored, in
particular at the atomically resolved level. To address this, an atomic-scale (scanning)
transmission electron microscopy ((S)TEM) investigation into the properties of a few-
layered 2D Sb/graphene heterostructure model system was undertaken and was found
to readily emulate Sb/carbon heterostructures manufactured by vapor phase techniques
for electronics38485051 and also as synthesized by wet chemistry routes for energy
applications1214151920. The approach presented here thereby facilitates direct
assessment of interfacing and epitaxial effects in 2D Sb/carbon heterostructures, with
graphene also acting as an ideal support>? for the employed atomic resolution (S)TEM

techniques®9.

In the synthesized 2D Sb/graphene heterostructures, the co-existence of a 2D growth
morphology of layered -Sb(001)||graphene(001) phase and texture as well as of a one
dimensional (1D) Sb growth morphology was revealed. The latter 1D morphology can be
matched to (B-Sb with B-Sb[2-21]Lgraphene(001) texture but also to a non-layered,
thermodynamically non-preferred cubic Sb(001)||graphene(001). Importantly, both Sb
morphologies showed preferred relative crystallographic (mis-)orientations with
respect to the supporting graphene monolayer lattice, indicating that rotational van-der-
Waals (vdW) epitaxy can readily exist in 2D Sb/graphene heterostructures. Both Sb
morphologies were found to be well resilient against environmental oxidation in ambient
atmosphere although superficial surface oxidation is shown to be important to consider,
A
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particularly due to here suggested formation of epitaxial Sb203(111)/B-Sb(001)
heterostructures as top layer. Exact Sb growth results were also found to be sensitive on
employed processing techniques and substrate properties incl., notably, the nature of the
support underneath the direct graphene support. This work thereby provides
fundamental insights into the rich phase and epitaxy relations in 2D Sb and 2D

Sb/graphene heterostructures.

4.2 Experimental Procedure

4.2.1 Growth of 2D Sb on graphene

PVD of Sb employed a commercial thermal evaporation system as already described in
chapter 3 including the types of substrates employed. Phase diagrams®! of W and Sb were
cross-checked to ensure that no undesired intermetallics were formed during
evaporation. As will be discussed later in the exploration of the parameter space of Sb
PVD, actual retained Sb thicknesses can strongly reduce as a function of increasing

substrate temperature and also type of substrate type via desorption effects.

" “Thermal evaporation of 10nm nominal thickness of Sb on monolayer graphene
supported on Cu tapes and suspended on Quantifoil TEM grids at RT, 150 °C and

250 °C”

4.2.2 Phase and epitaxy analysis of Sb deposits

Phase analysis of (S)TEM data employed primarily FT/SAED pattern simulation using
Highscore Plus/Pdf4+ software (ICDD Pdf4+ 2020 RDB: Software version: 4.20.0.1.
Database version: 4.2001.)¢2 for manual matching of measured and simulated FT/SAED
patterns. Additionally, also automated phase identification of measured FT/SAED data
was performed using JEMS software. Structure visualization was done by Vesta®3

software. In particular the following structural database entries were found to best fit the
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measured FT and SAED (Pdf4+ code/Inorganic Crystal Structure Database ICSD
collection code/literature reference): 3-Sb: 04-14-2871/55402 /ref. ¢4; simple cubic Sb:
04-3213-3319/651499 /ref. 47; Sb203: 00-042-1466/1944 /ref. 5. Notably, additional 45
other Sb and 61 other Sb-oxide entries from the ICDD Pdf4+ database were checked

which consistently gave worse matches to experimental data.

Note that 3-Sb (A7, R-3m, 166) is often described in literature with hexagonal axis (as
here) but also with rhombohedral axis333851, Therefore, numerical (hkl) and [uvw] values
need consideration of selected hexagonal or rhombohedral axis system, when comparing
between reports. Likewise, within the hexagonal axis system some literature uses a a,b
base vector inner angle of 120 ° (as here) while other literature uses a,b base vector inner
angle of 60°3133.3851 Again, therefore comparison of numerical (hkl) and [uvw] values
must consider the selected axis system. To avoid ambiguity the here used axis are
typically plotted alongside the atomic models throughout. The average equivalent feature
sizes for the Sb deposits from their base areas (computed by Image]¢¢) in SEM and AFM
data were calculated as follows: Due to the different asymmetries between the
characteristic base shapes for 2D triangular/hexagonal ($-Sb(001) and 1D rod-like -
Sb[2-21]/cubic Sb(001) a characteristic feature size assuming a square base shape for
both phases and defining the side length of this square was recalculated as the equivalent

features size.

4.3 Results and Discussion

4.3.1 Morphology and Structure

In Figure 4.1 the morphology and structure of the few-layer Sb on graphene model system
is characterized, which was prepared by physical vapor deposition (PVD) of Sb onto
chemical vapor deposited (CVD) monolayer graphene. Optimized Sb deposition
conditions towards high Sb crystallinity were first focused upon, with the wider
parameter space of the Sb PVD on graphene being discussed later. The nominal 10 nm
thick Sb deposits were thermally evaporated onto monolayered CVD graphene films67.68,
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During Sb PVD (base pressure ~10-> mbar), the graphene substrates were held at room
temperature (RT) and also at controlled temperatures of 150 °C and 250 °C. The graphene
either remained on its Cu CVD catalyst foils®7.68 during Sb PVD (Figure 4.1a,b, Figure 4.5)
or was additionally also transferred prior to Sb PVD to be suspended as a freestanding
monolayer membrane across holey TEM grids®° ((i.e. no Cu foils underneath, Figure 4.1c-
g, Figures 4.9-4.12). Nominal deposited Sb thickness was measured via a co-exposed
(non-heated) quartz crystal microbalance (QMB). After Sb deposition, samples were

stored in ambient air.

The scanning electron microscopy (SEM) image of the 250 °C deposition in Figure 4.1a
reveals that under the optimized PVD conditions, the Sb deposits on the graphene formed
isolated islands with two distinctly different base shapes: First were flat 2D Sb deposits
with (truncated) hexagonal or (truncated) triangular base shapes. Second were rod-like
1D Sb deposits with rectangular bases. Lateral extents of all Sb deposits were in the range
of tens to hundreds of nm. While such lateral sizes were small for device fabrication in 2D
electronics, they were well compatible with the requirements for 2D Sb catalysis and
energy applications22. Importantly, such feature sizes also provided a convenient
Sb/graphene heterostructure model system for elucidation of Sb phases and interfacing
by high resolution (S)TEM. Notably, as shown in Figure 4.1a, the edges of both the
triangular-/hexagonal-shaped and the rod-shaped Sb deposits showed a high degree of
visually apparent directional alignment amongst each phase type, respectively. This was
the first indication of potential epitaxy effects between the Sb deposits and their

graphene support, which has been examined later.

The Raman spectrum corresponding to the 250 °C deposition in Figure 4.1b displays
primarily two peaks at low wavenumbers that are characteristic for elemental Sb (117
cm1; 154 cm1). These peaks were best matched with Eg and A1g modes of few layer [3-Sb,
respectively, but were also potentially consistent with a-Sb and/or pressure-induced
phases of Sb831334654 To note is that thicker Sb deposits may be overrepresented in
Raman intensity#243, Significant volume Sb-oxide formation can be excluded based on the
Raman data as the signal intensity at wavenumbers corresponding to Sb-oxides was
comparatively weak (e.g. for thermodynamically most stable Sb203 expected at ~190 cm-
LTand 250 cm-1)70. The minor peak at ~215 cm-! was related to minor Cu-oxide formation
VN
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on bare regions of the Cu support during ambient air storage’!l72. Raman peaks
characteristic for graphene (G at 1593 cml; and 2D at 2701 cm) were also found in
Figure 4.1b, consistent with the high-quality CVD graphene used as substrate®’.¢8, The
absence of a significant defect-related D-peak at ~1350 cm-! confirmed that the CVD
graphene support was not degraded during Sb PVD. Thereby the Raman data also
confirmed that no covalent Sb-carbon bond formation had occurred and that the 2D

Sb/graphene interfaces were of vdW-type38, consistent with theoretical predictions8>7.58,

To assess the crystallographic structure of the Sb deposits in a localized fashion,
aberration-corrected, atomically-resolved and element-specific STEM (Nion UltraSTEM
100 at 60 kV electron acceleration voltage) in annular dark field (ADF)%® mode was
employed in Figure 4.1c-g to image individual Sb deposits at high resolution in top plan
view. Corresponding ADF STEM and bright-field (BF) TEM data from focused-ion-beam
(FIB) cross-sections in Figure 4.5 provided a complementary side view of the Sb deposits.
Figures 4.3 and 4.4 provide atomic models and Fourier transform (FT)/selected area
electron diffraction (SAED) simulations of all identified phases. It was also noted that
under STEM imaging conditions no electron beam induced phase transitions or materials

modifications to the Sb deposits were observed.

The first group of interest was the flat Sb deposits from Figure 4.1a with (truncated)
hexagonal (Figure 4.1c) or triangular base shape (Figure 4.1d). The phase identification
for these structures was straightforward: At atomic resolution and view from top, all flat
hexagonal/triangular deposits showed a six-fold symmetric appearance that was best
indexed via the FT of their atomic resolution images to rhombohedral (3-Sb viewed along
the [001] zone axis (Figure 4.1h) i.e. with the basal (001) layers of the layered 2D (3-Sb
parallel to the graphene(001) substrate (i.e. B-Sb[001]Llgraphene(001) = §-
Sb(001)||graphene(001)). This phase identification to B-Sb(001) was also fully
corroborated by the corresponding side view of a triangular/hexagonal deposits in
Figure 4.5b-d, which clearly resolved the layered nature of the 3-Sb(001) when viewed
along the [110] zone axis, with the -Sb(001) planes parallel to the graphene(001)
substrate. Delineating projected edge directions correspond to [100], [010] and [110] in
the top view STEM images for both hexagonal and triangular 3-Sb (Figure 4.1c, d).

Hexagonal and triangular deposits typically appeared flat in STEM images, indicating
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(001) top surfaces. The observation of 2D 3-Sb(001)||graphene(001) was in line with

prior literature31-39,

.‘.’\J lﬂnm Sb (2‘5259(3 »,7 » (b) 8000 - A,

- A
# % 7000 B 10 nm 5b on Graphene @ 250 °C

6000 4

2D

o]

5000 4
S0

4000 4 qu‘

3000 4

Intensity (counts)

2000

1000

20 150 210 1300 1450 1600 2550 2700 2850

Raman Shift (cm™)

—
3.5 nm

(1-10)
(100Y

(0-10) (100) ) (-1-10)

. L C1-10)

a3 (110)° 2-10) . (110)

110) (010)

E—
Li 5 1nm 4 inm

cubic Sb (001)

(h)  B-Sb (001) (i) B-Sb along [2-21] ()
E ° E_' 00000 E_ o © 0 o ©O
o= - o000 - i
Ca— ©coc00CO0O0O0 > A e o © o >g ames =
g-ioooooooooo g-ﬁ@ o o ©o© o g'— © © 0 0 O
= ©000000 = o -~o0 o0 ot
: . e o o0 . . o> © <o i o © 0 0 ©O
g o P L oo — o0 0 0 O
= o
a 39:- 9 00 [+
- = ' z ©o 0 0 0O
@ o 2 0 g @ [P
- == / . 00 o ]
"7 o e[ @[ o o - o X - - © o 0o 00
270 © 0 ¢ ¢ 0 0 2= ek v <
g o o o |e ° E 4 ©00 oo g O - © 0 0 0 0
= : > 22!
. PR N TRE . L~ © 0000 o . o o 0 0
,,_I_, o o lo jo o "\// ¢ oo 1_. o 0 o

Figure 4.1: (a) SEM image and (b) Raman spectrum of 10 nm Sb deposited at 250 °C onto Cu-
supported CVD graphene. Salient lattice directions in the graphene and the Sb are labelled in (a).
(c-g) ADF STEM images of individual particles of 10 nm Sb deposited at 150 °C and 250 °C onto
suspended monolayer graphene, showing overview (top) and atomic resolution images (middle)
and corresponding FTs (bottom). The FTs are indexed to 3-Sb(001) viewed along [001] zone axis
(c,d) and cubic Sb(001) viewed along [001] zone axis (e,f,g), respectively. Corresponding salient
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crystallographic directions are superimposed over the ADF images. The six-fold symmetric “*”-
indexed reflection set in (d) is ascribed cubic Sb203 viewed along the [111] zone axis and
corresponds to Sb20s3 (2-20) reflection family, as described later. False-color coded ADF STEM
images of overview and atomic resolution images can be found in Fig. 4.2. (h-j) Atomic models of 8-
Sb(001), B-Sb[2-21] and cubic Sb(001), respectively. For further information on atomic models and
FT simulations see Figures 4.3 and 4.4.

— =]
50 nm 3.6 nm

Figure 4.2: False-color coded ADF STEM images of individual particles of 10 nm Sb deposited at 150
°C and 250 °C onto suspended monolayer graphene, showing overview (top) and atomic resolution
images (bottom), corresponding to the ADF STEM data plotted in grey-scale in Figure 4.1c-g.

The second group of interest were the rod-like 1D Sb deposits with rectangular bases
(Figure 4.1e-g). In top view at atomic resolution, these structures always showed a FT
with four-fold symmetry. Their phase identification was less straight forward: On the one
hand, the STEM data agreed with (-Sb when viewed along the [2-21] zone axis i.e. at a
texture of 3-Sb[2-21] Lgraphene(001). Notably, 3-Sb with [2-21] zone axis perpendicular
to support does not have a defined low (hkl) value interface plane parallel to the support
when viewed from the side, but only slightly inclined base planes (Figure 4.1i; an
approximation for an interface plane would be 3-Sb(10 -10 23)). B-Sb[2-21] is closely
related to AA-stacked a-Sb multilayers via a small shear deformation3l. Lately, a
thickness-dependent crossover from a-Sb to 3-Sb[2-21] was suggested to occur in 1D Sb
deposits3l. On the other hand, the fourfold symmetry STEM images of the 1D rod-like Sb
deposits also matched well with a thermodynamically non-preferred simple cubic, non-
layered Sb polymorph viewed along its [001] zone axis (Figure 4.1j) i.e. cubic
Sb[001] Lgraphene(001) = cubic Sb(001)||graphene(001)47.50, Cubic Sb polymorphs are
related to rhombohedral 3-Sb via a unidirectional deformation>4->6. While the existence

of cubic Sb in bulk form has been a longstanding matter of debate in literature>2-56, cubic
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Sb was typically associated with high pressure conditions but has also been reported to

occur in Sb thin films, presumably formed via substrate-induced stress*7-56.

Structurally 3-Sb[2-21] (and AA a-Sb multilayers) and cubic Sb(001) structures were all
closely related and might gradually transition into each other3154-56, This made their
differentiation difficult and partly ambiguous. This was also underlined by, e.g., the cross-
sectional TEM of a rod-like Sb deposit in Figure 4.5d which showed lattice planes with a
principal spacing of ~0.3 nm. These were consistent with 3-Sb[2-21] as well as cubic
Sb(001) viewed from the side (Figure 4.1i,j). Therefore for the remainder of this chapter,
the 1D Sb morphology has been referred to as “B-Sb[2-21]/cubic Sb(001)” phase and
texture, suggesting that the 1D rods being compatible with both {-Sb[2-
21]Lgraphene(001) and cubic Sb(001)||graphene(001).For determination of (-Sb[2-
21]/cubic Sb(001) in-plane epitaxial relations to graphene support, delineating projected
edge directions and similar discussion later, the cubic Sb unit cell and associated (hkl)
plane and [uvw] direction notation was predominantly used since this conveniently
simplified the description of the crystallographic system compared to the inclined plane
B-Sb[2-21] description. Delineating projected edge directions in the top view STEM
images were cubic Sb [110] for the rods (Figure 4.1e-g). Consequently, the rods long axis

was cubic Sb [110] direction.

Figure 4.1e-g and Figure 4.5e show that the 1D morphology did not have a flat top surface
but rather very strong faceting to a pyramidal shape over a square (Figure 4.1e) or
rectangular (Figure 4.1f,g) base. To best reproduce the observed angles in Figure 4.1e-g
and Figure 4.5d the delineating faceted surfaces have to be of (223) family in cubic Sb
notation (see Figure 4.7). Alternatively, also (111) family facets could provide a
reasonable match. 1D Sb morphologies with four-fold atomic symmetries that co-exist
with 2D 3-Sb(001) had been observed in earlier work on Sb/graphite5%>! and also recent
work on Sb/graphene3l, albeit other recent work under very similar conditions for
Sb/graphene heterostructures did not observe 1D nanostructure growth38. Notably, one
recent paper’3 ascribed 1D Sb nanostructures to 3-Sb(001), albeit without providing

direct crystalline structure confirmation for their assignment.
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(a) B-Sb along [001]: B-Sb (001)

Top View [001] Side View [-1-10]
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(b) Cubic-Sb along [001]: Cubic-Sb (001)
Top View [001] Side View [010]
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(c) B-Sb along [2-21]

Top View [2-21] Side View

(tilted by 90° from top view)
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Figure 4.3: Atomic models in (left) “top/plan
view” (as in “normal” ADF STEM and BF TEM of
Sb deposits on graphene) and (right) “side” view
(as in cross-sectional ADF STEM and BF TEM
data) for (a) B-Sb(001), (b) cubic Sb(001), (c) B-
Sb[2-21], (d) graphene(001) and (e) cubic
Sb203(111). Unit cells and axes are plotted for
all phases. The zone axis for all views are
indicated. Note that B-Sb with [2-21] zone axis
perpendicular to support does not have a
defined low (hkl) value interface plane parallel
to the support when viewed from the side, but
only slightly inclined base planes (c). An
approximation for an interface plane is 3-Sb(10
-10 23). For corresponding simulated SAED/FT
patterns see Figure 4.4
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(e) Sb,0,along [111]: Sb,0,(111)
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Figure 4.4: Simulated SAED/FT patterns
corresponding to the atomic models in
Figure 4.3 from (left) “top/plan view” (as in
“normal” ADF STEM and BF TEM of Sb
deposits on graphene) and (right) “side”
view (as in cross-sectional ADF STEM and
BF TEM data) for (a) B-Sb(001), (b) cubic
Sb(001), (c) B-Sb[2-21], (d) graphene(001)
and (e) cubic Sb203(111). Note that atomic
models in Figure 4.3 and simulated
SAED/FT patterns here are not rotation
corrected and therefore may include
arbitrary rotations around the zone axis
with respect to each other.
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Figure 4.5: Cross-sectional STEM/TEM of 10 nm Sb deposited onto Cu-supported graphene: (a-c)
show ADF STEM of a 3-Sb(001) deposit in overview (a), intermediate (b) and high resolution (c). (d)
shows the FT of (c) indexed to 3-Sb(001) viewed along the [110] zone axis. In (c) a schematic of the
B-Sb(001) layers is superimposed as illustration. (e,f) shows BF-TEM of a 3-Sb[2-21]/cubic Sb(001)
deposit in overview (e) and at high resolution (f).

The morphology-structure relation of triangular/hexagonal base shape corresponding to
layered 2D 3-Sb(001) and rectangular rod base shape corresponding to 3-Sb[2-21]/cubic
Sb(001) was confirmed via >60 atomic resolution STEM, lattice resolution TEM and SAED
observations. Thereby assuring that the crystallographic phase of a deposit could be

safely assigned via its macroscopic base shape as observed in lower magnification SEM

or atomic force microscopy (AFM) data>1.
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Figure 4.6: (Left) Conventional AFM of 10 nm Sb deposits on Cu-supported graphene from 250 °C
depositions. (Middle and right) Correlated SEM (middle) and AFM (right) from the same sample,
measured by a GETec AFSEM74,
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Following this approach, AFM data (taken via conventional AFM as well as via correlated
AFM-SEM, GETec AFSEM74, see Figure 4.6) indicated for depositions at 250 °C, for the
layered 2D -Sb(001) deposits, a minimum thickness of 4.7 nm (equivalent to ~12
layers82942 i.e. few-layer antimonene) and an average thickness (+ standard deviation)
of 21+14 nm. The 1D rod-like 3-Sb[2-21]/cubic Sb(001) deposits were relatively thicker,
with a minimum thickness of 10 nm and an average thickness of 31+10 nm. To estimate
the relative abundance of 2D 3-Sb(001) and 1D (3-Sb[2-21]/cubic Sb(001) in the deposits,
both domain number counts and average equivalent feature sizes for each phase were
computed from SEM and AFM images for the 250 °C depositions. Via this analysis, a lower
number fraction of 2D B-Sb(001) domains (40+1 count-%) compared to [-Sb[2-
21]/cubic Sb(001) (60£1 count-%) was found. These 2D 3-Sb(001) domains grew to
however cover a relatively larger area (60+5 area-% for 2D (-Sb(001) vs. 4045 area-%
for B-Sb[2-21]/cubic Sb(001)). The observation that the 2D 3-Sb(001) islands grew to
larger lateral sizes was also reflected in a larger maximum and average equivalent feature
size for the 2D B-Sb(001) (maximum: 260 nm; average: 113+95 nm) compared to the 3-
Sb[2-21]/cubic Sb(001) (maximum: 130 nm; average: 72+54 nm).

cubic Sb(001) viewed along [110] zone axis m

incl. pyramidal faceting
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Figure 4.7: Atomic model of cubic Sb(001) viewed along the [110] zone (i.e. in side view
corresponding to Figure 4.5e), showing that pyramidal faceting matches with (2-23) plane family
delineating surface planes matches the measured angles in Figure 4.5e. Consistently, top view
projections of the (2-23) faceting matches the top view images in Figure 4.1e-g.

Comparing the findings here with prior literature, the overall morphology and size of the
Sb domains on carbon substrates were consistent not only with vacuum-based vapor
deposition techniques as usually used in electronics38485051 (akin to the here adopted

PVD synthesis) but also with several wet-chemistry synthesis routes (incl. using
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SbCl3121419.20 gnd ball-milled and annealed Sb/carbon mixtures!®) as usually used in
energy materials synthesis. This highlights that the here investigated 2D Sb/graphene
heterostructure model system is relevant to a wide range of synthesis conditions and

electronics and energy-related applications of Sb on carbon.

In terms of application potential, trigonally deformed Sb (like simple cubic Sb) has
recently been predicted to feature superior thermoelectrical performance over [3-Sb>¢.
Given that monolayered 2D 3-Sb has been predicted to surpass all other pristine 2D
materials in terms of thermoelectric performance??, future studies on band structure and
electronic properties of the here observed (-Sb[2-21]/cubic Sb(001) deposits merit

consideration.

" “Simultaneous existence of natural rhombohedral (B-(001)) phase in 2D morphology and

cubic / B-[2-21]- vhase in 1D morphology was found in few layered antimonene

structures deposited on monolayer graphene”

4.3.2 Van-der-Waals Epitaxy

So far it has been shown that in the grown 2D Sb/graphene heterostructures, Sb deposits
were comprised of two co-existing morphologies, namely few-layer 2D 3-Sb(001) and 1D
nanorods (3-Sb[2-21]/cubic Sb(001). Importantly, for both these Sb morphologies Figure
4.1a indicated a high degree of directional alignment of their respective domain edges on
the monolayer graphene support. Given the vdW nature of the Sb/graphene interface
(Figure 4.1b), three mechanisms could contribute to such alignment: First is direct
rotational vdW epitaxy between the growing Sb and its graphene support directly
underneath’>. For 2D 3-Sb(001) direct epitaxial relationships with various substrates
have been reported incl., e.g., WSe23, tellurides323¢, mica33 and Ge3%. Particularly, for 8-
Sb(001) on graphene prior work has given a mixed picture: Earlier work38 reported
rotational vdW epitaxy for 3-Sb/graphene via indirect measurements, while other work
observed no such epitaxy31445051, For the 1D nanorod [(-Sb[2-21]/cubic Sb(001),
epitaxial effects have to date not been reported3151. Therefore, the question if direct vdW

epitaxy is prevalent in the Sb/graphene system remains open. Secondly however,
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complicating elucidation of this question, also recently reported “remote” epitaxy needs
consideration in which epitaxy is impressed “remotely” between a deposit and its
underlying substrate through an intermediate 2D layer7¢. In the present work, this would
involve interactions between Sb and the underlying Cu catalyst foils impressed through
the graphene monolayer38. Notably, in this scenario the graphene could also be required
to act as a diffusion barrier to prevent chemical reactions between Sb and Cu?7.78, thus
actually actively facilitating the remote epitaxy. Third, in contrast to the atomic-scale
epitaxy, the third possibility involves macroscopic corrugations on the support (e.g. Cu
surface steps) that result in alignment via preferred heterogeneous nucleation sites (e.g.

at steps) and diffusion directing effects”®.

Figure 4.8: SEM of 10 nm Sb deposition at 250 °C onto bare Cu foils (i.e. without graphene). Cu foils
have been annealed prior to Sb deposition at 960 °C in Hz/Ar (but without CH4 exposure) to obtain
a similar Cu grain structure as for the Cu foils after graphene CVD. Notably the Sb deposits on the
bare Cu foils do not show the typical hexagonal/triangular and nanorod shapes seen on the Cu-
supported graphene, indicating that the monolayer graphene drastically changes Sb growth
behavior.

From SEM data as in Figure 4.1a alone, these three possible causes of the observed Sb
alignments were hard to disentangle: First, direct vdW epitaxy would be readily
compatible with the observed lateral length scales of alignment in Figure 4.1a as the
lateral size of CVD graphene domains was in the tens of um range®”.6880. Therefore the
field of view in Figure 4.1a represents most likely only one single-crystalline graphene
domain which could facilitate rotational alignment over the entire field of view. Second
however, graphene-mediated remote epitaxy between Sb and Cu is also conceivable for
Figure 4.1a, since the Cu grain sizes in Cu foils after graphene CVD were in the mm
range®’.68, Notably, no Cu grain boundary was visible in Figure 4.1a%8, thus confirming a

single Cu orientation across the field of view in Figure 4.1a. However, as shown in Figure
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4.8, direct deposition of Sb on Cu (i.e. without graphene in between) did not show any
indications of epitaxial order in the Sb deposits under the adopted conditions?”.
Nevertheless, a graphene-mediated remote epitaxy mechanism between Sb and Cu38
cannot be excluded based on Figure 4.1a. The third possibility, i.e. surface corrugations
on the Cu support, could also direct the Sb deposits, although not resolvable in Figure

4.1a.

To disentangle these three possible influences, the relative orientation of Sb depositions
at 150 °C and 250 °C directly onto suspended monolayer graphene membranes, i.e.
without Cu foil underneath was investigated in Figure 4.9. In doing so, any possible
indirect influence of Cu underneath the graphene on the Sb alignment (i.e. “remote”
epitaxy and an influence from Cu surface corrugations) were excluded. In particular, the
STEM-derived orientation (via FT analysis) of the lattice of the Sb deposits was correlated
with the underlying graphene lattice orientation measured adjacent to the Sb deposit
within a few nm distance®? for multiple Sb deposits of both morphologies (3-Sb(001):
Figure 4.9a-g; cubic Sb(001): Figure 4.9i-n; [B-Sb[2-21]: Figure 4.10). Via plotting
histograms of the relative rotational (mis)orientations of the graphene [120] direction
(“armchair direction”) and prominent orientations in the two respective Sb lattices (3-Sb
[110]: Figure 4.9g; cubic Sb [110]: Figure 4.9n; 3-Sb[2-21]: Figure 4.10) clear peaks in the

(mis)orientation distributions for both Sb phases were found.

This unambiguously suggested direct epitaxy effects to be present between the graphene
and both Sb phases. In particular 2D (-Sb showed a preferred misorientation of ~0°
between the graphene [120] and the B-Sb [110] in-plane directions (i.e. [3-Sb
[110]||graphene[120]), as shown in the model in Figure 4.9e. Additionally, a secondary,
less prominently preferred misorientation appeared at an offset of ~30° for 3-Sb [110]
and graphene [120] in Figure 4.9e. For cubic Sb, a single preferred misorientation of ~0°
between the graphene [120] and cubic Sb [110] directions (i.e. cubic
Sb[110]||graphene[120]) was found, as depicted in the model in Figure 4.91. Notably,
since the long axis direction of the cubic Sb rods is [110] (Figure 4.1), this implied that
the rods’ long axes were aligned along the graphene [120] direction. Notably, this
preferential alignment might be intertwined with symmetry breaking of the cubic

Sb(001) toward anisotropic rod formation.
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Figure 4.9: (a) Atomic resolution ADF STEM and (b) corresponding FT of a $-Sb(001) particle on
suspended graphene. (c) ADF STEM and (d) FT of the graphene(001) lattice just adjacent to the
particle in (a). The FTs are indexed to their corresponding phases and in the ADF images salient
planes and directions are highlighted. (e) Atomic models showing in-plane vdW epitaxial relations
derived from the data in (a-d), suggesting 3-Sb(001)||graphene(001)/B3-Sb[110]||graphene[120] i.e.
angle between (-Sb[110] and graphene[120] = 0 °. (f) shows the overlay of simulated FTs
corresponding to the models in (e). (g) Histogram of multiple measurements similar to (a-f)
showing a distribution of(mis)rotation angles between 3-Sb[110] and graphene[120] which peaks
at 0°, confirming the suggested in-plane vdW epitaxy relation depicted in (e) to be preferred. (h-n)
Corresponding measurements for cubic(001) deposits on suspended graphene, yielding a
preferred cubic Sb(001)||graphene(001)/cubic Sb[110]||graphene[120] in-plane vdW epitaxy
relation. For epitaxial relations in 3-Sb[2-21] notation see Figure 4.10. Note that direction vector
lengths in (a,c,e,h,j,1) are not to scale but enlarged for readability.

To cross-check these STEM-derived rotational vdW epitaxy relations via the SEM data in
Figure 4.1a, the salient directions were labelled by colored arrows in Figure 4.1a: The
long axis of the cubic Sb rods was first assigned to cubic Sb [110] based on Figure 4.1e-g
(red arrow). Based on cubic Sb[110]||Graphene[120], this direction then coincided with

graphene [120] direction (brown arrow). Thereby it became apparent that for most of
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the B-Sb triangles in Figure 4.1a one triangle edge (red arrow) coincided with the
graphene[120] direction. This was exactly as expected from the [-Sb
[110]||graphene[120] relation and from the observation that one edge direction of the
triangles was typically 3-Sb [110], as inferred in Figure 4.1c,d. Consequently, STEM and
SEM data consistently suggested direct Sb/graphene vdW epitaxy for both 3-Sb and cubic
Sb  with the preferred overall relations (-Sb(001)||graphene(001) / -
Sb[110]||graphene[120] and cubic Sb(001)||graphene(001) / cubic
Sb[110]||graphene[120], respectively. (For epitaxial relations in 3-Sb[2-21] notation see
Figure 4.10).

(100) (1-10)

(010)

Figure 4.10: (a) Atomic resolution ADF STEM and (b) corresponding FT of a -Sb[2-21]/cubic
Sb(001) particle on suspended graphene. (c) ADF STEM and (d) FT of the graphene(001) lattice just
adjacent to the particle in (a). (a-d) are replotted from Fig. 4.9(h-k), but are here annotated in the
B-Sb[2-21] planes and directions system while in Fig. 4.9 the simpler cubic Sb(001) notation has
been used. The FTs are indexed to their corresponding phases and in the ADF images salient planes
and directions are highlighted using g-Sb[2-21] notation. (e) Atomic model showing in-plane vdW
epitaxial relations between B-Sb[2-21] and graphene(001) derived from the data in (a-d) and the
corresponding histogram in Fig. 4.9(n), suggesting that the epitaxial relation is reasonably
described by B-Sb[2-21]Llgraphene(001)/3-Sb[1-1-1]||graphene[120]. It is emphasized however
that the f-Sb[1-1-1] direction is (in side view) slightly inclined with respect to the supporting
graphene plane, since no low (hkl) value interface plane in g-Sb[2-21] Lgraphene(001) exists (see
Figure 4.3) and hence the relation 3-Sb[1-1-1]||graphene[120] holds in top view but is only a very
close approximation in side view.

Prior work had investigated possible epitaxy between Sb polymorphs and graphene (and
graphite) with mixed results: Early work did not find evidence for epitaxy in (-
Sb/graphite (but had only limited statistics measured)>1. Also recent other studies did
not observe epitaxy in 3-Sb/graphene3l44 In contrast, another study of (-Sb and Cu-
supported graphene suggested epitaxy for (-Sb/graphene to exist based on indirect
measurements, identifying two preferred orientations of (in our notation) 0° and 30°

offset between 3-Sb [110] and graphene [120]38. This was in good agreement with the
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findings in Figure 4.9g which were based on direct observations of the (-Sb/graphene
interface. For -Sb[2-21]/cubic Sb(001) on graphite no evidence for epitaxy has been
reported prior31>51, In contrast, strong evidence also for rotational vdW epitaxy in the 3-
Sb[2-21]/cubic Sb(001)/graphene system was found. Combined, these observations
show that vdW epitaxy could be enforced on 2D and 1D Sb deposits on graphene.

“Monolavyer graphene was found to be a suitable substrate promoting the epitaxial growth

of antimonene on it and the following epitaxial relationships were realized:

° B-56(001)| | graphene(001) / B-S6[110] | | graphene[120]

° Cubic $6(001)| | graphene(001) / Cubic S6 [110] | | graphene[120]

. B-S6[2-21] L graphene(001) / B-Sb6[1-1-1] | | graphene[120]

Importantly, epitaxy data reflected on the preferential alignment of cubic Sb rods long

axis (cubic Sb [110] direction) along the graphene [120] direction (armchair direction)”

4.3.3 Oxidation Susceptibility

After having identified the nature of our Sb deposits and their relation to the graphene
support, the oxidation susceptibility of Sb deposits was studied. Oxidation susceptibility
is of significant importance in terms of processing and applications. Additionally, 2D Sb-
oxides were beginning to attract research interest in their own right70.8182, While Raman
spectroscopy in Figure 4.1b did not suggest significant Sb-oxide presence in the samples,
close inspection of the 3-Sb(001) FT in Figure 4.1d revealed another, weaker intensity set
of spots of six-fold symmetry at lower k-vectors (indexed “*” at ~0.4 nm) than the six-
fold (110) B-Sb(001) spot family which was indexed in the FT. These weak inner spots
might be identified with the presence of cubic Sb203 viewed along the [111] zone axis’?
(i.e. cubic Sb203(111), see Figure 4.3 and 4.4). This posed the question whether the 3-Sb
deposits were partly and/or superficially oxidized during sample storage in ambient air.
Some prior work had reported stability of antimonene against oxidation in the ambient

conditions3335364243,4683 hyt other work had suggested thin antimony oxide present
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around Sb structures to be also prevalent?223.263884-86  Notably, for the -Sb[2-21]/cubic
Sb(001) deposits, no signs of additional crystalline oxides were found in (S)TEM or FT

data.

To investigate possible oxidation effects for the Sb deposits in a localized fashion
chemical identification via electron energy loss spectroscopy (EELS) was used. In EELS of
Sb/Sb-oxide mixtures, compositional analysis based on the commonly used EELS core
loss regions was however difficult since the core loss Sb Mas edge at ~528 eV (which
follows a delayed maxima fashion) was very close/partially overlapping the O K-edge at
~532 eV (see Figure 4.12)8788, An alternative approach was investigating the valence
EELS (VEELS) low loss region in which a sharp bulk plasmon peak at ~16.8 eV is related
to metallic Sb8?, while the plasmon peak shifts for Sb-oxides to a distinctly higher energy
of ~22eV87, For VEELS, however, also the graphene support (and, if present, amorphous

carbon TEM grid membrane) had to be considered with plasmon signatures at ~27 eV?0,

(2)

metallic Sb plasmon

de plasmon
5 (from Carbon support)

< Carbon plasmon

Intensity (arb. units)

10 20 30 50

Energy Loss (eV)

Figure 4.11: (a) VEELS spectrum of the 3-Sb(001) crystal on suspended graphene (on amorphous
carbon support) in the ADF STEM in the inset. The spectrum was acquired after ~8 months ambient
air exposure of the sample. The VEELS data is fitted to the components labelled and described in the
main text. Measurements on multiple $-Sb(001) and B-Sb[2-21]/cubic Sb(001) deposits showed
similar results in terms of only low Sb-oxide plasmon signal. Note that the metallic Sb plasmon has
the same energy for 3-Sb(001) and 3-Sb[2-21]/cubic Sb(001) in VEELS measurements®’’. (b) Atomic
model of the suggested Sb203(111)||B-Sb(001) heterostructure that forms from ambient air
exposure on 3-Sb(001) crystals.

gﬂﬁ‘{

\



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 DISSERTATION || Tushar Gupta

In Figure 4.11(a), a typical VEELS spectrum acquired from a flat 2D (-Sb crystal (inset) is
shown. Notably, this particular Sb deposit was characterized by VEELS after ~8 months
of ambient air storage, thus allowing to probe long-term resilience against oxidation. A
sharp metallic Sb VEELS peak was found to dominate the fitted VEELS spectrum with only
a small contribution of the Sb-oxide component present even after the long-term air
exposure. VEELS data for $-Sb[2-21]/cubic Sb(001) deposits showed similar results of
only low Sb-oxide signal. The VEELS findings were thereby in agreement with the Raman
data in Figure 4.1b that suggested metallic Sb to be dominant in our deposits. The VEELS
results however suggested the possibility of a very thin superficial oxide layer (which
might be below the detection limit for Raman). This further implied for the 3-Sb(001)
that the inner reflections (labelled “*”) in the FT in Figure 4.1d may be indeed related to
a very thin crystalline cubic Sb203(111) top layer on the elemental 2D (3-Sb(001) crystal
(where reflection “*” in Figure 4.1d corresponded to the (2-20) reflection in Sb203, see
also Figures 4.3 and 4.4). This suggested the possibility of intrinsic Sb-

oxide/Sb/graphene heterostructure formation from simple ambient air exposure.

In particular, whenever present, the six-fold Sb203 (2-20) reflection family consistently
had a rotational misorientation of ~30° with the six-fold 3-Sb (110) reflection family (as
in Figure 4.1d). This indicated an epitaxial relation Sb203(111)||B-Sb(001)/Sb203[2-
20]||B-Sb[110] for the Sb-oxide/Sb interface. See Figure 4.11(b) for an atomic model of
the suggested Sb-oxide/Sb heterostructure (Sb-oxide/Sb/graphene). Unfortunately, the
top regions in the B-Sb flakes in cross-section (S)TEM data were all not well enough
resolved (due to Pt/C protection layers) to finally fully confirm the suggested presence of
this ultrathin epitaxial Sb203 top layer. However, prior x-ray photoelectron spectroscopy
measurements of 2D Sb oxidation found oxide stoichiometries consistent with the here
suggested crystalline Sb203 phase85, and that core loss EELS in Figure 4.12 also was best
matched with Sb203 stoichiometry. No such crystalline overlayers were suggested from
the data for the $-Sb[2-21]/cubic Sb(001), albeit a thin amorphous Sb-oxide overlayer
was suggested to be also present based on the presence of the minor Sb-oxide signals in

VEELS.
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Combined, the microscopic and spectroscopic data shows that while Sb deposits were
overall well resilient against environmental bulk oxidation, the possibility of superficial
oxidation in ambient air still required consideration, in particular since for 3-Sb(001)
deposits the formation of an epitaxial Sb203(111) oxide overlayer is inferred from the

data.

I sb M edge ELNES

Intensity (arb. units)

520 530 540 550 560 570

Energy Loss (eV)

Figure 4.12: Core loss EELS spectrum of the Sb deposit corresponding to a Sb deposit on graphene
as in Figure 4.11a. Based on this core-loss®”%5 EELS spectrum, the presence of some Sb-oxide is
indicated (best matched Sb203) but it cannot be confirmed from this spectrum alone whether/how
much metallic Sb remains (since metallic Sb/Sbh-oxide quantification is not possible from core loss
EELS due to overlap of respective spectral features, see also main text)5755,

“Combined studies via core-loss EELS + VEELS revealed the good resilience of few

layered antimonene structures on monolayer graphene, where ELNES in the Sb My s

' [ edge (core-loss EELS) highlighted the presence of oxide, the intactness of the Sb plasmon

peak in VEELS confirmed its supverficial nature. TFollowing this, an epitaxial
relationship: $6,05(111) | | B-56 (001) /56,05 [2-20] | | B-Sb [110] for the Sb-oxide

Sb interface is suggested.”
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4.3.4 Growth Parameter Space

Finally, the wider parameter space of Sb PVD was examined. Figure 4.13 compares Sb
deposition results of nominally 10 nm Sb (regulated via a co-exposed (non-heated)
quartz crystal microbalance) as a function of substrate temperature from RT to 250 °C
onto CVD graphene-covered Cu foils (Figure 4.13a,c,e, SEM) as well as directly onto
suspended graphene membranes (no Cu underneath, Figure 4.13b,d,f, TEM). Figure 4.13
shows that the Sb deposit morphology drastically changed between RT and elevated
temperature (150 °C, 250 °C) depositions: For RT depositions (Figure 4.13a,b) merged
(truncated) (semi-)spherical features dominated. High resolution STEM in Figure 4.14
shows that these RT-deposited (truncated) (semi-)spheres were amorphous. For 150 °C
depositions (Figure 4.13c,d) the formerly described triangular/hexagonal shaped 2D (-
Sb and rod-shaped cubic Sb crystals along with few (semi-)spherical Sb deposits were
found. Among the 2D (3-Sb deposits the hexagonal base shape was more prevalent. For
250 °C depositions (Figure 4.13e,f) practically only triangular/hexagonal shaped 2D 3-Sb
and rod-shaped cubic Sb were found, whereby now among the 2D [-Sb triangles

dominate.

Notably, for neither 150 °C nor 250 °C evidence for an underlying continuous Sb layer on
neither Cu-supported nor freestanding graphene, the former in contrast to prior
literature3® was found. Besides deposit morphology, also coverage and retained Sb
amount of the nominally 10 nm Sb deposits was strongly influenced by substrate
temperature during Sb deposition and, notably, also strongly dependent on substrate-
type. In particular, Sb coverage and retained Sb amount strongly decreased with
increasing substrate temperature. For RT depositions a homogeneous coverage close to
100 % was achieved on both Cu-supported and freestanding graphene in Figures 4.13a,b
and for RT samples good agreement between nominal 10 nm thickness and AFM-
calibrated average deposit thickness was found. In comparison, the coverage for 150 °C
and 250 °C depositions decrease, whereby the coverage decrease with substrate
temperature was even more prominent on the freestanding graphene (150 °C~40 %, 250
°C: <5 %) than on the Cu-supported graphene (150 °C: ~40%, 250 °C: ~20%). For Sb

deposits with an average thickness of 21 + 14 nm at 250 °C (see above) this equated to a

— \'4.24'
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reduction in Sb amount deposited from RT to 250 °C of ~50 % on Cu-supported graphene
and of ~90 % on freestanding graphene, respectively. Notably, also the size of individual
deposits of Cu was significantly larger than on the suspended graphene, best seen in the

250 °C depositions (Figure 4.13e,f).

10 nm @ RT

50 nm @ 250 °C
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Figure 4.13: Sb deposits on Cu-supported graphene (SEM in a,c,e,g) and suspended graphene (BF
TEM in b,d,f,h) deposited at nominal thicknesses of 10 nm at RT (a,b), 150 °C (c,d) and 250 °C (e,f)
and 50 nm at 250 °C (g,h), respectively. (e) is replotted from Figure 4.1a.

Combined, this suggested a key influence of temperature dependent desorption
processes on Sb nanostructure growth353747-51 [n particular, the balance of Sb
adsorption flux (Fssad) from the evaporation source onto the graphene substrate and a
substrate temperature-dependent Sb desorption flux from the graphene substrate into
vacuum (Fsnae(T)) was key: The observed Sb morphologies implied that at RT
Fsbad>>Fsbde(RT) resulting in strong deposition, while the low temperature hindered
crystallization of the resulting Sb deposits (possibly via incomplete fragmentation of
physisorbed Sba4 species which were the preferred arriving Sb vapor species®?). This led
to the observed fully covering amorphous Sb deposits at RT. Increasing substrate
temperature led to a strong increase in Fsyde(150-250 °C), reducing the net retained
amount of Sb at higher substrate temperature. In turn the higher substrate temperatures
facilitated crystallization of the retained Sb deposits (possibly via thermally activated

fragmentation of surface-bound Sb species>! and thus increased Sb re-arrangement).
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Thereby crystalline Sb deposits grew with an onset temperature of crystallization of
~150 °C. The observation that this temperature dependence was more pronounced on
freestanding graphene membranes as compared to Cu-foil supported graphene, is
suggested to be related either to intrinsic substrate effects whereby the Cu surface states
underneath the graphene modify e.g. sticking coefficients to the Sb flux (akin to Cu
supports modifying the surface properties of graphene in liquid wetting®?) or to a
different local temperature profile on Cu-foil supported graphene vs. suspended
graphene membranes due to the macroscopic thickness 25 pm Cu foils. In the latter
scenario, the Cu foil acted as an effective heat sink for the additional energy arriving with
the incoming Sb flux Fspad compared to the vacuum-suspended monolayer graphene
membranes (and, if present, thin amorphous carbon support), thus resulting in a

(slightly) lower actual local substrate temperatures on the Cu supported graphene.

Figure 4.14: ADF STEM images of RT Sb depositions on suspended graphene at overview (left) and
atomic resolution (right). The inset shows the FT to the atomic resolution image. Both visual
appearance and FT confirmed that the RT deposited Sb on graphene is amorphous. The nominal
thickness of the Sb deposits is ~1.6 nm, which was chosen in order to obtain individual particles for
STEM imaging.

The here observed temperature dependence of Sb deposit morphology, crystallization
onset and retained Sb amount was in good agreement with prior literature3>37.47-51,

Beyond this, these results confirmed that not only the directly supporting growth
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substrate (here, monolayer graphene) but also the supporting material underneath
(here, Cu vs. vacuum) could strongly influence Sb nanostructure growth results38. This is
important to consider when designing Sb 2D /2D heterostructure stacks. Finally, in Figure
4.13gh it is shown that the here derived understanding of the balance of adsorption,
nucleation, desorption and “sub-support” can also be advantageously employed to
engineer larger Sb deposits of high crystalline quality. Figure 4.13g,h shows deposition of
nominally ~50 nm Sb at 250 °C on Cu-supported (Figure 4.13g) and freely suspended
graphene (Figure 4.13h). On the Cu-supported graphene, increasing the deposited Sb
amount led not only to laterally larger Sb domains but to the onset of undesired three-
dimensional Sb overgrowth (Figure 4.13g). In contrast, the relatively higher desorption
on the suspended graphene enabled a lower Sb nucleation density and consequently a
desired larger lateral growth of remaining Sb crystallites (Figure 4.13h, since presumably
desorption probability decreases with increasing deposit radius). Thereby by adjusting
the substrate underneath the actual graphene support, a lateral size of >400 nm diagonal
for $-Sb(001) and >500 nm long axis for 3-Sb[2-21]/cubic Sb(001) deposits, respectively
could be obtained. This was an improvement not only over the undesired three-
dimensional Sb overgrowth from Cu/graphene supported 250 °C/50 nm but also an
improvement of factor ~2 compared to the 250 °C/10 nm Cu/graphene-supported
deposits. This introduced the substrate underneath the direct 2D support as an important

parameter to consider in 2D Sb deposition.

“Temperature and substrate under monolayer graphene have been highlighted as an

' important parameter to consider for realization of 2D antimonene, while temperature of

the substrate governs the crystallization and morphology of the deposited few-layered

antimonene, direct support underneath substrate plays a vital role in promoting the large

lateral growth for deposited 2D antimonene structures”

4.4 Conclusion

In summary, using high resolution STEM, the structural relations in 2D Sb/graphene

heterostructures was elucidated which is presented as a model system for 2D Sb’s use in

-
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electronics and energy applications. Two Sb morphologies were found to co-exist under
optimized deposition conditions: Few-layer 2D (3-Sb(001)]||graphene(001) and 1D Sb
which  could be matched to both Sb[2-21]Llgraphene(001) and cubic
Sb(001)||graphene(001). Notably, both morphologies exhibited direct in-plane
rotational vdW epitaxy with the graphene support. Both morphologies were stable
against ambient air oxidation even for prolonged storage, albeit superficial surface Sb-
oxide formation was found. Notably, for 3-Sb(001) growth of an epitaxial Sb203(111)]|$-
Sb(001) overlayer was suggested from the here presented data. While exact Sb growth
results depend on growth parameters such as temperature, importantly also the nature
of the support under the direct graphene support was found to have a key influence on
Sb growth. Combined, these findings explored at high resolution the structural diversity

in scalably fabricated 2D Sb and in 2D Sb/graphene heterostructures.
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Resolving few-layer antimonene/graphene heterostructures
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Jannik C. Meyer (5, Dominik Eder(®' ™ and Bernhard C. Bayer (<™

Two-dimensional (2D) antimony (Sb, “antimonene”) is of interest in electronics and batteries. Sb however exhibits a large allotropic
structural diversity, which is also influenced by its support. Thus, Sb heterostructure formation is key in 2D Sb integration.
Particularly, 2D Sb/graphene interfaces are important. We thus study here few-layered 2D Sb/graphene heterostructures with
atomic resolution (scanning) transmission electron microscopy. We find two Sb morphologies to coexist: first, a 2D morphology of
layered B-Sb with B-Sb(001)||graphene(001) texture. Second, one-dimensional Sb nanowires which can be matched to (3-Sb[2-
21]Lgraphene(001) and are closely related to cubic Sb(001)||graphene(001). Importantly, both Sb morphologies show rotational
van-der-Waals epitaxy with graphene. Both are resilient against oxidation, although superficial Sb-oxide formation merits
consideration, including epitaxial Sb;053(111)/3-Sb(001) heterostructures. Exact Sb growth behavior depends on processing and
substrate properties including, notably, the support underneath the graphene. Our work elucidates the rich phase and epitaxy
landscape in 2D Sb and 2D Sb/graphene heterostructures.

npj 2D Materials and Applications (2021)5:53; https://doi.org/10.1038/541699-021-00230-3
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Chapter Preview

Chapter 5 expands the scope of studies performed on antimonene to its fellow pnictogen
member bismuthene. The chapter helps unravel the different response of bismuthene as

compared to antimonene when subjected to exactly similar processing conditions.

Mixed-dimensional heterostructures of low-dimensional bismuth (Bi) with two-
dimensional (2D) graphene are of interest in a variety of application fields ranging from
nanoelectronics, next-generation batteries, (photo-)catalysis to plasmonics. The studies
here explore the evolution of morphology and structure of low-dimensional Bi/graphene
heterostructures by high-resolution (scanning) transmission electron microscopy
((S)TEM). To this end, low-dimensional Bi nanostructures were physical vapor deposited
onto suspended monolayer graphene membranes. This facilitates intrinsic study of
Bi/graphene interactions, in contrast to prior works that utilized Bi on itself supported
graphene. Bi deposited onto room temperature graphene consisted grains formed by
irregular shaped [3-Bi crystals with B-Bi[001]_Lgraphene(001) texture crystals and [-Bi
nanorods with [(-Bi[2-21 | Lgraphene(001) texture. Importantly, both texture types show
rotational van-der-Waals (vdW) epitaxy with the supporting graphene. The room
temperature depositions grow via an initial amorphous (-Bi[2-21]-like state into a closed
film of (-Bi structure. For higher graphene temperatures of 150 °C to 250 °C during
deposition, formation of amorphous Bi nanoparticles at much reduced coverage due to Bi
liquification, undercooling and reverse desorption at these temperatures was observed.
While the room temperature deposited Bi films remain static under the electron beam in
the (S)TEM, the amorphous Bi nanoparticles from higher temperature depositions exhibit
electron beam induced in situ crystallisation in the TEM. In parallel to observing their
structural evolution during this crystallisation, this study also probes the evolution of
plasmonic features of Bi nanoparticles via (valence) electron energy loss spectroscopy
((V)EELS), thus suggesting a link between crystallisation state and Bi nanoparticle’s
surface plasmon energy. The figure caption for chapter 5 is a schematic representation of
the electron beam induced crystallization of the Bi nanoparticles. The contents of this

chapter are nearing to submission for publication.
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5. Bismuthene/Graphene Heterostructures

5.1 Introduction

The allotropic wealth of low-dimensional pnictogens incl. antimony (Sb) and bismuth (Bi)
has recently garnered tremendous attention.-> This interest also includes mixed-
dimensionality heterostructure formation, in which a low-dimensional (zero-, one- or
two-dimensional (0D, 1D, 2D)) pnictogen is grown atop of a 2D material like graphene.6-
8 This study focuses on heterostructure formation of low-dimensional Bi on 2D graphene.
Low-dimensional Bi is of high current interest due to its exotic electronic properties incl.
readily emerging quantum size effects?, topological insulation1%.11, large thermoelectric
powerl213 to its high suitability as anode material in next-generation batteries14-18, due
to its strong coupling with light as a plasmonic materials!® and since also catalytically
active as a potential material for (photo-)catalysis?9-22 and possibly even plasmon-driven

catalysis23.24,

All these Bi applications are intimately linked to the structure of the low-dimensional Bi,
which is also intimately linked to the nature of the Bi’s support, making heterostructure
formation key in Bi applications. Among the various Bi heterostructure supports,
graphene has been found to be of particular importance for applications: In 2D
electronics, integration of 2D Bi (“bismuthene”) with graphene has been found to
eliminate metal induced gap states, thereby reducing Fermi-level pinning and enhancing
the effective channel length because of weak van-der-Waals (vdW) interaction and thus
mitigating contact resistances.2> Also, Bi/graphene has been found useful in
electrochemical sensing26-28 applications. In energy applications, Bi/graphene
heterostructures were found to be an optimum electrode material for next generation
batteries14-1820.29-32 In catalysis, mixed-dimensionality Bi/graphene heterostructures
have recently proven their photocatalytic activity under the excitation ranging from

ultra-violet to infra-red with long term performance stability?2°.
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Another key application field for Bi nanoparticles is plasmonics incl. demonstration of
switchable localized optical resonances, paving the way toward possible applications in
optical switches. Key to useful optical switching are plasmonic materials!® that are (i)
responsive to external stimuli and (ii) support optical resonances in the UV.3334 [n
particular, plasmonic nanostructures that exhibit phase transitions are found to be more
suitable candidates for such switching applications.3>-38 Compared to conventional noble
metal plasmonic structures!®, Bi nanoparticles can have external stimuli dependent
phase transitions above room = temperature incl. readily accessible
melting/solidification3® and show a contrast in dielectric function from UV to near IR
range on account of the melting and solidification processes.3? Ultrathin graphene may
be a highly useful support materials for such plasmonic applications of nanostructured
Bi%0, In this context also, a further possible confluence of the plasmonic and
photocatalysis applications of Bi on graphene is plasmonic catalysis, which is a currently
emerging concept.#142 However, to date no dedicated work has been done on plasmonic

properties of Bi nanoparticles on ultimately thin 2D graphene membranes.

In general, to date the exact structure relations in mixed-dimensionality Bi/graphene
heterostructures often remain underexplored, in particular under dynamic conditions
and at high resolution. Prior work has investigated mixed-dimensionality Bi/graphene
heterostructures*3-45 but largely relied on ultra-high-vacuum (UHV) scanning tunnelling
microscopy (STM) and also always had the Bi on graphene placed on an additional
support which, depending on the strength of graphene-support interactions, can obscure

the intrinsic Bi-graphene interactions.

In contrast, heterostructures formed from low-dimensional Bi from scalable physical
vapour deposition (PVD) on truly freestanding monolayer graphene membranes are
studied here. Hereby the graphene membranes act not only as 2D component in here
fabricated heterostructures but also as an ideal substrate to make the low-dimensional
Bi structure readily accessible to investigation by atomic-resolution (scanning)
transmission electron microscopy ((S)TEM), due to graphene’s low scattering

background in (S)TEM.#¢ This study thereby first maps out a parameter space of low-
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dimensional Bi morphology and structure on freestanding graphene with down to atomic
resolution as function of archetypical Bi PVD conditions. This also includes investigation
of vdW epitaxial effects between the Bi and the freestanding graphene in the
heterostructures. Then, using the energy input of the electron beam in the (S)TEM as a
proxy for in situ annealing,847:48 the structural evolution of Bi/graphene heterostructures
is probed. Notably, the plasmonic properties of the Bi nanoparticles as a function of their
structural evolution by time-resolved in situ (valence) electron energy loss spectroscopy

((V)EELS) are also concurrently followed in this work.

5.2 Experimental Procedure

5.2.1 Growth of 2D Bi on graphene

PVD of Bi employed a commercial thermal evaporation system as already described in
chapter 3 including the types of substrates employed. Phase diagrams*? of W and Bi were
cross-checked to ensure that no undesired intermetallics were formed during
evaporation. As will be discussed later in the exploration of the parameter space of Bi
PVD, actual retained Bi thicknesses can strongly reduce as a function of increasing

substrate temperature via desorption effects.

“Thermal evaporation of 10nm nominal thickness of Bi on monolayer graphene

suspended on Quantifoil transmission electron TEM grids and also on chemical vapor

\r deposition (CYD) grown monolayer graphene supported on Cu tapes at RT, 150 °C and

250 °C”

5.2.2 Phase and epitaxy analysis of Bi deposits

Phase analysis of (S)TEM data employed primarily Fourier Transform (FT)/ Selected area

electron diffraction (SAED) pattern simulation using Highscore Plus/Pdf4+ software
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(ICDD Pdf4+ 2021 RDB: Software version: 4.21.0.2. Database version: 4.2103.)>° for
manual matching of measured and simulated FT/SAED patterns. Structure visualization
was done by Vesta®! software. In particular the following structural database entries
were found to best fit the measured FT and SAED (Pdf4+ code/literature reference): 3-Bi
(A7, rhombohedral, R-3m): 04-007-5315/ref. 52 ; graphene (graphite, hexagonal,
P63/mmc): 00-056-0159 /ref. 53. Figure 5.3 shows salient simulated FT/SAED patterns
of B-Bi along [001] (B-Bi(001)) and [2-21] zone-axes and graphene [001] zone axis
(graphene(001)) along with their atomic models in both top and side views. Please note
that in this chapter, when describing 3-Bi phase exclusively hexagonal labelling system
has been adopted for (-Bi (hkl) plane and [uvw] direction notations. Equivalent
rhombohedral labelling is also often used for -Bi in literature for which a conversion

table is available.54

5.3 Results and Discussion

5.3.1 Bi PVD Parameter Space

In Figure 5.1a,b,c, the morphology of Bi as a function of controlled graphene membrane
substrate deposition temperature of RT, 150 °C and 250 °C for a fixed nominal Bi
thickness of 10 nm is compared via bright field-transmission electron microscopic (BF-
TEM) images. The RT deposition yields almost fully covering film-like deposits composed
of predominantly pronounced, faceted grains (Figure 5.1a and Figure 5.2, areal coverage
~95 %). For the higher temperature depositions at 150 °C and 250 °C, the deposits
change to small (projected diameter range ~3 nm to 20 nm), isolated non-faceted
nanoparticles (Figure 5.1b,c). Concurrently, the amount of deposited Bi drastically
decreased with increasing substrate temperature (to areal coverage ~11 % for 150 °C
and ~0.4 % for 250 °C). Raman spectra of as deposited Bi depositions on graphene from
RT, 150 °C, 250 °C depositions against the reference Raman spectrum of crystalline Bi
bulk powder>5 is shown in Figure 5.1d. For bulk Bi powder two signature first order Eg
and the Aig Raman modes>® of pure bismuth (-Bi) at 68 cm and 95 cm-1, respectively

were measured.>’-¢0 For the 10 nm Bi on graphene RT depositions, the Eg mode is
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observed at 72 cm'! and Aig mode at 94 cm, respectively, also consistent with 3-Bi
structure. While Eg band undergoes a blue shift from bulk Bi powder to 10 nm RT Bi
samples, the Aig band for RT depositions shows a slight red shift. This is in accord with
previous studies>7->9 suggesting thin layered nature of Bi deposits obtained during 10 nm
Bi on graphene RT deposition. In the 150 °C and 250 °C samples, Raman peak intensities
reduce below observable significant peaks. This points to low Raman signal due to the
observed low coverage (Figure 5.1b,c) and/or an amorphous nature of the Bi deposits.
The amorphous nature of the Bi at the 150 °C and 250 °C depositions will be confirmed
by HRTEM below. Notably, Raman measurements in Figure 5.1d exclude formation of
crystalline Bi-oxides from sample preparation or ambient air storage (in keeping with
(S)TEM analysis below), as band corresponding to Bi-oxides at predominantly 128 cm-1,

315 cm and 461 cm ! respectively®1-63 remain absent.
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Figure 5.1: BF-TEM micrographs of nominally 10 nm Bi on freestanding monolayer CVD graphene
membranes deposited at (a) RT, (b) 150 °C and (c) 250 °C substrate temperature. (d) Raman spectra
measured on nominally 10 nm Bi on CVD graphene (remaining on Cu foil growth catalyst stack)
deposited at RT, 150 °C and 250 °C and additionally, for reference, bulk Bi powder.

M

- &



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 DISSERTATION || Tushar Gupta

Additional to the Bi features, graphene related G band at 1587 cm-! and 2D band at 2674
cm? indicate the preserved high quality of the CVD graphene®*¢> substrate post
deposition for all Bi deposition temperatures. Notably, no significant graphene-defect
related D band intensity was observed at ~ 1350 cm! in any sample.646> Observation of
this Raman signature of high quality graphene after Bi deposition implies the presence of
a vdW interaction at the Bi/graphene interface, i.e. absence of covalent Bi/graphene
bonding.> Beyond Raman, the high quality of the graphene after Bi depositions is also
evidenced by the clear SAED graphene reflections patterns for all deposition conditions
presented below.® The observation of a vdW interface between Bi and graphene is
consistent with previously reported density-functional-theory (DFT)¢¢ calculations and

photoemission spectroscopic measurements.6?

“Bi exhibits drastic change of morvhology from film [ike deposits at RT to isolated

spherical nanoparticle like morphology at 150 °C and 250 °C on graphene. This change

of morphology is also accompanied by change in the areal coverage from ~ 95 % at RT

\rE to ~11 % at 150 °C and 0.4 % at 250 °C. This change of morphology with reduced areal

coverage from RT to higher temperatures is because of low melting point of Bi.”

5.3.2 RT Bi depositions

For the as deposited 10 nm Bi depositions at RT, films with three regions with different
atomic arrangements were observed on the graphene supports, as observed via (S)TEM
in Figure 5.2a,b. First are regions (example marked “1” in Figure 5.2a-c) showing well-
crystallized six-fold symmetry of Bi atoms in projection (high resolution (S)TEM analysis
in Figure 5.2c¢,d-f). This is assigned to thermodynamically most stable (3-Bi allotrope
(rhombohedral, R-3m, A7) with an out-of-plane texture of [3-Bi[001] zone-axis
perpendicular to graphene(001) (B-Bi[001] Lgraphene(001)), equivalent with (3-Bi(001)
plane parallel to graphene(001) (B-Bi(001)||graphene(001)).68-70 Second are regions
(example marked “2” in Figure 5.2a-c) with well crystallized four-fold symmetry of Bi

atoms in projection (high resolution (S)TEM analysis in Figure 5.2c,g-i). This can be
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assigned to [3-Bi with zone-axis [-Bi[2-21].Lgraphene(001) texture which shows a
pseudo-cubic symmetry in projection. A very close terminating (but not perfectly
parallel) plane for this texture is (-Bi(1-12), see Figure 5.3b. Since (-Bi(1-12) is
equivalent to (-Bi(012), this orientation of (-Bi has in earlier literature often been
referred to as [3-Bi(012).7! Notably, in projection this structure is similar to black-
phosphorus alike A17 allotrope or a-Bi(001).72-74 The two observed [3-Bi textures will be
referred to as $-Bi(001) and B-Bi[2-21], respectively, for the remainder of this chapter
and of the thesis. Third are few regions (example marked “3” in Figure 5.2a,b) that show
a predominantly amorphous structure. Close examination of these regions by FT, Figure
5.4) however reveals that these have also short range order consistent with the prime
~0.33 nm lattice distance found in -Bi[2-21]. The amorphous regions are therefore
assigned as less order predecessors (“amorphous 3-Bi[2-21]-like”) to the much more

crystallized 3-Bi[2-21] regions.

Beyond the 3-Bi (001), B-Bi[2-21] and the few amorphous 3-Bi[2-21]-like regions, no
signs of other phases, e.g. Bi-oxides, have been detected by (S)TEM.>> The absence of signs
for further phases is in good keeping with the Raman data above. It was also noted that
the RT depositions did not show any e-beam induced84748 structure or morphology
changes under here employed imaging conditions but remained static also throughout
extended imaging. See Figure 5.3 for simulated FT/ SAED patterns of (3-Bi(001), 3-Bi[2-
21] and graphene(001) for reference against the experimental atomic-resolution data in
Figure 5.2. In terms of morphology in Figure 5.2a-b, the six-fold symmetric 3-Bi(001) and
the amorphous 3-Bi[2-21]-like regions are predominantly of irregular shape, while the
four-fold symmetric 3-Bi[2-21] are predominantly of one-dimensional rod-like shape.
Figure 5.2b and Figure 5.4 however show that these [3-Bi[2-21] rods do not terminate
atomically perfectly and have several step edges in their terminal line projections. It was
also noted that some rod-like appearing regions are also of six-fold symmetric -Bi(001)
structure. Readily visually apparent in Figure 5.1a and Figure 5.2a, is the preferred
orientation of the long axes of rod-like deposits with respect to each other across the
entire fields of view. Given that the graphene grains are um-sized,>%* and thus the fields
of view in Figure 5.1a and Figure 5.2a are likely single single-crystalline graphene grains,
this apparent preferred orientation of Bi deposits could be indicative of rotational vdW
Vit _

- &

7




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 DISSERTATION || Tushar Gupta

epitaxy between the Bi and the graphene.>847 In Figure 5.5 this notion of possible vdW

epitaxy is further explored.

zone axis [001]

B-Bi (001) | B-Bi (001) 4 1inm
zone axis [2-21] 1 zone axis [2-21]

-]

o

o (-114)
° (10-2) (012)
o

o

(110)

B-Bi[2-21]

Figure 5.2: RT Bi depositions (Texture): High-angle annular dark field (HAADF) (S)TEM images of
10 nm Bi films on graphene at RT outlining three different regions in overview (a,b) and at atomic
resolution (c). d-f show atomically resolved (S)TEM image (d) atomic model (as in HAADF-(S)TEM)
(e) and corresponding FT pattern (f) of -Bi(001) marked as region 1 in a-c. The FT pattern is
indexed to 3-Bi(001) i.e. 3-Bi viewed along [001] zone axis. g-i show atomically resolved (S)TEM
image (g) atomic model (as in ADF-(S)TEM) (h) and corresponding FT pattern (i) of -Bi[2-21]
marked as region 2 in a-c. The FT pattern is indexed to 3-Bi viewed along [2-21] zone axis. For
further information on atomic models and FT simulations, see Figure 5.3. And for atomically
resolved (S)TEM image and FT pattern of region 3 see Figure 5.4. The corresponding unit cells and
zone axis for the atomic models has been indicated.
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Figure 5.3: Simulated FT/SAED patterns (top) and corresponding atomic models in top/plan view
(middle) and side view (below) of B-Bi(001), -Bi[2-21] and graphene(001) respectively. The
models in top view correspond to the atomic structure in ADF (S)TEM and BF TEM images of the Bi
deposits on graphene. Unit cells and axes are also plotted and the zone axis for all views is indicated.
Note that FT/SAED can have an arbitrary rotational offset with respect to the atomic top view
sketches.

In particular, Figure 5.53, inset plots a BF-TEM image of a 10 nm RT Bi film on graphene
with its corresponding SAED pattern plotted in Figure 5.5a-d, left panels (in which the
same SAED pattern is re-plotted four times in order to clearly illustrate the four different
epitaxy assignments discussed in the following paragraphs). The highly sharp, six-fold
SAED pattern for the graphene in Figure 5.5a-d (cyan indexing) indicates the excellent
preservation of graphene structure upon Bi PVD. This corroborates formation of vdW
interface between graphene and Bi, in full keeping with the Raman analysis above.
Notably, the graphene-related SAED spots in Figure 5.5a-d (cyan indexing) are composed
of only one single six-fold spot set. This confirms that in the field of view in Figure 5.53,
inset, only one individual, single single-crystalline graphene grain has been imaged. This
readily allowed disentanglement of possible vdW epitaxial effects between the Bi
deposits and the supporting single-crystalline graphene grain via SAED and BF-TEM.

(A

UT .

- &

T



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 DISSERTATION || Tushar Gupta

Indexing of the SAED in Figure 5.5a-d with respect to Bi indicates a phase mixture of (3-
Bi(001) (Figure 5.5a,b, magenta indexing) and [3-Bi[2-21] (Figure 5.5c,d, green indexing)
crystalline deposits, in keeping with (S)TEM data in Figure 5.1 (see also Figure 5.3 for
reference of simulated SAED patterns). Importantly, Figure 5.5a-d shows that the
reflections corresponding to [(-Bi(001) (magenta indexing) and B-Bi[2-21] (green
indexing) are not randomly arranged (forming rings) but have discrete intensity maxima
at discrete rotation angles with respect to the six-fold graphene spots. This is a tell-tale

sign of rotational vdW epitaxy between the graphene and the Bi deposits.>8

Figure 5.4: ADF (S)TEM images of 10 nm Bi films on graphene at RT outlining region 3 (as indexed
in Fig. 2a,b) i.e. the amorphous $3-Bi[2-21]. The FT pattern in the inset is recorded on the region 3
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(marked with dotted square). The ring in the FT pattern at d-spacing of 0.33 nm indicates the
preferred orientation of this amorphous Bi phase to -Bi[2-21].
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Figure 5.5: RT Bi depositions (Epitaxy): (a-b) show 3-Bi(001) and graphene indexed SAED patterns
(left) atomic models showing in-plane vdW epitaxial relations derived from the corresponding
marked features in the SAED patterns (middle) and overlay of simulated FTs corresponding to the
atomic models and SAED (right) and suggest the presence of two concurrent epitaxial relations of
B-Bi(001) with respect to graphene: 3-Bi(001)||graphene(001) / B-Bi[110]||graphene[120] and f3-
Bi(001)||graphene(001) / B-Bi[110] £30° graphene[120]. The inset in (a) presents a BF-TEM image
of the region on which the SAED data has been acquired. Similarly, (c-d) show -Bi[2-21] and
graphene indexed SAED patterns (left) atomic models showing in-plane vdW epitaxial relations
derived from the corresponding marked features in the SAED patterns (middle) and overlay of
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simulated FTs corresponding to the atomic models and SAED (right) and suggest the presence of
two concurrent epitaxial relations of B-Bi[2-21] with respect to graphene as well: B-Bi[2-
21]Llgraphene(001) / B-Bi[-201]||graphene[120] and B-Bi[2-21].L graphene(001) / B-Bi[-201] £30°
graphene[120]. The colour coding is as follows: Magenta = 3-Bi(001), Green = $-Bi[2-21], Cyan =
graphene (001). All the four SAED patterns are same and were recorded on the region in inset. The
magenta colored FT is indexed to 3-Bi viewed along [001] zone axis. The green colored FT is indexed
to B-Bi viewed along [2-21] zone axis and the cyan colored FT is indexed to graphene viewed along
[001] zone axis. The unit cells and zone axis for the corresponding elements in the epitaxy atomic
models has been indicated. It is to note that while referring to impressed epitaxial relations
expressed for Bi on Graphene, the focus should be on the plane and the direction mentioned in the
epitaxial relations and not on the morphology of the 3-Bi(001) and 3-Bi[2-21] phases (particularly
in the atomic models). The morphology used is for the sake of convenience of representation of
atomic models and might differ from the exact atomic edge structures of the two phases as already
outlined above.

In particular, for 3-Bi(001) a first preferred orientation of 3-Bi(001)’s [110] direction
with no rotational offset to graphene[120] (armchair) direction (-
Bi(001)||graphene(001) and 3-Bi[110]||graphene[120]) was measured in Figure 5.5a. In
Figure 5.5b, a second preferred orientation of 3-Bi(001)’s [110] direction with 30° offset
to graphene [120] (B-Bi(001)||graphene(001) and -Bi[110] £30° graphene[120]) was
also measured. For 3-Bi[2-21] several equivalent sets of spots were measure in Figure
5.5a. It is to note that due to the respective six-fold symmetry of graphene this however
translates to just two relative preferred B-Bi[2-21] crystal lattice orientation (incl.
mirroring) with respect to the graphene lattice. First is in Figure 5.5c, 3-Bi[2-21]’s [-201]
with no rotational offset to graphene[120] (B-Bi[2-21]Llgraphene(001) and [-Bi[-
201]||graphene[120]). Second is in Fig. 3d 3-Bi[2-21]’s [-201] with 30° offset to graphene
[120] (B-Bi[2-21]Lgraphene(001) and (-Bi [-201] £30° graphene[120]). Thereby this
data clearly establishes rotational vdW epitaxy to exist in the Bi/graphene system for
both (-Bi(001) and [-Bi[2-21], even in the case of non-supported, free-standing

graphene.

Figure 5.6 expands this investigation to studying the evolution of Bi RT depositions as a
function of deposited Bi amount by investigating varying nominal thicknesses from 2 nm
to 20 nm. The highly sharp, six-fold SAED patterns for the graphene grains in Figure
5.6b,d,fh again indicate the excellent preservation of graphene structure upon Bi PVD,
again corroborating a vdW Bi/graphene interface. Notably, the graphene-related SAED

spots in Figure 5.6b,d,fh are all predominantly composed of only a single six-fold spot
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set, indicating that in each BF-TEM in Figure 5.6a,c,e,g only single single-crystalline

graphene grains have been imaged.

10 nm @ RT 2011mRT

i i""‘?:i

J W
Rl ."-q;’ri;‘f

Figure 5.6: Bi RT growth parameter space: BF-TEM images and corresponding SAED patterns of Bi
deposits of thicknesses 2nm (a,b), 5nm (c,d), 10nm (e,f) and 20nm (g,h) on suspended graphene.
The preserved reflections from graphene underneath in the SAED patterns have been marked in
cyan color and have been indexed to graphene(001) viewed along [001] zone axis.

For the initial 2 nm nominal thickness, Figure 5.6a shows that the Bi structures nucleate
homogeneously over the entire monolayer graphene basal plane without forming a
closed film yet (areal coverage ~54 %). Interestingly, the SAED in Figure 5.6b indicates
that at this stage the Bi deposit is of amorphous nature. Closer inspection of the ring-like
halo in Figure 5.6b at ~0.33 nm reveals that this is again consistent with amorphous (-
Bi[2-21]-like structure similar to regions example marked “3” observed in 10nm RT
depositions as shown in Figure 5.2a,b. Morphology indicates at this stage already
coexisting rod-like shape and irregular shape of deposits. Notably, the rod-like deposits
appear to have preferred orientation alignment over the field-of-view in Figure 5.6a.

Interestingly, this is despite the amorphous nature of the deposits.

When increasing the Bi deposit thickness to 5 nm, in Figure 5.6c, the morphologies of

features remain of the same nature as in 2nm deposits but they cover a higher fraction of
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the substrate, slowly closing towards a closed film (areal coverage ~73 %). Again,
preferred orientations of the rod-like deposits are evident in the field of view in Figure
5.6¢. Notably, the SAED in Figure 5.6d shows that at this stage the Bi film has crystallized.
Indexing of the SAED in Figure 5.6d indicates a phase mixture of 3-Bi(001) and B-Bi[2-

21] with the same vdW epitaxy relations as discussed above.

Upon reaching 10 nm nominal thickness in Figure 5.6e, an almost fully covering film, akin
to Figure 5.1a, Figure 5.2a and Figure 5.53, inset is formed (areal coverage ~95 %).
Consistent with the 5 nm deposition, the SAED in Figure 5.6f indicates the presence of
both B-Bi(001) and (-Bi[2-21] phases on the graphene, and also exhibits the same

rotational vdW epitaxial orientations, as described above.

Upon, reaching 20 nm nominal thickness in Figure 5.6g, the almost fully covering film
(areal coverage ~99 %) has visually grown in overall thickness, evidenced by the lower
intensity in the BF-TEM images. Notably, for the 20 nm film, somewhat larger fraction of
irregular shaped Bi grains compared to a reduced number of (albeit longer) rod-like
deposits was observed. Again, 3-Bi(001) and (-Bi[2-21] are detected in SAED in Figure
5.6h with the same rotational vdW epitaxy relations as above. Based on above established
morphology-structure relationship and the SAED in Figure 5.6h, the increased fraction of
irregular shaped regions in Figure 5.6g points to larger fraction of §-Bi(001) in the 20 nm

films compared to the thinner film.

While this work is the first report on Bi deposition on truly freestanding graphene,
observations made here are now set in context with prior work on Bi deposition on
supported graphene*3-4> and graphene’s bulk analogue graphite.’2-80 Prior work has
observed for RT-depositions mixed (3-Bi(001)/3-Bi[2-21]*5 and exclusive 3-Bi[2-21]4344
growth on supported graphene. For bulk graphite likewise $-Bi(001),7276 3-B[2-21]72-
7579 and mixed growth’278 has been reported for RT depositions. Morphologies of the [3-
Bi(001) and B-Bi[2-21] varied depending on study, but 3-Bi(001) has been reported to
exhibit (triangular) island’?2 morphology, somewhat matching here observed irregular

shapes, while 3-Bi[2-21] was reported as rod-like’3-75, consistent with observations
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made in this work, and star-shaped.’27375 For the planar freestanding monolayer,
homogeneous nucleation on the graphene basal plane was observed. Due to the absence
of step edges on the freestanding monolayer graphene films employed here, clearly no
preferential nucleation at steps could be observed, as often seen in work on bulk graphite
with ample step edges.’>-77 Prior work has not observed a third morphology of an
amorphous [3-Bi[2-21]-like deposit nature, as was found exclusively here in this study in
the 2 nm depositions and in small fractions also in the consecutive higher nominal
thickness depositions such as the 5nm and also 10 nm as shown in Figure 5.2b. Initial
growth of Bi in amorphous form (-Bi[2-21]-like at ultralow thicknesses, which then
undergoes crystallization upon increasing Bi thickness has not been reported for Bi
before.”2 This new observation here may be related to the truly freestanding graphene
support which is in contrast to all prior work on themselves supported or bulk supports.
A transition from 3-Bi[2-21] to 3-Bi(001) i.e. higher 3-Bi(001) fraction with increasing Bi
deposit thickness has been prior reported, consistent with the 20 nm data. This
subsequent transition of B-Bi[2-21] to B-Bi(001) is due to low thickness stability of 8-
Bi[2-21].7L72

Prior studies investigating the growth of Bi on similar adopted substrates like supported
graphene on SiC¢781, Highly ordered pyrolitic graphite (HOPG)7274758283 have observed
identical epitaxial relations of the grown Bi structures with respect to graphene
underneath. In a molecular beam epitaxy (MBE) based synthesis of Bi on supported
graphene/SiC by Huang et al.®7, following epitaxial relations were established between Bi
and SiC supported graphene: Bi(01-12)||graphene(0001) and Bi<11-20>||graphene<11-
20>. Their Bi[1-120] direction corresponds to [3-Bi[110] in terms of notation used here
and graphene<11-20> corresponds to armchair direction which is denoted by
graphene[120] in terms of notation used in this study and hence their relations fully
overlap with here studied observations of 3-Bi[2-21] Lgraphene(001) / B-Bi[-201] £30°
graphene[120] as [2-21] zone axis is also L to $-Bi(01-12). To this end it is important to
note that directions used in the prior works are in random rhombohedral/ hexagonal
notations, either in (hkil) or (hkl) format, different to consistently used hexagonal
notations in this study which are in (hkl) format throughout. However, the planes and

directions in both notations were precisely checked to allow one-to-one comparison.
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Therefore, it is important to look into the atomic arrangement across the respective
directions to have an accurate comparison of the crystallographic orientations. Similarly
Song et al.82, presented a 30° offset between the diffraction spots of Bi(111) (or 3-Bi(001)
in notation used here) and the HOPG substrate matching very well to here observed
epitaxial relations: (3-Bi(001)||graphene(001) / B-Bi[110] £30° graphene[120].
Interestingly, Hu et al.8! observed the Bi<1-10>||graphene<11-20> epitaxial relation in
Bi nanostructures grown on graphene / SiC via MBE, where graphene<11-20> is the
armchair direction similar to graphene[120] used in this study and Bi<1-10> is the
direction along the basal (001) plane of 3-Bi(001) which will be equivalent to 3-Bi[1-10]
direction as per here used notation. This difference is believed to arise on the different
stacking order of supported graphene on SiC step unlike the single-crystal monolayer

suspended graphene employed here in this study.

On similar studies performed utilizing HOPG as substrate, Wang et al.83 observed two
different epitaxial relations: first a more predominant Bi[110]||graphene[120] which
readily adheres to here observed epitaxial relation of (-Bi(001)||graphene(001) / -
Bi[110]||graphene[120]. They also observed a less predominant Bi[010]||graphene[010]
which is also in line with here made observation of 3-Bi(001)||graphene(001) / 3-Bi[110]
Z/30° graphene[120]. Scott et al’5, while elucidating growth of Bi nanorods array on
HOPG, found the preferential alignment of Bi<11-20>||HOPG<10-10> which in here
followed notations will be 3-Bi[110]||graphene[100] this is reflected from the observed
epitaxy relation of 3-Bi[2-21] Lgraphene(001) / 3-Bi[-201]||graphene[120] in this work
and the same relations has been obtained in their other studies’? dealing with early stage
growth characteristics of Bi films on HOPG. Studies dealing with origins of moiré patterns
on Bi films grown on HOPG carried out by Kowalczyk et al.74 suggested two different
orientation of their grown Bi films on HOPG: Bi<-110>||HOPG <10-10> and Bix<-
110>||HOPG<1-100> (where HOPG<10-10> and <1-100> denote the armchair[120] and
zig-zag[100] direction in here followed notations respectively and Bi <1-10> corresponds
to Bi[-201] in here used notation) which in here used notation will be (-Bi[-
201]||graphene[120] and B-Bi[-201]||graphene[100]. These two relations are observed
in here established relations of 3-Bi[2-21] L graphene(001) / B-Bi[-201]||graphene[120]
and (-Bi[2-21]Lgraphene(001) / B-Bi[-201] £30° graphene[120] respectively. Thus,
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here observed relations of rotational vdW epitaxy for 10nm Bi with respect to graphene
lie very well in line with prior studies on Bi on HOPG as well as Bi on supported
graphene/SiC. This suggests that typical supports to a graphene layer do not change the

intrinsically impressed epitaxial relationships for Bi deposits.

“10nm Bi RT deposits exhibit two different morphologies:

° Rod shaped morphology with single crystalline f-Bi[2-21] texture.

° Irreqular shaped reqions with single crystalline f-Bi (001) texture.

° TIrreqular shaped reqions with amorphous B-Bif[2-21] texture

‘ Both the single crystalline textures exhibited following distinct rotational vd W
r epitaxial relations with respect to graphene underneath:
E ° B-Bi(001)| | graphene(001) B-Bi[110] | | graphene[120] and  f-

Bi(001)| | graphene(001) / B-Bi[110] £30° gravhene[120]

° B-Bi[2-21]_L graphene(001) / B-Bil-201] | | graphene[120] and B-Bif2-

21]_Lgraphene(001) / B-Bi/-201] £30° graphene[120]”

5.3.3 Higher substrate temperature Bi nanoparticles incl. e-beam
driven dynamics

In contrast to the crystalline, film-like nature of the RT depositions with areal coverage
of ~95 % for nominal 10 nm depositions, the nominal 10 nm depositions at 150 °C and
250 °C substrate temperature resulted in isolated Bi nanoparticles Figure 5.1b,c with
sizes ranging from 3 to 20 nm and a much reduced areal coverage of ~11 % and 0.4 % at
150 °C and 250 °C, respectively. High resolution TEM shows that these nanoparticles are
all amorphous in as deposited state (Figure 5.7a,b 00 min), showing a subtle substructure
of discrete amorphous, adjacent islets comprising the individual particles. A thickness
estimation based on HAADF (S)TEM intensity analysis,884-86 places the average thickness
of the 250 °C particles at ~6 nm. This translates to a loss of Bi amount between the RT

depositions and the 250 °C of ~99 %. With a melting point of bulk Bi at ~270 °C,87 the
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drastic morphology change as observed in Figure 5.1a-c in the Bi from RT to higher
temperature depositions is related to nanosized melting point depression at the higher
temperature depositions (to, e.g., ~160° C for 5 nm Bi particles)®882 and associated much
increased, backward Bi desorption during deposition at higher substrate temperatures.>
While the RT films are crystalline, the 150 °C and 250 °C are found to be amorphous. The
amorphous structure results from quenching during cooling from the above-melting-
point substrate temperature of 150 to 250 °C. Prior work has observed for annealing of
RT-deposited Bi films or high temperature Bi deposition similar reduction of retained
Bi?0-94 with few examples of retention of crystallinity at 150 °C albeit restructuring of

morphology.78

In contrast to the static nature of the RT Bi depositions under the e-beam in (S)TEM, the
Bi nanoparticles from the higher temperature 150 °C and 250 °C depositions show a great
deal of atomic motions upon e-beam exposure in TEM under here employed conditions,
as shown in Figure 5.7a,b (electron dose rate estimated to 2x10! e-A-2s1). In particular,
the amorphous nature of the Bi nanoparticles from the higher temperature depositions
changed in situ into fully crystallized structures with faceted morphology. It was found
that the amorphous nanoparticles can readily evolve to nanoparticles with either 3-

Bi(001) (Figure 5.7a) or $-Bi[2-21] (Figure 5.7b) structure.

In the in situ measurements, it was found that the crystallization of the initial amorphous
Bi nanoparticles proceeds via a two-step mechanism: In step 1, the crystallization begins
with the formation of several irregular shaped isolated crystallized clusters within the
amorphous islets of Bi nanoparticles (Figure 5.7a, 0-15 min; Figure 5.7b, 0-18 min). In
step 2, these initially crystallized regions within the particles coalesce with each other
and continue to rearrange, ultimately leading to gradual formation of a well faceted
crystal (Figure 5.7a,b). The final crystalline Bi islet formed has a reduced projected area
(and thereby higher density) as compared to the initial amorphous particles. Once
crystallized, the Bi particle remain crystallized during further longer electron beam
exposure, until electron beam induced damage®> to the supporting graphene limits the

stability of the entire heterostructure. It was found that some amorphous particles take
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as short?697 as ~ 3-4 min to completely crystallize under the employed conditions in this

study.

(a) Crystallization to B-Bi(001)

Figure 5.7: BF-TEM images of electron beam induced crystallization of amorphous Bi nanoparticles
obtained from 150 °C deposition. (a) shows the crystallization of thicker (based on BF-TEM
contrast) amorphous despoits to $-Bi(001) and (b) shows the crystallization of thinner (based on
BF-TEM contrast) amorphous despoits to -Bi[2-21]. The inset shows BF-TEM images of the
structural reconstrucions acquired at an internval of 5 min till electron beam damaged the
graphene.

Within the studied data, apparently thicker amorphous Bi islets (based on intensity in the
BF-TEM images) show a preferential transition to (-Bi(001). In contrast, thinner
amorphous Bi islets preferentially crystallize to $-Bi[2-21]. Overall more crystallisation
events to 3-Bi[2-21] (~40) than to 3-Bi(001) (~9) were observed for the Bi nanoparticles
obtained in 150 °C deposition. In addition to this, events of two isolated islets coalescing
into each other and ultimately crystallizing to 3-Bi(001) (Figure 5.8) were also observed.
These observations are in line with the transition of preference from (-Bi[2-21] to B-

Bi(001) at higher thicknesses,”172 akin as in the RT deposition samples.

With respect to rotational vdW epitaxy, it is to note that for the dataset of in situ
crystallized nanoparticles, the relative orientation of Bi and graphene lattices can be
compared via FT analysis post crystallisation, as exemplary shown for one (-Bi(001)

particle in Figure 5.9a,b and for one B-Bi[2-21] particle in Figure 5.9d,e respectively.
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From the multiple (>45) crystallization sequences, a histogram of rotation values
between Bi and graphene crystals is plotted (Figure 5.9c for $-Bi(001) and Figure 5.9f for
B-Bi[2-21]). Consistent with the SAED analysis in Figure 5.5 above (which intrinsically
averaged over multiple >>140 crystallites), also this statistical analysis of single particles
shows strong signs of rotational vdW epitaxy for Bi/graphene. For 3-Bi(001), a preferred
orientation of 3-Bi(001)’s [110] direction with no rotational offset to graphene [120]
(armchair) direction ($-Bi(001)||graphene(001) and B-Bi [110]||graphene[120]) was
found as shown in Figure 5.9c, akin to Figure 5.5a. For 3-Bi[2-21], 3-Bi[2-21]’s [-201] was
found with no rotational offset to graphene [120] (B-Bi[2-21] Lgraphene(001) and 3-Bi [-
201]||graphene[120]) as shown in Figure 5.9f, akin to Figure 5.5c. The absence of 30°
misorientations with respect to graphene [120] (as Figure 5.5b,d) for both (3-Bi(001) and
B-Bi[2-21] may be either related to the smaller number of observations than in the multi
crystallite (>>140) averaging SAED in Figure 5.5 or indicates that the emergence of

rotational vdW epitaxy in the Bi-graphene can also be kinetically limited.84”

Figure 5.8: BF TEM image of the electron beam induced crystallization of Bi nanoparticles (from 10
nm Bi deposited on graphene at 150 °C) where two isolated B-Bi[2-21] crystallized nanoparticles
were observed merging to $-Bi(001) crystallized nanoparticle suggesting the higher stability of §3-
Bi(001) with increasing thickness.

Electron beam exposure leading to amorphous/crystalline transitions in Bi nanoparticles
has been prior reported unidirectionally®68 (as here) and also in a reversible manner.
97.99,100 [t has been suggested to be related to heating/supercooling of the Bi particles via

the energy delivered by the electron beam due to different thermal conductivities in
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crystalline/amorphous state of Bi,”  which can lead to cyclic
amorphization/crystallisation of particles. In this study, only forward amorphous to
crystalline transitions was observed while cyclic crystallized < amorphous state
transitions were not observed. The reverse transformation of crystalline to amorphous
state in Bi has thus far been attributed to continued heat input from the electron beam
into the Bi which result in reaching the nanosize-related depressed melting point and

thus liquification of the Bi crystallites under the beam?°.

@ ~* S5 (c)’ I ¢-8i(001)

B-Bi(001)
P it

-30 -20 -10 1] 10 20 30
Rotational offset between Bi[110] / Graphene [120](°)
(angle between Bi (110) / Graphene (010) FT spots)

[ p-Bi[2-21]

-30 —Z:l'l —1‘0 0 10 20 30

Rotational offset between Bi[-201] / Graphene [120](°)
(angle between Bi (1-1-4) / Graphene (010) FT spots)

Figure 5.9: BF-TEM image (a) shows the electron beam crystallized 3-Bi(001) particle (10 nm Bi at
150 °C) and the graphene support with corresponding FT pattern (b) from the BF-image showing §3-
Bi(001) (magenta) and graphene(001) (cyan) reflections indicating signs of the following rotational
vdW epitaxy relation of -Bi(001) with respect to graphene(001) wunderneath: -
Bi(001)||graphene(001) / B-Bi[110]||graphene[120], similar to what was observed for RT deposits
in Figure 5.5. BF-TEM image (d) shows the electron beam crystallized 3-Bi[2-21] particle (10 nm Bi
at 150 °C) and the graphene support with corresponding FT pattern (e) from the BF-image showing
B-Bi[2-21] (green) and graphene(001) (cyan) reflections indicating signs of the following rotational
vdW epitaxy relation of B-Bi[2-21] with respect to graphene(001) underneath: -Bi[2-21] L
graphene(001) / B-Bi[110]||graphene[120], similar to what was observed for RT deposits in Figure
5.5. (c) and (f) show histogram of multiple measurements of misorientation angles between Bi[110]
and graphene[120] in the crystallized B-Bi(001) and (-Bi[2-21] respectively with respect to
graphene underneath, showing that most prevalent misorientations correspond to the cases in (a,b)
and (d,e), in line with RT results in Figure 5.5.

The fact that this liquification behaviour for Bi crystallites was not observed in this study

can be attributed to the efficient heat transfer away from the Bi because of the excellent
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heat conducting properties of the graphene membrane.101 Thereby due to the graphene
support, the threshold for the reverse liquification transition (before the graphene
support loses structural integrity from beam damage for very prolonged e-beam
exposures) was not reached. The observation of ~ 45 % area reduction upon complete
crystallization of the amorphous Bi nanoparticles further overlaps with the initial liquid
(amorphous) state to final solid (crystallized) state where compact structuring of the Bi

atoms in their crystallized state leads to the reduction in area of the Bi nanoparticle.

Studies involving few-layer antimonene (2D Sb)/graphene heterostructures as already
outlined in chapter 4,5 will now be set in context to this work on Bi/graphene
heterostructures. Notably, Sb (atomic number 51) is the pnictogen directly above Bi
(atomic number 83) in group 15/VA in the periodic table. Key differences between Sb and
Bi are the much higher melting temperature of Sb of ~630 °C compared to Bi of 270 °C,102
as well as the more anisotropic, layered character of Sb compared to Bi.103 A common
observation in both Sb and Bi on graphene systems is the general co-existence of the two
(001) and [2-21] textures in crystalline deposits. Also, both Sb/graphene and
Bi/graphene systems show clear rotational vdW epitaxy. This shows that both pnictogens
form structurally similar heterostructures with graphene. The higher melting
temperature of Sb however translates to amorphous Sb growth at RT versus fully
crystallized Bi growth at RT for the same nominal thickness. Likewise, the retained
amount of Sb at higher deposition temperatures of up to 250 °C is much higher than the
here observed drastic Bi loss. Also, the higher temperature Sb depositions readily retain
crystallinity, unlike the here amorphized Bi nanoparticles at 150 °C and 250 °C.
Combined, this clearly shows that processing windows to obtain similar pnictogen
structure on graphene must differ in temperature and flux. A final difference between Sb
and Bi was that, unlike in the Bi system where amorphous nanoparticles showed
electron-beam induced crystallisation phenomena, in the Sb system all nanostructure
remained static under the electron beam in the employed (S)TEM conditions. This can be

again ascribed to the higher melting point of Sb compared to Bi.
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“Bi deposits obtained as nanoparticles on high temperature (150 °C and 250 °C) show

electron beam driven restructuring mechanisms leading to their complete

crystallization. Based on BF-TEM image intensity thinner deposits crystallize to f-
' Bif2-21] texture and thicker deposits crystallize to B-Bi(001) texture. Both these

\rE crystallized textures of Bi also show following rotational vdW epitaxial relation

with graphene:
° B-Bi1(001)| | graphene(001) / B-Bi[110] | | graphene[120]

° B-Bi[2-21] L graphene(001) / B-Bil-201] | | graphene[120]”

5.3.4 Plasmon Shift during in situ Crystallization.

Finally, additionally to following the structural evolution of the 150 °C/250 °C deposited,
initially amorphous Bi nanoparticles in situ under the electron beam in Figure 5.7 and
Figure 5.8, the evolution of Bi nanoparticle plasmon signatures using time-resolved
(V)EELS was also followed.194 Recent advances in the instrumentation along with
adapted mathematical methods have made the use of time resolved EELS in studying
electron beam induced phase transformations quite feasible.105106 However, most of time
resolved EELS studies remain concentrated to the core-loss spectra. Hardly any of the
time resolved studies has focussed on the change in the low loss region (with special
emphasis on the shift of the plasmonic modes) to account for the electron beam induced
phase transitions. Given the key interest in plasmonic properties of Bi nanoparticles for
optical switching and plasmon catalysis application and given the possible key influence
of structure modifications to plasmonic signatures, such measurements would however

be of high relevance.

In Figure 5.10a, a starting (V)EELS spectrum of an amorphous Bi particle on graphene
(i.e. a Bi particle from 150 °C higher substrate temperature deposition) is plotted for
which the EELS contribution of graphene has been subtracted as background i.e. Figure
5.10a shows only the Bi-related (V)EELS signal. A fit of the (V)EELS spectrum reveals

three components, namely a predominant peak centred at ~19 eV, which is ascribed to
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the Bi volume plasmon,107 a shoulder to this peak at ~10 eV, which is ascribed to the Bi
surface plasmon,107.108 and another peak at ~30 eV, which is related to the Bi 04,5 edge.107
These (V)EELS features are as expected for Bi nanostructures,107.108 3also further
excluding formation of other phases such as Bi-oxides in line with Raman and (S)TEM

data above.108
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Figure 5.10: In situ studies of Bi plasmon evolution during electron beam induced crystallization of
Bi nanoparticles on graphene at 150 °C. (a) shows the low loss EELS spectra of Bi composed of three
distinct features. Peak at ~ 10 eV corresponds to Bi surface plasmon, Peak at ~ 19 eV corresponds
to Bi bulk/volume plasmon and peak at ~ 30 eV is the Bi 04,5 edge. (b) shows the time resolved
evolution of the three distinct features of the Bi low loss EELS spectra during electron beam driven
crystallization. The Bi surface plasmon peak undergoes a shift from initial ~ 10 eV (amorphous
state) to final ~ 8.6 eV (crystallized state) with no significant changes in the ~19 eV peak positions
and the Bi O4;5 edge.
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In Figure 5.10b the change in the position of these three components with increasing
exposure time to the e-beam, while the Bi nanoparticle transitions from amorphous to
crystalline Bi, is plotted. Notably, while the volume plasmon peak at ~19 eV and Bi O4;5
edge at ~30 eV do not change in energy, the surface plasmon shoulder at ~10 eV shifts
with increasing e-beam exposure time to a lower energy down to ~8.6 eV. This suggests

that the Bi surface plasmon is sensitive to the crystallinity of the Bi particles.

While some previous works19.38109-112 haye described the change in Bi nanoparticle
optical responses as a result of change in dielectric function, transmission and reflection
changes during the melting and freezing of the Bi in different matrix, to the best
knowledge of the state-of-art, no study on the effect of the crystallization process on the
plasmonic modes of Bi has been reported to date. Since crystallisation can be enforced by
external stimuli and has been shown to be cyclic reversible, this finding may point to the

Bi surface plasmon as a potentially switchable plasmonic feature.

“Ouring in-situ_electron beam induced crystallization of the amorphous Bi

nanoparticles, time-resolved (VIEELS studies were additionally performed which
‘ outlined the sensitivity of surface plasmon peak of Bi towards the structural

\rE reconstruction happening during electron beam induced crystallization. A shift from

10 eV in initial amorphous state to 8.6 eV to final crystallized state was observed in

the surface plasmon peak in (VYEELS spectrum of Bi.”

5.4 Conclusion

In summary, structure and morphology of low-dimensional Bi deposits on truly
freestanding monolayer graphene membranes (i.e. removing any possible effect of an
underlying substrate under itself supported graphene) was studied here. The high-
resolution (S)TEM investigations of mixed-dimensional Bi/graphene heterostructures

revealed the structure and morphology evolution of PVD Bi as a function of substrate
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temperature and deposition amount during deposition, where blanket like largely
crystalline thin film morphology at RT conditions drastically transforms to isolated
amorphous nanoparticles at higher temperatures. Nucleation of crystalline 3-Bi at RT
appears to be preceded by an intermediate amorphous state at ultralow thicknesses. Co-
existence of two key 3-Bi textures were observed in all crystalline depositions, both with
clear rotational vdW epitaxy with the graphene support. For amorphous Bi particles an
electron-beam induced in situ crystallization in the TEM is revealed and a link between
crystallisation state and surface plasmon energy in Bi by concurrent (V)EELS
measurements is also suggested. Combined, these findings elucidate the multi-faceted
structural and morphological dynamics in mixed-dimensional Bi/graphene

heterostructures at high resolution and for truly freestanding graphene.
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Chapter Preview

Chapter 6 addresses the second adopted route for the synthesis of 2D pnictogens via wet
chemical approach of sonochemical assisted process. Interestingly, carrying out the
exfoliation of bismuth under the described conditions led to the synthesis of a different

compound of bismuth: namely bismutite.

Laterally large (~3 um), atomically-thin two-dimensional (2D) Biz02C03 nanosheets (2D
bismuth oxycarbonate, 2D bismutite) were fabricated via sonochemically-assisted
template-free synthesis. Key to the synthesis of the freestanding, laterally large 2D Biz02C03
nanosheets from bulk Bi powder is choice of suspension medium, controlled reaction
temperatures and several hours processing time. Lateral sizes of 2D Biz02C03 can be
controlled between um-sized nanosheets and tens of nm sized nanoflakes solely based on
the choice of suspension medium. The here introduced 2D Bi:02C03 nanosheets/-flakes
were then hybridized by a simple mix-and-match approach with TiO2 nanoparticles for
testing in suspension-type photocatalytic hydrogen production via water splitting. This
introduces the 2D Bi202C03 with TiOz as a promising noble-metal-free catalyst component

for hydrogen evolution in photocatalytic water splitting.

The findings enrich the fabrication toolbox of emerging 2D pnictogen oxycarbonates
towards large 2D nanosheets and demonstrate the promising potential of 2D Bi202C03 as
a catalyst component for hydrogen evolution in photocatalytic water splitting. The figure
caption for chapter 6 is a graphical representation of interfacing of two different
morphology of the exfoliated Biz02C03 with TiO: exhibiting hydrogen evolution activity via
photocatalytic water splitting under UV light.

The contents of this chapter have been submitted for publication. (see pre-print

repository: https://arxiv.org/ftp/arxiv/papers/2105/2105.09885.pdf )
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6. Liquid Phase Exfoliation of Bi

6.1 Introduction

Two-dimensional (2D) pnictogens such as 2D antimony (“antimonene”) and 2D bismuth
(“bismuthene”) have spurred tremendous interest in electronics, energy applications and
catalysis.1-> Likewise, more recently, also 2D pnictogen compounds have come into focus
because of their combination of unusual, potentially useful properties in electronics,
energy and catalysis.®13 For the case of bismuth, this includes recent work on binary 2D
bismuth oxides10-13 and 2D ternary and multinary oxygen-containing bismuth compound

phases, incl. 2D Bi-oxyhalides, 2D Bi2WOs, 2D BizM00Os or 2D BiV(04.23.91415

Amongst the ternary bismuth compound phases, the bismuth oxycarbonate (BOC)
Bi202C03 phase, also called bismutite and bismuth subcarbonate (Bi0)2C0s3, is of
particular interest.l® Bi202C03 has an intrinsically layered structure composed of
alternating [Bi202]?* and [CO3]?- sub-layers and is a semiconductor with a band gap of
~3.1 - 3.5 eV.16 [n nanostructured form, Biz02C03 has been shown to have useful
properties, particularly towards energy, catalysis and photocatalysis.1¢ In particular for
photocatalysis, 2D morphology can offer benefits over other morphologies incl
intrinsically high specific surface areas and short migration lengths of photogenerated
charge carriers to the reaction fronts on the 2D materials’ surfaces. This can reduce
recombination losses and thus lead to higher activity of 2D forms of common materials.1”
Synthesis of Bi202C03 in atomically-thin 2D morphology remains however
underdeveloped, in particular in terms of rational control over lateral sizes and

thicknesses.16,18-49

Towards filling this gap, a simple method of sonochemically-assisted>%51 template-free
synthesis of laterally large, atomically-thin 2D Bi202C03 nanosheets is presented. In
particular, the presented synthesis approach readily allows control over lateral 2D
Bi202C0s3 size between unusually large, um-sized nanosheets and small, tens of nm sized

nanoflakes solely depending on suspension medium.
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While nanostructured Bi202C03 is a popular photocatalyst for organic pollutant and NO
degradation,1618-3447-49 jt has to date received little attention for photocatalytic solar fuel
production such as in photocatalytic hydrogen evolution reaction (HER) from water
splitting.3>36.52 This is despite photocatalytic HER being one of the key technologies to
meet the demands of the growing energy crisis in a sustainable way.>3>4 Photocatalytic
HER critically hinges on the availability of (cost-)efficient, scalable (heterojunction)

catalysts and/or (co-)catalysts and the search for these is an ongoing challenge.53.54

To this end, here newly introduced 2D Bi202C03 nanosheets/-flakes were hybridized by
a simple mix-and-match approach with TiOz nanoparticles and these hybrids were then
tested as heterogeneous photocatalysts in suspension-type photocatalytic HER from
water splitting. The results thereby introduce 2D Bi202€03 with TiO2 as a prospective

noble-metal-free catalyst component for photocatalytic HER.

6.2 Experimental Procedure

6.2.1 Synthesis of 2D Bi20:C03 nanosheets/-flakes

The followed sonochemically-assisted synthesis (already been described in section 3.2.2
of chapter 3) first encompasses liquid-phase-exfoliation (LPE)50>1 type treatment of bulk
Bi powder which has a layered, buckled rhombohedral 3-Bi/A7 crystal structure>> and a
particle size of up to 150 um (Figure 6.1). To provide energy to the system ultrasonic bath
immersion was employed.>%>1 Sonication was undertaken with air-tight closed sample
vials that were immersed in the temperature-controlled sonication bath. Importantly, 5
different suspension media (“solvents”) were screened for the Bi during sonochemical
treatment, namely: water (H20), methanol (MeOH), isopropanol (IPA), ethanol (EtOH)
and (motivated by prior literature>¢) IPA:H20 (4:1) mixture. All solvents were of technical
grade and are used without particular purging to remove dissolved gases before
synthesis. H20 was nominally deionized, however resistivity measurements on the order

of only ~0.4 MQ) cm indicate significant concentrations of residual ions to be present in
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the water incl. carbonate ions from CO2 dissolution from ambient. Consistent with high

content of residual ions in the water, we also find significant traces of Ca and Na from the

H20 preparation in the XPS survey scan (see section 6.3), which we also ascribe to

residual ions in the H20. A wide screening of solvents is often key in LPE and related

techniques as 2D materials’ suspendabilities are known to be highly solvent dependent.50

l:xperimenlly ohtaiﬁed * Powder diffraction pattern from |
diffraction pattern of pdffile with code 04-004-5315 !
bulk Bi powder from PDF-4+ !
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Figure 6.1: (a) SEM image of initial bulk Bi powder.
(b) shows the experimentally obtained diffraction
pattern of the bulk Bi powder (c) shows the simulated
diffraction pattern from the PDF file 04-004-5315
corresponding to rhombohedral B-Bi. The peaks in
the obtained diffraction pattern in (b) have been
(hkl)-indexed to the simulated pattern in (c). All the
peaks obtained in the diffractogram were
successfully indexed to -Bi. This reaffirms the phase
purity of bulk Bi powder and verifies the absence of
any Bi-oxides in the initial precursor before our
sonochemical synthesis.

(a) After sonication

Figure 6.2: Photographs showing the

optical appearance of the
suspensions of 60 mg of Bi powder in
15 mL of the solvents after 15 h of
sonication (a) and of the
supernatant collected after
subsequent centrifugation (b).
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The initial starting concentration of Bi was chosen to be 4 mg mL-! in all solvents, where
Bi powder (60 mg) was dispersed in solvent (15 mL). Bi powder was weighed and put
into the solvents in vials in ambient air. Then sonication was done by immersion of the
air-tight capped vials with the sample solutions in the temperature-controlled sonication
water bath. After the sonication, the supernatant in the vials was immediately collected
and transferred to the centrifuge tubes without disturbing the sediment. From the initial
15 mL volume of the solution used for the sonication, an approximate volume of 10 mL
was safely collected for the next step of centrifugation. After the centrifugation, again the
supernatant was immediately separated without disturbing the sediment and
transferred to a separate tube. From the initial 10 mL volume of the sonicated sample
used for centrifugation, approximately 7.5 mL volume of supernatant was safely
recovered after centrifugation. It was this volume of the supernatant (after sonication
and centrifugation) that was further utilized for characterization and photocatalytic

testing.

To note is that after the sonication step, the suspensions were visibly opaque compared
to parent solvents, but after the centrifugation step the suspensions looked virtually as
translucent as their parent solvents to the naked eye as depicted in Figure 6.2. This
suggests that concentrations of material in centrifuged suspensions is low. Gravimetric
quantification of concentration of solid content via solvent evaporation corroborates this
and put concentrations in our suspension to a maximum of ~50 mg L-1 (which was the

detection limit of the balance system).

“Efficacy of 5 different solvents was tested towards exfoliation of bismuth.

Important for the recipe development, ultrasonication employed wvery long

processing time (15 h) and wvery close control of bath temperature during

sonication to either “room temperature” (RT, 22 °C to 26 °C) or “ice bath”

conditions (ICE, 0.1 °C to 2.2 °C). Subsequent to sonication, suspensions were

centrifuged and then supernatant was collected for further characterization and

photocatalytic testing”
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6.3 Results and Discussion

6.3.1 Morphology and Structure

Figure 6.3 shows scanning electron microscopy (SEM) images of obtained products from
sonication and centrifugation (after drop casting onto SiO2/Si wafer) for MeOH (Figure
6.3a,b) and H20 (Figure 6.3d,e) from RT and ICE processing. The SEM images confirmed
that, despite the visually translucent suspensions, ample solid material was suspended in
the sonicated and centrifuged samples. Strikingly, while MeOH (both in ICE and RT)
produced small nanoflakes (lateral sizes ~80nm), H20 resulted in large 2D nanosheets of
roughly square shapes with lateral sizes of several pm (ICE: average 3.5 pm * 2.6 pm
standard deviation; RT: average 2.3+1.3 pm) and an apparently low thickness (as flakes
appear electron transparent in the SEM images). [PA (RT, ICE), EtOH (RT, ICE) and IPA:
H20 (RT) led to small nanoflakes (Figure 6.4a-e) akin to MeOH, which for IPA and EtOH
also appeared to be thicker compared to H20 and MeOH. IPA:H20 (ICE) produced thin

square nanosheets with um lateral sizes (Figure 6.4f).

MeOH

Height Profile (nm)

004 006 008 000 O
Distance (pm)

z 3
Distance (um)

Figure 6.3: (a,b) SEM micrographs of MeOH RT and ICE, (c) AFM image of MeOH ICE. (d,e) SEM
images of H20 RT and ICE (f) AFM image of Hz0 ICE. Line profiles over the flakes are plotted
alongside the AFM images in (c,f) to obtain thickness measurements of the flakes.
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IPA: H,0

-

Figure 6.4: SEM images of obtained nanoflakes in IPA (a,b); EtOH (c,d); IPA: H20 (4:1) (e,f) at RT
(a,c,e) and ICE conditions (b,d,f), respectively.

In Figure 6.3c,f atomic force microscopy (AFM) measurements are presented to ascertain
the thickness of the laterally small MeOH ICE and laterally large H20 ICE products. Figure
6.3c confirms that MeOH ICE resulted in thin (~2.5 - 3 nm) but laterally small (only ~ 80
nm) nanoflakes. In very stark contrast, H20 ICE in Figure 6.3f resulted in approximately
squareshaped nanosheets with ultra-high aspect ratios, with lateral sizes of ~3 um and
atomic-scale thicknesses of only 4 - 6 nm. Figure 6.5 shows that MeOH RT resulted in
correspondingly small nanoflake morphology and that H20 RT resulted in

correspondingly large, atomically thin 2D nanosheet morphology.
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Figure 6.5: AFM images of MeOH RT (a) and Hz0 RT (b). Line profiles over the flakes are plotted
alongside to measure flake thickness.

Figure 6.6a-c presents a structural characterization of the MeOH ICE products by bright-
field (BF) transmission electron microscopy (TEM, overview Figure 6.6a, lattice
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resolution side-view in Figure 6.6b and lattice resolution top-view in Figure 6.6¢ with
Fourier Transforms (FTs) in insets). TEM confirmed the small lateral size, atomic
thickness of the nanoflakes and additionally proved their crystalline nature. Figure 6.6d-
f shows corresponding TEM data for the H20 ICE products in terms of BF-TEM overview
(Figure 6.6d), lattice resolution TEM in topview (Figure 6.6e, FT in inset) and a selected
area electron diffraction pattern (SAED) from topview (Figure 6.6f). For the H20 ICE
preparations, TEM confirmed the large lateral size, atomic thickness and approximate
square shape, and additionally proved the single crystalline nature of the large

nanosheets.

MeOH ICE

(g) Bi,(CO,)0,- Orthorhombic - 04-009-8533
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Figure 6.6: (a-c) MeOH ICE studied by overview BF-TEM (a), lattice resolution side-view (b, FT in
inset) and lattice resolution top-view (c, FT inset) BF-TEM of nanoflake. (d-f) H20 ICE studied by

£

Yool —




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ 3ibliothek,
Your knowledge hub

Chapter 6 DISSERTATION || Tushar Gupta

overview (d) and lattice resolution (e, FT in inset, top-view of flake) BF-TEM and top-view SAED (f).
(g) shows a structural model of orthorhombic 2D Biz02C03 (powder diffraction file: 04-009-8533)57
in top-view along [010] (left) and side-view along [001] (middle) and a simulated SAED/FT pattern
(middle) for Biz02C03 along [010] zone axis (i.e. top-view) with salient reflections matches to
experimental data in (e,f) highlighted. corresponding SAED/FT simulation of side-view is shown in
Figure 6.7.

To identify the crystal structure of the nanoflakes and nanosheets from the lattice
resolution TEM and SAED data, it was considered that the starting educt is Bi, and that
reactions to BixOy and BixOyCz via oxygen and carbon from MeOH and H20 decomposition
in sonication and via dissolved oxygen and carbonate ions CO3%- from dissolved COz in the
solvents are likely reaction pathways during our long sonication processes. Interestingly,
comparing against multiple Bi, BixOy and BixOyC. database structures (see extended
discussion in section 6.3.2), consistent best match to the experimental top-view
TEM/SAED data (Figure 6.6¢,e,f) was found to be orthorhombic Bi202C03 viewed along
the [010] zone axis (Figure 6.6g, left). (Please note that instead of the orthorhombic unit
cell alternatively often a tetragonal unit cell is used to describe Bi202C0s. The results are

discussed using this tetragonal notation.)

Figure 6.7: Side view FT/SAED simulation for orthorhombic Biz02C03 (PDF file orthorhombic 04-
009-8533)57. Note that FT/SAED simulation is not rotation corrected with respect to side-view, i.e.
“basal” (010) plane family parallel to substrate appear inclined at ~45° in this simulation.

The synthesized nanoflakes and nanosheets were thus layered orthorhombic Bi202C03

with the alternating Bi202 and CO3 sub-layers parallel to the substrate (Figure 6.6g,

_dy
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middle, orthorhombic Bi202C03 with [010] or (010) texture). Beyond structure

identification from top-view images, for the MeOH ICE lattice resolved sideview images

of the 2D flakes (Figure 6.6b) were also observed. These confirmed their atomically-thin

“few-layer” nature and lattice fringes in the side view of ~0.68 nm were measured, which

was also in excellent agreement of the layer distance in orthorhombic Bi202C03 of ~0.68

nm (corresponding to (040) plane family shown via side-view SAED/FT simulation in

Figure 6.7). Thus the side-view TEM data also corroborated 2D Bi202C03 with (010)

texture.
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Figure 6.8: XRD pattern (Bragg-Brentano
geometry) of H20 ICE drop cast onto SiOz/Si
substrates. XRD peaks related to the the
single-crystalline Si(100) wafer substrate
are marked with red asteriks (*). Three
reflections (~13°, ~26° and ~40°) are
related to the H20 ICE nanosheets and are
consistently indexed to orthorhombic
Bi20:€0s (PDF: 04-009-8533)57 (040),
(080) and (0120) reflections (as labelled),
respectively. This is for XRD in Bragg-
Brentano geometry exactly the pattern one
would expect from 2D Bi202C03 with (010)
texture, as indicated from TEM data.

The TEM based structural phase assignment
was also backed up on a larger scale by Bragg-
Brentano  X-ray  diffractometry  (XRD)
measurements of nanosheets drop-casted onto
Si02/Si wafers (Figure 6.8). The measured XRD
patterns were highly consistent with Bi202C03
with (040) (and equivalently (010)) texture.
Notably, XRD was inconsistent with other
possible candidate phases, most importantly
excluding all Bi203 polymorphs (see section
6.3.2). Furthermore, XRD did not indicate the
presence of any other phases, thus confirming
phase purity of the synthesized 2D Bi202C03
nanosheets. The phase purity was also
corroborated by the number of flakes/sheets
observed at lattice resolution in TEM (7 for
MeOH, 15 for H20) which were all consistently
best indexed to 2D Bi202C03 along [010] zone
axis. Similarly, MeOH RT and H20 RT synthesis
products were found to be best matched by 2D
Bi202C03 (Figure 6.9). The phase assignment
therefore suggested that during 15 h sonication,

the Bi has not only transformed to 2D
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nanoflake/-sheet morphology>! but concurrently got oxidized and bridged/intercalated

by CO32- to form 2D Bi202C0s.

R $ : g |, £ p, ‘ . . . . .
Figure 6.9: (a-d) MeOH RT studied by overview BF-TEM (a), lattice resolution side-view (b, FT inset)
and lattice resolution top-view (c, FT inset) of flake. (d) shows a simulated SAED/FT pattern for
orthorhombic Biz02C0s3 along [010] zone axis with salient reflections matches to experimental data
in (c) highlighted. (e-h) H20 RT studied by overview (e) and lattice resolution (f, FT in inset, top-
view of flake) BF-TEM and top-view SAED (g). (h) shows a simulated SAED/FT pattern for Biz02C03
along [010] zone axis with salient reflections matches to experimental data in (f,g) highlighted.

Additional characterization of the synthesized 2D Bi202C03 nanoflakes/-sheets was
carried out via Energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron

spectroscopy (XPS) and Photoluminescence (PL) studies and has been discussed below:

Elemental Overlay

Figure 6.10: Qualitative analysis of Bi H20 ICE nanosheets via EDX mapping. (a) shows a SEM
micrograph of the region of interest in the white square in which EDX mapping was done. (b), (c)
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and (d) show the laterally resolved EDX maps for oxygen, bismuth and carbon respectively. A
corresponding, elemental overlay composite image of the three elemental maps is presented in (e).

To verify homogeneous presence of Bi, O and C in the nanosheets, EDX mapping of H20
ICE nanosheets on amorphous carbon TEM membranes was undertaken. Elemental
mapping as shown in Figure 6.10 clearly shows the homogeneous presence of Bi, O and C
in the nanosheets, corroborating that the nanosheets are 2D Bi202C03 (and not metallic

2D bismuthene).

XPS measurements were performed on H20 ICE nanosheets on SiO2 (90 nm)/Si wafer.
The Bi4f signal has only a single component at a binding energy (BE) of 159.2 eV (Bi4f7,2)
consistent with Bi3* (as in, e.g., Bi202C03, Figure 6.11a).1° The Bi4f signal in particular
excludes the presence of metallic Bi® which would be expected at a BE of 156.9 eV.1351
Components characteristic of oxycarbonates were correspondingly found in the Ols
signal (Figure 6.11b) at a BE of 529.8 eV for Bi-O,1° at 532.1 eV for C-01° (and/or
additionally SiO2 substrate).58 An intermediate component at 530.9 eV is attributed to
carbonate ions!® and possibly C=0 in either the deposit or adventitious carbon
contamination. The C1s signal in Figure 6.11c exhibit three components at 285.0 eV,
286.2 eV and 288.6 eV that can be attributed to C-C/C-H, C-O and oxycarbonates
respectively, the latter possibly overlapping with the signal of C=0.1° In particular, the
285.0 eV peak is also consistent with adventitious carbon adsorption from sample
storage in ambient air. Survey XPS spectra (Figure 6.12) detected only Bi, O and C plus Si
from the substrate as well as traces of Na and Ca, which could be linked to residual ions
in the H20 solvent (as discussed above). In summary, XPS showed signatures consistent

with Bi202C031? and excluded the presence of metallic Bi.>1

PL mapping (from 532 nm excitation) was performed to study optoelectronic properties
of the H20 ICE nanosheets on SiO2/Si. Figure 6.13 (left) shows a laterally resolved PL
emission intensity map (excitation beam of 532 nm filtered by 550 nm long-pass filter),
which indicates the nanosheets to have a PL response well above the “dark” SiOz/Si
substrate. Figure 6.13 (right) shows a PL emission spectrum from the flake circled blue
on the map on the left, indicating that the PL emission is predominantly from emission at

~550 nm (confirmed for several flakes, spectrum has been background corrected for
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Si02/Si background). PL emission at ~550 nm (for 532 nm excitation) is consistent with
prior reports of PL from Bi202C03.3959 Similar PL emission characteristics are also

measured for MeOH ICE nanoflakes.
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Figure 6.11: (a) Bi4f core-level spectra H20 ICE nanosheets on SiOz/Si and (b) corresponding O1s
spectra. (c) C1s core-level spectra Hz0 ICE nanosheets on SiOz/Si.
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Figure 6.12: XPS survey spectrum of Hz0 ICE nanosheets on SiOz/Si confirming the presence of Bi,
0, C and Si (substrate) and additional adventitious C on the samples. Notably minor traces of Na and
Ca are also consistently found from the Hz0 processing. The Na and Ca signals could be ascribed to
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residual ions in the Hz20 solvent used, since similar measurements were also obtained for empty
H20 drop-cast onto SiOz/Si wafers, but not for unprocessed SiOz/Si wafers. The finding of residual
ions in the H20 also correlates well with the resistivity measurements of the water discussed before.
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Figure 6.13: (left) latterally resolved PL emission intensity map of Hz0 ICE flakes on SiOz/Si and
(left) PL emission spectrum of a flake in the left PL emission map, background corrected over “dark”
Si02/Si background.

Combined, TEM/SAED, XRD, EDX, XPS and PL all corroborated the assignment of the
synthesized H20 nanosheets and MeOH nanoflakes to 2D Bi202C0s.

IPA - ICE

5 1inm

[ EtOH - RT [ EtOH - ICE
(e)

Figure 6.14: BF TEM (a) and SAED (b) of IPA RT and BF TEM (c) and SAED (d) of IPA ICE. SAED in (b)
and (d) suggests amorphous structure of the nanoflakes. BF TEM (e) and SAED (f) of EtOH RT. The
SAED in (f) indicates that the produced nanoflakes are of metallic 8-Bi structure i.e. phase of initial
B-Bi powder and no Biz02C0s phase was formed in EtOH at RT. BF TEM (g) and SAED (h) of EtOH ICE.
SAED in (h) suggests amorphous structure of the nanoflakes.
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However, a strong solvent dependence was observed, not only in terms of resulting 2D
Bi202C03 nanoflake/-sheet morphology as between MeOH vs. H20, but also in terms of
resulting phase when comparing with IPA, EtOH and IPA:H20 solvents. While for MeOH
and H20, 2D Bi202€03 nanoflakes/-sheets were obtained, as described above, for IPA (RT,
ICE) amorphous nanoflakes were obtained and for EtOH amorphous (ICE) or 3-Bi(001)
(RT) nanoflakes were obtained (Figure 6.14). In turn for IPA:H20 (RT) again 2D Bi202C03
nanosheets were obtained, while IPA:H20 (ICE) resulted in amorphous nanoflakes
(Figure 6.15). This underlines an active role of the solvent in the transformation,
oxidation and carbonate bridging/intercalation of initial Bi into the 2D Bi202C03
nanoflakes/-sheets, with best results towards crystalline 2D Bi202C03 in H20 for large

nanosheets and MeOH for small nanoflakes, respectively.

(a)

5 1/nm

sl donr
Figure 6.15: (a-d) IPA:H:z0 ICE studied by overview (a) and lattice resolution (b, FT in inset, “top
view” of flake) BF-TEM and SAED (c). (d) shows a simulated SAED/FT pattern for orthorhombic
Bi202C03 along [010] zone axis with salient reflections matching to experimental data in (b,c)
highlighted. (e-f) IPA:H20 RT studied by overview (e) and lattice resolution (f) BF-TEM. The FT in
inset shows that the obtained nanoflakes from IPA:H20 RT are amorphous.

6.3.2 Discussion of phase analysis of the nanoflakes/-sheets

The phase analysis of the synthesized nanoflakes/-sheets rests on lattice resolution TEM
(FT) and SAED data in top-view and side-view as well as XRD data measured in Bragg-
Brentano geometry.
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6.3.2.1 Top-view TEM (FT) and SAED

The phase identification is firstly illustrated based on the top-view TEM (FT) and SAED
data (Figure 6.6¢,e,f and Figure 6.15b,c)

Since the starting bulk material was metallic 3-Bi powder without oxides, the initial
screening of the phase of the synthesized nanosheets/-flakes was done with all the (semi-
)Jmetallic Bi PDF files in the PDF-4+ database. The atomic models along with the simulated
diffraction patterns for the two often observed zone axes in 2D bismuth of (-Bi structure
([001] and [2-21]) are presented in Figure 6.16. Both gave worse matching to the d-
spacings in the FT patterns of the here synthesized nanosheets/-flakes (Figure 6.6¢,e,f
and Figure 6.15b,c) compared to Biz02C0s3. A projection along [42-1] has also been
presented additionally to underscore the differences in the results with those of the prior
work>160 with similar but shorter sonication scheme which resulted not in 2D bismuth
oxycarbonates but metallic 2D Bi. Also for this (-Bi [42-1] zone axis, the experimental

data here was not well matched by (3-Bi.
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Figure 6.16: The atomic structure (top) and simulated SAED patterns (bottom) for p-Bi along (a)
[001], (b) [2-21] and (c) [42-1] zone axes. The PDF file with code 04-007-5315¢! from PDF-4+
crystallographic database was used to construct the atomic and the diffraction models. (b) and (c)
also represent the orientations of the 3-Bi sheets obtained by Pumera et al.51.60
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This concludes that the synthesized nanosheets/-flakes are not (-Bi. Similarly worse
matches were obtained for other metallic Bi phases, excluding that the obtained
nanosheets/-flakes are any allotrope of bismuth. A total of 38 entries in the database
were analyzed and no suitable match to the nanosheets/-flakes was found. (Note that for
Bi atomic structure models are often described in literature with hexagonal axis (as here)
but also with rhombohedral axis. Therefore, numerical (hkl) and [uvw] values need
consideration of selected hexagonal or rhombohedral axis system, when comparing
between reports. To avoid ambiguity the here used axis have been plotted alongside the

atomic models.)
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Figure 6.17: Atomic structure (left) and simulated SAED patterns (right) for 6 different allotropes
(a-f) of bismuth trioxides along low index [001] zone axes as example. The atomic structure and the
SAED pattern for a-Biz03 with monoclinic crystal system was simulated using the PDF file with code
00-041-1449%4-66 from PDF-4+ crystallographic database. For the case of g-Bi203 with tetragonal
crystal system, PDF file with code 04-007-144367 from PDF-4+ database was used to reconstruct
atomic and diffraction models. The structure of the y-Bi:0s is presented via atomic models and
equivalent diffraction pattern using PDF file with code 04-007-2395¢8, PDF file with code 04-015-

_¥Y

- =



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

DISSERTATION || Tushar Gupta Chapter 6

0028%9-71 was used to project the crystal structure of §-Biz03 via atomic and diffraction models. To
illustrate the orthorhombic structure of &-Bi2O3 via corresponding atomic coordinates and
diffraction profile, PDF file with code 04-013-146372 was utilized. For the illustration of triclinic
structure of w-Biz03, no entry was found in the database. The PDF file with code 00-050-108862
could only simulate the SAED profiles based on the powder diffraction data but could not provide
the information about the atomic positions. [uvw] denotes the zone axis.

As next possible reaction product, the experimental FT and SAED data was compared to
the different oxides of bismuth. A total of 102 PDF files of bismuth oxides available in
PDF-4+ database with different stoichiometric ratios of Bi and O were checked. In
particular, the thermodynamically most stable Bi203 phases were checked with respect
to the atomic structure and equivalent diffraction patterns along various zone axes. Low
index [001] zone axes are shown in Figure 6.17 as examples of this analysis. PDF file with
the atomic structure for w- Bi203 could not be found. The SAED pattern for w- Bi203 was
simulated on the basis of the reflection intensities from the powder diffraction pattern as
mentioned by the work®2 cited in the PDF file with code 00-050-1088. §-Bi203 along [001]
zone axis also gave a very good match to the experimental top-view TEM (FT) and SAED
data in Figure 6.6c,e,f and Figure 6.15b,c. For 6-Bi203, however in side view no lattice
distance of 0.68 nm (as experimentally measured in Figure 6.6b) was expected but rather
only a much shorter distance of ~0.39 nm. This excludes §-Bi203 as possible phase for the
here obtained nanosheets/-flakes. Additionally, as discussed below also the measured
XRD patterns of the nanosheets (Figure 6.20) were inconsistent with §-Bi203. In prior
studies®3 particles of 3-Bi203 were also found aligned along [110] zone axis. Therefore,
the alignment of nanosheets/-flakes was also cross-checked with respect to 3-Bi203
aligned along [110] zone axis as shown in Figure 6.18. To note is that 3-Bi203 along [110]
was also a good match for the top-view TEM and SAED data. However the XRD data in

Figure 6.20 is inconsistent with 3-Bi203 (as discussed later), thus excluding 3-Bi20s.

After having excluded Bi and Bi-oxides, it was observed that orthorhombic Bi202C03 with
[010] texture (PDF file: 04-009-8533)57 matches the TEM data excellently both in top-
view and side-view (Figure 6.19a, see also Figure 6.6 and Figure 6.7). Additionally, also
the XRD data is perfectly matched by orthorhombic Bi202C03 with [010] texture (PDF file:
04-009-8533)7, as shown in Figure 6.20 and discussed later.
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Figure 6.18: Atomic structure (left) and simulated SAED patterns (middle, right) for 3-Biz03 along
[110] direction constructed from PDF file with code 04-007-1443 from PDF-4+ database. The
simulated FT/SAED profiles are presented in two fashions: (middle) keeping the low intensity
reflections hidden and (right) with all the reflections visible to simplify the comparison for phase
analysis. [uvw] denotes the zone axis.
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Figure 6.19: From top to bottom: Atomic structure models in top-view and side-view and
corresponding simulated FT/SAED for top-view and side-view for the PDF files for Bi202C03 (a)
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orthorhombic 04-009-853357 (the majority file used in this report) and comparison (b)
orthorhombic 04-014-445073 and (c) tetragonal 00-041-1448.57 It is to emphasize that, while
numerical (hkl)/[uvw] values between PDF files vary due to chosen axis system, all shown PDF
entries similarly describe Biz02C03 with the Biz0: sub-layers parallel to the substrate. The reason
for choosing orthorhombic 04-009-853357 as the best match is the representation of ~0.38 nm
reflections that were experimentally observed in FT/SAED data in Figure 6.6 and Figure 6.7 and
which are not represented in the other PDF entries.

To note is that Bi202C03 unit cell has been described in various orthorhombic and
tetragonal notations in the PDF file database. Notably TEM and XRD data is also well
matched by other PDF entries for Bi202C03 like the orthorhombic PDF file 04-014-4450
(Figure 6.19b)73 or the often used tetragonal description as in PDF file 00-041-1448
(Figure S19c¢).>7 The reason for choosing orthorhombic Bi202C03 (PDF file: 04-009-8533)
as the best description was that the experimentally observed Figure 6.6 and Figure 6.7
~0.38 nm reflection in FT/SAED data was best represented by the orthorhombic
Bi202C03 (PDF file: 04-009-8533), while not represented in the other Bi202C03 PDF
entries. It was also noted that between the different orthorhombic PDF files the axis
orientation can be different, and there was likewise also a difference of axis orientation
for the tetragonal PDF files. Therefore (hkl) and [uvw] values as used in texture
description between the various PDF files vary in numerical values. Hence, for most
atomic models sketches in the report always also the axis system used has been plotted.
Notably, the stated orthorhombic Bi202C03 with [010] texture in PDF file: 04-009-853357
is equivalent to [001] texture for orthorhombic PDF file 04-014-4450 and [001] for
tetragonal PDF file 00-041-1448. As clearly shown in Figure 6.19, all these descriptions
(irrespective of axis system and numerical (hkl) [uvw] values) refer to Bi202C03 with the

Bi202 sub-layers parallel to the support.

6.3.2.2 XRD

Finally, the measured XRD data is presented compared to simulated diffraction patterns
of all salient metallic Bi and Bi-oxide phases as well as Bi202C03 oxycarbonate phases (in

both orthorhombic and tetragonal descriptions).
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Figure 6.20: Comparison of measured XRD pattern of H20 ICE nanosheets drop cast onto SiOz/Si
wafers (top patterns in orange) with respect to simulated powder diffraction patterns for various
PDF entries (entry numbers in figure) for (a) Biz02C0s, (b) Biz0s and (c) Bi phases.

As immediately apparent, the only set of XRD patterns that can account for all peaks
observed in the measured XRD data (~13°, ~26° and ~40°) were the Bi202C03 patterns.

This was most pronounced for the reflection at ~13° which was not consistent with any
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of the Bi203 or Bi phases, but only with Bi202C0s. Importantly, the three observed peaks
were also systematically related to each other as (040), (080) and (0120) reflections of
Bi202C03 which is for XRD in Bragg Brentano geometry exactly the pattern one would
expect from 2D Bi202C03 with (010) texture, that was indicated already from the TEM
data. Importantly note, that none of the metallic Bi and Bi-oxide phases can account at all

for the peak at 13°, thus excluding all these phases.

“In summary, the structural assignment of nanoflakes/-sheets to 2D Bi0,CO; with
(010) texture is fully consistent with TEM (FTI) and SAED data in both top-view

and side-view and also with Bragq-Brentano XRD data. No other candidate phases

such as metallic Bi or Bi-oxides shows similar consistency in top-/side-view and

XRD. This reaffirms the assignment of nanoflakes/-sheets to 2D Bi>0,CO; with

(010) texture.”

6.3.3 Discussion of likely reaction pathways of Bi 2 Biz0:C03

Comparing to prior literature, the observation of 2D Bi202C03 is surprising: Prior work
by Pumera et al.1351 found for a similar sonication scheme to the one followed here and
also in water, not 2D Bi202C03 but large metallic 3-Bi[42-1] nanosheets produced while
MeOH resulted in small metallic 3-Bi(001) nanoflakes. In fact, Pumera et al. explicitely
excluded bismuth oxidation in their study. Key differences were however the excitation
energy source (tip sonication!3°1 vs. bath sonication here) and in particular a much
shorter sonication time (max. 60 min 1351 vs. 15 h here). Pumera et al. suggested for their
60 min sonication result in H20 not only physical exfoliation of the parent Bi powder to
take place but due to Bi’s low melting point (~271 °C) Bi melting under the tip sonicator,
dissolution effects and then crystallite growth in suspension to partake in large
nanosheet formation.1351 In contrast, in MeOH for 60 min Pumera et al. suggested
fragmentation (rather than crystallite growth as in H20) to be the dominant mechanism
for small nanoflake formation. While Pumera et al.’s max. 60 min processing times
resulted in metallic 3-Bi nanosheets/-flakes, we suggest that for the here followed much

longer 15 h processing in addition to the crystallite growth/fragmentation mechanisms
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suggested by Pumera et al. also concurrent oxidation and carbonate
bridging/intercalation processes of the Bi in H20 and MeOH take place. Compared to
many prior reports on Bi202C03 synthesis,1¢ notably a dedicated source of oxygen or
carbonate ions was not employed in the synthesis but only Bi as dedicated precursor in
the various solvents. It is therefore suggested that the sources of the required oxygen and
carbon for the here proposed mechanism were coming from solvent decomposition
under ultrasound and dissolved atmospheric oxygen and carbonate COs32- ions from
dissolved atmospheric CO2 in the solvents.37-394174 Thus bismuth oxycarbonate
nanosheets and -flakes were produced under the adopted conditions in H20 and MeOH,
respectively. This oxidation and carbonate bridging/intercalation process was arrested

in the Pumera et al. work due to their shorter processing time.

In prior reports on 2D Bi202C03, lateral sizes of atomically-thin 2D Bi202C03 were largely
limited at ~1 pm,1618-49 while this study increases lateral nanosheet sizes to ~3 pum. So
far, a controllable synthesis route for laterally large (~3 um), atomically-thin 2D Bi202C03
nanosheets (H20 ICE and RT) and for laterally small (~ 80 nm), atomically-thin 2D
Bi202C03 nanoflakes (MeOH ICE and RT), importantly solely based on the choice of

solvent was established.

6.3.4 Photocatalytic testing of 2D Bi202C03 nanoflakes/nanosheets

Since, nanostructured Bi202C03 has been prior reported to have interesting properties as
photocatalyst,1¢ the here introduced 2D Bi202C03 nanosheets and nanoflakes were
investigated as heterogeneous (co-)catalysts in suspension-type photocatalytic HER from
water splitting under ultra-violet (UV) excitation. To date, Bi202C03 has predominantly
been screened as a photocatalyst for organic pollutant degradation and NO removal.16.18-
3447-49 To this end, not only monolithic Bi202C03 alone but also various mixed
dimensionality hybrids of Bi202C03s with metals, metal-oxides, sulfides, Bi-compounds
and carbon-nitride (g-C3N4) have been investigated.16:22-24,26,.27,3644,52,75-77 Qnly very little
work has however thus far focused on photocatalytic HER from Bi202C03,1¢ namely only
hybrids consisting of Bi2z02C03 nanoplates/Pt,3> Bi202C03 nanoparticles/g-C3N4/Pt>2 and

Bi202C03 nanoplates/Bi.3¢ Further, despite the archetypical importance of TiOz as

—_ \‘6.24'
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photocatalyst,>3>4 only very few reports on potentially synergetic performance from
Bi202€03/Ti02 hybrids exist.167> Few prior examples are Bi202C03 nanoflowers
hybridized with TiO2 nanoparticles on graphene sheets’> and Bi202C03 nanoplates
hybrids with TiO2 nanoparticles and carbon networks,’® whereby both hybrids showed
higher photocatalytic activity in organic dye degradation than their separate
components. Notably however, another study reported reduced photocatalytic dye
degradation activity from hybridizing Bi202C03 to TiO2 compared to neat TiO2.77 In either
case, no work has as of yet hybridized atomically-thin 2D Bi202C03 with TiO2z or studied
Bi202C03/TiO2 hybrids for photocatalytic HER, as is carried out here.

For photocatalytic HER measurements via water splitting a sacrificial agent, which is
often an alcohol, is commonly used as a hole scavenger.’8-81 One of the most commonly
used systems in photocatalytic HER is a 1:1 H20:MeOH mixture.”87° Therefore for the 2D
Bi202C03 nanoflakes/-sheets exfoliated in MeOH and H:0, respectively, the respective
other solvent was added towards obtaining 2D Bi202C03 nanoflakes/-sheets in 1:1
H20:MeOH mixture. This consistency of sacrificial agent concentration ensured direct
quantitative comparability of HER results for MeOH and H20 preparations (within limits
of the estimated maximum solid content concentrations of maximum of ~50 mg L-1). To
elucidate possible roles of the 2D Bi202C03 in photocatalysis, HER measurements were
undertaken for i. neat 2D Bi202C03 nanoflakes/-sheet and ii. 2D Bi202€03 nanoflakes/-
sheets hybridized with TiO2 nanoparticles (Degussa P25, particles size ~ 25 nm). TiO2
nanoparticles are archetypical photocatalysts, but are comparatively inactive towards
HER, thus commonly requiring a HER co-catalyst such as expensive Pt.535478 Thereby
combination of 2D Bi202C03/TiO2 to hybrids allows to assess if 2D Bi202C03 can act as
such HER co-catalyst. Notably most of the few prior reports on HER with Bi202C03
hybrids had Pt as additional co-catalyst present in the hybrids,35>2 thus masking intrinsic

Bi202C03 HER (co-)catalytic performance.

Figure 6.21a shows that for neat, small 2D Bi202C03 nanoflakes (MeOH ICE) no
appreciable photocatalytic HER response was observed. This suggested that under the

adopted conditions, 2D Bi202C03 nanoflakes were not active as a monolithic
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photocatalyst for HER. When however, hybridizing these 2D Bi202C03 nanoflakes (MeOH
ICE) with TiO2 nanoparticles, notably a significant HER response upon UV illumination
(Figure 6.21a) was observed. Most importantly, this HER response was significantly
larger than the response from neat TiOz alone (Figure 6.21a). This suggested that small
2D Bi202C0s3 nanoflakes here act as useful co-catalysts for photocatalytic HER. TEM of the
MeOH ICE 2D Bi202C03 nanoflake/TiO2 nanoparticle hybrids after HER (Figure 6.21b)
indicated that TiO2 nanoparticles have been well adhered to the 2D Bi202C03 nanoflakes
(MeOH ICE). Notably, the small 2D MeOH ICE nanoflakes are also well size matched to the

TiO2 nanoparticles.

—
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Figure 6.21: (a) Time-resolved hydrogen evolution rate during the photocatalytic HER experiments
for neat MeOH ICE nanoflakes, neat TiOz nanoparticles and MeOH ICE nanoflakes hybridized with
TiOz nanoparticles. (b) TEM micrograph of MeOH ICE nanoflakes hybridized with TiO: after HER
measurements. (c) Time-resolved hydrogen evolution rate for neat H20 RT nanosheets, neat TiO:
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nanoparticles (replot from (a)) and Hz0 RT nanosheets hybridized with TiOz nanoparticles. (d) TEM
micrograph of H20 RT nanosheets hybridized with TiO: after HER measurements. Start and stop of
UV illumination in (a,c) is indicated.

Figure 6.21c shows similar HER photocatalysis data for the large 2D Bi202C03 nanosheets
(H20 RT) without/with TiOz. Similar to the small MeOH ICE nanoflakes, no HER activity
for neat, large H20 RT nanosheets was found. Again, however a significant synergetic
effect of 2D Bi202€03 nanosheet (H20 RT)/TiO2 hybridisation towards a HER
photocatalytic response clearly above the performance of neat TiO2 was observed. Post-
HER TEM likewise indicated good interfacing of the large 2D Bi202C03 nanosheets with
TiO2 nanoparticles (Figure 6.21d). This thereby introduced 2D Bi202C03 nanoflakes/-
sheets as noble-metal-free catalyst components with TiO2 for photocatalytic HER from
water splitting. Comparing the obtained specific activities from 2D Bi202C03 nanoflakes/-
sheets (with TiO2) towards photocatalytic HER (~25 pmoluz-h! - mgco-catalyst -1 + (W cm2
uv)1) suggests that the 2D Bi202€03 nanoflakes/-sheets facilitated the same order of
magnitude of photocatalytic HER activity from UV as recently investigated non-noble co-
catalysts such as Ni(Ox) or Cu(Ox) with TiO2 and were more active than, e.g., Mn(Ox),
Co(Ox) and Fe(Ox) with TiO2 under similar measurement conditions in the same HER

setup.80.81

6.4 Conclusion

In summary, a fabrication route facilitating template-free synthesis of 2D Bi202C03 with
good control over lateral 2D size, ranging from unusually large pum nanosheets to few tens
of nm small nanoflakes just based on the suspension medium used is presented . This
critically adds to the toolbox for 2D pnictogen compound fabrication with emerging
applications in (photo-)catalysis, electronics and energy. As one application example, the
newly introduced 2D Bi202€03 nanosheets/-flakes was tested in photocatalysis for
sustainable solar fuel generation. In particular, the study demonstrates that the 2D
Bi202C03 nanosheets/-flakes can be a promising catalyst component when hybridized

with TiOz for the important HER in photocatalytic water splitting.
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Chapter Preview

Chapter 7 provides a brief summary of the key research findings of this study. This study
was based on exploring cost effective and intrinsically scalable routes of physical vapor
deposition and liquid phase exfoliation for the synthesis of 2D pnictogens particularly
antimonene and bismuthene and their graphene-based heterostructures. 2D pnictogens
and their graphene-based heterostructures remain an attractive candidate for several
energy and electronics related applications. The results presented in this thesis delineate
the phase wealth and epitaxial relations readily existing in these heterostructures. Not only
that but several other interesting properties like oxidation susceptibility, probing
plasmonic associated electron beam dynamics have been explored in this work. Starting
from the synthesis of these pnictogens, the study progressed towards their numerous
intrinsic property characterization and finally demonstrated the application perspective
of the synthesized pnictogens based compounds in the form of photocatalytic water

splitting.

A short summary of all the experimental chapters has been provided and wherever possible
the characteristics of the fellow pnictogens in their varied response to the same stimuli
have been juxtaposed to further highlight the multitude of different element specific

properties of pnictogens (particularly antimonene and bismuthene).

The figure caption for chapter 7 is again an illustration adopted from

“http://phdcomics.com”.
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7. Epilogue

7.1 Conclusions

The rich allotropic wealth of two-dimensional (2D) pnictogens lately garnered a lot of
attention, owing to the possibility of their structural modifications via adoption of
different synthesis strategies coupled with the multitude of applications where the
different allotropes/ structural modified versions of these 2D pnictogens can be best
placed in. Equal interest in 2D antimony and bismuth arises from the prediction of layer
dependent transition in their opto-electronic properties’2. Along this direction, the work
in this thesis has disentangled several factors crucial for the scalable synthesis of 2D
pnictogens (antimonene (Sb) and bismuthene (Bi)) by unravelling the role of substrate
temperature, nature of direct support underneath the 2D substrate upon employing a
physical vapor deposition (PVD) route of thermal evaporation. Several interesting
properties of the investigated 2D pnictogens including the effect of external stimuli have
been probed via ex-situ (through ambient oxidation) as well as in-situ (e-beam induced

crystallization and associated plasmonics) approaches.

Along with the 2D pnictogens, a facile synthesis protocol for obtaining phase-pure 2D
Bi202C03 has also been presented in this thesis. A two-step facilitated process of liquid
phase exfoliation (LPE) has been presented as an effective method for the synthesis of
ultra-large and thin flakes/nanosheets of Bi202C03 solely based on the choice of solvent
employed as a medium in the process of LPE (particularly sonication). Later, a photo-
reactor system was developed by immobilizing the obtained exfoliated flakes/ nano-
sheets of Bi202C03 on a photocatalyst material TiO2 and the efficacy of the obtained
Bi202C03 as an efficient UV-driving photocatalyst has been established. This adopted
facile scheme of synthesis of catalytically active 2D pnictogen compounds thus offers
promising approach in tackling two major challenges in the field of photocatalysis: (1) in
terms of material’s property (i.e. their suitability towards exhibiting catalytic properties)

and (2) in terms of their scalable synthesis.
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Importantly, the dimensions of the 2D pnictogen based heterostructures explored in this
thesis readily emulates and thereby critically enables study at atomic resolution by
(S)TEM of the prior investigated antimony-carbon hybrids and bismuth-carbon hybrids
which have already outlined their potential towards battery applications expanding the

horizon of the 2D pnictogens and based compounds in a sustainable energy landscape.

The findings of this thesis subsequently establish a noteworthy impression of the 2D
pnictogens, particularly antimonene and bismuthene (including their compounds) from
the perspective of their atomic structures, fundamental properties and unmasking their
promising potential to outlined applications. These aftermaths will certainly help
instigate and understand phase and epitaxial relations in any 2D pnictogen based 2D

heterostructures.

7.2 Sb Vs Bi on Graphene

An enriching outcome of this work was to observe and establish the different growth
morphological characteristics of antimonene and bismuthene on graphene under the
same adopted synthesis and processing conditions of PVD route. Figure 7.1 sums up
several parameters on which the characteristics of grown antimonene and bismuthene
on graphene of 10nm nominal thickness was evaluated. These parameters will now be

captured:

1. Morphology:

Sb:  Amorphous films were obtained at 10nm room temperature (RT)
depositions which transformed to single crystalline 2D and 1D structures
for depositions at higher temperatures (HT: 150 °C and 250 °C). Areal

coverage by Sb deposits also reduced from RT to HT depositions.

Bi: Crystalline films were obtained at 10nm RT depositions which showed a
drastic transition to amorphous spherical nanoparticles for depositions at
HT. Bi deposits also exhibited lower areal coverage at HT depositions

than at RT.
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2. Phase:

Sh:

Bi:

Sb was found to exist in two different phases in its crystalline 2D and 1D
structures at 10nm HT depositions. while 2D Sb was best phase matched
to B-Sb(001), two equi-probable matches were found for indexing 1D Sb,
namely: 3-Sb[2-21] and also cubic-Sb(001).

Bi exhibited two different phases in its 10nm crystalline films at RT. First
was the 3-Bi(001) natural rhombohedral phase, second was the 3-Bi[2-21]
phase. The nearing crystallization amorphous regions also exhibited [3-

Bi[2-21]-like phase.

3. Oxidation susceptibility:

Sh:

Bi:

Antimonene showed presence of superficial surface oxide in its crystalline

2D and 1D structures after a period of 8 months.

No such discrete signs of any type of oxidation were found for Bismuthene.

4. Epitaxy: (-(001) and B-[2-21] phases exhibited two different epitaxial relation per

phase in the case of bismuthene on graphene where as for the case of antimonene only

one preferred epitaxial relation per phase was found.

Sb:

Bi:

Both crystalline 2D and 1D structures of Sb showed visible signs of
rotational van-der-Waals epitaxial relationship with graphene underneath.

Following relationships were established for the two phases:

= [-Sb(001)]||graphene(001) / B-Sb[110]||graphene [120]
= cubic-Sb(001)||graphene (001) / cubic-Sb[110]||graphene[120]
= [3-Sb[2-21]Lgraphene(001) / B-Sb[1-1-1]||graphene[120]

The two phases of the Bi observed in RT depositions as well as upon
crystallization of amorphous nanoparticles under electron beam also
exhibited the following rotational van-der-Waals epitaxial relationship

with respect to graphene underneath:

= [3-Bi(001)||graphene(001) / B-Bi[110]||graphene[120]
= [3-Bi(001)||graphene(001) / B-Bi[110] £30° graphene[120]
= [3-Bi[2-21]Lgraphene(001) / B-Bi[-201]||graphene[120]
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= (-Bi[2-21]Lgraphene(001) / B-Bi[-201] £30° graphene[120]

&5
i

Morphology

Figure 7.1: Parameter space explored for the growth of antimonene and bismuthene via PVD on
graphene in this study. **clip art adapted from www.slidemodel.com and www.wdrfree.com

5. e- beam Dynamics:

Sb:

Bi:

No visible signs of any structural/ atomic dynamics were observed for

Sb deposits as they were found to be stable under the e-beam.

HT Bi deposits in the form of amorphous nanoparticles showed electron
beam induced crystallization and also showed associated surface plasmon

shift.

6. Applications:

‘:.



http://www.slidemodel.com/
http://www.wdrfree.com/

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

DISSERTATION || Tushar Gupta CHAPTER 7

Sb:  Sb-Carbon hybrids have been studied as promising next generation
electrode materials for batteries3# and for electronic applications towards

better contact resistances®>-7 by prior works.

Bi: Bi-Carbon hybrids have also been studied as potential electrode
materials for electrochemical applications8? and also for electronic

applications by mitigating contact resistances1? by earlier works.

7.3 Key findings

Chapter 4,5,6 constitute the key findings of the work carried out and presented in this

thesis. Figure 7.2 explains the various outcomes of this thesis in a nutshell. On that note,

following are the brief recaps of the main constituent chapters of this thesis:

Chapter 4 explored the model system 1: antimonene-graphene heterostructures.
The studies highlighted the role of high substrate temperature in governing the
growth of single crystalline 2D pnictogens on graphene. These 2D pnictogens were
identified as natural rhombohedral phase of antimony in 3-Sb(001) texture. Along
with these 2D structures, co-existing were the 1D structures of antimonene, where
exclusively in this study two equi-probable assignment of the 1D phase were
suggested: first was [3-Sb[2-21] texture and the second was seldom reported meta
stable high pressure cubic-Sb(001) texture. In the next phase, via the epitaxial
relationships, the preferential orientation of the 2D and 1D structures of Sb on
graphene was established followed by outlining the presence of superficial surface
oxidation in 8 months aged samples. Particularly, the armchair direction of
graphene was found to promote the growth of 1D Sb along it. Towards the end,
the studies highlighted the pivotal role of graphene in driving the epitaxial growth

of Sb on it as non-faceted Sb depositions were obtained on annealed Copper tapes.

Chapter 5 explored the model system 2: bismuthene-graphene heterostructures.

The studies here also highlighted the role of substrate temperature in governing

o
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the morphology of the Bi deposits on graphene. HT depositions were found to be

detrimental to realize crystalline Bi structures but lead to amorphous Bi instead.

2D Pnictogens (Sb and Bi)
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Figure 7.2: Schematic representation of the key findings of this work.
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The RT deposits in the form of films were crystalline and consisted of two different
phases which were best matched to 3-Bi(001) and 3-Bi[2-21] respectively, with 3-
Bi being the natural rhombohedral phase of Bi. Both these phases were found to
exist in two preferred orientations with respect to graphene as established by
epitaxial relations outlined in Section 7.2. The HT deposits had spherical
nanoparticle like morphology with amorphous nature. These nanoparticles
underwent complete crystallization upon extended electron beam exposure. The
studies alongside this structural change also probe the associated plasmon

dynamics that help establish a sort of structure-property correlation.

Chapter 6 explored the second adopted route of liquid phase exfoliation to obtain
low-dimensional pnictogens. The studies highlight the role of solvent in governing
the morphology of the exfoliated produce. Five commonly used lab solvents
namely: H20, [so-propanol (IPA), methanol (MeOH), ethanol (EtOH) and IPA: H20
(4:1) were utilized to exfoliate Bi which under the adopted processing conditions
(particularly long sonication time of 15 h) yielded a ternary compound of Bi called
as Bismutite or Bismuth-oxy-carbonate with chemical formula Bi202C03. The work
stresses on the role of dissolved atmospheric Oz and COz to be responsible for this
phase change. The adopted protocol resulted in the synthesis of laterally large
sheets 2D Bi202C03 with average lateral size of 3 pm using H20 as solvent. While
exfoliation in MeOH resulted in the synthesis of small flakes of 2D Bi202C0s3. The
studies towards the end exhibited the potential of these exfoliated 2D Bi202C03 as
catalyst components by hybridizing them with archetypical photocatalyst TiO2
and testing the hybrid for hydrogen evolution via photocatalytic water splitting.
The hybrid exhibited better performance than the individual components
respectively with comparable activity to other non-noble non-noble co-catalysts

such as Ni(Ox) or Cu(Ox).
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7.4 Outlook

Among all the 9 different theoretically projected structures of the pnictogens in 2D forms
via prior studies?!1, only 2 of them namely a- and (- have been scalably realized.
However, a major question still remains whether these are actually the allotropes or just
the surface modifications and that is why the term “allotropes/ structural modified
versions” have been used in this section. As observed in our case presented here for the
case of antimonene and bismuthene, where a-phase was found to be the natural
rhombohedral B-phase but in [2-21] projection implying B[2-21] = «a[001]. This
anonymity in the precise phase assignments opens a plethora of uncertainties regarding
the accurate indexing of the obtained structural polymorphs and thus readily concerns
any potential scenario involving their phase-pure synthesis in a scalable fashion,
especially for the case of non-thermodynamically preferred allotropic forms. A major
highlight in this regard was the absence of low-indexed basal planes parallel to the
substrate in the [2-21] configuration as emphasized by studies here, further questioning

the experimental realization of such polymorphs of 2D pnictogens.

The present state of the art in 2D pnictogens research often tends to assign the observed
square-symmetry and the hexagonal-symmetry of Sb and Bi atoms to be arising from a-
and (- phases respectively, which is also correct in its own right. However, as shown in
studies here on antimonene/graphene heterostructures, where the close call between the
alpha and the meta-stable cubic phase which might result from the induced surface
stresses was outlined, summons a strong need to consider wider possibilities in terms of
structural interpretations. Such strong close correlations are rather scarce in the
available literature which restrict the possibility of further investigation to the safe
assignments of the observed thermodynamically non-preferred structures. Apparently,
the literature dating back to the late 90’s has assigned the square-symmetry of Sb atoms
in Sb nanostructures deposited on graphite to be high pressure cubic phase and not the
a-phase. Since graphite is an AB stacking of graphene, investigating the effects of the layer
stacking of graphite in directing the morphology, growth dynamics and atomic structure
of the grown Sb/ Bi nanostructures, constitutes a theme for future investigations which

was unfortunately beyond the scope of this thesis thereby helping establishing a
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wholesome picture in elucidating the role of substrate in governing the morphology and

atomic structure modifications of the Sb/Bi nanostructures grown atop.

The growth parameter space for obtaining 2D pnictogens is wide however importantly
as per the current state-of-the-art, exploited deposition/ growth technique, temperature
and type of substrate employed for the deposition has found to play a crucial role in
influencing the growth and behavior dynamics of the grown 2D pnictogens, with nature/
type of the substrate employed being the prominent factor.

Similarly results from the prior studies dealing with different vapor techniques to grow/
deposit antimony nanostructures on graphene/ graphite via PVD12, CVD13 and MBE4
have reported different proportions of Sb nanostructures with cubic-symmetry and
natural hexagonal symmetry. Understanding and outlining their growth mechanisms are
paramount to establishing control over the phase-selective synthesis of 2D-pnictogens
which would provide momentum in designing the novel pnictogens based 2D materials

and 2D heterostructures towards advanced energy applications.

Analogous challenges exist in the field of 2D pnictogens based compounds whose vast
allotropic diversity calls for the close control on the morphology and atomic structure in
any potential synthesis scenario. Particularly, establishing them as a promising
alternative to expensive noble metal-based catalyst components remains a challenge that

merits attention.

The thesis aimed at providing wider insights into the rich allotropic wealth of 2D
pnictogens and based heterostructures and also on 2D pnictogen-based compounds. The
key foresights on the synthesis and application perspective of the 2D pnictogens and
based heterostructures were also provided in this study via characterizing their diverse
properties, all of which surely summon efforts on (1) probing a cost effective and more
scalable route to phase-pure synthesis of the different 2D allotropes of pnictogens on
graphene and (2) on further deep investigations on clear outlining of the properties of
different allotropes to provide them a suitable application perspective - a feat that may
inspire future works to follow to revolutionize the role of 2D pnictogens and their based

heterostructures and also of 2D pnictogens-based compounds in the area of sustainable
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energy research and applications, given the multitude of exciting properties that these

pnictogens in their low dimensional form possess.

8.

9.
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