The Pennsylvania State University
The Graduate School

Department of Chemistry
SYNTHESIS OF COMPLEX NANOSTRUCTURES OF LAYERED METAL
CHALCOGENIDES AND OTHER NANOMATERIALS USING COLLOIDAL CHEMISTRY

A Dissertation in
Chemistry

by
Du Sun
Ó 2016 Du Sun

Submitted in Partial Fulfillment
of the Requirements
for the Degree of
Doctor of Philosophy

December 2016

The dissertation of Du Sun was reviewed and approved* by the following:

Raymond E. Schaak
DuPont Professor of Materials Chemistry
Dissertation Advisor
Chair of Committee

Ben J. Lear
Assistant Professor of Chemistry

John B. Asbury
Associate Professor of Chemistry

James H. Adair
Professor of Materials Science and Engineering,
Biomedical Engineering and Pharmacology

Kenneth S. Feldman
Professor of Chemistry
Graduate Program Chair

*Signatures are on file in the Graduate School

iii

ABSTRACT
To access novel and complex nanostructures spanning the wide variety of chemical
composition and crystal conformation has significant impact on the next technology revolution in
the sense that the ability to produce advanced materials underpins the development of the future
devices. Solution-based chemical synthesis of nanomaterials in the colloidal solution has attracted
numerous attentions in the last few decades because the huge potential scientists have seen in this
method to achieve unprecedented control over the materials characteristics such as morphology,
composition, size, and uniformity demonstrated by the successful synthesis of quantum dots to
the construction of complex hierarchical structures. Layered metal chalcogenides is a family of
compounds that when reducing the layer thickness into nanoscale becomes a good analog to
graphene, but with much more plentiful choices of chemical composition and properties. The
application of colloidal synthesis into making 2D materials based on the layered metal
chalcogenides is an exciting research direction but still in its infancy. In this dissertation we
describe how to control the reaction parameters in colloidal synthesis to make meta-stable and
complex nanostructures with interesting properties that could have potential application in the
field of energy storage and conversion.
First, we discuss the colloidal synthesis of amorphous germanium iron alloy
nanoparticles and their electrochemical performance as anode materials for lithium ion batteries.
The meta-stable amorphous state of the particles was achieved by a fast quenching step following
the crystal nucleation and growth. Both thermodynamic and kinetic factors are evaluated through
aliquot study to elucidate the growth pathways. The as-prepared sample was tested for the halfcell and acquired good specific capacity and cycling stability. The addition of iron into the
germanium is believed to effectively alleviate the volume change during the lithiation/delithiation
process of germanium and possibly has a good impact on the overall electrical conductivity of the
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material. Introducing earth-abundant elements into the silicon-related materials is a promising
way to reduce the cost of the next generation lithium ion batteries while still maintain a good
performance.
Next, the principles we learned in the colloidal synthesis of metal alloys are adopted and
modified to successfully make MoSe2 nanoflowers that comprise of poly-crystalline few-layered
nanosheets. Besides the reaction kinetics, precursor choices that affect the reactivity of the
chalcogen entities in the solution have been identified as the key parameters to determine both the
morphology and crystallinity of the final product. Characterization techniques like powder XRD
and high-resolution TEM have been employed to reveal a slight deviation of the crystal structure
of the nanoflowers from the bulk counterpart, which we believe can be attributed to the few-layer
nature of these flowers. Raman spectroscopy is used to probe the interlayer decoupling behavior
of the flowers with different size and layer thickness compared with the bulk MoSe2. We found
out that the interlayer interaction can be modulated through laser heating, thermal, as well as
nanostructuring effect and especially the laser modulation could result fast and reversible
response. This study presents the possibility and feasibility of using colloidally synthesized
TMDs as the platform to understand the 2D properties of these materials.
Chapter 4 takes the knowledge we learn in the previous two studies into the exploration
of novel and under-studied ternary metal chalcogenides using colloidal synthesis. By a facile onepot heat-up method, we have successfully obtained a ternary In4SnSe4 with a unique crystal
structure that is drastically different from the well-known binary metal chalcogenides crystal
structures of zincblende or wurtzite that are both derivative of diamond structure. The as-prepared
microwires of In4SnSe is proven by high-resolution TEM and STEM-EDS mapping to have a
surface Si-contained oxide layer of about 10~20 nm. Bandgap calculation of the In4SnSe predicts
an electronic band structure with a direct band gap of 2.0 eV, which matches well with the solar
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spectrum and make it a promising candidate material in the photovoltaic devices. The optical
bandgap of the as-prepared sample was also measured by diffuse reflectance UV-Vis
spectroscopy and yielding a value of 1.57 eV, which matches well with the photoluminescence
peak located around 1.54 eV. Both theoretical and experimental result corroborate on the
possession of a direct bandgap of ~1.5 eV for the In4SnSe4, which could attract more studies on
this family of materials that have similar crystal structure.
Finally, the GeSe and SnSe from the layered metal chalcogenides family are used as a
model system to study the possibility of making 2D heterostructures in colloidal solution. We
have employed both heat-up and continuous hot-injection method to test various reaction
parameters such as precursor concentration and adding sequence and are able to obtain five
different samples of 2D heterostructures, one of which realized a full coverage of SnSe on top of
the entire GeSe hexagonal sheet. These 2D heterostructures are in the scale of few micron meters,
which has never been achieved in any other 2D heterostructures before. By comparing the
morphologies of the five samples, we propose a growth pathway that affected by both
thermodynamics and kinetics, involving the competition between homogeneous
nucleation/growth and the heterogeneous nucleation/growth. The methodology in this study can
be potentially applied to other 2D systems with more imminent technical significance.
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Chapter 1
INTRODUCTION
Nanomaterials refer to those materials with at least one dimension confined in the range
of 1 to 100 nm. As a form of materials that can occur naturally, nanomaterials play ultimate
important roles from the very beginning of the human civilization, including DNA and proteins.
However, the systematic research on materials in nanoscale has just emerged in the last few
decades, mostly allowed by the advances in the electron microscopic techniques. The study of
nanomaterials generally involves two aspects1,2: One is to conduct detailed analysis on the
structures and properties of known nanomaterials and make comparison with their bulk
counterparts so as to better understand the underlying chemical and physical principles of how to
make them and how they work. The knowledge learned can then be used to establish and improve
the concepts and theories of the newly born field of nanoscience; The other is to discover novel
and exotic nanomaterials using existing and/or newly-designed methods so as to expand the
toolbox as well the materials library of the research field. The readers can find later that this
dissertation follows these two methodologies and presents work that fall into both categories.

1.1 Synthesis, Characterization, and Properties of Semiconductor Nanomaterials
Nanomaterials can be divided into many different types by choosing different criteria.
For example, there are metal/alloy nanomaterials, insulator nanomaterials and semiconductor
nanomaterials depending on their bandgaps. The chemical composition of semiconductor
nanomaterials includes semimetal, metal oxides, metal chalcogenides, Group III-V compounds,
and etc. Due to their unique physical and chemical properties, semiconductor nanomaterials have
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drawn tremendous attention and research interest from the scientists all over the world. The study
of semiconductor nanomaterials has already grown into a hot field of materials science in recent
years. Topics like quantum dots,3-12 nanowires,13-22 and nanoclusters23-28 are among the most
intensively studied areas and have gained enormous progresses.
Unlike the large biological molecules like DNA and proteins, semiconductor
nanomaterials rely on artificial manufacturing and rarely can be found in nature. This is partly
due to the large surface energy of these materials which make them not energetically favorable in
the natural environment. The synthetic methods of semiconductor nanomaterials can be roughly
divided into physical and chemical routes. The principle of “top-down” physical route of making
semiconductor nanomaterials is cracking the bulk materials into particulates of smaller size.
These methods include but not limited to ball milling,29,30 sputter deposition,31 and pulsed laser
ablation.32,33 They are very suitable for mass production but the disadvantage is also obvious: the
lack of control over the size and morphological distribution of the products prevents their
adoption for properties investigation of the corresponding semiconductor nanomaterials, where
the apparent performance is directly correlated with the uniformity of the samples.
On the other hand, chemical “bottom-up” methods provide the possibility of tailing and
controlling both the morphology of individual particle and the uniformity of the entire sample.
Besides, careful choice of precursors also allows to access semiconductor nanomaterials with
different composition and polymorphs, which is not limited to the starting bulk materials in the
case of physical routes. Common chemical methods include chemical vapor deposition (CVD),34
flame-spray pyrolysis,35 sol-gel,36,37 solvothermal,38-40 electrochemical deposition,41,42 and
colloidal chemistry techniques.5,43-48 In general, molecular precursors, typically organometallic or
inorganic complexes, are either gasified in the CVD method or dissolved in the solvothermal and
colloidal synthesis, which then decompose to provide crystal subunits known as monomer with
the help of high temperature and/or high pressure that over time assemble and grow collectively
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to give the desired product.49-51 CVD is known to produce semiconductor nanomaterials with high
crystallinity (especially single crystal in a relatively large scale along certain dimensions) that are
desirable for applications in optical/electrical devices. Due to the need of substrates in CVD,
however, the products are substrate confined and the accessible polymorphs strongly depend on
the surface structure of the substrates. These characteristics complicate the transfer and use of the
as-prepared nanomaterials for the device manufacturing and limit the accessible materials types.
Solvothermal methods could also provide nanomaterials with high crystallinity and purity thanks
to the high pressure created within the reactor. However, compared with the colloidal synthesis,
where standard laboratory glassware and equipment are used, the freedom of changing reaction
parameters are much more limited in solvothermal method. Therefore, as an increasingly popular
method to make semiconductor nanomaterials, colloidal synthesis offers the unprecedented level
of control over the size, composition, morphology and uniformity under relatively mild reaction
conditions. The as-prepared substrate-free nanocrystals can be readily modified and transferred
adapting to different application scenarios.
Characterization of the semiconductor nanomaterials relies on advanced techniques to
provide the information regarding the size, morphology, structure, and composition. The rapid
development of modern microscopy substantially enables our capability to measure and probe the
semiconductor nanomaterials directly in the nanoscale. Those instruments include but not limited
to transmission electron microscopy, scanning electron microscopy, and atomic-force
microscopy. In general, some forms of interactions between the microscopy and the material of
interest, such as electron-atom interaction and probe-atom interaction are initiated and the
responses from the materials are recorded for analysis. Depending on different interactions, the
responses can be energy, intensity, and directional change of the passing electrons, emission of
X-rays and secondary electrons, and etc. Traditionally these techniques require a certain level of
vacuum and sometimes rigorous sample preparation. Therefore, a common trend for the next-
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generation microscopic analysis suited for semiconductor nanomaterials characterization is to
develop in-situ and/or operando analysis utilizing multiple responses all at once to be able to
provide a wholesome and dynamic overview of the material of interest at its actual working
situation.52,53
While microscopic techniques deal with small regions and most of the time focus on the
surface of the materials, bulk characterization techniques like X-ray diffraction and optical
spectroscopy are also very important to assess the macroscopic properties of the semiconductor
nanomaterials. Powder X-ray diffraction utilize the interaction between the X-ray and the atoms
that comprise the nanomaterials to provide information like crystal structure, crystallinity, and
preferred orientation of the materials of interest. Optical spectroscopy, such as UV-Vis and
infrared absorption/reflection spectroscopy and Raman spectroscopy, on the other hand, can be
used to measure the optical bandgaps and lattice vibration.
Apart from the aforementioned techniques which can be deemed as indispensable, some
other techniques such as X-ray photoelectron spectroscopy, thermogravimetric analysis,
differential scanning calorimetry, zeta potential, and etc. are also very useful means to further
determine the characteristics of the semiconductor nanomaterials.
Physically speaking, the semiconductor nanomaterials can be divided into three
categories depending on the flow direction of the charge carriers: 0D quantum dots with charge
carriers confined in all three dimensions; 1D nanowires with charge carriers can only flow along
one dimension; and 2D supperlattice with charge carriers can flow in a planar dimension. With
the decrease of size and dimension, the behavior of the charge carriers is strongly impacted by the
small size effect and quantum size effect and therefore exotic and unique optical, electrical,
magnetic, and catalytic properties emerge that otherwise unobtainable in their bulk counterpart.
For example, the absorption spectra of semiconductor nanomaterials show evident blue shift
compared to that of bulk materials due to two reasons: the first is the increase of the bandgap
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induced by quantum size effect; the second is the increase of the bonding energy of the surface
atoms induced by high surface tension.54-57

1.2 Formation and Growth of Nanocrystals in Colloidal Solution

1.2.1 Classic Theories of Crystal Growth
In classic theories the growth of crystals is considered as the combination of atoms and/or
monomers, or the dissolution of the unstable phases (small particles or metal-stable poly-crystals)
and reprecipitation into more stable phases.58
The crystal growth can be divided into two stages as nucleation and growth.59 There are
three nucleation types: homogeneous nucleation, heterogeneous nucleation, and secondary
nucleation. The homogeneous nucleation is the simplest form, which is driven by
thermodynamics. The change of the free energy DGn in the system consists of two parts, namely
the free energy induced by volume and surface increase. For spherical particles in the solution:60
Δ𝐺# = −

'
(

𝜋𝑟 + 𝑘- 𝑇𝑙𝑛 𝑆 + 4𝜋𝑟 4 𝛾

(1)

V is the molecular volume of each particle material; r is the radius of the nuclei; 𝑘- is the
Boltzmann constant; S is the saturation; and 𝛾 is the surface free energy per unit area.
When S > 1, DGn reaches a maximum at the critical radius 𝑟 ∗ , which is the activation energy for
nucleation. Further increase the radius of the nuclei beyond 𝑟 ∗ will decrease the surface free
energy and form more stable nuclei which then grow into particles. The 𝑟 ∗ can be calculated by
making dDGn/dr = 0:

r∗ =

489
+:; <=> ?

(2)
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For a certain S, all the particles with a diameter r > 𝑟 ∗ will continue to grow while those
with a diameter r < 𝑟 ∗ will dissolve. It can be seen from the equation that increasing the S results
in smaller critical radius.
The concentration of the solutes will gradually decrease as the nucleation progresses.
When the concentration is below the minimum value required for nucleation, the nucleation stage
stops and transitions to the growth stage.61 The crystal continues to grow until it reaches the
equilibrium concentration of the precipitates. At the stage of crystal growth, the uniformity of the
particles is largely controlled by kinetics. When the particle size is slightly larger than the critical
size, the smaller particles will grow faster than the larger ones since they have higher surface
energy. At this stage, if quenching the reaction (stop the nucleation and growth at once) or
maintaining the saturation by providing new precursors, the size of the final product will be very
uniform due the self-limiting growth mentioned above. On the other hand, when the precursors
are exhausted by crystal growth, Ostwald ripening emerges. In this process, the initial nuclei are
formed in an over-saturated media and followed by crystal growth. According to the GibbsThomson law, whether the larger particles can continue to grow by consuming the smaller ones
depends on the difference between their surface energies. Normally when the larger particles do
continue to grow, the smaller ones will become even smaller or ultimately disappear. This can be
explained by the increase of critical radius 𝑟 ∗ due to the decrease of saturation S according to the
equation 2. Thus all the particles smaller than this new 𝑟 ∗ will redissolve into the solution. If the
reaction stops at this moment, the sample will have a wide size distribution. It is very hard to
obtain monodisperse particles in this case unless prolong the reaction for quite a long time to
eliminate all the nuclei smaller than the critical radius. The final particles will be very large in
size, however, in the latter case. In colloidal synthesis, scientists have developed hot-injection and
continuous injection method as opposed to one-pot heat-up method specifically to maintain a
steady and high value of saturation S in the reaction solution so that a “fast nucleation, slow
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growth” scenario can be obtained for final product of nanomaterials with good uniformity. And it
is also a very useful way of regulating both the thermodynamics and kinetics of the crystal growth
by playing with these reaction parameters so as to access novel and exotic growth pathways.

1.2.2 Non-classic Crystal Growth
Besides the aforementioned classic crystal growth by precipitation of soluble
atoms/molecules onto the surface of solid, particles can also grow by coalescence with other
particles.62,63 It is easy to see that the crystal growth in this manner is far more efficient and faster
than the classical way. This pathway is also known as oriented attachment. In this case, the
primary particles aggregate into a large entity by orienting their crystal lattice along the same
direction and then fuse into a single crystal. If the primary particles are coated with organic
molecules, which is often the case in colloidal synthesis, they also assemble into mesocrystal at
first and fuse into single crystal in the end.64-66
The mechanism of oriented attachment is the self-assembly of the adjacent particles by
sharing the same crystallographic orientation. The primary nanoparticles in the solution grow into
bigger particles through this pathway. The driven force of the oriented attachment is deemed as
thermodynamic favored since the free energy of the system is greatly reduced by eliminating the
surface areas.

1.3 Layered Metal Chalcogenides
The successful isolation and transport properties of individual graphene sheets67 reported
by Novoselov et al. in 2004 opens a door to a new field of materials science known as 2D
materials. Scientists working with nanomaterials have once again realized how important is the
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dimensionality of the nanoparticles along with the size. While quasi-0D (e.g. cage molecules),
quasi-1D (e.g. nanotubes), and 3D crystalline objects are well studied, dimensionality two has not
drawn much interest before the discovery of graphene. And that explained the exponentially
growth of the field of 2D materials in recent years. Besides graphene, there are other layered
structure materials which naturally occur in 2D emerging fast with new discoveries on their
unique optical,68,69 electronic,70,71 catalytic72 and mechanical properties.73 Among a number of
important 2D layered materials is the large family of layered metal chalcogenides.

1.3.1 Classification and Crystal Structures of Layered Metal Chalcogenides
A broad range of elements and oxidation states are included in the family of layered
metal chalcogenides. Common compounds are transition metal dichalcogenides (MX2), group IIIVI (MX) compounds, group V-VI (M2X3) compounds, and group IV-VI (MX) compounds. The
common feature of the crystal structure of the layered metal chalcogenides is the 2D anisotropy
where individual layers that comprise of covalently bonded atoms are held together by relatively
weak van der Waals interactions. Each type of layered metal chalcogenides, however, has
different layer constitution and stacking conformation. Within the individual layers, the atomic
coordination varies from trigonal prismatic, octahedral to rhombohedral geometry. The different
stacking orders of the layers (e.g. AbA BaB, AcA CbC or AbC AbC) create polymorphs for the
layered metal chalcogenides. In addition, group IV-VI compounds have orthorhombic structure
which may be viewed as a distorted NaCl lattice.74 The detailed atomic arrangement and stacking
orders are illustrated in Figure 1-1.75
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1.3.2 Synthesis and Properties of Transition Metal Dichalcogenides
Like any other nanomaterials, synthesis methods of 2D TMDs still involve top-down
approaches and bottom-up routes. For example, bulk TMDs could be exfoliated into single- or
few-layered structures by physical or chemical ways, such as adhesive tape exfoliation,76,77
solvent-assisted exfoliation78 and chemical exfoliation via lithium intercalation.79,80 This is
especially applicable for TMDs since the weak van der Waals interactions between the layers
greatly facilitate the separation of the individual layers. The facile experimental setup and mass
production capability makes the exfoliation methods one of the most popular approaches
currently to obtain single- or few-layered TMDs. However, one cannot neglect the fact that there
is little control over the thickness and lateral dimensions of the exfoliated samples.
CVD is another important method to grow TMDs. It is usually coupled with physical
vapor deposition to make metal oxide or element metal layers as precursors and then convert into
TMDs through chalcogenidization. The Terrones group successfully controlled the growth of
triangular islands and large area monolayers of TMDs by CVD.81-84 By altering the precursors
and reaction parameters, not only the thickness of the TMDs can be controlled to give single- or
few-layered TMDs, but also a certain level of control over the lateral dimension can be reached to
give butterfly-like monolayers, David stars as well as other polygonal monolayers.85-87
Nevertheless, the substrate-confined growth and limited choices of precursors greatly hinder the
widespread deployment of CVD methods for mass production of 2D TMDs.
Bottom-up wet chemical methods offer a potentially powerful alternative to exfoliation
routes for synthesizing TMD nanosheets. Here, nanosheets form directly in solution and in high
yield. Parameters that are well known to modulate nanoparticle size, shape, and uniformity –
including judicious choice of surface stabilizing ligands and reaction conditions – may also be
applicable to TMDs, which intrinsically form nanosheets because of their layered crystal

10
structures. For example, Cheon and co-workers produced uniform, disc-shaped ZrS2 nanosheets
with thicknesses of < 2 nm and lateral dimensions tunable from 20-60 nm by reacting ZrCl4 and
CS2 in oleylamine at 300 °C.88 This approach was later extended a wider range of group IV and V
transition metal sulfide and selenide nanosheets, including TiS2, HfS2, VS2, NbS2, TaS2, TiSe2,
VSe2, NbSe2, and TaSe2.89 Despite these successes, however, the wet chemical synthesis of TMD
nanosheets is still in its infancy, and key challenges must be overcome in order to produce highquality nanosheets across the large number of TMD systems.
The control of the type and number of layers, edge morphologies and the degree of
crystallinity is crucial in order to use these materials in high performance applications. As a
matter of fact, the optical, electrical, photovoltaic and catalytic properties of TMDs are layer
thickness and sites dependent. For example, few-layer MoS2 is an indirect bandgap
semiconductor and becomes a direct bandgap semiconductor when the layer thickness reduces to
monolayer.90 On the other hand, the CVD grown MoS2 triangles exhibit much stronger
photoluminescent intensity around the edges compared to the center areas.81 The single- and/or
few-layered TMDs have shown potential application in various devices such field emission
transistors,91,92 next-generation ultrathin and flexible optoelectronic devices,93,94 as well as highly
active electrochemical catalysts for hydrogen evolution reactions.95-98

1.3.3 Synthesis and Properties of Group IV-VI Compounds
Layered Group IV-VI compounds refer to four materials, namely GeS, GeSe, SnS, and
SnSe. Unlike the TMDs where the interlayer interactions are pure van der Waals forces, Van der
Waals character only dominates the interactions between the layers in these materials indicating
the existence of a small fraction of covalent bonding. Due to these structural details, layered IVVI compounds are typically classified as having intermediate behavior between a two-
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dimensional and three-dimensional material.99 Therefore, they are not as easily to exfoliate as the
TMDs.
Of all four members, SnS has been the most rigorously investigated.12,100-104 In contrast,
the reports on GeSe and SnSe nanostructures are very limited. The first literature report of
nano/microstructured GeSe described the synthesis of comb-like morphologies made by
vaporization-condensation-recrystallization of bulk GeSe.105 Our group reported the first colloidal
nanostructures of GeSe and GeS single crystal sheets,106 following with expanded research on the
GeSe nanobelts107 and exceptionally uniform SnSe square-like nanosheets.108
These materials are emerging as a class of important narrow bandgap semiconductor that
is of interest as a light absorption layer in solution-processed solar cells and near-infrared
optoelectronic devices.109 They have large absorption coefficient and a bandgap that overlaps well
with the solar spectrum (0.9 ~2.0 eV).110 They are also viewed as a less toxic and more
environmentally responsible alternative to related narrow bandgap nanoparticles that contain lead
or cadmium. The other potential application include non-volatile memory devices and
thermoelectrics.105,111-113
As a class of materials with interesting properties and potential applications, Reports on
the synthesis, properties, and application of layered group IV-VI compounds on the nanoscale are
very rare, where the synthesis of layered group IV-VI compounds nanostructures have only
recently emerged.113 Therefore, the establishment of synthetic pathways for accessing these
materials on the nanoscale is much desired, especially when considering their application as a
model system for studying the fundamental aspects of two-dimensional nanosheet growth.
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1.4 Electrical Energy Storage Devices
Chemical energy storage (batteries) and electrochemical capacitors (ECs) are among the
leading electrical energy storage devices today. The fundamental difference between them is that
batteries store energy in chemical reactants capable of generating charges, whereas ECs store
energy directly as charge. The performance of EES systems is limited by the performance of the
constituent materials – including active materials, conductors, and inert additives. Current EES
technologies could not meet the requirements for using electrical energy efficiently in
transportation, commercial, and residential applications. Ideally an EES device should have both
high power and energy density. In general, batteries have relatively higher energy density but
lower power density and the ECs are the opposite. On the other hand, ECs can operate over a
fairly broad range of energy and power densities.

1.4.1 Li-ion Rechargeable Batteries
The appearance of Li-ion rechargeable batteries substantially accelerated the wireless
revolution worldwide. Virtually all portable electronic devices rely on energy stored chemically
in them. At this point, the capability of the batteries has already become the bottleneck of the
development of the next generation of mobile electronic devices.
A battery used in the cell phone actually contains several electrochemical cells that are
connected in series or parallel to provide the desired voltage and power.114 Each cell consists of
anode, cathode and electrolyte. In the discharging process, the anode generates electrons to do the
external work thus is electropositive. In the lithium-ion batteries, the anode materials are
commonly graphite holding lithium metal. The cathode, on the other hand, will accept the Li+
ions migrating inside the electrolyte and the electrons migrating through the external electrical
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circuit. The electrolyte is the intermediate for Li ions to travel from one electrode to another. It
allows the flow only of ions and not of electrons. The electrolyte can be a liquid or a polymer
containing a salt dispersed in it. The electrolyte must be stable in the presence of both electrodes.
The current collectors allow the transport of electrons to and from the electrodes. Typically,
copper is used for the anode and aluminum for the cathode. The lighter-weight aluminum reacts
with lithium and therefore cannot be used for lithium-based anodes.
In practice, the anode and cathode are not only made up by active materials. Polymer
binders and conductive diluents such as carbon black are needed to hold the power structure
together and give the whole structure electronic conductivity so that the electrons can be
transported to the active material. In addition, these components well disperse the active material
to generate sufficient porosity and reacting sites for the reactions to happen.

1.4.2 Pseudocapacitors
ECs store energy in an electric double layer that forms at the interface between an
electrode and an electrolyte solution. They typically have energy densities of several orders of
magnitude greater than the conventional dielectric and electrolytic capacitors so they are also
known as supercapacitors.115 ECs include two general types based on different mechanisms for
storing charges, electric double layer capacitors (EDLCs) and pseudocapacitors. The energy is
stored directly through electrostatic interactions in EDLCs. Pseudocapacitors, on the other hand,
can also store charge through faradaic process, which allows them to achieve greater capacitances
and energy densities (~30 Wh kg-1) than EDLCs (2-5 Wh kg-1).
The faradaic process in pseudocapacitors is much more reversible and faster compared to
the chemical reactions in batteries. As a result, a pseudocapacitor can be charged and discharged
hundreds of thousands of times, several orders of magnitude more than batteries. Due to its high-
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impact characteristics such as fast charging (within seconds), reliability, large number of chargedischarge cycles, and wide operation temperatures, they can be applied to many areas that
batteries are not capable of. Pseudocapacitors may be able to recover the energy from many
repetitive processes (e.g. braking in cars or descending elevators) that is currently been wasted.
Large-scare pseudocapacitors can perform as power quality regulation of the electric grid to avoid
the costly shutdown of industrial operations as a result of intermittent outages and power
fluctuations.
Two different energy storage mechanisms will happen simultaneously in
pseudocapacitors. The electrical energy can be stored electrostatically within Helmholtz double
layers. As voltage is applied, charge accumulates on the electrode surfaces, following the natural
attraction of solvated ions in the electrolyte solution diffuse into the pores of the electrode of
opposite charge. However, the electrodes are engineered to prevent the recombination of the ions.
Thus, a double-layer of charge is produced at each electrode. Energy can also be stored
electrochemically by a faradic electron charge-transfer process. Ions can adsorb onto the
electrode surface allowing the reduction-oxidation reactions to take place. The ratio of the
contribution between these two mechanisms to the overall capacitance depends on the design of
the electrodes.

1.5 Experimental Work
As mentioned in the beginning, this dissertation follows the mainstream research
methodologies in nanoscience, with a materials focus on the layered metal chalcogenides, along
with other alloy and semiconductor nanomaterials. Colloidal synthesis is utilized throughout all
chapters to demonstrate the versatility of wet chemical method in realizing high-level tunability
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on the morphology, composition, and structure of both simple and complex nanostructures for
their potential applications in the field of energy conversion and storage.
Chapter 2 describes the colloidal synthesis of amorphous iron germanium nanoparticle
alloys and their application as anode material for the lithium ion batteries. The as prepared iron
germanium amorphous alloy nanospheres are uniform in size with a diameter of ~16 nm and has
a core/shell structure. The half-cell made of the iron germanium amorphous alloy nanospheres
showed good cycling stability by retaining more than 75% of the initial reversible capacity after
100 cycles, which is ~600 mAh g-1 as apparent value and ~1200 mAh g-1 if only Ge is counted.
The cell also showed a moderate rate capability by retaining ~ 280 mAh g-1 as apparent value.
The incorporation of foreign element and the amorphous nature of the nanoparticles enhanced the
stability of the electrode and improved the cycling performance of the battery. The small size of
the particle also ensures the short lithium diffusion distance and maintained a good rate
performance. Since iron is earth abundant and dirt cheap it could effectively lower the cost of the
batteries while still maintain a reasonable specific capacity.
Chapter 3 describes the solution synthesis of colloidally stable and substrate-free MoSe2
nanostructures that have a uniform flower-like morphology containing a large population of
highly crystalline few-layer nanosheets. Furthermore, we demonstrate that the dimensions of the
MoSe2 nanoflowers can be tuned by adjusting the reaction time. We characterize the structure and
morphology of the MoSe2 nanoflowers in detail and also study their growth, gaining insights into
how they form and how their size and layer thicknesses can be tuned. The MoSe2 nanoflowers
structures were used as a platform to understand how external and internal factors, including
laser-induced heating, bulk heating using a temperature stage, and nanostructuring, affect and
enable interlayer decoupling. Notably, laser-induced heating of the MoSe2 nanoflowers results in
dynamic and reversible interlayer decoupling within the three-dimensionally interconnected
nanosheet structures that characterize the uniform nanoflower morphology.
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Chapter 4 describes the one-pot colloidal synthesis a ternary III-IV-VI compound of
single-crystal In4SnSe4 microwires using colloidal method. The most prominent feature of its
crystal structure is the presence of isolated, tetrahedral SnIn48+ clusters with In-Sn bonding. To
the best of our knowledge, except the structure determination with X-Ray diffraction reported in
the literature, there are no further synthetic and characterization studies on this material and its
structurally related counterparts. The In4SnSe4 microwires were measured to have a direct optical
bandgap of 1.57 eV using the diffuse reflectance UV-Vis spectroscopy. We also observed an
intensive PL peak around 1.54 eV using the Raman spectroscopy. Theoretical calculation was
also employed to predict that In4SnSe4 is indeed a direct bandgap semiconductor with a bandgap
value of ~1.46 eV. These experimental and theoretical result corroborate very well on that the
In4SnSe4 is a semiconductor with a direct band gap around 1.5 eV, making it an interesting and
new target for solar energy harvesting.
Chapter 5 uses the layered group IV-VI compounds GeSe and SnSe as a model system
for the construction of colloidally synthesized two-dimensional nanosheet heterostructures. We
demonstrate that large core/shell GeSe/SnSe two-dimensional heterostructures with high aspect
ratio (length to thickness and width to thickness) and a tunable thickness of the SnSe shell can be
designed. To our knowledge, this is the first time that micron sized two-dimensional
heterostructures (8000×2000×300 nm) have been successfully synthesized in solution with aspect
ratios of about 6-20. More importantly, reaction kinetics can be controlled to direct the growth
pathways of the heterostructures that different architectures can be achieved in the same colloidal
system. Reaction parameters such as experiment procedure, reactant concentration, adding
sequence, and adding pattern are utilized to control the reaction kinetics. This allows strategic
separation of the control for nucleation and growth of the second domain on the template domain
that enables the tunability of the morphology and composition of the resulting heterostructures.
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1.7 Figures

Figure 1-1: Layered structures of metal chalcogenides. (a) Single nanocrystal is composed of
multiple layers stacked along the c-axis by weak van der Waals force. (b) Single layer of metal
chalcogenides exits as various polymorphs. Each layer may have tri-, tetra- or penta-atomic layers
of metal and chalcogen. (c) Rare GeS type of 2D layered metal chalcogenides.75
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Chapter 2
COLLOIDAL SYNTHESIS OF AMORPHOUS FE-GE ALLOYS AS
ANODE MATERIALS FOR LITHIUM-ION BATTERIES

2.1 Introduction
Understanding and utilizing renewable clean energy is the current consensus of both
scientists and policy makers for achieving secure and sustainable energy supply of human
civilization. Commercialization of clean-energy technologies—including electric vehicles and
solar and/or wind energy generation systems—requires the development of effective electrical
energy storage (EES) systems. Among other EES systems, lithium ion batteries are especially
suitable for application in portable electronic devices and electric vehicles due to its invaluable
qualities such as lightweight, flexible, and industry scalable.1 A growing interest in developing
new materials that can reversibly intercalate lithium has been created and great progress has been
made on optimizing the electrode materials of the lithium ion batteries to provide high energy
density, good power density, and reliable stability. In order to improve the energy and power
densities of lithium ion batteries, the use of anode materials with larger capacities and higher Li
diffusion rates is required.2
Group IV element such as Si, Ge, Sn are among the most studied metals/semi-metals for
the anode materials of lithium ion batteries through alloying/de-alloying mechanism.3 Si is
predicted to have the highest theoretical specific capacity among known active materials of
around 4 000 mA h g-1, compared with 3 600 mA h g–1 for metallic lithium, 1600 mA h g–1 for Ge,
and 372 mA h g–1 for graphite. However, with so much lithium take-in, the alloying/de-alloying
process generally induces enormous volume changes in the host material often accompanying
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with phase transition. The resulted mechanical strain leads to cracking and crumbling of the
electrode materials and a huge loss of the initial capacity due to the irreversible structure
deconstruction.4 Ge has lithium diffusivity that is 400 times higher than Si and less significant
specific volume change during the lithiation/delithiation process, making it a viable candidate for
further attempts to limit these side-effects caused by structure change.5 Several strategies have
been developed to alleviate these problems and so far making them into nanostructural composite
approved to be the most efficient way. nanostructured Si,6-8 Si/carbon nanocomposites,9-12 and Simetal alloys13,14 have been prepared to improve the cyclability of Si-based anodes by enhancing
the structural stability of Si. Similar design has also gained success on Ge-related materials. Cui
et al. prepared Ge/carbon composite nanospheres with Ge nanoparticles dispersed in carbon
matrix by the solid-state pyrolysis of tetraallylgermane.15 The high power density was ascribed to
the unique nanostructure of Ge/carbon nanocomposites. The small grain size of the Ge phase
reduces the Li diffusion length to a few nanometers. Park et al. physically blended the SiO2
templates with ethyl-capped Ge gels which leads to a 3D porous nanoparticle assemblies with
excellent cycling performance.16 Besides reducing the particle size, the volume change during the
lithiation/delithiation process could also be alleviated by using amorphous phases of the active
materials. Yang et al. prepared GeOx amorphous matrix with wet chemistry method and they
stated that small particle size and amorphous state played the crucial roles in maintaining the
superior performance.5 Moreover, reducing the mass ratio of Ge by incorporating earth abundant
element could potentially lower the cost of the batteries.
In this chapter, we describe the colloidal synthesis of amorphous iron germanium
nanoparticle alloys and their application as anode material for the lithium ion batteries. The
incorporation of inactive element and the amorphous nature of the nanoparticles enhanced the
stability of the electrode and improved the cycling performance of the battery. The small size of
the particle also ensures the short lithium diffusion distance and maintained a good rate
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performance. Since iron is earth abundant and economical it could effectively lower the cost of
the batteries while still maintain a reasonable specific capacity. The colloidally synthesized
nanoparticles can be easily modified with other ligands, which could address the common
problem of surface reactivity with the electrolyte of electrode made from nanoparticle. This study
shows the feasibility of utilizing colloidal synthesis to access metastable phases and the
promising applications of these materials to develop the next generation lithium ion batteries with
both high energy and power densities while reducing the materials and production cost.

2.2 Experimental Section

2.2.1 Materials
Germanium(IV) iodide (GeI4, 99.99+%), hexamethyldisilazane (HMDS, >99%), and
iron(0) pentacarbonyl [Fe(CO)5, >99.99%] were purchased from Aldrich. Oleylamine (>50%
tech.) was purchased from TCI America. Oleic acid (90% tech.) was purchased from Alfa Aesar.
Oleylamine and oleic acid were degassed prior to use, and all other chemicals were used as
received without further purification. All syntheses were carried out under Ar using standard
Schlenk techniques, and the workup procedures were performed in air.

2.2.2 Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM) images and
selected-area electron diffraction (SAED) patterns were obtained using a JEOL 1200 EX II TEM
operating at 80 kV. High-resolution TEM (HRTEM) images were collected using a JEOL 2010
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LaB6microscope and a JEOL 2010F field-emission microscope, both operating at an accelerating
voltage of 200 kV. Scanning transmission electron microscopy coupled with energy-dispersive Xray spectroscopy (STEM-EDS) was performed using the JEOL 2010F, which was outfitted with
an EDAX solid-state X-ray detector. Samples were prepared by suspending the washed products
in toluene and drop- casting onto Formvar-coated copper TEM grids.

2.2.3 Battery Measurements
Battery measurements were performed by first making a slurry in N-Methyl-2pyrrolidone (NMP) consisting of an 80:10:10 weight ratio of annealed iron germanium alloy
nanoparticles, Super P carbon black, and PVDF, respectively, was spread on a Cu foil using a
doctor blade coating method, and then dried at 100 °C under vacuum overnight. The as prepared
electrode, counter electrode (lithium metal) and separate membrane (Celgard 2400) were
incorporated into a CR2016 coin-type cell in a glove box filled with Ar gas. The electrolyte was a
1 M LiPF6 solution in a mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and
dimethyl carbonate (DMC) with a volume ratio of 1:1:1. The coin type cells were
galvanostatically cycled on a battery testing system (BTS-5V1mA, Neware) under 50 mA g-1 at
room temperature. The cutoff potentials for charge and discharge were set at 1.1 V and 0.01 V vs.
Li+/Li, respectively.

2.2.4 Synthesis of Colloidal Iron Germanium Amorphous Alloy Nanospheres
A solution of Fe(CO)5 in oleylamine (OAm-Fe) was prepared in the glovebox by mixing
15 µL (0.1 mmol) of Fe(CO)5 with 2 mL of oleylamine, and the solution was then stored in an
airtight vial. In a typical synthesis, 60 mg (0.1 mmol) of GeI4 was placed into a 20 mL
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scintillation vial followed by 10 mL of oleylamine and 0.75 mL of oleic acid, and this was
sonicated until a clear colorless solution was obtained (10 min). The solution was then transferred
to a 100 mL three-necked round-bottomed flask fitted with a condenser, thermometer adapter,
thermometer, and rubber septum and was degassed under vacuum at 120 °C for 5–10 min. The
solution was then cooled to approximately 80 °C and opened to argon. Next, under a constant
flow of argon gas, 1 mL of HMDS was injected directly into the reaction flask. The mixture was
then slowly heated to 200 °C at 10 °C/min, and the previously prepared OAm-Fe solution was
injected immediately, forming a solution with a light-brown color. The final reaction mixture was
then heated to 260 °C at 2 °C/min and held for 15 min, forming a black solution. The reaction
was quenched by slowly injecting 20 mL toluene into the flask and quickly removing the flask
from the heating mantle. The temperature of the liquid in the flask dropped from ~260 °C to room
temperature in less than a minute. A black solid was precipitated by adding 20 mL of ethanol and
then centrifuging at 12 000 rpm for 10 min. The as-synthesized nanocrystals were washed three
times using a 1:1 toluene/ethanol mixture (with centrifugation in between washes) and then
suspended in hexanes, toluene, or ethanol to form a colloidal suspension for further
characterization.

2.3 Result and Discussion

2.3.1 Synthesis and Characterization
Figure 2-1a shows a representative TEM image of the product obtained upon slowly
heating the reaction mixture of GeI4, oleylamine, oleic acid, and HMDS to 200 °C, rapidly
injecting a separate solution of Fe(CO)5 in oleylamine, and then quickly quenching the entire
solution 15 min later after the temperature reached 260 °C. The nearly monodisperse particles are
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quasi-spherical with an average diameter of 16 nm based on statistics of ~100 particles. Figure
2-1b shows an assembly of the particles and the inserted image is the corresponding SAED
pattern collected from the whole area. Neither rings nor spots pattern can be seen in the pattern
except for a diffusive bright center spot, which indicates that the particles are amorphous. Figure
2-1c shows the high resolution TEM image of several particles. It is interesting to see that there is
a thin shell outside the particles of ~2 nm in diameter. In another study done by us of synthesizing
crystalline iron germanium phases we also observed the similar core/shell structure in the Fe3Ge2
nanospheres and it is concluded that the shell mostly likely consists of amorphous oxides of both
iron and germanium.17 Figure 2-1d is the high resolution TEM image of an individual
nanospheres particle. At this magnification, crystalline phase will start to show lattice fringes,
which cannot be found in the particle. This observation further confirms that the particles are
amorphous in both core and shell.
The amorphous nature of the product can be further tested with bulk characterization
techniques like powder X-ray diffraction. Figure 2-2 compares the XRD patterns between the
crystalline Fe3Ge2 nanospheres (synthesized with the recipe from ref. 17) and the as-prepared
sample. Fe3Ge2 crystallizes in the Ni2In structure type, has lattice constants of a = 3.998 Å and c =
5.010 Å.18 The pattern from the crystalline Fe3Ge2 nanospheres matches well with the simulated
pattern generated with the lattice parameters mentioned above. On the other hand, the XRD
pattern of the as-prepared sample only shows a small hump near the peak position of (101) and no
sign of peak near 45 degrees, where the peak of highest intensity is located. The difference
between these two pattern clearly proves that the as-prepared sample is not crystalline Fe3Ge2 and
mostly likely to be amorphous due to the lack of crystalline peaks.
The elemental composition of the particles was analyzed by using STEM-EDX technique.
EDS line scan across a representative particle (Figure 2-3a) further confirms that Fe and Ge are
both co-localized in the particles. The position of the line is marked in Figure 2-3b. The
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corresponding spectrum (Figure 2-3c) shows the appearance of Fe and Ge, as well as Cu signals
from the copper grid used as sample support. The quantification of the spectrum gives a molar
ratio between Fe and Ge to be near 1:1, which is also consistent with the line scan.

2.3.2 Growth Pathways
The high resolution TEM, SAED, and XRD data are all consistent with the formation of
amorphous iron germanium alloy nanospheres with an average diameter of 16 ± 2 nm. To better
understand the pathway by which the particles nucleate and grow, we carried out a aliquot study
to collect samples at different time after the reaction temperature reached 260 °C. Each sample
was also collected by rapidly quenching the reaction to ensure the consistency. Shown in Figure
2-4 are TEM images of six different samples collected at 1 min, 5 min, 45 min, 60 min, 90 min,
and 120 min. There is a clear trend that the particle size increases as the reaction progress with
longer time. The average size of the particles increases from 10 nm in Figure 2-4a to 20 nm in
Figure 2-4f. However, it also can be seen that the size reaches ~ 20 nm at 60 min and further
heating does not increase the size any more rather the monodispersity of the sample is drastically
decreased (Figure 2-4e and f). These observations all indicate that the formation and growth of
the particles in solution follow the “fast nucleation, slow growth” pathway and then go through
Ostwald ripening, which involves the dissolution of small particulates and growth of larger
particulates over time. Injection of the Fe(0) carbonyl into the solution induces the decomposition
of the carbonyl into Fe(0) under the reducing environment at elevated temperature. These small
Fe(0) monomers will act as nuclei center for the incorporation of Ge(0) reduced by oleylamine.
The initial nucleation stage generated a large concentration of nuclei in a very short amount of
time and followed by a slow growth stage. This ensures the monodispersity of the particles in a
certain period of time. When the reaction progresses further after all molecular precursors
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deplete, the Ostwald ripening takes in effect and finally leads to dissolution of relatively smaller
particles and growth of larger ones. The intermediate stage before Ostwald ripening could go into
completion would have worse uniformity of the particles, just as what is shown in Figure 2-4f.
It is also important to note that the particles start as amorphous in the early stage of
reaction and then become crystalline over time. In our experiment, the particles stay amorphous
after 15 min of heating but become fully crystalline after 30 min. Therefore, quenching the
reaction by reducing both the concentration and temperature right before the particles turn into
crystalline is crucial to obtain the amorphous alloys of iron germanium.

2.3.3 Electrochemical Property of the Electrode
To study their applicability in lithium ion batteries, the iron germanium amorphous alloy
nanospheres were first annealed at 600 °C for 1 h under nitrogen to remove the surfactants. To
evaluate their performance, the iron germanium amorphous alloy nanospheres were used to
prepare a lithium ion battery anode (details in the experimental section) and tested against a
lithium metal counter electrode and with LiPF6 containing an ethylene carbonate, diethyl
carbonate, and dimethyl carbonate electrolyte solution mixture (volume ratio of 1: 1: 1). The
coin-type cell was cycled on a battery testing system under 50 mA g−1 with charge and discharge
cutoff potentials set at 1.1 V and 0.01 V vs. Li+/Li, respectively.
The CV profiles of the half-cell made with iron germanium amorphous alloy nanospheres
is shown in Figure 2-5. The redox peaks are observed t about 0.2 V, 0.5 V and between 1.2 to 1.6
V, which are characteristic peaks for the formation of LixGe,19 indicating lithiation reaction with
Ge takes place. Specifically, the large peaks between 0.5 to 1 V in the first cycle are attributed to
the decomposition of GeOx and cannot be seen again in the other cycles. This phenomenon
indicates the irreversible capacity loss due to the irreversible decomposition of GeOx into Ge and
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Li2O.20 The GeOx is most likely from the shell of the nanospheres. The occurance of irreversible
reaction could also be confirmed from the comparison of the coulombic efficiency of different
cycles. In the Figure 2-6 we see that the first cycle coulombic efficiency is about 78% and quickly
increases to 100% after a few cycles. The first Coulombic efficiency values reported for Ge range
from about 30% to more than 90% in the literature.15,21-23 The improvement could come from both
the reduction of particle size and the incorporation of Fe.
The potential versus capacity profiles of the first cycle of the iron germanium amorphous
alloy nanospheres are shown in the inserted image of Figure 2-6. During the first cycle, the
discharge and charge capacities are about 1100 mAh g−1 and 900 mAh g−1. Thus, for the iron
germanium amorphous alloy nanospheres sample, the discharge capacity, if based only on Ge, is
2200 mAh g−1, which is much higher than the theoretical value of 1600 mAh g−1. Similar
observation was also reported by Chan et al.20 and it was attributed to the initial reactions at the
surface of the Ge NW, such as formation of surface electrolyte interphase (SEI), leading to higher
discharge capacity being observed.
The cycling performance of the electrode is shown in Figure 2-6. As mentioned above,
the specific capacity of the electrode decrease quickly in the initial few cycles from ~1100 mAh
g−1 to 800 mAh g−1, due to irreversible loss of the capacity. However, the electrode retained ~600
mAh g−1 capacity after 100 cycles, which is about 75% of the original capacity. Although this is
not an exceptional performance, if only based on Ge since Fe is not active for lithium storage, the
retained capacity would be 1200 mAh g−1, which is close to the theoretical capacity of Ge. This
clearly indicates the synergetic effect provided by incorporation of Fe, which will alleviate the
structural change during the lithiation/delithiation process. More importantly, this discovery is
promising as the presence of lower amount of Ge by introducing earth abundant materials can
lead to good performance being maintained, and in turn this could lead to significant cost
decrease, which is a practical issue in the lithium ion batteries industry.
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It is reported that the presence of carbon is useful for improving the performance of
electrode materials because it can serve as a buffer to cushion the stress induced on the anode
material and mitigate the aggregation of the material during cycling. Carbon coating can also
increase the electronic conductivity of the electrodes.24 We believe that Fe in the iron germanium
amorphous alloy nanospheres could serve the similar roles. In addition, the iron germanium
amorphous alloy nanospheres is synthesized with a one-step hot injection colloidal method that
does not require specialized instrument or multi-step process that are commonly needed for
making metal-carbon composite. It is also a highly scalable and much milder approach as
compares to other synthesis of metal-carbon composites like mechanical milling25,26 and
pyrolysis.27 The rate capability of the electrode made with iron germanium amorphous alloy
nanospheres was also test at 0.1 A g-1, 0.25 A g-1, 0.5 A g-1, 1 A g-1, 2 A g-1, and back to 1 A g-1,
0.1 A g-1, as shown in Figure 2-7. The cycling performance of the sample is relatively stable at
each discharge rate, and is able to maintain a specific capacity of 280 mAh g-1 at 2 A g-1. Upon
return to cycling rate of 1 A g-1, the specific capacity decreases only slightly, and so this material
can be operated at higher discharge rates.

2.4 Conclusions
In summary, a novel synthetic approach for colloidal Ge-based nanomaterials rationally
designed for the application as anode material for the lithium ion batteries has been reported. The
as prepared iron germanium amorphous alloy nanospheres are uniform in size and has a core/shell
structure. The half-cell made of the iron germanium amorphous alloy nanospheres showed good
cycling stability by retaining more than 75% of the initial reversible capacity after 100 cycles,
which is ~600 mAh g-1 as apparent value and ~1200 mAh g-1 if only Ge is counted. The cell also
showed a moderate rate capability by retaining ~ 280 mAh g-1 as apparent value. The Fe
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incorporation and the amorphous nature of the iron germanium amorphous alloy nanospheres are
believed to have synergetic effect on the alleviation of the volume change of the active material
during lithiation/delithiation process. This study provides useful insights into the fabrication and
design of next generation anode materials with both high performance and low cost. Future work
can be done to extend the synthesis to other Ge and Si based metal alloys nanostructures.
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2.6 Figures

Figure 2-1: (a), (b) Low and (c), (d) high magnification TEM images of the as-prepared iron
germanium amorphous alloy nanospheres. The spherical particles have an average size of ~16
nm. A thin shell can be seen around the particle and no lattice fringes can be seen from the high
resolution TEM image. The inset in (b) shows the SAED pattern corresponding to (b) and no spot
or ring pattern was observed.
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Figure 2-2: Powder X-Ray diffraction patterns of the crystalline Fe3Ge2 (blue line) and the asprepared sample. The blue pattern matches well with the reference while the red pattern has no
peaks except for a weak broad hump near 30 degrees.
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Figure 2-3: (a) STEM-EDX line scans and (c) the spectrum of the corresponding marked yellow
line in the (b) TEM image of a single particle. The result indicates that Ge and Fe are equally
distributed throughout the entire particle and the atomic ratio is about 1:1.
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Figure 2-4: TEM images of the samples taken out the aliquot study, (a) 1 min; (b) 5 min; (c) 45
min; (d) 60 min; (e) 90 min; and (f) 120 min.
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Figure 2-5: CV profiles of the first five cycles of the electrode made with the iron germanium
amorphous alloy nanospheres.
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Figure 2-6: Cycling performance of the electrode made with the iron germanium amorphous alloy
nanospheres. Insert is the representative capacity vs. voltage profiles from the 1st, 10th, 20th, 50th,
70th, and 100th cycles.
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Figure 2-7: Rate performance of the electrode made with the iron germanium amorphous alloy
nanospheres.
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Chapter 3
FORMATION AND INTERLAYER DECOUPLING OF COLLOIDAL
MOSE2 NANOFLOWERS

3.1 Introduction
Layered transition metal dichalcogenides (TMDs) contain two-dimensional (2-D) sheets
of transition metal atoms (M) covalently bonded to chalcogen atoms (X), and these X-M-X sheets
are held together by weak Van der Waals interactions. TMDs typically adopt a 2H crystal
structure, where X-M-X sandwich layers comprised of M atoms bonded to six X atoms in a
trigonal prismatic coordination geometry stack vertically in a staggered configuration. The
anisotropic nature of the crystal structure leads to anisotropic properties, as well as the ability to
access single-layer and few-layer TMD nanosheets that exhibit layer-dependent properties.1
Among the large family of TMDs, the group 6 compounds MX2 (M = Mo, W and X = S, Se) are
particularly interesting because they are semiconductors with indirect band gaps in the range of
1.1 to 2 eV.2,3 Such band gaps overlap well with the solar spectrum and therefore position these
MX2 TMDs as attractive candidates for applications in solar energy conversion.4 MoS2 has been
extensively studied as both few-layer and single-layer nanosheets for diverse applications that
include electronics,5-7 optoelectronics,8-10 energy harvesting,11 and catalysis.12,13 Few-layer MoSe2,
which has higher electrical conductivity and a narrower bandgap than MoS2 and therefore is
preferred for many electrical and photochemical applications, has not been studied as extensively
as MoS2 but it is attracting increasing attention.1,14,15 In few-layer MoSe2, the indirect and direct
band gaps are nearly degenerate, and the indirect-to-direct crossover can occur simply by
*Reproduced in part with permission from Chem. Mater., 27, Sun, D.; Feng, S.; Terrones, M.;
Schaak R. Formation and Interlayer Decoupling of Colloidal MoSe2 Nanoflowers, 3167–3175,
Copyright 2015 The American Chemical Society (ACS).
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reducing the interlayer coupling, which cannot be achieved in few-layer MoS2.15 Such unique
properties open the door to achieving quasi-single-layer confinement in few-layer MoSe2 systems
through interlayer decoupling processes.
Accessing few-layer MoSe2 nanostructures that are amenable to modulation of the
interlayer spacing requires appropriate synthetic capabilities. As with other layered TMDs,
exfoliation of bulk material can produce single- and few-layer MoSe2. However, the most
commonly used mechanical14,16 and chemical17,18 exfoliation routes produce small amounts of
samples and do not provide facile control over thickness distribution, as well as lateral
dimensions and uniformity. Large-area and high-quality MoSe2 nanostructures with desired
thicknesses and stacking orientations have been mainly produced using chemical vapor transport
(CVT),19,20 chemical vapor deposition (CVD),21-23 and molecular beam epitaxy (MBE).24 Such
processes result in substrate-confined nanostructures, which limit both yield and transfer
capabilities, as well as detailed analyses of structure and morphology in the absence of materialsubstrate interactions. Therefore, complementary solution chemical approaches offer the ability to
produce high-yield, tunable, and substrate-free nanostructures. However, MoSe2 nanostructures
synthesized using solvothermal25-27 and colloidal28-32 methods do not typically produce wellcrystallized few-layer morphologies. Colloidal routes to MoSe2 require the use of suitably
reactive precursors to accommodate the highly anisotropic crystal growth.
In this chapter we describe the solution synthesis of colloidally stable and substrate-free
MoSe2 nanostructures that have a uniform flower-like morphology containing a large population
of highly crystalline few-layer nanosheets. Furthermore, we demonstrate that the dimensions of
the MoSe2 nanoflowers can be tuned by adjusting the reaction time. We characterize the structure
and morphology of the MoSe2 nanoflowers in detail and also study their growth, gaining insights
into how they form and how their size and layer thicknesses can be tuned. In addition, external
modulation pathways, including laser-induced and bulk heating, are used to study the interlayer
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decoupling behavior of the as-prepared MoSe2 nanoflowers. Nanostructural effects are also
shown to effectively modulate the interlayer decoupling behavior. Notably, laser-induced heating
of the MoSe2 nanoflowers results in dynamic and reversible interlayer decoupling within the
three-dimensionally interconnected nanosheet structures that characterize the uniform nanoflower
morphology. These results demonstrate the versatility of three-dimensionally structured,
colloidally synthesized nanoarchitectures for exploring the two-dimensional properties of TMDs,
which currently are dominated by samples produced using CVD, CVT, and exfoliation.

3.2 Experimental Section

3.2.1 Materials
Sodium molybdate (Na2MoO4, anhydrous powder, 99.9%, Aldrich), molybdenum (V)
chloride (MoCl5, 95%, Aldrich), 1-octylamine (99%, Aldrich), oleic acid (technical, 90%, Alfa
Aesar), selenium power (Se, > 99%, Alfa Aesar) 1-octadecene (ODE, technical, 90%, Aldrich),
tri-n-octylphosphine (TOP, >95%, TCI) and molybdenum diselenide (MoSe2, 99.96%, Aldrich)
were used as received without purification. All syntheses were carried out under Ar(g) using
standard Schlenk techniques, and work-up procedures were performed in air.

3.2.2 Preparation of ODE-Se Stock Solutions
Selenium powder (79 mg, 1 mmol) was added into a 100-mL three-neck flask containing
10 mL of 1-octadecene. The mixture was degassed under vacuum at 120 °C for ~10 min. The
solution was then heated to ~200 °C and kept at this temperature for ~1 h. This resulted in a clear,
light-yellow-colored solution that contained 0.1 M ODE-Se, and this solution was considered to
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be the highly-active Se-ODE solution referred to in the text. To prepare the solution referred to as
moderately-active Se-ODE, the highly-active Se-ODE solution was heated at 200 °C for an
additional 2 h.

3.2.3 Synthesis of Mose2 Flower-Like Nanostructures
In a 100 mL three-neck flask, 20 mg (0.1 mmol) of Na2MoO4, 8 mL of oleic acid, and 2
mL of 1-octylamine were mixed together and degassed under vacuum at 120 °C for ~10 min. The
reaction vessel was then purged with Ar(g) and slowly heated to ~240 °C at ~5 °C/min; a clear,
dark, red-brown solution was formed. Next, 2 mL of the ODE-Se stock solution (0.1 M) was
continuously injected at 0.1 mL/min using a syringe pump. After the injection finished, the
solution was allowed to age another 30 min; the final temperature was ~300 °C. The reaction was
then cooled rapidly by removing the flask from the heating mantle. The MoSe2 particles were
precipitated by adding 10 mL of toluene and 10 mL of ethanol and then centrifuging. The black
precipitate, which was washed three times using a 1:1 toluene/ethanol mixture (with
centrifugation in between washes), was suspended in ethanol to form a dark purple colloidal
suspension for further characterization. The isolated yield ranged from 60–70% by mass. This
sample is labeled as sample “M1” in the text, and is the primary sample that was characterized
and studied. Samples “M2” and “M3” mentioned in the text were synthesized by changing the
precursor concentrations, as described in detail in Table 3-2.

3.2.4 Characterization Methods
Powder XRD data were collected using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Ka radiation. TEM images and SAED patterns were obtained using a JEOL
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1200 EX II TEM operating at 80 kV. HRTEM imaging and energy dispersive X-ray spectroscopy
(EDX) data was performed on a JEOL-2010 LaB6 TEM microscope operating at 200 kV.
Scanning electron microscopy (SEM) was performed on a FEI Nova NanoSEM 630 field
emission SEM (FESEM). Micro-Raman measurements were performed in a Renishaw inVia
confocal microscope-based Raman spectrometer. The laser spot size using the 100X objective
lens was approx. 1 µm. The laser power dependent Raman measurements were performed on the
same spot by changing the laser power, as indicated in the text. The temperature dependent
Raman measurements were taken on a liquid N2 cooling stage equipped with a heating mantle
under a N2 gas atmosphere. A Kratos Axis Ultra XPS system utilizing an Al Kα source with
energy of 1486 eV was used for XPS analysis.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization
The colloidal MoSe2 nanoflowers were synthesized by continuously injecting a 1octadecene solution of elemental selenium (ODE-Se) into a reaction vessel at 240 °C containing
Na2MoO4, oleic acid, and 1-octylamine, followed by aging for 30 min at 300 °C. The MoSe2
nanostructures were suspended in ethanol to form a stable colloidal suspension with a dark purple
color (Figure 3-1, inset). Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images of the MoSe2 nanoflowers are shown in Figure 3-1. The large-area
TEM and SEM images shown in Figure 3-1a and c, respectively, highlight the uniformity and
roughly spherical nature of the MoSe2 nanostructures, which have an average diameter that
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ranges from approx. 200 – 250 nm. Magnified TEM and SEM images, shown in Figure 3-1b and
d, reveal the flower-like morphology of the MoSe2 particles.

The selected area electron diffraction (SAED) pattern in Figure 3-2b, which corresponds
to the TEM image shown in Figure 3-1b, reveals a polycrystalline ring pattern that matches well
with that expected for the 2H-MoSe2 phase. As can be seen in Figure 3-2a, the 2H-MoSe2 crystal
structure contains Mo atoms that are covalently bonded to six Se atoms with a trigonal prismatic
coordination geometry, and the resulting Se-Mo-Se sandwich layers stack vertically in a
staggered configuration. The SAED pattern presented in Figure 3-2b reveals d-spacings of ~0.28
nm, 0.25 nm, 0.21 nm, and 0.16 nm for the (100), (103), (105), and (110) planes of 2H-MoSe2,
respectively, and these match well with the d-spacing values expected for bulk 2H-MoSe2 (0.28
nm, 0.24 nm, 0.19 nm, and 0.16 nm, respectively).
Figure 3-2b also shows powder X-ray diffraction (XRD) data for the MoSe2 nanoflowers,
along with a reference powder XRD pattern of bulk MoSe2 (PDF card no. 29-0914) for
comparison. While the reference pattern for PDF card no. 29-0914 matches well with the
experimental powder XRD pattern for bulk MoSe2 (Figure 3-3), careful examination of the data
in Figure 3-2b reveals a slight deviation of the reference pattern peak positions relative to the
peak positions observed for the MoSe2 nanoflowers. The powder XRD pattern obtained for the
MoSe2 nanoflower sample was therefore analyzed using the Rietveld method in order to
determine the modified lattice parameters of 2H-MoSe2 that fit with the experimental data (Figure
3-4). For bulk 2H-MoSe2, which has a hexagonal space group P63/mmc, the lattice parameters
are a = 3.28 Å and c = 12.91 Å (PDF 29-0914). The refined model yields modified lattice
parameters of a = 3.271(4) Å and c = 13.20(2) Å. As shown in Figure 3-2c-d and Figure 3-4b-c,
the simulated powder XRD pattern for the 2H-MoSe2 structure incorporating the refined lattice
parameters fits significantly better with the powder XRD data of the as-prepared MoSe2
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nanoflower sample. The good agreement between the simulated and experimental powder XRD
data in Figure 3-1b therefore suggests that the nanoflowers consist of 2H-MoSe2 with an
expanded interlayer distance relative to bulk 2H-MoSe2; this is likely attributable to the few-layer
nature of the nanosheets that comprise the MoSe2 nanoflowers.
The d-spacing associated with the (002) peak is ~0.65 nm, and this value matches well
with that expected for the single layer thickness of 2H-MoSe2 (0.70 nm). The powder XRD peaks
are generally broad, as expected for the nanocrystalline nature of the material. The sharpest peaks
occur for the (100) and (110) and related (h00) and (hk0) peaks, while the broadest peaks are
those containing a non-zero l index, e.g. (hkl), (h0l), and (00l). Such anisotropic peak broadening
is consistent with the nanosheet nature of the MoSe2 nanoflowers. By measuring the full width at
half maximum (FWHM) of the (002) and (100) peaks, and after using the Scherrer equation to
calculate the corresponding limiting grain sizes, we estimate an average nanosheet thickness of
ca. 3 nm and the average lateral nanosheet dimension to be ca. 10 nm, respectively. These results
further confirm that the 2H-MoSe2 nanoflowers contain predominantly few-layer nanosheets and
also indicate that the nanosheets are laterally polycrystalline, since the average crystallite size by
Scherrer analysis (ca. 10 nm) is less than that observed by TEM (ca. 50–150 nm).
The MoSe2 nanostructures consist of thin nanosheets protruding outward in all directions
from a dense central core, as can be seen from the high resolution TEM (HRTEM) image shown
in Figure 3-5a. The nanosheets that comprise the MoSe2 nanoflowers do not appear to be rigid,
which is consistent with their few-layer morphology. Figure 3-5b, which shows a HRTEM image
of the MoSe2 nanoflowers taken from the marked area in Figure 3-5a, confirms the high degree of
crystallinity within the nanosheets. The d-spacing values for the lattice fringes in Figure 3-5b
were calculated by analyzing Fast Fourier Transforms (FFTs) from two distinct regions. The
edge, which is curled up and therefore visible, exhibits lattice spacings of 6.5 Å, a value
consistent with the (002) planes of 2H-MoSe2. The basal plane possesses lattice spacings of 2.8
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Å, which correspond to the (100) planes of 2H-MoSe2. The enlarged basal plane region in Figure
3-5b reveals the polycrystalline nature of the sheets, which is consistent with the Scherrer
analysis of the (100) XRD peak.
The MoSe2 nanoflowers deposited onto a SiO2/Si wafer were also analyzed by X-ray
photoelectron spectroscopy (XPS). Figure 3-6 shows a XPS survey scan, revealing the presence
of five elements: Mo and Se from MoSe2, Si and O from the SiO2 substrate, and C, which is used
for calibration. The Mo 3d3/2 and 3d5/2 core level peaks are located near 231.9 and 228.8 eV,
respectively, while the Se 3d3/2 and 3d5/2 peaks are located near 55.2 and 54.4 eV, respectively.
These peak positions are in good agreement with those previously reported in other MoSe2
systems.22,33 Importantly, the absence of peaks near 235.9 and 232.5 eV, which correlate with the
Mo 3d3/2 and 3d5/2 core levels of Mo6+ in MoO3, suggests that the MoO42– precursor has been fully
reduced to Mo4+ in MoSe2 and that significant Mo6+ contaminants are not present. Analysis of the
high-resolution XPS data indicates a Mo:Se ratio of approx. 1:1.7, which suggests that the surface
of the MoSe2 nanoflowers is metal rich. Energy dispersive X-ray analysis (EDX) indicates a 1:1.9
Mo:Se ratio in an ensemble of MoSe2 nanoflowers (Figure 3-7).

3.3.2 Formation Pathway and Morphological Tunability
To better understand the pathway by which the MoSe2 nanoflowers form and grow, we
carried out aliquot studies and a series of control experiments. Six aliquots taken at different time
points during the reaction were quenched in toluene and analyzed. Figure 3-8 shows a photograph
of vials containing each aliquot sample, labeled according to the length of time after ODE-Se
injection. No precipitate can be isolated from the 5 min and 10 min aliquots, suggesting that the
nanoparticles begin to form between 10 and 15 min after ODE-Se injection, since this is the first
temperature at which a nanoparticle-containing aliquot is obtained. Figure 3-9 shows TEM
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images of the nanoparticle products isolated from aliquots taken at 15, 20, 30, and 40 min.
Initially (Figure 3-9a and b), flower-like nanostructures have already formed, although they are
significantly smaller in size (~50 nm in diameter) compared to the final product (~250 nm in
diameter). These small particles have a center core that consists of curled sheets that appear to be
organized randomly without a clearly defined crystallographic orientation. As the reaction
progresses, the size of the particles increases in all directions, as can be seen from the TEM
images in Figure 3-9c-f. The particles in each aliquot are uniform in size with core regions that
remain largely unchanged while the nanosheet protrusions continue to grow. These images
therefore suggest that additional nanoflower growth occurs primarily on the nanosheets in a 2-D
manner that is consistent with the anisotropic nature of the 2H-MoSe2 crystal structure. These
result also confirm that it is possible to systematically tune the average nanoflower diameter,
from ~50 to ~250 nm, by adjusting the reaction time.
Given these initial insights into how the MoSe2 nanoflowers form and grow, we sought to
further study their formation and also potentially modify their morphological characteristics by
choosing different molybdenum and selenium reagents with different reactivities. In addition to
Na2MoO4, we also used MoCl5. Likewise, we used TOP-Se along with two variants of ODE-Se.
A previous report demonstrated for the colloidal synthesis of CdSe, ODE-Se can be twice as
active as TOP-Se.34 Furthermore, the activity of ODE-Se can be tuned depending on the heating
time and temperature: highly active solutions of ODE-Se can be made by heating Se in ODE at
200 °C for 1 h, as described in the Experimental Section, and moderately active ODE can be
made by heating the solution for another 2 h.
Table 3-1 and Figure 3-10 summarize the six experiments – highly-active ODE-Se,
moderately-active ODE-Se, and TOP-Se with Na2MoO4 and MoCl5 – and their products,
respectively. As can be seen by examining the TEM images in panels A1 and A2 of Figure 3-10,
both combinations of Mo and the highly-active Se reagents produce flower-like nanostructures.
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The most significant morphological differences occur for the different Se reagents rather than for
Na2MoO4 vs. MoCl5. This, coupled with the observation that prior to injection of Se reagents
there are no detectable precipitates in the solution, implies that the Mo precursor does not play a
key role in seeding or templating the MoSe2 nanoflowers. The highest quality and uniform MoSe2
nanoflowers form from the highest-activity ODE-Se reagent, while the moderately-active ODESe solution and the lower-activity TOP-Se solution produce much larger and irregular nanosheet
agglomerates (panels B1 and B2 of Figure 3-10). Combined with the aliquot study described
above, suggests that the highly-active ODE-Se solution facilitates the rapid formation of
nanoflower seeds at an early stage of the reaction (within 10-15 min of ODE-Se injection),
followed by an increase in nanosheet size with increasing heating time.
All of these observations lead to a growth pathway whereby lateral growth of nanosheets
competes with nucleation and growth of the core early in the reaction. The lower-activity Se
reagents likely decompose and react continuously, delivering Se more slowly and to fewer nuclei
so that nanosheet growth is favored but ill-defined or dense cores are present. In contrast, the
highest-activity ODE-Se reagent likely decomposes and reacts quickly, nucleating many MoSe2
core nanostructures before initiating lateral growth off of many nucleation sites to form a large
number of nanosheets protruding from uniform central cores. The morphology, therefore, appears
to depend on the activity of the Se precursor.
Based on the correlation between Se precursor reactivity and morphology, we set out to
tune the size and thickness of the MoSe2 nanoflowers by changing the precursor amounts. Given
the growth pathway observations, we speculated that differences in precursor concentrations
(while using the same highly-active ODE-Se reagent) would not significantly impact the early
stage of the reaction where the MoSe2 nanoflower cores form, but instead primarily would limit
or extend the nanosheet growth phase to produce nanoflowers with different overall diameters.
Accordingly, Figure 3-11 shows TEM images of two additional MoSe2 nanoflower samples,
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along with sample M1 (characterized and discussed in the prior section) for comparison. As listed
in Table 3-2, sample M1 was synthesized using 0.1 mmol of Na2MoO4 and 2 mL of 0.1 M of the
highly-active ODE-Se solution, and the average nanoflower diameters ranged from 200-250 nm.
Sample M2, synthesized using twice as much Na2MoO4 and ODE-Se as was used for sample M1,
had a larger average nanoflower diameter of 250-300 nm. Sample M3, synthesized using 0.5
mmol Na2MoO4 and 2 mL of 0.5 M ODE-Se, yielded nanoflowers with average diameters of 450500 nm. Therefore, the nanoflower diameter is indeed tunable by simply changing the precursor
concentrations.
Figure 3-11 also shows powder XRD data for the M1, M2, and M3 nanoflower samples,
which indicates that the peak broadening systematically decreases from M1 to M2 to M3.
Scherrer analysis of the (002) peaks indicate that the layer thicknesses, and therefore nanosheet
thicknesses, increase from ca. 3 nm for sample M1 to ca. 4 nm for sample M2 to ca. 7 nm for
sample M3. Similar changes in nanosheet thickness as a function of precursor concentration were
previously observed for the SnSe system.35 Interestingly, the color of the ethanol suspension of
the three MoSe2 nanoflower samples changes from purple to dark blue as a function of
nanoflower diameter (and, accordingly, nanosheet thickness), suggesting size-dependent optical
behavior (Figure 3-12).

3.3.3 Laser Modulation of Interlayer Decoupling
The TEM, SEM, XRD, EDX, and XPS data are all consistent with the formation of pure
phase 2H-MoSe2 nanoflowers containing nanosheets that protrude from a central core, thereby
incorporating discrete few-layer MoSe2 nanosheets into colloidal three-dimensional
nanoarchitectures, rather than having them confined on 2-D planar substrates. It is well
established that the optical properties of 2-D TMD nanosheets depend sensitively on their
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thicknesses. Previous studies using Raman spectroscopy have demonstrated that the phonon
frequencies of both the in-plane (E2g) and out-of-plane (A1g) vibrational modes in bilayer TMDs,
shown in Figure 3-13a, shift relative to those of their bulk analogues. As the number of layers
decreases, the A1g Raman mode shifts to lower wavenumbers (referred to as “softening”) while
the E2g mode shifts to higher wavenumbers (referred to as “stiffening”).15,21 Such behavior has
been attributed to the combined effects of layer thickness and surface effects that arise from the
decrease in the number of adjacent layers in these systems.36 Because the extent of the interlayer
interactions directly impacts the optical properties of few-layer TMD nanosheets, methods to
decouple the few-layer nanosheets that comprise the MoSe2 nanoflowers could provide
significant band gap tunability.
Figure 3-13b shows the Raman spectrum of the MoSe2 nanoflowers acquired using a
514-nm laser with a power of 26 µW. The characteristic first-order A1g-like and E2g-like Raman
active modes are observed around 241 cm-1 and 285 cm-1, respectively. (Note that because we do
not know the exact number of TMD layers in the MoSe2 nanoflowers, it is not possible to know
whether the correct Raman peak labels should A1’ and E’ as for an odd number of layers, A1g and
Eg for an even number of layers, or A1g and E2g for bulk. Therefore, as others have done
previously,37 we consider them to be “A1g-like” and “E2g-like”, but refer to them hereafter as
“A1g” and “E2g” for simplicity.) These values are in excellent agreement with recent Raman
studies of MoSe2 nanosheets, and the stiffness of the A1g peak and the softness of the E2g peak,
compared to monolayer MoSe2, are consistent with the formation of few-layer MoSe2 nanosheets
within the nanoflower sample.1,15 Interestingly, a peak around 352 cm-1 was also observed in the
MoSe2 nanoflower sample. This peak, which corresponds to a newly-identified Raman-active
mode involving the A1' (odd number of layers) or A1g (even number of layers) irreducible
representations that are associated with the vibrations of the chalcogen (Se) and the transition
metal (Mo) atoms, do not appear in monolayer or bulk TMD systems.38 The observation of this
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Raman peak further confirms the few-layer nature of the nanosheets that comprise the MoSe2
nanoflowers.
Figure 3-14a, b, and c show Raman spectra of the MoSe2 nanoflowers in the 220–300 cm1

region, which includes the A1g and E2g modes, with different laser excitation wavelengths of 488

nm, 514 nm, and 633 nm, respectively (Full Raman spectra taken with 488 nm and 514 nm lasers
are shown in Figure 3-15). Figure 3-14a-c clearly show that both the A1g and E2g modes exhibit
significant red shifts and systematic broadening as the laser power increases. Such observations
are consistent with prior Raman studies on both monolayer and few-layer TMDs, including
MoS2, MoSe2, and WSe2, where temperature and laser power were modulated.39-41 This evolution
of phonon frequencies can be attributed to anharmonic vibrations of the MoSe2 lattice. As the
laser power varies, the local temperature at the surfaces of the MoSe2 nanoflowers, which are
comprised of the few-layer MoSe2 nanosheets, varies and could lead to expansion or contraction
of the lattice as the temperature fluctuates. The phonon vibration frequencies shift because the
equilibrium position of the atoms, and thus the van der Waals interactions between the layers,
changes. The observed softening of the Raman modes with increasing temperature is also
consistent with a reduction of interlayer decoupling in few-layer MoSe2 with increasing
temperature.15 Figure 3-14d and e present plots of peak position vs laser power for the A1g and E2g
modes, showing how these modes shift with respect to laser power. For all three laser
frequencies, the A1g and E2g peaks tend to shift linearly with increasing laser power at low laser
powers, as demonstrated previously for suspended and substrate-bound MoS2 monolayers,40 but
then begin to saturate when the laser power is above 50 µW.
Importantly, the laser-induced interlayer decoupling in the MoSe2 nanoflowers allows us
to study its reversibility and tunability. Figure 3-16 summarizes Raman data with 633 nm laser
included in Figure 3-17, showing how the A1g peak shifts as a function of cycling between 1%
and higher laser powers. For these studies, a laser wavelength of 633 nm was chosen to avoid any

59
unintentional laser damage and because saturation as a function of the laser power intensity is the
slowest among the three laser wavelengths used. The range of laser powers we interrogated
ranged from 1–100%, with a laser power of 100% corresponding to 2.9 mW. The measurements
associated with the data in Figure 3-16 correspond to the M1 nanoflower sample dropcast onto a
glass slide and were taken sequentially in the order indicated by the arrows, consecutively
without interruption in the same spot. For example, increasing the laser power from 1% to 10%
resulted in a softening of the A1g peak, which shifted from 242.0 cm-1 to 240.9 cm-1. After remeasuring the same spot at 1% laser power, the A1g peak returned to its original position of 242.0
cm-1. This suggests that the few-layer nanosheets that comprise the MoSe2 nanoflowers are being
reversibly expanded by localized laser heating to their quasi-single-layer maximum, and they
return to their equilibrium interlayer spacing upon reducing the laser power. The laser-modulated
reversibility continues until reaching a threshold laser power, above which the sample is
damaged, either through oxidation, decomposition, or structural reconstruction. While all laser
powers from 1–100% exhibit reversibility, there is evidence from Raman spectroscopy (Figure
3-18) that some irreversible damage occurs for laser powers of 1.3–2.9 mW (50–100% laser
power). Therefore, lower laser powers (≤ 10%), which are still capable of reaching the quasisingle-layer limit, are optimal.

3.3.4 Thermal Modulation of Interlayer Decoupling
To further understand the ability of laser-modulated heating to induce reversible
interlayer decoupling in the MoSe2 nanosheets that comprise the MoSe2 nanoflowers, we
conducted a series of temperature dependent Raman studies. Figure 3-19a and Figure 3-20a show
temperature dependent Raman spectra from 80-550 K for the as-synthesized M1 MoSe2
nanoflower sample. Figure 3-19b, c, and Figure 3-20b show plots of the Raman shift vs.
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temperature for the Raman-active A1g, E2g, and A1g2 modes, respectively. The observed data of the
peak positions obtained from Lorentzian fitting for A1g, E2g and A1g2 modes versus temperature
were fitted using the Gruneisen model:39
ω(T)=ω(0)+χT

(1)

Here ω(0) is the peak position of the A1g, E2g and A1g2 vibration modes at a temperature
of 0 K and χ is the first-order temperature coefficient of the A1g, E2g and A1g2 modes. The slopes
of the plots in Figure 3-19b, c, and Figure 3-20b correspond to the temperature coefficients, χ,
which are -0.0082, -0.0046 and -0.016 cm-1 K-1 for the A1g, E2g, and A1g2 modes, respectively.
These temperature coefficient values are one order of magnitude smaller than those of MoS2,40,41
but they are comparable to previous reports of MoSe2.15,39 The temperature dependence of the
peak shifts arise from anharmonicity, mediated by phonon-phonon and electron-phonon
interactions.
Comparing the laser-power dependent and temperature-dependent Raman results reveals
several interesting similarities and differences. Both exhibit a linear dependence of the Raman
peak shifts for both the A1g and E2g modes from higher to lower wavenumbers with increasing
temperature. However, the thermally-modulated route is not as sensitive as the laser-modulated
route. Taking the A1g mode as an example, saturation occurs quickly when heating with a 514-nm
laser having a power intensity lower than 0.1 mW (Figure 3-14d). In contrast, thermally-induced
decoupling did not exhibit saturation even at 550 K. This is expected, however, since the laser
will produce much higher local heating temperatures than can be achieved through bulk heating.
Another interesting result is that the E2g mode behaves differently using these two heating
pathways. Upon heating to 550 K, the A1g mode shifted to ~236.8 cm-1, which is almost the same
as the saturated value measured in the laser-induced route. However, at the same temperature, the
E2g mode only shifted a value that is half of the saturated value measured in the laser-induced
route. The similar trends in the thermal and laser heating data associated with the temperature-
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dependent shift of the A1g mode suggest that the interlayer decoupling observed upon laser
excitation is likely attributable to a laser heating effect, although other influences of the laser,
such as its impact on lattice vibrations that would result in a significant shift of the E2g mode,
cannot be ruled out.

3.3.5 Nanostructural Modulation of Interlayer Decoupling
The laser-induced and thermally-driven routes are both consistent with interlayer
decoupling behavior, whereby an increase in local temperature correlates to a structural
expansion which, in turn, correlates to an increase in interlayer spacing. However, given the
differences between the interlayer spacing of bulk MoSe2 vs. the as-synthesized MoSe2
nanoflowers, which have few-layer MoSe2 nanosheets, nanostructural effects could also lead to
modulation of the interlayer decoupling behavior. Accordingly, here we further study the
differences in the laser power dependence of the A1g peak position for bulk MoSe2 vs. the MoSe2
nanoflowers – first just the M1 sample, and later the M1, M2, and M3 samples collectively.
Figure 3-21a and b show the A1g peaks as a function of laser power for bulk MoSe2 and the
MoSe2 nanoflowers, respectively. At 1% laser power, the A1g mode is at 243.3 cm-1 for bulk
MoSe2 and at 242.0 cm-1 for the MoSe2 nanoflowers, which is consistent with the stiffening of the
out-of-plane vibration that arises when the number of layers increases to the bulk level. However,
the laser power dependence of the A1g peak position is strikingly different for bulk MoSe2 vs the
MoSe2 nanoflowers. As seen in Figure 3-21a and b, the A1g peak position in bulk MoSe2 remains
unchanged at laser powers of 1%, 5%, and 10%, whereas for the MoSe2 nanoflowers, a
systematic decrease from 242.0 cm-1 to 240.9 cm-1 to 239.8 cm-1, respectively, is observed.
Because the peak position of the A1g mode correlates with the strength of the interlayer
interactions, this behavior is consistent with the difference in lattice constants observed by
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powder XRD for the MoSe2 nanoflowers vs. bulk MoSe2, as suggested above. Since the interlayer
distance is smaller in bulk MoSe2, the layers are held together more strongly than in few-layer
MoSe2, so to access a metastable state involving increased interlayer distance, more energy is
needed for the bulk sample relative to the few-layer nanoflower sample to reach the same level of
thermal expansion. Interestingly, at 10% laser power, which corresponds to 220 µW, the A1g peak
of the MoSe2 nanoflower sample red shifts to 240 cm-1 (Figure 3-21b), which was previously
reported to correspond to single-layer MoSe2.1 For the MoSe2 nanoflowers, the A1g peak position
at 10% laser power therefore indicates that the interlayer distance has been pushed to the quasisingle-layer maximum, and further increase of the laser power does not result in a further red shift
(Figure 3-21b). A related laser power-dependent Raman study of few-layer MoS2 grown by a
vapor-phase method indicated that a laser power as large as 700 µW was needed to reach the
quasi-single-layer limit of few-layer MoS2, which is significantly larger than observed in the fewlayer nanosheets that comprise the MoSe2 nanoflowers.39 This result indicates that the interlayer
decoupling observed in TMDs is strongly influenced by the composition (Se vs. S) as well as the
nanostructure of the specific materials. As further confirmation, the A1g peak in the Raman
measurement of the other two MoSe2 nanoflower samples having different layer thicknesses (M2
and M3, as discussed in the text associated with Figure 3-11), shown in Figure 3-22, shifted
towards higher wavenumbers with increasing layer thickness and approached the bulk value limit,
as expected.

3.4 Conclusions
In summary, we demonstrated the colloidal synthesis of monodisperse, flower-like
MoSe2 nanostructures of tunable average diameters that are comprised of crystalline, few-layer
nanosheets protruding from a central core, and also investigated the pathway by which they form
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and grow. The MoSe2 nanoflowers structures were used as a platform to understand how external
and internal factors, including laser-induced heating, bulk heating using a temperature stage, and
nanostructuring, affect and enable interlayer decoupling. Notably, we showed that laser-induced
local heating permits dynamic and reversible modulation of interlayer decoupling. Such studies
provide insights into achieving quasi-two-dimensional behavior in three-dimensionally structured
nanoarchitectures, and therefore helps to bridge the gap between capabilities for modulating the
electronic properties of substrate-grown TMD nanosheets vs their solution-synthesized analogues.
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3.6 Figures

Figure 3-1: (a) Low and (b) high magnification TEM images of the as-prepared MoSe2
nanoflowers. (c) Low and (d) high magnification SEM images of the as-prepared MoSe2
nanoflowers. The inset to (a) shows a photograph of a vial of the MoSe2 nanoflowers as a dilute
colloidal suspension.
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Figure 3-2: (a) Top and side view of the crystal structure of 2H-MoSe2. (b) Powder XRD pattern
of the MoSe2 nanoflowers and (inset) the SAED pattern corresponding to the TEM image in
Figure 1b. Panels (c) and (d) contain enlarged regions of the experimental XRD patterns showing
the (002) and (100) peaks. A reference pattern (black) of bulk MoSe2 (PDF card no 29-0914) is
shown for comparison, along with a simulated powder XRD pattern (red) based on the structure
of 2H-MoSe2 with the profile-refined lattice constants.
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Figure 3-3: (Red) Powder XRD pattern for bulk MoSe2 (purchased from Aldrich, as detailed in
the Experimental Section). (Black) Reference pattern of 2H-MoSe2 (PDF Card No. 29-0914)
shown for comparison.
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Figure 3-4: (a) Whole pattern fitting of the experimental XRD pattern using Rietveld analysis. (b)
and (c) are enlarged regions of the experimental XRD patterns showing individual diffraction
peaks. The reference pattern in black is the PDF pattern, which is based on the lattice parameters
of bulk MoSe2, and the one in green is the refined pattern, which incorporates the lattice
parameters obtained from the Rietveld analysis.
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Figure 3-5: (a) HRTEM image of a single MoSe2 nanoflower, showing nanosheets that protrude
from a central core. (b) HRTEM image of marked area in (a) highlighting the lattice fringes in
two distinct regions that correspond to the two view directions shown in Figure 3-2a.
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Figure 3-6: XPS spectra of as-prepared MoSe2 nanoflowers. (a) XPS survey scan. Five elements
are present: Mo and Se (from the MoSe2 sample), Si and O (from the substrate), and carbon. The
spectra are calibrated based on the C 1s peak (284.6 eV). (b) High-resolution XPS spectra of the
(b) Mo 3d and (c) Se 3d regions.
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Figure 3-7: EDX spectrum of an ensemble of MoSe2 nanoflowers that was acquired from the
region shown in the TEM image in the inset. The major elements and their atomic ratios are
shown in the table. The Cu signal comes from the Cu TEM grid.
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Figure 3-8: Photograph of vials containing the aliquot solutions, labeled based on the time since
the injection of ODE-Se begins.
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Figure 3-9: TEM images of aliquots taken during the formation and growth of MoSe2
nanoflowers, as described in the text: (a,b) 15 min, (c,d) 20 min, (e,f) 30 min and (g,h) 40 min.
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Figure 3-10: TEM images of the samples corresponding to the experiments described in Table
3-1. From A to C the reactivity of the Se precursors decreases, which changes the morphology of
the final product from flowers to irregular sheets. On the other hand, with the same Se precursor
the quality and uniformity of the sample varies when changing the Mo precursors.
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Figure 3-11: TEM images of the (a) M2 and (b) M3 samples. (c) Powder XRD patterns of the
M1, M2, and M3 samples. (d) Comparison of the (002) diffraction peak of the M1, M2, and M3
samples. The reference pattern in black corresponds to PDF card no. 29-0914 and the pattern in
green incorporates the refined lattice constants obtained from the Rietveld refinement.

78

Figure 3-12: From left to the right are photographs of vials containing the M1, M2, and M3
samples dispersed in ethanol at the same concentration.
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Figure 3-13: (a) Schematic representation of the motions of the atoms in a MoSe2 bilayer that are
associated with the A1g-like and E2g-like Raman active modes. (b) A representative Raman
spectrum of the MoSe2 nanoflowers, showing the characteristic vibrational modes.
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Figure 3-14: (a,b,c) Raman spectra of MoSe2 nanoflowers collected with different laser powers
using laser wavelengths of 488 nm, 514 nm and 633 nm, respectively. The data reveal a clear
shift of the A1g-like and E2g-like modes as a function of laser power. (d,e) Laser power
dependence of the frequencies of the Raman active A1g-like and E2g-like modes, respectively, for
the MoSe2 nanoflowers. Data from different excitation laser wavelengths (488 nm, 514 nm, and
633 nm) are plotted in the same graph for comparison.
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Figure 3-15: Raman spectra taken on the M1 MoSe2 nanoflower sample using (a) 514 nm and (b)
488 nm lasers.
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Figure 3-16: Plot showing the variation in the A1g peak position as a function of laser power
irradiation (633 nm) of the MoSe2 nanoflowers. The corresponding Raman data can be found in
Figure 3-17. The region outlined with a green dashed line highlights the region of 1% - 50% laser
power strength, where interlayer coupling is reversible. 100% laser power corresponds to 2.9
mW. The arrows indicate the order of the measurement sequence. Blue squares correlate with the
laser power along the bottom (blue) axis and red stars correlate with the laser power along the
upper (red) axis.
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Figure 3-17: (a) Raman spectra taken on the M1 MoSe2 nanoflower sample using a 633 nm laser
with increasing laser powers and (b) at 1% power for the reversibility study. Noted that The data
were collected from consecutive measurements. The spectra here are divided into two plots for
the purpose of presentation. The stacking sequences in the two plots do not match the real
measurement order. The real measurement order is as indicated in Figure 3-16.

84

Figure 3-18: (a) Raman spectrum of the MoSe2 nanoflowers using a laser wavelength of 514 nm
and a laser power of 1.3 mW. (b) Raman spectrum taken using a 633-nm laser at the same spot on
the MoSe2 nanoflower sample using 1% (21.1 µW) laser power after the Raman measurement
with 100% (2.6 mW) laser power was complete.
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Figure 3-19: Temperature dependent Raman data for the as-prepared M1 MoSe2 nanoflowers. (a)
Raman spectra of the A1g mode from 80 K to 550 K. Temperature dependence of the (b) A1g
mode and (c) E2g mode. The data points in (b) and (c) correspond to experimental data and the
solid lines represent the linear fits.
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Figure 3-20: (a) Full spectra of the temperature dependent Raman studies taken on the M1 MoSe2
nanoflower sample using 514.5 nm laser. (b) Temperature dependence of the position of the A1g2
peak. The square dots are experimental data and the solid line is the linear fit.
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Figure 3-21: Laser power dependence of the frequencies of Raman active A1g-like and E2g-like
modes in (a) bulk MoSe2 and (b) the MoSe2 nanoflowers.
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Figure 3-22: (a) Raman spectra showing the A1g-like peak of the M1, M2, and M3 samples using
a 633-nm laser with a power of 23 µW. (b) Sample dependence of the frequencies of the Raman
active A1g-like mode, in which the peak position was obtained from fits of the spectra in (a) with
Lorenzo fitting algorithm.
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3.7 Tables

Table 3-1: Summary of the experiments using different Mo and Se reagents.
A

B

C

High activity ODE-Se

Moderate activity
ODE-Se

TOP-Se

1

Na2MoO4

Uniform, well-defined
flowers

Well-defined sheets

Poor-quality sheets

2

MoCl5

Flowers

Poor-quality plates

Amorphous
aggregates

Table 3-2: Summary of the precursor amounts for the M1, M2, and M3 syntheses.
Na2MoO4

ODE-Se

1-octylamine

Oleic acid

M1

0,1 mmol

0.1 M, 2 mL

2 mL

8 mL

M2

0.2 mmol

0.1 M, 4 mL

2 mL

8 mL

M3

0.5 mmol

0.5 M, 2 mL

2 mL

8 mL
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Chapter 4
COLLOIDAL SYNTHESIS OF SINGLE-CRYSTAL TERNARY IN4SNSE4
MICROWIRES

4.1 Introduction
Main-Group III and IV elements play an important roles in the semiconductor industry.
While there is no need to further emphasize the technical significance of silicon, materials
containing heavier Main-Group III and IV elements (Ga, In, Ge, and Sn) and chalcogen elements
(S, Se, and Te) have found promising applications in many thermoelectric and optoelectronic
devices in the last decade. A few examples include highly efficient light absorption layers in the
thin film solar cells made of CIGSSe1 (Copper indium/gallium sulfide/selenide) and CZTSSe2
(Copper zinc tin sulfide/selenide), unprecedented high value of 2.6 for the thermoelectric Figure
of merit ZT measured along the b-axis in bulk SnSe single crystal,3 and superior
photoresponsivity observed in the gate transistors fabricated with layered gallium/Indium
monochalcogenides.4,5
Albeit the potential and imminent commercialization of the enumerated materials, the
current knowledge that underpins the microstructure-property relationship is still limited due to
the complexity and diversity of the crystalline phases existing in the materials systems containing
III/IV-VI elements.6 Additionally, the size, shape, and morphology of specific materials all have
nontrivial, if not crucial in some cases, influences on their desired properties.7 Therefore,
substantial work is still needed on developing experimental toolbox that will access new materials
in these systems and provide control beyond composition. Complementary to the conventional
high temperature solid-state method, colloidal solution synthesis has gained popularity in recent
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years, particularly due to its versatility on obtaining phases with metastable crystal structure
and/or unconventional morphology.8 Our group has been taking advantage of this method and
successfully made a variety of IV-VI binary compounds such as GeS/GeSe nanosheets,9 SnSe
square nanosheets,10 GeSe nanobelts,11 and GeTe polyhedral/trigonal sheets.12 It is important to
note that this level of morphological control has never been achieved before on these materials.
Colloidal synthesis also benefits from capability of scale-up production and convenience on
solution-processing that are both highly desired for industrial device manufacturing.13
There have been extensive studies on colloidal nanomaterials containing III/IV and
chalcogen elements that adopt crystal structure derived from binary chalcogenides compound.14,15
Binary III-VI and IV-VI compound both prefer anisotropic layered crystal structure that features
interlayer Van de Waals bonding as well as VI-III-III-VI and VI-IV-VI intralayer covalent
bonding, respectively.16 On the other hand, the family of ternary and higher order compounds of
CIGSSe and CZTSSe adopt chalcopyrite-type crystal structures, which is closely related to the
zinc-blende ZnS-type structure.17 However, little have we learned about ternary or even higher
order III-IV-VI compound with more complicated crystal structure that could potentially lead to
novel properties. In this study, we have successfully synthesized a ternary III-IV-VI compound of
single-crystal In4SnSe4 microwires using colloidal method. The most prominent feature of its
crystal structure is the presence of isolated, tetrahedral SnIn48+ clusters with In-Sn bonding. To
the best of our knowledge, except the structure determination with X-Ray diffraction reported in
the literature,18 there are no further synthetic and characterization studies on this material.
Bandgap calculation predicts the In4SnSe4 to be a direct bandgap semiconductor with a bandgap
value areound 1.50 eV. The In4SnSe4 microwires were measured to have a direct optical bandgap
of 1.57 eV. Importantly, it showed a strong photoluminescence activity at 1.54 eV, making it an
interesting target for studying near-infrared light emitting phenomenon.
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4.2 Experimental Section

4.2.1 Materials
In (III) Chloride (InCl3, 99.9%, Aldrich), hexamethyldisilazane (HMDS, >99%,
Aldrich), diphenyl diselenide (Ph2Se2, >99%, Aldrich), Tin(II) chloride (SnCl2, 99%, Alfa Aesar),
oleylamine (OLAM, technical, 70%, Aldrich), and 1-octadecene (ODE, >90%, Aldrich) were
used as received without purification. All syntheses were carried out under Ar(g) using standard
Schlenk techniques, and work-up procedures were performed in air.

4.2.2 Synthesis of In4SnSe4 Microwires
In a typical synthesis, 44 mg of InCl3 (0.2 mmol), 10 mg of SnCl2 (0.05 mmol), 32.2 mg
of Ph2Se2 (0.1 mmol), 5 mL ODE and 10 mL OLAM were added into a 100 mL 3-neck roundbottom flask with a condenser, thermometer adapter, thermometer and rubber septum. The
magnetic stirring was started and the solution was degassed under vacuum at 120 °C for ~5-10
minutes. The flask was backfilled with Ar and cooled to ~90 °C. ~1 mL HMDS was swiftly
injected into the flask and the solution was then heated to ~280 °C at ~10 °C/min. The solution
was allowed to age for ~1 h and then cooled rapidly by removing the flask form the heating
mantle. The In4SnSe4 microwires were precipitated by adding 20 mL of a 1:1 ethanol/toluene
mixture and then centrifuged at 12 000 rpm for 5 min. The brownish red precipitate was washed
three times using the same solvent mixture (with centrifugation in between washes) and could
then be suspended in hexane, toluene, or ethanol to form a colloidal suspension for further
characterization.
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4.2.3 Characterization Methods
Powder XRD data were collected using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Ka radiation. TEM images were obtained using a JEOL 1200 EX II TEM
operating at 80 kV and a FEI Talos F200X operation at 200 kV. HRTEM imaging and energy
dispersive X-ray spectroscopy (EDX) mapping data was performed on FEI Talos F200X
operation at 200 kV. Reflectance measurements were collected on a Perkin-Elmer Lambda 950
spectrophotometer equipped with a 150 mm integrating sphere. Samples were prepared by dropcasting a concentrated solution of the microwires onto a glass substrate. Photoluminescence
measurement was performed in a Renishaw inVia confocal microscope-based Raman
spectrometer. The laser spot size using the 100X objective lens was ~ 1 µm.

4.2.4 Theoretical Calculation Methods
The band structure of tetraindium tin tetraselenide (In4SnSe4) has been calculated using a
real-space projector-augmented wave implementation of density-functional theory within the
GPAW software package.19 The exchange correlation, which has been employed to describe
electronic interactions, is the modified version of the Perdew–Burke–Ernzerhof functional revised
for solid materials (PBEsol).20 Since PBEsol has a known tendency to underestimate the band
gap, the Gritsenko–van Leeuwen–van Lenthe–Baerends correction to restore the derivative
discontinuity with respect to particle number (GLLB-SC) has also been employed.21 A 3´3´3
Monkhorst-Pack grid22 has been constructed in the Brillouin zone to describe the long-range
(Bloch) oscillations of the wave functions, together with a real-space grid spacing of 0.2 Å to
capture their short-range oscillations. The equilibrium crystal geometry is obtained through
variable-cell optimization, allowing all crystal axes to relax to the lowest energy crystal structure.
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4.3 Results and Discussion
The single-crystal In4SnSe4 microwires were synthesized by heating up a reaction vessel
to 300 ºC containing SnCl2, InCl3, Ph2Se2, HMDS, 1-octadecene, and oleylamine. Field-emission
scanning electron microscopy (SEM) images of the In4SnSe4 microwires are shown in Figure 4-1.
The large-area SEM image shown in Figure 4-1a features one-dimensional morphology for the
majority of the sample randomly stacking on top of the Si substrate. A close-up observation of the
particles in the Figure 4-1b and c reveal the surface of the particle is enclosed by flat planes of
nearly equal size. The In4SnSe4 microwires can range from several to tens of micron meters in
length and 100~400 nm in diameter. Figure 4-1b shows the tip of a single beam, which consists
of four rhombic planes converging to a point. Presumably the other end has the same structure,
which endows the In4SnSe4 microwires with the shape of elongated square bipyramid. From SEM
image of a single wire (Figure 4-1c) it can be seen the microwires are stiff and straight like
spaghetti.
Figure 4-2a illustrates the crystal structure of In4SnSe4 by showing atomic positions and
bonding in the unit cell. The lattice parameter of In4SnSe4, which has a cubic space group of
P21/a3, is 12.694 Å (PDF 1-071-5057). As shown in Figure 4-2b, Sn atom is tetrahedrally
coordinated with four In atoms to form an isolated SnIn48+ cluster. The Sn-In bond distance in this
cluster is around 2.79 Å, which is significantly smaller than that in Sn-In compounds like
intermetallic In3Sn (3.29 Å).23 Each In atom is also tetrahedrally coordinated by three additional
Se atoms resulting in the formation of SnIn4Se12 groups (truncated tetrahedral). The powder Xray diffraction pattern of the In4SnSe4 microwires is shown in Figure 4-2c. The experimental data
(black) matches very well with the reference of In4SnSe4 (red). No evident peak broadening
indicates the crystalline size is near the bulk limit.
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Detailed analysis of the crystal structure and surface geometry in a single beam was
performed by selected-area electron diffraction (SAED) shown in Figure 4-3. The SAED pattern
in Figure 4-3a was collected in a single beam as shown in the high resolution TEM image (Figure
4-5b). It’s worth noting that when depositing onto the TEM grid, the In4SnSe4 microwires tend
not to lie perfectly flat on the carbon membrane due to the large size of the particle, which leads
to a slight deviation of the electron beam from the zone axis of the surface crystal plane. By
tilting the grid and making the diffraction spots evenly and symmetrically distribute around the
direct beam, the zone axis can be aligned with the electron beam, as shown in Figure 4-4. Only
under this condition can the SAED pattern correlate to the crystal plane on the surface. The
acquired spots SAED pattern indicates that the In4SnSe4 microwires are single-crystal. The faint
ring that does not coincide with the spots pattern indicates the presence of an amorphous phase
other than In4SnSe4. The first-order spots around the center in the reciprocal space are measured
to be 1.8 1/nm and 1.4 1/nm, which are 5.6 Å and 7.1 Å in d-spacing respectively. These two
values match with the {021} and {111} planes in the In4SnSe4 crystal structure. In a cubic lattice,
by assigning one spot arbitrarily from the crystal plane family, the second spot can be chosen by
fulfilling the following equation, where φ is the angle between these two vectors, which is
measured to be ~75 º. Noted that the assignment of the second spot is also not unique.
cos 𝜑 =

EF EG HIF IG HJF JG
(EFG HIFG HJFG )(EGG HIGG HJGG )

(1)

After having the two vectors, the zone axis can then be calculated by their cross product.
Obviously, there will be several equivalent crystal directions that will give the same diffraction
pattern due to the high symmetry of cubic lattice. For convenience we chose an all positive [hkl]
index [123]. The Figure 4-3b shows the simulated diffraction pattern by choosing [123] as the
zone axis, which matches very well with the experimental data. The first order spots can then be
indexed by the simulation result to be (210), (121), and (111). In the simulated pattern, four spots
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circled with red dash line are missing because they are structurally forbidden. However, they are
all visible in the experimental pattern. This can be explained by secondary elastic scattering of
electrons, also known as double diffraction, which is a common phenomenon in relatively thick
samples.
The surface plane index is further confirmed by high resolution TEM analysis shown in
Figure 4-5. The In4SnSe4 microwire is single-crystal, as can be seen in Figure 4-5a, with an
amorphous outer layer of about 10 nm shown in Figure 4-5b. This is in consistent with the faint
ring observed in the SAED pattern. Figure 4-5a, which is an enlarged image of the area marked in
Figure 4-5b, is the high resolution TEM image correlated to the lattice symmetry of the sample.
By measuring the d-spacing and the angles between different sets of planes, three sets of planes
can be indexed to (210), (121), and (111) which is in agreement with the SAED pattern. Both
SAED and high resolution TEM data confirmed that the surface of the In4SnSe4 micron-sized
beam is normal to [123] crystal direction.
Energy dispersive X-ray spectroscopy by scanning transmission electron microscopy
(STEM-EDS) was used to map the elemental composition of the edge area in a single In4SnSe4
micron-sized beam. In the STEM mode, electron beam is focused into a narrow spot which is
scanning over the sample in a raster. The corresponding characteristic X-ray signals are collected
simultaneously to provide spatial elemental composition with nanometer accuracy. Figure 4-6
shows the STEM-EDS mapping data for an ensemble of microwires, suggesting the atomic ratio
between In, Sn, and Se is very close to 4:1:4. Figure 4-7b is the high angle annular dark field
(HAADF) image of the edge of a single beam. There is not much Z-contrast due to the thickness
of the sample. Figure 4-7a is the overall spectrum corresponding to the HAADF image, showing
all the element in presence. Besides the In, Sn, and Se, there are other elements been detected.
The C and Cu signals come from the copper TEM grid been used as the substrate to support the
sample. The Si is from the HMDS been used in the reaction. The signal of In and Sn are difficult
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to distinguish in the lower energy range since they have very similar atomic structures. But their
characteristic peaks are separated in the higher energy range, as shown in the insert graph in the
lower right of Figure 4-7a, which proves the presence of both elements. Quantitative analysis of
the spectrum by subtracting the background and comparing with standards gives the atomic ratio
of the three elements consisting of the In4SnSe4 micron-sized beam. As shown in the table in the
upper right of Figure 4-7, the atomic ratio of In:Sn:Se is about 4:1:4, which matches with the
stoichiometry of the In4SnSe4 compound. To identify the location of each individual element
presented in the sample detected in the spectrum, Q-map data are shown in Figure 4-7d~h.
Specifically, a quantification processing of the mapping data, known as Q-map will relate the
counts with the actual atomic ratio of the elements (calculated from the EDS spectrum) by
subtracting the background signal, providing more accurate contrast of the mapping image. This
process is especially useful with relatively thick samples, where background intensity is usually
high and could lead to false elemental ID (the software will assign the background signal to any
random element). As can be seen in Figure 4-7d~f, In, Sn, and Se are evenly distributed in the
sample and the signals of Sn is not as intense as that of Se and In. Figure 4-7g and h are Q-map
data of O and Si, respectively. It can be seen clearly that both elements are concentrated in the
surface and evenly cohabitated to form an outer layer of 5~10 nm in length. This layer is in
consistent with the amorphous layer observed in the high resolution TEM image. Therefore, we
speculate that this layer is amorphous SiOx formed by the decomposition of the HMDS molecules
adsorbed on the In4SnSe4 micron-sized beam.
The diffuse reflectance UV-Vis spectroscopy was used to determine the optical band gap
of the as-prepared In4SnSe4 micron-sized beam. As shown in Figure 4-8a, the onset of absorption
for the In4SnSe4 micron-sized beam starts near 850 nm. Kubelka-Munk transformation was used
to estimate the indirect and direct bandgaps. By reconstructing the y axis and x axis with the
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reflectance data, a plot of [𝐹 𝑅 ℎ𝜈]4 versus energy (Figure 4-8b) yielded a direct band gap of
1.57 eV.
Since this is the first report on the experimentally measured bandgap for In4SnSe4, it
would be very useful to utilize theoretical calculation to increase the confidence on the accuracy
of the measurement. The theoretical lattice constant equals 12.76 Å, which is in good agreement
with experimental lattice parameter of 12.70 Å (PDF 1-071-5057). Based on the fully relaxed
crystal structure, we have carried out band-structure calculations along the high symmetry
directions of a simple cubic lattice (Figure 4-9). Both the PBEsol and GLLB-SC results indicate
that a direct band gap is formed at the Γ point. The electronic bandgap of In4SnSe4 is predicted to
be 1.46 eV and 2.00 eV within PBEsol and GLLB-SC potential, respectively. These calculations
are in overall agreement with the experimentally measured optical bandgap of 1.57 eV, bearing in
mind that optical bandgaps are always a few tenths of an electon-volt smaller than electronic
bandgaps (the difference being the binding energy of the photoexcited electron–hole pair) and
that the PBEsol approaximation is known to underestimate electronic bandgaps at variance with
the GLLB-SC functional.
To confirm the estimation made by both diffuse reflectance spectroscopy and theoretical
calculation, Raman spectroscopy was used to measure its photoluminescence (PL) activity. As
shown in Figure 4-10, a strong and sharp PL peak was recorded at 1.54 eV, which is in close
proximity with the direct band gap value of 1.57 eV estimated by diffuse reflectance
spectroscopy. By deconvoluting the experimental spectrum, another peak was found at 1.39 eV,
which should be associated to the indirect transition given its low intensity and huge broadening.
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4.4 Conclusions
In conclusion, we have shown the In4SnSe4 microwires synthesized in solution are direct
band gap semiconductors. The calculated and observed band gap of 1.54 eV falls within the range
of interest for a variety of solar, electronic, and optical applications, and therefore In4SnSe4
represents a new and structurally distinct addition to the list of known semiconductor materials
with related band gaps, including CdTe,24 Zn3P2,25 GaAs,26 and Cu2ZnSnS4.27 In4SnSe4 belongs to
a broader family of materials that remain unexplored, including all compounds with chemical
composition of (Ga, In)4(Ge, Sn)(S, Se, Te)4. It can therefore be anticipated that different
compounds with the same structure type, or solid solutions formed through compositional
modulation, could further expand and tune the properties.
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4.6 Figures

Figure 4-1: SEM images (a, b, and c) of the In4SnSe4 microwires. The wires are stiff and straight
with a diameter ~500 nm and length that could range from 5 to 30 µm. The wires are facedetermined. The scale bars in both b and c are equal to 500 nm.
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Figure 4-2: Illustration of the unit cell (a) and the isolated isolated SnIn48+ cluster (b); (c) Powder
XRD pattern of the In4SnSe4 microwires.
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Figure 4-3: experimental (a) and simulated (b) SAED patterns of a single In4SnSe4 micron-sized
beam. The pattern was simulated by using [123] as the zone axis.
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Figure 4-4: Electron diffraction patterns at different tilting angles of the grid. (a) to (c) indicate a
deviation of the electron beam from the zone axis of the surface crystal plane. (d) is the case
when the two directions are aligned. The deviation was indicated by the asymmetric distribution
of the diffraction spots around the central spot.
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Figure 4-5: (a) An enlarged image of the area marked in the (b) High resolution TEM image of a
single In4SnSe4 micron-sized beam with relatively small thickness.
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Figure 4-6: (a) STEM-EDS spectrum corresponding to the area shown in the HAADF image (b) of
an ensemble of In4SnSe4 microwires. The upper right table summarized the atomic ratio of the
three elements calculated from spectrum. The overall STEM-EDS true-mapping image (c) was
generated by superimposing the individual element mapping images (d-f).
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Figure 4-7: (a) STEM-EDS spectrum corresponding to the area shown in the HAADF image (b)
of a single In4SnSe4 microwire. The upper right table summarized the atomic ratio of the three
elements calculated from spectrum. The overall STEM-EDS true-mapping image (c) was
generated by superimposing the individual element mapping images (d-h). The elemental ratio of
In:Sn:Se matches with the stoichiometry of In4SnSe4. The EDS spectrum indicated the presence
of non-trivial amount of Si, which can be found in the outside shell as shown in the mapping data.
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Figure 4-8: (a) Diffuse reflectance spectrum of the In4SnSe4 microwires. (b, c) Tauc plots
corresponding to the spectrum (a) which were used to deduce to direct and indirect band gap
energies. The data from spectralon was used as reference for 100 percent reflection. The
absorption edge in the diffuse reflectance spectrum was observed around 800 nm. The Tauc plot
used the data from the reflectance spectrum to establish two new axes which can be used to
estimate the optical band gap of the materials. The 1.57 eV matches well with the 800 nm
absorption edge.
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Figure 4-9: Electronic bands structure of In4SnSe4 using the PBEsol and GLLB-SC exchangecorrelation functionals. The bands structure was drawn with the relaxed crystal structure by
calculating the energy at a certain point using Schrödinger equations in the Brillouin zone. The
resulted bands structure showing a direct band gap in the G point with a value of 1.46 eV with
the PBEsol method and 2.0 eV with the GLLB-SC method, respectively.
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Figure 4-10: Photoluminescence measurement of the In4SnSe4 microwires deposited on a silicon
wafer. The peak located at 1.54 eV represents the direct transition, which is equal to the direct
band gap of this material.
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Chapter 5
COLLOIDAL SYNTHESIS OF TWO-DIMENSIONAL GESE/SNSE
HETEROSTRUCTURES

5.1 Introduction
Two-dimensional heterostructures are comprised of two or more thin layers of different
materials vertically stacked together. Numerous combinations could be made of various twodimensional crystals and could lead to many diverse applications in semiconductor electronic
devices, catalysis and sensors, and multifunctional devices. Epitaxial multilayer stacking is one of
the core configurations for semiconductor electronic and optoelectronic devices fabricated today.1
For example, laser diodes2 and field-effect transistors3,4 are made out of a thin stack of layers with
a typical total thickness on the order of µm. The performance of these devices can be regulated by
controlling the flow and confinement of charge carriers and photons inside the heterostructures,
which is determined by its crystalline components and corresponding material interfaces with
different physical properties.
Two-dimensional heterostructures also possess interesting surface chemical properties
that enable them to be applied in catalysis,5 batteries,6 and chemical sensing.7,8 These applications
that rely on surface adsorption and reaction are largely influenced by the atomic distribution and
local surface states of specific crystal planes.9-11 Heterogeneous epitaxial growth has been proven
as an effective method to manipulate the surface structure of targeted materials.12-14 Therefore
both activity and selectivity of the surface chemistry taking place on the planar surface or
catalytically active edge sites of the two-dimensional heterostructures could be tailored for
optimal performance.
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Another frontier of materials research, which is the introduction of multifunctionality,
could also benefit from the synthetic design of two-dimensional heterostructures. 2D crystals with
different properties could serve as building blocks to create the so-called “smart” materials.15
There have been several preliminary demonstrations of this concept, such as magnetically
alignable optical nanosheets,16 and electrically enhanced photovoltaic thin films.17 To exploit the
full potential of the two-dimensional heterostructures, a robust synthetic strategy over the features
like composition, size, lateral uniformity, surface exposure, interface, and thickness must be
achieved.
So far, only epitaxy technologies like molecular beam epitaxy (MBE) could fulfill these
requirements. However, it is challenging yet potentially valuable to develop complimentary
synthetic approaches that are more facile. In recent years, direct chemical synthesis using
colloidal methods has been greatly improved for the formation of two-dimensional
nanostructures.18 A large number of chalcogenides and oxides nanosheets have been reported
recently and their unique dimension-dependent optical,19 electrical,20,21 and magnetic22 properties
have been investigated. Among these materials, a family of IV-VI GeS-type semiconductors
including GeSe, GeS, SnSe and SnS is of great interest for both synthetic study and material
application. This class of semiconductors adopts a layered crystal structure that is unique from
other more traditionally layered metal chalcogenides in that the surface of a single layer is not
completely terminated with chalcogenide atoms thus has intermediate behavior between a twodimensional and three-dimensional material.23 As narrow-bandgap-semiconductors with large
adsorption coefficients they have potential applications in solar cells and near-infrared
optoelectronic devices.24 Although the synthetic study of colloidal IV-VI GeS-type
semiconductors nanosheets has only emerged recently,25-27 versatile morphology control over the
lateral dimensions and thickness has already been demonstrated with several cases including
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GeSe28,29 and SnSe.30 Indeed, colloidal IV-VI GeS-type semiconductors nanosheets could serve as
a model system for studying the formation of colloidal two-dimensional heterostructures.
In this chapter, we use this class as a model system for the construction of colloidally
synthesized two-dimensional nanosheet heterostructures. We demonstrate that large core/shell
GeSe/SnSe two-dimensional heterostructures with high aspect ratio (length to thickness and
width to thickness) and a tunable thickness of the SnSe shell can be designed. To our knowledge,
this is the first time that micron sized two-dimensional heterostructures (8000×2000×300 nm)
have been successfully synthesized in solution with aspect ratios of about 6-20. More
importantly, reaction kinetics can be controlled to direct the growth pathways of the
heterostructures that different architectures can be achieved in the same colloidal system. The
large lateral dimension of the as-prepared two-dimensional heterostructures allows for the direct
measurement of the electrical and optoelectronic properties of a single heterostructure, which
cannot be realized in small nanoplates with current techniques. Overall, our findings help to
demonstrate colloidal synthesis as an alternative approach for making two-dimensional
heterostructures and may be considered as a complimentary strategy to the more commonly used
epitaxy technologies like molecular beam epitaxy (MBE) that can produce such structures with
precise control over the composition, morphology, and interface.

5.2 Experimental Section

5.2.1 Materials
Germanium (IV) iodide (GeI4, 99.99+%, Aldrich), hexamethyldisilazane (HMDS, >99%,
Aldrich), diphenyl diselenide (Ph2Se2, >99%, Aldrich), hexadecylamine (98%, Aldrich), Tin(II)
chloride (SnCl2, 99%, Alfa Aesar), selenium power (Se, > 99%, Alfa Aesar), oleylamine (OLAM,
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technical, 70%, Aldrich), and tri-n-octylphosphine (TOP, >95%, TCI) were used as received
without purification. All syntheses were carried out under Ar(g) using standard Schlenk
techniques, and work-up procedures were performed in air.

5.2.2 Preparation of TOP-Se Stock Solutions
A 1 M TOP-Se stock solution was prepared by adding selenium powder (790 mg, 10
mmol) into a 20 mL vial containing 10 mL of TOP and sonicating until a clear colorless solution
was obtained.

5.2.3 Synthesis of Gese Template
The GeSe hexagonal micron-sized sheets were synthesized using the method reported in
the literature with minor modification.28 In a typical synthesis, 10 ml hexadecylamine were added
to a 25 mL three-neck flask in air, and degassed at ∼120 °C for 30 minutes by pulling vacuum
while stirring. GeI4 (29 mg) and diphenyl diselenide (7.8 mg) with ~1 mL oleylamine was
dissolved in another vial and transferred the solution into the flask. The mixture was heated to
268 °C and aged for 30 min. A black colloidal solution forms, indicating the formation of
product. Once the temperature fell to 100 °C, 10 mL of toluene was injected into the solution to
prevent the solidification of hexadecylamine. The flask was then cooled to room temperature, and
excess ethanol was added to precipitate the NCs, which can be harvested through centrifugation
at 9000 rpm for 3 min. The precipitates were washed three times with a 1:1 mixture of ethanol
and toluene. The final products were dispersed in oleylamine for further use as templates.
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5.2.4 Synthesis of Gese/Snse Heterostructures
The detailed experimental information for the five GeSe/SnSe heterostructures
synthesized in this chapter are listed below.

Synthesis of H1 Sample
In a typical synthesis, 1 mL oleylamine suspension of GeSe templates (~2 mg GeSe), 0.4
mg of SnCl2 (2 µmol), 2 µL of TOP-Se stock solution (1M, 2 µmol), and 20 mL oleylamine were
added into a 100 mL 3-neck round-bottom flask with a condenser, thermometer adapter,
thermometer and rubber septum. The magnetic stirring was started and the solution was degassed
under vacuum at 120 °C for ~5-10 minutes. The flask was backfilled with Ar and then heated to
~280 at ~10 °C/min. The solution was allowed to age for ~30 mins and then cooled rapidly by
removing the flask form the heating mantle. The GeSe/SnSe heterostructures were precipitated by
adding 20 mL of a 1:1 ethanol/toluene mixture and then centrifuged at 12 000 rpm for 5 min. The
precipitate was washed three times using the same solvent mixture (with centrifugation in
between washes) and could then be suspended in hexane, toluene, or ethanol to form a colloidal
suspension for further characterization.

Synthesis of H2 Sample
The experimental setup and procedure is similar to that of H1 sample. The only change is
to increase the amount of SnCl2 and TOP-Se to 2 mg and 10 µL, respectively.
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Synthesis of H3 Sample
The experimental setup and procedure is similar to that of H1 sample. The only change is
to increase the amount of SnCl2 and TOP-Se to 4 mg and 20 µL, respectively.

Synthesis of H4 Sample
In a typical synthesis, 30 mg of SnCl2 (0.16 mmol), 0.16 mL TOP-Se stock solution (1M,
0.16 mmol), and 20 mL oleylamine were added into a 100 mL 3-neck round-bottom flask with a
condenser, thermometer adapter, thermometer and rubber septum. The magnetic stirring was
started and the solution was degassed under vacuum at 120 °C for ~5-10 minutes. The flask was
backfilled with Ar and then started to heat to ~280 at ~10 °C/min. Once the temperature reached
200 °C, a syringe pump was used to inject 1 mL oleylamine suspension containing ~2 mg GeSe
templates at a rate of 0.1 mL/min. The reaction was cooled rapidly by removing the flask from
the heating mantle after the injection completed. The precipitates were washed following the
same procedure as mentioned above.

Synthesis of H5 Sample
In a typical synthesis, 1 mL oleylamine suspension of GeSe templates (~2 mg GeSe), 0.4
mg of SnCl2 (2 µmol), 0.16 mL TOP-Se stock solution (1M, 0.16 mmol), and 10 mL oleylamine
were added into a 100 mL 3-neck round-bottom flask with a condenser, thermometer adapter,
thermometer and rubber septum. The magnetic stirring was started and the solution was degassed
under vacuum at 120 °C for ~5-10 minutes. The flask was backfilled with Ar and then started to
heat to ~280 at ~10 °C/min. Once the temperature reached 200 °C, a syringe pump was used to
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inject 10 mL oleylamine solution containing 29.6 mg of SnCl2 at a rate of 0.5 mL/min. The
reaction was cooled rapidly by removing the flask from the heating mantle after the injection
completed. The precipitates were washed following the same procedure as mentioned above.

5.2.5 Characterization Methods
Powder XRD data were collected using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Ka radiation. TEM images were obtained using a JEOL 1200 EX II TEM
operating at 80 kV and a FEI Talos F200X operating at 200 kV. HRTEM imaging and energy
dispersive X-ray spectroscopy (EDX) mapping were performed on FEI Talos F200X operation at
200 kV.

5.3 Results and Discussion
The GeSe sheets were synthesized with the method reported in the literature with minor
modification as described in 5.2.3. The TEM images in Figure 5-1 show the morphology of the
as-prepared sheets. The GeSe sheet generally takes the shape of elongated hexagonal 2D
structures as can be seen in Figure 5-1a, with varied size and thickness indicated by the scale bar
and different contrast across Figure 5-1b to e. The dimension of the shorter cross-section of the
GeSe sheets are mostly distributed between 2 to 5 µm. The majority of the samples are hexagonal
sheets, but different shapes can be found, such as rods as shown in Figure 5-1e.
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5.3.1 Synthesis and Characterization of Sample H1
As mentioned in the experimental section, we were able to obtain five different 2D
GeSe/SnSe heterostructures within the same reaction system by tuning the reaction parameters,
such as reaction pathways (heat-up vs. continuous hot-injection), reactant concentration and etc.
TEM and STEM-EDS were used to characterize the morphology as well as the elemental
composition of the as-prepared samples. Figure 5-2a and b are the TEM images of the sample H1,
which was synthesized with a heat-up method with the molar ratio between the GeSe templates
and Sn/Se precursors of 1 to 0.2. It can be seen that the morphology of the GeSe templates was
kept intact after the reaction (Figure 5-2). More importantly, no homogeneous formation of SnSe
can be found in the view, although the surface of the GeSe sheets was decorated with small
amount of small islands of ~20 nm in diameter. A close-up examination of the tip of the sheet
reveals that those islands near the edges extend toward the outer direction and also possess 2D
sheets-like morphology, as shown in Figure 5-2b. This suggests that the materials that comprise
the islands should also have layered crystal structure. Figure 5-2c is the high angle annular darkfield image of a half GeSe/SnSe heterostructure. It doesn’t give much information due to the
relatively thick nature of the particles since too much signals were generated. However, from its
corresponding STEM-EDS mapping data showing in Figure 5-2d to f it can be seen clearly that
Ge and Se were evenly distributed in the template backbone, confirming the particle is the GeSe
templates. It also can be found that the islands are Sn and Se rich, indicating they could be SnSe.
Interestingly Sn is also relatively evenly distributed all over the GeSe templates but not as
concentrated as the Ge and Se, suggesting there is a very thin layer of Sn-containing material on
the surface. The elemental composition of the GeSe/SnSe heterostructures was further quantified
with the analysis of EDS spectra. Figure 5-3a and c are EDS spectra collected in the area marked
in Figure 5-3b, which is the superimposition of Figure 5-2d to f, respectively. It is evident that the
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small island (marked in blue box) are much more Sn rich than other areas (representative area
marked in yellow box). It is worth noting that since EDS is not a surface sensitive technique,
which will detect into depth of several µm, It is reasonable to see high Ge signal in Figure 5-3c
from the GeSe template underneath. Further quantification of the spectrum in Figure 5-3c
revealed that the (Ge+Sn) to Se ratio is very close to 1 to 1 (48: 52), which confirmed our
hypothesis aforementioned that the small islands are most likely to be SnSe. This is also
consistent with the earlier observation of the island extending beyond the edge to be sheet-like
since SnSe and GeSe both adopt layered crystal structure and intrinsically favor the 2D sheet
morphology.

5.3.2 Synthesis and Characterization of Sample H2
If the molar ratio between the GeSe templates and Sn/Se precursors was decreased to a
value of 1 to 1, the constitution of the sample changed drastically. The most evident difference is
the observation of homogeneous formation of SnSe platelets, as shown in Figure 5-4a and b,
which float around the GeSe/SnSe heterostructures. These platelets resemble the look of but not
as uniform as the SnSe square sheets synthesized with the same method but without adding GeSe
templates.30 Compared to the small islands spotted on the previous GeSe/SnSe heterostructures,
the size of the heterogeneous region on the surface the GeSe templates are much bigger in this
case and start to show nearly square-like sheet morphology. The EDS mapping data of the Ge, Se,
and Sn in Figure 5-4d to f clearly show the absence of Ge on the areas that extend out of the GeSe
templates, indicating that those areas comprise of SnSe. The heterogeneous region seen in the
TEM images are also proven to be Sn rich and most likely are SnSe.
Figure 5-5 compares the elemental composition of three different regions on a single
GeSe/SnSe heterostructures for the H2 sample. Figure 5-5a is the superimposition of Figure 5-4d
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to f. We can see that there is an overall extension of the edges toward all direction compared to
the original GeSe template, which is not seen in H1 sample. Figure 5-5b is the EDS spectrum
corresponding to the area marked in blue box, which represent the extended edges of the
GeSe/SnSe heterostructures. Quantification of the spectrum gives an atomic ratio between Sn to
Se is ~1 to 1, suggesting they are SnSe. The Ge peak in this case is negligible. The area marked in
red box is the heterogeneous region on the GeSe template. From its corresponding EDS spectrum
(Figure 5-5c) we can see that all three elements are presented and the quantification result is
about 1 to 1 for (Ge+Sn) to Se, a similar case as the small island in H1 sample. In the end, the
area marked in yellow box is a region on the surface that has no noticeable heterogeneous SnSe
formations. From its corresponding EDS spectrum, we can see that it is nearly pure GeSe with
negligible Sn peaks. This is an interesting observation if compared to the H1 sample in Figure 5-3.
We can still see a very small but noticeable amount of Sn in the EDS spectrum (Figure 5-3c) from
the region that is not occupied with small islands in H1 sample. This indicates that the
heterogeneous growth of SnSe behaves in a more scattered way when the concentration of Sn
precursors is relatively lower.

5.3.3 Synthesis and Characterization of Sample H3
Further decreasing the molar ratio between the GeSe templates and Sn/Se precursors to a
value of 1 to 2 leads to worse coverage of the SnSe on the GeSe template (H3 sample). As shown
in the Figure 5-6a, Heterogeneous formation of SnSe on the GeSe templates can hardly be seen.
On the other hand, homogeneous SnSe formation is greatly boosted and large size (~several µm
in diameter) SnSe sheets have a higher ratio than the GeSe templates in the view. The STEMEDS mapping data of a single template particle shows very low Sn intensity which is
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corroborated by the EDS spectrum in Figure 5-6b. It is believed that in this case the
heterogeneous growth of SnSe on the the GeSe templates is nearly prohibited.
A clear trend lies in this series of samples (H1 to H3) with increasing Sn and Se precursor
concentrations in a heat-up experiment setup while keeping the amount of GeSe templates
unchanged. The proposed explanation will be provided later in this chapter. Colloidal synthesis is
known for its high flexibility when it comes to tune the reaction parameters. Besides heat-up
method, hot-injection of reactant precursors dissolved in certain organic solvent is another widely
adopted synthetic method for colloidal nanomaterials. Therefore, we sought out to see how
continuous hot injection could impact the final construction of the GeSe/SnSe heterostructures.

5.3.4 Synthesis and Characterization of Sample H4
Sample H4 was synthesized by continuous hot injection of the oleylamine dispersion
containing 2 mg GeSe templates into the mixture of 30 mg SnCl2, stoichiometric TOP-Se, and
oleylamine at elevated temperature. As shown in Figure 5-7a and b, a stack of square-like sheets
can be clearly seen around the edges of the GeSe templates. Although these sheets are not
perfectly aligned leaving a jagged outline as shown in Figure 5-7c, they generally follow the edge
shape and therefore the original shape of the GeSe templates is maintained. It is not shown here
but there are separate square-like sheets in this H4 sample that are smaller compared to the one
seen in H3 sample. The extended edge is more evident in the EDS mapping data in Figure 5-7d to
f, where a 200 to 300 nm of extension composed with Sn and Se can be seen. Similar to the
GeSe/SnSe heterostructures in H2 sample, the coverage of SnSe on the basal plane of the GeSe
templates is incomplete. However, in this case the heterogeneous SnSe on the basal plane has
evolved from small islands (H1 sample), to large island with sheet-like morphology (H2 sample),
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and finally to the sheets with irregular lateral dimension and of 200 to 500 nm in dimeter, which
can be seen in Figure 5-7b.
EDS line scans across the GeSe/SnSe heterostructures were used in this case to give a
better understanding of the spatial distribution of SnSe on the GeSe templates. Figure 5-8b is the
superimposition of Figure 5-7d to f. The distinct contrast of purple in the central area to the
yellow in the outer area intuitively indicates that the center is GeSe (1 to 1 mixing of blue of red)
while the outside is SnSe (1 to 1 mixing of green and red). A closer look on the center reveals
some areas appear white in color, suggesting the existence of all three elements (mixing of green,
blue, and red). The corresponding line scan is shown in Figure 5-8a. Three different regions can
be found in the scan. The furthest outer area from 0.25 to 0.5 µm comprises with only Sn and Se,
confirms that it is SnSe. Approaching to the central area, there is another region located right on
the edge of the original GeSe templates where the amount of SnSe increases drastically to the
peak value. After a narrow transition area where SnSe and GeSe mix together, it quickly moves to
the original GeSe template where GeSe dominates. Both TEM images and EDS data corroborate
on the fact that SnSe formation in this case favors the edge sides a lot more than the basal planes
of the GeSe templates.

5.3.5 Synthesis and Characterization of Sample H5
Just by switching the injecting object from GeSe templates to SnCl2 solution results in
different GeSe/SnSe heterostructures construction. Sample H5 was synthesized by continuous hot
injection of oleylamine solution containing 29.6 mg SnCl2 into the mixture of 2 mg GeSe
templates, excessive TOP-Se, and oleylamine. Figure 5-9a is the TEM image of the GeSe/SnSe
heterostructures in sample H5. It looks almost identical to the GeSe templates. Figure 5-9b is the
same particle after a long time of electron beam exposure. The GeSe template is prone to electron
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beam fragmentation and will decompose after high intensity and longtime exposure. The particle
appears to be partially hollow after the decomposition of GeSe in Figure 5-9b with much lighter
contrast in some area. The elemental composition of the “post-processed” particle was further
analyzed by STEM-EDS mapping. The reason to choose the “post-processed” particle other than
the original particle is because the uneven texture induced by the partial decomposition of GeSe
will provide better guidance when analyzing the data. Figure 5-9d to f are the elemental mapping
of Ge, Se, and Sn, respectively. It can be seen that the darker region in the particle are
undecomposed GeSe. Specifically, along the lower right edge there is a narrow void space in Ge
map where in the TEM image is thin and smooth sheet. This area is most likely to be SnSe sheet
by comparing the Sn and Se maps. Unlike the GeSe/SnSe heterostructure in sample H4, no
evident edge extension was observed in this particle, suggestion a different growth pathway. And
the heterogeneous SnSe has formed a smooth and even outer layer on top of the GeSe templates
with an almost complete coverage if taking possible SnSe loss with the GeSe decomposition into
account. This is strikingly different compared to all of the samples above.
To confirm our observation, line scans were also used to analyze the cross sections of a
single particle. Figure 5-10a is the superimposed image of Figure 5-9d to f. A broken SnSe outer
layer can be seen very clearly from this image. We have drawn two lines across two different
regions on the particle, one being the area where is fully covered with SnSe and the other being
that has a broken SnSe crack. Figure 5-10b is the line scan spectrum for the blue line marked on
the particle. All three elements have almost the same counts across the whole distance, suggesting
the existence of both GeSe and SnSe. On the other hand, in the line scan spectrum of the red line
(Figure 5-10c) the big hump in the crack area clearly suggests the lack of SnSe, which directly
confirmed that the particle has a SnSe outer layer.
Complimentary to the elemental information gained from the STEM-EDS mapping data,
powder X-ray diffraction was also used to determine the crystalline phase purity of both GeSe
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templates and the GeSe/SnSe heterostructures (Figure 5-11). Here we use the sample H5 since it
has the best heterogeneous construction among these five samples. The XRD pattern for the
dropcasted GeSe templates shows significant preferred orientation, with anomalously high
intensities for the (k00) reflections. This indicates preferred orientation along the [100] direction,
which is consistent with the characterization result from the literature and matches well with that
expected for GeS-type GeSe with 2D morphologies.29 The XRD pattern for the dropcasted
sample H5 is a combination of the (k00) reflections for both GeS-type GeSe and SnSe. This
indicates that the SnSe layer on the GeSe templates has the same crystal orientation and thus a
hint of epitaxial growth of SnSe on the GeSe templates. But further evidences are needed to
confirm this hypothesis such as SAED or HRTEM of the cross section of the GeSe/SnSe
heterostructures.

5.3.6 Growth and Formation Pathways
To synthesize GeSe/SnSe heterostructures we carried out colloidal synthesis using both
heat-up method and hot-injection method. As shown in Figure 5-12, five different GeSe/SnSe
heterostructures were made by adjusting the reaction parameters such as initial reactant
concentration and reagent adding sequence. Comparing the five samples in the perspective of
growing location of the SnSe, we can see that in all five case SnSe has grown on the edges of the
GeSe templates while the growth on the basal plane varied drastically by cases. This is likely an
indication that the heterogeneous nucleation of SnSe on the edge sites of GeSe is
thermodynamically favored while on the basal plane depends largely on reaction kinetics. This is
easily perceived in the sense that the basal plane of the GeSe templates is along [100] direction,
as confirmed by the XRD analysis, which is the low surface energy planes in the crystal lattice of
GeS-type layered compound. On the contrary, the edge have many dangling bonds, making it a
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high surface energy plane. When limited amount of molecular Sn and Se precursors first appear
in the reaction solution, nucleating on the high surface energy sites of GeSe templates will be the
most efficient pathway to reduce the total energy of the system, even better than homogeneous
nucleation of SnSe. Since it is thermodynamically favored, little impact will reaction parameters
have on its occurrence. Therefore, heterogeneous nucleation of SnSe on the edge sites of GeSe
templates will always take place first. As indicated in the lower right of Figure 5-12, all samples
can trace back to heterogeneous nucleation.
In the heat-up method, adjusting the initial adding amount of Sn and Se precursors is
essentially controlling the total available amount of molecular precursors so as to tune the
reaction rate as well as the reaction progress. When very small amount of precursors is provided,
such as in the case of sample H1, after the heterogeneous nucleation of SnSe on the edge sites, the
rest of the precursor will then choose the defect sites on the basal planes of the GeSe templates
and they are both followed by heterogeneous epitaxial growth, as illustrated by Figure 5-12. At
this point, homogeneous nucleation and growth of SnSe is suppressed since the concentration of
Sn and Se precursors has not reached a critical value when the SnSe formation through
coalescence pathway becomes feasible. Altogether it gives the sample H1, which has SnSe fully
covering the edges and only as small islands decorating the basal planes of the GeSe templates.
When the initial precursor concentration increases to a certain value, which exceeds the
critical concentration needed for homogeneous nucleation and growth of SnSe, like in the case of
sample H2, both homogeneous and heterogeneous nucleation take place and limited number of
SnSe monomers will be generated in the solution. These monomers enable the subsequent
homogeneous growth of SnSe on both the edge sites and in solution. The end result would be the
co-existence of individual SnSe and GeSe/SnSe heterostructures with limited edge extensions due
to the competition between the homogeneous growth of SnSe on two locations. Further increasing
the precursor concentration to a much higher value, as we did for the sample H3, the reaction rate
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of homogeneous nucleation and growth of individual SnSe through coalescence pathway triumph
that of heterogeneous growth of SnSe on both the edge and the basal planes of GeSe. The result
of the reverse of reaction priority is the decrease of SnSe formation on the GeSe templates and
large amount of individual SnSe sheets.
Therefore, it is very hard to achieve uniform GeSe/SnSe heterostructures with the heat-up
method by varying the initial precursor concentration. Homogeneous growth of individual SnSe
is inevitable. In the heat-up reaction, once the initial precursor concentration is chosen, the in-situ
reactant activity will gradually decrease with time and finally approach to zero once all molecular
precursors are consumed. On the other hand, continuous hot-injection method could maintain the
in-situ activity of the reactants of interest at a relative constant value for a long period of time by
introducing reactant at controlled rate. For Sample H4, continuous hot injection of GeSe
templates maintains a relatively constant extremely large (ratio of total amount of GeSe template:
Sn/Se = 1:20, the in-situ ratio would be much higher) precursor concentration that enables both
homogenous and heterogeneous nucleation in the solution. And it also does not limit either
subsequent homogeneous or heterogeneous growth of SnSe which eventually lead to a mixture of
individual SnSe sheets and GeSe/SnSe heterostructures with both incomplete coverages on the
basal plane and predominant edge extension of SnSe sheets.
Apparently large in-situ activities of the Sn and Se molecular precursors are not ideal for
the formation of uniform heterostructures since it allows all types of nucleation and growth to
take place simultaneously. A uniform heterostructure would require only heterogeneous
nucleation and subsequent heterogeneous epitaxial growth to take place while all other pathways
suppressed. This can be achieved by switching the injection object to Sn precursors, as we did for
sample H5, thus maintaining a relative constant small Sn precursor concentration which allows an
effective suppression of homogeneous nucleation of SnSe. It is equivalent to prolong the reaction
progress for the production of sample H1 and thus allow the heterogeneous growth of SnSe on the
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basal planes of the GeSe template to complete. Eventually uniform GeSe/SnSe heterostructures
are synthesized. The reaction pathways involved for each sample are illustrated in Figure 5-12
and differentiated with colored arrows for visual guidance.

5.4 Conclusions
In summary, this chapter described five different experiment setups of colloidal synthesis
to make GeSe/SnSe heterostructures. GeSe hexagonal sheets were used as template to allow
epitaxial growth of SnSe on top of it. Reaction parameters such as experiment procedure, reactant
concentration, adding sequence, and adding pattern are utilized to control the reaction kinetics.
This allows strategic separation of the control for nucleation and growth of the second domain on
the template domain that enables the tunability of the morphology and composition of the
resulting heterostructures. It is a case study of providing invaluable synthetic insights into how to
control the behavior of 2D heterogeneous growth in solution on the micron-size level.

5.5 References
(1) Pohl, U. W. Epitaxy of Semiconductors: Introduction to Physical Principles;
Springer, 2013.
(2) Nakamura, S.; Senoh, M.; Nagahama, S.-i.; Iwasa, N.; Yamada, T.; Matsushita, T.;
Kiyoku, H.; Sugimoto, Y. Applied Physics Express 1996, 35, L74.
(3) Britnell, L.; Gorbachev, R.; Jalil, R.; Belle, B.; Schedin, F.; Mishchenko, A.;
Georgiou, T.; Katsnelson, M.; Eaves, L.; Morozov, S. Science 2012, 335, 947.

129
(4) Lee, G.-H.; Yu, Y.-J.; Cui, X.; Petrone, N.; Lee, C.-H.; Choi, M. S.; Lee, D.-Y.; Lee,
C.; Yoo, W. J.; Watanabe, K.; Taniguchi, T.; Nuckolls, C.; Kim, P.; Hone, J. ACS Nano 2013.
(5) Hoertz, P. G.; Mallouk, T. E. lnorg. Chem. 2005, 44, 6828.
(6) Etgar, L.; Zhang, W.; Gabriel, S.; Hickey, S. G.; Nazeeruddin, M. K.; Eychmüller, A.;
Liu, B.; Grätzel, M. Adv. Mater. 2012, 24, 2202.
(7) Fang, Y.; Guo, S.; Zhu, C.; Zhai, Y.; Wang, E. Langmuir 2010, 26, 11277.
(8) Cui, G.; Zhang, M.; Zou, G. Sci. Rep. 2013, 3.
(9) Cadigan, C. A.; Corpuz, A. R.; Lin, F.; Caskey, C. M.; Finch, K. B.; Wang, X.;
Richards, R. M. Catal. Sci. Tech. 2013.
(10) Zhu, K.; Hu, J.; Kübel, C.; Richards, R. Angew. Chem. 2006, 118, 7435.
(11) Wang, Z.; Giammar, D. E. Environ. Sci. Technol. 2013, 47, 3982.
(12) Liu, X.; Smith, D.; Fan, J.; Zhang, Y.-H.; Cao, H.; Chen, Y.; Leiner, J.; Kirby, B.;
Dobrowolska, M.; Furdyna, J. Appl. Phys. Lett. 2011, 99, 171903.
(13) Sakamoto, K.; Hirayama, M.; Sonoyama, N.; Mori, D.; Yamada, A.; Tamura, K.;
Mizuki, J. i.; Kanno, R. Chem. Mater. 2009, 21, 2632.
(14) Zhao, S.; Fathololoumi, S.; Bevan, K.; Liu, D.; Kibria, M.; Li, Q.; Wang, G.; Guo,
H.; Mi, Z. Nano Lett. 2012, 12, 2877.
(15) Novoselov, K. S.; Neto, A. H. C. Phys. Scr. 2012, 2012, 014006.
(16) Osterloh, F. E. J. Am. Chem. Soc. 2002, 124, 6248.
(17) Britnell, L.; Ribeiro, R. M.; Eckmann, A.; Jalil, R.; Belle, B. D.; Mishchenko, A.;
Kim, Y.-J.; Gorbachev, R. V.; Georgiou, T.; Morozov, S. V.; Grigorenko, A. N.; Geim, A. K.;
Casiraghi, C.; Neto, A. H. C.; Novoselov, K. S. Science 2013, 340, 1311.
(18) Bouet, C.; Tessier, M. D.; Ithurria, S.; Mahler, B.; Nadal, B.; Dubertret, B. Chem.
Mater. 2013, 25, 1262.

130
(19) Son, J. S.; Yu, J. H.; Kwon, S. G.; Lee, J.; Joo, J.; Hyeon, T. Adv. Mater. 2011, 23,
3214.
(20) Nakato, T.; Nakamura, K.; Shimada, Y.; Shido, Y.; Houryu, T.; Iimura, Y.; Miyata,
H. J. Phys. Chem. C 2011, 115, 8934.
(21) Gu, J.; Zhao, Z.-Q.; Ding, Y.; Chen, H.-L.; Zhang, Y.-W.; Yan, C.-H. J. Am. Chem.
Soc. 2013, 135, 8363.
(22) Zhang, Q.; Yan, B. Chem. Eur. J. 2012, 18, 5150.
(23) Han, J. H.; Lee, S.; Cheon, J. Chem. Soc. Rev. 2013.
(24) Antunez, P. D.; Buckley, J. J.; Brutchey, R. L. Nanoscale 2011, 3, 2399.
(25) Vaughn, D. D.; Patel, R. J.; Hickner, M. A.; Schaak, R. E. J. Am. Chem. Soc. 2010,
132, 15170.
(26) Li, L.; Chen, Z.; Hu, Y.; Wang, X.; Zhang, T.; Chen, W.; Wang, Q. J. Am. Chem.
Soc. 2013, 135, 1213.
(27) Zhang, Y.; Lu, J.; Shen, S.; Xu, H.; Wang, Q. Chem. Commun. 2011, 47, 5226.
(28) Xue, D.-J.; Tan, J.; Hu, J.-S.; Hu, W.; Guo, Y.-G.; Wan, L.-J. Adv. Mater. 2012, 24,
4528.
(29) Vaughn, D.; Sun, D.; Levin, S. M.; Biacchi, A. J.; Mayer, T. S.; Schaak, R. E. Chem.
Mater. 2012, 24, 3643.
(30) Vaughn, D. D.; In, S. I.; Schaak, R. E. ACS Nano 2011, 5, 8852.

131
5.6 Figures

Figure 5-1: Low resolution TEM images of the GeSe hexagonal sheets. The Sheets have
elongated hexagonal shape with varying size and thickness. Particles with other morphology
could also be seen in the sample.
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Figure 5-2: Low resolution TEM images of the (a) overview and (b) close-up view of the sample
H1; (d) element Ge STEM-EDX mapping, (e) element Se STEM-EDX mapping, and (f) element
Sn STEM-EDX mapping of the corresponding (c) HAADF image of sample H1.
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Figure 5-3: (a), (c) EDS spectra of the corresponding area marked and labeled in the (b)
superimposed STEM-EDX mapping of the sample H1.
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Figure 5-4: Low resolution TEM images of the (a) overview and (b) close-up view of the sample
H2; (d) element Ge STEM-EDX mapping, (e) element Se STEM-EDX mapping, and (f) element
Sn STEM-EDX mapping of the corresponding (c) HAADF image of sample H2.
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Figure 5-5: (b), (c), and (d) EDS spectra of the corresponding area marked and labeled in the (a)
superimposed STEM-EDX mapping of the sample H2.
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Figure 5-6: (a) Low resolution TEM images of the sample H3; (b) EDX spectrum of the
corresponding area marked in the (g) STEM-EDX mapping of the sample H3 superimposed by
(d) element Ge STEM-EDX mapping, (e) element Se STEM-EDX mapping, and (f) element Sn
STEM-EDX mapping; (c) HAADF image.
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Figure 5-7: Low resolution TEM images of the (a) overview and (b) close-up view of the sample
H4; (d) element Ge STEM-EDX mapping, (e) element Se STEM-EDX mapping, and (f) element
Sn STEM-EDX mapping of the corresponding (c) HAADF image of sample H4.
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Figure 5-8: (a) EDX Line scans of the corresponding area marked in the (b) STEM-EDX
mapping of sample H4.
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Figure 5-9: Low resolution TEM images of the sample H5 (a) before and (b) after the electron
beam fragmentation; (d) element Ge STEM-EDX mapping, (e) element Se STEM-EDX mapping,
and (f) element Sn STEM-EDX mapping of the corresponding (c) HAADF image of sample H5.
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Figure 5-10: (b) and (c) EDX Line scans of the corresponding area marked in the (a) STEM-EDX
mapping of sample H5. The scale bar in (a) is equal to 1 µm.
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Figure 5-11: Powder X-ray diffraction of the GeSe templates and sample H5. Both GeSe and
SnSe in the heterostructures have evident preferred orientation along the (100) direction.

142

Figure 5-12: Schematic illustration of the nucleation and growth pathways of the five different
GeSe/SnSe heterostructures.
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Chapter 6
GENERAL CONCLUSIONS
In this dissertation, solution-based colloidal synthesis has been employed to build
complex nanostructures, such as nanoflowers, 2D heterostructures, amorphous alloy nanoparticles,
and microwires, with a special focus on the formation and growth of layered metal chalcogenides.
The demonstrated success not only has proven the unprecedented flexibility and versatility of
colloidal synthesis on producing nanomaterials with various chemical composition and
morphologies, but also shed some light on rational design of complex structures with desired
functionality by the effort of in-depth understanding of the growth pathways. Layered metal
chalcogenides is an “old” family of materials with “new” and exciting properties resulted from
the unique two-dimensional anisotropy of their crystal structures. We believe the work described
in this dissertation stand in the frontier of this field by applying wet chemical methods to make
nanomaterials with 2D characteristics that are conventionally obtained through solid-state hightemperature synthesis.
Chapter 2 describes the colloidal synthesis of amorphous iron germanium nanoparticle
alloys and their application as anode material for the lithium ion batteries. The as prepared iron
germanium amorphous alloy nanospheres are uniform in size with a diameter of ~16 nm and has
a core/shell structure. The half-cell made of the iron germanium amorphous alloy nanospheres
showed good cycling stability and specific capacity. The small size of the particle maintains a
good rate performance due to the short lithium diffusion distance. The stability of the electrode
and improved cycling performance of the battery are enhanced by the incorporation of foreign
element and the amorphous nature of the nanoparticles. Since iron is earth abundant and dirt
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cheap it could effectively lower the cost of the batteries while still maintain a reasonable specific
capacity.
Chapter 3 describes the solution synthesis of colloidally stable and substrate-free MoSe2
nanostructures that have a uniform flower-like morphology containing a large population of
highly crystalline few-layer nanosheets. Furthermore, we demonstrate that the size of the MoSe2
nanoflowers can be tuned by adjusting the reaction time. We characterize the structure and
morphology of the MoSe2 nanoflowers in detail and proposed a competition pathway between the
homogeneous and heterogeneous nucleation. The MoSe2 nanoflowers structures were used as a
platform to understand how external and internal factors, including laser-induced heating, bulk
heating using a temperature stage, and nanostructuring, affect and enable interlayer decoupling.
Notably, laser-induced heating of the MoSe2 nanoflowers results in dynamic and reversible
interlayer decoupling within the three-dimensionally interconnected nanosheet structures that
characterize the uniform nanoflower morphology.
Chapter 4 describes the one-pot colloidal synthesis a ternary III-IV-VI compound of
single-crystal In4SnSe4 microwires using colloidal method. The most prominent feature of its
crystal structure is the presence of isolated, tetrahedral SnIn48+ clusters with In-Sn bonding. To
the best of our knowledge, except the structure determination with X-Ray diffraction reported in
the literature, there are no further synthetic and characterization studies on this material and its
structurally related counterparts. The In4SnSe4 microwires were measured to have a direct optical
bandgap of 1.57 eV using the diffuse reflectance UV-Vis spectroscopy. We also observed an
intensive PL peak around 1.54 eV using the Raman spectroscopy. Theoretical calculation was
also employed to predict that In4SnSe4 is indeed a direct bandgap semiconductor with a bandgap
value of ~1.46 eV. These experimental and theoretical result corroborate very well on that the
In4SnSe4 is a semiconductor with a direct band gap around 1.5 eV, making it an interesting and
new target for solar energy harvesting.
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Chapter 5 uses the layered group IV-VI compounds GeSe and SnSe as a model system
for the construction of colloidally synthesized two-dimensional nanosheet heterostructures. We
demonstrate that large core/shell GeSe/SnSe two-dimensional heterostructures with high aspect
ratio (length to thickness and width to thickness) and a tunable thickness of the SnSe shell can be
designed. To our knowledge, this is the first time that micron sized two-dimensional
heterostructures (8000×2000×300 nm) have been successfully synthesized in solution with aspect
ratios of about 6-20. More importantly, reaction kinetics can be controlled to direct the growth
pathways of the heterostructures that different architectures can be achieved in the same colloidal
system. Reaction parameters such as experiment procedure, reactant concentration, adding
sequence, and adding pattern are utilized to control the reaction kinetics. This allows strategic
separation of the control for nucleation and growth of the second domain on the template domain
that enables the tunability of the morphology and composition of the resulting heterostructures.
I hope these studies have provided sufficient evidences to show that colloidal synthesis is
a powerful synthetic method for both producing various nanomaterials, but also more importantly,
elucidating the growth pathways that leads to complex nanostructures. Future work are needed to
expand the reaction systems to wider range of materials, including other TMDs and their
heterostructures and polymorphs. This would in turn requires a higher level control and
identification of the key parameters that underpin the nucleation and growth stages. Specifically,
meta-stable metal alloy systems could be an interesting target for colloidal synthesis, which are
either immiscible in their bulk counterparts thus unable to make with high-temperature solid-state
methods, or uniformity and the morphology of the particles are the key to their properties. The
synthetic approaches that leads to the formation of amorphous iron germanium nanoparticles can
be readily applied to systems like Fe-Au, Co-Au, and Co-Cu, where bulk alloys are not presented
in the phase diagram. The surface of these nanoparticles are expected to have optimized
interactions with CO2 molecules, which warrants their promising application as catalysts in the
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CO2 reduction reaction. Further control over the composition and surface chemistry could help
elucidate the kinetics of the multi-step catalytic reactions by study the performance of various
catalytic surfaces. However, several practical challenges are also needed to be addressed, such as
the poisoning of the catalytic surfaces by surface ligands, destabilization of the meta-stale phase
under the working condition, and aggregation of the nanoparticles.
Collaboration with specialists outside synthetic chemistry should also be cultivated to
explore the possible application and integration of colloidally synthesized nanomaterials in the
real devices. Several challenges like crystallinity, surface chemistry, and assembly should be
addressed before the commercialization of the colloidally synthesized nanomaterials. Nonetheless,
great and exciting opportunities await us to find out in the field of nanoscience making materials
with wet chemical routes.
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