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ABSTRACT

Abstract

The special size- and shape-dependent properties of two-dimensional (2D) metal chalcogenides
such as PbS, CdS, CdSe nanosheets or nanoplatelets have been intensively studied over the past
decades. They display fascinating electric and optoelectrical properties, but also high toxicity
which limits their further applications. Two-dimensional tin (Il) sulfide (SnS) nanocrystals,
emerging among all the metal chalcogenides, are now considered as promising less-toxic
alternatives. The orthorhombic structure of SnS belongs to layered crystal structures, which
endows some advantages for SnS in the synthesis of 2D nanocrystals. In this thesis, a novel
colloidal synthesis method is presented, displaying a productive and efficient way to produce
colloidal SnS nanosheets with large lateral size and controllable thickness as well as single
crystallinity. The synthesis of SnS nanosheets is performed by using tin (Il) acetate as the tin
precursor instead of harmful precursors like tin chloride or flammable organo-metallic
bis[bis(trimethylsilyl)amino] tin (ll) precursor. By variation of parameters like capping ligands, it
is discovered that the morphology of the synthesized SnS nanosheets can be tuned between
square-shaped nanosheets with lateral sizes ranging from 150 nm to nearly 500 nm, and
thicknesses from 24 nm to 29 nm with small fluctuation, and hexagonal nanosheets with sizes
from 230 nm to 1680 nm and heights between 16 nm to 50 nm. The formation mechanisms of
both square-shaped and hexagonal nanosheets are further studied and supported by DFT
simulations. In addition, optoelectronic measurements demonstrate the relatively high
conductivity and pronounced sensitivity to light (red laser, A = 627 nm). This implies a good
prospect of these synthesized nanomaterials for photo-switching, photo-sensing and

photovoltaic applications.

The highly efficient morphology control of such colloidal SnS nanosheets becomes strongly
attractive, as large and thin 2D nanosheets are always desirable for nano-scientists. 2D SnS
nanomaterials is gathering increasing attention since they exhibit a pronounced in-plane
anisotropy in terms of atomic arrangements. The application of such in-plane anisotropy can
facilitate the device design, and also strengthen the device performance based on distinct

responses to external stimuli conditions such as polarized light or an applied electric field. Thus,
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the second task of the thesis is to find proper synthesis conditions for obtaining larger and
thinner SnS, as well as tuning the anisotropy regarding the exposed edges. It is found that the
change of the sulfur precursor from thioacetamide to trioctylphosphine-sulfur (TOP-S) realizes
the goal, which develops an improved recipe. Larger and thinner single-crystalline SnS
nanosheets with thicknesses down to 7 nm and lateral sizes up to 8 um were synthesized. The
recipe still involves oleic acid as ligand, with or without TOP as co-ligands. Interestingly, the
exposed edges can be tuned either parallel to anisotropic directions (armchair and zigzag) or
parallel to isotropic directions (“ladder” directions), which is regarded as edge faceting. This is, so
far, the first report on colloidal syntheses of large and thin SnS nanosheets with tunable edge-
faceting. Electronic transport measurements also reveal a strong dependency of their electrical

properties on the crystallographic directions, which in turn confirms the structural anisotropy.

In contrast, another important tin-based metal chalcogenide, SnTe, owns an isotropic crystal
structure (rock-salt crystal structure, with the space group Fm3m). It has a mirror symmetry in
the Brillouin zone of a face-centered (fcc) cubic system. There is an increasing emergence of
studies on SnTe nanomaterials due to their remarkable properties. For example, it is a topological
crystalline insulator owing to its special crystal symmetry. Furthermore, it is used as mid-IR
photodetectors as well as photovoltaic devices because of the narrow bandgap. In this thesis, a
novel colloidal synthesis method was developed to acquire large 2D SnTe nanocrystals. By
introducing halide alkane 1-bromotetradecane (1-BTD), 2D elongated nanosheets or called
nanostripes can be obtained with some byproducts. The thickness of the synthesized SnTe
nanostripes can be tuned down to 29 nm and the length can reach approximately 6.0 um. The
nanocrystals display high crystallinity, as can be proven by XRD and SAED. The influence of 1-BTD
used in the reaction is also discussed. It is shown that a larger amount of 1-BTD leads to a higher
percentage of nanorods compared to 2D nanostripes. The role of halides in the form of halide
salts is also investigated by replacing 1-BTD with LiBr or SnBr,. Absorption spectra of SnTe with

different nanostructures revealed pronounced absorption features in the IR range.



ZUSAMMENFASSUNG

Zusammenfassung

Zweidimensionale Metall-Chalkogenide wie z.B. PbS, CdS und CdSe Nanoplattchen sind
aufgrund ihrer besonderen groRen- und formabhangigen Eigenschaften Gegenstand intensiver
Untersuchungen. Neben den faszinierenden elektrischen und optischen Eigenschaften dieser
Materialien besitzen diese jedoch auch eine hohe Toxizitat und krebserregende Eigenschaften,
welche die Anwendungsmoglichkeiten stark einschranken. Zinn-Chalkogenide als weniger
giftiges Materialien gelten als vielversprechende Alternative und besitzen mit einer Schicht-

Struktur glinstige Voraussetzungen zur Herstellung kolloidaler 2D Nanostrukturen.

In dieser Arbeit wird eine neue und einfache Synthese von einkristallinen SnS Nanoblattern
vorgestellt. Diese Nanostrukturen besitzen groRe laterale Ausmalle bis in den
Mikrometerbereich und kénnen in ihrer Dicke kontrolliert werden. Dabei wird Zinn(Il)acetat als
Alternative zum giftigen Zinn(ll)chlorid oder leicht entflammbaren Organo-Zinnverbindungen
eingesetzt. Die Form der SnS Nanoblatter kann durch die Menge an Liganden und weiteren
Parametern zwischen quadratischen Nanoblattern (150-500 nm Kantenlange, 24-29 nm Dicke)
und sechseckigen Nanoblattern (250-1700 nm Kantenldnge, 16-50 nm Dicke) verandert werden.
Die Entstehung beider Formen wurde intensiv untersucht und in einem Mechanismus
zusammengefasst, welcher durch DFT Simulationen unterstiitzt wird. Die elektrischen
Eigenschaften von SnS Nanoblattern wurden untersucht und zeigten mit einer hohen
Leitfahigkeit und guten Photostrom vielversprechende Eigenschaften zum Einsatz als

Photodiode, Photosensor oder in der Photovoltaik-Technik.

Um die Eigenschaften der SnS Nanoblatter weiter zu optimieren wurde die Moglichkeit lateral
grolRere aber in der Hohe diinnere Nanostrukturen herzustellen intensiver verfolgt. Die
Schwierigkeiten liegen dabei in dem Einschranken des Wachstums in einer Dimension bei
bevorzugtem Wachstum in der Ebene. Eine Besonderheit von SnS ist die Anisotropie in der Ebene
durch die Kristallstruktur, welche fur die Anwendung von zusatzlichem Interesse sein kann. So

kann der Kristall unterschiedlich auf duf3ere Stimuli wie polarisiertes Licht und elektrische Felder
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reagieren und so zu besseren Eigenschaften fihren. Um den Anforderungen an die Anisotropie
und GroRenkontrolle gerecht zu werden, wurde die Schwefelquelle von TAA zu TOP-S geandert
und die Synthese weiter optimiert. Dabei ergeben sich SnS Nanoblatter mit einer lateralen GroR3e
von bis zu 8 um und einer Dicke von 7 nm. Interessanterweise konnen die Kanten der Nanoblatter
in der isotropen oder anisotropen Kristallrichtung kontrolliert werden, was zuvor noch nicht in
der Fachliteratur beschrieben wurde. Der elektrische Tarnsport in diesen Nanostrukturen zeigt
die zu erwartende Abhangigkeit von der Kristallrichtung und bestatigt die strukturelle

Anisotropie.

Im letzten Abschnitt der Arbeit wird die Synthese von SnTe Nanostrukturen vorgestellt. Wahrend
SnSe eine ahnliche Kristallstruktur wie SnS aufweist, ist SnTe mit der kubischen NaCl-Struktur
(Fm-3m) kein Material mit einer Schichtstruktur. SnTe ist aufgrund der Kristallsymmetrie
Gegenstand von Untersuchungen als topologischer Isolator und wegen der geringen Bandliicke
im Mid-IR-Bereich in der Photovoltaik. Da in der Fachliteratur keine Synthese von 2D SnTe
gefunden werden konnte, musste diese von Grund auf entwickelt werden, um lange
zweidimensionale Nanobretter herzustellen. Die zuvor thematisierte Synthese von SnS
Nanoblattern wurde abgewandelt und durch den Einsatz eines Halogenalkans erganzt, um
neben Nanodrahten und Nanowirfeln die zweidimensionalen Nanobretter zu erhalten. Diese
konnen mit einer Lange von ca. 6 um, einer Dicke von 29 nm und hoher Kristallinitat hergestellt
werden. Der Einfluss der Halogenalkane in der Reaktion wurde intensiv untersucht und eine erste
Abhangigkeit festgestellt. Die Absorption von SnTe Nanostrukturen wurde im IR-Bereich

untersucht und zeigt interessante Eigenschaften.

Zusammengefasst wurden verschiedene Synthesereihen vorgestellt um zinnbasierte 2D
Nanomaterialien kolloidal herzustellen und dabei die Form oder Kristallographie zu kontrollieren.
Dabei zeigten sich auch Moglichkeiten die Eigenschaften der Materialien zu verandern und fur

etwaige Anwendungen zu optimieren.
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THEORETICAL BACKGROUND

“Nanotechnology is the idea that we can create devices and machines all the way down to the

nanometer scale, which is a billionth of a meter, about half the width of a human DNA molecule.”
This quote from the American physicist Paul McEuen demonstrates the distinguishing feature of
nanotechnology and nanoscience.' Generally, nanotechnology proceeds based on the creation
and application of nanomaterials.”" Nanomaterials created by chemical synthesis have been
investigated for decades and have received great attention due to various novel applications, for
example, in biomedicine, catalysis and energy storage.”™ A nanocrystal is defined as a material
or a particle with at least one dimension smaller than 100 nanometers.” Colloidal nanocrystals
are solution-grown and composed of homogeneous particles with sizes in the nanoscale range
which are suspended in liquid (water or organic solvent).” Because of their nanoscale size, they
can possess unique and impressive electronic, optoelectronic or catalytic properties. The size,
shape, element composition, as well as crystalline structure also determine distinguishing
properties among different nanocrystals. Thus, the formation of different nanocrystals has been
investigated widely in the recent decades with scientists trying to manipulate the morphology
of nanomaterials to reach different application goals. That has also accelerated the theoretical
studies on the formation mechanism of colloid nanoparticles, which are defined as zero-

dimensional nanocrystals with all three dimensions smaller than 100 nanometers.

Generally, the formation of colloidal nanoparticles involves the nucleation process and the
growth process. The classical nucleation theory is considered as the simplest and most broadly
applied theory which displays an ideal nucleation process for vapor condensation to liquids.” It
describes a thermodynamic system which prefers to minimize the Gibbs free energy, which can
be extended to the crystallization from liquid to solid for nanoparticles as well."” The nucleation
and growth mechanism of solid nanoparticles were then defined by LaMer burst nucleation,
followed by the Ostwald ripening process, leading to the growth of particles.* ?° Further theories
were developed later to explain other different results of synthesis, for example, the Finke-
Watzky mechanism, oriented attachment and intraparticle growth.”?* All these described
mechanisms will be presented in the following sections, brightening the way of manufacturing

nanocrystals with narrower size distribution and variety of morphologies.



THEORETICAL BACKGROUND

1.1 Nucleation and Growth Mechanism for Nanoparticles

The classical nucleation theory was developed for explaining the growth in the vapor phase by
Becker and Doring.” However, it has also been adapted to study processes in solution. The
homogeneous nucleation was explained by Gibbs to describe a thermodynamic process of
nucleation, which contains the change of the total free energy AG for a droplet as the sum of

volume free energy (AGv) and surface free energy (AGs), as shown in Figure 1.1.%
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Figure 1.1. Free energy diagram for the nucleation process defined by Gibbs. (Adapted from John
W. Mullin,* 1997).

The formation of nuclei happens under the competing situation of decreasing AGy and
increasing AGs, finally leading to an increase of total energy AG to the maximum AGc (called

activation energy) at a critical size r.. The summarized equation is as followed:

4
AG=AGs +AGy=41try + £ TUPAG, (1)

where y is the interfacial tension and r is the radius of a sphere. AG, is the value of AGy per unit
volume. The critical radius can be determined to be -2y/AG, by solving eq. (1.1) for dAG/dr=0. AG,
isequal to- kT In(S)/v, where T refers to the temperature, ks represents the Boltzmann’s constant,

Sis the solution supersaturation, and v is the molar volume."”
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The critical size is then obtained as:

2wy
re= )
kBT In(S)

(1.2)

The classic growth was summarized by Tadao Sugimoto in 2001.% Particles present certain
stagnant fluid layer with the thickness of 6 around them, moving around in the fluid according
to Brownian motion (see Figure 1.2). The total flux of the solute, defined as J, represents the total
flux of monomers which go through a spherical particle with the radius of x. Therefore, it can be

written by Fick’s First Law as follows:

_ 2/ 4dC
J=4nx’D_, (1.3)

where D stands for the diffusion coefficient, C represents the concentration at the distance x.
Introducing the parameters including C», C, C, which represent respectively monomer
concentration in bulk solution, monomer concentration at the interface of solid and liquid, and
particle solubility and integrating C(x) from (r+8) to r, based on the stable solute-diffusion

condition,” we obtain:

41t Dr (r + 6)
J= —

5 (Co-C). (1.4)

Thus, after simplification and approximation by introducing the surface reaction rate k and the

molar volume v,* it follows that:

Ci-C LS (1.5)
c,-¢c; ket 0"
The growth-rate equations are as follows:
dr Dy
il (Co-C)), (1.6)
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dr
- - 1.7
p kv (Cp- C)), (1.7)

dr Dv(C,-Cp)
dt ~ r+D/k -

They all explain the particle size change under certain circumstances: for example, diffusion is
the limiting parameter (eq. (1.6)), the surface reaction is the limiting parameter (eq. (1.7)), or
neither is the factor controlling the particle growth (eq.(1.8)). Therefore, the growth rate is mainly
determined by D and k. If kr » D, the reaction is diffusion-controlled, while the surface reaction

is the determining component if kr « D.

(a) +C Diffusion Layer Bulk Solution (b)

Figure 1.2. Schematic diagrams of microscopic (a) and macroscopic features of the diffusion layer
structure starting from the surface of a particle (b). The plot in (a) displays the monomer
concentration as a function of distance x from the particle surface. (Adapted from Tadao
Sugimoto,” 2001).

1.1.1 LaMer and Dinegar Theory

Nucleation and growth were explained by Victor K. LaMer and Robert H. Dinegar.?° Their theory
is established from a process of preparing a monodispersed sulfur hydrosol (see Figure 1.3). It is

realized by the slow decomposition of dilute sodium thiosulfate (NaS,0s) in the solvent of dilute
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hydrochloric acid (HCI). Under the acidic pH condition, HS,03 can be produced in the solution.
Then, the molecularly dissolved sulfur and bisulfite ion can be produced, and the equation is

written as:
2HS,0; = 2HS03+5, (1.9)

The whole mechanism can be explained by the following three stages: (I) the sulfur
concentration increases and then reaches the critical supersaturation level Co (see Figure 1.3). At
this stage, the solution is in a metastable state, while no nucleation occurs yet;" (ll) the
saturation increases and reaches a second level Cy, where the activation energy for nucleation
can be surmounted. Then the rapid self-nucleation starts.?® With the time goes, the monomer
concentration reaches the critical limiting supersaturation. The nucleation then continues,
consuming the monomers, partially relieving the supersaturation. Thus, the curve starts to drop
(see Figure 1.3); (Ill) the concentration reduces below Ci. The nucleation process ceases, and the
growth stage starts. The growth of stable formed nuclei finally leads to discrete particles via the

combination of dissolved sulfur into the nuclei seeds."
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Figure 1.3. Graphical representation of the LaMer theory: the sulfur concentration as a function
of the time parameter. (Adapted from LaMer and Dinegar,?® 1950).

The LaMer and Dinegar theory describes the nucleation and growth of solid nanoparticle
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syntheses. It describes both processes in terms of monomer concentration, and it is also the basis
to explain the hot injection method theoretically by separation of nucleation and growth for

obtaining mono-dispersity.

1.1.2 Ostwald Ripening Theory

A. P. Alivisatos et al. reported the focusing of the size distribution for CdSe and InAs nanocrystals
by tuning the amount of injected precursor.”® There should be a critical size at which the system
is in equilibrium with any monomer amounts. Thus, nanoparticles in the synthesis smaller than
the critical size will dissolve, resulting in negative growth rates, and larger nanoparticles grow at
rates related to their sizes. When all the nanocrystals in the solution have larger sizes than the
critical size, the size distribution starts “focusing”.?® Smaller nanocrystals will grow quicker than
larger ones since less mass is needed to complete additional layers on nanocrystal surface.
Through the consumption of monomer concentration, the critical size increases. Small
nanocrystals then start to lessen or even vanish, while larger ones grow even bigger. This is a
common phenomenon called Ostwald ripening, which causes “defocusing” of the size
distribution. With the injection of additional monomers, the critical size remains small, leading

to a system in the size focusing regime.

Ostwald ripening was described by Wilhelm Ostwald in 1890s° and demonstrates the
dissolution of small particles, while larger particles grow bigger (see Figure 1.4). This ripening
process is due to the requirement of the maximum of thermodynamical stability, making the
surface to area ratio minimal. The energetical stabilities of molecules on the particle surface are
lower than those of molecules inside the particle. Thus, surface molecules frequently escape into
the solution, resulting in an increase of free molecules floating in the solution, and also a
decrease of original particle size (see Figure 1.4). However, the solution becomes supersaturated
via the addition of escaping molecules from shrinking particles into solution. Then those free
molecules start to deposit again on the particles, but on the larger particles instead of small sized
particles. Therefore, the small particles in solution become smaller in size until they vanish, while

large particles grow even bigger.
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Figure 1.4. Graphical representation of the Ostwald ripening: small particles become smaller until
disappearing while large particles grow bigger according to energetical stability difference
between the surface and the interior of particles. (Adapted from Wilhelm Ostwald,***'1896).

In addition, Prasad et al. reported that a colloidal suspension was refluxed at the temperature of
the solvent’s boiling point with the existing ligands, transforming a colloid with high
polydispersity into a monodisperse colloid by breaking the polydisperse colloid into small-sized
particles with the help of ligands, followed by the isolation of the colloid from the byproduct.?*
3 This process is called digestive ripening, which is also another ripening process to achieve

colloidal nanoparticles.

1.1.3 Aggregative Growth Theory

Aggregative growth is the proposed process for non-classical nucleation and growth
procedures.®* Alivisatos’ group reported the growth process of Pt nanoparticles via in situ
transmission electron microscopy (TEM).* The growth trajectories were tracked under TEM after
the induction of an electron beam into the reaction cell, leading to the growth of Pt nanoparticles.
Furthermore, it was found that the coalescence during growth is site-selective, and it reshapes
the structures as well as it rearranges the surface by orienting the facets.>® The first step C, which
refers to the period of classical nucleation and growth process, will witness the generation of
initial nanocrystals with ultra-small size. Step A follows, where the aggregative nucleation and
growth process take place. Finally, Ostwald ripening happens after the aggregative process,
which was the period named OR step (see Figure 1.5). However, these three steps may happen at

the same time and result in the two-peak size distribution.>* The aggregative growth process and
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Ostwald ripening both produce larger sized nanocrystals, whereas these two processes can also
be distinguished based on the crystallinity of cores. Nanocrystal products grown mainly by
Ostwald ripening can only present one crystalline domain, owing to the growth from the
addition of primary nanocrystals with single crystallinity. Nevertheless, formed nanocrystals
grown mainly by aggregative pathway should be not of single crystallinity, according to the
growth mechanism for the aggregative growth process. Polycrystallinity will then disappear on
account of recrystallization over longer time, to finally present multiply twinned structures or

still polycrystal structures.?*

C A OR
)
el
)
&
(7] OR
—
= w < W
growth
- <
- =
' }: nucleation
i >0 -
A
Time

Figure 1.5. Graphical representation of the growth process of nanocrystals including the classical
nucleation and growth (step C), aggregative growth (step A), and Ostwald ripening process (step
OR). (Adapted from Fudong Wang,** 2013).

1.1.4 Finke-Watzky Two-Step Mechanism

In contrast, the Finke-Watzky two-step mechanism contains simultaneous nucleation and
growth processes.”! At first, a slow consecutive nucleation process takes place, followed by the
autocatalytic surface growth without diffusion involved (Ir nucleus in their case, see Figure 1.6).
For instance, monomers combine to form dimers, and dimers will then combine with another
monomer to grow bigger.*’ The autocatalytic growth involves the reduction of iridium ions to

iridium atoms accompanied by the oxidation of cyclohexene into cyclohexane. This mechanism

10
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is normally applied to explain the formation mechanism of metal nanoparticles.

O
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Autocatalytic Growth

A+B— 2B

Figure 1.6. Graphical representation of the Finke-Watzky two-step mechanism. (Adapted from
Siva Rama Krishna Perala,*” 2014).

1.1.5 Oriented Attachment

The oriented attachment theory was first raised by R. Lee Penn and Jillian F. Banfield in 1998.%
The system whose growth is based on oriented attachment has neighboring small particles
formed at the beginning, followed by self-assembly with aligning the crystallographic ordering
between two particles. The attachment process is driven by the minimization of the surface free

energy of the whole system to reduce the amount of high energy surfaces.***°

Basically, this is a growth mechanism which requires a wet-chemical synthesis environment,
involving free-moving nanoparticles which later diffuse to meet each other. The attachment of
two close particles will collude and adjust their orientation. Afterwards, re-ordering is needed for
nanoparticles in order to proceed recrystallization, followed by the subsequent reducing of grain
boundaries. Ultimately, a combination of nanoparticles into one single nanocrystal will occur
(see Figure 1.7). It has been proved that oriented attachment is a good way to form anisotropic

nanostructures no matter whether the crystal system is symmetric or asymmetric in certain

n
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dimensions where symmetry-breaking is needed. The outstanding example of oriented
attachment process is the colloidal synthesis of two-dimensional PbS nanosheets by oriented

attachment with the assistance of halogenated compounds.**

1‘ M Self-recrystallization and merging

attach reorder reorder coalescent

W Diffusion to attach and rotation

Figure 1.7. Graphical representation of the basic mechanism of oriented attachment process
during growth. (Adapted from Michel Nasilowski,*® 2014).

1.1.6 Intraparticle Growth

The intraparticle growth (or intraparticle ripening) was described by X. Peng.* They investigated
the synthesis of gold flowers and observed the shape-changing in an intraparticle manner: it
happens inside the particles without the interparticle way. The monomers diffuse towards the
surface of particles to transform nanoparticles into another shape. Cl ions play an important role
in the intraparticle growth of these gold flowers, by binding to Au atoms on particle surfaces,

along with promoting the movement of Au atoms.*

1.2 Two-dimensional Nanocrystal Synthesis

Basically, nanocrystals will grow towards the direction that the surface energy is reduced. Thus,
the final shape is influenced by every crystal facet.?® This is summarized already by Wulff as a
simple construction method for equilibrium-shape determination.?® %2 The final shape will not

always be spherical. It depends on the colloidal synthesis environment (e.g. ligands) and

12
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symmetry in the nanocrystal itself. Recently, two-dimensional (2D) colloidal nanocrystals have
been investigated widely for new or improved properties compared to zero-dimensional (OD) and
one-dimensional (1D) nanocrystals. 2D nanocrystals are also known as “quantum wells”, where
only one dimension is in the nanoscale range.” The advantages of this shape anisotropy of 2D
nanocrystals have resulted in various intriguing applications in various research fields including
electronics, catalysis, biomedicine, and energy storage.***¢ Here, typical mechanisms for the

formation of 2D nanostructures will be summarized.

1.2.1 Synthesis Methods

Cubic crystal symmetry (e.g. PbS) should prefer a cubic shape. However, suitable ligands and
temperature conditions can lead to a 2D nanostructure for these non-layered nanomaterials.?*
Symmetry-breaking would be the key reason for this phenomenon. In contrast, a layered crystal
system naturally prefers to form a 2D nanostructure. Therefore, one important factor for
obtaining 2D nanocrystals originates from the crystal structure type. Here, we would like to
demonstrate the different synthesis methods for achieving 2D nanostructures based on the

colloidal synthesis conditions and the symmetry.

1.2.1.1 Layered Crystal Systems

Typical 2D layered materials include graphene, metal chalcogenides (IV-VI and IlI-VI layered
compounds like SnS, GeS), metal dichalcogenides such as MoS; and some metal oxides like
WO;.4° These nanomaterials present layered structures, which involves van der Waals
interactions between upper and lower layers, and much stronger covalent bonds between atoms
inside the layers. Owing to this special crystal structure, the favorable shape will be two-
dimensional, which is promising for 2D nanomaterial preparations and applications. There are
several preparation methods for layered material syntheses. For example, there are chemical
vapor deposition (CVD), molecular beam epitaxy (MBE) or mechanical exfoliation.”™ So far, many

feasible methods have been investigated, including liquid exfoliation, selective etching, ion-

13
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intercalation, and the colloidal method (wet-chemical synthesis).>**¢ Basically, those methods
can be classified into bottom-up and top-down methods. The top-down approach proceeds by
the exfoliation of bulk materials with layered crystal structure into several layers of nanoscale
materials, during which the breaking of stacked layers happens. The bottom-up approach is
usually conducted by the direct synthesis of 2D nanostructures under certain precise reaction
conditions, such as proper surfactants or temperature. Examples of this method include the

colloidal synthesis method and CvD.* 578
1.2.1.1.1 Exfoliation Method

Different exfoliation approaches include mechanical exfoliation, liquid exfoliation, and ion-
intercalation.”® A typical way to proceed the mechanical exfoliation approach was discovered by
Geim et al. who exfoliated the bulk materials by applying adhesive Scotch tapes to obtain
ultrathin 2D crystals.®° After obtaining the thin layers of 2D nanomaterials on the tape, the
transfer from Scotch tape to a substrate by a tweezer is conducted. Because of some drawbacks
of mechanical exfoliation such as low productivity, liquid exfoliation was also developed to make
large quantities of exfoliated nanosheets.®’ One example for this method is the preparation of
graphene oxide from graphite. Graphite is treated with sulfuric acid or potassium permanganate
as oxidizers. This is to modify the exposed facets with hydroxyl and epoxide groups which are
perfect groups for water intercalation and to obtain graphene oxide via ultrasonication as the
last step.5? The ion-intercalation process involves the insertion of ions into the layers of 2D
layered nanostructures, leading to the weakening of layer-layer van de Waals interactions. 2D
nanostructures can be obtained later after a sonication step to split each layer.®® Some commonly

used intercalators are metal naphthalenides such as sodium naphthalenide.®
1.2.11.2 Chemical Vapor Deposition Method

The chemical vapor deposition or CVD method belongs to the bottom-up approaches. This
method normally involves precursors which react with each other to form the product under high
temperature and high vacuum condition in a reaction chamber and a substrate where the
product will be deposited.*> ® Compared to the exfoliation methods, CVD can produce well-

shaped highly crystalline 2D nanostructures. However, the extreme reaction condition brings
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difficulties to the further development and applications of the CVD method.
1.2.1.1.3 Wet-Chemical Synthesis Method

Compared to the CVD method, the wet-chemical synthesis method is widely applied by chemical
and physical-chemical scientists.***® % This method involves standard chemical reactions which
are applied in solution with the usage of certain reactive precursors and surfactants. Thus,
colloidal methods for 2D nanomaterial preparation produce 2D nanomaterials in solution,
assisted by ligands and a suitable temperature to control the crystal growth. The preparation
after synthesis such as deposition on substrates is convenient for further applications.*® In
addition, the highly controllable shape tuning and size tuning are also promising for industrial

production.
a) Hydro/solvothermal Method

The hydrothermal synthesis method is one common wet-chemical synthesis method. It is
performed in a closed vessel (autoclave), in which all the reactants are dissolved in hot water.
Thus, the solubility of reactants in hot water under high pressure becomes one of the important
factors which will define the whole reaction conditions.®”®® Meanwhile, it requires the vapor
pressure of the material near the melting point to be high enough for the high-pressure reaction.
The solvothermal synthesis method differs only in the solvent: the solution is non-aqueous in
the solvothermal synthesis case.””' The synthesis of BiTes, MoS;, and SnS 2D nanosheets have
been investigated using the hydro/solvothermal method to obtain high crystallinity and well-
shaped morphologies.®® 7! For instance, Bi,Tes single-crystal nanosheets with highly uniform
morphology were prepared by a facile solvothermal route.’”® The solvent used for this
solvothermal method is ethylene glycol (EG), which also acts as the reducing agent for the
reduction of Te precursors (Na,TeOs). The optimized temperature is 180 ‘C and the thickness of
the Bi,Tes nanosheets can be tuned by the adjustment of the NaOH concentration. A high
concentration of OH ions from NaOH, which can facilitate the release of cations, accelerates the
anisotropic growth of different facets. Polyvinyl pyrrolidone (PVP) also plays an important role in
the formation of Bi,Te; nanocrystals, by serving as a surfactant to achieve a defined shape.”

Furthermore, morphology and growth mechanism studies show that the solvothermal synthesis
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of Bi,Tes mainly goes through three phases. Firstly, the monomer concentration in the reaction
system is initially high, resulting in the 2D growth tendency. Then, the reaction keeps consuming
the monomer, leading to a quick decrease in the monomer concentration. This helps to switch
the growth from 2D-growth behavior to 3D-growth behavior. Thirdly, the growth of Bi,Te;
nanocrystals starts to stagnate and ripening starts. Thus, the shape of Bi;Tes nanocrystals starts
from thin hexagonal nanosheets to thicker nanosheets (see Figure 1.8). These three phases are
all diffusion-controlled and the solvent EG presents a high surface tension, which gives the

formation for Bi,Tes nanosheet a better equilibrium growth condition.
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Figure 1.8. The three main growth phases of Bi,Tes nanocrystals in the solvothermal synthesis
method in the period of monomer consumption. (Adapted from Y. Zhao,” 2013).

b) Soft-templated Method

The soft-templated method for 2D nanomaterial preparation normally involves ligands as
templates. Ligand templating plays a vital role in the formation of either layered or non-layered
2D nanosheets.””” The ligand templates normally act as the scaffold to shape the anisotropic
nanocrystals which present the structures complementary to those of templates.” The syntheses
with the aid of ligands have been investigated to produce various layered nanocrystals with
different nanostructures, such as Sb,S; nanospheres,’ Bi,S; nanorods,” InSe nanosheets.” For
instance, hexagonal ultrathin InSe nanosheets reported by Lauth et al. are also prepared by the
soft-templated method.”® They introduced amines (octadecylamine, ODA) as lamellar soft
templates. They can lead to the formation of 2D InSe nanosheets (see Figure 1.9a). The
nanostructures are measured by Grazing Incidence Small-Angle X-ray Scattering (GISAXS) and

the result displays a scattering periodicity of the distance between two layers of 4.4 nm. This
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distance includes the length of ODA ligands (approximately 1.7 nm) and the thickness of the InSe
layer (approximately 1 nm).” This solution-based soft-templated process is very promising for
layered nanomaterial syntheses with controllable thickness and well-defined lateral shape.
Meanwhile, the oriented attachment mechanism sometimes also participates in the synthesis

together with the soft-templated method.®®

(a) Cation lons + Lamellar Ligands (amines, oleic acid etc.) (b) Metal (Pb, Sn, etc.) @ Chalcogen (S, Se)
X =RCO,, RS, CI, etc.
or [S]%2[H,NT%, [In,Se, ] 2[N,H:]*, etc.

L = PRy, NH,R, etc.
Z=CdCl,, Pb(SCN),, etc.

\\////\\

2D Templates L-type X-type

S, SeorTe o .

precursors \ /
ALY |
_— Single-Crystalline
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S J Z-type
Growth with the X-type

Lamellar Structure

Figure 1.9. (a) Schematic illustration of the formation of layered nanosheets with the aid of
lamellar ligands such as amines or oleic acid. (Adapted from Jannika Lauth,” 2016, and Jae Sung
Son,”” 2009). (b) Different types of surface ligands coordinating with specific atoms on the
surface. (Adapted from Jonathan Owen,”® 2015).

It is well known that surfactants, or ligands play a vital role for colloidal synthesis.”®"
Theoretically, ligands are classified into three types, such as X-type, L-type and Z-type ligands
according to the covalent bond classification (CBC) method (see Figure 1.9b).%° Specifically, L-type
ligands including phosphine molecules or long-chain amines are defined as neutral donors
owning free electron pairs, which can attach to the metal ions on the crystal surface.” Z-type
ligands contain electron-pair acceptors which are neutral, for example, CdCl,. This type of ligand
is suitable to coordinate to negative-charged ions on the crystal surface. In addition, X-type
ligands are defined as anionic donors including negative-charged ligands such as RCO; or halide

ions which can attach to the cationic metal ions on the crystal surface (see Figure 1.9).

—_
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¢) Hot-injection and One-pot Heating-up Method

The key difference between the hot-injection and one-pot heating-up method is the way to
introduce precursors. The precursors in the hot-injection method are introduced by a high-
temperature injection, while all the reaction materials including all the precursors are initially
mixed in the reaction flask and heated up to the specific reaction temperature in the one-pot
heating-up method.®® Actually, the critical hot-injection approach is not only about performing
injection at high temperatures, but also about the control of nucleation. By adjusting the
injection volume, the temperature drop can be controlled, resulting in a short nucleation process,
followed by a rapid cool-down step. The high temperature triggers fast nucleation with a high
monomer concentration and the growth starts subsequently with the aid of present ligands. The
hot-injection method has already been applied to introduce second precursors for various

reactions, such as the synthesis of InSe, Bi,Tes, and SnSe nanocrystals.®#3

The one-pot synthesis method is a simple feasible approach with all the reaction materials mixed
in the reaction flask at room temperature or at low temperature, followed by a gradual heating
process until the reaction temperature is reached. It slows down the speed of nucleation and the
speed of the precursor consumption as well. The growth process will happen simultaneously
during the heating process, which does not separate the nucleation and growth processes.?*
Plenty of layered nanomaterials have also been investigated with the one-pot heating-up

method to produce crystalline nanosheets such as GeSe and GeS nanosheets.?%

1.2.1.2 Non-layered Crystal Systems

Since the layered crystal system brings advantages to the syntheses and applications of 2D
nanostructures, great effort has been made to prepare layered nanomaterials. However, non-
layered materials, for example, lead halide perovskites, metals such as Co, Ag and Rh, metal
oxides like ZnO and SnO,, metal chalcogenides or dichalcogenides including CdTe and CoSe,, are
also widely investigated by nano-scientists.2® Non-layered nanomaterials with 2D structures can
be perfectly complementary to 2D layered nanomaterials based on their specific crystal

structures and related properties. Different from 2D layered nanomaterials, non-layered
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nanomaterials are filled with dangling bonds, which ensures their chemical active surfaces are
always available, yielding the promising applications like catalysis.?’ The specificity of the non-
layered nanomaterials is initially defined by the crystal structures. For instance, cubic crystal
systems contain strong chemical bonds towards all the three dimensions. Energy differences
between different crystal facets normally drive the growth directions, leading to specific
morphologies if the synthesis is only thermodynamically controlled or dominated. The reason for
this phenomenon is the crystal-structure symmetries of these nanomaterials. For instance, bulk
PbS nanomaterial shows cubic phase (rock-salt type), which means it naturally grows into cubic
shape under thermodynamic conditions. Therefore, the thermodynamic equilibrium state needs
to be disturbed, as well as the symmetry needs to be broken, if 2D nanostructual PbS

nanocrystals are expected.®®

There are several synthesis methods for non-layered nanomaterials according to their special
crystal structures, including the CVD method as a gas-phase method, as well as wet-chemical
methods.®¥°° Wet-chemical methods have been investigated widely and have become promising
strategies for achieving a variety of 2D non-layered nanomaterials. It has several advantages,
such as low costs, high productivity and shape/size control. According to the nucleation-and-
growth mechanism difference, wet-chemical methods can also be classified into several sub-
methods including the templated synthesis, the solvothermal method, and the surface-energy-
controlled synthesis method which are similar to those for layered nanomaterial synthesis,.”” 8
Here, some typical examples of these common synthesis methods to obtain 2D non-layered

nanomaterials will be demonstrated.

Templated synthesis methods are popular in the preparation of 2D non-layered nanomaterials
with their special crystal structures, which often need certain driving forces for the anisotropic
growth.””?' There is a typical synthesis case based on a templated synthesis method. That is the
synthesis of ultrathin PbS nanosheets by oriented attachment and by a templating strategy.* In
detail, oleic acid is used as ligands and is densely packed on the {100} facets as templates,
assisting the attachment of PbS crystals and leading to lateral growth. Meanwhile, chlorinated
cosolvents also assist the attachment process, adjusting the nucleation and growth rates by

forming lead complexing agents (see Figure 1.10).
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Figure 110. Small-angle-X-ray scattering (SAXS) measurement (black) and the simulated
diffraction curve (red) of the stacked PbS layers to clarify the nanosheet thickness and the
orientational distribution. The scattering image is in the inset, showing anisotropic dumbbell-
shaped pattern which displays sheet orientation parallel to the gx direction. The best simulation
fit assumes a PbS sheet thickness of 2.2 nm and a layer thickness of 3.6 nm containing two oleic
acid layers. Reproduced with permission.?* Copyright 2010, AAAS.

The solvothermal method is also one typical strategy to synthesize 2D non-layered
nanostructures.®* A representative example is the reported solvothermal synthetic route to
prepare anatase TiO, nanosheets by applying 2-propanol as capping agent as well as reaction
solvent in the presence of hydrofluoric acid (HF).> The used 2-propanol and fluorine can
respectively stabilize the facets and lower the surface energies of the (100) facets, leading to the
final 2D nanosheet morphology. Under HF treatment, 2-propanol presents alkoxy group
((CHs3).CH-O) to bind to crystal surfaces via attaching to Ti** ions, impeding the growth towards
the direction [001]. The final 2D morphology is considered as a thermodynamically favored

nanostructure.

The surface-energy-controlled growth method normally involves some surfactant agents
including polymers or gas molecules, which can preferably attach to specific crystal facets,
resulting in a decrease of the growth rate of these facets and anisotropic growth of products.”
% Huang et al. reported a general growth method to prepare free-standing hexagonal palladium
nanosheets.? The surfactants used in this work are poly(vinylpyrrolidone) (PVP) and halide salt-

cetyltrimethylammonium bromide (CTAB), in the presence of the active gas molecules CO. The
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CO molecules attach to the (111) facets of palladium crystals, which hinters further growth along
the corresponding [111] direction (the thickness direction). Therefore, CO guides the 2D growth of
palladium nanocrystals.®* The growth can be proved as surface-energy-controlled growth
according to the TEM images, which show the increase of edge length and no change of thickness
during the reaction. PVP is found to be necessary for the reaction, serving as a capping agent to

prevent nanocrystals from agglomerating (see Figure 1.11).
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Figure 1.11. TEM characterization of ultrathin palladium nanosheets produced with the aid of PVP
and CTAB in the reaction. Reproduced with permission.®* Copyright 2011, Nature Publishing
Group.

1.2.2 Characterization Methods

There are some common characterization methods to evaluate the morphology, the physical or
the chemical properties of synthesized 2D nanosheets.®*®¢ For instance, there are several
microscopy-based characterization methods such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), atomic force microscopy (AFM). These techniques can
provide information about the nanomaterials: size, shape and even crystal structure information

from TEM (sometimes high-resolution TEM (HRTEM) measurements are needed for clear lattice
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fringes); morphology, thickness and elemental distribution from SEM; thickness and surface
roughness from AFM.?> Other information concerning crystal structure and elemental
composition can be obtained by X-ray diffraction (XRD), and the physical or chemical properties

e.g. optical properties can be measured by spectrometers.

1.2.2.1 Transmission Electron Microscopy Characterization

In a typical Transmission Electron Microscopy (TEM), high energy electrons transmit through a
thin sample. The electron beam interacts with the sample on a TEM grid and the obtained images
are generated based on the detected diffracted electrons through the sample. Transmitted
electrons are collected and detected by the detectors. Then the data are transformed to final
images by the software. The final images contain information about the size and shape
distribution, as well as rough estimate of the thickness distribution according to the contrast
compared to the background. A simple sketch of a TEM set-up (see Figure 1.12) shows its basic
components including an electron source (electron gun), condenser lens and objective lens,
projective lens and phosphor screen or another imaging device.’® Basically, electrons are
generated by heating a filament (e.g. tungsten filament) or by using field emission.”” By applying
a condenser lens, the electron beam can be focused to hit the sample on the TEM grid. The
transmitted electrons through the grid are broadened and then focused again by an objective
lens. After passing through the intermediate/projective lens, the final image of the sample on
the phosphor screen (or CCD) can be formed with certain magnification ranging from 100x to

even 10°x (see Figure 1.12).
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Figure 1.12. Schematic representation of the set-up inside a TEM (Adapted from Kourosh Kalantar-
zadeh and Benjamin Fry,%¢ 2008).

Therefore, darkness in the obtained image represents how much the electron portion is
diffracted. The background is lighter than the nanomaterials because of more electrons are
transmitted through the areas without the covering of samples (see Figure 1.11). That is why we
can roughly tell the relative thickness from the contrast: the darker the contrast, the thicker the

sample.
a) High-resolution TEM

High-resolution TEM (HRTEM) is one special and powerful imaging mode of TEM characterization
to check the detailed crystal structure of nanomaterials. The final HRTEM images are formed
based on the phase contrast which results from the interference of the electron wave.*-% As the
electron wave strikes onto the surface of the sample, most of electrons will penetrate through
the sample. Apart from the transmitted electrons, scattered ones or diffracted ones are also
formed during the transmission, leading to the change of the electron phase.®® All these
electrons then interact with atoms inside the sample, displaying interference patterns of the
final image, as described by Bragg diffraction. Therefore, HRTEM measurements give information
about crystal fringes of detected facets and measurement of the distance of two planes can

determine the specific facets (see Figure 1.13).1°°
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Corresponding to HRTEM images, the Fast Fourier Transformation (FFT) on the images presents
well-ordered points which display a Miller plane, showing the information in reciprocal space of
the detected crystal.” Each point refers to a specific facet of the crystal, which also matches the

analysis of crystal fringes from TEM measurements (see insets from Figure 1.13e, d, ).
b) Selected Area Electron Diffraction

Selected area electron diffraction, also called SAED or SAD, is defined as a microscopy technique
based on the TEM instrument. In the TEM pathway, atoms inside the sample act as diffraction
gratings to the electrons. The SAED patterns can be obtained after the diffraction, displaying a
set of diffraction patterns owing to the specific crystal structure of the measured sample (see
Figure 113¢)."°© We can clarify the corresponding facets with the measurement of certain
distances of spots. Furthermore, the specific exposed facets of the real sample in the TEM image
can also be determined if the rotation angle is known between the SAED pattern and the final

TEM image.
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Figure 1.13. The XRD (a), TEM (b), SAED (c), and HRTEM measurement (d-f) on Au nanoplatelets.
Reproduced with permission.'® Copyright 2017, American Chemical Society.
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¢) Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is another technique inside a TEM (and also a SEM) to
characterize the composition of the detected samples by their interactions with the incident
electron beam. EDS contains three basic components including an X-ray detector, a pulse
processor and a multiple channel analyzer.'> The incident beam ejects electrons in certain energy
positions, leaving holes which other outer electrons from a higher-energy shell can fill, creating
X-ray radiation. Therefore, characteristic X-rays can be evaluated by energy-dispersive
spectrometer, demonstrating the elemental composition of the sample.’® Thus, we can get

information about the elemental distribution (e.g. Pb: S atomic ratio) from EDS analysis.

1.2.2.2 Scanning Electron Microscopy Characterization

The resolution limitations of eyes (0.2 mm) and normal optical microscopes (500-1500x) pushed
the development of scanning electron microscopy (SEM). The SEM is used to characterize smaller
features based on the electrons which have a much shorter wavelength than that of visible
light."® It is normally composed of several basic components including an electron source
(electron gun), all the needed lenses, specific detectors for different kind of electrons emitted
from the specimen, as well as a software for image display (see Figure 1.14).°4 The interaction
between the electron beam and the sample produces X-rays, Auger electrons, secondary
electrons, primary backscattered electrons, and cathodoluminescence (see Figure 1.15), each of

which displays different information about the sample.

Secondary electrons are produced by the inelastic interactions between the primary electron
beam and the specimen.'® They normally appear near the surface of the sample with a distance
of 5 to 10 nm, showing high sensitivity to the surface morphology of nanostructures. Therefore,
secondary electrons are normally used to display the final images for SEM characterization.'®
When the electron beam hits the surface of the sample to create a hole, another electron from
the outer shells fills this empty energy position, producing characteristic X-rays. Auger electrons
are created when the outer electrons are ejected by the energy from an electronic transition

process of a high-energy electron falling in the vacancy located in the inner shell.'’ This usually
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happens in the depths of several nanometers below the sample surface. Cathodoluminescence
can be emitted if the electrons and holes recombine.'®® Backscattered electrons are defined as
the primary electrons which rebound back by the atom nucleus. They can also be used to display

images for SEM characterization.
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Figure 1.14. Schematic representation of SEM set-up. (Adapted from Tahani Flemban,'® 2017).
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Figure 1.15. Sample and electron beam interaction at an atomic scale and the interaction depth
distribution. (Adapted from Paul Whiteside,"° 2016).
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1.2.2.3 Atomic Force Microscopy Characterization

An atomic force microscope (AFM) is mainly composed of a cantilever, a laser beam, a photo-
detector and a display system (see Figure 1.16).™ The cantilever is normally made from silicon
with a tip in the nanometer range. The interaction forces between the tip and the sample surface
are the key parameters for the AFM measurement. There are several kinds of forces that can be
applied for the measurements, such as van der Waals forces, and mechanical contact forces.
Generally, there are three main modes of AFM measurement, including intermittent mode,
contact mode, and vibrating mode. What is used in this thesis is the intermittent mode (or
tapping mode). It is relatively soft and not harmful to the tip nor to the surface of the sample. In
tapping mode, the cantilever will tap with a high resonance frequency, and the feedback will be
continually used to adjust the distance between the sample and the tip. Therefore, the image of
defined surface morphology is obtained. AFM characterization is considered as a useful tool for

obtaining the height or thickness of the measured nanostructures, especially 2D nanostructures.
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Figure 116. Schematic representation of AFM set-up.”

1.2.2.4 Powder X-ray Diffraction Analysis
In 1912, the equation which defined the direction of diffracted X-rays from the crystals was

interpreted by William Lawrence Bragg and William Henry Bragg." It is written as:

2dsin 6=n)\, (110)
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where A is the incident radiation wavelength, 0 is the half value of the diffraction angle, and d is
the lattice distance of the crystal. This is known as Bragg diffraction. This phenomenon has two
key factors, including one wave which can produce interference, and one scattering center which
forms a periodic arrangement. Two important geometry relationships are also involved during
the diffraction: (1) the incident radiation, normal line of reflecting surface and diffraction
radiation are coplanar; (2) the angle of diffraction radiation and transmission radiation must be
equal to 26, which is defined as the diffraction angle. The schematic graph of Bragg diffraction is
shown in Figure 1.17. Nanomaterials measured by XRD can be characterized to get basic
information about crystallinity and rough dimensional information.
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Figure 1.17. Schematic representation of Bragg diffraction process.™

1.2.2.5 Spectroscopy Characterizations

Spectroscopy characterizations including nuclear magnetic resonance spectroscopy (NMR),
terahertz spectroscopy (THz) and X-ray photoelectron spectroscopy (XPS) play a vital role in
clarifying the chemical composition, ligands, size distribution, and other sample information.
There are several common instruments used in this thesis, such as Ultraviolet-visible
spectroscopy (UV-vis), Fourier transform infrared spectroscopy (FTIR), which we will introduce in

detail in the following sections.
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1.2.2.5.1 Ultraviolet-visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is one kind of absorption spectrometry which utilizes
the absorbing ability of the measured materials in the spectrum range between 190 and 1100
nm."™ The produced spectra normally come from the energy level transition of valence electrons,
occasionally together with the transition through vibrational levels and rotational levels inside
molecules. The transition types include four basic kinds, such as —rt*, n—1t*, 0—0*, and n—o*, from
which o—o0* transitions need the largest energy. In a typical set-up, a white-light source goes to a
diffraction grating (monochromator), passes a slit and lens to focus. Then it passes several mirror
systems to converge. Finally, the light reaches the detector after passing through the reference
and the sample and being absorbed (see Figure 1.18a). UV spectroscopy plays an important role

in the determination of the concentration of particles, particle agglomeration condition, and

bandgaps.
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Figure 118. Schematic representation of a typical set-up of a UV-Vis spectrometer (a) and the ATR
unit (b) from FTIR Spectrometers."* ™
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1.2.2.5.2 Fourier Transform Infrared Spectroscopy

There are at least two requirements for a significant infrared spectroscopy (IR) measurement: (1)
the applied radiation should contain enough energy for the vibrational transition of sample
molecules; (2) there should be certain interaction between radiation and sample molecules.
Molecules like N2 or Cl; without dipole moments will not present dipole change in the vibration,
so those molecules are not IR-active."®" Theoretically, two basic vibration modes exist in
molecules, embodying stretching vibration and bending vibration. These vibration properties of
sample molecules define the obtained IR spectra, including the frequency, the number, and the
intensity of absorption peaks."®" Dispersive IR and Fourier transform IR are two types of IR
spectroscopy. Dispersive IR only adopts a small range of wavelengths towards the detector. When
it comes to FTIR, the light goes through a Michelson interferometer which can split the light
beam and recombine the beams, letting the two split beams interfere. Attenuated total
reflection (ATR) is used to avoid the strong attenuation of the IR signal for the sample.™ It
employs an ATR crystal with high refractive index, which impels the light to be fully internally
reflected at least once (see Figure 1.18b). The original light contains a full range of wavelengths,
which is modulated by the interferometer to obtain a specified spectrum. The Fourier transform
algorithm (FT) is applied to analyze the early data of absorption information to the final
absorption spectra. Generally, this type of characterization could provide some basic information
about the detected materials, such as the molecule structure based on the absorption positions
and shapes, and also the component distribution of compounds based on the intensity of

characteristic absorption peaks.

1.2.3 Synthesis and Applications of 2D Tin Chalcogenide Nanomaterials

Two-dimensional nanostructures have been widely investigated owing to their remarkable
electronic, optoelectronic and catalytical properties."™™ Based on different applications,
different elements will be selected, which is specifically employed for desired investigations.
Nanomaterials with more environmentally friendly elements including tin chalcogenides (SnS,

SnSe, SnTe) become promising and attract more attention compared to lead-or cadmium-based
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toxic nanomaterials (e.g. PbS, CdSe). Therefore, we stress here several encouraging syntheses and
applications of 2D tin chalcogenide nanostructures, especially emphasizing electronics,
optoelectronics, NIR detectors, topological crystalline insulators, and other promising

applications.

In literature, theoretical and experimental studies all emphasize the promising properties of 2D
SnS such as selected valleys’ optical excitation, ferroelectric and piezoelectric properties.’*'
Wong et al. reported an improved synthesis method for obtaining large-size and thin SnS crystals,
which showed high sensitivity, superior selectivity, low detection limit («100 ppb), as well as
good reversibility to gas NO,. This reveals that SnS presents good potential for gas sensing.'” In
addition, it was also found that there is high responsivity (2.04 x 103 A W) and high external
quantum efficiency, together with a fast response time of 90 ms through the photodetector built

with SnS crystals, showing excellent behaviors as promising photodetectors.®

Xue's group reported a PVT method for preparing 2D SnS nanoplates. The transport
measurements reveal the mobility along the zigzag direction was much higher than that along
the armchair direction (1.7 times larger)."”® The measured hole mobility can reach 20 cm?V-'s™,
and the current on-off ratio reaches 10* at 77K. SnSe nanomaterials also show similar anisotropy

properties to SnS nanomaterials as they have similar crystal structures.™*

SnTe has been confirmed as a remarkable topological crystalline insulator (TCI) based on its
special crystal symmetry, and a potential material in mid-IR applications, as well as photovoltaic
devices.®™ 12> Talapin’s group evaluated the photovoltaic and thermoelectric applications of
synthesized SnTe nanocrystals. It is found that there are low electrical conductivities of
approximately 10™ S cm™ on original ligand capped SnTe nanocrystals. However, the conductivity
dramatically raises by at least 6 orders of magnitude by hydrazine treatment to remove oleic acid
layers. Additionally, Zhang’s group prepared SnTe with distinct facets and morphologies, showing

suitability for transport studies of topological surface states."

31






Chapter 2 Motivation






MOTIVATION

Colloidal 2D semiconductors are nowadays highly investigated and show promising properties
and trends for low-cost photodetectors, sensors, solar cells and even spintronic devices. However,
the model materials such as CdS (Se,Te) and PbS (Se, Te) contain heavy and toxic metals. To solve
this problem, nanomaterials with more environmental friendly elements and equivalent spectral
properties including tin chalcogenides (SnS, SnSe, SnTe) are now becoming promising and attract
substantial attention over the last years.>'26"28 particularly, tin (I1) sulfide, which owns an indirect
and a direct bandgap of 1.07 and 1.3 eV respectively, presents a layered orthorhombic (OR) crystal
structure, which is a distorted rock-salt structure. It contains atomic double layers with in-plane
covalent bonds and weak van der Waals forces out-of-plane. Therefore, the crystal structure

already endows the chemical stability of the 2D morphology in SnS nanostructures.'®

Recently, several investigations have been published for obtaining uniform 2D SnS
nanostructures, although the main methods are physical vapor deposition, molecular beam
epitaxy, and mechanical exfoliation.®°"' Nevertheless, they normally lead to polydisperse,
irregular shaped SnS nanostructures.®® Therefore, the colloidal synthesis becomes more
attractive, owing to the advantages that uniform nanostructures can be obtained in the presence
of different kinds of surfactants to control the crystal growth. This leads to uniform lateral shapes
and well-faceted edges. Solution-based nanostructures and devices can be further fabricated by
spin coating or casting process. This has been considered as a prerequisite for the significant and
cheap fabrication of well-ordered structures or deposition on a large variety of substrates for

further usage.

The analysis of previously published work allows one to conclude that most of the synthesized
SnS (analogically SnSe) present nanocubes and nanoparticles. Meanwhile, most are prepared
with halogenated precursors as tin precursors (e.g. tin chloride), or in the presence of
hexamethyldisilazane (HMDS) in the synthesis flask for obtaining 2D nanostructures.® 3234 Thus,
one goal here is to find one possible recipe which can yield well-shaped 2D SnS nanosheets
without halogenated compounds involved or flammable precursors with less stability and high
reactivity such as bis[bis(trimethylsilyl)lamino] tin(ll). This will be investigated in detail and

discussed in Section 3.1 of the results and discussion chapter.
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During the investigations on the synthesis method, another aspect was put into focus — the
special property of SnS to show in-plane anisotropy. This feature is present in various 2D
nanocrystals, such as rhenium disulfide and phosphorene. It can give nanomaterials more
possibility to display different responses to external stimuli (e.g. polarized light), brightening the
field of electronic, optoelectronic and other applications. As a phosphorene analogue, SnS
nanocrystals are also considered as one type of promising and potential anisotropic 2D
nanomaterial. Hence, another goal stated here is to reveal the regularities of edge-faceting of
SnS nanosheets in the system in order to make it applicable for anisotropic electron transport.
Thus, to optimize the synthesis approach in order to make tunable edge faceting possible in SnS
nanostructures becomes attractive. This will be studied and discussed in Section 3.2 of the results

and discussion chapter.

In contrast to SnS (analogically SnSe), tin telluride (SnTe) displays a rock-salt cubic crystal
structure instead of the layered OR structure probably due to the closer electronegativities of Sn
and Te. It is one representative type of narrow band-gap semiconductors, which owns a bulk
bandgap of only 018 eV. Recently, it has been discovered as an extraordinary topological
crystalline insulator (TCI).>™ However, the preparation of solution-based SnTe nanocrystals
published so far, only yields zero-dimensional or one-dimensional nanostructures.'” > 2D
nanostructured SnTe synthesized with colloidal methods has never been reported to the best of
our knowledge. This brings out the third goal of this thesis: to develop a stable recipe to produce
2D colloidal SnTe nanostructures. It will give more inspiration and experience to the discovery of
2D Te-based metal chalcogenide nanocrystals in solution. This will be investigated in Section 3.3

of the results and discussion chapter.
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RESULTS AND DISCUSSION

In this chapter, the successful optimization of recipes to obtain 2D SnS nanosheets (NSs) with
high crystallinity and tunable edged-faceting, as well as single-crystal SnTe with 2D morphology
will be described and discussed in detail. They are all prepared via the hot-injection colloidal
method during the synthesis. The influences of each ligand and other related parameters during
the reaction will be discussed to figure out the possible formation mechanisms of the
synthesized nanocrystals. The nanocrystals of SnS and SnTe have been characterized using
electron microscopy techniques including TEM, SEM, HRTEM, as well as various spectrometers
such as UV-Vis-NIR and FTIR spectroscopy. The crystal structures of SnS and SnTe nanocrystals
have been confirmed by XRD and SAED. The thicknesses are determined by AFM, together with
the Scherrer equation based on XRD data. The electrical measurement on the obtained

nanocrystals will also be shown to display the electronic and optoelectronic response abilities.

3.1 Synthesis and Characterization of Colloidal Square-like Isotropic

SnS Nanosheets

B The results discussed in the following chapter have already been published as: F. Li, M. M.
Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, “Colloidal tin sulfide
nanosheets: formation mechanism, ligand-mediated shape tuning and photo-detection”. J.

Mater. Chem. C, 2018, 6(35), 9410-9419.'

3.1.1 Synthesis and Basic Characterizations

The crystal structures of SnS nanomaterials belong to the layered crystal structure system. Thus,
the 2D morphology is preferred by SnS instead of 0D nanoparticles or 1D nanowires. Most of the
colloidal syntheses of SnS so far have been conducted with halogenated precursors. Halogenated
precursors have been reported to be fully complexed by hexamethyldisilazane (HMDS) to form

2D SnS nanosheets in the end. Therefore, introducing halogenated precursors to the reaction is
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not necessary.”® In addition, the flammable precursor like bis[bis(trimethylsilyl)amino] tin(ll) has

also been adopted to yield SnS NSs with the lateral size and thickness of 7 um x 20 nm.B3% 136137

Here, a novel halogen- and HMDS-free synthesis of SnS NSs is introduced and demonstrated in
detail. Tin acetate (TA), oleic acid (OA), and trioctylphosphine (TOP) in diphenyl ether (DPE)
solvent were mixed and degassed at 75 ‘C (2 hours), followed by heating up to the reaction
temperature 230 'C under N, atmosphere. The reaction started immediately after the rapid hot-
injection of sulfur precursor thioacetamide (TAA). To guarantee the repeatability of the recipe,
the injection volume was kept constant for all comparable experiments. Theoretically, TA in the
reaction was partially transformed to tin oleate by the replacement of OA. Both oleate and
acetate groups would participate in the nucleation and growth process of SnS NSs.*® As a
comparison, tin (Il) chloride, acting as a tin precursor, was also studied. It turns out that the
product only contains irregular-shaped SnS NSs and byproducts (see Figure 3.1). The product does
not show well-defined morphology or thin thickness from the TEM contrast, which indicates that

halide ions without the assistance of e.g. HMDS will result in non-2D nanostructures in our case.

Figure 3.1. TEM image of SnS synthesized using 0.25 mmol SnCl-HO0. [F. Li, M. M. Ramin Moayed,
F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419],
Published by The Royal Society of Chemistry.

The synthesized square-shaped SnS NSs present an average lateral size of about 460 nm with
our standard recipe mentioned above (see Figure 3.2a). The well-ordered SAED pattern in Figure

3.2b demonstrates the high crystallinity of the synthesized single SnS NS (see Figure 3.2c). The
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calculated distances match the d-spacing values from the list of reflections of OR-SnS bulk (the
International Centre for Diffraction Data (ICDD) card, SnS: 00-039-0354). It shows the diffraction

planes of, for example, (200), (101), (002) after calculation and analysis of d-spacing (see Figure

@ % —"
’ T

3.2b).

Figure 3.2. (@) TEM image of dispersed square shaped SnS NSs prepared with the standard
synthesis process. (b) SAED pattern of an individual SnS NS and the corresponding nanosheet in
the TEM image (c). [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke,
J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.

The X-ray diffractogram of the powder sample of SnS NSs in a capillary also matches the
reference pattern of bulk OR-SnS (see Figure 3.3, reflexes of the powder sample). In terms of the
SnS NS sample prepared by drop-casting on a silicon wafer, only reflexes belonging to [010]
direction can be detected in the XRD data, including (040) and (080) reflexes (see Figure 3.3,
reflexes of the film sample). This originates from the texture effect, which only displays the
reflexes representing the thickness direction (see Figure 3.3). Texture is determined as the
orientation distribution for nanomaterial samples containing plenty of crystals.”™ The level of
texture can imply the percentage of preferred orientations in the whole sample. Accordingly,
strong texture effects often happen when 2D nanomaterials lie on the substrate by XRD analysis
as shown above. Therefore, XRD measurements with dry samples in the capillary are necessary

to acquire complete XRD patterns, which aims at precisely identifying the crystal phase.
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Figure 3.3. XRD diffractograms of drop-casted SnS and powder SnS in a capillary tube. [F. Li, M. M.
Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35),
9410-9419], Published by The Royal Society of Chemistry.

The Scherrer analysis can be applied to the (040) reflex from the XRD pattern to obtain the
thickness value of 29 nm. The SEM images shown in Figure 3.4a demonstrate an overview of the
SnS NS morphology, displaying highly yielded square-shaped SnS NSs with smooth surface
morphology. Particularly, some of the synthesized square shaped NSs present truncated edges.
There are few byproducts such as small nanoparticles produced as well. The characterization of
the byproducts will also be investigated later in this section. A typical AFM height measurement

demonstrates that the height of the SnS NS is 31 nm (see Figure 3.4b, ).

Theoretically, the colloidal growth of nanocrystals normally involves two factors which are
manipulated by the reaction conditions. They are classified as thermodynamic factors and kinetic
factors. Thermodynamic factors normally contain the related factors including surface capping,
reaction temperature or reduction potential, while kinetic factors contain the same or some
other cases, e.g. monomer concentration or reaction temperature.®® It has been widely
investigated that the kinetically controllable synthesis is an effective and important pathway to
obtain anisotropic growth to an asymmetric nanostructure based on a highly symmetric crystal
structure.”® Based on the determination of thermodynamic control and kinetic control, it is
known that a thermodynamically controlled product will be achieved if the whole reaction
system is treated with enough time and sufficient activation energy to reach the minimum

status of the Gibbs free energy. The Gibbs free energy is composed of the bulk energy and the
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total surface energy (see Section 1.1). The total surface energy is the main factor to obtain the
minimum status of the total free energy, and it can be manipulated by tuning the capping ligand

conditions around the surface of crystals."
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Figure 3.4. (a) SEM image of SnS NSs on the silicon substrate with an inset of SEM image under
higher magnification. (b) AFM image and height measurement (c) of an individual nanosheet
with a thickness of around 31 nm. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk
and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of
Chemistry.

Therefore, capping ligands are considered as one type of vital parameters in the colloidal reaction.
They indeed lower the surface energies of all the related facets of nanocrystals and finally result
in an adjusted morphology with highest stability. The growth stage involves kinetic factors, such
as the surface passivation from the capping ligands which affects the attaching speed of atoms
towards the surface and the diffusion condition. Thus, it is necessary to tune the possible
reaction parameters especially ligand amounts for the optimization of the SnS NSs, which will

be discussed as followed.™*?
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3.1.2 Influence of Trioctylphosphine as Ligand

Basically, a crystal facet with lower surface energy presents a slower growth speed, while higher-
surface-energy-equipped facets show higher growth speeds, which aims at minimizing the total
surface energy according to the Gibbs—Curie—~Wulff theorem and the Wulff construction.'34
The anisotropic growth of 2D nanocrystals will occur with different ligands selectively binding to
different surfaces to provide different speeds for different surface facets to grow further.
Therefore, investigating the ligand influence will shed light on the anisotropic growth of 2D SnS

nanocrystals and also provide explanation for the growth pathway of the prepared nanocrystals.

Theoretically, the formation of SnS NSs goes through several steps including: (1) the tin precursor
complexation by OA replacement before the second precursor TAA is introduced into the reaction;
(2) the reaction of two precursors to form nuclei; (3) the growth process to form SnS NSs. The SnS
nanostructures synthesized with neither TOP nor OA present shapes of OD nanoparticle and
small square nanoplatelets with sizes smaller than 100 nm (see Figure 3.5a). The obtained small
nanoplatelets have exposed edges which are parallel to (001) and (100) facets, as well as to the
(107) facets as truncated facets (see Figure 3.5a). This implies that the acetate group can also be

considered as capping ligand during the synthesis.

The promotion for 2D morphology with no TOP and no OA by acetate groups can happen, which
is also supported by DFT simulations regarding adsorption energies (see Table 3.1). The high
adsorption energies of acetate ligands on all these three facets (101), (100), (010) indicate the final
product must contain truncated rectangular nanoplatelets. However, the drawback of this recipe
is that acetate groups as sole ligands are too short to stabilize the nanocrystals during the
reaction, which leads to the formation of small 2D nanocrystals, small particles, and

agglomerates as well (see Figure 3.5a).
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Figure 3.5. (a) SEM image, together with corresponding TEM image and HRTEM image (resulting
FFT) of the prepared SnS nanostructures synthesized with no TOP and no OA ligands involved. (b)
TEM image and corresponding HRTEM image (resulting FFT) of the synthesized hexagonal
nanosheets prepared by applying 0.64 mmol OA without TOP as ligands. [F. Li, M. M. Ramin
Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-
9419], Published by The Royal Society of Chemistry.

The result above indicates that only acetate ligands are not enough to yield thinner and larger
2D nanostructures. Therefore, different ligands need to be introduced in the reaction system.
Then the introduction of OA into the reaction is carried out. Spherical nanoparticles and
hexagonal nanosheets were obtained under the parameter conditions that no TOP and 0.64
mmol of OA was used for the reaction with all the other parameters constant (see Figure 3.5b
and Figure 3.6a). The reason for this is that oleate ligands prefer the bond on (100) and (101) (or
{101} family) facets, which leads to the hexagonal morphology (see Figure 3.5b, HRTEM and FFT).
From the HRTEM image, the spacings of two perpendicular lattice fringes are 0.43 nm and 0.38
nm respectively, which correspond to (100) and (001) facets. Thus, the exposed facets of the
hexagonal sheets can be determined as (100) facets which correspond to longer sides of the

hexagonal sheets (see Figure 3.5b).
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Table 3.1. Adsorption energies [eV] of different ligands on each facet including (101), (100), (010)
facets in a SnS crystal, calculated by the density functional theory (DFT) method. The simulated
molecules are respectively the full version of acetate group (AA), simplified versions for TOP
molecule, OA and oleate (respectively triethylphosphine (TEP) and tributylphosphine (TBP) for
TOP, butyric acid (BA) for OA, and BA" (butyrate) for the oleate). All the simplified molecules were
applied here to enable reasonable calculation times and to prevent the influence of the side
chains on the simulations. In addition, simulations on different chain lengths (C2 and C4) display
similar tendencies regarding different facets. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein,
R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society
of Chemistry.

SnS-101 side facet SnS-100 side facet SnS-010 top facet
(isotropic) (anisotropic-zigzag) (Top or down)
TEP (C2) 1.834 1.842 0.651
TBP (C4) 2.061 2.060 0.772
AA (C2) 3.661 4.453 2.506
AA (C2) 0.988 1.358 0.551
BA (C4) 3.635 4.355 2.547
BA (C4) 1.076 1120 0.623

The increase of the TOP amount transforms the product from square-shaped nanoplatelets
coupled with many nanoparticles as by-products, to mainly square nanosheets with increasing
lateral sizes from 160 nm to 240 nm, to finally 460 nm (Figure 3.6). This tendency can be
explained by the preference of TOP ligands on {101} facets instead of other facets. It is shown that
a small amount of TOP still can perform its influence to keep the 2D morphology produced (see
Figure 3.6b-d). When the TOP amount is larger than 1.0 mmol, there is no significant change on
the lateral size of SnS NSs (see Figure 3.6e). Thus, TOP ligands play a vital role in maintaining the

anisotropic growth direction of square-shaped SnS NSs together with acetate groups, whilst OA
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promotes the hexagonal-shaped nanostructure formation.
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Figure 3.6. (a-e) TEM images of synthesized SnS nanostructures with an increasing amount of
TOP used in the synthesis: from 0 mmol to 2.0 mmol. (f) XRD diffractograms of synthesized SnS
from a-e. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater.
Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.

In Figure 3.6f, the XRD patterns of TOP-variation series display a more pronounced reflex (040)
with a rising amount of TOP. This indicates that nanostructures with more square-shaped and
larger 2D morphology are formed, together with fewer byproducts like particles and
nanoplatelets. When the TOP amount is increased (from 0 mmol to 2.0 mmol), the reflex at 44.04°
begins to disappear. This is found to be quite close to the reflex (220) of the zinc-blend (ZB) phase
of SnS which locates at 43.8°, instead of OR phase of SnS. Theoretically, the ZB phase of SnSis a
metastable phase of SnS. It is reported as one phase only kinetically stable and retained by the
specific energy barrier preventing its transformation to the OR phase.*'® However, the
pseudotetragonal (PT) phase which is more stable under our reaction conditions, can better

explain the diffraction reflex at 44.04° with the convolutions of 43.9° and 44.1° from PT phase.™
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Figure 3.7. X-ray diffractogram of the prepared SnS nanostructures synthesized by applying 0.1
mmol of TOP during the reaction. The XRD sample was prepared in a capillary tube. [F. Li, M. M.
Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35),

9410-9419], Published by The Royal Society of Chemistry.

The XRD measurement of the powder SnS NSs sample in capillary synthesized by applying 0.1
mmol of TOP shows the diffraction pattern of the combination of both OR and PT crystal
structures, coupled with a small intensity of the reflexes from the crystalline sulfur (26 = 32.7°
and 35.5° respectively corresponding to (121) and (031), ICDD card 01-072-2402) (see Figure 3.7).
Additionally, the reflexes at 30.7° and 26.5° refer to the facets of (101) and (021) of the PT phase.

The SAED patterns also support the crystal structure of the main product OR phase and the

byproduct PT phase (see Figure 3.8a and b).

Therefore, with more TOP involved, there will be a higher yield of crystalline SnS NSs with the OR
phase, together with a gradual disappearance of PT SnS nanocrystals. The thickness values
obtained from XRD data of the samples from TOP-varying experiments are in a range between

24 and 29 nm (AFM data are shown in Figure 3.9).
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Figure 3.8. (a) The SAED pattern of an individual SnS nanosheet as the main product and an
individual SnS nanoparticle as a byproduct (b). [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E.
Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal
Society of Chemistry.
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Figure 3.9. AFM image and the height measurement of an individual SnS NS, which shows that
the measured thickness is about 27 nm. This value is slightly larger than that calculated based on
XRD data (26 nm). The sample was synthesized using a higher TOP amount, 2.0 mmol with other
reaction parameters constant. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and
C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.
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In terms of HRTEM characterization, an individual truncated square-shaped nanosheet was
measured (see Figure 3.10, Figure 3.11). Based on the SAED pattern and the corresponding TEM
image, all the edges are confirmed to be parallel to the corresponding facets as shown in Figure
3.10a and d. They demonstrate the four main side edges parallel to the {101} facets, coupled with
truncated edges referring to (100) and (100) facets for the nanosheet (SAED pattern needs to be
rotated by instrumentation according to certain staggered angle). The detailed HRTEM images
(Figure 3.10b, c) for the selected area of the individual SnS NS reveal that the measured lattice
spacings of the crystal fringes along the exposed edge also match the SAED results,

demonstrating the exposed (100) and (101) facets. This is also proven by the corresponding FFTs

(see insets of Figure 3.10b, c).
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Figure 3.10. (a) TEM image and HRTEM images, as well as FFT analyses (b, ) of an individual SnS
nanosheet prepared by using the standard synthesis parameters. Each facet has been recognized
according to the corresponding SAED pattern (d) and the HRTEM measurements (b, c). (e) A set
of atomic models of SnS with more and more truncated edges which parallels to the (100) facet
is shown here. Owing to the layered crystal structure, there is an overlapping phenomenon for
the drawn Sn or S atoms. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C.
Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.
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Atomic models for square-shaped SnS with more and more truncated edges are drawn to observe
the atomic arrangements along the [100] direction (see Figure 3.10e). Meanwhile, the atomic
arrangements of (101), (101) and (100) planes demonstrate that there are alternatively ordered Sn
and S atoms in (101) and (101) facets, and (100) plane consists of Sn and S atoms lying line by line
along the Y axis (see Figure 3.12a, b). There is always one bond out of the three bonds, which is

present perpendicular to the facets.

Based on the CBC method,®° TOP is one kind of L-type ligand and it would prefer to bind to metal
centers. Our DFT simulations also reveal that TOP has a higher preference to the {101} facets
compared to other facets such as the (010) facet. Thus, it is concluded that acetate ligands result
in the formation of 2D SnS nanoplatelets, while TOP can help to maintain the square shape, as

well as to enlarge the size of platelets into larger 2D nanosheets.

Figure 3.11. HRTEM image of a single crystalline SnS nanosheet showing the lattice spacing of
0.29 nm of clear crystal fringes, as well as the corresponding SAED pattern and the low-
magnification TEM image of this nanosheet. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein,
R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society
of Chemistry.
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Figure 3.12. Atomic arrangements of the shown (101), (101), (100) facets of SnS crystal model. The
corresponding top view of each facet is also shown to display the atom order of Sn and S atoms.
[F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C,
2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.
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3.1.3 Influence of Oleic Acid as Ligand

In this part, we also start to investigate the influence of OA for the formation of SnS NSs with
other parameters kept constant (TOP 1.0 mmol). When there is only TOP involved in the reaction
without OA, the product is mainly composed of small square-shaped nanosheets and
nanoparticles (see Figure 3.13 and Figure 3.14). This result can also be supported by the simulation
for TOP as shown above, which reveals that TOP as a ligand in the reaction can enhance the
growth towards the square NSs with the exposed (101) facets (see Figure 3.14a). From the TEM
images in Figure 3.13 (a-c), there is a clear tendency that lateral sizes of the product increase from
180 to 380 nm, and thicknesses increase from 16 to 29 nm, coupled with a higher degree of

uniformity in the morphology.
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Figure 3.13. (a-e) The shape and size evolution of SnS nanostructures with an increasing amount
of OA, from 0 mmol to 6.4 mmol. (f) XRD diffractograms of synthesized SnS from a-e. [F. Li, M. M.
Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35),
9410-9419], Published by The Royal Society of Chemistry.

In particular, the product is mainly composed of square-shaped NSs as well as particles when a

low amount of OA is used (OA<0.64 mmol). This is because the strong adsorption energy of TOP
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on the (101) facet dominates compared to other facets (see Table 3.1). This finally facilitates the
formation of square-shaped SnS in the presence of the original acetate. Then, the hexagonal-
shaped product appears when the used OA amount is larger than 2 mmol, which is recognized
as the starting amount of OA for the formation of hexagonal-shaped nanosheets. Lateral size
and thickness values both rise dramatically when OA is larger than 3.2 mmol. According to the
law of mass action, the higher the OA amount, the higher the possibility for OA to be bound to
the crystal surface, substituting the oleate ligands. Based again on the covalent bond
classification (CBC) method,®° OA, as one type of L-type ligand, is much weaker than oleate which
is an X-type ligand. In the case of oleate, it can promote the monomers to grow on the crystal

surface, leading to the growth of nanosheets laterally and vertically.

500 nm

(b)

500 nm

Figure 3.14. (a) TEM image and corresponding SAED pattern of the synthesized SnS NSs using no
OA and 1.0 mmol TOP in the reaction. (b) TEM image and corresponding SAED pattern of the
synthesized SnS NSs using 6.4 mmol OA and 1.0 mmol TOP. [F. Li, M. M. Ramin Moayed, F. Gerdes,
S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by
The Royal Society of Chemistry.

In Figure 3.13d-e, the higher OA amount (23.2 mmol) cause a shape evolution from square to
hexagonal, simultaneously affecting the size values (especially 6.4 mmol of OA). The analysis of
the lateral sizes measured from TEM overview images (see Figure 3.13), reveals a significant

increase from 160 nm to approximately 1600 nm with a rising amount of OA from 0.32 mmol to
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6.4 mmol. The above results illustrate that OA plays a vital role in size and shape tuning between
square shape to hexagonal shape, which results from the largest adsorption energy of neutral
OA molecules on (100) facets compared to those on other facets (see Table 3.1)."° This eventually
leads to the formation of hexagonal-shaped SnS NSs with elongated morphology, under the

condition that the OA amount is in excess regarding the acetate groups (see Figure 3.14b).

In addition, XRD diffractograms of OA-varying experiments in Figure 3.13 also show an enhanced
pronounced (040) reflex, implying that a suitable quantity of OA can result in stable OR-SnS
nanostructures. There is also a schematic illustration of shape and size evolution of SnS
nanostructures with changing parameters including OA shown in Figure 3.15. Based on the
parameter varying experiments, the nanosheets can be tuned from moderate lateral size (L5=490
nm, TN=29 nm) to larger and thicker nanosheets (LS=875 nm, TN=33 nm) by adopting a higher
amount of OA, along with shape change from a square shape to hexagonal and square shapes

(see Figure 3.15).

LS=Lateral Size ‘ \

TN=Thickness

Square Hexagonal Nanosheets
(LS=875 nm, TN=33 nm)
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(LS=260 nm, TN=19 nm)

Square Nanosheets Square Nanosheets
(LS=490 nm, TN=29 nm) (LS=825 nm, TN=36 nm)

Figure 3.15. Schematic representation of shape and size evolution of SnS nanostructures with the
varying parameters including OA, TA, and TAA.
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3.1.4 Effect of Precursor Amount

Theoretically, the precursor concentration can define the monomer availability for the nucleation
and growth stage, and also specify the number of nuclei for the further step of growth."? We
observed that the size value dropped with the increase of the amount of tin precursor (see Figure
3.16). When a small amount of TA is used (0.025 mmol), the lateral size reaches nearly 830 nm,
and the thickness reaches 36 nm. Generally, the morphology becomes mainly larger and thicker
when low TA amount is employed (<0.25 mmol). The reason for that is the lesser amount of TA,
the lower the number of nuclei produced, leading to the formation of larger and thicker
nanosheets in the reaction. When the TA amount is 0.5 mmol, the nanoparticle product is formed

owing to the excess of acetate compared to oleate (see Figure 3.16¢).
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Figure 3.16. (a-e) The shape and size evolution of SnS nanostructures using a varying amount of
TA, from 0.02 mmol to 0.5 mmol in the reaction. (f) XRD diffractograms of synthesized SnS from
a-e. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater. Chem.
C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.
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In addition, different amounts of sulfur precursors have been also applied in the reaction to

clarify the effect of sulfur precursor for the synthesis (see Figure 3.17). The TEM characterizations
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show that lower amounts of TAA (<0.13 mmol) only result in irregular shaped SnS nanostructures
(see Figure 3.17a-c). However, the irregular sheets are still crystalline in the OR phase (see Figure
3.18). This may be ascribed to the insufficiency of sulfur monomers for the further growth of SnS
nanostructures. The XRD diffractograms also demonstrate that (040) and (080) reflexes become
more pronounced while other reflexes decrease with increasing amount of TAA, showing an
increasing numbers of 2D nanocrystals (see Figure 3.17f). Additionally, SnS NSs with squared
shape start to appear when the TAA amount reaches 0.26 mmol, and the morphology stays
similar when 0.52 mmol of TAA is used in the reaction.
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Figure 3.17. (a-e) The shape and size evolution of SnS nanostructures using a varying amount of
TAA, from 0.005 mmol to 0.52 mmol in the reaction. (f) XRD diffractograms of synthesized SnS
from a-e. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke, J. Mater.
Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.
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Above all, a growth mechanism for 2D SnS NSs is raised here based on the syntheses mentioned
in Section 3.1. In the beginning, tin ions from tin precursors are originally coordinated by acetate
as Sn-acetate, forming a shape of strongly distorted trigonal bipyramid as the first coordination
sphere.’”® " Then TAA as the sulfur precursor suddenly decomposes upon hot-injection,

generating S* ions for next-step interaction with Sn?* ions.

Figure 3.18. TEM image and SAED pattern of irregular-shaped SnS nanostructures synthesized by
using 0.01 mmol TAA. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E. Klein, R. Lesyuk and C. Klinke,
J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal Society of Chemistry.

Thus, SnS nuclei start to form after the rapid decomposition of TAA with the burst emergence of
monomers, followed by the attachment of surrounding ligands in the solution, which passivate
the surface of nuclei. The acetate ligands can trigger the formation of SnS nanoparticles and
square-shaped nanoplatelets with the size smaller than 100 nm if there is no OA and no TOP
involved in the reaction. This is because of the dominated passivation on {101}, (100) and (010)
facets by acetate ligands. If OA is used in the reaction (0.64 mmol), hexagonal sheets and small
nanoparticles as byproduct will be produced due to the strong bond of oleate ligands on (100)
and {101} facets, whereas square-shaped SnS NSs will be obtained if TOP is introduced to the
reaction (1.0 mmol) with no OA involved. When OA amount is smaller than 3.2 mmol, coupled
with 1.0 mmol TOP, tin acetate will be partially substituted with tin oleate during the vacuum
step. This results in square-shaped NS (approximately 460 nm large) formation without

byproducts. Nevertheless, hexagonal NSs will appear if the OA amount is even higher.

Therefore, the final shape or morphology is contributed by the balance between TOP and OA, as

58



RESULTS AND DISCUSSION

well as the original acetate groups. Tuning the amount of TOP or OA can manipulate the
morphology between square and hexagonal NSs. When the suitable ratio of TOP/OA is applied,

the product containing pure OR-SnS NSs without PT-type byproducts can be prepared.

3.1.5 Electrical Measurements

In order to study potential electronic applications of the synthesized SnS NSs, the conductivity
and photoconductivity of the contacted individual SnS NS (see Figure 3.19) were measured. It
shows a relatively higher dark conductivity (7.9 S m™) of the contacted SnS NS than that of the
reported colloidal PbS NSs (one order of magnitude higher than the one of PbS)."*® Upon
illuminating on the sheets by a red laser (A = 627 nm), the conductivity increases with an increase
of laser power. This can be explained by an increasing charge carrier concentration owing to the

optical excitation and generation of electron-hole pairs.

In addition, the sensitivity of the system can be calculated with the equation (fii-/gark)//dark, and
the value is 0.95. Moreover, the spectral response Ry and detectivity D* can also be calculated by

applying the following equations:

R —bh
A=
P A ) (3.1
R, Ao.s
D. (32)
(Ze’dark)(l5

where In represents the photogenerated current, Piignt stands for the density of laser power (50
mW cm™), A is defined as the effective area of the built device (0.5 um?), and e represents the
elementary charge. The photodetectors based on the contacted SnS NSs display a spectral
response of ~ 3x10* AW, and a detectivity of ~ 4x10° Jones. The performance of SnS NSs is
superior compared to the literature with some materials under similar conditions.' This is also

good evidence for the high quality of SnS crystals and their low defect density.
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Figure 3.19. The photo-electrical properties of the synthesized SnS NSs. (a) Current-voltage (I-V)
characteristics of SnS NSs under illuminations with different intensities of red laser (A = 627 nm)
including 0 mW which is the dark situation, and 0.6, 1.3, 2, 3, 5, 15, 25 mW respectively. (b)
Conductivity plot of SnS NSs with increasing laser power. (c) The stability of photo-current under
intermittent illumination. The laser power used is 25 mW. The photo-currents are obtained with
good stability and also fast transitions between on and off state. (d) Photo-currents under
intermittent illumination with increasing laser powers. The stability and speed of the system are
maintained although the laser power changes. [F. Li, M. M. Ramin Moayed, F. Gerdes, S. Kull, E.
Klein, R. Lesyuk and C. Klinke, J. Mater. Chem. C, 2018, 6(35), 9410-9419], Published by The Royal
Society of Chemistry.

We can also observe an increase of the photocurrents with the raising beam power, due to the
higher number of electron-hole pairs, but there is also a saturation of dependency of
photoconductivity on laser power with higher intensities (see Figure 3.19b). With intermittent
illumination, the photo-currents are obtained with good stability and also fast transitions
between on and off state (see Figure 3.19¢c). This property is a vital factor for photodetectors,

which is also another indicator of high quality and lack of defects." Furthermore, we observe a
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clear change of photocurrents under intermittent illumination with increasing laser powers. The
stability and speed of the system are maintained although the laser power changes (see Figure
3.19d). Therefore, these measurements imply the potential of these synthesized SnS NSs for non-

toxic cost-effective optoelectronics.
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3.2 Synthesis and Characterization of Colloidal Ultra-large and Thin

Single-crystalline SnS Nanosheets

B The results discussed in the following chapter have already been published as: Li, F.; Ramin
Moayed, M. M.; Klein, E.; Lesyuk, R.; Klinke, C., “In-plane anisotropic faceting of ultralarge and

thin single-crystalline colloidal SnS nanosheets”. J. Phys. Chem. Lett. 2019, 10 (5), 993-999."%°

3.2.1 Synthesis and Basic Characterizations

In order to improve the morphologies to obtain larger and thinner SnS nanosheets, we varied all
the possible parameters in the previous recipe. However, there is no significant progress based

on the previous recipe. Thus, we started to replace certain parameters to check the influence.

In this recipe, trioctylphosphine-S (TOP-S) is used to replace the previous sulfur precursor (TAA)
to achieve a lower reactivity for the reaction. TOP-S is prepared by dissolving elemental sulfurin
TOP solvent and stirring the mixture for 2-3 days to be completely dissolved at room temperature

in the glove box.

Therefore, the reaction is similar except for the hot-injection of TOP-S instead of TAA. A typical
TEMimage of anindividual SnS nanosheet with the size of about 3100 X 2500 nm is shown, along
with an SEM image as inset (see Figure 3.20a). The microscopy characterizations show well-
defined rectangular nanosheet morphology.™ The SAED pattern obtained using TEM microscopy
displays a well-ordered OR diffraction pattern, which shows a high crystallinity of OR-SnS (see
Figure 3.20b). The distances of diffraction dots of the SAED are calculated, demonstrating the
representing facets {101}, (100) or (001) respectively. These results then indicate the
corresponding facets of the original sheet in the TEM image (see Figure 3.20b, inset) after
considering the rotation by instrumentation according to certain staggered angle between the
TEM image and the corresponding SAED pattern. Therefore, the rectangular SnS NS presents the

exposed facets of (100) and (001). This is different from the small square-shaped SnS nanosheets
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synthesized with TAA in the previous section (exposed facets parallel to {101} facets, see Figure
3.10a). Hence, it seems that the syntheses in this section yield a novel phenomenon of edge-

faceting difference, which will be investigated and discussed later.
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Figure 3.20. TEM image (a), SAED pattern (b), AFM image and corresponding height measurement
(c), and XRD diffractograms (d) of the synthesized large and thin SnS NSs. Reprinted with
permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav Lesyuk,
Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019 American Chemical Society.

The AFM image shown in Figure 3.20c demonstrates that the measured height is approximately
14-15 nm. The calculated thickness value based on the Scherrer equation according to XRD data
(see Figure 3.20d) is about 10 nm. The capillary sample is measured by XRD and the result
matches well the reflexes form the reference card (00-039-0354). In addition, the texture effect
is also shown here in the XRD data of the drop-casted XRD sample, indicating the thickness
direction [010]. The mentioned SAED pattern shows the absence of the (010) facet and the XRD
data is consistent with the SAED pattern, which both reveal that the nanocrystal surface is
oriented along the [010] direction (see Figure 3.20b). Additionally, the thinnest SnS NSs are
achieved successfully by applying 0.52 mmol of 2M TOP-S as sulfur precursors during the
synthesis. The thickness is down to 7 nm (11 nm for AFM data, see Figure 3.21) and lateral size is

about 2.4 um.
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Figure 3.21. The TEM (a), XRD (b) and AFM (c, d) characterizations for the thinnest SnS NSs.
Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav

Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019 American Chemical
Society.
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Figure 3.22. Optical absorption spectra of synthesized a-SnS nanocrystals (the inset (a) represents
the Tauc plot of (ahu)? versus photon energy hv for obtaining the direct bandgap, while the inset
(b) represents the Tauc plot of (ahu)"? versus photon energy hv to obtain the indirect bandgap of
SnS nanocrystals). Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed,

Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019
American Chemical Society.
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The optical bandgap (Eg) of SnS NSs is determined using the Tauc linearization on optical
absorption measurements.™ The intersection points are determined by the tangents to get the

direct and indirect bandgaps of respectively 1.69 eV and 1.25 eV (see Figure 3.22, insets).

In-plane anisotropy from the crystal structure level will result in in-plane anisotropy of other
properties such as electronic anisotropy, which has been in focus in the recent years. ™3 Thus,
the possibility of tuning the edge-faceting in the solution becomes quite attractive and
promising for 2D colloidal anisotropic nanomaterials in electronic or other applications. Here, we
have successfully managed to synthesize anisotropic types of SnS nanosheets as well as isotropic

types by adjusting the reaction conditions (see Figure 3.23).
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Figure 3.23. (a) A three-dimensional model is built to display an octagonal prism of SnS
nanocrystals with all the possible exposed facets marked. (b) Two types of SnS nanosheets
symbolically originate from one sketched crystal model marked with two frames which indicate
the growth directions respectively. Reprinted with permission from [Fu Li, Mohammad Mehdi
Ramin Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5),
993-999]. © 2019 American Chemical Society.

The anisotropic type is composed of rectangular SnS NSs with four exposed edges parallel to the

(100), (001) planes, or parallel to the corresponding zigzag and armchair direction [001] and [100].
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The isotropic type contains rectangular (or nearly square) SnS NSs with exposed edges parallel to
the {101} planes, which correspond to four isotropic “ladder” directions (see Figure 3.23, Figure
3.24, Figure 3.25). We determine these two types as respectively anisotropic-SnS (a-SnS) and
isotropic-SnS (i-SnS) NSs in this thesis. SnS presents an orthorhombic crystal structure with Sn
and S atoms arranging in two adjacent layers, which stack along the Y (or b) axis via weak van
der Waals interactions."® A 3D crystal model of an octagonal prism presenting space-filling SnS
crystals, is drawn here as a hypothetical growth origin to find the growth pathway for these two
different types of SnS NSs (see Figure 3.23a, b-(1), b-(2)). The a-SnS NSs are prepared via applying
0.64 mmol of OA and 1.0 mmol of TOP in the reaction system, and rapid injection with 0.26 ml of
1M TOP-S at 300 °C. They are in rectangular shapes with edges parallel to the armchair/zigzag
directions. In Figure 3.24, we can observe that the main difference of the anisotropic side 1(100)

facet and the anisotropic side 2 (001) facet, as well as the isotropic side belonging to the {101}

planes.
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Figure 3.24. Atomic orderings of exposed facets parallel to the “ladder” direction (a), zigzag
direction (b), and armchair direction (c) from the crystal structure of layered SnS NSs respectively.
Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav
Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019 American Chemical
Society.
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Figure 3.25. The SAED patterns of i-SnS (a) and a-SnS NSs (b) from Figure 3.23b. Reprinted with
permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav Lesyuk,
Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019 American Chemical Society.

3.2.2 High-resolution TEM Characterization of Anisotropic SnS and Isotropic

SnS Nanosheets

The SAED patterns can determine the exposed facets of the synthesized SnS NSs. HRTEM
characterizations can furthermore confirm the exposed facets according to the measurable

crystal fringes.

In terms of a-SnS NSs, the HRTEM measurements have been performed here to determine the
exposed facets (see Figure 3.26). The selected area along the long side of a rectangular SnS NS
was measured under HRTEM. The result shows a periodical lattice fringe of 0.20 nm which can
be determined as (002) plane spacing (see Figure 3.26a-c). The HRTEM image of the selected area
along the short side demonstrates the lattice spacing of 0.19 nm, matching the (002) facet. The
d-spacings of 0.29 nm inside the crystal reveals nearly perpendicular in-plane planes (101) and
(107) planes (see Figure 3.26b). Thus, it is confirmed that the long side is parallel to the (001) or
(007) plane, whilst the short side is parallel to the (100) or (100) plane. This can be further proved
and confirmed by the corresponding SAED pattern (see Figure 3.26d). Additionally, the a-SnS NS

also owns four pairs of truncated corners which are parallel to the {101} planes.
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Figure 3.26. HRTEM images and the corresponding SAED patterns of a-SnS (a-d) and i-SnS NSs (e-
h). Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen Klein,
Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019 American
Chemical Society.

The other type of SnS NSs, defined as i-SnS NSs, are synthesized by adopting 1.56 mmol of OA
and 0.52 ml of 1 M TOP-S. The obtained NSs are rectangular SnS NSs with four edges parallel to
the {101} planes which correspond to the “ladder” directions, as well as truncated corners parallel
to (100) facets (see Figure 3.25). Similarly, the selected area along one side of the SnS NS was
measured under HRTEM. It shows that the spacing of the periodical lattice fringes is 0.29 nm
which can be determined as (107) plane (see Figure 3.26f, g), and truncated edges along the (100)

planes (see Figure 3.26h).
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3.2.3 Anisotropic/Isotropic SnS Transition

In Section 3.1 of this chapter, we have already studied the adsorption energies of each capping
ligand and how they function in the anisotropic growth stage of isotropic square-shaped or
hexagonal-shaped SnS NSs. In this section, we will describe an anisotropic growth of large and
thin SnS NSs with tuned reaction parameters, to achieve two different edge-faceted nanosheets,

or called in-plane anisotropic faceting.

Based on the taking-aliquot experiments, it was found that the size becomes larger and larger as
the reaction time lasts, which is considered as a similar growth mechanism as the SnS NSs
prepared in the first section (see Figure 3.27). Therefore, the anisotropic growth stage is
considered to be manipulated by the capping ligands after the fast nucleation stage for the final
formation of SnS NSs in this section. That is to say, the tuning of the capping ligand combination,

can tune the growth direction of SnS NSs, which eventually governs the edge faceting.

Figure 3.27. TEM images of the taken aliquots from the reaction solution of 4 s (a), 26 s (b), 43 s
(c), 5 min (d) after the hot-injection is finished. Reprinted with permission from [Fu Li,
Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem.
Lett. 2019, 10(5), 993-999]. © 2019 American Chemical Society.
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Figure 3.28. TEM images of the synthesized SnS NSs by varying the amount of TOP-S with 1.0
mmol TOP involved (a-c) and no TOP involved (d-e) respectively in the flask. Scale bar=20 um, 5
pm, 20 pum, 20 um, 20 um for SAED patterns from the insets of a-e. (f) XRD diffractograms of the
samples in a-e. Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen
Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019
American Chemical Society.

In detail, the impacts of the OA and TOP amount (in the flask and in the TOP-S precursor solution)
on the reaction have been investigated (see Figure 3.28, Figure 3.29, Figure 3.30). The more TOP-
S, the larger and thicker a-SnS NSs are formed (0.26, 0.52, 0.78 ml, see Figure 3.28). Based on the
XRD data, the calculated thicknesses are 10,12, 36 nm respectively, whilst the corresponding AFM
images reveal that the thicknesses are approximately 5 to 7 nm larger (partially shown in Figure
3.29). Intriguingly, with no TOP, and 0.64 mmol OA in the flask before hot-injection of TOP-S, only
undefined-shaped NSs are obtained. The type of a-SnS NSs starts to form, which displays four
definite rectangular edges without any truncated corners when the amount of TOP-S is increased
t01.04 mmol (see Figure 3.28e). Additionally, the lateral size reduces from almost 8 um to 3.5 um,

while the thickness fluctuates between 8.9 to 9.3 nm from the XRD data.
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Figure 3.29. AFM images and the corresponding height measurements of the synthesized SnS NSs
prepared by using 1.0 mmol TOP in the flask and 0.52ml (3, b), or 0.78 ml (c, d) of 1M TOP-S for the
hot-injection during the reaction. Reprinted with permission from [Fu Li, Mohammad Mehdi
Ramin Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5),
993-999]. © 2019 American Chemical Society.

Similarly, we have also investigated the synthesized SnS NSs with a variation of the amount of
OA (0.64, 1.5, 2.0 mmol) without TOP put in the flask before the hot-injection process (see Figure
3.30). The undefined-edged NSs are synthesized with 0.64 mmol OA (see Figure 3.30a). In
particular, the edge-faceting is switched to the isotropic type, leading to i-SnS NSs when 1.5 or 2.0
mmol of OA is used in the synthesis. Regarding the morphology, the size turns smaller upon the
increasing OA amount, from 7.9 um to 1.5 um. Meanwhile, the thickness becomes larger from 8.9
nm to 17.6 nm and then even 27 nm, which is obtained from the XRD data (see Figure 3.30, partial
AFM images in Figure 3.31). When 1.0 mmol of TOP is used together with 1.5 mmol of OA, i-SnS
NSs are still formed, whereby the edges become more truncated, parallel to the (100) or (100)

planes (see Figure 3.32).
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Figure 3.30. TEM images (a-c) and corresponding XRD diffractograms (d) of the synthesized i-SnS
NSs by using respectively 0.64 mmol (a), 1.5 mmol (b), or 2.0 mmol (c) OA amount with no TOP in
the flask before the injection of TOP-S precursor. Scale bar=20 um for SAED patterns from the
insets of a-c. Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed, Eugen

Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019
American Chemical Society.
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Figure 3.31. AFM images and the corresponding height measurements of synthesized SnS
nanosheets. They are prepared with 0.64 mmol OA and no TOP (in the flask, a), and 1.5 mmol OA
and no TOP (in the flask, b) during the reaction. Reprinted with permission from [Fu Li,
Mohammad Mehdi Ramin Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem.
Lett. 2019, 10(5), 993-999]. © 2019 American Chemical Society.
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Theoretically, binding affinities of capping ligands on specific facets can drive the anisotropic
growth to specific directions, forming specific preferred morphologies.” ™ The a-SnS NSs are
produced under the circumstance that the growth speeds on the {101} facets are much higher
than those on the (100), (001) and their parallel (100) and (001) facets, which are strongly
passivated by OA."?° Differently, i-SnS NSs are formed under the condition that the growth speeds
along the [100] (or [100]) and [001] (or [001] directions are relatively fast compared to those on
the {101} facets. To support this, DFT simulations have been conducted to study the possible
mechanism of the edge faceting phenomena according to the adsorption energy of capping

ligands on the main facets of SnS (see Table 3.2).

(a)

500 nm
——

Figure 3.32. TEM image and the corresponding SAED pattern of the synthesized SnS nanosheets
prepared with 1.5 mmol OA and no TOP (in the flask) in reaction, together with a high amount of
oleic acid (1.5 mmol). Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin Moayed,
Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999]. © 2019
American Chemical Society.

Different from the previous section where TAA was used as the sulfur precursor for the i-SnS NS
synthesis, in this recipe TOP-S as the sulfur precursor was found to be the key to obtaining a-SnS
NSs. In terms of TAA involved synthesis, i-SnS NSs can be synthesized via the combined
passivation of capping ligands including oleate, TOP, and OA according to the high adsorption
energy of TOP and oleate on the {101} and (100) facets. Herein, the formation of a-SnS NSs is
mainly based on the high adsorption abilities of TOP-S on the (100), (001) facets (see Table 3.2),
which can sterically hamper the pathway of SnS monomers towards the nuclei surfaces,
subsequently slowing down the growth of those facets. It then results in the specific faceting

with exposed edges along anisotropic directions instead of isotropic directions.™
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Table 3.2. Adsorption energy [eV] of capping ligands on each facet of SnS crystals via the
calculation based on the Density of Functional Theory (DFT) method. The simulations were
performed by adopting simplified molecules for TOP as well as TOP-S (triethylphosphine TEP,
tripropylphosphine TPP, tributylphosphine TBP) with different chain lengths (C2, C3, and C4).
They reveal similar tendencies. Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin
Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999].
© 2019 American Chemical Society.

SnS-101side SnS-100 side facet SnS-001side facet  SnS-010 top

facet (anisotropic, (anisotropic, facet (Top or
(isotropic) zigzag) armchair) down)
TPP 1.939 1.503 1.551 0.675
TPP-S (C3) 1.740 2.390 1.799 0.927
TEP-S (C2) 1.660 2183 1.657 1.118
TBP-S (C4) 1.972 2.761 2.067 1.364

The introduction of TOP-S into the reaction system has a strong impact on the surface of the SnS
crystal, preferentially stabilizing the (100) and (001) facets. This will slow down the growth speed
of these influenced facets. That is why eventually these facets are more stable and grow less fast
compared to other facets, turning out to be the final exposed facets for the final nanosheets.™
In addition, the DFT simulations using simplified molecules with different chain lengths displays

similar tendencies (see Table 3.2).

Furthermore, the in-plane faceting from a-SnS to i-SnS can be realized by tuning the OA amount
even in the presence of TOP-S. This phenomenon is also supported by the DFT simulations in the
previous section which reveal that high adsorption energy of oleate on (100) and {101} facets. It
eventually results in the formation of square-shaped nanosheets with truncated (100) corner

edges when the OA amount is large enough for the ligand replacement on specific facets.
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3.2.4 Anisotropic Transport Measurements

The zigzag and armchair directions of the synthesized SnS NSs were then investigated in terms
of the presence of electronic anisotropy (see Figure 3.33).” To measure the transport properties
along different crystallographic directions, individual sheets were picked to be contacted and
measured at room temperature. In one group, four contacts were placed parallel to the side edges,
to get the conductivity value along the anisotropic directions (see Figure 3.33a). For another group

of devices, the contacts were placed from corner to corner, to investigate the isotropic directions

(see Figure 3.33b).
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Figure 3.33. Electrical measurements conducted along two pairs of directions. Schematic
illustration of the nanosheets, contacted along anisotropic directions (a) and along isotropic
directions (b). The |-V characteristics measured along anisotropic directions. It exhibits a higher
conductivity along the zigzag direction compared to that along the armchair direction (c). (d) The
I-V characteristics measured along isotropic directions, displaying similar conductivities along
two “ladder” directions. Reprinted with permission from [Fu Li, Mohammad Mehdi Ramin
Moayed, Eugen Klein, Rostyslav Lesyuk, Christian Klinke. J. Phys. Chem. Lett. 2019, 10(5), 993-999].
© 2019 American Chemical Society.

The I-V characteristics of the NSs along both pairs of directions are shown in Figure 3.33¢c, d. The

conductivity along the zigzag direction [001] reaches 65 S/m, whilst the conductivity along the
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armchair direction [100] is 39 S/m. The ratio of these two conductivities is calculated to be 1.67,
which is also consistent with values from the literature.”® The effective masses of the carriers
(mainly holes) are substantially different along these two pairs of directions.’*%%¢ The carriers
have a higher mobility along the zigzag direction, leading to a higher conductivity.”® However,
the conductivities along the “ladder” directions [101] and [101] are shown to be quasi-isotropic,
respectively 2.2 and 2.3 S/m (see Figure 3.33d). This is due to the fact that the atom arrangements

along these two directions are equal, which results in a comparable electrical conductivity.

Hence, the simple confirmation of different conductivities for each crystallographic direction has
been performed. The results show an in-plane electronic anisotropy in terms of conductivity
alongthe zigzag and armchair directions, but an in-plane isotropic behavior from corner to corner,

along “ladder"” directions.
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3.3 Synthesis and Characterization of Two-dimensional SnTe

nanostructures

B Theresults discussed in the following chapter have already been summarized as another paper
named “Colloidal synthesis of two-dimensional narrow-gap semiconductor tin telluride

nanostripes and nanosheets”. This article is still in progress for submission.

3.3.1 Synthesis and Basic Characterizations

The synthesis of 2D SnTe cannot be achieved by simply replacing TOP-S with TOP-Te using
previous recipes for SnS syntheses. This is due to the different precursor reactivity as well as
diverse chemical, physical properties of different element atoms. Similarly, it has been reported
that TOP-Te has a quicker cleavage rate than TOP-S, which leads to the formation of more nuclei
and faster exhaustion of monomers.™ This cleavage-rate difference can also be found in the
incubation time (Te needs much longer time than S) when we try to dissolve chalcogen elements
in the solvent TOP. However, a fast cleavage of Te precursor is not suitable for anisotropic growth

and will result in 3D bulk structures instead of 2D morphology (shown later in this section).

Thus, some other parameters need to be introduced here to achieve 2D SnTe nanostructures. The
tin precursor used here is still tin acetate, which is not flammable and highly reactive. The
tellurium (Te) precursor applied here is elemental Te dissolved in TOP solution. In a typical
reaction, 0.25 mmol of TA, 6.4 mmol of OA and 1.0 mmol of TOP were mixed in the flask with 10
ml of DPE as the solvent. Before heating up the system to the reaction temperature 250 C, 1-
bromotetradecane (1-BTD) was added to introduce halide molecules into the reaction. Then the
hot-injection of Te precursor TOP-Te took place, followed by a quick color change from yellow to
greyish yellow or even grey. Eventually, the reaction was cooled down for collection and

purification.
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Figure 3.34. (a) Atomic models of the crystal structure of SnTe nanocrystals. (b-d) TEM images,
SAED pattern and overview of SEM image (e) of SnTe nanostripes. (f) AFM image and the height
line scan measurement. (g) XRD diffractograms of SnTe samples prepared by drop-casting and in
a capillary tube.

The synthesized product mainly contains 2D elongated SnTe nanostripes, along with some
elongated SnTe nanorods (see Figure 3.34). The SnTe atomic model exhibits a rock-salt crystal
structure of SnTe nanocrystals (see Figure 3.34a). This is the typical cubic phase B-SnTe."*® TEM
images and the corresponding SAED pattern show a nanostripe morphology and high
crystallinity of the synthesized SnTe nanocrystals (see Figure 3.34b, c, d). Based on the SEM image,
the calculated mean length of the dispersed nanostripes is 3.2 um, and the stripe length ranges
from 1.5 um to even 5.8 um (see Figure 3.34e). The AFM image reveals that the stripes have a
relatively flat surface and the measured height or thickness of the stripes is around 30 nm (see
Figure 3.34f). Powder X-ray diffraction of a dry sample in a capillary tube shows well-matched
diffraction reflexes, which can be indexed to cubic SnTe (Fm3m, 225, 00-046-1210), whilst the XRD
diffractogram of the drop-casted sample exhibits periodical pronounced reflexes which

correspond to (200) and (400) because of the texture effect (see Figure 3.34g). This indicates that
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nanostripes laying perpendicular to the [100] directions and the flat lateral surface is the (100)
facet. Theoretically, the cubic crystal system owns the same a, b, c values, so it presents the same
ordering among all the {100} family. Thus, the thickness orientates along one direction from all
the <100> directions. We define here the thickness direction orientates along the [100] directions
in this thesis. In addition, the measured angles of the edges and side-edge are approximately 90°

and 135° in Figure 3.34c.
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Figure 3.35. HRTEM characterizations of SnTe nanostripes and the corresponding FFT analysis (a-
c). (d) EDX line scan of the nanostripes with element distributions for Sn, Te, and O. (e) Schematic
representative of SnS nanostripes with determined exposed facets marked above. (f) EDX
mapping analysis of the selected areas for SnTe nanostripes and nanocubes with the elements
Sn, Te and O measured.
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HRTEM characterization and elemental analysis have been conducted to investigate the lattice
details and the elemental distribution of SnTe nanostripes (see Figure 3.35). An HRTEM image of
a selected area which is near the side of one typical nanostripe demonstrates clear lattice fringes
of perpendicular planes. The measured d-spacings of these two perpendicular planes are
approximately 0.317 and 0.318 nm, referring to the (002) and (020) facets (see Figure 3.35a, b). The
lattice spacing of 0.227 nm indicates the side edge is parallel to the (011) facet. These determined

facets can also be confirmed by the corresponding FFT analysis in Figure 3.35c.

In Figure 3.35e, nanostripes with determined exposed facets are marked. The EDX line scan,
mapping analysis and elemental analysis of the nanostripes and nanocubes were conducted as
shown in Figure 3.35d, f and Figure 3.36. They display a highly stoichiometric ratio of Sn and Te,
which is 1: 1.005 (another EDX shows the ratio of 1: 1.012) for the SnTe nanostripe, and 1.015: 1 for

the SnTe nanocube (byproduct).

Interestingly, there is also a certain amount of oxygen detected. A shell layer of oxygen atoms
with a high intensity can be observed around the SnTe nanocubes, while merely even distributed
oxygen atoms are mapped with a low intensity on the SnTe nanostripe. This may result from the
fact that the thickness of the cubes is much higher than the nanostripes (see Figure 3.35f). This
thin layer of oxygen has also been reported by Klimov’s group.”* They demonstrated that the
outer layer on their nanocrystals contain no Te but the element O according to the mapping
analysis and assumed an SnOy shell of about 2 nm on the surface of the synthesized SnTe

nanocrystals.

In addition, we measured the side length of the SnTe nanocubes’ squared patterns and the width
of the SnTe nanostripe’s pattern based on the EDX mapping analysis (see Figure 3.35f). The results
indicate that the side length of dot squares of Sn and O were measured to be slightly larger than
that of Te, which may be one supportive evidence of the presence of an SnOy shell around the

SnTe nanostripes and SnTe nanocubes.
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M A1 Spektrum 2

Te Lal

Element | Linientyp | k-Faktor k-Faktor-Typ | Absorptionskorrektur | Massen% | Massen% Sigma Atom %
o K serie 1.455 Theroretisch 1.00 2.42 0.05 16.03
Sn | L serie | 1.890 Theroretisch 1.00 | 46.73 | 0.12 41.72
Te | L serie 1.983 Theroretisch | 1.00 | 50.85 | 0.12 42.24
Gesamt: 100.00 100.00

(c)

Figure 3.36. EDX elemental analysis of the synthesized SnTe nanostripes (a, b) and the byproduct
SnTe nanocubes (c).

In addition, the morphology evolution has also been investigated by taking aliquots at different
point in time during the reaction (see Figure 3.37). At the early stages (shorter than 30 s), no
defined nanostructures with cubic phase were observed. There were only some irregular small-
sized particles with weak patterns of crystalline SnO; instead (Figure 3.38) together with
amorphous parts under the TEM (see Figure 3.37a, b). Later, defined-shaped nanostripes started
to appear with a length of 2 um and a width of approximately 100 to 180 nm. When the reaction
time lasted 3.5 min, longer and wider nanostripes were formed, from which the largest ones can
reach 3.8 umand1.2uminlength and in width respectively. However, there were also fewer cubes
formed when the reaction continued, demonstrating the dominance of the intrinsic cubic phase

in facilitating the crystal morphology.™® This morphology evolution study gives a referable hint
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that the formation of SnTe nanostripes takes its rise from a fast nucleation and anisotropic
growth process, which is similar to the SnS NS formation mentioned in Section 3.1 and Section

3.2

Figure 3.37. TEM images and SAED patterns of the sample taking from the reaction at (a) 55, (b)
305, (c) 1 min, (d) 1.5 min, (e) 3.5 min after the hot-injection of TOP-Te precursor. (f) TEM image of
the sample collected after cooling down procedure with 3.5 min reaction time.

Figure 3.38. TEM images (a, b) and SAED pattern (c) of the aliquots taken after 5 s of reaction. (c)
The pattern is analyzed and determined with marked facets, matching the electron diffraction
pattern of SnO; crystal structure including (110), (101), (211), (202), (112) facets.
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3.3.2 Influence of the 1-BTD Amount on the Shape Evolution

In this section, a new ligand strategy is applied by introducing halide ligands, compared to the
synthesis of SnS in previous sections. As is well known, the nucleation and growth process of the
synthesized nanocrystals often happen with the aid of involved ligands and salts in the solution.
However, it is difficult to clarify the individual influence from each involved reactant.”* The
introduction of new surfactants, even in tiny amounts, will still change the whole kinetics of the
nucleation and growth of these nanocrystals. In the previous two sections, we clearly
demonstrated the importance of understanding the surface energies of each facet for the final
formation of specifically shaped nanocrystals. It has been explained in terms of adsorption

energies of different ligands (e.g. OA and TOP) involved in SnS nanosheets formation.

In particular, halide ions, either from salts or from halide alkanes, are surfactants which are also
good alternatives for modifying the crystal surfaces or facets based on their extraordinary
properties such as high electronegativities."'*© Among all the widely used surfactants such as
OA, TOP or acetate groups (OAc), halide ions display relative high reactivities due to their ionic
nature."? This can also explain some interesting phenomena including that why some extreme
morphologies can be smoothly realized by involving halides, for example, 2D PbS nanosheets

synthesized with halide alkanes.?®

Theoretically, there are several ways for halide ligands to influence the nucleation and growth of
nanocrystals regarding thermodynamic and kinetic control, including the specific binding
preference, the interaction with precursor ions by complexation, and also the etching process.™?
Owing to the nature of halide ions, the specific binding preference normally focuses on the metal
atoms on the surface of nanocrystals. The interaction with precursor ions by complexation often
benefits from the solution-based reaction, making the contact between halide atoms and metal
atoms (from the precursor) much easier. Therefore, the occurrence of complexation of halide
atoms and metal atoms become inevitable in the solution-based reaction. Nevertheless, this
interaction can also affect the nucleation and growth stage, for instance, by cutting down the
monomer-producing rate from the precursor-complex, which afterwards makes the growth

process slower. This, in turn, leads to another possible pathway of etching. The re-dissolving of
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the surface atoms into the solution can return to the complexation of metal-halide complexes.
The etching process is the third way for halide ligands to work during the growth stage of
nanocrystals.”? Hence, introducing halide ligands into the synthesis of SnTe will be intriguing
and worth trying for obtaining 2D SnTe nanostructures with the cubic phase which presents a

high symmetry.

(b)

Ome

Figure 3.39. TEM images of the structures synthesized at the reaction temperature of (a) 200 C,
and (b) 300 C, using no 1-BTD compared to standard SnTe recipe with 1-BTD.

In terms of the synthesis using no 1-BTD to check the necessity of applying halide alkanes (see
Figure 3.39), the TEM images show that only agglomerates and 3D microstructures can be formed.
Thus, involving halogenated compounds like 1-BTD is necessary to obtain well-defined 2D SnTe
nanostripes. Furthermore, the variation of 1-BTD amount has also been performed to observe the
impact of halide ligands and to optimize the amount of 1-BTD (see Figure 3.40). There are only
irregular-shaped platelets synthesized, along with long rods and several cubes, when the amount
of 1-BTD is equal or lesser than 0.64 mmol (see Figure 3.40a, b). When the amount of 1-BTD
reaches 0.64 mmol, the product mostly exhibits the morphology of 2D elongated nanostripes
with few cubes and long nanorods (see Figure 3.40c). Nevertheless, a larger amount of 1-BTD
leads to larger numbers of long rods or wires with reduced number of nanostripes (see Figure
3.40d). This implies that 1-BTD in a small amount cooperating with OA and TOP in the solution
tends to passivate the (100) facets and presents less passivation on (010) and (001) than (011), or
(011) as co-ligand. It prompts the nuclei to form nanostripes with the aid of co-ligands in the
anisotropic growth process (see Figure 3.353, e). More 1-BTD will exchange the original OA and

TOP in specific facets, easing the strong passivation on {100} facets and (011). This finally results
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in the formation of longer nanorods. Additionally, more 1-BTD could make the texture effect

slightly less apparent according to the corresponding XRD data (see Figure 3.40e).
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Figure 3.40. SEM images (a-d) and the corresponding XRD (e) and AFM measurements (f-h, f refers
to a, g refers to b, h refers to d) of the SnTe nanostructures synthesized using (a) 0.17 mmol, (b)
0.34 mmol, (c) 0.64 mmol, (d) 0.96 mmol BTD.

Theoretically, halide ions can be released from the halide alkanes during the reaction, acting as
X-type ligands as well as Z-type ligands, which has been proven by our group.”® In our case, Br-
ligands can bind as X-type ligands to Sn* cations on the surface, directly passivating the surface.
But Br- and the excess Sn* can also form a SnBr, complex as Z-type ligand, similar to CdCl,."** 62

Thus, the halide ions competing with oleate or phosphine ligands can change the surface energy
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of SnTe nanocrystals during the thermodynamic growth stage. This can finally result in the

favorable 2D nanostructures after co-passivation with other involved ligands.

AFM measurements have been conducted as shown in Figure 3.40f-h, to investigate the height
evolution of synthesized SnTe nanostructures with the variation of the amount of 1-BTD
mentioned above. The nanostructures produced with 0.17 mmol 1-BTD show differently shaped
platelets and particles like small agglomerates with large size (~82.1 nm, see Figure 3.40f). The
nanostripe synthesized using 0.34 mmol 1-BTD displays a similar thickness (~32 nm) to that of
the synthesized SnTe nanocrystals with 0.64 mmol 1-BTD (considered as the standard synthesis).
However, long nanorods present a relative round cross-section with a diameter around 80 nm
(see Figure 3.40h), exhibiting a similar morphology to that of the rods obtained from the

standard synthesis (~90 nm, Figure 3.41).
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Figure 3.41. AFM image and the height profile of the long rod-like structure from the standard
SnTe-nanostripe synthesis.

Afterwards, it has also been observed that 1-chlorotetradecane (1-CTD) can also help to form 2D
SnTe nanostructures as does 1-BTD (see Figure 3.42). By tuning the reaction temperature from
170 'C, t0 220 'C, and to 260 C, the obtained products display a clear shape evolution from thin
square-like shape (40 nm thick), to thick square or irregular shape (112.7 nm thick), and further to
thick elongated stripes (99.1 nm) (see Figure 3.42). The corresponding XRD diffractograms for the
samples from 1-CTD experiment series show pronounced (200) and (400) reflexes, exhibiting
strong texture effect (see Figure 3.43). As is well known, the nucleophilicity increases in the line

CI~ < Br. During the reaction, Br~ will be released much easier than Cl~ions from the original
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halide alkane molecules, resulting in higher amounts available at the early stage.'®® This will

finally lead to a higher destabilization by Br~ions on the crystal surface than that of Cl~ions, and

a more enhanced anisotropic growth. Hence, the syntheses using 1-CTD turned out to possess a

lower yield of 2D nanostructures, which present larger thicknesses (see AFM data in Figure 3.42).
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Figure 3.42. SEM image, the corresponding AFM images and the height measurements of the
synthesized SnTe nanocrystals using 1-CTD as co-ligands, synthesized at specific reaction
temperature (a) 170 °C, (b)220 °C, (c) 260 °C.
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Figure 3.43. XRD diffractograms of the corresponding SnTe nanocrystals shown in Figure 3.42.

3.3.3 Other Ways to Introduce Halides

To investigate the necessity of introducing halide alkanes, we have also performed the synthesis
of SnTe nanocrystals with tin halide precursors, as well as the synthesis of SnTe nanocrystals
using halide salts including lithium chloride (LiCl) or lithium bromide (LiBr) to introduce halide

ions.
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Figure 3.44. SEM images and the corresponding XRD diffractograms of the synthesized SnTe
nanocrystals using no halide alkanes as co-ligands and different amounts of tin (ll) chloride as a
tin precursor. (@) 0.1 mmol, (b) 0.25 mmol, (c) 0.5 mmol.
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When tin (Il) chloride (SnCly) is used as the tin precursor instead of tin (Il) acetate, more than half
of the nanocrystals turn out to be etched after the synthesis, which is independent of the tin
chloride amount involved in the reaction (see Figure 3.44). When a small amount of SnCl, (0.1
mmol) is used, plenty of small platelets with slightly etched and thinner inside part, as well as
many cubes are formed. When the amount of SnCl; reaches 0.25 mmol, larger etched 2D
nanosheets appear (see Figure 3.34b). This etching effect becomes much stronger when the SnCl,
amount rises to 0.5 mmol. XRD diffractograms of these samples show increasingly pronounced
(200) and (400) reflexes. Introducing tin (Il) bromide (SnBr,) into the synthesis to replace tin (11)

acetate also results in similar products (see Figure 3.45).

Figure 3.45. SEM image of the synthesized SnTe nanocrystals using SnBr;as the tin precursor and
no halide alkanes as co-ligands for the reaction.

In terms of tin halides as precursors for the SnTe nanocrystal synthesis, tin (11) iodide (Snl,) was
used as the tin precursor for SnTe nanocube preparation along with shape evolution towards rods
or even wires."” Nevertheless, adopting SnCl; (or SnBr,) here is not appropriate since the etching
problem will occur during the synthesis. Based on the standard synthesis in this thesis, it was
found that acetate groups from tin (Il) acetate may assist the nanocrystals to avoid etching
during the synthesis. Therefore, the etching cannot be avoided if there is SnCl; serving as the tin

precursor instead of tin acetate for the synthesis.

The AFM measurement on one etched nanostructure demonstrates that the height is about 76

nm (see Figure 3.46). The taking-aliquot study implies that the etching by halide ions happens
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rapidly at the very beginning during the nanosheet formation, and the nanosheets grow thicker
and thicker with longer reaction time based on the TEM contrast (see Figure 3.47). It can be
observed that at a very early stage, there are already thin structures formed although the
crystallinity at that time is not established so far, as indicated in the SAED pattern (see Figure
3.47a, inset). Then the nanosheets and etched frames which show high crystallinity appear
before 1min (see Figure 3.47b). With the extended period of the reaction time, thicker nanosheets
as well as more etched structures from the nanosheets can be seen based on a much darker

contrast from the TEM image (see Figure 3.47c-f).
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Figure 3.46. AFM image and the corresponding height line scan of the synthesized SnTe
nanocrystals which are shown in Figure 3.44b.

(d)

2um

Figure 3.47. TEM images and SAED pattern of the aliquot samples taking from the reaction in
Figure 3.44b during the reaction at (a) 15 s, (b) 1 min, (c) 2 min, (d) 4 min, (e) 10 min after the hot-
injection of TOP-Te precursor and (f) 10 min reaction followed by cooling down and purification
process.
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Furthermore, LiCl or LiBr dissolved in dimethylformamide (DMF) has also been used to replace 1-
BTD for introducing halides as comparison groups. From Figure 3.48, we can observe that more
2D nanostructures are formed with an increasing amount of LiCl. When there is only a small
amount of LiCl involved, small rods and particles are produced in the form of agglomerates.
When the amount reaches 0.2 mmol, the synthesized nanostructures are etched more strongly
and the products become stickier during the washing steps (see Figure 3.48c). The products
contain few nanosheets. There are also small particles or agglomerates prepared in the syntheses
using LiBr instead of LiCl (see Figure 3.48d-f). These experiments indicate that direct introduction
of halide ions will strongly influence the surface passivation and finally lead to large
agglomerates or undefined etched structures and high polydispersity (see Figure 3.48). This also
indirectly implies that the acetate group is not the key factor to avoid etching on nanocrystals,
whereas the halide alkane is considered as the important parameter for obtaining non-etched

2D SnTe nanocrystals in our case.

LiCl LiBr

Figure 3.48. (a-c) SEM images of the synthesized SnTe nanocrystals using different amounts of
LiCl dissolving in DMF: (a) 0.005 mmol LiCl, (b) 0.02 mmol LiCl, (c) 0.2 mmol LiCl. (d-f) SEM images
of the synthesized SnTe nanocrystals using different amounts of LiBr dissolving in DMF: (d) 0.01
mmol LiBr, (¢) 0.02 mmol LiBr, (f) 0.04 mmol LiBr.
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3.3.4 Effect of Reaction Time

The influence of the reaction time has also been investigated (see Figure 3.49). The TEM images
and AFM images (see Figure 3.50) display that longer time leads to a greater number of cubes
and rods and fewer nanostripes. The results also exhibit less uniformity and increasing
thicknesses (see Figure 3.50a, b). This phenomenon can be explained by the fact that 1-BTD can
decompose to a larger extend if longer reaction time is used during the reaction, leading to
similar products to the synthesis with more 1-BTD involved (see Figure 3.40d). The synthesis will
be thermodynamically controlled if enough reaction time is used for the synthesis and enough
activation energy to reach the minimum status of the Gibbs free energy based on the
determination of thermodynamic control and kinetic control. The extended period of the
reaction time can promote the formation of the product with more stability. However, the
obtained products contain a high variety of structures and present less uniformity. Hence, they

may be the thermodynamically favored products.
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Figure 3.49. SEM images of the synthesized SnTe nanocrystals under different reaction time: (a)
1.5 min, (b) 5 min, (c) 10 min.
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Figure 3.50. AFM images and the corresponding height line scan analysis of the synthesized SnTe
nanocrystals with the reaction time of 5 min (a) and 10 min (b) compared to the standard recipe.

3.3.5 FTIR Measurements

The absorption spectra of the SnTe nanocrystals synthesized under different conditions were
obtained by Fourier-transform infrared (FTIR) spectroscopy (see Figure 3.51) since the range which
we are interested in lies out of the measurement range of available optical spectrometers (e.g.
Cary 5000 with PbS detector). The nanocrystals exhibit pronounced features in the IR range,
except for the ligand-related peaks at 0.35-0.36 eV (asymmetric and symmetric stretching modes
of methyl (CHs) and methylene (CH,) groups)."®* Regarding the sample containing nanostripes
synthesized with 1-BTD, there is a wide pronounced peak centered at 0.40 eV. The samples
composed of nanosheets synthesized with SnCl, or 1-CTD, both show blue-shifted features,
namely wide feature comprising of three strong peaks at 0.23 eV, 0.26 eV and 0.29 eV.
Theoretically, the bulk bandgap of SnTe is 0.18 eV. A previous work ascribed the up-shifted
features to a quantum-confined exciton transitions.”™ ™° As it is known, the first excitonic

transition is below the fundamental bandgap and gives information about the optical bandgap.
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We can assume that observed features within absorption curves (ii) and (iii) can be attributed to
distinct populations in the ensemble. As was shown earlier, all the three typical samples are
dominated with nanostructures with representative morphologies, but they still contain several
other different morphologies, which leads to combined optical features with several peaks. Thus,
more advanced measurements need to be applied to separate each structure such as the study
of individual nanostructures for advanced IR measurements using nano-FTIR. This study is
addressed to future research and will be realized, together with supportive theoretical analysis
like bandgap simulations in order to individually analyze nanostripe or nanocube structures for

their special optical features.
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Figure 3.51. Optical absorption spectra of the synthesized different SnTe nanostructures
respectively using SnCl; as the precursor (i), 1-BTD molecules as halide ligands (ii) and 1-CTD
molecules as halide ligands (iii).
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Colloidal tin (I1) sulfide is emerging as a promising type of materials with a band gap similar to
silicon, which is highly suitable for solar light conversion. In contrast to CdSe and PbS families, it
is less toxic and possesses a layered structure with in-plane anisotropy which opens additional
possibilities for property modulation. Based on the idea of facile and “green” synthesis, a stable
recipe of large-sized SnS nanosheets was developed with possibilities to tune the faceting of the
nanocrystals. The lateral sizes of the synthesized SnS NSs range from 150 nm to nearly 1680 nm,
and the thicknesses can be tuned from 16 nm to 50 nm with the aid of oleic acid and
trioctylphosphine as co-ligands in the presence of tin acetate and thioacetamide as two metal
precursors. During the reaction, no metal halide such as tin chloride or flammable organo-
metallic precursors is involved. Furthermore, the introduction of ligands oleic acid,
trioctylphosphine, as well as dissociated oleate is the key to the shape and size tuning of the
synthesized SnS nanosheets. The shape of the synthesized nanosheets varies between
hexagonal shape and square-like shape with respect to the change of the ligand quantity
(acetate, oleate, trioctylphosphine, oleic acid). In addition, the phase is optimized from
pseudotetragonal (as presented in nanoparticle byproducts) and orthorhombic crystal structures
(SnS nanosheets) to pure orthorhombic type. The measurements of conductivity and
photoconductivity exhibit tremendous potential for electric and optoelectronic applications like

photo-sensors and photo-switches.

With the optimization of the original recipe above, the evolution of crystal-edge orientation
switching, defined as edge faceting of large and thin SnS nanosheets has also been investigated.
It was found that the edge-faceting can be switched between faceting along two anisotropic
directions (i.e. (100) and (001) facets) and along two isotropic directions (i.e. {101} facets). The
lateral size (up to 8 um) and thickness (down to 7 nm) for SnS nanocrystals are also highly
improved. Such tunability is realized by the usage of less reactive sulfur precursor
trioctylphosphine-S, TOP-S. This approach provides an opportunity to easily contact individual
nanosheets on the substrate with predefined orientations, which can hence facilitate the device-
level application based on the anisotropic electronic properties of SnS. In our investigations, we
have evaluated the conductivities along these two directions. The results exhibit different

conductivities (ratio: 1.67) for each distinct crystallographic direction, showing an in-plane
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electronic anisotropy along zigzag and armchair directions, but an isotropic behavior from corner

to corner, or “ladder” directions. This also validates the edge faceting in terms of morphology.

Furthermore, another tin chalcogenide nanomaterial SnTe has also been investigated. Due to the
absence of established recipes for the synthesis of 2D SnTe nanostructures in literature, a novel
colloidal synthesis method has been developed to obtain large 2D SnTe nanocrystals, or
nanostripes. The recipe involves halide alkane 1-bromotetradecane (1-BTD) and is based on the
developed recipe mentioned above for SnS nanocrystals. 2D elongated SnTe nanosheets or SnTe
nanostripes are obtained with few byproducts of cubes and long nanorods as byproducts. The
thickness of the synthesized SnTe nanostripes can be tuned down to 29 nm and the length can
reach approximately 6.0 um. The nanocrystals display high crystallinity as can be proved by XRD
and SAED. The influence of 1-BTD used in the reaction has also been studied, uncovering that an
increase in 1-BTD leads to a higher percentage of nanorods instead of 2D nanostripes, which is
also seen with longer reaction time for the synthesis. For the experiments with tin chloride as
the precursor, it is found that direct introduction of halide ions in tin precursors such as SnCl; or
SnBr; results in strong etching effects even at the initial stage of the formation of SnTe
nanocrystals. Introducing halide ions by adopting LiCl or LiBr is found not appropriate, causing
not avoidable aggregation and etching as well as a low yield of 2D nanostructures. Additionally,
the IR absorption spectra of SnTe with different nanostructures have been investigated, revealing

pronounced excitonic absorption features in the IR range.

In conclusion, the optimization of the solution-phase recipes for tin chalcogenide nanocrystals
have been studied. The anisotropic growth patterns can be obtained by modulating the ligands
composition due to different binding affinities of applied ligands on the crystal surfaces.
Observed effects have been supported by DFT calculations of adsorption energies of
corresponding molecules on relevant crystal facets. Hence, the introduced colloidal-synthesis
techniques exhibit the possibilities that tin chalcogenide nanocrystals with tunable
morphologies can be prepared independent of the crystal structures (layered or non-layered).
These established methods can be further optimized and extended to other metal chalcogenides

to achieve more fascinating 2D metal chalcogenide nanocrystals.
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The investigation of tin chalcogenides is intriguing and opens more possible researching puzzles
for the future. Further work will also be done as follows: the investigation on anisotropic SnS, the
further analysis for absorption features of SnTe nanostructures (for instance by nanoFTIR for
individual particles), as well as absorption ab-initio simulations for SnTe to clarify the absorption
spectra of individual nanostructures, and band structure peculiarities and optical transitions of
a nanocrystal in 1D confinement. The further fabrication of anisotropic SnS e.g. field-effect
transistors (FETs) can also be investigated to evaluate the intrinsic anisotropic transport
properties about the strong in-plane electronic anisotropy.'”® Different from the promising
prospect in broadband photodetectors for graphene, layered 2D SnS has potential in near-
infrared photodetectors owing to its direct bandgap (1.3 eV) as well as high absorption coefficient
(> 10* cm™)."®® Hence, further work on fabricating NIR light photodetectors with large 2D
anisotropic SnS will also be attractive. It has also been illustrated that SnS displays remarkable
anisotropy in the lattice thermal conductivity in addition to strong anisotropic electrical
conductivities, based on the first-principles calculations.” Therefore, thermoelectric
performance of synthesized SnS nanocrystals in the thesis can also be interesting for further
research. First-principles calculations were also applied on SnS and SnTe by Li et al. to calculate
the bandgaps with the effect of compressive strains and tensile strains, exhibiting excellent

piezoelectric properties.'®®

Since most studies on topological insulators are conducted with crystals coming from vapor-
phase-based methods (like for BiTes), the solution-based synthesis of SnTe displays a good
potential in this field due to the high degree of synthesis and final structure/surface control. As
a new discovered type of materials, topological insulators have been witnessed in experiments
on bulk SnTe crystals after forecasted by theory, and have been found to show improved features
if the size reaches nanoscale dimensions.’ This results from the large surface-to-volume ratio of
nanocrystals, which significantly improves the contribution of surface carriers.” '®® Thus, the
electrical transport measurements and studies of topological surface states clearly motivate the

further work as well.

Additionally, there is an increasing attention for the substitution of lead by the element tin in

the synthesis of metal halide perovskite nanocrystals.'®®7¢ Although lead-based perovskite
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nanocrystals exhibits effective and tunable photoluminescence, the substitution of lead with Sn
(or Ge, Bi, Sb) is still highly desirable, owing to their advantages of being environmentally
benign."” There have been published solution-phase syntheses of tin-based perovskite
nanocrystals in recent five years. For instance, Wang et al. also investigated Cs,Snls perovskite
nanocrystals by introducing tin(IV) iodide and cesium oleate with the aid of oleic acid and
oleylamine at 220 ‘C." The morphology of the synthesized Cs,Snls perovskite nanocrystals can
be tuned between spherical quantum dots, nanorods, nanowires, nanobelts, and nanoplatelets.
The fabrication of the nanocrystals into an FET device was also performed, showing a p-type
semiconducting behavior. The synthesized nanocrystals are also in zero dimensions and the sizes
can be manipulated to obtain tunable optical bandgaps. In addition, hybrid halide perovskite
nanocrystals based on the element tin have also attracted increasing attention such as
methylammonium or formamidinium involved MASn(l, Br); or FASn(l, Br)s."”® However, the
colloidal synthesis for large-sized and stable tin-based perovskite nanosheets is still elusive. Thus,
this could be an interesting topic in the future, expanding the investigation on tin-based

nanomaterials.
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EXPERIMENTAL PART

In this chapter, the experimental set-ups and steps will be explained in detail to show how the
syntheses of low-dimensional SnS and SnTe are proceeded, and to show how the recipes are

improved and optimized for further characterization and early applications.

5.1 Chemicals and Materials

5.1.1 Chemicals Needed for the Synthesis and Characterization

All the chemicals applied in the reaction and characterization were purchased from the
companies including Sigma Aldrich, Merck, VWR International Co, and Thermo Fisher Scientific.
All the chemicals and solvents are reagent grade or in better quality and used as received for the
reaction. Thioacetamide (TAA), trioctylphosphine (TOP), tin (Il) acetate (TA), sulfur and tellurium

were all stored in the glovebox.

REAGENT LIST:

¢ 1-Bromotetradecane Sigma Aldrich

¢ 1-Chlorotetradecane Sigma Aldrich

¢ Diphenylether Sigma Aldrich

¢ N, N-Dimethylformamide Sigma Aldrich

¢ 2-propanol VWR International
¢ Lithium chloride Sigma Aldrich

¢ Oleicacid Sigma Aldrich

¢ Sulfur Sigma Aldrich

¢ Tellurium Thermo Fisher Scientific
¢ Tetrachloroethane Sigma Aldrich
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Thioacetamide
Tin (I1) acetate
Tin (1) chloride
Tin () bromide
Trioctylphosphine

Toluene

5.1.2 Materials and Equipment

Sigma Aldrich
Sigma Aldrich
Thermo Fisher Scientific
Sigma Aldrich
Sigma Aldrich

Sigma Aldrich

All the materials and equipments used for the experiments were purchased from the companies

including B. Braun Melsungen AG, Carl Roth.

MATERIAL LIST:

*

Magnetic stirrer

Standard heating hood (for 50 ml)
TEM grids

Centrifuge tubes (50 ml)
Centrifuge tubes (1.5 ml)
Disposable syringes and cannulas

Disposable pipettes (1 ml)
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5.2 Experiments and Characterizations

The synthesis procedures and characterization methods for the synthesized SnS and SnTe
nanocrystals will be explained in the following sections. The syntheses are based on the hot-
injection colloidal method and the characterizations are mainly based on TEM, HRTEM, SEM, XRD,
AFM, UV-Vis-NIR and FT-IR measurements. In addition, device preparations, transport

measurements as well as DFT simulations will also be described in the following.
5.2.1 Synthesis of Two-dimensional Square-like SnS Nanosheets

5.2.1.1 Standard Synthesis Procedure

In a typical synthesis procedure, 59.2 mg (0.25 mmol) of TA, 0.2 ml (0.64 mmol) of oleic acid (OA),
0.5 ml (1.0 mmol) of TOP, and 10 ml of diphenyl ether (DPE) were mixed in a three-necked round-
bottom glass flask (50 ml). The system was then stirred for dissolving all the content, followed by
degassing and drying steps under vacuum condition for 2 h at 75 °C, in order to transform the tin
acetate into tin oleate complexes. This would lead to the release of free acetic acid from the
system. Then the system was heated to 230 'C under N, atmosphere. After the temperature was
stable at 230 C (about 15 min), 19.5 mg of TAA (0.26 mmol) in 0.2 ml of DMF from the stock
precursor solution of TAA/DMF, was quickly injected into the stirring system. After the reaction
(5 min), the reaction solution was cooled down to room temperature by removing the heating
mantle. The collected reaction solution was then centrifugated at 4000 rpm for 3 min (2-3 times)

for purification in fresh toluene and collected again in new toluene.

5.2.1.2 Variation of Trioctylphosphine Amount

The experiments with the variation of TOP amount were carried out based on the standard recipe
in Section 5.2.1.1. In each comparison experiment, 59.2 mg (0.25 mmol) of TA, 0.2 ml (0.64 mmol)
of oleic acid (OA), 10 ml of diphenyl ether (DPE) and certain amount of TOP were mixed in a three-
necked round-bottom glass flask (50 ml). The amount of TOP varies from 0 mmol, to 0.1 mmol,
0.5 mmol, 1.0 mmol, and 2.0 mmol for each experiment. Then the syntheses were performed as

mentioned in Section 5.2.1.1.
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5.2.1.3 Variation of Oleic Acid Amount

The experiments with the variation of OA amount were also carried out based on the standard
recipe in Section 5.2.1.1. In each comparison experiment, 59.2 mg (0.25 mmol) of TA, certain
amount of oleic acid (OA) 10 ml of diphenyl ether (DPE) and 0.5 ml (1.0 mmol) of TOP were mixed
in a three-necked round-bottom glass flask (50 ml). The amount of OA varies from 0 mmol, to
0.32 mmol, 0.64 mmol, 3.2 mmol, and 6.4 mmol for each experiment. Then the syntheses were

performed as mentioned in Section 5.2.1.1.

5.2.1.4 Variation of Precursor Amount

The experiments with the variation of tin acetate precursor (TA) amount were carried out based
on the standard recipe in Section 5.2.1.1. In each comparison experiment, certain amount of TA,
0.2 ml (0.64 mmol) of oleic acid (OA), 10 ml of diphenyl ether (DPE) and 0.5 ml (1.0 mmol) of TOP
were mixed in a three-necked round-bottom glass flask (50 ml). The amount of TA varies from
0.02 mmol, to 0.025 mmol, 0.05 mmol, 0.25 mmol, and 0.5 mmol for each experiment. Then the

syntheses were performed as mentioned in Section 5.2.1.1.

The experiments with the variation of thioacetamide precursor (TAA) amount were also
performed based on the standard recipe in Section 5.2.1.1. In each comparison experiment, 59.2
mg (0.25 mmol) of TA, 0.2 ml (0.64 mmol) of oleic acid (OA), 10 ml of diphenyl ether (DPE) and 0.5
ml (1.0 mmol) of TOP were mixed in a three-necked round-bottom glass flask (50 ml). After the
system is completely mixed and the temperature was stable at 230 C, certain amount of TAAin
0.2 ml of DMF, was quickly injected into the stirring system. The amount of TAA varies from 0.005
mmol, to 0.01 mmol, 0.13 mmol, 0.26 mmol, and 0.52 mmol for each experiment. Then the

following steps were conducted as mentioned in Section 5.2.1.1.
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5.2.2 Synthesis of Two-dimensional Larger-sized Thin SnS Nanosheets

5.2.2.1 Standard Synthesis Procedure

The synthesis method for larger-sized thin SnS nanosheets is similar to that for the square-like
small SnS nanosheet in Section 5.2.1, except for using the sulfur precursor TOP-S instead of TAA,
and octadecene (ODE) as the solvent instead of DPE due to a higher reaction temperature. In
detail, 59.2 mg (0.25 mmol) of TA, 0.2 ml (0.64 mmol) of OA, 0.5 ml (1.0 mmol) of TOP, and
octadecene (ODE, 10 mL) were mixed in a three-necked round-bottom glass flask (50 ml). After
completely dissolving the mixture by heating up to 180 ‘C (approximately 15 min), the system
was then cooled down to 75 C, followed by degassing and drying process under vacuum for 2 h.
Afterwards, the system was heated up again to 300 C under N, atmosphere. Then, the rapid
introduction of TOP-S precursor was proceeded by hot injection of TOP-S (1M) solution to the hot
flask. After a 5-min reaction, the system was cooled down to room temperature. The collected
product was purified by centrifugation at 2000 rpm for 3 min (1-2 times). The precipitate was

then dispersed again in toluene for storage or further characterization.

5.2.2.2 Manipulating the Transition Between a-SnS and i-SnS Nanosheets
The variation of the TOP-S amount was studied based on the standard recipe in Section 5.2.2.1.

Under the circumstance with 1.0 mmol TOP in the flask before mixing, the system was heated up
again to 300 ‘C under N; atmosphere. Then, the rapid hot-injection of a certain amount of TOP-
S was performed. The amount of TOP-S (1M) varies from 0.26 ml to 0.52 ml, and 0.78 ml for each

experiment. Then the following steps were conducted as mentioned in Section 5.2.2.1.

Under the circumstance without any TOP in the flask before mixing, the system was heated up
again to 300 ‘C under N; atmosphere. Then, the rapid hot-injection of a certain amount of TOP-
S was performed. The amount of TOP-S (1M) varies from 0.52 ml to 1.04 ml for each experiment.

Then the following steps were conducted as mentioned in Section 5.2.2.1.
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5.2.3 Synthesis of SnTe Nanostructures

5.2.3.1 Standard Synthesis Procedure

In a standard synthesis recipe for obtaining SnTe nanostripes, 59.2 mg (0.25 mmol) of TA, 2 ml (6.4
mmol) of OA, 0.5 ml (1.0 mmol) TOP, and 10 ml of diphenyl ether (DPE) were mixed in a three-
necked round-bottom glass flask (50 ml). After completely dissolving the mixture by heating up
to 130 ‘C (approximately 10 min), the system was cooled down to 75 C, followed by degassing
and drying process under vacuum for 2 h at 75 'C. Afterwards, the system was heated up to 250 C
under N, atmosphere after injecting 0.19 ml (0.64 mmol) 1-bromotetradecane (1-BTD) at 75 C.
Then, the rapid introduction of TOP-Te precursor was proceeded by the hot-injection of TOP-Te
(M) solution to the hot flask. The system was then cooled down to the room temperature after
the reaction solution had a color change to greyish-yellow. The collected product was purified by
centrifugation at 4000 rpm for 3-4 min. The precipitate was then dispersed again in toluene for

storage or further characterization.

5.2.3.2 Variation of 1-BTD Halide Alkanes

The experiments with the variation of 1-BTD amount were performed based on the standard
recipe in Section 5.2.3.1. In each comparison experiment, the system was heated up to 250 C
under N, atmosphere after injecting certain amount of 1-bromotetradecane (1-BTD) at 75 ‘C. Then
the rapid introduction of TOP-Te precursor was proceeded by the hot-injection. The amount of 1-
BTD varies from 0.17 mmol, to 0.34 mmol, 0.64 mmol, and 0.96 mmol for each experiment. Then

the syntheses were conducted as mentioned in Section 5.2.3.1.

Additionally, 1-CTD was also used to replace 1-BTD to observe the effect on the reaction. The
amount of 1-CTD was 0.64 mmol and the reaction temperature varies from 250 C to 220 'C and

260 C. Then the syntheses were conducted as mentioned in Section 5.2.3.1.
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5.2.3.3 Involving Halide Salt Precursors

The experiments with the variation of tin (Il) chloride amount were performed based on the
standard recipe in Section 5.2.3.1. The tin (ll) chloride halide salts were used to replace tin (Il)
acetate precursors. The amount of tin (ll) chloride varies from 0.1 mmol, to 0.25 mmol, and 0.5

mmol. Then the syntheses were conducted as mentioned in Section 5.2.3.1.

Additionally, tin (1) bromide was also used to replace tin (ll) acetate with the amount of 0.25

mmol. Then the syntheses were conducted as mentioned in Section 5.2.3.1.

5.2.3.4 Involving Halide Salt Surfactants

The experiments with the variation of LiCl amount were performed based on the standard recipe
in Section 5.2.3.1. The amount of LiCl varies from 0.005 mmol, to 0.02 mmol, and 0.2 mmol. Then

the syntheses were conducted as mentioned in Section 5.2.3.1.

Additionally, LiBr was also studied to replace LiBr and the amount varies from 0.01 mmol, to 0.02

mmol, and 0.04 mmol. Then the syntheses were conducted as mentioned in Section 5.2.3.1.

5.2.3.5 Adjusting the Reaction Time

The experiments with the variation of reaction time were performed based on the standard

recipe in Section 5.2.3.1. The reaction time varies from 1.5 min, to 5 min, and 10 min.

5.2.4 Device Preparation and Transport Measurement

Diluted SnS nanosheet suspension was dropped on the Si substrate (fabricated with a 300 nm
thermal silicon oxide layer as the gate dielectric) by spin-coating procedure with optimized speed
and spin time. The highly doped silicon was applied here as the back gate. The selected single
SnS NS was contacted by e-beam lithography, and the thermal evaporation of Ti/Au (1/55 nm)

and lift-off were carried on for the measurements.
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The contacted sample prepared after device fabrication was immediately transferred to a probe
station (Lakeshore Desert), which was connected to a semiconductor parameter analyzer
(Agilent B1500a). All the measurements were conducted under vacuum at room temperature.
The sample illumination could be realized through the view port of the vacuum chamber. For NS

illumination, a red laser (627 nm, 1-16 mW) with a spot size of 2 mm was utilized.

The device preparation and transport measurements for anisotropic SnS nansheets were also
performed similarly as mentioned above. Individual sheets were picked to be contacted and
measured at room temperature. In one group, four contacts were placed parallel to the side edges,
to get the conductivity value along the anisotropic directions. For another group of devices, the

contacts were placed from corner to corner, to investigate the isotropic directions.

5.2.5 Material Characterizations

The material characterizations were performed using TEM, HRTEM, SEM, XRD, AFM, UV-Vis-NIR
spectrophotometer and FTIR for obtaining morphology information, crystal structure, and

thickness.

In detail, TEM images and SAED patterns were taken using a JEOL-1011 (100 kV). The TEM samples
were prepared via dropping diluted sample solution on carbon-covered TEM grids. HRTEM
images and corresponding SAED patterns were acquired using a Philips CM300 UT microscope
(200 kV). The HRTEM samples were also prepared via dropping diluted sample solution on

carbon-covered TEM grids.

The XRD patterns were obtained from the measurement by a Philips X’Pert System in Bragg—
Brentano geometry equipped with a Cu anode at 0.154 nm of X-ray wavelength. XRD samples

were prepared by drop-casting of well-dispersed nanocrystal solution on the silicon wafer.

The height information or thickness data were measured by an AFM device (JPK, Bruker) via
intermittent-contact mode (tapping mode). The AFM samples were prepared by dropping a

diluted sample solution on a Si substrate.

SEM characterizations were conducted to acquire the surface morphology and shape distribution.
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The SEM samples were also prepared by dropping a diluted sample solution on a Si substrate.
The secondary electron (SE) mode was used forimaging, which can give better information about

the surface morphology of 2D nanostructures.

UV-Vis-NIR absorption spectra were recorded on a Cary 5000 spectrophotometer (Varian, Agilent
Technologies) with an integrated sphere in a range between 300 and 1500 nm. The purified
samples were finally dispersed in tetrachloroethane (TCE) which was also used as background

source during UV measurement.

FTIR measurements were carried out by drying the nanocrystals and putting the powders on a

diamond-ATR unit. The FTIR measurements are performed with a range from 400 to 8000 cm™.

5.2.6 DFT Simulations

Owing to the requirement for evaluating the adsorption energies of each type of ligand on
different crystal facets, simulations relying on density functional theory (DFT) were carried on.
For making the adsorption abilities of all tested ligands comparable, ligands were set free to relax
by geometry optimization, with the condition that the crystal geometry was kept fixed to

experimental values for OR-SnS.

We employed the DZVP basis set from the CP2K software package, together with a GTH-PADE
potential.”® In terms of the model, an individual built SnS nanocrystal with 224 Sn and 224 S
atoms, and respective ligands molecules were simulated. The simulations were all conducted
under periodic boundary conditions. The box dimensions are adequately large, in order to shun

the interactions between the neighboring virtual molecular structures.
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Appendix A List of Hazardous Substances

Table A1: Described GHS information sheet of hazardous substances applied in this thesis.”*18°

Chemical Name Pictogram Symbol Hazard Statement Precautionary Statement

1-Bromotetradecane @ H315-H319 P264-P280

1-Chlorotetradecane Not a hazardous substance or mixture according to Regulation (EC)

No. 1272/2008.

Diphenylether @@ H319-H411 P273-P305+P351+P338
N, N- @‘% H226-H312-H332-  P201-P210-P302+P352-
Dimethylformamide H319-H360D P304+P340-
@ P305+P351+P338-
P308+P313
2-propanol @@ H225-H319-H336  P210-P233-P240-
P305+P351+P338-

P403+P235

Lithium chloride @ H302-H315-H319 P301+P312+P330-
P305+P351+P338

Oleic acid Not a dangerous substance according to GHS.

Sulfur @ H315 P280-P302+P352-
P332+P313-P362+P364

Tellurium ‘%@ H332-H317-H360-  P201-P261-P280-
H412 P380+P313
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Chemical Name

Pictogram Symbol

Hazard Statement

Precautionary Statement

Tetrachloroethane

&&

H310-H330-H4n

P260-P273-P280-

P302+P352-P304+P340-

P308+P310

Thioacetamide

Tin (I1) acetate

Tin (I1) chloride

Tin () bromide

Trioctylphosphine

Toluene

SO

COOOOe

H350-H302-H315-

H319-H412

H302-H312-H332

H332-H314-H317-
H341-H361-H335-

H373-H410

H314

H314

H225-H304-H315-

H336-H361d-H373

P201-P273-P308+P313-

P305+P351+P338-

P302+P352

P280

P260-P280-
P303+P361+P353-
P304+P340+P310-

P305+P351+P338

None

None

P210-P240-
P301+P310+P330-
P302+P352-P314-

P403+P233
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Appendix B Phrases of GHS hazard statements'

B1. Physical hazards

H225

H226

B2. Health hazards

H302

H304

H310
H312
H314
H315
H317
H319
H330
H332
H335
H336
H341
H350
H360
H361d

H361

H373

B3. Environmental hazards

Highly flammable liquid and vapour

Flammable liquid and vapour

Harmful if swallowed

May be fatal if swallowed and enters
airways

Fatal in contact with skin

Harmful in contact with skin

Causes severe skin burns and eye damage
Causes skin irritation

May cause an allergic skin reaction
Causes serious eye irritation

Fatal if inhaled

Harmful if inhaled

May cause respiratory irritation

May cause drowsiness or dizziness
Suspected of causing genetic defects
May cause cancer

May damage fertility or the unborn child
Suspected of damaging the unborn child
Suspected of damaging fertility or the
unborn child

May cause damage to organs through

prolonged or repeated exposure
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H410

H411

H412

Very toxic to aquatic life with long-lasting
effects
Toxic to aquatic life with long-lasting
effects
Harmful to aquatic life with long-lasting

effects
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Appendix C Phrases of GHS precautionary statements

C1. Prevention precautionary statements

P201

P210

P233

P240

P260

P261

P264

P273

P280

C2. Response precautionary statements

P314

P301+330+331

P301+312

P302+352

P303+361+353

Obtain special instructions before use
Keep away from heat, hot surfaces,
sparks, open flames, and other ignition
sources. No smoking

Keep container tightly closed
Ground/bond container and receiving
equipment

Do not breathe
dust/fumes/gas/mist/vapours/spray
Avoid breathing
dust/fumes/gas/mist/vapours/spray
Wash ... thoroughly after handling

Avoid release to the environment

Wear

protective gloves/protective

clothing/eye protection/face protection

Get medical advice/attention if you feel
unwell

IF SWALLOWED: Rinse mouth. Do NOT
induce vomiting

IF SWALLOWED: Call a POISON
CENTER/doctor/.../if you feel unwell

IF ON SKIN: Wash with plenty of water/...
IF ON SKIN (or hair): Take off immediately

all contaminated clothing. Rinse skin with
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P304+340

P305+351+338

P308+313

P332+313

P362+364

C3. Storage precautionary statements

P403+233

P403+235

water/ shower

IF INHALED: Remove person to fresh air
and keep comfortable for breathing

IFIN EYES: Rinse cautiously with water for
several minutes. Remove contact lenses if
present and easy to do — continue rinsing
If exposed: Call a POISON CENTER or
doctor/physician

If skin irritation occurs: Get medical
advice/attention

Take off contaminated clothing and wash

them before reuse

Store in a well-ventilated place. Keep
container tightly closed

Store in a well-ventilated place. Keep cool
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Appendix D hazard pictograms

O ®

GHS02 GHSO05 GHSO06 GHSO07
GHS08 GHS09

D1. GHS hazard pictograms phrases:
GHSO02: Flammable

GHSO05: Corrosive

GHSO06: Toxic

GHSO07: Harmful

GHSO08: Health hazard

GHSO09: Environmental hazard
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