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Abstract
Nanosheets by Design: The Controllable Synthesis of Group IV-VI Layered
Semiconductor Chalcogenide Nanostructures using Colloidal Chemistry
(May 2014)
Dimitri D. Vaughn II, Bachelor of Science, University at Albany, SUNY
Chair of Advisory Committee: Dr. Raymond E. Schaak

Nanosheets, a class of nanomaterials with two-dimensional structure and atomic
or molecular scale thickness, have attracted a great deal of interest from the scientific
community due to excellent physical properties and several promising applications in
optoelectronics, energy conversion and storage, and catalysis. While advances in the
synthesis of 2D nanostructures using ―top-down‖ chemical and physical strategies such
as exfoliation and mechanical cleavage have been achieved, improved synthesis may be
realized by applying ―bottom-up‖ colloidal strategies where nanosheets are ―built‖
directly from solution in an atomic layer-by-layer fashion. In this dissertation, I will
discuss recent advances in the synthesis of semiconductor nanosheets with controllable
lateral dimension, thickness, hierarchical structure, and porosity, specifically focusing on
a class of group IV-VI layered semiconductor chalcogenides (GeS, GeSe, SnS, and SnSe)
as a model system. Finally, I will highlight my efforts for expanding the synthetic
framework mentioned above to access other materials, including the colloidal synthesis
of germanium and Ge-based nanostructures.
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To begin, a solution-based chemical approach for the synthesis of colloidal
germanium sulfide (GeS) and germanium selenide (GeSe) nanosheets is described. It is
found that the GeS and GeSe nanosheets adopted a uniform hexagonal crystallite
morphology with lateral dimensions on the order of several microns and thicknesses that
ranged between <10 to 100 nm. The nanosheets were characterized by various analytical
techniques including transmission electron microscopy (TEM), selected area electron
diffraction (SAED), scanning electron microscopy (SEM), atomic force microscopy
(AFM), powder X-ray diffraction (PXRD), diffuse reflectance spectroscopy, and currentvoltage (I-V) conductivity measurements. The results of these experiments confirmed the
initial hypothesis that the group IV-VI layered semiconductor chalcogenides (LSC) can
be made as nanomaterials using colloidal methods and that they indeed form as 2D
nanosheets.
In a follow-up study it is shown that the chemistry used for producing 2D
nanostrucures of GeS and GeSe could be extended to the synthesis of the tin-based
analogues including SnSe. The resulting SnSe nanosheets formed as size-uniform squarelike crystallites with lateral dimensions on the order of 0.5 microns and thicknesses that
could be controlled between 10-40 nm by modifying the starting tin and selenium reagent
concentrations. Time-dependent aliquot studies helped to rationalize this observation and
a formation pathway for the nanosheets is proposed. The conclusion of this work
provided evidence that nanosheets with controlled thickness can be synthesized using
―bottom-up‖ chemical methods and that potential colloidal nanosheet design strategies
may be plausible.

v

Utilizing similar chemical methods, this hypothesis was further confirmed in the
synthesis of laterally controlled 2D SnS nanostructures. It was demonstrated that
nanosheets of SnS with square, disc-like, hexagonal, and rectangular lateral dimensions
on the order of 0.5 microns could be prepared by simply modifying the coordinating
ligands used in the starting tin precursor. This is significant in that the edge sites of
layered materials, in many cases, are the active sites for catalytic reactions and therefore
understanding the parameters leading to lateral control in these 2D nanomaterials may
afford better catalysts. Further studies using an iodide-based metal tin precursor (SnI2)
revealed that the assembly of 2D SnS nanosheets into 3D hierarchical ―flower-like‖
nanostructures could be achieved. These results provided evidence that not only were
nanosheets of controlled thickness obtainable, but by the use of bottom-up colloidal
strategies, nanosheets with arbitrarily controlled lateral dimension and hierarchal
structure were accessible as well.
In collaboration with Dr. Ian Sines, a former member of the Schaak lab, the
nanosheet design strategy is further validated with the development of an anion exchange
pathway that converts SnSe nanosheets to single crystal NaCl-type SnTe nanosheets. The
chemical transformation is accomplished by the reaction of the SnSe nanosheet substrates
described in the work above with a novel trioctylphosphine-tellerium anion exchange
precursor developed by Dr. Sines. The reaction resulted in a SnTe product with preserved
2D nanosheet morphology, however, in the process acquiring a secondary porous
structure. The results of this study showed the ability to convert one 2D nanomaterial into
another using a colloidal conversion process and that this preservation of 2D
morphological structure (SnSe) can occur in a primarily 3D bonded material (SnTe). In
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addition, it demonstrates a novel pathway for introducing secondary morphology, such as
porosity, into colloidally designed 2D nanostructure templates.
Next, it is shown that flat 1D nanostructures of GeSe with rectangular crosssection can be synthesized. Maintaining the planar geometry of the underlying 2D crystal
structure, the resulting GeSe nanobelts showed an average diameter of approximately 80
nm, a thickness to width ratio of ∼1:2, and lengths that ranged from approximately 1-25
micrometers. Due to the elongated morphology, individual GeSe nanobelts could be
easily aligned between gold electrodes for single particle 2- and 4-point electrical
measurements. In addition, an indirect band gap of approximately 1.1 eV was determined
by diffuse reflectance spectroscopy measurements. Overall, this work improved upon the
colloidal design strategy by extendeding capabilities for the modification of the
underlying IV-VI LSC 2D crystal structre to give shape-controlled 1D nanomaterials, in
addition to the 2D nanostructures presented above.
0D nanocrystals could also be produced in the IV-VI LSC system using a rapid
injection protocol. The as-synthesized SnS nanocrystals were both uniform in size and
morphology with average diameters of approximately 10 and 12 nm for the SnS spherical
polyhedra and nanocubes, respectively. In collaboration with Adam Biachhi, a colleague
in the Schaak lab, it was discovered that a modification in crystal structure occurs for
tin(II) sulfide when confined to a 0D nanoparticle geometry. For both spherical and cubic
SnS nanocrystals, it is found that the typical orthorhombic GeS-type crystal structure
adopted by bulk SnS is distorted to give a slightly modified pseudo-tetragonal polymorph
for the SnS nanocrystals. Collectively, these results show that the crystallographic driving
force for 2D growth in the layered IV-VI materials can be overcome to give spherical
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particles and that when confined to this 0D non-planar geometry a distortion in crystal
structure occurs.
Finally, it is demonstrated that the synthetic methods developed for the synthesis
of group IV-VI layered semiconductor nanocrystals can be extended toward the synthesis
of novel germanium and Ge-based nanomaterials. In this case, elemental germanium
nanoparticles were made in a one-pot reaction under milder conditions than those
previously used in the literature and the first colloidal synthesis of hexagonal Fe3Ge2
nanocrystals and monoclinic FeGe nanowires is described. These studies represent a rare
example of the synthesis of colloidal Ge and Ge-based nanomaterials and suggest that
other Ge-based material systems may be accessible using colloidal strategies.
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Chapter I
Introduction
1.1 – Synthesis of Solid-State Inorganic Nanomaterials
Within the past twenty years, the chemistry of nanoscience has progressed
rapidly1-9 where both ―top-down‖ and ―bottom-up‖ synthesis strategies have been used
effectively for generating materials with dimensions on the order of 1-100 nm.4-9 In this
size regime materials can exhibit unique properties not associated with their bulk
counterparts.10-11 For example, commonly recognized size-dependent effects include
quantum confinement in semiconductor nanoparticles (CdS, CdSe, and PbS),12-14
localized surface plasmons in noble metal nanocrystals (Ag and Au),15-18
superparamagnetism in magnetic nanomaterials (Fe3O4, FePt, and Co),19-21 and enhanced
catalytic reactivity in very small Pt and Pd nanoparticles.22,23 These size-dependent
phenomena typically arise from the confinement of electrons within a single
nanocrystal12,15 along with an increased surface-to-volume ratio for such small particles.22
In this case, surface atoms and quantum effects play a major role in determining material
properties,12,14,22 becoming more prominent as size decreases13,22 and allowing for the
modification of electronic, optical, magnetic, and catalytic function with the tuning of
particle size and shape.12-23 This has led to the proposal of a variety of potential
applications for nanomaterials in electronic devices,24 photonics,25-27 chemical sensing,2830

biological imaging,31 and energy conversion and storage.32-35 Therefore, an extensive

and interdisciplinary investigation into the physiochemical properties and applications of
nanoscale materials has been undertaken, with chemical synthesis at the forefront.1-23
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To date, there have been a wide range of techniques established for synthesizing
inorganic nanostructures including physical36 (―top-down‖) and chemical37 (―bottom-up‖)
methods. Top-down methods, in particular, work to reduce particle size directly through
defragmentation of bulk materials and include high energy ball milling,38,39 laser
ablation,40,41 and sputter deposition.42 For example, to synthesize inorganic nanoparticles
through high energy ball milling, bulk powders are subjected to continuous fragmentation
and reduction of particle size through grinding of the material in a rotating container of
hardened steel or tungsten carbide balls.38,39 This eventually produces particles with
nanoscale dimensions, however, with limited control over particle size, morphology, or
surface passivation.38-42 Likewise, laser ablation and sputtering deposition work by
evaporation of a bulk material for recondensation onto a selected substrate such as
Si/SiO2 using laser pulses or ion-beams and magnetrons, respectively.40,42 While
successful at producing particles on the nanoscale, these physical methods suffer from a
reduced ability to control particle size and shape, increased energy input, and a need for
specially designed instrumentation.42
Accordingly, bottom-up chemical methods (that grow materials from atoms) have
emerged as a powerful approach for producing nanomaterials due to the advantages of
the use of inexpensive equipment and a capability for improved control over crystal
morphology.4-21 Bottom-up chemical strategies used in nanoparticle synthesis include
chemical vapor deposition,43 flame-spray pyrolysis,44 sol-gel,45,46 and colloidal chemistry
techniques.1-23,47 In general, these methods operate by the use of molecular precursors,
typically organometallic or inorganic complexes, which decompose to provide crystal
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subunits known as monomer that over time assemble and grow collectively to give the
desired crystalline product.48,49,50 Among all the other methods, however, colloidal
synthesis has received a majority of interest as it offers an improved ability for the
production of size and shape-controlled nanomaterials while being performed under mild
reaction conditions with readily available reagents and simple equipment.4,13,20 For
example, a typical colloidal reaction takes place in a glass beaker or reaction flask under
atmospheric pressure and at temperatures below 300 °C.37
During a colloidal synthesis reaction, crystallite size and morphology are finely
tuned by the use of stabilizing ligands, which limit the number of monomer that can
assemble in a given particle.51,52 This results from the affinity for particular coordinating
ligands to bind to specific crystallographic facets of a growing nanomaterial, ultimately
creating an energetic barrier for further crystal growth in that direction while preventing
particle agglomeration.53 Subsequently, this has resulted in a robust synthetic strategy for
making desired nanomaterials with controlled dimensions, where specific
crystallographic facets and particle sizes can be obtained in the final product by the
appropriate choice of reaction conditions and molecular stabilizers used.4-16 Overall,
using colloidal approaches, the synthesis of a number of semiconductor,13 ceramic,45 and
metallic nanocrystals4,15-18 with desired shapes and morphologies including zerodimensional nanospheres, cubes, and octahedra,4,13 one-dimensional nanowires and
tubes,54 two-dimensional nanosheets and plates,55 and three-dimensional hierarchical
structured materials have been achieved.56,57
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1.2 – Two-Dimensional Nanosheets: Functionality and Importance
Two-dimensional nanosheets in particular represent an interesting class of
nanomaterials to study.58-69 As the thinnest functional nanomaterial, nanosheets have
―bulk-like‖ planar dimensions and atomic or molecular scale thicknesses.55,58,66 Within
the past decade, the emergence of graphene – a two-dimensional nanosheet of carbon
atoms – has allowed the discovery of phenomenal properties and functionalities.70-73 For
example, the exceptionally high carrier mobility (200 000 cm2 V-1 s-1), thermal
conductivity (∼5000 Wm K−1), mechanical strength (∼1.1 TPa) and room temperature
quantum hall effects observed in single-layer graphene70-73 have intrigued theoretical
physicists, chemists, and engineers alike, promising next generational devices in
electronics and photonics.70 Recently, 2D inorganic nanosheets consisting of materials
such as metal oxides (HSr2Nb3O10, HCaLaNb2TiO10, HLa2Ti2NbO10, and HLaNb2O7),74
nitrides (h-BN and g-C3N4),75-77 and metal chalcogenides (MoS2, TiS2, In2S3, WSe2, and
Bi2Te3)78-82 have gained much attention due to the potential discovery of enhanced
physiochemical properties in their 2D single-layer analogues. In contrast to graphene,
these materials possess intrinsic semiconductor properties such as an energy band gap,
which is essential for electronic applications.61,83 As a result, the study and expansion of a
two-dimensional nanosheet library including metallic, semiconducting, and insulating
materials has progressed rapidly in the past few years.58-69
Nanosheets are typically derived from bulk materials with a 2D layered crystal
structure.67-69 In this structure class, atoms are covalently bonded within a single plane to
form an individual layer, which is then held together with adjacent layers through weak
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Van der Waals type interactions.66 These structural characteristics lead to the observation
of unique anisotropic properties and crystal growth mechanisms.55,61,67 However, due to
the weak forces between the layers, bulk crystals cleave relatively easily along the
layered planes and this has complicated their application in bulk form because of a
natural tendency to form defective crystals upon processing.61 Therefore, the discovery of
enhanced physiochemical properties in 2D analogues of bulk layered materials has
reinvigorated their potential for future application.58-82
In order to access two-dimensional nanosheets, several chemical or physical
strategies are used.74-80 The mechanical cleavage method is a ―top-down‖ strategy that is
accomplished by physically removing or ―peeling‖ layers from the bulk crystal through
use of an adhesive tape or vigorous ―rubbing‖ onto a substrate such as Si/SiO2.67-72 This
strategy has been successful in producing various single-layer 2D nanosheets, which
could then be applied in electronic devices.68-70 Coleman and coworkers84 recently
demonstrated an alternative approach for making 2D nanostructures. In this approach, the
direct liquid exfoliation of 2D nanosheets in common solvents such as isopropyl alcohol
(IPA) and n-methylpyrrolidone (NMP) could be accomplished through sonication of the
layered material in a solvent with matching surface free energy to the bulk solid.
Utilizing this method single- to few-layer 2D nanostructures of MoS2, WS2, MoSe2,
NbSe2, TaSe2, NiTe2, MoTe2, h-BN and Bi2Te3 could be synthesized. Other commonly
used approaches for ―top down‖ nanosheet synthesis include other modified liquid
exfoliation strategies such as electrochemical lithium intercalation-deintercalation,85 gas
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molecule assisted exfoliation,86 lamellar hybrid intermediate based exfoliation,87 and
substitutional-solid-solution based exfoliation.88
While top-down physical and chemical strategies have been effective in
producing nanosheets of device quality, several disadvantages still exist including their
low throughput and product yield, nanosheet thickness polydispersity, lack of solution
processability, and limited morphological control.67-70,89 Therefore, recently ―bottom-up‖
solution-based chemical strategies (or colloidal methods) that offer the potential for
precise control over material crystallinity, structure, composition, and morphology have
been proposed for growing 2D nanostructures directly in solution.78-80,90 Indeed, colloidal
methods for synthesizing 0D and 1D inorganic nanomaterials such as quantum dots and
nanowires have been thoroughly investigated within the past two decades,4,13,54 as
mentioned above, but analogous methods for designing 2D materials are still missing.
Despite this several groups, including our own, have recently demonstrated the ability to
access colloidal 2D nanosheets in solution.55
For example, Cheon and coworkers,91 described a general pathway for
synthesizing colloidal metal disulfide nanosheets including ZrS2, TaS2, and TiS2 by the
hot injection method. Specifically, ZrS2 is produced when carbon disulfide (CS2) is
injected into a mixture of zirconium (IV) tetrachloride (ZrCl4) and oleylamine at 300 °C
resulting in disc-like nanosheets with thicknesses on the order of ~1.6 nm. Furthermore,
the lateral dimensions could be tuned between 35 and 60 nm by extending the reaction
time from 3 to 6 h respectively. Applying ab initio calculations also helped to determine
that the surface energies of the edge facets were approximately 5-6 times larger than the
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planar surface and this helped to explain the driving force for 2D growth. In a likewise
manner, Pang and coworkers92 reported on the colloidal synthesis of CdSe nanosheets (a
non-layered 3D bonded material) using the heat-up method where cadmium acetate
dihydrate, selenium, stearic acid, and 1-octadecene were slowly heated to the designated
reaction temperature of 170 °C for 30 min. The resulting CdSe ―quantum disks‖ had
square-like lateral dimensions on the order of 100 nm and thicknesses of ~3 nm. In
addition, Weller and coworkers93 demonstrated the growth of ultrathin PbS nanosheets
via the oriented attachment of preformed 0D PbS quantum dots. This controlled assembly
approach was accomplished by heating the nearly spherical (~ 5 nm) PbS nanoparticles in
the presence of 1,2-dichloroethane at 5 °C below its boiling point. The two-dimensional
oriented attachment growth pathway was clearly observed by high-resolution
transmission electron microscopy studies and the resulting 2D morphology was
rationalized by the presence of oleic acid capping ligands, which were confirmed with
small-angle x-ray scattering analysis.
The examples described above demonstrate that colloidal nanosheets of layered
and non-layered materials can be synthesized in high yield with precise lateral
dimensions, morphological control, and solution processability using one-pot solution
chemistry reactions. However, in order to truly maximize the potential of this robust
approach for producing 2D nanosheets, fundamental knowledge and mechanistic insights
must be acquired in order to begin achieving desired morphological and compositional
control via rational design. By using the tools permitted during colloidal growth methods,
such as time-dependent aliquot studies94 and in-situ monitoring of reactions over feasible
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timescales,95 appropriate intermediates may be isolated and identified for further
understanding of nanosheet growth pathways and morphological control. Overall, this
understanding can lead to a holistic and logical approach for nanosheet synthesis, design,
and further application in future technologies.55,66

1.3 – Group IV-VI Layered Semiconductors
The IV-VI layered semiconductor chalcogenides: a class of materials composed
of GeS, GeSe, SnS, and SnSe, are an excellent model system for the study of 2D
nanosheet growth and function due to their intrinsically layered crystal structure and
favorable optoelectronic properties.96-112 These materials are isomorphic and crystallize in
a GeS-type orthorhombic (Pnma) layered crystal structure96 having eight atoms per unit
cell organized in two adjacent double layers (Figure 1.1). The double layers are
perpendicular to the largest axis of the unit cell and form a zigzag chain along the minor
axis. The coordination environment about the tin and germanium cations is that of a
distorted octahedron of counter anions and the GeS-type lattice is sometimes referred to
as a distorted rock salt structure. Atoms are covalently bonded to three nearest neighbors
within a single layer and weakly bonded to two next nearest neighbors within the same
layer along with a sixth atom in the adjacent layer. Van der Waals character dominates
the interactions between layers and therefore the material cleaves easily along the [100]
direction. Due to these structural details, IV-VI LSCs are typically classified as having
intermediate behavior between a two-dimensional and three-dimensional material.97
This unique structural motif provides these materials with interesting anisotropic
properties that have made them targets for research.96-112 Particularly, it has been found
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that they possess a high absorption coefficient (α > 104),104 narrow band gap energy (Eg ~
1.0-1.6 eV),99,105,110 p-type conductivity and good charge mobility (102-103 cm2 V-1 s-1),96
all characteristics optimal for solar absorption and electrical transport. Recently, Gordon
and coworkers112 reported on a SnS-based thin film heterojunction solar cell made via
vapor deposition of p-type tin sulfide (SnS) and n-type zinc oxysulfide (Zn(O,S)) using a
device structure of soda-lime glass /Mo/SnS/Zn(O,S)/ZnO/ITO and achieving a quantum
efficiency of 2.46%, which is the highest achieved to date in this earth abundant
material.107,112
Of all four members, tin sulfide has been the most rigorously investigated.102105,112-115

SnS occurs naturally as the mineral herzenbergite and at room temperature the

most thermodynamically stable phase is α-SnS, which adopts the GeS-type orthorhombic
crystal structure mentioned above. The lattice parameters for α-SnS are a = 11.14 Å, b =
3.97 Å, and c = 4.34 Å.102 SnS is a native p-type semiconductor with hole mobilities on
the order of 90 cm2 V-1 s-1.96 The value for the absorption coefficient is approximately 104
cm-1 above the fundamental absorption edge with indirect and direct band gap energies
that vary in the range of 1.0-1.2 eV and 1.2-1.5 eV, respectively.112-114 Loferski diagrams
have predicted a theoretical light conversion efficiency of 24% for tin sulfide films.115
However, the SnS-based photovoltaic efficiencies reported to date remain lower than
those theoretically predicted103 and therefore research efforts are ongoing to improve
device performance by increasing the quality of SnS samples available for study and
optimizing device geometry.112
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Tin selenide also adopts the orthorhombic GeS-type crystal structure at room
temperature (α-SnSe) having lattice parameters of a = 11.50 Å, b = 4.15 Å, and c = 4.45
Å.116-124 It shows p-type conductivity with the highest charge carrier mobility (~ 103 cm2
V-1 s-1) observed for the GeS-type layered semiconductors.124 As an indirect band gap
semiconductor with Eg reported in the range of 0.9 – 1.2 eV, SnSe has been investigated
extensively for its photoelectric properties.108-110,118 However, potential applications in
several different areas including optoelectronic devices,108-110,119 radiation detectors,120
holographic recording systems,121 and electrical and polarity dependent memory
switching117,122,123 have been demonstrated.
Compared to the other members, germanium sulfide has been the least studied
material.97,98,106,125 The thermodynamically preferred phase of crystalline germanium
sulfide is orthorhombic α-GeS with lattice parameters of a = 10.47 Å, b = 3.64 Å, and c =
4.30 Å.97 Hole mobilities as high as 90 cm2 V-1 s-1 have been measured for crystalline
samples of GeS at room temperature.125Theoretical studies have predicted the band
structure of GeS to be complex with multiple competing band gaps;97 therefore previous
reports have indicated band gap energies in the range of 1.35-2.0 eV.97 While few
experimental reports exist on crystalline germanium sulfide, amorphous GeS has been
thoroughly investigated as a potential material for application in non-volatile memory
storage, in particular, programmable metallization cells.98
Similarly, GeSe crystallizes in an orthorhombic GeS-type structure at room
temperature (α-GeSe) and has lattice parameters of a = 10.82 Å, b = 3.85 Å, and c = 4.40
Å.126,127 GeSe is a native p-type semiconductor with a carrier concentration ranging from
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1016 to 1017 cm-3.99 Single-crystal resistivity measurements have shown values in the
range of 0.9 to 104 Ω-cm at room temperature and atmospheric pressure.128-130 GeSe is an
indirect semiconductor with band gap energies reported in the range of 1.1-1.2 eV100 and
has potential interest for applications in non-volatile memory devices, solar cells, and
thermoelectrics.99,100,131-133
Among the IV-VI chalcogenides, however, the orthorhombic IV-VI LSCs have
been the least studied when compared to the well know lead salts6,13 (PbS, PbSe, and
PbTe) and the technologically relevant tellurides (GeTe).134 Reports on the synthesis,
properties, and application of IV-VI LSCs on the nanoscale are even rarer, where the
synthesis of IV-VI LSC nanostructures have only recently emerged.96 This is unfortunate,
as they exhibit optical and electronic properties that make them favorable for a number of
applications, as mentioned above.96 Therefore, the establishment of synthetic pathways
for accessing these materials on the nanoscale is warranted, especially when considering
their application as a model system for studying the fundamental aspects of twodimensional nanosheet growth.

1.4 – Germanium and Ge-Based Nanomaterials
For other important semiconductor systems, including the narrow band gap Cdand Pb-based chalcogenides, much is known about how to control shape, size, and
uniformity on the nanoscale.6,13 However, similar capabilities for colloidal germanium
and Ge-based nanomaterials do not yet exist, including those for the GeS and GeSe
members of the IV-VI LSC family.135 Several chemical factors are responsible for the
synthetic challenges encountered when trying to produce colloidal nanostructures of these
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materials. First, Ge is strongly covalent, which necessitates a high crystallization
temperature, in many cases, outside of the temperature range available for commonly
used solvents in colloidal synthesis.136-139 Second, the most common Ge salt reagents
require harsh reaction conditions and chemicals – including sodium metal, nbutyllithium, sodium naphthenalide, or metal hydrides – to convert them to elemental
Ge.136,137 Because rigorous synthetic control has not yet been achieved for Ge
nanoparticles, colloidal strategies for accessing Ge-based nanostructures are also lacking.
For example, GeTe is of interest as a material for non-volatile memory
applications because of its reversible amorphous-to-crystalline phase transition,134 which
can be triggered thermally or electrically, and also as a model ferroelectric system for
understanding nanoscale polar ordering phenomena.140,141 However, only recently have
researchers begun to understand how to synthesize crystalline and amorphous colloidal
GeTe nanocrystals.142 Likewise, GeS and GeSe are narrow band gap p-type
semiconductors of interest as possible light absorbing layers in solar cells, among other
applications, as mentioned above.96 Similar to elemental Ge, the synthesis of colloidal
Ge-based nanostructures also provides unique chemical challenges and the development
of colloidal synthesis routes to access Ge and Ge-based nanomaterials are needed.

1.5 – Experimental Work
In this dissertation, we demonstrate the application of the IV-VI layered
semiconductor chalcogenide family as a model system for probing and understanding the
fundamental growth pathways of 2D nanostructures in solution. The insights gained from
these studies have allowed the development of a colloidal synthesis framework for
designing morphological features into colloidal nanosheets including controlled
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nanosheet thickness, lateral dimension, hierarchical structure, and introduction of
secondary morphology such as porosity. Furthermore, we show that the direct chemical
transformation of one 2D nanosheet material into another can be accomplished with
retention of 2D structure and crystallinity. We also demonstrate that similar chemistry
used in the synthesis of the GeS and GeSe IV-VI LSC members can be extended toward
the colloidal synthesis of other germanium and Ge-based nanomaterials including iron
germanium, a prototypical magnetic system.
In Chapter II, we describe the first colloidal synthesis of GeS and GeSe
nanosheets, which allowed for our first access into the IV-VI LSC system. The
nanostructures were single crystalline, adopting a hexagonal morphology with lateral
dimensions on the order of several microns and thicknesses that ranged between ~3-20
and 5-100 nm for GeS and GeSe nanosheets, respectively. Optical properties for the 2D
nanostructures were determined using diffuse reflectance measurements revealing
indirect band gap energies of 1.58 and 1.14 eV for GeS and GeSe, respectively. In
addition, four-point conductivity measurements confirmed that drop-cast films of GeSe
nanosheets exhibited p-type conductivity.
In Chapter III, we focus on the tin-based members of the IV-VI LSC family and
demonstrate that similar chemistry used to synthesize GeS and GeSe nanosheets can be
extended toward the synthesis of SnSe nanosheets. The SnSe nanosheets formed as
uniform square-like crystallites with lateral dimensions on the order of 500 x 500 nm and
thicknesses that were tuned between 10 and 40 nm by adjustment of the starting tin and
selenium reagent concentrations. For thinner nanosheets lower concentrations were used
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and for thicker sheets higher concentrations were needed. Using time-dependent aliquot
studies, we show that the nanosheets first ―grow out‖ (along the lateral directions) and
then ―grow up‖ (vertically along the thickness direction) in a pseudo layer-by-layer
fashion when forming under colloidal conditions and this helps to rationalize the
dependence of thickness on reagent concentration. Specifically, when smaller reagent
concentrations are used, the lowered amount of starting material is consumed rapidly
during the growth along the lateral direction, restricting further growth in the vertical
direction and leading to SnSe nanosheets with fewer layers. This fundamental insight
opened the possibility for controlling the thickness of nanosheets in solution for the first
time and promises potential extension into other systems.
In addition to tuning nanosheet thickness, our ability for controlling the lateral
dimensions of two-dimensional nanostructures is presented in Chapter IV. We focus this
time on the SnS system and by choosing the appropriate tin precursor with proper
coordination ligands, SnS nanosheets with various lateral dimensions including square,
disc-like, hexagonal, and rectangular were synthesized. As the unsaturated edge sites in
2D materials are typically the most active for catalytic reactions, the ability to control
lateral dimension in 2D nanostructures may lead to better catalysts. Employment of SnI4
as the starting precursor, allowed for the assembly of the 2D SnS nanosheets into a
hierarchical 3D SnS flower-like structure. Hierarchical materials, which typically exhibit
high surface areas, enhanced particle stability, and shortened diffusion pathways are
excellent materials for various catalytic and energy storage applications. Therefore, the
flower-like SnS nanoflowers were tested for their lithium storage capabilities showing an
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average discharge capacity of 580 mAh g-1 over 30 cycles, which is higher than that used
in commercially available graphite-based anodes.
Chapter V provides a novel anion exchange pathway for transforming SnSe
nanosheets into porous two-dimensional SnTe nanostructures and was developed in
collaboration with Dr. Ian Sines, a former Schaak lab member. This was achieved by
reaction of SnSe nanosheet templates (prepared by D. D. Vaughn II) with a
trioctylphosphine-tellurium complex (prepared by I. T. Sines). The resultant SnTe
products retained the 2D morphological structure of the sacrificial SnSe nanosheet
templates, however, becoming porous as a result of the transformation. The porous SnTe
nanosheets show lateral dimensions on the order of one micrometer and thicknesses of
approximately 100 nm. Time-dependent aliquot studies reveal that the chemical
transformation occurs via a diffusion-mediated anion exchange pathway, whereby SnSe
to SnTe conversion begins first at the nanosheet edge sites, followed by SnTe nucleation
on the SnSe nanosheet surface and finally with complete consumption of SnSe as pores
begin to emerge in the center of the nanosheet structure. This work confirms that
chemical transformation and conversion can be used for the synthesis of novel 2D
nanomaterials, even in the formation of 2D analogues from material systems with
primarily 3D bonding, such as SnTe.
Chapter VI discusses the colloidal synthesis of one-dimensional germanium
selenide nanostructures and their corresponding electronic properties. The resulting GeSe
nanobelts have an average diameter of approximately 80 nm and lengths that ranged from
approximately 1-25 micrometers. This seedless approach represents one of only a few
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examples of high quality GeSe nanomaterials prepared via colloidal methods and
confirms that 1D nanostructures can be accessed in the IV-VI LSC system. The nanobelts
were aligned via an electric field assisted assembly process and from 4-point conductivity
measurements the GeSe nanobelt resistivity was estimated to be 360 Ω-cm falling in the
range of those observed by others in GeSe thin film materials.
Chapter VII demonstrates that zero-dimensional nanospheres and nanocubes of
SnS, a primarily 2D bonded material, can be synthesized via a hot-injection synthesis.
Specifically, this confirms that colloidal methods can be used to overcome the
crystallographic driving force for 2D growth in the IV-VI layered systems and possibly
other intrinsically layered materials. Spherical nanoparticles were grown by a direct
injection method and nanocubes were produced from selective overgrowth onto the
spherical nanoparticle seeds. Importantly, crystallographic analysis performed in
collaboration with Adam Biacchi, a current Schaak lab member, revealed that both the
spherical and cubic SnS nanoparticles adopt a modified pseudo-tetragonal crystal
polymorph with expansion along the a and b axes and contraction in the c direction,
which is a distinct structure from that observed in bulk α-SnS.
In Chapters VIII and IX it is shown that the synthetic methods described above
for the synthesis of IV-VI LSC nanostructures can be extended towards the growth of Ge
and Ge-based nanomaterials. Chapter VIII shows that highly crystalline and air stable
colloidal germanium nanoparticles can be synthesized in a one-pot reaction under milder
conditions than those used previously in the literature. Variation of the starting
germanium precursor concentration resulted in Ge nanocrystals with tunable sizes
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between 6-20 nm and addition of co-solvent resulted in different Ge particle
morphologies including cube-shaped and 1D Ge nanostructures.
Finally, in Chapter IX we show the first solution-based synthesis of iron
germanide nanocrystals, which further demonstrates our abilities to make colloidal Gebased nanomaterials. At lower temperatures (<260 °C) it was found that hexagonal
Fe3Ge2 spherical particles result and that upon further heating (>280 °C) these
nanocrystals undergo a morphological and compositional phase change to give
monoclinic CoGe-type FeGe nanowires. The magnetic properties for the Fe3Ge2 spheres
were investigated by SQUID and the particles were confirmed to be ferromagnetic with
Tc ≈ 265 K, which is decreased when compared to bulk Fe3Ge2.
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1.7 – Figures

Figure 1.1 Simulation of the GeS-type orthorhombic crystal structure adopted by the IVVI layered semiconductor chalcogenides along the [010] (a), [100] (b), and [001] (c)
viewing directions.
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Chapter II1
Single-Crystal Colloidal Nanosheets of GeS and GeSe
2.1 – Introduction
Narrow-band-gap IV−VI semiconductors constitute an important class of
materials for photovoltaic applications.1-3 These materials typically have band gaps in the
range 0.5−1.5 eV, making them efficient absorbers of incident solar radiation. In
addition, IV−VI semiconductors have been shown to exhibit multiple exciton generation,
which can lead to improved solar cell efficiencies.4-6 Among these compounds, there is
growing interest in the layered semiconductors SnS, SnSe, GeS, and GeSe,7-13 which are
predicted to have high chemical and environmental stability and show promise as lowcost components of photovoltaic cells. Furthermore, they consist of more
environmentally friendly elements than alternative narrow-band-gap systems containing
Pb, Cd, and Hg. GeS and GeSe, which are orthorhombic with a distorted rock-salt
structure, have both indirect and direct band gaps that are closely spaced in energy. For
GeS, the direct and indirect band gaps have been reported to be in the range 1.55−1.65
eV,13 and for GeSe, they are in the range 1.1−1.2 eV.12 There have been several reports of
colloidal routes to SnS and SnSe nanoparticles.7-10 However, despite the fact that their
band-gap energies overlap fairly well with the solar spectrum, the Ge analogues have not
previously been reported as colloidal nanostructures.
*

Reproduced in part with permission from J. Amer. Chem Soc., 132, D. D. Vaughn II, R.
J. Patel, M. A. Hickner, and R. E. Schaak, Single-Crystal Colloidal Nanosheets of GeS
and GeSe, 15170-15172, Copyright 2010 The American Chemical Society (ACS).
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In this chapter we describe a simple one-pot solution-chemistry route to colloidal
nanostructures of GeS and GeSe. Importantly, we find that the GeS and GeSe systems
form single-crystal nanosheets similar to those of graphene and other layered materials,
including metal oxides and chalcogenides.14-17 Such colloidal nanostructures are optimal
for solution-based processing techniques such as spin-coating, dip-coating, and inkjet
printing, which permit cheaper fabrication of photovoltaic devices.1,3,4 Colloidal
nanosheets in particular can serve as building blocks for the design of novel
nanocomposites and sophisticated lamellar nanostructures with enhanced photovoltaic
efficiencies.18-20

2.2 – Experimental Details
2.2.1 – Materials
Germanium(IV) iodide (GeI4, 99.99+%), tri-n-octylphosphine (TOP, 90% tech.),
oleylamine (70% tech.), dodecanethiol (>98%) and hexamethyldisilazane (HMDS,
>99%) were purchased from Aldrich. Oleic acid (90% tech.) and selenium powder
(99+%) were purchased from Alfa Aesar. Oleylamine and oleic acid were degassed prior
to use. All syntheses were carried out under Ar using standard Schlenk techniques, and
purification 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 equipped with CuKα radiation. Transmission electron microscopy (TEM)
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images and selected area electron diffraction (SAED) patterns were obtained using a
JEOL 1200 EX II operating at 80 kV. Samples were prepared by suspending the washed
crystallites in toluene and drop-casting onto Formvar-coated copper TEM grids.
Reflectance measurements were collected on a Perkin-Elmer Lambda 950 equipped with
a 150 mm integrating sphere. Samples were prepared by drop-casting a concentrated
solution of the sheets onto a glass substrate to form a thick film. Scanning electron
microscopy (SEM) images were collected using a JEOL JSM 5400 scanning electron
microscope. Atomic force microscopy (AFM) data were collected by a Dimension
Instruments 3100 atomic force microscope equipped with PPP-NCHR tapping mode
AFM tips from Nanosensors. Conductivity measurements were obtained using a Keithley
2400 Series SourceMeter (Cleveland, OH) coupled with the corresponding Lab Tracer
software. Samples were prepared by masking off the gold gap electrode pad with
insulating tape to give an empty square with area of ~6 mm2. Next, a concentrated slurry
of GeSe in methanol was deposited onto the exposed area using a micropipette to give a
dense film.

2.2.3 – Synthesis of Colloidal GeS and GeSe Nanosheets
GeS nanosheets: In a typical synthesis, 60 mg (0.10 mmol) of GeI4, 10 mL (~31 mmol)
of oleylamine, and 0.75 mL (2.38 mmol) of oleic acid were added to a 20-mL
scintillation vial and sonicated until a clear colorless solution was obtained. This solution
was then added to a 3-neck round bottom flask fitted with a condenser, thermometer
adapter, thermometer, and rubber septum. Next, 0.5 mL (2.08 mmol) of dodecanethiol
and 1 mL (4.71 mmol) of hexamethyldisilazane (HMDS) were also added and stirred for
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15 min. Finally, the solution was heated to ~320 °C at 10 °C/min and allowed to heat for
24 h, forming a dark purple solution. HMDS was found to be essential to the formation of
crystalline GeS and GeSe products, but its specific role in the synthesis is not fully
known. Control experiments without HMDS resulted in an amorphous product.
GeSe nanosheets: A 1 M TOP-Se stock solution was prepared by dissolving 790 mg (10
mmol) of selenium powder in 10 mL of TOP and sonicating until a clear colorless
solution was obtained. In a typical synthesis of GeSe nanosheets, 60 mg (0.10 mmol) of
GeI4, 10 mL (~31 mmol) of oleylamine, and 0.75 mL (2.38 mmol) of oleic acid were
added to a 20 mL scintillation vial and sonicated until a clear colorless solution was
obtained. This solution was then added to a 3-neck round bottom flask fitted with a
condenser, thermometer adapter, thermometer, and rubber septum. Next, 0.1 mL of the 1
M TOP-Se stock solution and 1 mL (4.71 mmol) of hexamethyldisilazane (HMDS) were
also added and stirred for 15 min. Finally, the solution was heated to ~320 °C at 10
°C/min and allowed to heat for 24 h, forming a black solution.
Purification procedure: To purify the GeS and GeSe nanosheets, the product was first
precipitated by adding 30 mL of a 3:1:1 acetone:hexane:toluene mixture and then
centrifuged at 12,000 rpm for 10 min. The obtained powder was then washed three times
with a 1:1 toluene:ethanol mixture with centrifugation between each wash. The product
could be suspended in toluene, ethanol, or methanol for further characterization. Despite
their large size, the particles readily form a colloidal suspension via sonication, and they
remain suspended with no evidence of flocculation for more than 10 min, which is
enough time for processing by drop-casting methods.
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2.3 – Results and Discussion
Colloidal nanosheets of GeS were synthesized by mixing GeI4 (60 mg),
hexamethyldisilazane (HMDS, 1 mL), oleylamine (10 mL), oleic acid (0.75 mL), and
dodecanethiol (0.5 mL) at room temperature followed by heating to 320 °C for 24 h.
The use of dodecanethiol as a suitable sulfur source has been reported previously in the
synthesis of the sulfides of other metals, including Cu, Pb, and Zn,21 and avoids the use of
toxic, pyrophoric, and expensive alkylphosphines. GeSe nanosheets were synthesized
using an identical procedure except that trioctylphosphine selenide (TOP-Se) was used as
the selenium source.
Figure 2.1 and Figure 2.2 show representative transmission electron microscopy
(TEM) images of the GeS and GeSe nanosheets. The nanosheets appear mostly as
elongated hexagons with average lateral dimensions of 2−4 μm × 0.5−1 μm. Scanning
electron microscopy (SEM) and atomic force microscopy (AFM) images were used to
confirm the nanosheet morphology (Figures 2.3−2.5). For GeS, AFM images indicated an
average nanosheet thickness of 5 nm with a range that spanned 3−20 nm (Figure 2.4), and
the sheet morphology was confirmed by powder X-ray diffraction (XRD) data
showing h00 peaks that were broader than the other hk0, h0l, 0kl, and hkl reflections
(Figure 2.5). For GeSe, a larger range of thicknesses was observed using SEM (5−100
nm), with most larger than 20 nm (Figure 2.3). For both GeS and GeSe, selected-area
electron diffraction (SAED) experiments produced polycrystalline ring patterns
consistent with nanosheets having the orthorhombic GeS-type structure (Figure 2.1b).
The observed rings correspond to the 0kl set of reflections (Figure 2.6), indicating that the
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sheets are oriented along [100]. When the electron beam was focused on individual
nanosheets, a spot pattern was observed (Figure 1.1c and Figure 2.2), and this is also
consistent with [100]-oriented GeS and GeSe nanosheets.
Figure 2.7 shows powder XRD patterns for the GeS and GeSe products. Both
powders appeared to be phase-pure as determined by XRD, and their XRD patterns
matched well with simulated patterns based on their known orthorhombic GeS-type
structure. The lattice constants also agreed well with literature values:22,23 for GeS, a =
10.52 Å, b = 3.65 Å, and c = 4.30 Å (alit,GeS= 10.47 Å, blit,GeS = 3.64 Å, and clit,GeS = 4.30
Å), and for GeSe, a = 10.78 Å, b = 3.81 Å, and c = 4.37 Å (alit,GeSe = 10.83 Å, blit,GeSe =
3.83 Å, and clit,GeSe = 4.39 Å). When the colloidal suspensions of nanosheets were dropcast onto planar substrates rather than being collected as largely isotropic aggregated
powders, the resulting XRD patterns showed perfect preferred orientation, with only
the h00 reflections evident. This indicates that the bulk samples consist almost entirely of
[100]-oriented nanosheets.
Diffuse reflectance spectroscopy was used to investigate the optical properties of
the GeS and GeSe nanosheets. As shown in Figure 2.8a, the onset of absorption for the
GeS sheets began near 800 nm, while for GeSe, the absorption onset began near 1150
nm. These transitions were used to estimate both the indirect and direct band gaps by
performing Kubelka−Munk transformations.24 For GeS, a plot of [F(R)hν]1/2 versus
energy (Figure 2.8b) yielded an indirect band gap of 1.58 eV, and a plot of
[F(R)hν]2 versus energy (Figure 2.9a) yielded a direct band gap of 1.61 eV. The band
structure of GeS is complex, with multiple competing band gaps of similar
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energy.13 Previous reports have indicated band gaps in the range 1.55−1.65 eV,25,26 which
are consistent with what we observed. For the GeSe nanosheets, Kubelka−Munk plots
(Figure 2.8c and 2.9b) indicated indirect and direct band gaps of 1.14 and 1.21 eV,
respectively. These values match well with previously reported results for GeSe.27,28
The electrical transport properties of the GeSe nanosheets as a representative
system were studied. The GeSe nanosheets were drop-cast onto a four-point gold
electrode pad (Figure 2.10) from a methanol slurry to form a 74 μm thick film. The film
was dried under ambient conditions for 6 h, and four-point I−V measurements
(Figure 2.11a) were performed. The conductivity of the film (normalized for geometry)
was calculated to be 4.7 × 10−6 S cm−1, which is in reasonable agreement with values for
films made using other colloidal narrow-band-gap semiconductors.1,10 Furthermore, the
two-point I−V plot (Figure 2.11b) showed turn-on potentials of −6.5 and +10 V in the
negative and positive quadrants, respectively, suggesting a p-type character. The I−Vdata
confirmed that conductive solid-state films of [100]-oriented GeSe can be produced by
simple drop-casting of as-synthesized colloidal GeSe nanosheet suspensions.

2.4 – Conclusions
In conclusion, single-crystal colloidal nanosheets of the narrow-band-gap
semiconductors GeS and GeSe have been synthesized using a simple one-pot strategy.
The nanosheets can be solution-processed into [100]-oriented films, and their band gaps
provide good overlap with the solar spectrum. Coupled with previously reported
electrical measurements of single GeSe sheets made using a
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vapor−condensation−recrystallization process,11 the nanosheet morphologies, band-gap
energies, and conductivities make the GeS and GeSe nanostructures promising for use as
light-absorption layers in Shockley−Queisser-limited solar cells4 as well as other
nanoelectronic devices, including photoconducting cells, p−n junctions, and field-effect
transistors.15
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2.6 – Figures

Figure 2.1 (a) TEM images of GeS and (inset) GeSe nanosheets. (b) SAED pattern for a
polycrystalline sample of GeS nanosheets. (c) SAED pattern corresponding to a single
[100]-oriented GeS nanosheet.
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Figure 2.2 (a) TEM image of GeSe nanosheets and corresponding SAED patterns for (b)
a polycrystalline sample and (c) a single GeSe nanosheet.
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Figure 2.3 Representative SEM images of GeS and GeSe nanosheets.
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Figure 2.4 AFM image and corresponding line scan of a thin GeS nanosheet, showing a
sheet thickness of approx. 4 nm. Additional profilometry data indicates a range of
thickness (3-10 nm) for this and other samples.
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Figure 2.5 Powder XRD pattern for a sample of thin GeS nanosheets, showing that the
(400) peak is broader than the other (hkl), (h0l), (0kl), and (hk0) peaks.
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Figure 2.6 Simulated and indexed powder XRD pattern for polycrystalline GeS, along
with the indexed SAED pattern shown in Figure 1b. Comparison of the XRD pattern and
SAED pattern confirms that only the (0kl) reflections appear in the SAED pattern,
consistent with [100]-oriented nanosheets.
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Figure 2.7 Powder XRD patterns for (a) GeS and (b) GeSe nanosheets. In both (a) and
(b), patterns for simulated and experimental polycrystalline samples as well as [100]oriented samples prepared by drop casting are shown.
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Figure 2.8 (a) Diffuse reflectance spectra for GeS and GeSe nanosheets. (b, c) Plots of
[F(R)hν]1/2 vs. energy for the (b) GeS and (c) GeSe nanosheets, from which indirect
band-gap energies were obtained.
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Figure 2.9 Plots of [F(R)hν]2 vs. energy for the GeS and GeSe nanosheets, indicating the
direct band gap energies.
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Figure 2.10 Optical image showing a 4-point gold electrode pad before GeSe film
deposition with its characteristic dimensions labeled.
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Figure 2.11 I-V plots for GeSe nanosheet films: (a) four-point I-V curve (black) and the
linear fit used for the conductivity calculation (red); (b) two-point I-V curve with turn-on
potentials denoted (red lines).
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Chapter III2
A Precursor-Limited Nanoparticle Coalescence
Pathway for Tuning the Thickness of Laterally-Uniform
Colloidal Nanosheets: The Case of SnSe
3.1 – Introduction
Colloidal nanosheets comprise an important class of two-dimensional crystals that
underpin a large number of diverse applications.1-4 For example, colloidal nanosheets
serve as building blocks that facilitate the construction of thin film, composite, and
multilayer architectures for applications that include batteries,5 solar cells, 6,7 catalysts,8,9
and structurally reinforced polymers.10,11 Multicomponent nanosheet assemblies couple
semiconductors, catalysts, magnets, and plasmonic nanoparticles for multifunctional
applications such as magnetically alignable optical crystals12,13 and photocatalytic water
splitting architectures.14,15 Colloidal nanosheets also permit fundamental studies of
dimension-dependent physical phenomena, which can lead to new and unanticipated
properties and applications. A recent example of this is graphene, where the twodimensional nanosheet structure directly underpins its unique electronic properties and its
diverse applications.4,16 A large number of chalcogenide and oxide nanosheets have been

*

Reproduced in part with permission from ACS Nano, 5, D. D. Vaughn II, S. I. In, and R.
E. Schaak, A Precursor-Limited Nanoparticle Coalescence Pathway for Tuning the
Thickness of Laterally-Uniform Colloidal Nanosheets: The Case of SnSe, 8852-8860,
Copyright 2011 The American Chemical Society (ACS).
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used to probe dimension-dependent optical,17-20 electrical,21-23 magnetic,24,25 and
superconducting26 properties, and they have also been exploited in a diverse range of
applications that include solar energy conversion,27 Li ion batteries,5,28,29 and dielectric
films.22 For these reasons, controlling the characteristic features of colloidal nanosheets—
their edge dimensions, lateral uniformity, and thicknesses—is critically important.
The most common synthetic routes to colloidal nanosheets include exfoliation of
layered solids,1,2,21 direct chemical synthesis using colloidal and solvothermal methods,3036

and two-dimensional oriented attachment of colloidal nanocrystals.37-40 Exfoliation

strategies, which typically involve the intercalation and subsequent delamination of twodimensionally bonded bulk crystallites, generally yield single- or multilayer colloidal
nanosheets with irregularly faceted edges and nonuniform lateral dimensions that range
from less than 100 nm to greater than 1 μm.21 Colloidal routes can produce nanosheets
directly in solution, typically for compounds that adopt layered crystal structures. This is
accomplished by using surface stabilizing ligands that permit lateral growth while
truncating vertical growth along the stacking axis of the crystal.31 Colloidal nanosheets
have been synthesized by such direct chemical synthesis methods in a diverse range of
materials systems, including CdSe,32 FeSe,33 ZrS2,34 Pd,35 and WS2.36 Materials that do
not have a layered crystal structure often have no intrinsic driving force for 2D
anisotropic growth. In these cases, colloidal nanosheets sometimes form via the 2D
oriented attachment of preformed nanocrystal building blocks;41-43 representative
examples include CdTe,38 PbS,39 and CeO2.40
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Tin selenide, SnSe, is an attractive model system for studying the formation of
colloidal nanosheets.44-54 SnSe adopts a layered GeS-type crystal structure that facilitates
two-dimensional growth.44 As part of a larger family of IV–VI semiconductors that
includes SnS,55-57 GeS,58 and GeSe,59 SnSe is also emerging as an important narrow band
gap semiconductor that is of interest as a light absorption layer in solution-processed
solar cells and near-infrared optoelectronic devices.45 It has a large absorption coefficient
and a band gap that overlaps well with the solar spectrum.46,47 SnSe is also viewed as a
less toxic and more environmentally responsible alternative to related narrow band gap
nanoparticles that contain lead or cadmium.45 Colloidal nanostructures of narrow band
gap semiconductors, including SnSe, can be solution processed using relatively simple
methods that include drop casting, spin coating, and inkjet printing.60 This can facilitate
inexpensive fabrication of cheap optoelectronic devices and also permit deposition onto
flexible substrates.61 For SnSe, quasi-spherical and irregularly shaped colloidal
nanoparticles have been reported, but rigorous morphological control is rare.48-50
In this chapter, we present the direct one-pot chemical synthesis of colloidal SnSe
nanosheets with average dimensions on the order of 500 nm × 500 nm and with
thicknesses that are tunable between approximately 10 and 40 nm. In addition to being a
rare example of uniform single-crystal nanosheets in this size range, we also provide
important insights into how the nanosheets form and how their thicknesses can be tuned
while maintaining lateral uniformity. To our knowledge, a unified synthetic strategy that
permits systematic tuning of colloidal nanosheet thickness has not been demonstrated
previously. Such capabilities are important for effectively utilizing two-dimensional
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nanostructures in applications that include catalysis,3,15 optoelectronics,2,4 and
spintronics,16,21 and it also underpins our ability to fully probe and understand quantum
size effects in two-dimensional nanostructures. Our findings also help to merge the
oriented attachment and surfactant-mediated strategies for nanosheet formation and
provide guidelines for controlling the synthesis of large two-dimensional colloidal
nanostructures. The colloidal SnSe nanosheets are photoactive and have band gaps
near 1.0 eV, which is close to the ideal energy for maximum absorption of incident solar
radiation.

3.2 – Experimental Details
3.2.1 – Materials
Tin(II) chloride (SnCl2, 99%) and selenium powder (99+%) were purchased from Alfa
Aesar, oleylamine (>40%) was purchased from TCI America, and tri-n-octylphosphine
(TOP, 90% tech.) and hexamethyldisilazane (HMDS, >99%) were purchased from
Aldrich. Oleylamine and tri-n-octylphosphine were degassed prior to their use, and all
other chemicals were used as received. All syntheses were carried out under Ar using
standard Schlenk techniques, and workup procedures were performed in air.

3.2.2 – Characterization
Powder XRD data were collected using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Kα radiation. TEM images and SAED patterns were obtained using a
JEOL 1200 EX II TEM operating at 80 kV. HRTEM imaging and EDS analyses were
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performed on a JEOL-2010 LaB6 TEM microscope operating at 200 kV. Samples were
prepared by suspending the washed crystallites in toluene and drop-casting onto
Formvar-coated copper TEM grids. Reflectance measurements were collected on a
Perkin-Elmer Lambda 950 spectrophotometer equipped with a 150 mm integrating
sphere. Samples were prepared by drop-casting a concentrated solution of the sheets onto
a glass substrate to form a thick film. Scanning electron microscope (SEM) images were
collected using a JEOL JSM 5400 SEM. Atomic force microscope (AFM) images were
collected using a Dimension Instruments 3100 AFM equipped with PPP-NCHR tapping
mode AFM tips from Nanosensors.

3.2.3 – Synthesis of SnSe Nanosheets
A 1 M TOP-Se stock solution was prepared by dissolving 790 mg (10 mmol) of selenium
powder in 10 mL of TOP and sonicating until a clear colorless solution was obtained. In a
typical synthesis of SnSe nanosheets, 40 mg (0.21 mmol) of SnCl2 and 20 mL ( 60
mmol) of oleylamine were added to a 20 mL scintillation vial and sonicated until a clear
colorless solution was obtained. This solution was then added to a 3-neck round-bottom
flask fitted with a condenser, thermometer adapter, thermometer, and rubber septum.
Next, 0.22 mL of the 1 M TOP-Se stock solution and 1 mL (4.71 mmol) of
hexamethyldisilazane (HMDS) were also added and stirred for 15 min. Finally, the
solution was slowly heated to 240 °C at 10 °C/min, resulting in the formation of a
black-colored solution. This solution was allowed to age for 30 min and then was rapidly
cooled by removing the reaction flask from the heating mantle. The samples prepared
using 20, 15, and 10 mg of SnCl2 were prepared using an identical procedure to the one
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above except that 0.11 mL, 0.080 mL, and 0.053 mL of the 1 M TOP-Se stock solution
was used to give the appropriate 1:1 Sn/Se ratio, respectively. The SnSe nanosheets were
precipitated by adding 30 mL of a 3:1:1 acetone/hexane/toluene mixture and then
centrifuged at 12 000 rpm for 10 min. The obtained powder was washed three times with
a 1:1 toluene/ethanol mixture with centrifugation in between each wash. The product
could then be suspended in toluene, ethanol, or methanol for further characterization with
dispersibility of the nanosheets lasting for approximately 10 min.

3.3 – Results and Discussion
3.3.1 – Synthesis of Colloidal SnSe Nanosheets
Colloidal SnSe nanosheets were synthesized by slowly heating a one-pot reaction
mixture of SnCl2, oleylamine, TOP-Se, and HMDS to 240 °C and holding for 30 min.
Representative transmission electron microscopy (TEM) images of the SnSe nanosheets,
formed using 40 mg of SnCl2, are shown in Figure 3.1, panels a and b. The nanosheets
form as highly uniform square-like structures, and this morphology persists throughout
the bulk of the sample. A corresponding size distribution histogram (inset to Figure 3.1a)
shows that the average largest-edge length is 422 ± 63 nm and the average smallest-edge
length is 386 ± 57 nm. The electron diffraction pattern taken from an individual
nanosheet (Figure 3.1c) shows a spot pattern that is consistent with a single-crystal
nanosheet having its surface normal oriented along the [100] direction. The electron
diffraction pattern in Figure 3.1d was taken from an ensemble of nanosheets, and the
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polycrystalline ring pattern corresponds to the GeS-type structure of SnSe, with no
additional crystalline impurity phases evident.
Energy-dispersive spectroscopy (EDS) analysis also confirms an approximate 1:1
ratio of Sn:Se, within the error range of the technique (Figure 3.2a). Figure 3.2b shows
powder X-ray diffraction (XRD) data for a drop-cast film and an aggregated powder
sample of the SnSe nanosheets. The powder XRD pattern for the aggregated powder
sample matches well with that of the simulated pattern for orthorhombic GeS-type SnSe
with no observable crystalline impurities. Lattice constants, calculated from the XRD
pattern shown in Figure 3.2b, are a = 11.47(8) Å (alit = 11.50 Å), b = 4.12(5) Å (alit =
4.15 Å), and c = 4.45(1) Å (clit = 4.44 Å).62 For the drop-cast films of SnSe nanosheets,
significant preferred orientation is observed, which confirms that the nanosheet
morphology comprises the bulk of the sample. The predominant peaks are (400) and
(800), which is consistent with a highly textured [100]-oriented film and is also in
agreement with the [100] single-sheet orientation observed by selected area electron
diffraction (SAED) in Figure 3.1c.
Figure 3.3a shows three TEM images, at increasing levels of magnification, for
nanosheets that were found stacked together to reveal a side-on view. The right-hand
inset to Figure 3.3a reveals a stacked structure of nanosheets with thicknesses that range
from approximately 35 to 60 nm. (As will be shown below, this sample has the largest
average thickness.) Zooming in on a corner of a single nanosheet, the high-resolution
transmission electron microscope (HRTEM) image in the main panel of Figure 3.3a
shows a highly crystalline lamellar structure. The left-hand inset to Figure 3.3a shows an
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enlarged region of the HRTEM image in the main panel, which highlights the doublelayered crystal structure that is characteristic of GeS-type SnSe:44 alternating layers with
interatomic distances of 2.9 and 3.2 Å across the layers (Figure 3.3b). Comparing the
HRTEM image (Figure 3.3a) with the crystal structure of SnSe (Figure 3.3b) and the
electron diffraction pattern of a single nanosheet (Figure 3.1c) confirms that the
nanosheets are composed of SnSe layers that are oriented with the surface normal along
the [100] direction. Further confirmation of this crystallographic orientation comes from
a top-down HRTEM image of a single nanosheet (Figure 3.3c), which reveals lattice
spacings of 3.0 and 3.0 Å and an intersection angle of approximately 92°, which is
consistent with the {011} set of planes. This indicates that the nanosheets are bound by
{011} facets. Consistent with this, the corners of the nanosheets do not form 90° angles,
but rather 92° and 88° angles defined by the intersection of the {011} planes (Figure 3.3c,
inset).

3.3.2 – Tuning the Nanosheet Thickness
Figure 3.4 shows representative TEM and AFM images, along with AFM line
profile scans, for SnSe nanosheet samples prepared using 40, 20, 15, and 10 mg of
SnCl2 with all other reaction conditions remaining constant (except for an analogous
decrease in TOP-Se concentration to maintain the 1:1 Sn/Se stoichiometry). On the basis
of the data in Figure 3.4, several observations can be made. First, the transparency of the
nanosheets with respect to the electron beam increases systematically with a decreasing
amount of SnCl2. While this is a qualitative observation, it suggests that the nanosheets
are becoming thinner with decreasing SnCl2 concentration. Consistent with this, the
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thinner nanosheets show a greater tendency to buckle and fold (Figure 3.5). Second,
representative AFM images and their corresponding line scan profiles provide a more
quantitative measure of the systematic decrease in average nanosheet thickness: 35 nm
when 40 mg of SnCl2 is used (Figure 3.4a), 25 nm for 20 mg of SnCl2 (Figure
3.4b), 17 nm for 15 mg of SnCl2 (Figure 3.4c), and 8 nm for 10 mg of SnCl2 (Figure
3.4d).
Powder XRD data help further characterize the nanosheet morphology and the
systematic variation in average nanosheet thickness, as well as confirm that these features
are representative of the bulk sample. As shown in Figure 3.6a, near-perfect preferred
orientation is observed for drop-cast films of each sample. In addition to indicating the
relative phase purity of the samples, the XRD data in Figure 3.6a confirm that the twodimensional nanosheet morphology is maintained in the bulk sample upon reduction of
thickness. Importantly, Figure 3.6b shows an overlay of the (400) peaks for the four
samples synthesized using 40, 20, 15, and 10 mg of SnCl2. (The powder XRD patterns
were acquired using the same scan rate, dwell time, and step size, and the signal-to-noise
ratio of the background is identical for all samples.) Comparing the full width at halfmaximum for each of the peaks, increased peak broadening as a function of decreasing
SnCl2 reagent concentration is evident, and this is consistent with decreasing average
nanosheet thickness as the amount of SnCl2 is decreased. The nanosheet thicknesses as
determined by Scherrer analysis of the (400) reflection were 32, 27, 23, and 17 nm for the
samples prepared using 40, 20, 15, and 10 mg of SnCl2, respectively. While the numbers
do not exactly match those observed by AFM, the trends are the same, the values are
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comparable, and the XRD data are able to confirm a decrease in average nanosheet
thickness with reduced reagent concentration for the entire bulk sample. Taken together,
the AFM, TEM, and XRD data convincingly indicate a systematic decrease in nanosheet
thickness that is tunable with Sn and Se reagent concentration, which occurs while
maintaining the nanosheet morphology and good lateral uniformity.

3.3.3 – Nanosheet Formation Pathway
TEM analysis of aliquots taken during the course of a reaction helps us to
understand how the nanosheets form and why their thicknesses can be tuned based on
reagent concentration. Figure 3.7 shows TEM snapshots of nanosheet formation at
various stages of growth. In the earliest stage (Figure 3.7a), individual nanoparticle seeds
are observed, along with small aggregates that each contain an average of 5–15 particles.
These small nanoparticle aggregates appear to coalesce and grow into two-dimensional
dendritic structures (Figure 3.7b). Further growth, predominantly in two dimensions,
shows the continued addition of primary particles (Figure 3.7c), followed by the
formation of the uniform square-like nanosheet structures that are observed as the
primary products (Figure 3.7d). Interestingly, once lateral growth has defined the squarelike nanosheet morphology, we see evidence of vertical growth that generally maintains
the lateral dimensions while increasing the thickness (Figure 3.7e–h). Lateral growth
appears to continue on the surface of the preformed nanosheets (Figure 3.7e–g),
mimicking the initial stages of two-dimensional (2D) growth observed in Figure 3.7a,b.
Apparently, the initial 2D nanostructure acts as a template for the growth of subsequent

59

layers, which suggests that the nanosheets ―grow out‖ laterally and then ―grow up‖
vertically.
HRTEM studies provide further insights into the nanosheet growth process
(Figure 3.8). In the early stages of growth, analogous to that shown in Figure 3.7b, a
representative HRTEM image shows crystalline SnSe nanoparticles of approximately 2–4
nm in diameter that are agglomerated and fused together into an irregularly shaped 2D
structure (Figure 3.8a). The orientations of the constituent particles appear random (as
confirmed by the fast Fourier transform (FFT) image shown in Figure 3.9), indicating
that a polycrystalline 2D nanostructure forms first, followed by a transition to a singlecrystal nanosheet. This is analogous to the formation pathway recently proposed for
nanosheets of ceria,40 which involved the sintering and reorientation of a polycrystalline
CeO2 nanosheet initially formed via nanoparticle aggregation, and is also related to the
formation of free-standing CdTe nanosheets by the self-assembly of CdTe nanocrystals in
solution.38 As the nanosheet continues to grow, additional nanoparticle attachment
occurs, and while the nanosheet remains polycrystalline (Figure 3.10), larger domains of
oriented particles are beginning to form (Figure 3.8b).
Figure 3.8c shows a representative HRTEM image of a fully formed SnSe
nanosheet with evidence of nanoparticles beginning to attach to the nanosheet surface to
facilitate vertical growth. Two observations are particularly important. First, the fully
formed nanosheet (the ―background‖) is now single-crystalline, as evidenced by the
coherence of the lattice fringes across the entire nanosheet (Figure 3.11). Apparently, the
constituent nanoparticles of the polycrystalline nanosheet have coalesced and
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recrystallized to form a single crystal nanosheet. The lattice spacings (d = 3.0 Å) match
well with the {011} set of planes in the SnSe crystal structure, which is consistent with
the [100] nanosheet orientation observed earlier by XRD and TEM. Second, the
nanoparticles that attach to the nanosheet surface show a preference for epitaxial
alignment (Figure 3.8c), suggesting that oriented attachment may be involved in vertical
growth.41,63 This is consistent with the data presented in Figure 3.7, which suggested that
vertical growth commences primarily after lateral growth is complete. Once lateral and
vertical growth is complete, a single crystal nanosheet of SnSe is formed (Figure 3.8d
and Figure 3.12).
Collectively, the HRTEM data provide important insights into how the single
crystal SnSe nanosheets form. Initially, individual SnSe nanoparticles nucleate,
aggregate, and coalesce to form thin two-dimensional single crystal nanosheets via a
polycrystalline nanosheet intermediate (Figure 3.7a-d). While some additional lateral
growth is likely to occur, vertical growth becomes predominant, possibly via the oriented
attachment of nanoparticles to the nanosheet surface through epitaxial alignment (Figure
3.8c). This vertical growth continues, in a pseudo layer-by-layer fashion, until all of the
available SnSe feedstock is consumed (Figure 3.7e–h). Thus, when lower concentrations
of SnCl2 and TOP-Se are used, fewer SnSe layers form, and vertical growth stops sooner
due to a limited supply of the SnSe feedstock. Therefore, thicker nanosheets will result
from higher reagent concentrations and thinner nanosheets will result from lower reagent
concentrations (Figure 3.4 and 3.6). The factors that influence the lateral dimensions are
not yet fully understood. However, they appear to be largely independent of reagent
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concentration and more closely correlated with the variables that influence initial growth,
for example, reaction temperature and the organic/molecular species present. This is
similar to the factors that have been identified to influence the lateral growth of smaller
CdSe nanosheets.32

3.3.4 – Optical Properties of SnSe Nanosheets
Diffuse reflectance data (Figure 3.13) were obtained from drop-cast films of the
SnSe nanosheets on a glass substrate (Figure 3.14). The onset of absorption was found to
be in the near-infrared region at approximately 1350 nm.51 To determine the indirect and
direct band gap values, Kubelka–Munk transformations were performed.64 A plot of
[F(R)hν]2versus energy indicates a direct band gap of 1 eV (Figure 3.13b), and a plot of
[F(R)hν]1/2versus energy indicates an indirect band gap of 0.90 eV (Figure 3.13c). Both
of these values are consistent with previous studies of the direct and indirect band gap
energies for SnSe.46,51,52 Although not optimized, a film of SnSe nanosheets on FTO
(which consists of the as-synthesized nanosheets that contain long-chain alkylamine
stabilizers on their surfaces) showed a clear photoswitching response under light and dark
conditions. These results indicate that drop-cast films of the SnSe nanosheets are
photoactive with band gaps that may make them appropriate, with further optimization,
for potential applications in near-IR optoelectronic devices including multijunction solar
cells,45,48,52 radiation detectors,53,65 and electrical and memory switching devices.54
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3.4 – Conclusions
Two-dimensional colloidal nanosheets of SnSe have been made using a simple
one-pot solution chemistry reaction. TEM studies reveal that the nanosheets adopt a
square-like morphology with uniform lateral dimensions on the order of 500 nm × 500
nm. TEM, AFM, and XRD studies collectively confirm that the nanosheet thickness can
be tuned from approximately 10 to 40 nm, and this is accomplished while maintaining the
nanosheet morphology and lateral uniformity. Importantly, studies of the nanosheet
formation pathway suggest that lateral growth occurs first, followed by subsequent
growth in the vertical direction. Therefore, when the reaction mixture had a limited
amount of available Sn and Se reagents (e.g., at lower reagent concentrations), growth in
the vertical direction was limited and thinner nanosheets were formed. These insights into
how the nanosheets form offer important clues for precisely controlling and tuning
colloidal nanosheet thicknesses while maintaining lateral uniformity. While demonstrated
for SnSe, these insights may have important implications for other technologically
relevant oxide and chalcogenide semiconductor systems, helping to guide efforts in the
synthesis and optimization of nanosheets with controlled dimensions for applications that
include photocatalysis, photovoltaics, and field-effect transistors.60,65-67
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3.6 – Figures

Figure 3.1 (a) Large-area TEM image of SnSe nanosheets with corresponding size
distribution histogram (inset), (b) higher-magnification image highlighting the uniform
square-like morphology, and electron diffraction patterns of (c) a single nanosheet and
(d) an ensemble of sheets.
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Figure 3.2 EDS spectrum and powder XRD patterns for SnSe nanosheets. The EDS
spectrum (a) confirms the presence of Sn/Se in an approximate 1:1 ratio, and the XRD
pattern (b) confirms that the nanosheets correspond to orthorhombic GeS-type SnSe with
preferred orientation in the [100] direction for drop-cast films.
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Figure 3.3 HRTEM images of SnSe nanosheets and correlation with the crystal structure:
(a) three magnifications showing a side view of stacked nanosheets, revealing the SnSe
layers that comprise the nanosheets, (b) crystal structure of orthorhombic GeS-type SnSe
showing the atomic arrangement and key interatomic distances and angles of the {100}
and {011} set of planes, and (c) high- and low-magnification images showing the top
view of an individual nanosheet.
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Figure 3.4 TEM (left panels) and AFM (right panels) characterization of thickness
tunability in the colloidal SnSe nanosheets, corresponding to samples prepared using (a)
40, (b) 20, (c) 15, and (d) 10 mg of SnCl2. The line profiles, corresponding to the lines
indicated in the AFM images, highlight the progressive reduction in sheet thickness as a
function of the amount of SnCl2 used in the reaction. The image in panel d includes a
group of stacked nanosheets, which appears white because its height is taller than that of
the maximum z-axis scale.
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Figure 3.5 TEM images showing the thinnest SnSe nanosheet samples (8-15 nm, made
using 10 mg of SnCl2), which show a tendency to buckle and curl.
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Figure 3.6 Panel a shows powder XRD patterns for drop-cast films of the SnSe
nanosheets, and panel b shows an overlay of the (400) peak to highlight the increased
peak broadening as the nanosheet thickness decreases. The 40, 20, 15, and 10 mg samples
are shown as black, blue, red, and green patterns (ordered from top to bottom with
decreasing sheet thickness), respectively.
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Figure 3.7 TEM images of aliquots taken during the formation of the SnSe nanosheets,
highlighting (a,b) initial nucleation, agglomeration, and coalescence of nanoparticle seeds
into two-dimensional dendritic nanostructures, (c,d) lateral growth via nanoparticle
attachment resulting in a uniform square-like nanosheet morphology, and (e–h) layer-bylayer vertical growth that produces a final single-crystalline nanosheet. Scale bars are 100
nm.
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Figure 3.8 HRTEM images highlighting the SnSe nanosheets at different stages of
growth: (a,b) initial growth stages showing the attachment of randomly oriented
nanoparticle building blocks, (c) epitaxial alignment of nanoparticle seeds on a preformed
crystalline nanosheet template and subsequent growth via nanoparticle attachment, and
(d) single-crystal nanosheet in the final stage of growth. Scale bars for main panel images
(high-magnification) are 5 nm. Scale bars for images located in the insets (lowmagnification) are 50 nm. The red boxes in each bottom-right inset correspond to the
enlarged regions shown in the main panels. The blue boxes in each main panel
correspond to the enlarged regions shown in the upper-right insets.
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Figure 3.9 HRTEM image shown in Figure 3.8a with its corresponding fast Fourier
transform (FFT), highlighting the random orientation of individual nanoparticle building
blocks (evidenced by both the lattice fringes and the FFT ring pattern).
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Figure 3.10 HRTEM image shown in Figure 3.8b with its corresponding fast Fourier
transform (FFT), highlighting the random orientation of individual nanoparticle building
blocks (evidenced by both the lattice fringes and the FFT ring pattern).
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Figure 3.11 HRTEM image shown in Figure 3.8c with its corresponding fast Fourier
transform (FFT), highlighting the single crystal nature of the nanosheet template
(coherent lattice fringes and spot pattern in the FFT) and the polycrystalline nature of the
nanoparticles that attach to the nanosheet surface during vertical growth (lattice fringes
and ring pattern in the FFT).
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Figure 3.12 HRTEM image shown in Figure 3.8d with its corresponding fast Fourier
transform (FFT), highlighting the single crystal nature of the final nanosheet (lattice
fringes and spot pattern, without rings, in the FFT).
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Figure 3.13 (a) Diffuse reflectance spectrum for SnSe nanosheets. Direct and indirect
band gaps were determined from plots of [F(R)hν]2 and [F(R)hν]1/2 vs energy, shown in
panels b and c, respectively.
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Figure 3.14 SEM images (top-down views) at different magnifications for a
representative drop-cast film of SnSe nanosheets on a silicon substrate. Analogous films
were used for measuring the optical band gap and photocurrent.
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Chapter IV3
Formation of Laterally Controlled SnS Nanosheets and
Hierarchical Nanoflowers for Lithium Ion Batteries
4.1 – Introduction
Lithium ion battery technology has existed for decades, but large-scale energy
storage needs for sustaining a portfolio of clean-energy technologies—including electric
vehicles and energy generation systems based on the sun and the wind—have created a
growing interest in developing new materials that can reversibly intercalate lithium.1–3 In
this respect, lithium ion batteries are poised to serve as key energy storage devices that
promise to reduce fossil fuel consumption and CO2 emissions.4 Central to advancing such
technologies is the development of new materials for lithium ion batteries that are cheap
and lightweight while providing high energy density and long service life.1 Among such
materials, nanomaterials have attracted significant attention, offering the promise of high
storage capacity at practical current rates primarily as a result of reduced diffusion
distances for Li ion transport in the nano-sized particles.2-4 Specifically, hierarchical
nanostructures, which are comprised of interconnected nanoscale building blocks
organized into a larger porous architecture can increase electrochemical performance in

*Reproduced in part with permission from Chem. Commun., 48, D. D. Vaughn II, O. D.
Hentz, S. Chen, D. Wang, and R. E. Schaak, Formation of SnS Nanoflowers for Lithium
Ion Batteries, 5608-5610, Copyright 2012 The Royal Society of Chemistry (RSC).
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lithium ion batteries because of improved particle stability and enhanced electrolyteelectrode interfacing in the high surface area material.5–7
Sn-based analogues, including SnO2,8 SnSe,9 SnS,10–12 and elemental Sn,13 have
been extensively studied as anode materials for lithium ion batteries. However, lithium
diffusion into these materials creates a large volume expansion, which leads to fracture,
loss of contact with the current collector, and degraded performance over time.14 Tin
sulfide, SnS, is a particularly interesting anode material for lithium ion batteries because
it has a high theoretical capacity, is comprised of inexpensive and abundant elements, and
includes sulfur, which can act as a buffering layer for increased cycling performance.12,15
While a few reports have demonstrated the utility of SnS nanostructures for lithium ion
battery applications,10–12 discrete hierarchical nanostructures of SnS—which are highly
desired for battery applications because of the nanostructure-performance correlations
detailed above—have not been described.
In this chapter, we report the solution-mediated synthesis of several SnS
nanostructures including nanosheets and hierarchically assembled nanoflowers. We
describe insights into the formation pathway of these nanostructures and show that by
appropriate choice of starting metal precursor, nanosheets with controlled lateral
dimensions including hexagonal, disc-like, square, and rectangular can be synthesized in
addition to hierarchical SnS nanoflowers. Finally, we demonstrate both thermal and
environmental stability for the SnS nanoflowers and show that they can function as
lithium ion battery anodes with high capacities and coulombic efficiencies that are
maintained for over 30 cycles.
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4.2 – Experimental Details
4.2.1 – Materials
Tin (II) Chloride (SnCl2, 99%), Tin (II) Bromide (SnBr2, 99.4%), Tin (II) Iodide (SnI2,
>99%), Tin (IV) Bromide (SnBr4, 99%), Tin (IV) Iodide (SnI4, 95%), and sulfur powder
(99.5%) were purchased from Alfa Aesar. Oleylamine (>40%) was purchased from TCI
America. Tin (II) Acetate (Sn(CH3COO)2, 99%) and Hexamethyldisilazane (HMDS,
>99%) was purchased from Aldrich. All chemicals were used as received. Synthesis was
carried out under Ar using standard Schlenk techniques. All work-up procedures were
performed in air.

4.2.2 – Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer equipped with CuKα radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were obtained using a
JEOL 1200 EX II operating at 80 kV. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) data were performed on a FEI Nova NanoSEM 630
field-emission SEM.

4.2.3 – 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 SnS nanoflowers,
Super P carbon black, and PVDF, respectively, was spread on a Cu foil using a doctor
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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.

4.2.4 – Synthesis of SnS Nanostructures
Oleylamine-Sulfide Stock Solution: A 1 M oleylamine-sulfide (OAM-S) stock solution
was first prepared by dissolving 320 mg (10 mmol) of sulfur powder in 10 mL of
oleylamine and sonicating until a dark red solution was obtained.
SnS Nanosheets: In a typical synthesis of disc-like SnS nanosheets, 20 mg (~0.1 mmol)
of SnCl2 and 20 mL (~60 mmol) of oleylamine were added to a 20 mL scintillation vial
and sonicated until a clear colorless solution was obtained. This solution was then added
to a 3-neck round-bottom flask fitted with a condenser, thermometer adapter,
thermometer, and rubber septum. Next, 0.11 mL of the 1 M OAM-S stock solution
(~0.11 mmol) and 1 mL (4.71 mmol) of hexamethyldisilazane (HMDS) were also added
and stirred for 15 min. Finally, the solution was slowly heated to 180 °C at ~10 °C/min,
resulting in the formation of a black-colored solution. This solution was allowed to age
for 30 min and then was rapidly cooled by removing the reaction flask from the heating
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mantle. Additional nanosheet morphologies were prepared using the same synthetic
procedure above, however, with different tin precursors. Square and rectangular
nanosheets were made by using 24 mg (~0.1 mmol) and 28 mg (~0.1 mmol) of SnBr2 and
Sn(CH3COO)2, respectively. Hexagonal sheets were formed using 20 mg (~0.1 mmol) of
SnCl2 without the addition of hexamethyldisilazane (HMDS).
SnS Nanoflowers: In a typical synthesis of SnS nanoflowers, 40 mg (~0.1 mmol) of SnI2
and 20 mL (~60 mmol) of oleylamine were added to a 20 mL scintillation vial and
sonicated until a clear colorless solution was obtained. This solution was then added to a
3-neck round-bottom flask fitted with a condenser, thermometer adapter, thermometer,
and rubber septum. Next, 0.25 mL of the 1 M OAM-S stock solution (~0.25 mmol) and 1
mL (4.71 mmol) of hexamethyldisilazane (HMDS) were also added and stirred for 15
min. Finally, the solution was slowly heated to 200 °C at ~10 °C/min, resulting in the
formation of a black-colored solution. This solution was allowed to age for 30 min and
then was rapidly cooled by removing the reaction flask from the heating mantle. The
samples prepared using SnBr4 and SnI4 were prepared using an identical procedure to the
one above except that 90 mg and 60 mg of the starting Sn-precursor (~0.1 mmol) were
used, respectively.
Purification Procedures: The SnS nanostructures were precipitated by adding 30 mL of a
3:1:1 acetone/hexane/toluene mixture and then centrifuged at 12,000 rpm for 10 min. The
obtained powder was washed three times with a 1:1 toluene/ethanol mixture with
centrifugation in between each wash. The product could then be suspended in toluene,
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hexane, ethanol, or methanol for further characterization, with dispersibility lasting on the
order of a few minutes.

4.3 – Results and Discussion
4.3.1 – SnS Nanosheets
SnS nanosheets were made by heating a one-pot reaction mixture of a tin metal
precursor (SnCl2, Sn(CH3COO)2, or SnBr2), oleylamine (OAm), oleylamine sulfide
(OAm-S), and/or hexamethyldisilazane (HMDS) to between 180-200 °C and holding for
30 min. Figure 4.1 shows representative TEM images of the nanosheet products formed
when SnCl2 is chosen as the metal precursor and HMDS is used as an additive. The
resulting nanosheets have a disc-like and multifaceted lateral morphology with
dimensions on the order of 500 x 500 nm (Figure 4.1a-c). A selected-area electron
diffraction (SAED) pattern for an individual SnS disc is provided in Figure 4.1d showing
a characteristic spot pattern consistent with single crystalline GeS-type SnS.
Representative powder X-ray diffraction patterns for drop-cast and aggregated powder
films can be seen in Figure 4.2. Consistent with a predominant nanosheet morphology,
preferred orientation along the [100] lattice direction is observed for drop-cast films of
the SnS nanostructures. In addition, a powder film of the sample confirms that the
material is composed of orthorhombic GeS-type SnS matching well with the
corresponding simulated pattern for α-SnS.
Removing the additive HMDS had a significant effect on the resulting SnS
nanosheet product. Figure 4.3 shows TEM images of the product formed when a mixture

88

of SnCl2, OAm, and OAm-S is heated to 180 °C and held for 30 min without the addition
of HMDS. The resulting two-dimensional nanostructures undergo a change in lateral
morphology to give hexagonal nanosheets with lateral dimensions of approximately 750
x 250 nm (Figure 4.3a-c). The SAED pattern in Figure 4.3d confirms that the nanosheets
are of the same orthorhombic GeS-type α-SnS phase as the disc-like 2D nanostructures.
While the role of HMDS under these reaction conditions is not exactly known, it is clear
that it has a significant effect on the final product morphology. We hypothesize that the
use of the HMDS additive under the current reaction conditions leads to a modification of
the starting metal tin precursor, resulting in altered reaction and decomposition kinetics
and ultimately leading to unique nanosheet product morphologies.
Subsequent reactions using Sn(CH3COO)2 and SnBr2 as starting precursors gives
support to this hypothesis as similar changes in nanosheet lateral dimensions are
observed. Figures 4.4 and 4.5 show TEM images of the resulting square-like and
rectangular SnS nanosheets formed when Sn(CH3COO)2 and SnBr2 are used as the
starting metal precursor, respectively, and HMDS is used. Collectively, these experiments
verify that selection of metal precursor has a profound effect on the final lateral
dimensions of the resulting 2D SnS nanostructures formed under the reaction conditions
used and suggests that bottom-up colloidal techniques can be applied for achieving
morphological tunability in 2D nanosheets. Control experiments performed with SnBr2
and SnI2 without the presence of HMDS resulted in no significant amount of product
which implies that the SnCl2 metal precursor may in fact be more reactive than SnBr2 and
SnI2 under the reaction conditions considered here and that somehow HMDS improves
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reactivity. In contrast, control experiments using SnF2 as the starting metal precursor with
and without HMDS led to the formation of an amorphous product with irregular
morphology.

4.3.2 – SnS Nanoflowers
When SnI2 was used as the metal precursor in conjunction with oleylamine
sulfide, oleylamine, and hexamethyldisilazane and slowly heated to 200 °C, SnS
nanoflowers could be synthesized. TEM images are shown in Figure 4.6a and b and field
emission scanning electron microscopy (FESEM) images are shown in Figures 4.6c and
4.7. The TEM and SEM images reveal that the hierarchical nanostructures are discrete
and comprised of individual nanosheets connected to a central core. Also, the SnS
nanoflowers are uniform with average diameters of 1–2 μm. Energy dispersive X-ray
(EDX) spectra (Figure 4.8) indicate a Sn : S ratio of 1 : 1 and EDX mapping data (Figure
4.9) confirm the uniform distribution of Sn and S throughout the nanoflowers.
PXRD data for the SnS nanoflowers (Figure 4.10) indicate an orthorhombic cell
with lattice constants of a = 11.18(9) Å, b = 3.98(5) Å, and c = 4.33(2) Å, which matches
with that of GeS-type SnS.16 No crystalline impurities are observed. Figure 4.6d shows a
SAED pattern for an ensemble of SnS nanoflowers, and the ring pattern is also consistent
with polycrystalline GeS-type SnS with no crystalline impurities. Figure 4.6e shows an
SAED pattern for a single SnS nanoflower, and the presence of discrete spots rather than
complete rings is consistent with a limited number of crystal domains formed from the
hierarchical arrangement of single-crystal SnS nanosheets. Related synthetic protocols
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are known to yield SnS,10 SnSe,17 GeS,18 and GeSe nanosheets,18 and given the layered
crystal structure of GeS,15–18 the formation of nanosheet subunits is not unexpected.
Similar SnS nanoflowers form when SnI4 and SnBr4 are used as precursors (Figure 4.11)
with HMDS.
Figure 4.12a-d shows TEM images of aliquots taken during the formation of the
SnS nanoflowers using SnBr4. Initially, at early reaction times (<1 min at 200 °C), an
amorphous nanoparticle background dominates the sample, along with some larger and
irregularly shaped nanoparticle agglomerates (Figure 4.12a and Figure 4.13). The SAED
pattern (Figure 4.12f) taken from a large region of the ―background‖ nanoparticles
(Figure 4.12g) confirms that they are amorphous. As the reaction progresses, the
nanoflower morphology begin to emerge, with branching occurring as early as 2–3 min at
200 °C. Interestingly, the spots observed on the SAED pattern (Figure 4.12g) taken from
one of the early branched structures (Figure 4.12h) indicate that they are, for the most
part, single crystals. As the reaction continues at 200 °C, the branches around the central
core serve as nucleation sites for the growth of nanosheet protrusions, which ultimately
comprise the final SnS nanoflowers. Growth continues throughout this nanoflower
formation process (Figure 4.12a-d), progressing from the 250 nm core nanostructures at
the early stages to the final 2 μm nanoflowers after 20–30 min. Given these
observations, we hypothesize that the smaller amorphous nanoparticles are consumed and
ultimately add via coalescence to the growing nanoflowers, in analogy to our
observations of nanosheet formation in the related SnSe system.17 This is consistent with
the gradual depletion of the amorphous nanoparticles from the TEM images in Figure
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4.12a-d, their absence in all final samples, and the observation of nanoparticles attaching
to the growing nanosheets (Figure 4.12i,j).
In order to study their applicability in lithium ion batteries, the SnS nanoflowers
were first annealed at 600 °C for 1 h under nitrogen to remove the surfactants.
Importantly, the nanoflowers show excellent thermal stability with full retention of
morphology, composition, and phase (Figure 4.14 and Figure 4.15). The nanoflowers are
also environmentally stable, retaining their morphology after six months of storage in
powder form under ambient conditions (Figure 4.16). To evaluate their performance, the
SnS nanoflowers were used to prepare a lithium ion battery anode (details in the
Supplementary Information) 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 discharge-charge profiles (Figure 4.14) revealed an initial discharge capacity
of approx. 1050 mAh g−1, which is close to the sum of the theoretical irreversible
capacity (356 mAh g−1) and the maximum theoretical reversible capacity (780 mAh g−1),
based on the formation of metallic Sn and subsequent generation of a Li4.4Sn alloy:
SnS(s) + 2 Li+ + 2 e− → Sn(s) + Li2S(s)

(1)

Sn(s) + 4.4 Li+ + 4.4 e− → Li4.4Sn(s)

(2)

92

The efficiency of the first cycle is inevitably low because of reaction (1).
However, after the first discharge plateau at 1.3 V, the discharge-charge profiles become
stable. The second discharge capacity was found to be 600 mAh g−1, which is 77% of the
maximum theoretical reversible capacity, and the cycle life performance remained stable
and reversible up to at least 30 cycles (Figure 4.17). The average discharge capacity was
approx. 580 mAh g−1, and the overall coulombic efficiency was greater than 96%. This
performance compares favorably with other reports of SnS anodes, achieving higher
discharge capacity than commercial graphite anodes over 30 cycles and showing the
longest cyclability reported to date for colloidal SnS nanostructures.1,10,11 We attribute the
high charge/discharge capacity and electrochemical reversibility to the unique
morphology of the SnS nanoflowers. The large surface area and small size yield a large
electrochemical interfacial region that facilitates highly efficient Li+ ion insertion, and the
open and low-density morphology in the discrete hierarchical nanostructures facilitates
efficient Li+ ion diffusion through the anode material and tolerance of phase changes
during cycling.

4.4 – Conclusions
In summary, SnS nanosheets and nanoflowers consisting of a hierarchical
arrangement of nanosheet subunits surrounding a central core have been synthesized
using a simple one-pot heat-up method in oleylamine. The as-synthesized particles show
excellent thermal and environmental stability, and they were found to be active as anodes
in lithium ion batteries, exhibiting high charge/discharge capacity and excellent
reversibility over 30 cycles. Given the insights into how the SnS nanosheets and

93

nanoflowers form and how their morphology impacts their performance in lithium ion
batteries, we anticipate that the morphology could be further tuned and that additional
nanostructure-property correlations will emerge. Furthermore, the adaptation of the
synthetic strategy presented here to other photoactive layered semiconductor systems
such as MoS2 and WS2, could lead to enhanced catalytic activity and optoelectronic
properties.
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4.6 – Figures

Figure 4.1 Low (a), mid (b), and high (c) magnification TEM images of disc-like SnS
nanosheets. Corresponding SAED pattern (d) matching that expected for single crystal
GeS-type SnS. Scale bars are 500 nm.
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Figure 4.2 Representative powder XRD patterns for disc-like SnS nanosheets.
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Figure 4.3 Low (a), mid (b), and high (c) magnification TEM images of hexagonal SnS
nanosheets. Corresponding SAED pattern (d) matching that expected for single crystal
GeS-type SnS. Scale bars are 250 nm.
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Figure 4.4 Low (a), mid (b), and high (c) magnification TEM images of square-like SnS
nanosheets. Corresponding SAED pattern (d) matching that expected for single crystal
GeS-type SnS. Scale bars are 250 nm.
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Figure 4.5 Low (a), mid (b), and high (c) magnification TEM images of rectangular SnS
nanosheets. Corresponding SAED pattern (d) matching that expected for single crystal
GeS-type SnS. Scale bars are 500 nm.
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Figure 4.6 TEM (a,b) and FESEM (c) images of SnS nanoflowers; SAED patterns for (d)
an ensemble of nanoflowers and (e) a single nanoflower.
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Figure 4.7 Large-area FESEM image showing that the nanoflowers comprise the bulk of
the sample.
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Figure 4.8 EDX spectrum confirming the presence of Sn and S in a ~1:1 ratio.
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Figure 4.9 EDX mapping data, showing the co-localization of Sn and S.
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Figure 4.10 Powder XRD data for SnS nanoflowers.
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Figure 4.11 SnS nanoflowers formed using SnI4 (left) and SnBr4 (right) as the Sn
reagent.
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Figure 4.12 TEM images of (a–d) aliquots taken during the formation of SnS
nanoflowers at t = 1, 3, 5, and 15 min at 200 °C, (e) amorphous nanoparticles and (h)
initial crystalline cores, along with (f,g) the corresponding SAED patterns, and (i,j)
nanoparticles attaching to the growing nanosheet subunits. The SAED patterns in panels
(f) and (g) correspond to the TEM images in panels (e) and (h), respectively, and panel (j)
is an enlargement of panel (i), as indicated.
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Figure 4.13 Nanoparticle agglomerates formed in the earliest stages of SnS nanoflower
growth.
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Figure 4.14 Charge/discharge profile of SnS nanoflowers annealed at 600 °C for 1 h in
N2 along with a TEM image of the annealed sample (inset).
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Figure 4.15 Powder XRD pattern for SnS nanoflowers annealed at 600 °C for 1 h under
N2 (g).
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Figure 4.16 Powder XRD pattern showing SnS nanoflowers after ~6 months of aging
under ambient conditions in powder form. A TEM image showing the particle
morphology after ~6 months of ambient storage is included in the inset.
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Figure 4.17 Cycling performance for SnS nanoflowers tested at a current density of 50
mA g-1 with charge and discharge potentials of 1.1 V and 0.01 V, respectively.
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Chapter V4
Engineering Porosity into Single-Crystal Colloidal
Nanosheets Using Epitaxial Nucleation and
Chalcogenide Anion Exchange Reactions: The
Conversion of SnSe to SnTe
5.1 – Introduction
Inorganic solids with layered crystal structures often form two-dimensional
nanocrystals, typically by delamination of the bulk solid1 or by direct solution-phase
synthesis under conditions that favor lateral vs vertical growth.2-6 These inorganic
nanosheets are used as building blocks for nanostructured materials that include catalysts,
solar cells, batteries, polymer composites, and electronic devices, and they also serve as
platforms for fundamental studies of physical properties in the two-dimensional limit.711

As the applications and property studies of these two-dimensional inorganic crystals

continue to advance, there is a need for new synthetic tools that provide access to
nanosheets with more elaborate and complex morphological features, as well as access to

*

Reproduced in part with permission from Chem. Mater., 24, I. T. Sines, D. D. Vaughn
II, A. J. Biacchi, C. E. Kingsley, E. J. Popczun, and R. E. Schaak, Engineering Porosity
into Single-Crystal Colloidal Nanosheets Using Epitaxial Nucleation and Chalcogenide
Anion Exchange Reactions: The Conversion of SnSe to SnTe, 3088-3093, Copyright
2012 The American Chemical Society (ACS). I. T. S. and D. D. V. contributed equally to
this work.
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more arbitrary materials systems. For example, introducing secondary nanostructural
features into otherwise single-crystal nanosheets, including pores and periodic
protrusions, could open up new opportunities in areas such as catalysis and nanoporebased separations, sequencing, and sensing. Likewise, merging the nanosheet
architectures that are typically limited to layered solids with nonlamellar systems that
have three-dimensionally bonded crystal structures could significantly expand their
materials landscape.
Accordingly, in this chapter we describe a new nanostructure design strategy that
yields porous, single-crystal colloidal nanosheets of a nonlayered cubic material, SnTe.
SnTe is a narrow band gap IV–VI semiconductor that crystallizes in the cubic rocksalt
(NaCl) structure type and has applications that include mid-IR detectors, thermoelectric
devices, and phase change memories.12-17 Because of its importance, various zerodimensional (0D) and one-dimensional (1D) colloidal nanostructures of SnTe have been
reported.18-20 Unlike SnTe, the crystal structure of SnSe is layered,21 and SnSe has a
tendency to form single-crystal colloidal nanosheets.6 Using bond energy differences
between complexes of trioctylphosphine (TOP) with Se vs Te22 as a chemical driving
force,23 we show that single crystal SnSe nanosheets can be converted to single-crystal
SnTe nanosheets via a diffusion-mediated anion exchange pathway. This chemical
transformation generates nanopores and crystallographically aligned cube-shaped
protrusions in the single-crystal nanosheets, providing a framework for introducing
secondary nanostructural elements into two-dimensional nanosheets of threedimensionally bonded materials. This result adds to a growing toolbox of important
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chemical transformation reactions that yield single-crystal nanosheets,24-26 offering
unique capabilities for morphological control. Notably, the unique single crystal-to-single
crystal nanosheet transformation pathway provides powerful crystallographic guidelines
for designing such features into novel two-dimensional nanocrystal systems. By analogy
to other semiconductor systems, such porous nanostructures are anticipated to have
interesting properties that differ from their nonporous analogues, including optical
anisotropy, tunable electronic effects, unique optoelectronic behavior, and enhanced
sensing capabilities.27-30

5.2 – Experimental Details
5.2.1 – Materials
Selenium powder (99+%), tellurium powder (−200 mesh, 99.5%, metals basis), SnCl2
(anhydrous, 99%) were purchased from Alfa Aesar. Tri-n-octylphosphine (85%) and
oleylamine (>40%) were purchased from TCI. Dichloromethane was purchased from
EMD. Hexamethyldisilazane (>99%, HMDS) was purchased from Aldrich. Solvents used
to extract and purify products, including acetone, hexanes, toluene, ethanol, and
methanol, were of analytical grade. All chemicals were used as received.

5.2.2 – Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Kα radiation. Transmission electron microscope (TEM) images
and selected area electron diffraction (SAED) patterns were obtained using a JEOL 1200
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EX II operating at 80 kV. High-resolution TEM (HRTEM) images and scanning
transmission electron microscopy energy-dispersive X-ray spectroscopy (STEM-EDS)
spectra were collected using a JEOL JEM-2010F operating at 200 kV with an EDAX
solid-state X-ray detector. Samples were prepared by drop-casting toluene-dispersed
nanostructures onto carbon-Formvar coated Cu TEM grids. Lattice fringes were
measured from the fast Fourier transform (FFT) of HRTEM images using Image-J
software (http://rsbweb.nih.gov/ij/). EDS data analysis was carried out using ESVision
software (Emispec, 2004). Scanning electron microscope (SEM) images were collected
using a JEOL JSM 5400 SEM. Atomic force microscope (AFM) images were collected
using a Dimension Instruments 3100 AFM equipped with PPPNCHR tapping mode AFM
tips from Nanosensors.

5.2.3 – Synthesis of SnSe and SnTe Nanosheets
General Reaction Setup: Unless otherwise specified, all reactions were performed in a
three-neck apparatus sealed using a condenser with an air-flow adapter on top, a
thermometer adapter with mercury thermometer, and a 14/20 rubber septum.
Synthesis of SnSe Nanosheets: A 1 M TOP-Se stock solution was prepared by dissolving
790 mg of selenium powder in 10 mL of TOP and sonicating until a clear colorless
solution was obtained. In a typical synthesis of SnSe nanosheets,6 15 mg of SnCl2 and 20
mL of oleylamine were added to a 20 mL scintillation vial and sonicated until a clear
colorless solution was obtained. This solution was then added to a three-neck roundbottom apparatus, and 0.08 mL of the 1 M TOP-Se stock solution and 1 mL of HMDS
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were also added; the mixture was stirred for 15 min. Finally, the solution was slowly
heated to 240 °C at 10 °C/min, resulting in the formation of a black-colored solution.
This solution was allowed to age for 30 min and then was rapidly cooled by removing the
reaction flask from the heating mantle. The SnSe nanosheets were precipitated by adding
30 mL of a 3:1:1 acetone/hexane/toluene mixture and then centrifuged at 12 000 rpm for
10 min. The obtained powder was washed three times with a 1:1 toluene/ethanol mixture
with centrifugation after each wash. The product could then be suspended in toluene,
ethanol, or methanol for further reactions.
Preparation of 0.78 M TOP-Te Solution: Te powder (3.0 g) was combined with 30 mL of
TOP in a three-neck apparatus, which was attached to a Schlenk line, placed under
vacuum for 30 min, placed under Ar, heated to 280 °C, and then held there for 4 h until
all of the powder dissolved and formed a red solution. The reaction was allowed to cool
to room temperature where the solution changed color from red to yellow. The solution
was centrifuged at 10 000 rpm for 10 min to remove any remaining Te powder.
Synthesis of Porous SnTe Nanosheets: SnSe nanosheets (10 mg) were dispersed in 10 mL
of 0.78 M TOP-Te by sonication and then placed in a three-neck apparatus, which was
then attached to a Schlenk line, placed under vacuum for 30 min, placed under Ar,
rapidly heated to 220 °C over 20 min, and immediately quenched in 30 mL of hexanes.
When cool, this mixture was transferred to a glass centrifuge tube and centrifuged for 5
min at 7000 rpm. The supernatant was decanted, and the product was washed three times
with dichloromethane followed by washing three times with hexanes.
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5.3 – Results and Discussion
Laterally uniform nanosheets of SnSe, of 15 nm thickness, were synthesized as
described previously.6 Transmission electron microscope (TEM) images confirm that the
SnSe nanosheets are square-shaped, often with truncated corners (Figure 5.1a,c). A
selected area electron diffraction (SAED) pattern of an ensemble of SnSe nanosheets
(Figure 5.1b) confirms that they adopt the expected GeS structure type,6 and an SAED
pattern for a single SnSe nanosheet confirms that it is oriented along the [100] direction
(Figure 5.1d). The 92° and 88° angles that are characteristic of the GeS-type SnSe crystal
structure are clearly evident. When the SnSe nanosheets are dispersed in a 0.78 M
solution of elemental tellurium dissolved in TOP and heated to 220 °C at a rate of 18
°C/min, they transform into SnTe nanosheets. Representative TEM images
(Figure 5.1e,g) show that the SnTe nanosheets retain the average size and twodimensional morphology defined by the SnSe template but that pores are present
throughout the nanosheets. The SAED pattern for an ensemble of porous sheets
(Figure 5.1f) is consistent with rocksalt-type SnTe. Despite the porous nature of the
nanosheets, the SAED pattern of a single SnTe nanosheet (Figure 5.1h) shows that it is
also a single crystal, with a cubic spot pattern consistent with nanosheets of SnTe
oriented along the [100] direction.
Figure 5.2a (enlarged from the region of a single SnTe nanosheet surrounded by a
yellow box in Figure 5.2d) shows a high-resolution TEM (HRTEM) image of a single 20
nm × 28 nm pore. The carbon-Formvar substrate is clearly visible through the opening,
highlighting the porosity of the product. The observed 3.13 Å lattice fringes with 90°

118

intersections (Figure 5.2b), combined with the fast Fourier transform (FFT) shown
Figure 5.2c, indicate that the entire region surrounding the pore is single-crystalline with
the cubic lattice expected for the {200} family of planes for NaCl-type SnTe. Analysis of
a representative porous SnTe nanosheet by scanning TEM (STEM) with energy
dispersive X-ray spectroscopy (EDS) indicates that the product consists almost entirely of
Sn and Te, with only residual Se that is close to the detection limit (Figure 5.2e). The Sn
and Te are uniformly distributed across the sheet, with the EDS signals rising and falling
(correlated with the locations of the pores) as the beam is rastered across the sample.
Powder X-ray diffraction (XRD) patterns for aggregated powders of the SnSe and
SnTe nanosheets match those expected for GeS-type SnSe and NaCl-type SnTe,
respectively (Figure 5.3). When drop cast into a film, both SnSe and SnTe nanosheets
show evidence of significant preferred orientation by powder XRD (Figure 5.3), which
indicates that the nanosheet morphologies are present throughout the bulk of the sample.
For SnSe, only the (400) and (800) reflections are present, and this is consistent with the
[100]-oriented nanosheets that SnSe is known to adopt.6 For SnTe, the (200) and (400)
reflections are predominant, which also indicates orientation normal to the [100]
direction.
Field emission scanning electron microscope (FESEM, Figure 5.4a) and atomic
force microscope (AFM, Figure 5.4b) images reveal the three-dimensional morphology
of the nanosheets, which consist of flat porous sheets with protrusions of cubes and bars.
Two morphological features are particularly notable. First, the nanocube subunits are
adjoined via their edges, indicating that the nanocubes protrude as [100]-oriented features
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on the surface of the nanosheets. Second, while there is no long-range alignment of the
nanocubes across the nanosheet surface, there is clear evidence of local alignment: the
cubes and bars tend to be oriented 90° relative to one another and 45° relative to the
nanosheet edges. This can be rationalized by considering the crystal structures.
The GeS-type crystal structure of SnSe (Figure 5.5a) can be described as a
distortion of the rocksalt structure that SnTe adopts (Figure 5.5b,c),21 and this is
especially evident by comparing their (100) planes. However, one must rotate the (100)
plane of SnTe (shown in Figure 5.5b) by 45° (shown in Figure 5.5c) to generate the same
crystallographic orientation as the (100) plane of SnSe (shown in Figure 5.5a). Thus, to
achieve crystallographic alignment of SnTe on SnSe, SnTe nanocubes would be rotated
45° relative to the underlying SnSe substrate. Indeed, TEM images of intermediate
samples isolated before complete conversion to SnTe show crystallographically oriented
nucleation of the SnTe nanocubes on the SnSe nanosheet surface (Figure 5.5d).
Thicker ( 30–35 nm) SnSe sheets6 allowed us to slow down the reaction and
observe intermediate nanostructures. As the initial SnSe nanosheets (Figure 5.6a) begin
to react with TOP-Te, a TEM image of an early product (Figure 5.6b) shows that the
center of these sheets remains dense, with a thickness similar to that of the precursor, but
the edges appear to thicken and become rougher. This suggests that the conversion first
occurs at the nanosheet edges. As the reaction temperature increases, crystals begin to
also form in the interior of the sheets (Figure 5.6c), and the SnSe is eventually consumed
as pores begin to emerge in the center (Figure 5.6d,e). This process continues until all of
the SnSe nanosheets are transformed to porous SnTe (Figure 5.6f). EDS line scans
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(Figure 5.6g) across the frames that surround the nanosheet edges (Figure 5.6f) indicate
that they contain predominantly Sn and Te, suggesting nearly complete conversion to
SnTe. Moving toward the interior, the Te signal decreases significantly, and the Sn and
Se signals dominate, suggesting that the unreacted center regions contain SnSe. This is
confirmed by careful inspection of representative HRTEM images taken from different
regions of an intermediate nanosheet, which show evidence of both SnSe (Figure 5.7a)
and SnTe (Figure 5.7b).
Taken together, the data presented in Figures 5.5–5.7 are consistent with the
following reaction pathway. Diffusion of Te into the SnSe nanosheets occurs first along
the edges, which is reasonable given the observed SnTe nanocube frames that quickly
decorate the SnSe nanosheets (Figure 5.6b,c), as well as the layered crystal structure
along the edges of the [100]-oriented single crystal SnSe nanosheets,6,21 which would
facilitate fast diffusion. SnTe also begins nucleating, with crystallographic alignment, on
the (100) surface of the SnSe nanosheets. Continued growth of these SnTe nanocubes
ultimately consumes the SnSe nanosheets as Te diffuses in and Se diffuses out via the
nanocube nucleation sites. This creates voids throughout the nanosheets while
maintaining a largely interconnected network of [100]-oriented SnTe sheets with
crystallographically aligned SnTe nanocube protrusions.
This process is consistent with a diffusion-mediated anion exchange pathway,
which has been used in a limited number of cases to convert one type of oxide or
chalcogenide nanoparticle into another.32,34,35 We attribute the chemical driving force
behind this anion exchange reaction to the differences in the P═Te vs P═Se bond
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energies,22 in analogy to the rationale behind the partial anion exchange between CdS and
TOP-Te to yield CdS-CdTe heterodimers.23 The P═Te bond is weaker than that of P═Se.
Therefore, when starting with TOP-Te and SnSe, the formation of TOP-Se is
energetically favorable, which drives the anion exchange process to form SnTe.

5.4 – Conclusions
In summary, we have described an anion exchange pathway that converts
colloidal SnSe nanosheets to colloidal nanosheets of SnTe with retention of
monocrystallinity and crystallographic orientation. SnTe is a prototype threedimensionally bonded material that does not tend to form colloidal nanosheets directly
under analogous conditions. This chemical transformation reaction produces nanosheets
that incorporate secondary nanostructural features—pores and cube-shaped protrusions—
into their two-dimensional single crystal architectures. Importantly, the chemical and
crystallographic factors that lead to the formation of such morphological features provide
guidelines for rationally designing similar architectural elements into other nanoscale
systems. Preliminary evidence of generality to other chalcogenide systems suggests that
this approach could lead to complex two-dimensional nanostructures across a diverse
library of materials.
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5.6 – Figures

Figure 5.1 TEM images (a,c,e,g) and SAED patterns (b,d,f,h) for (a–d) SnSe and (e–h)
porous SnTe nanosheets. The SAED patterns in (d) and (h) indicate that the SnSe and
SnTe nanosheets in (c) and (g) are single crystals. Scale bars are 1 μm in (a) and (e) and
500 nm in (c) and (g).
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Figure 5.2 (a) HRTEM image of a single SnTe nanosheet pore, enlarged from the region
enclosed by a yellow box in panel (d). The region in (b), enlarged from the dashed green
box in (a), shows 3.13-Å lattice fringes, which match the (200) plane of SnTe. The FFT
in (c) is from the image in (a) and confirms that single-crystal cubic SnTe surrounds the
pore. (d) HRTEM image of a single SnTe nanosheet, highlighting the single pore that is
enlarged in panel (a). (e) STEM image and corresponding EDS line scan showing the Sn,
Te, and Se composition across a porous SnTe nanosheet.
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Figure 5.3 Powder XRD data for SnSe nanosheets and porous SnTe nanosheets, showing
the simulated patterns and the experimental data for both aggregated powders and dropcast films.
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Figure 5.4 (a) FESEM and (b) AFM images for SnTe nanosheets. The AFM z-axis height
scale is shown in the inset to (b). The enlarged panels to the right of the FESEM and
AFM images—with red, blue, and green borders—correspond to the regions in the main
panels highlighted in boxes of the same colors. The yellow lines in the enlarged panels
emphasize the local order.
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Figure 5.5 Crystal structures of the (100) planes of (a) SnSe and (b,c) SnTe. For
SnTe(100), shown in panel (b), to crystallographically align with SnSe(100), shown in
panel (a), it must be rotated by 45°, shown in panel (c). Sn, Se, and Te atoms are red,
green, and blue, respectively. (d) TEM image of an intermediate nanosheet, showing
SnTe islands nucleating at 45° angles relative to the underlying SnSe nanosheet. The
[010]/[001] axis refers to SnTe.
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Figure 5.6 (a–f) TEM images showing how the nanosheets progress from SnSe (a) to
SnTe (f). (g) EDS line scan across an intermediate nanosheet edge, showing the change in
Sn, Se, and Te composition moving from an edge toward the center of a nanosheet, and
(h) corresponding STEM image. Scale bars are 500 nm.

132

Figure 5.7 HRTEM images and corresponding FFTs from (a) SnSe and (b) SnTe regions
within a single intermediate nanosheet.
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Chapter VI5
Colloidal Synthesis and Electrical Properties of GeSe
Nanobelts
6.1 – Introduction
GeSe, a narrow band gap IV–VI p-type semiconductor that adopts a layered GeStype crystal structure,1-9 is attracting increasing attention as a potential alternative
material for photovoltaic applications.10 Relative to some of the most commonly studied
earth-abundant materials for quantum dot solar cells,11-14 including PbS11,12 and
PbSe,13,14 GeSe contains less toxic elements while exhibiting a band gap (1.1–1.2 eV)
that overlaps well with the solar spectrum. There is also potential interest in GeSe for
applications as thermoelectric and resistive switching materials.6,15,16 In part because of
the few reports describing its synthesis, the electrical properties of nanostructured GeSe
materials have not been extensively studied.1,2 Most studies of germanium selenides have
focused on amorphous GexSe1–x,5,16,17 which is a prototype chalcogenide glass that is of
interest for photonic and resistive switching applications.5,6
The first literature report of nano/microstructured GeSe described the synthesis of
comb-like morphologies made by vaporization-condensation-recrystallization of bulk
*

Reproduced in part with permission from Chem. Mater., 24, D. D. Vaughn II, D. Sun, S.
M. Levin, A. J. Biacchi, T. S. Mayer, and R. E. Schaak, Colloidal Synthesis and
Electrical Properties of GeSe Nanobelts, 3643-3649, Copyright 2012 The American
Chemical Society (ACS).
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GeSe.1 These GeSe combs exhibited p-type semiconductivity with photoswitching
behavior. Our group reported the first colloidal nanostructures of GeSe,2 which formed as
high aspect ratio single-crystal nanosheets with hexagonal facets. These GeSe nanosheets
were also p-type semiconductors with conductivities similar to those of other related
colloidal nanostructures. GeSe nanobelts were also reported to form during a one-step
thermal evaporation process using CdSe and Ge precursors.3 The limited number of
reported GeSe nanostructures is in contrast to the large number of morphologically
diverse related semiconductors such as CdSe and PbSe.13,18 Given the growing interest in
the potential applications of GeSe,1-6,10,15,16 there is a need for expanded synthetic
capabilities and greater understanding of morphology control in this system.
Among the classes of semiconductor nanostructures, one-dimensional (1D)
nanostructures, including nanobelts and nanowires, are particularly attractive because
they exhibit unique electrical and optical properties that are a direct result of their 1D
confinement.19-29 They are also amenable to large-scale alignment, assembly, and device
integration via a growing number of electric field, fluidic, and surface techniques.21-24 As
such, 1D semiconductor nanostructures are critical components of several forefront areas
of nanotechnology that include nanoscale electronic devices,19,21 biological
probes,25 transparent conducting coatings,26 photovoltaics,27 photodetectors,28 and
piezoelectrics.29 In addition to these application areas, 1D nanostructures provide an
important platform for studying fundamental aspects of dimension-dependent physical
properties and for discovering new nanoscale phenomena.30
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Typical methods for synthesizing 1D nanostructures include physical top-down
strategies such as ultraviolet, electron beam, and nanoimprint lithography;23 vapor-based
techniques such as metal–organic chemical vapor deposition (MOCVD), thermal
evaporation, laser ablation, and molecular beam epitaxy (MBE);20 and solution-mediated
strategies such as vapor–liquid–solid (VLS), template deposition, and seedless
hydrothermal/solvothermal methods.31 Seedless growth is particularly attractive32 for
low-cost, high-throughout, solution-processed fabrication of micrometer-scale nanowires
and nanobelts and avoids issues such as metal seed contamination, as occurs with VLS
growth, as well as the use of expensive equipment or sacrificial templates.
In this chapter, the synthesis of single crystal colloidal GeSe nanobelts using a
solution-based seedless growth strategy is described. To our knowledge, this represents
the first report of colloidal 1D GeSe nanobelts and is one of only a few examples of highquality nanostructured GeSe materials. In addition to synthesis and characterization, the
GeSe nanobelts were aligned between electrodes using an electric field assisted assembly
process,33-35 and their electrical conductivities were interrogated using 2- and 4-point
measurements. These results provide one of only a few reports on the electrical properties
of GeSe nanostructures.

6.2 – Experimental Details
6.2.1 – Materials
Germanium(IV) iodide (GeI4, 99.99+%) and hexamethyldisilazane (HMDS, >99%) were
purchased from Aldrich. Oleylamine (40% tech.) and tri-n-octylphosphine (TOP, 90%
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tech.) were purchased from TCI America. (Note: Oleylamine is highly corrosive and can
cause skin burns if not handled properly.) Oleic acid (90% tech.) and selenium powder
(99+%) were purchased from Alfa Aesar. Oleylamine, tri-n-octylphosphine, and oleic
acid were degassed prior to use, and all other chemicals were used as received. All
syntheses were carried out under Ar using standard Schlenk techniques, and workup
procedures were performed in air.

6.2.2 – Synthesis of GeSe Nanobelts
A 1 M TOP-Se stock solution was first prepared by dissolving 790 mg (10 mmol) of
selenium powder in 10 mL of TOP and sonicating until a clear colorless solution was
obtained. In a typical synthesis of GeSe nanobelts, 60 mg (0.10 mmol) of GeI4 was
placed into a 20 mL scintillation vial, followed by 10 mL of oleylamine and 0.75 mL of
oleic acid. The vial was sonicated until a clear colorless solution was obtained. This
solution was then transferred to a 100 mL 3-neck round-bottom flask fitted with a
condenser, thermometer adapter, thermometer and rubber septum, and then 0.1 mL of the
1 M TOP-Se stock solution was added. The magnetic stirring was started, and the
solution was degassed under vacuum at 120 °C for 5–10 min. The solution was then
cooled down to approximately 80 °C, the reaction vessel was purged with argon, and 1
mL of HMDS was injected directly into the reaction flask. The solution was then heated
to 320 °C at 10 °C/min. At 260 °C, a black intermediate was observed, which dissolved
completely at 320 °C to give a yellow-colored solution. Finally, after the black-colored
intermediate completely dissolved, 1 mL of the 1 M TOP-Se stock solution was injected
at 320 °C, and the solution was allowed to age overnight ( 12 h). The reaction was then
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cooled rapidly by removing the flask from the heating mantle. The GeSe nanobelts were
precipitated by adding 30 mL of a 3:1:1 acetone/hexane/toluene mixture and then
centrifuged at 12 000 rpm for 10 min. The dark purple precipitate was washed three times
using a 1:1 toluene/ethanol mixture (with centrifugation in between washes) and could
then be suspended in hexane, toluene, or ethanol to form a colloidal suspension for
further characterization.

6.2.3 – Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer equipped with 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) imaging
was performed on a JEOL-2010F TEM microscope operating at 200 kV. Samples were
performed by suspending the washed nanobelts in toluene and drop-casting onto Formvar
coated copper TEM grids. Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) data were acquired on a FEI Nova NanoSEM 630 fieldemission SEM (FESEM). Atomic force microscope (AFM) images were collected using a
Bruker Dimension Icon AFM equipped with Scanasyst-Air peak force tapping mode
AFM tips from Bruker. Reflectance measurements were collected on a Perkin-Elmer
Lambda 950 spectrophotometer equipped with a 150 mm integrating sphere. Samples
were prepared by drop-casting a concentrated solution of the nanobelts onto a glass
substrate.
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6.2.4 – Single-Nanobelt Electrical Measurements
Devices for 4-point and 2-point measurements were fabricated by starting with a p-type
silicon wafer with 1.2 μm of thermally grown oxide. Microchem SF6 Slow and
Megaposit SPR 3012 were spin coated onto the substrate and interdigitated electrodes
were patterned using a GCA 8000 i-line stepper followed by deep-UV flood exposure.
Twenty nanometer Ti/30 nm Au was thermally evaporated and lifted off by dissolving
the photoresist in Microposit Remover 1165. Atomic layer deposition (ALD) was used to
deposit 10 nm of Al2O3 at 200 °C, followed by 120 nm plasma-enhanced chemical vapor
deposited (PECVD) SiO2 grown at 300 °C and finally an additional 10 nm of Al2O3 was
grown by ALD at 200 °C on top of the Ti/Au electrodes. GeSe nanobelts were aligned on
top of this substrate by applying a 30 Vpp, 100 kHz AC bias to the Ti/Au electrodes,
while depositing a suspension of GeSe NWs in toluene. After the toluene dried, the bias
was removed, and the substrate was gently rinsed with acetone and isopropyl alcohol.
Four-point contacts were then patterned using a stack of Microchem Nano PMMA/MMA
electron beam resist using a Leica EBPG5-HR electron beam lithography system. A twominute distilled, deionized (DI) water dip was performed, to remove any GeOx that may
have grown on the surface, immediately before loading the sample into an evaporator
chamber. One-hundred-twenty nanometer Ti/30 nm Au were deposited with thermal
evaporation and lifted off in acetone. The thick dielectric layers isolated the bottom
assembly electrode from the top 4-point contacts, so the bottom assembly electrodes do
not short the device.
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Electrical measurements were taken using an Agilent 4156B precision semiconductor
parameter analyzer and a pair of Keithley 6514 system electrometers. Two-point
measurements were taken by sweeping a voltage from −300 mV to 300 mV in 10 mV
increments between the inner two probes of the 4-point structure and measuring the
current passing through the wire at each applied voltage step. Four-point measurements
were taken by forcing a current through the outer probes on the nanobelt and measuring
the differential voltage between the inner probes with electrometers. Each increment of
current was held for 100 s to ensure the differential voltage stabilized. The stabilized
voltage was then averaged for each applied current to get points for a 4-point I–V.

6.3 – Results and Discussion
6.3.1 – Synthesis and Characterization of GeSe Nanobelts
Figures 6.1a and 6.1b show representative TEM images of the GeSe nanobelts,
which have an average diameter of 77 ± 18 nm and lengths that range from 1–25 μm.
(The diameter is considered to be the side-to-side distance of the top face of the
nanobelts, which lies normal to the surface and which corresponds to the longest of the
two cross-sectional dimensions.) While shorter ( 1 μm) nanobelts are observed, the SEM
image in Figure 6.1c shows that the majority of the sample is composed of longer (>5
μm) nanobelts with some belts showing aspect ratios greater than 200:1. A representative
AFM image and corresponding line scan (Figure 6.2a) suggest that the 1D nanostructures
adopt a nanobelt geometry with a thickness to width ratio of 1:2 and a relatively flat
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height profile, indicating a rectangular cross-section. The nanobelt geometry is confirmed
by the FESEM image in Figure 6.2b, which clearly shows the flat surface of a nanobelt.
Figure 6.3 shows several HRTEM images of a representative GeSe nanobelt.
Lower magnification images show an amorphous coating of approximately 5 nm
surrounding a highly crystalline core (Figures 6.3a and 6.3b). This coating, observed on
all nanobelts, likely corresponds to amorphous germanium oxide, which is known to
passivate many Ge and Ge-based nanostructures.36-38 (During the electrical
measurements, the coating was observed to dissolve during a two-minute water
immersion, consistent with the behavior of amorphous germanium oxide.38) Figure 6.3c
shows several sets of lattice fringes that are evident in the crystalline core. Two sets of
lattice fringes both have spacings of 2.9 Å, and they intersect at an 82° angle. This is
consistent with the {011} set of planes for GeS-type GeSe,7 as shown on the crystal
structure that is included in the inset to Figure 6.3c. Another set of lattice fringes, with a
spacing of 1.9 Å, is oriented at an angle of 142° relative to the (011) plane, and is
consistent with the {020} planes.7 These lattice planes indicate that the GeSe nanobelts
are oriented with their surface normal along the [100] direction.
The crystallinity and crystallographic orientation of the nanobelts is further
confirmed by the SAED patterns shown in Figure 6.4. As seen in Figure 6.4b, the SAED
pattern for the single nanobelt in Figure 6.4a shows a spot pattern. This confirms both
that the belts are highly crystalline with large single-crystal domains and that they are
oriented normal to the [100] crystallographic direction, consistent with the HRTEM data.
The SAED pattern for an ensemble of GeSe nanobelts (Figure 6.4c) also confirms that
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they are highly crystalline and matches the orthorhombic GeS-type crystal structure
expected for [100]-oriented GeSe.7 (Since most of the nanobelts are oriented parallel to
the (100) crystal plane, the relative intensities of the hkl, hk0, h0l, and h00 reflections,
where h ≠ 0, are weaker than would be expected for an isotropic, randomly oriented
sample. Likewise, the intensities of the 0k0, 00l, and 0kl reflections are higher than
otherwise expected.)
A representative EDS spectrum for an ensemble of GeSe nanobelts, shown in
Figure 6.5, indicates a Ge:Se ratio that is, within experimental error, approximately 1:1,
as expected for GeSe. Oxygen is also present, and this is consistent with the germanium
oxide coating that was observed on the GeSe nanobelts by HRTEM (Figure 6.3a,b). The
presence of small amounts of Si and P is attributed to residual HMDS and TOP,
respectively. A representative SEM image with corresponding EDS mapping data, shown
in the inset to Figure 6.5, provides further evidence for the formation of GeSe by
confirming the homogeneous distribution of Ge and Se throughout the nanobelts.
Powder XRD data (Figure 6.6) shows that the bulk of the sample is composed of
GeSe nanobelts. The XRD pattern for the bulk powder sample matches well with that
expected for GeS-type GeSe, including both the simulated XRD pattern (generated using
the crystallographic data in ref 7) and card # 72-1468 from the PDF-2 database. When the
nanobelt sample is suspended in toluene and drop-cast into a film, the corresponding
XRD pattern shows significant preferred orientation, with anomalously high intensities
for the (200), (400), (600), and (800) reflections. This indicates preferred orientation in
the [100] direction, which is consistent with HRTEM image in Figure 6.3c and the SAED
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pattern for the region of a single nanobelt shown in Figure 6.4b. The intensity of the
(002) reflection is also higher than expected for a randomly oriented sample, and this is
consistent with the thick nanobelt morphology, which was shown by AFM to have an
approximately 1:2 thickness:width ratio. These thicker 1D nanostructures could easily
orient along their [001] direction upon drying.
The general procedure for synthesizing GeSe nanobelts involves the combination
of GeI4, oleylamine, oleic acid, HMDS, and TOP-Se in a reaction vessel and heating to
320 °C until the solution becomes clear and yellow-colored, then adding more TOP-Se
and heating at 320 °C for 12–24 h. The reaction was monitored over a 12-h period, taking
and analyzing aliquots to better understand the pathway by which the GeSe nanobelts
form. In the early stages of the reaction, for example, during the initial heating at 10
°C/min when the reaction temperature reaches approximately 260 °C, a black-colored
precipitate forms. This precipitate, shown in the TEM image in Figure 6.7a, is amorphous
based on the corresponding SAED (Figure 6.7b) and powder XRD (Figure 6.7c) patterns.
EDS mapping (Figure 6.7d) data further confirm the presence of Ge and Se in the
amorphous product and the corresponding EDS spectrum (Figure 6.7e) indicates a Ge:Se
ratio of approximately 4:1. Together, this suggests that a GexSe1–x glass, commonly
observed in the Ge–Se system, forms first.5,16,17
Upon heating to 320 °C, however, the amorphous black precipitate dissolves to
give a clear yellow-colored solution, which is attributed to a dissolved Ge2+ species.39 At
this point, additional TOP-Se is added, and the reaction is heated for 12–24 h to generate
the GeSe nanobelts in high yield. Interestingly, no nanobelts are observed during the first
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6 h of the reaction, at which point a nucleation burst occurs and they begin to form. This
process, involving a long induction period prior to nucleation, is consistent with known
pathways to nanoparticle formation, where reactive monomers slowly build in
concentration until supersaturation is reached and nucleation occurs.40 TEM images taken
soon after the nucleation event show shorter ( 100–500 nm) nanobelts with no evidence
of seed particles at their tips (Figure 6.7h), and SAED patterns indicate that they are
single crystalline (Figure 6.7i). On the basis of this data, we hypothesize that the initial
nucleation event leads to the formation of short nanobelts, which then quickly grow to
yield longer (>5 μm) nanobelts.
The growth direction and exposed crystal facets provide further insights into how
the GeSe nanobelts form (Figure 6.8). Figure 6.8a shows an HRTEM image that
represents an expanded view of the crystalline GeSe nanobelt initially shown in
Figures 6.3a and 6.3b. Analysis of the fast Fourier transform (FFT), shown in the inset
and representing the single-crystal region highlighted by the yellow dashed box, shows
lattice spacings, angles, and directions that are consistent with the (020) and (002) planes.
Comparing this with a lower-magnification TEM image of a GeSe nanobelt with similar
orientation (Figure 6.8b), along with a view of the crystal structure in the same
orientation (Figure 6.8c), reveals that the nanobelts grow most rapidly in the [010]
direction. The tips of the nanobelts are bound by (020) facets, and the edges are bound by
(002) facets. Growth is slowest (with the smallest dimension) in the plane parallel to the
TEM grid, leading to nanobelts. This is consistent with both the layered crystal structure
of GeSe, with slowest growth in the direction of the stacking axis, and the previously
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reported formation of GeSe nanosheets made by a similar method.2 However, relative to
the GeSe nanosheets, growth is additionally truncated in one of the lateral dimensions,
[001], to produce nanobelts. TOP is known to passivate the surfaces of chalcogenide
semiconductor nanoparticles, and we hypothesize that the additional TOP-Se that is
added in a separate step during synthesis provides additional stabilization to the (002)
planes relative to (020), which have distinct atomic arrangements (Figure 6.8d,e).
However, it is possible that other molecules present in the system also help with surface
passivation. This insight for GeSe nanobelts, which correlates the morphology with the
synthesis details, may provide empirical guidelines for directing the morphologies of
nanosheets vs nanobelts in related layered semiconductor systems.

6.3.2 – Optical and Electrical Properties of GeSe Nanobelts
A visible-NIR diffuse reflectance spectrum was acquired for a representative
sample of GeSe nanobelts drop-cast onto a glass substrate (Figure 6.9) to produce a dense
nanobelt film. As can be seen in Figure 6.9a, the nanobelts show near-infrared absorption
with an onset of around 1100 nm. However, the absorption edge is fairly broad and
extends into the visible region. The indirect band gap of the GeSe nanobelts could be
estimated from this spectrum by performing a Kubelka–Munk transformation of the
reflectance data.41 A plot of [F(R)hν]1/2 vs energy shown in Figure 6.9b yields an indirect
band gap of approximately 1.1 eV and this is within the range of that expected for GeSe
(1.1–1.2 eV).8,9
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To investigate the electrical properties of individual GeSe nanobelts, an electric
field assisted deterministic assembly process was used to position arrays of nanobelts at
predefined locations on a substrate.33,34 Briefly, an alternating voltage was applied to an
interdigitated electrode structure, which generates a nonuniform electric field that attracts
individual GeSe nanobelts from solution to span the gap between the electrodes.3335

Once aligned between the electrodes, four independent Ti/Au contact probes were

defined along the length of the nanobelts using e-beam lithography, and the electrical
properties of individual nanobelts were interrogated. Figure 6.10a shows an FESEM
image of one of the fabricated GeSe nanobelt test structures that was measured. The room
temperature 2-point current–voltage (I–V) characteristics were taken between probes 2
and 3 in 10 mV steps, and include the resistance from the two Ti/Au-GeSe contacts as
well as the nanobelt. Additional 4-point measurements were made on the same nanobelts
to separate the nanobelt resistance from the contact resistance. This was done by forcing
a constant current from probe 1 to 4 and collecting the differential voltage between
probes 2 and 3 using electrometers with a high input impedance (>200 TΩ). Prior to
collecting the I–V characteristics, the measurement chamber was purged with dry
nitrogen for more than 24 h. This minimized the amount of moisture adsorbed on the
nanobelt surfaces, and improved the stability and reproducibility of the measured
electrical properties.
Figure 6.10b plots the room temperature 2-point and 4-point current density (J)V curves measured for the GeSe nanobelt in Figure 6.10a. Here, we neglect the effect of
surface depletion or accumulation from nonzero surface-state charge that may be present
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on these nanobelts,42 and assume that the current flows uniformly through the crosssectional area of the nanobelt. In this case, the current density is determined by dividing
the measured current by the nanobelt cross-sectional area. As shown in Figure 6.10b, the
2-pt nanobelt test structure exhibits ohmic (linear) J-V behavior, and reaches a current
density of 1 A/cm2 at 250 mV. This corresponds to a total resistance of 4 × 109 Ω for the
196 nm wide, 35 nm thick, and 1.9 μm long nanobelt segment. In comparison, the
nanobelt resistance determined from 4-pt measurements is approximately 1 × 109 Ω,
which indicates that the contact resistance of these structures is in the range of 1.5 ×
109 Ω. After removing the effect of contact resistance, a nanobelt current density of 125
mA/cm2 was achieved at 9.6 mV. Measurements of several nanobelts with similar width
and thickness corroborate this value of 4-pt resistance (not shown). From the 4-pt
resistance, the GeSe nanobelt resistivity, which is given by ρ = R4-pt × A/L, is estimated to
be approximately 360 Ω-cm. Previous measurements of resistivity on nominally undoped
single-crystal GeSe samples synthesized by the Bridgman and sublimation techniques
showed values in the range of 0.9 to 104 Ω-cm at room temperature and atmosphere.4345

The resistivity value reported in this paper is within the range of values reported in

other work for bulk single-crystal GeSe. The electrical test structure used in this work did
not allow for gated measurements of the nanobelts, and thus the GeSe doping type could
not be determined.

6.4 – Conclusions
In conclusion, 1D nanobelts of the narrow band gap IV–VI semiconductor GeSe
have been synthesized using a colloidal strategy. Diffuse reflectance measurements
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indicate that they exhibit near-infrared absorption with an indirect band gap of
approximately 1.1 eV. Electrical properties for individual nanobelts were measured by
aligining them between Ti/Au electrodes using an electric field assisted assembly
process, and a 4-point measurement of a representative GeSe nanobelt yielded a
resistivity of approximately 360 Ω-cm. The successful synthesis and assembly of GeSe
nanobelts is an important step toward utilizing this material in nanostructured devices and
carrying out additional in-depth studies of its electrical, optical, and thermal properties. In
addition, the colloidal synthesis of GeSe nanobelts is a significant addition to the limited
library of existing GeSe and related nanostructures, and we anticipate that this synthetic
strategy will provide access to other one-dimensional nanostructures in related
germanium chalcogenide systems.

6.5 – References
1) Yoon, S. M.; Song, H. J.; Choi, H. C. Adv. Mater. 2010, 22, 2164.
2) Vaughn, D. D., II; Patel, R. J.; Hickner, M. A.; Schaak, R. E. J. Am. Chem. Soc.
2010, 132, 15170.
3) Cai, J. S.; Wang, C. R.; Xu, J.; Wang, H. Y.; Xu, X. F.; Chen, X. S.; Chu, J. H.
CrystEngComm 2011, 13, 2734.
4) Zhang, Y. J.; Li, H.; Jiang, L.; Liu, H. B.; Shu, C. Y.; Li, Y. L.; Wang, C. R. Appl.
Phys. Lett. 2011, 98, 113118.
5) Lezal, D.; Pedlikova, J.; Zavadil, J. J. Optoelectron. Adv. Mater. 2004, 6, 133.
6) Brauhaus, D.; Schindler, C.; Bottger, U.; Waser, R. Thin Solid Films 2008, 516,
1223.

148

7) Wiedemeier, H.; Schnering, H. G. V. Z. Kristallogr. 1978, 148, 295.
8) Elkorashy, A. M. Phys. Status Solidi B 1986, 135, 707.
9) Elkorashy, A. M. Phys. Status Solidi B 1989, 152, 249.
10) Antunez, P. D.; Buckley, J. J.; Brutchey, R. L. Nanoscale 2011, 3, 2399.
11) Tang, J.; Kemp, K. W.; Hoogland, S.; Jeong, K. S.; Liu, H.; Levina, L.; Furukawa,
M.; Wang, X. H.; Debnath, R.; Cha, D. K.; Chou, K. W.; Fischer, A.; Amassian, A.;
Asbury, J. B.; Sargent, E. H. Nat. Mater. 2011, 10, 765.
12) Kramer, I. J.; Sargent, E. H. ACS Nano 2011, 5, 8506.
13) Fu, H. Y.; Tsang, S. W. Nanoscale 2012, 4, 2187.
14) Hillhouse, H. W.; Beard, M. C. Curr. Opin. Colloid Interface Sci. 2009, 14, 245.
15) Solanki, G. K.; Deshpande, M. P.; Agarwal, M. K.; Patel, P. D.; Vaidya, S. N. J.
Mater. Sci. Lett. 2003, 22, 985.
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6.6 – Figures

Figure 6.1 Representative (a,b) TEM and (c) FESEM images for the GeSe nanobelts.
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Figure 6.2 (a) AFM image and corresponding line scan of a representative GeSe
nanobelt, showing a relatively flat profile. (b) FESEM image of a representative GeSe
nanobelt, showing a flat surface.
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Figure 6.3 HRTEM images of representative GeSe nanobelts showing (a,b) an
amorphous oxide shell and a crystalline GeSe core, as well as (c) lattice fringes that
correspond to the {011} and {020} set of planes that are consistent with [100]-oriented
GeSe nanobelts. The inset of (c) shows the crystal structure of the (100) plane of GeSe in
the same orientation as the lattice fringes, highlighting the observed lattice spacings and
angles. Ge atoms are in blue and Se atoms are in pink.
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Figure 6.4 (a) TEM image of part of a single GeSe nanobelts and (b) the corresponding
SAED pattern. (c) Representative SAED pattern for an ensemble of GeSe nanobelts.
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Figure 6.5 EDS spectrum for a representative sample of GeSe nanobelts. The inset shows
an SEM image and corresponding EDS mapping data for an ensemble of GeSe nanobelts.
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Figure 6.6 Experimental powder XRD patterns for bulk precipitated powders and dropcast films of GeSe nanobelts. A simulated polycrystalline XRD pattern of GeSe is shown
for comparison.

157

Figure 6.7 (a) TEM image showing the amorphous Ge–Se intermediate that forms
initially upon heating to 260 °C, along with the corresponding (b) SAED pattern, (c)
powder XRD pattern, and (d) EDS spectrum. (e) SEM image of the amorphous Ge–Se
intermediate, along with the corresponding EDS mapping data for (f) Ge and (g) Se. (h)
TEM image of a representative short 1D GeSe nanostructure that forms immediately after
the nucleation burst at 320 °C, which follows the addition of TOP-Se and several hours
of additional heating, and (i) the corresponding SAED pattern, showing that it is single
crystalline GeSe.
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Figure 6.8 (a) HRTEM image showing an expanded view of the crystalline core of the
GeSe nanobelt shown in Figure 6.3a,b. The inset in (a) shows the FFT that corresponds to
the region surrounded by a yellow dashed box. A TEM image showing the tip of a GeSe
nanobelt is shown in (b), and a view of the GeSe crystal structure with the same
orientation is shown in (c). Labeling of planes, directions, and angles is shown for
comparison. The atomic arrangements of the (002) and (020) planes are shown in (d) and
(e), respectively. Ge atoms are in blue, Se atoms are in pink.
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Figure 6.9 (a) Diffuse reflectance spectrum for a film of GeSe nanobelts drop-cast on a
glass substrate. (b) Plot of [F(R)hν]1/2 vs energy, indicating an indirect band gap of 1.1
eV.
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Figure 6.10 (a) FESEM image of the aligned and electrically contacted nanobelt used for
2- and 4-point electrical measurements. This nanobelt has a width of 196 nm and a
thickness of 35 nm as measured by AFM. The nanobelt length between contact probes 2
and 3 is 1.9 μm. (b) Room temperature 2-point and 4-point J-V measurements of the
GeSe nanobelt shown in part (a).
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Chapter VII6
Synthesis and Crystallographic Analysis of ShapeControlled SnS Nanocrystals: Evidence for a
Pseudotetragonal Structural Modification
7.1 – Introduction
Among the most widely studied semiconductor nanocrystals are PbS, PbSe, CdS,
and CdSe, which have desirable and tunable optoelectronic properties distinct from those
found in the bulk materials1-3 but include highly toxic lead and cadmium. Compounds of
tin with group VI elements such as sulfur represent promising and more benign
alternatives that contain exclusively inexpensive and earth-abundant elements.4 In
particular, tin(II) sulfide (SnS), which occurs naturally as the mineral herzenbergite, has
gained increasing attention. Bulk SnS is a p-type semiconductor with an indirect band
gap of 1.07 eV and a direct band gap of 1.3 eV that exhibits a high absorption coefficient
and excellent hole mobility.5,6 Additionally, the exciton Bohr radius of SnS is estimated
to be 7 nm, such that the band gap of SnS can increase for particles with diameters on
the order of 14 nm or less due to quantum confinement effects.7-9 The similarity of its
indirect band gap to that of silicon, coupled with its proximity to the band gap of
*

Reproduced in part with permission from J. Amer. Chem Soc., 135, A. J. Biacchi, D. D.
Vaughn II, and R. E. Schaak, Synthesis and Crystallographic Analysis of ShapeControlled SnS Nanocrystal Photocatalysts: Evidence for a Pseudotetragonal Structural
Modification, 11634-11644, Copyright 2013 The American Chemical Society (ACS). A.
J. B. and D. D. V. contributed equally to this work.
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optimum photovoltaic efficiency according to the Shockley–Quesser limit, has generated
much interest in applying SnS toward devices such as solar cells,10 field effect
transistors,11 photodetectors,12 and electrochemical capacitors,13 as well as Li ion battery
anodes14 and photocatalysts.15
SnS typically crystallizes in the GeS structure type, which is orthorhombic
(Pnma) and can be described as a strongly distorted NaCl structure with nominally
octahedral coordination geometry.16 Two-atom-thick Sn–S layers extend in the b- and cdirections, while the interlayer bonding, extending in the a-direction to connect the Sn–S
slabs, is weaker.17 These bonding characteristics, therefore, impart anisotropy on the
structure of GeS-type SnS by providing a chemical driving force for SnS crystallites to
adopt two-dimensional (2D) morphologies, including nanosheets, nanoplates, and
nanobelts. The SnS(100) surface is selectively exposed in these nanostructures and is
relatively inert due to a lack of dangling bonds.18 The layered structure also leads to
strongly anisotropic physical properties, which makes the fabrication of morphologically
diverse structures particularly interesting. While less studied than its other IV–VI
nanocrystal counterparts, a growing number of reports describe the synthesis, properties,
and applications of monodisperse colloidal SnS nanostructures. Using solution-based
methods, there are reports of 20 nm plates,19 10 nm triangular particles,20 and 500 nm
tetrahedra.19,21 However, the majority of synthetic protocols that produce colloidal SnS
yield roughly spherical or irregular particles.8,11,20-24
Three key observations emerge from the existing reports of SnS nanostructures.
First, while a few examples of high-quality colloidal SnS nanocrystals have been
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reported, much less is known about the chemical factors that influence their synthesis
than for other, more highly studied colloidal semiconductor systems. Second, the
colloidal SnS nanocrystal system lacks the rigorous morphological diversity and general
size and shape uniformity that is becoming increasingly common for other related
cadmium and lead chalcogenides. The accessibility of high-quality shape-controlled
colloidal semiconductor nanocrystals with excellent and useful properties is an important
prerequisite for incorporation into emerging applications and next-generation
technologies. Third, a growing number of SnS nanocrystal reports describe them as
adopting a mixture of the standard GeS-type phase that is stable in bulk systems, along
with a metastable zincblende (ZB) polymorph that is not observed in bulk SnS. This
highlights the potentially complex structural diversity that exists in nanoscopic SnS.
The metastable ZB polymorph that has been reported in syntheses of both SnS
thin films25-28 and colloidal nanoparticles11,19,21,29 is important because the different
arrangement of atoms would lead to physical, optoelectronic, and catalytic properties that
are distinct from those of GeS-type SnS, which is also referred to as α-SnS. However, to
our knowledge, phase-pure ZB-type SnS has not been reported for SnS, in either the
colloidal or thin film literature. Careful analysis of the published powder X-ray
diffraction patterns from all recent reports indicate that the proposed metastable ZB-type
SnS phase can account for only some of the observed reflections, with the remaining
peaks attributed to the GeS-type phase (α-SnS). Walsh and co-workers used density
functional theory (DFT) calculations to study the stability of ZB-type SnS relative to
other polymorphs. Interestingly, they concluded that the formation of ZB-type SnS is not
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feasible on the basis of thermodynamic arguments and that prior reports of its formation
may be inaccurate because of misinterpreted powder XRD data.30 This, coupled with the
fact that colloidal nanoparticles of high-purity ZB-type SnS have not been reported,
warrants more in-depth investigations of the crystal structure adopted by SnS when
synthesized as colloidal nanoparticles, given the important role that a material’s crystal
structure has on defining and understanding its properties.
In this chapter, we report the high-yield synthesis of colloidal SnS nanostructures
that spans a range of distinct morphologies and sizes, including 12 nm cubes, 10 nm
spherical polyhedra, and 270 nm square nanosheets. These particular systems are
significant for several reasons. First, the SnS nanocubes represent a rare example of cubeshaped colloidal nanocrystals of a noncubic, layered material, and as such, these results
provide important new insights into morphology control in the SnS system. Second, the
morphological diversity facilitates systematic studies that ultimately establish important
nanostructure–property correlations, which have not yet been reported for the SnS
system. Finally, the quality, crystallinity, and size/shape diversity of the colloidal SnS
nanocrystals allow in-depth crystallographic characterization in order to study their
structural polymorphism, in particular with respect to their crystallization in the stable
GeS structure type vs as metastable polymorphs such as ZB. Specifically, we show that a
significant structural distortion emerges in SnS nanocrystals, which transforms the
orthorhombic GeS structure type into a pseudotetragonal phase that is distinct from ZB.
Importantly, this single pseudotetragonal phase accounts for all of the observed peaks in
diffraction patterns that have previously been claimed to consist of a mixture of GeS-type
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SnS and ZB-type SnS. As such, these results help to rationalize and account for the
discrepancies that exist between theoretical predictions of SnS polymorph stability and
experimental claims.

7.2 – Experimental Details
7.2.1 – Materials
Tin(IV) chloride (99%), tin(II) acetate, oleic acid (90% tech), hexamethyldisilazane
(>99%), and were purchased from Sigma-Aldrich. Thioacetamide (99%), sulfur (99.5%),
and 1-octadecene (90% tech) were purchased from Alfa Aesar. Oleylamine (>50%) and
tri-n-octylphosphine (>85%) were purchased from TCI America. Solvents, including
toluene, hexanes, acetone, and ethanol, were of analytical grade. All chemicals were used
as received.

7.2.2 – Characterization
Transmission electron microscopy (TEM) images were obtained from a JEOL 1200 EX II
microscope operating at 80 kV. Particle size distribution was determined with ImageJ
software (http://rsbweb.nih.gov/ij/) using a minimum of 200 individual particles. SnS
nanocube diameter was taken as the edge length. High-resolution TEM (HRTEM)
images, selected area electron diffraction (SAED) patterns, and nanobeam diffraction
(NBD) patterns were collected using a JEOL 2010 LaB6 microscope and a JEOL 2010F
field emission microscope, both operating at an accelerating voltage of 200 kV. Scanning
transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy
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(STEM-EDS) were performed using the JEOL 2010F, which is outfitted with an EDAX
solid-state X-ray detector. ES Vision software (Emispec) was used for EDS data
processing, with the Sn L-shell and S K-shell transitions, which do not appreciably
overlap, chosen for quantitative EDS analysis. All microscopy samples were prepared by
casting one drop of dispersed SnS in toluene onto a 400 mesh Formvar and carbon-coated
copper grid (Electron Microscopy Sciences). Lattice spacings and crystallographic
structure were determined from the fast Fourier transform (FFT) of the HRTEM images,
using Gatan Digital Micrograph software. Powder X-ray diffraction (XRD) patterns were
collected with samples drop-cast on an amorphous plate using a Bruker Advance D8 Xray diffractometer and Cu Kα radiation at room temperature. Simulated atomic structures,
powder XRD patterns, and electron diffraction patterns were made using the
CrystalMaker software suite. 3D crystal structures were modeled using
WinXMorph.31 UV–vis absorption data were measured on SnS/toluene solutions in a
quartz cuvette using an Ocean Optics HR4000 spectrometer with a DH-2000-BAL light
source. Ultraviolet–visible–near-infrared (UV–vis–NIR) diffuse reflectance
measurements were obtained using a Perkin-Elmer Lambda 950 spectrophotometer
equipped with a 150 mm integrating sphere. UV–vis–NIR samples were prepared by
drop-casting a concentrated solution of SnS dispersed in toluene onto a quartz substrate.

7.2.3 – Synthesis of Colloidal SnS Spherical Polyhedra, Cubes, and Sheets
Synthesis of SnS Spherical Polyhedra: All reactions were performed under an argon
atmosphere using standard Schlenk techniques. SnS spherical polyhedra were synthesized
using a procedure modified from a literature report.20 1-Octadecene (5 mL, 15.6 mmol),
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oleic acid (4.5 mL, 14.2 mmol), and tri-n-octylphosphine (TOP) (3 mL, 6.7 mmol) were
added to a 100 mL three-neck flask equipped with a condenser, thermometer, and septum
and containing a magnetic stir bar. The reaction flask was sealed and placed in a heating
mantle (Glass-Col) on a stir plate. To this was added 0.25 mL (2.1 mmol) of tin(IV)
chloride (SnCl4) through the septum using a syringe. While being stirred vigorously, the
reaction flask was evacuated and raised to 120 °C for 10 min to remove any residual
water. After lowering the temperature to 90 °C, the reaction solution was put under an
argon blanket and 1 mL (4.8 mmol) of hexamethyldisilazane (HMDS,
bis[trimethylsilyl]amine) was added through the septum with a syringe, causing the
solution to turn from clear to milky white in color. The temperature was raised to 140 °C,
and a 0.077 M thioacetamide solution consisting of 0.075 g (1.0 mmol) thioacetamide
dissolved in 10 mL (30.4 mmol) of oleylamine and 3 mL (6.7 mmol) of TOP was injected
all at once. The solution rapidly turned dark brown, and the temperature briefly dropped
to 125 °C before quickly recovering. The temperature was maintained at 140 °C for 1 h
before removing the reaction flask from the heating mantle and allowing it to cool to
room temperature.
Synthesis of SnS Cubes: SnS cubes were synthesized similarly to SnS spherical
polyhedra, with some modifications. After adding HMDS at 90 °C, the temperature was
raised to 170 °C. A larger-volume 0.077 M thioacetamide solution was prepared,
consisting of 0.15 g (2.0 mmol) of thioacetamide dissolved in 20 mL (60.8 mmol) of
oleylamine and 6 mL (13.4 mmol) of TOP. Five milliliters of this thioacetamide solution
was injected all at once, causing the color to turn from milky white to black and the
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reaction temperature to drop from 170 to 155 °C before recovering quickly. The
remaining 21 mL of growth solution was then added dropwise with a syringe through the
septum, taking care to maintain the reaction temperature at 165–170 °C. After the last of
the growth solution was added, the reaction was allowed to proceed at 165–170 °C for 5
min before removing the flask from the heating mantle and allowing it to cool to room
temperature. For aliquot studies, a portion of the reaction was removed with a syringe
through the septum. SnS nanocrystal samples were collected from solution by adding
ethanol in a 1:1.5 solvent:cosolvent ratio and centrifuging at 12 000 rpm for 3 min. After
decanting the supernatant, the dark brown precipitate was redispersed in toluene. This
solution was then centrifuged at 6000 rpm for 1 min, with the supernatant collected and
precipitate discarded.
Synthesis of SnS Sheets: To synthesize SnS nanosheets, 24 mg (0.10 mmol) of tin(II)
acetate (Sn[OAc]2) was dissolved by sonication in 20 mL (60.8 mmol) of oleylamine and
added to a 100 mL three-neck flask equipped with a condenser, thermometer, and septum
and containing a magnetic stir bar. Then 110 μL of a 1 M solution of oleylamine–sulfur
[320 mg (10 mmol) of sulfur in 10 mL (30.4 mmol) of oleylamine, resulting in a dark red
solution] was also added. The reaction flask was sealed and placed in a heating mantle on
a stir plate. While being stirred vigorously, the reaction flask was evacuated and raised to
120 °C for 10 min to remove any residual water. After the temperature was lowered to 90
°C, the reaction solution was put under an argon blanket and 1 mL of HMDS was added
through the septum with a syringe. The temperature was then raised to 180 °C at about 10
°C/min, resulting in a black solution. After an additional 30 min at 180 °C, the flask was
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removed from the heating mantle and allowed to cool to room temperature. The reaction
solution was added to 30 mL of a 3:1:1 acetone:hexanes:toluene mixture and centrifuged
at 12 000 rpm for 10 min to yield a black precipitate. After decanting the supernatant, the
SnS nanosheets were redispersed in toluene. Next, an equal volume of ethanol was added
as a cosolvent, and this solution was centrifuged again at 12 000 rpm for 10 min. The
precipitate was collected and redispersed in toluene for storage.

7.3 – Results and Discussion
7.3.1 – Synthesis of SnS Nanocubes, Spherical Nanopolyhedra, and
Nanosheets
Figure 7.1 shows representative TEM images of the as-synthesized SnS cubes and
spherical polyhedra at two different magnifications. The nanocrystals are largely uniform
in both size and morphology. Statistical analysis of the SnS nanocubes revealed an
average edge length of 11.5 ± 1.9 nm and an estimated morphological yield of 95%. For
the SnS spherical polyhedra, the average diameter was 9.7 ± 1.5 nm, with an estimated
morphological yield of 92%. The remaining ~8% of the sample consisted of particles that
were roughly tetrahedral or pyramidal in morphology and collectively are similar in
shape to previously reported SnS particles.19,20 SAED patterns for an ensemble of
particles (Figure 7.1b,e) indicate that both morphologies are highly crystalline and of the
same crystal structure. However, the cubes display noticeable preferred orientation
(evidenced by some differences in the relative intensities of the diffraction rings) because
they were drop-cast onto the sample grid and therefore align preferentially with the faces
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of the cubes exposed. No oxide shell was visible, and wide-area EDS analysis, along with
STEM-EDS line scans across individual particles indicated a nearly 1:1 atomic ratio of
Sn to S (52% Sn, 48% S), confirming the SnS stoichiometry.
To compare the zero-dimensional (0D) SnS nanocrystals described above to
larger two-dimensional (2D) nanostructures in the sections that follow, SnS sheets were
also synthesized. Representative TEM images of the SnS sheets are shown in Figure 7.2.
The sample consists of 2/3 square nanosheets, with an average edge length of 270 ± 50
nm, and 1/3 higher aspect ratio rectangular nanosheets. Importantly, only 2D nanosheets
were observed in this sample, indicating a nearly quantitative 2D morphological yield.
Monodisperse 1D nanobelts and 2D nanosheets have been reported previously for
SnS,11,29,32-34 as well as for other GeS-type semiconductors including GeS, GeSe, and
SnSe.33,36 However, to our knowledge, this represents the first report of laterally uniform,
square-shaped 2D nanosheets of SnS with all edge lengths <500 nm, in contrast to
previous reports with edge lengths >1 μm. The polycrystalline SAED pattern shown in
Figure 7.2b corresponds to an ensemble of nanosheets and is consistent with GeS-type
SnS. Analysis of an individual sheet (Figure 7.2c) by SAED (Figure 7.2d) indicates that it
is single-crystalline and can be indexed to the (100) plane of α-SnS, which adopts the
orthorhombic GeS structure type that is nominally the most stable SnS polymorph. The
starburst fringes seen on the surface of the SnS sheet in Figure 7.2c are likely due to
buckling and have been observed for other thin 1-D and 2-D nanostructures.11,29,3234

HRTEM imaging of the sheets (Figure 7.2e) confirms their single-crystalline nature,

and the corresponding FFT (Figure 7.2f) corroborates the diffraction pattern in

171

Figure 7.2d. Measurements of the reciprocal space distances between the FFT diffraction
spots were quantitatively consistent with those of the SAED pattern, their inverse values
matched well with the lattice fringes of the HRTEM image, and they were indexed to the
(100) plane of α-SnS. Although some measurement error is unavoidable due to slight
deviation from the zone axis, it can be mitigated through analysis of an ensemble of
nanostructures. From these measurements, the interatomic distances for the (010) and
(001) planes were determined to be 3.98 and 4.34 Å, respectively. These correspond to
the b and c lattice constants of orthorhombic GeS-type SnS, respectively, and their values
match those of bulk SnS (b = 3.98 Å, c = 4.33 Å).37 This explicitly establishes that
quantitative FFT analyses of high-quality HRTEM images can be used to extract accurate
interatomic distances and lattice constants, analogous to electron diffraction data.

7.3.2 – Powder X-ray Diffraction Patterns of SnS Nanostructures
Figure 7.3 shows the powder XRD pattern for a representative drop-cast solution
of SnS nanosheets. The pattern matches well with the simulated pattern for α-SnS. As is
commonly observed for other GeS-type 1D and 2D nanostructures, the drop-cast SnS
sheets showed high relative intensities for the (400) and (800) Bragg reflections. This
indicates preferred orientation in the [100] direction, which is orthogonal to the layers
that bulk α-SnS inherently tends to form. The lattice constants of the sheets were
determined from the powder XRD data to be a = 11.18 Å, b = 3.98 Å, and c = 4.32 Å,
which agree with the literature values for α-SnS (a= 11.18 Å, b = 3.98 Å, c = 4.33
Å)37 and are also consistent with the SAED and HRTEM FFT analyses of the (100)
plane, as discussed in the previous paragraph (Figure 7.2). Importantly, this establishes
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that the interatomic distances as determined from quantitative FFT analyses of highquality HRTEM images for a known crystallographic plane can also be reasonably
correlated to powder XRD data.
Figure 7.4 shows the powder XRD patterns for drop-cast solutions of the SnS
cubes and spherical polyhedra from Figure 7.1. Scherrer analysis of the most intense
reflections yielded a calculated crystallite size of 13 nm for the SnS cubes and 11 nm for
the spherical polyhedra, which is in good agreement with the average particle sizes
determined by TEM. This suggests that the cubes and spherical polyhedra are largely
single-crystalline. Compared to the powder XRD pattern of the SnS sheets in Figure 7.3,
the powder XRD patterns of the 0D nanocrystals in Figure 7.4 appear noticeably
different, and they do not match as well with the simulated diffraction pattern of α-SnS
(red patterns in Figure 7.4). Most apparent is that the reflections corresponding to the
(201) and (210) planes, which are separate and distinct for α-SnS at 26.0° and 27.5° 2θ,
respectively (Figure 7.3), have been replaced by a single reflection at 26.5° 2θ
(Figure 7.4a,b). Additionally, the most intense reflections of both the SnS cubes and
spherical polyhedra (located at 30.8° and 31.0° 2θ, respectively) do not precisely
correspond to any reflection in the pattern of α-SnS. Other more subtle, but significant,
differences in the XRD patterns for the SnS cubes and spherical polyhedra vs the SnS
sheets include shifts in the positions of the (101) reflection from 22.0° to 22.9° 2θ, the
(411) reflection from 44.8° to 44.1° 2θ, and the (601) reflection from 53.4° to 52.4° 2θ.
The reflection at 35° 2θ corresponds to a small amount of SnO2. The differences in
relative intensities between the reflections in Figure 7.4a vs those in Figure 7.4b are due
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to preferred orientation in the nanocubes samples, which does not occur for the spherical
polyhedra.
The powder XRD patterns for the 0D nanocrystals are clearly distinct from those
of the sheets. Indeed, the powder XRD patterns in Figure 7.4, for the cubes and spherical
polyhedra are consistent with those previously reported to correspond to mixtures of
metastable ZB-type SnS and GeS-type α-SnS.11,19,21,25-29 However, by adjusting the lattice
constants to a = 11.55 Å, b = 4.12 Å, c = 4.12 Å (distinct from the lattice constants of αSnS, which are a = 11.18 Å, b = 3.98 Å, c = 4.33 Å)37 while all other crystallographic
parameters are kept the same, we were able to generate a single-phase simulated
diffraction pattern that matched well with the experimental powder XRD patterns for the
SnS cubes and spherical polyhedra (Figure 7.4, blue pattern). We arrived at these lattice
constants, in part, by recognizing that the (201) and (210) reflections largely overlap,
which suggests that the b and c lattice constants are equal or nearly so. Therefore, the SnS
crystal structure that corresponds to the experimentally observed powder XRD patterns
for the cubes and spherical polyhedra is best described as pseudotetragonal. Such
crystallographic distortions are not unprecedented, as 0D nanocrystals of SnSe, which is
isostructural with SnS in the bulk form, were reported to distort from a Pnma space group
to Cmcm with decreasing particle size.38
A direct comparison of the simulated diffraction patterns of α-SnS and of the
modified pseudotetragonal form can be seen in Figures 7.5. In addition to the
aforementioned shift in the (201) and (210) reflections, relatively intense reflections in
the simulated XRD pattern for the pseudotetragonal form [(011) at 30.7° 2θ and (400) at
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30.9° 2θ] now fall directly at the Bragg angle of the highest-intensity reflections in the
experimental XRD patterns for the SnS cubes and spherical polyhedra. Additionally, the
observed (101), (411), and (611) reflections match well with those expected on the basis
of the simulated XRD pattern. However, in order to further compare the crystal structure
associated with the SnS cubes and spherical polyhedra to the experimental and simulated
powder XRD patterns, especially to verify that the collection of experimentally observed
reflections are attributable to a single-phase pseudotetragonal form of SnS and not due to
a mixture of phases, HRTEM with FFT analyses were performed, as was done for the
SnS sheets. Note again that HRTEM analysis of single particle surfaces has been
established as a reasonable means of measuring interatomic distances of indexed
planes,39-41 which can subsequently be used to corroborate powder XRD data.

6.3.3 – Crystallographic Analysis of Cubes and Spherical Polyhedra Using
HRTEM Images
Figure 7.6b–d shows HRTEM images of two representative single-crystal SnS
cubes and their corresponding FFTs. The FFTs of both images were indexed to the (011)
plane of bulk SnS on the basis of the pattern of the diffraction spots, and the electron
beam was oriented very close to the [011] zone axis. These FFT patterns were
corroborated by single-particle nanobeam diffraction. Furthermore, the arrangement of
2D lattice fringes on the surface of the particle is visible in Figure 7.6b, which
corresponds to the distinctive two up, two down pattern of atoms proceeding in the [100]
direction of the (011) surface, as seen in simulated models of that atomic plane
(Figure 7.6a). However, despite the qualitative correlation between the FFT and the
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expected diffraction pattern of α-SnS, quantitative measurements differed. The reciprocal
space distances from spots in the diffraction pattern to their inverses, going through the
central spot, can be converted to interatomic distances on that crystalline facet, and these
values did not correspond with those expected on the basis of the simulated diffraction
pattern of α-SnS. As seen by comparison of parts d and e of Figure 7.6, the reciprocal
distance between the {400} diffraction spots was found to be 6.94 nm–1 instead of 7.16
nm–1, which is the value that would be expected for α-SnS. Likewise, the distance
between the {011} spots was 6.88 nm–1 instead of 6.80 nm–1, the distance between the
{111} spots was 7.08 nm–1 instead of 7.03 nm–1, and the distance between the {411}
spots was 9.76 nm–1 instead of 9.87 nm–1. While these distances did not match those of αSnS, they did match well with the simulated diffraction pattern of the distorted
pseudotetragonal form of SnS (Figure 7.6f), which was generated using lattice constants
determined from analysis of the powder XRD data. Direct measurement of the lattice
fringes visible by HRTEM provides substantially less resolution of interatomic distances
than the complementary FFT. However, Figure 7.6b,c displays measured distances of 2.9
Å for both the {400} and {011} lattice fringes, and these corresponded well with the
values determined from the FFT analysis, after conversion from reciprocal space to real
space. HRTEM analysis of 30 randomly chosen cubes indicated that 22 were oriented
such that their top facet could be indexed, via FFT analysis, to one of the four {011}
planes of pseudotetragonal SnS. This strongly suggests that four of the six primary facets
of the SnS cubes are bound by planes of the form {011}. Similarly, HRTEM analysis of
the spherical polyhedra revealed that they too were single-crystalline and many were
bound by similar {011} facets, although a smaller fraction (13 out of 30).
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Further HRTEM/FFT characterization indicated that the SnS cubes and spherical
polyhedra (Figure 7.7a) were also bound by a second, different crystallographic plane.
The arrangement of diffraction spots (Figure 7.7b) suggested that this facet belongs to the
{h11} family of planes. Quantitative FFT analysis suggested that this facet must be a
higher index plane of the form {h11}, although we cannot unambiguously attribute the
pattern to a specific hkl plane because the difference in spacings between diffraction
spots for high-index h11 planes is extremely small. However, the values obtained, as
detailed below, are measurably different than most obvious low-index possibilities,
including (111), which argues strongly for the presence of a high-index facet, which we
tentatively label as (15 1 1) on the basis of the measured reciprocal distances between
inverse diffraction spots (Figure 7.7c,d). The angle at which (15 1 1) slices through the
unit cell approaches that of (100), thus giving rise to a similar diffraction pattern, but with
measurably different spacings. Note that additional diffraction spots are visible in all of
our FFTs compared to the simulated patterns, and these likely emerge from the periodic
contrast differences that appear during HRTEM imaging. The reciprocal distances
measured on the FFT (Figure 7.6b) were 6.90 nm–1 between the {011} diffraction spots,
7.04 nm–1 between the {111} spots, 9.70 nm–1 between the {020} spots, and 9.90 nm–
1

between the {102} spots. All of these correspond well with the simulated high-index

{h11} pattern for pseudotetragonal SnS but cannot be quantitatively reconciled with a
high-index (h11) plane of α-SnS. The HRTEM image (Figure 7.7a) also matches well
with an (h11) plane of pseudotetragonal SnS, which is simulated in the inset between
parts a and b of Figure 7.7. Measurement of the atomic spacings resulted in distances of
2.9 and 2.8 Å, which are indexed to the {011} and {111} planes, respectively.
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Collectively, these comparisons between the HRTEM FFTs of individual
nanocrystal facets and the simulated electron diffraction patterns of α-SnS indicate that
there is a distortion in the crystal structure of the SnS cubes and spherical polyhedra that
was not observed in the nanosheets. Furthermore, this distortion is consistent with the
shifted reflections that were observed in the corresponding powder XRD patterns.
HRTEM FFT analysis of a series of nanocrystals indicates that, although there is some
particle-to-particle variation in reciprocal distances due to slight deviation from the zone
axis orthogonal to the face of each particle, the measured values are all self-consistent.
By analyzing an ensemble of nanocrystals and calculating the average values, we
determined that the mean distances between the {400} diffraction spots is 6.91 nm–1,
between {020} (and also {002}) is 9.67 nm–1, between {011} is 6.84 nm–1, between
{201} (and also {210}) is 5.94 nm–1, between {111} is 7.07 nm–1, and between {411} is
9.75 nm–1. These reciprocal space measurements correspond to real space distances of
2.89 Å for (400), 2.07 Å for (020)/(002), 2.92 Å for (011), 3.37 Å for (201)/(210), 2.83 Å
for (111), and 2.05 Å for (411), respectively. The lattice constants can be extracted
directly from the lattice spacings of the (400) and (020)/(002) planes as a = 11.56 Å
and b = c = 4.14 Å, which nearly precisely corroborates the values of the
pseudotetragonal modification that was determined by analysis of the powder XRD data.
Additionally, the corresponding mean d-spacing of (201)/(210) is equivalent to 26.5° 2θ,
of (011) is equivalent to 30.6° 2θ, of (400) is equivalent to 31.0° 2θ, and of (411) is
equivalent to 44.2° 2θ. All of these values closely match the Bragg reflections of our
experimental powder XRD patterns, as well as the powder XRD pattern that was
simulated on the basis of the pseudotetragonal modification. However, these values
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cannot be reconciled with the reflections associated with α-SnS. This verifies that the
HRTEM FFT data of the nanocrystals is consistent with the powder XRD data, and
furthermore, that a structural distortion from orthorhombic GeS-type α-SnS to a
pseudotetragonal modification has occurred in the cubes and spherical polyhedra.
Importantly, the HRTEM data are not consistent with, and show no evidence of, a
mixture of GeS-type and ZB-type SnS.
This distorted modification of α-SnS is important, because it helps to rationalize
the diffraction patterns that are increasingly observed for nanoparticles and films of SnS.
Inspection of a number of published SnS diffraction patterns reveals that there are many
reported nanostructures with powder XRD patterns that are highly similar to those shown
for the cubes and spherical polyhedra in Figure 7.4 and therefore could also potentially be
indexed to this pseudotetragonal modification of α-SnS.11,19,21-23,25-29 Notably, it is
frequently hypothesized that these diffraction patterns correspond to a mixture of
metastable ZB-type SnS and GeS-type α-SnS. While such a mixture indeed can yield
diffraction patterns similar to those shown in Figure 7.4, extensive HRTEM/FFT analysis
of the SnS cubes and spherical polyhedra yielded no evidence of a cubic ZnS polymorph.
Indeed, the experimental observation of metastable ZB-type SnS has been called into
question by a recent report, which claimed that first principles calculations suggest that
ZB-type SnS is thermodynamically unfavorable and has been misidentified in the
literature.30 Therefore, we suggest that some of these SnS powder diffraction patterns
may be misassigned as mixtures and instead can be accounted for by a single phase: a

179

pseudotetragonal modification of α-SnS, which merges the results from XRD,
HRTEM/FFT, and electron diffraction.

7.4 – Conclusions
Given the emerging importance of SnS nanostructures in a diverse range of
applications—including solar cells, field effect transitors, photodetectors, electrochemical
capacitors, Li ion battery anodes, and photocatalysts—an in-depth understanding of
fundamental aspects of their synthesis, crystal structure, and structure–property
relationships is highly important. Accordingly, in this paper, we described the synthesis
of colloidal SnS cubes, spherical polyhedra, and sheets, along with insights into how they
form. The SnS cubes, which to our knowledge have not previously been reported, are
particularly interesting because they form through seeded overgrowth of the spherical
polyhedra.
We also studied the shape-dependent polymorphism of the SnS cubes, spherical
polyhedra, and sheets, given the direct impact that crystal structure has on properties. To
do this, we used an in-depth crystallographic analysis of HRTEM/FFT data coupled with
electron diffraction and powder XRD, an approach that offers a unique way of correlating
diffraction data from both individual nanocrystals and ensembles of nanocrystals and
therefore is likely to gain increasing utilization as unusual structural features continue to
be observed in nanoscale solids. Specifically, these studies revealed that the
experimentally observed diffraction patterns for the cubes and spherical polyhedra match
significantly better with an alternate unit cell that is expanded along the a and b axes and
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contracted along c, converging on a pseudotetragonal cell that is measurably different
from that of orthorhombic α-SnS, which is the most stable polymorph. This is important,
because it helps to rationalize the discrepancies that exist between theoretical predictions
of SnS polymorph stability, which indicate that ZB-type SnS is not likely to form, and
experimental powder XRD data that have been interpreted to correspond to ZB-type SnS.
Specifically, all of the peaks observed in powder XRD patterns that are frequently
interpreted as originating from a mixture of ZB-type SnS and α-SnS can instead be
accounted for by a single-phase pseudotetragonal modification of SnS, and this is also
fully consistent with HRTEM and electron diffraction data of individual nanocrystals. As
such, this study offers important insights not only into the polymorphism of the SnS
system but also into the types of analyses that can lead to more reliable characterization
of the crystal structures that nanoparticulate solids adopt.
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7.6 – Figures

Figure 7.1 Representative TEM images (two magnifications) and SAED patterns of SnS
cubes and spherical polyhedra: (a, c) 12 nm SnS cubes with (b) corresponding SAED
pattern and (d, f) 10 nm spherical polyhedra with (e) corresponding SAED pattern.
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Figure 7.2 (a) Representative TEM image of a group of SnS nanosheets with (b) the
corresponding SAED pattern and (c) TEM image of a single SnS nanosheet with (d) the
corresponding SAED pattern, which can be indexed to SnS(100). (e) HRTEM image of a
single SnS nanosheet and (f) the resulting FFT. The lattice fringe measurements in part e,
as well as the arrangement and reciprocal space distances of diffraction spots in part f,
can be indexed to the (100) surface of α-SnS, corroborating the SAED patterns. All
reciprocal distances in part f are in units of nm–1.
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Figure 7.3 Powder XRD pattern of SnS nanosheets (black), which matches the simulated
pattern of α-SnS (red). The relatively high intensity of the (400) and (800) reflections
indicates a preferred orientation in the [100] direction. Inset: an expanded region between
35° and 65° 2θ, highlighting the good agreement between the experimental and simulated
patterns.
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Figure 7.4 Powder XRD patterns (black) of (a) SnS cubes and (b) SnS spherical
polyhedra showing simulated patterns for α-SnS (red) and the proposed pseudotetragonal
modification of SnS (blue). The insets show expanded characteristic regions that
highlight the significantly better agreement with the powder XRD patterns of
pseudotetragonal-SnS than with α-SnS. The asterisk (*) indicates an SnO2 impurity.
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Figure 7.5 Direct comparison of the simulated powder XRD patterns of orthorhombic αSnS and the proposed pseudotetragonal modification of SnS, highlighting the numerous
reflections that are shifted.
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Figure 7.6 (a) Atomistic models of the SnS(011) surface of the proposed
pseudotetragonal modification of SnS. (b) HRTEM image of a SnS nanocube taken
slightly offset from the [011] zone axis (inset: resulting FFT) to display fringes
corresponding to the same atomic arrangement seen in part a. (c) HRTEM image of a SnS
nanocube taken from the [011] zone axis with measured lattice fringes and (d) the
resulting FFT, which can be indexed to SnS(011). Quantitative analysis of the reciprocal
distances between inverse diffraction spots seen in part d do not correspond well with the
simulated electron diffraction pattern of α-SnS(011) in part e but are an excellent match
with the simulated electron diffraction pattern of pseudotetragonal SnS(011) in part f.
FFTs in parts b and d have been rotated for ease of comparison. All reciprocal distances
are in units of nm–1.
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Figure 7.7 (a) HRTEM image of a SnS spherical polyhedron with measured lattice
fringes and (b) the resulting FFT, which can be indexed to a high-index SnS(h11) plane.
The inset shows the atomistic model of pseudotetragonal SnS(h11). Quantitative analysis
of reciprocal distances between inverse diffraction spots seen in part b correspond well
with the simulated electron diffraction pattern of pseudotetragonal SnS(15 1 1) in part c,
but do not match well with that of α-SnS(15 1 1) (d) or any other α-SnS plane. (e)
HRTEM image of a SnS spherical polyhedron taken from the [010] zone axis with
measured lattice fringes and (f) the resulting FFT, which can be indexed to SnS(010). The
inset shows the atomistic model of pseudotetragonal SnS(010). Similar quantitative
analysis of part f revealed reciprocal distances that could not be reconciled with the
simulated diffraction pattern of α-SnS(010) in part g but that matched well with the
simulated diffraction pattern of pseudotetragonal SnS(010) in part h. FFTs in parts b and
f have been rotated for ease of comparison. All reciprocal distances are in units of nm–1.
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Chapter VIII7
Colloidal Synthesis of Air-Stable Crystalline
Germanium Nanoparticles with Tunable Sizes and
Shapes
8.1 – Introduction
Germanium nanoparticles (Ge NPs) are an important target for colloidal
synthesis. Elemental Ge has important applications in many optoelectronic devices that
include photodetectors,1-3 field-effect transistors,4,5 and multijunction solar
cells.6,7 Because of the low cost and relative ease of solution-based processing techniques
such as spin coating, dip coating, and inkjet printing, colloidally stable solutions of Ge
nanoparticles could be useful materials for the cost-effective fabrication of these and
related devices.8,9 Furthermore, Ge NPs have low toxicity and have been shown to exhibit
size-dependent photoluminescence (PL) properties,10,11 suggesting potential biological
applications that include cell imaging, labeling, and photothermal therapy.12 Finally,
given the ability of elemental nanoparticles to serve as reactive templates for chemical
transformation into derivative nanostructures,13 colloidal Ge NPs could serve as

*

Reproduced in part with permission from Chem. Mater., 22, D. D. Vaughn II, J. F.
Bondi, and R. E. Schaak, Colloidal Synthesis of Air-Stable Crystalline Germanium
Nanoparticles with Tunable Sizes and Shapes, 6103-6108, Copyright 2010 The American
Chemical Society (ACS).
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precursors to related Ge-based systems, including thermoelectric alloys,14,15 phase change
materials,16 and narrow band gap semiconductors. 17-19
Synthetic capabilities for size- and shape-tunable colloidal Ge NPs remain less
developed than those for the ubiquitous II−VI, III−V, and IV−VI semiconductor
nanocrystals, such as CdSe, InAs, ZnS, etc.20-23 To synthesize Ge NPs using colloidal
methods, three general strategies have been predominant in the literature: metathesis
reactions involving Zintl salts,24-28 hydride reduction of germanium halides,29-34 and
thermal decomposition of organogermane precursors in high boiling point solvents.3539

While these methods have had some success at generating crystalline Ge NPs with

some degree of size and/or morphology control, there are key aspects that remain to be
improved. The covalent nature of Ge leads to high crystallization temperatures that are
often above the boiling points of commonly used solvents. As a result, several of the
reported solution routes to Ge NPs yield amorphous products that are often unstable
relative to dissolution and oxidation. 26,30,32,36 To overcome this, highly reactive reducing
agents (e.g., Na, LiAlH4, n-BuLi) have been essential for the production of crystalline Ge
NPs.24,29,40 However, these methods are not optimal from an ease-of-synthesis
perspective, and they can also form toxic byproducts.41 Therefore, a simpler and milder
approach for synthesizing crystalline and air-stable colloidal Ge NPs with tunable sizes
and shapes would help to further advance the applicability of these materials.
In this chapter, we report an alternative route to crystalline Ge nanoparticles,
which is inspired by the ―heat-up‖ method that has been used successfully in the
synthesis of metal, metal oxide, and chalcogenide nanocrystals.42,43 In this approach, all
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precursors are dissolved in a reducing solvent at room temperature and slowly heated in a
one-pot system to facilitate reduction, supersaturation, and nucleation that results in the
formation of nanoparticles. The reagents used to generate Ge NPs are GeI4, oleylamine,
oleic acid, and hexamethyldisilazane (HMDS), which are all air-stable and commercially
available. After heating to 260 °C, Ge NPs nucleate rapidly, and their average sizes can
be tuned from 6−22 nm by varying the concentration of GeI4. Changing the solvent and
varying the surfactant concentrations can also access different morphologies of Ge NPs
including cube-shaped and one-dimensional nanostructures. In addition, the Ge NPs are
air-stable for several months, with no evidence of oxidative degradation.

8.2 – Experimental Details
8.2.1 – Materials
Oleylamine, oleic acid, 1-octadecene, and tri-n-octylphosphine were degassed prior to
use. All other chemicals were used as received. Germanium(IV) iodide (GeI4, 99.99+%),
tri-n-octylphosphine (TOP, 90% tech.), oleylamine (70% tech.) and hexamethyldisilazane
(HMDS, >99%) were purchased from Aldrich. Oleic acid (90% tech.), 1-octadecence
(90% tech.), biphenyl-4-carboxylic acid (98%), and p-toluenesulfonic acid (99%) were
purchased from Alfa Aesar. All syntheses were carried out under Ar using standard
Schlenk techniques, and purification procedures were performed in air.
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8.2.2 – Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer equipped with CuKα radiation. UV−visible absorption spectra were
collected in toluene solution at room temperature in 1 cm quartz cuvettes using an Ocean
Optics DH-2000-BAL spectrometer. Transmission electron microscopy (TEM) images
and selected area electron diffraction (SAED) patterns were obtained using a JEOL 1200
EX II operating at 80 kV. High resolution transmission electron microscopy (HRTEM)
imaging and energy-dispersive spectroscopy (EDS) analyses were performed on a JEOL2010 LaB6 microscope operating at 200 kV. TEM samples were prepared by suspending
the washed crystallites in toluene and drop-casting onto Formvar-coated copper TEM
grids. Data for size distribution histograms was acquired by measuring the longest
dimension of each nanoparticle for more than 100 particles per sample. X-ray
photoelectron spectroscopy (XPS) was performed on a monochromatic Al Kα source
instrument (Kratos, Axis Ultra, England) operating at 14 kV and 20 mA for an X-ray
power of 280 W. XPS spectra were collected with a photoelectron take off angle of 90°
from the sample surface plane, energy steps of 0.20 eV, and a pass energy of 20 eV. All
XPS spectra were referenced to the C 1s peak with a binding energy of 284.5 eV. Infrared
spectra were acquired on an IFS 66/s spectrometer (Bruker Optics, Billerica, MA) using a
Collector II diffuse reflection accessory equipped with a high temperature/vacuum (HTV)
sample chamber (Thermo Spectra-Tech, Madison, WI). The HTV cell was outfitted with
KBr windows (New Era Enterprises, Vineland, NJ) and operated under purge with UHP
Argon (Grade 5.0, PraxAir). Spectra were acquired at 30 °C after briefly heating
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to 100 °C to facilitate the removal of adsorbed water and minimize the interference of
the OH deformation band of water at 1640 cm−1.

8.2.3 – Synthesis of Colloidal Germanium Nanostructures
Germanium Nanocrystals: Multifaceted Ge nanocrystals were synthesized by first
loading a 20 mL scintillation vial with 60 mg (0.10 mmol) of GeI4 and adding 10 mL
( 30 mmol) of oleylamine and 0.75 mL (2.38 mmol) of oleic acid. The solution was
sonicated for 5 min to give a clear colorless solution, which was then inserted into a 3neck round-bottom flask fitted with condenser, thermometer, and rubber septum. Next, 1
mL (4.71 mmol) of HMDS was added to the mixture and the solution was slowly heated
( 2 °C/min) to 260 °C. During the heating process, the solution changed from colorless to
yellow and at 260 °C changed from yellow to a dark brown-red almost instantaneously.
This solution was aged for a maximum of 30 min.
Cube-shaped Ge Nanoparticles and One-Dimensional Nanostructures: Cube-shaped Ge
nanoparticles were synthesized in a similar manner, except that 0.5 mL (1.12 mmol) of
tri-n-octylphosphine was added as a cosurfactant and 0.5 mL (1.59 mmol) of oleic acid
was used. Oleylamine and hexamethyldisilazane were held at their same concentrations.
During the heating process, the solution changed from colorless to yellow to brown (260
°C) and finally to a deep purple (within a few minutes). This reaction also resulted in
rapid nucleation at 260 °C and was aged for a maximum of 30 min. One-dimensional Ge
nanostructures were synthesized by using a 12:1 ratio of oleylamine to GeI4: 60 mg (0.10
mmol) of GeI4, 400 μL (1.21 mmol) of oleylamine, 5 mL ( 16 mmol) of 1-octadecene,
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and 1 mL of HMDS. The synthetic details were identical, except that the solution was
rapidly heated to the reflux temperature of 1-octadecene (315 °C). During heating, the
solution changed from orange to colorless to yellow and at 260 °C became a light orange
color. The reaction was aged overnight at reflux, which resulted in the formation of a
light purple solution.
Purification Procedures: To purify all Ge nanostructures, we first precipitated the
products by adding 30 mL of 100% ethanol and then centrifuged them at 12 000 rpm for
10 min. The obtained powders were then washed three times with a 1:1 toluene:ethanol
mixture with centrifugation between each wash. The products could be suspended in
toluene or hexanes for further characterization.

8.3 – Results and Discussion
8.3.1 – Synthesis and Characterization of Multifaceted Ge Nanoparticles
Figure 8.1a show a large-area TEM image for a representative sample of Ge
nanoparticles produced by slowly heating a mixture of GeI4, oleylamine, oleic acid, and
HMDS to 260 °C for 30 min. The SAED pattern in Figure 8.1b indicates the presence of
crystalline Ge with no other observable crystalline impurities. The HRTEM image in the
inset to Figure 8.1a confirms that the Ge particles are largely single-crystalline with
observable lattice fringes corresponding to the (111) plane of diamond-type Ge. A
higher-magnification TEM image of this sample is shown in Figure 8.2a, along with the
size distribution histogram that indicates an average size of 22 ± 4 nm. The shape of the
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particles is nominally isotropic with irregular facets, but the average size is fairly
uniform.
By decreasing the initial concentration of GeI4 while keeping all other conditions
and concentrations unchanged, the average sizes of the Ge NPs could be tuned to below
the Bohr radius of Ge (Rb = 11.5 nm).39 For example, the 22 ± 4 nm particles shown in
Figures 8.1 and 8.2a formed when 60 mg of GeI4 was used. When the amount of
GeI4 decreased to 30 mg, the particles appeared morphologically similar but with a
smaller average size, 12 ± 2 nm. In addition, a small (<5%) population of irregular 1−2
nm particles is observed in some samples, but because of the difficulty in accurately
measuring their sizes, these were not included in the histogram shown in Figure 8.2b.
When the amount of GeI4 was further decreased to 15 mg, the average size of the
particles decreased to 6 ± 1 nm. The SAED patterns in Figure 8.2 confirm the formation
of Ge nanoparticles in each case.
Figure 8.3 shows powder XRD patterns for each of the samples in Figure 8.2. The
XRD data indicate that all of the samples correspond to crystalline Ge with no observable
crystalline impurities. This agrees well with the SAED patterns in Figures 8.1 and 8.2.
Scherrer analysis of the (111) peak widths estimates average grain sizes of 17, 11, and 8
nm for the samples shown in Figure 8.2a−c, respectively. These values are consistent
with the particle sizes observed by TEM, within experimental error. This agreement
suggests that the particles are predominantly single crystals, which is validated by the
HRTEM image in Figure 8.1a. UV−visible absorption spectra for the Ge NPs (Figure
8.4) show a continuous red shift in absorption from approximately 450 to 490 nm as the
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particle size increases from 6 to 22 nm. This is consistent with previous reports of
UV−vis absorption spectra for quantum-confined Ge nanoparticles.37,38 A
photoluminescence response was not observed in the UV−visible region.40
Using this synthetic method, crystalline Ge nanoparticles form following a rapid
nucleation event around 260 °C. A series of control experiments help to uncover the key
variables that are critical for the formation of crystalline Ge nanoparticles. First, HMDS
is required; control experiments without HMDS produced only an amorphous product
that was highly susceptible to oxidation. Boyle and co-workers38 previously produced
crystalline Ge nanoparticles via the thermal decomposition of a Ge(II)-HMDS complex,
Ge[N(SiMe3)2]2, that was synthesized and purified as part of a multistep reaction, so a
Ge-HMDS complex may play a role in the formation of Ge NPs in our system as well. In
addition, the presence of an organic acid (e.g., oleic acid) in an optimal 1:2 ratio with
HMDS was necessary to form nonaggregated particles. With no organic acid present,
crystalline Ge does not form until above 320 °C and the particles are highly agglomerated
(Figure 8.5). Replacing oleic acid with other organic acids, such as biphenyl-4-carboxylic
acid and p-toluenesulfonic acid, yielded results similar to those observed with oleic acid.

8.3.2 – Cube-Shaped Nanoparticles and One-Dimensional Nanostructures
Once the key parameters for generating crystalline Ge were identified (the
presence of HMDS and organic acids), other variables were studied in order to change
the morphology. Adding TOP in a 2:3 ratio with oleic acid while all other concentrations
remained constant generated crystalline Ge nanoparticles via the same rapid nucleation
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event at 260 °C. However, instead of the multifaceted nanocrystals observed without
TOP (Figures 8.1 and 8.2), cube-shaped particles were predominant. The TEM images in
Figure 8.6 show particles with an average edge length of 73 ± 16 nm. The SAED pattern
confirms that the cube-shaped particles correspond to crystalline Ge. Particles with cubelike morphologies, e.g., those that have predominantly flat edges, represent
approximately 60% of the sample based on analysis of multiple TEM images.
When the solvent is changed from oleylamine to octadecene with only a
stoichiometric amount of oleylamine present (12:1 oleylamine: GeI4), one-dimensional
nanostructures form (Figure 8.7a,b,d). The SAED pattern in Figure 8.7c confirms that the
one-dimensional nanostructures are composed of crystalline diamond-type Ge and EDS
spectra indicate the presence of only Ge (Figure 8.8). The HRTEM image in Figure 8.7e
confirms that the one-dimensional nanostructures are crystalline, and lattice fringes
corresponding to the (111) planes of diamond-type Ge are observed. The formation of a
thin amorphous layer on the surface of the one-dimensional Ge nanostructures is also
evident, and this is likely attributable to amorphous GeO2.

8.3.3 – Surface and Stability
The Ge nanoparticles synthesized using this one-pot protocol appear to be airstable for long periods of time. Figure 8.9 shows a powder XRD pattern for a
representative sample of Ge nanoparticles as-synthesized, as well as an XRD pattern for
the same sample acquired six months later after storage in powder form under ambient
conditions. The two patterns are fully superimposable with no evidence of degradation or
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oxidation, demonstrating that they are highly air-stable with surfaces that are apparently
well-passivated. A TEM image of the particles from Figure 8.1, after being stored in air
for six months, is shown in the inset to Figure 8.9. The morphology remains the same,
even after many months of ambient storage, with no evidence of degradation.
Figure 8.10 shows an XPS spectrum for the 3d core region of a representative
sample of as-synthesized Ge NPs after more than 6 months of aging (in powder form)
under ambient conditions. Deconvolution of the XPS data indicates 86% Ge0, with a
binding energy of 29.4 eV,32 and 14% Ge4+, with a binding energy between 32 and 33
eV. Similar ratios of Ge0 to Ge4+were found in the as-synthesized sample. This indicates
that a majority of the Ge is zerovalent, with only a small amount of oxidized Ge, both assynthesized and after 6 months of ambient storage.
Analysis by diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy
indicated a cis C−H alkene stretch at 3010 cm−1 (Figure 8.11) and C═O stretching
modes appearing as minor shoulders at 1685 and 1510 cm−1.44 This is consistent with
the presence of oleic acid on the Ge surface, although we cannot rule out the possibility
that other organic species may also be present. Taken together, the data (XPS, DRIFT,
and HRTEM) suggest that a thin layer of amorphous germanium oxide, to which oleate
groups are bound, caps the elemental Ge nanoparticles. A similar passivation scheme was
suggested for colloidally synthesized elemental Mn nanoparticles, which were also highly
air stable.45
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8.4 – Conclusions
In summary, we have described a simple one-pot route to colloidal Ge
nanoparticles that is based upon the ―heat up‖ method. The as-synthesized particles are
highly crystalline and stable relative to oxidation and chemical degradation. This
synthesis uses chemical reagents that are readily available and air stable (GeI4,
oleylamine, oleic acid, and HMDS), providing an approach for the synthesis of
crystalline Ge nanoparticles that is milder than most existing methods. Simply changing
the concentration of GeI4 can access nanoparticles with average sizes that are tunable
from approximately 6 to 22 nm, and additional modifications (e.g., other solvents or
stabilizer mixtures) can lead to shapes that include cube-shaped nanoparticles and onedimensional nanostructures. In analogy to other colloidal semiconductor nanoparticles
made using related methods,21,42 modifications to this approach may lead to different
morphologies.
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8.6 – Figures

Figure 8.1 Representative (a) large-area TEM image and (b) SAED pattern for
crystalline Ge nanoparticles. A representative HRTEM image, showing lattice fringes
corresponding to the (111) plane of diamond-type Ge, is shown in the inset to image a.
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Figure 8.2 TEM images, SAED patterns, and size distribution histograms for Ge
nanoparticles with average sizes of (a) 22 ± 4 nm (same sample shown in Figure 8.1), (b)
12 ± 2 nm, and (c) 6 ± 1 nm.
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Figure 8.3 Powder XRD patterns for Ge nanoparticles with average sizes of 22 nm
(blue), 16 nm (red), and 6 nm (green).
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Figure 8.4 UV-visible absorption spectrum for Ge nanoparticles (in toluene) with
average sizes of 22 nm (blue), 12 nm (red), and 6 nm (green).
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Figure 8.5 TEM image and SAED pattern for aggregated crystalline Ge nanoparticles
synthesized above 300 °C without oleic acid.
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Figure 8.6 TEM images and SAED pattern for cube-shaped Ge nanoparticles synthesized
using a TOP/oleylamine mixture.
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Figure 8.7 (a, b) TEM images, (c) SAED pattern, and (d, e) HRTEM images for onedimensional Ge nanostructures synthesized using 1-octadecene as the solvent. Panel (e)
shows lattice fringes corresponding to the (111) plane of diamond-type Ge.
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Figure 8.8 EDS spectrum for one-dimenionsonal Ge nanostructures on a Cu grid.
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Figure 8.9 Powder XRD patterns for a representative sample of crystalline Ge
nanoparticles as-synthesized (black) and after six months of storage in powder form
under ambient conditions (red). Inset: TEM image of the Ge nanoparticle sample from
Figure 8.1 after more than 6 months of storage under ambient conditions.
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Figure 8.10 Representative XPS spectrum (3d core region) for the Ge nanoparticles
shown in Figure 8.1.
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Figure 8.11 DRIFT spectrum for air-stable Ge nanoparticles synthesized with oleic acid,
oleylamine, HMDS, and GeI4 at 260 °C.
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Chapter IX8
Solution-Phase Synthesis and Magnetic Properties of
Single-Crystal Iron Germanide Nanostructures
9.1 – Introduction
The iron–germanium alloy system, as bulk-scale crystals, thin films, and
nanostructures, is simultaneously complex, interesting, and important1-24 A large number
of structurally and compositionally diverse binary phases are known, including several
polymorphs with nominally identical stoichiometries.1-12,17-24 These iron germanides
exhibit a range of interesting and, in some cases, exotic magnetic properties including
ferromagnetism,1-11 antiferromagnetism,14-19 and helimagnetism.20-24 For example, as
bulk materials, Fe3Ge can adopt either a low-temperature cubic Cu3Au-type or a hightemperature hexagonal Ni3Sn-type crystal structure.1-3 Both Fe3Ge polymorphs are
ferromagnetic, with Curie temperatures (Tc) of 740 and 640 K, respectively.2 Fe5Ge3 and
Fe3Ge2 both adopt a hexagonal Ni2In-type crystal structure and also exhibit ferromagnetic
behavior in bulk crystals with Tc values of 510 and 470 K, respectively.4-8 FeGe2 is
tetragonal with an Al2Cu-type crystal structure and undergoes antiferromagnetic ordering
with a Neel temperature (TN) of 287 K.14-16

*

Reproduced in part with permission from Chem. Mater. 25, D. D. Vaughn II, D. Sun, J.
A. Moyer, A. J. Biacchi, R. Misra, P. Schiffer, and R. E. Schaak, Solution-Phase
Synthesis and Magnetic Properties of Single-Crystal Iron Germanide Nanostructures,
4396-4401, Copyright 2013 The American Chemical Society (ACS).
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Likewise, there exist three known polymorphs of stoichiometric FeGe: cubic
(FeSi-type),20-24 hexagonal (CoSn-type),17,18 and monoclinic (CoGe-type),19 which are
helimagnetic with Tc= 280 K,20,21 antiferromagnetic with TN = 410 K,17,18 and
antiferromagnetic with TN = 340 K,19 respectively. Because of this diversity in the crystal
structures and magnetic properties, these materials are of growing interest for a number
of magnetoelectronic,22,23,25-27 magnetocaloric,1,28 and magnetic memory
applications.23,26 When reduced to nanoscale dimensions, the magnetic behavior of iron
germanides can change and become even more complex and intriguing.29-31 For example,
although bulk monoclinic FeGe is antiferromagnetic with TN = 340 K, nanowires of
monoclinic FeGe were observed to be ferromagnetic with Tc = 200 K.29 Similarly,
although both bulk-scale crystals and nanowires of Fe1.3Ge are ferromagnetic, the
nanowires exhibit a higher Tc of 320 K relative to the Tc of 200 K for bulk Fe1.3Ge.30
Underpinning the studies that seek to identify and understand the emergence of
new and distinct magnetic phenomena in nanoscale iron germanides is the need for
capabilities to synthesize high-quality Fe–Ge nanostructures with control over
morphology, composition, and phase. Accordingly, several examples of iron germanide
nanostructures have been reported.29-31 Kim, Chang, and co-workers used a catalyst-free
chemical vapor transport process to synthesize nanowires of Fe1.3Ge from FeI2, Ge
powder, and graphite at temperature zones ranging from 650 to 870 °C on a sapphire
substrate.30 Other approaches have yielded nanowires of various Fe–Ge phases on a
variety of substrates, including Ge(111) and graphene.29,31 However, nanostructures of
Fe–Ge, along with other related transition-metal germanide systems, have not previously
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been accessible using the solution-phase synthesis methods that are among the most
useful and powerful for generating high-quality and morphologically tunable magnetic
nanomaterials that are not confined to a substrate.32,33 This parallels the challenges
associated with synthesizing colloidal Ge nanoparticles, which are due in part to the
difficulty in reducing suitable Ge precursors to elemental Ge while also producing a
crystalline product.34
Over the past few years, significant advances have been made in the synthesis of
colloidal Ge and Ge-based nanomaterials,34-38 and careful consideration of precursor
reactivities and reaction pathways has opened the door to the solution-phase synthesis of
Ge nanostructures using conditions that are directly compatible with those used to
synthesize transition-metal nanoparticles.34 For example, Sun and co-workers39 were able
to synthesize FePt nanocrystals by the simultaneous reduction and thermal decomposition
of platinum acetylacetonate [Pt(acac)2] and iron pentacarbonyl [Fe(CO)5] in a solvent
mixture of oleylamine and 1-octadecene. Similar experimental conditions can be used in
the synthesis of colloidal Ge nanostructures using germanium halide reagents.34-36 This
suggests that nanostructures of transition-metal germanides, including Fe–Ge, may also
be accessible using solution-phase synthesis routes.
Accordingly, we show that colloidal Fe–Ge nanostructures can be synthesized
from the hot injection of Fe(CO)5 in oleylamine into a solution containing GeI4,
oleylamine, oleic acid, and hexamethyldisilazane (HMDS), an integrated procedure that
merges the chemical components previously used to independently synthesize Ge and Fecontaining nanoparticles and that is likely to be portable to other transition-metal
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germanide systems. Specifically, we show that spherical nanoparticles of hexagonal
Fe3Ge2 form at 260 °C and that heating at 300 °C transforms these particles into
nanowires of monoclinic FeGe. Colloidal nanocrystals of Fe3Ge2were observed to be
ferromagnetic with Tc ≈ 265 K, which is close to room temperature and also significantly
lower than that reported for bulk Fe3Ge2.

9.2 – Experimental Details
9.2.1 – 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.

9.2.2 – 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 LaB6microscope and a JEOL 2010F field-emission microscope, both
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operating at an accelerating voltage of 200 kV. Scanning transmission electron
microscopy coupled with energy-dispersive X-ray 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 dropcasting onto Formvar-coated copper TEM grids. Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) data were collected on a FEI Nova
NanoSEM 630 field-emission SEM (FESEM). Magnetic characterization was performed
using a Quantum Design superconducting quantum interference device (SQUID)
magnetometer.

9.2.3 – Synthesis of Colloidal Fe–Ge Nanostructures
Synthesis of Fe3Ge2 Nanocrystals: 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 of
Fe3Ge2 nanocrystals, 60 mg ( 0.1 mmol) of GeI4 was placed into a 20 mL 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
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with a light-brown color. The final reaction mixture was then heated to 260 °C at 2
°C/min and held for 30 min, forming a black solution. The reaction was cooled by
removing the flask from the heating mantle. 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.
Synthesis of FeGe Nanowires: The synthetic procedure for FeGe nanowires was identical
to that of the Fe3Ge2 nanocrystals except that the final reaction temperature was 300 °C.
The final reaction mixture was aged at 300 °C for 30 min, forming a black-colored
solution. The nanowires were also cleaned and isolated in an analogous manner to the
Fe3Ge2 nanocrystals.

9.3 – Results and Discussion
9.3.1 – Synthesis of Fe3Ge2 Nanocrystals
Figure 9.1a shows a representative TEM image of the product obtained upon
slowly heating a mixture of GeI4, oleylamine, oleic acid, and HMDS to 200 °C, rapidly
injecting a separate solution of Fe(CO)5 in oleylamine, and then heating the entire
solution at 260 °C for 30 min. The particles are quasi-spherical with an average diameter
of 16 ± 2 nm. A representative EDS spectrum, shown in Figure 9.1b, indicates that both
Fe and Ge are present in the sample. Analysis of multiple EDS spectra suggests that the
Fe:Ge ratio lies somewhere between 50:50 and 60:40 (i.e., the Fe–Ge compound is

222

slightly Fe-rich). The SAED pattern in Figure 9.1c is consistent with that expected for an
Fe–Ge phase with a hexagonal crystal structure. The powder XRD pattern in Figure 9.2,
which is consistent with the SAED pattern in Figure 9.1c, yields refined lattice constants
of a = 3.958(6) Å and c = 4.965(3) Å.
There are several known hexagonal Fe–Ge phases that cover a range of Fe:Ge
compositions having lattice parameters similar to the ones observed experimentally by
powder XRD. For example, Fe3Ge2 crystallizes in the Ni2In structure type, has lattice
constants of a = 3.998 Å and c = 5.010 Å, and can accommodate Fe-rich compositions
that span Fe3+yGe2 (0 ≤ y ≤ 1).4,12 NiAs-type Fe7Ge4 has lattice constants of a = 4.027 Å
and c = 5.022 Å,13 and Ni2In-type Fe2Ge has lattice constants of a = 4.036 Å and c =
5.030 Å.12,40 Fe13Ge8 has lattice constants of a = 7.976 Å (corresponding to a 2 × 3.988 Å
superstructure relative to an NiAs-related cell) and c = 4.993 Å.12,40 It is therefore
difficult to unambiguously assign the SAED and powder XRD patterns to one specific
member of this family of several closely related hexagonal Fe–Ge phases. However,
given the Fe-rich composition observed by EDS, the hexagonal diffraction patterns
observed by SAED and XRD, and the refined lattice constants, the nanoparticles are
considered to be most closely related to the known Fe3Ge2 phase.
The higher-resolution TEM images and STEM–EDS analysis in Figure 9.3 further
confirm the crystal structure and composition of the Fe3Ge2 nanoparticles. Figure 9.3a
shows that the Fe3Ge2particles contain a crystalline core surrounded by an amorphous
shell that has an average thickness of approximately 3 nm. The HRTEM image in
Figure 9.3b shows lattice fringes with a spacing of 2.0 Å, and these are consistent with
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the {110} planes of hexagonal Ni2In-type Fe3Ge2. The HRTEM image in Figure 9.3c
shows a projection along the [1̅11] zone axis, indicating lattice fringes close to 2.1 and
2.0 Å that intersect with an angle of 90°. These are consistent with the (11̅2 ) and (110)
planes of Ni2In-type Fe3Ge2, respectively. An EDS line scan across a representative
particle (Figure 9.3d) further confirms that Fe and Ge are both co-localized in the
particles and that the particles are Fe-rich. The EDS line scan in Figure 9.3e also
indicates that the Fe and Ge signals persist to the edges of the particles, suggesting that
the amorphous shell likely consists of an oxide that contains iron and germanium.

9.3.2 – Synthesis of FeGe Nanowires
The Fe3Ge2 nanocrystals were isolated at 260 °C from a reaction that began with
an equimolar ratio of Fe:Ge reagents, suggesting that some of the Ge remained unreacted
in solution. Accordingly, when the reaction is allowed to proceed to temperatures greater
than 280 °C, the additional Ge reagent reacts with the Fe3Ge2 nanocrystals to form FeGe.
Figures 9.4 and 9.5 show the powder XRD pattern for the product isolated after heating
at 300 °C for 30 min, and it matches well with monoclinic CoGe-type FeGe, which is the
most stable FeGe polymorph. A small GeO2 impurity is also observed. It is notable that
the (110) reflection is not observed, whereas the (400), (311̅ ), and (622̅) reflections are
more intense than expected from the simulated XRD pattern for FeGe. This suggests that
some preferred orientation is present in the sample and that the particles are
morphologically anisotropic.
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Consistent with this, the representative FESEM image in Figure 9.6a reveals that
the CoGe-type FeGe product consists of nanowires that range in length from
approximately 0.5–2 μm, and EDS element mapping of a larger-area FESEM image
indicates the homogeneous distribution of both Fe and Ge throughout the nanowires
(Figure 9.7). The nanowire morphology is confirmed by the TEM images in
Figure 9.6b,c, which also indicates that the nanowire diameters range from approximately
30–50 nm. This corresponds to nanowire aspect ratios on the order of approximately 10–
70. By comparison with the powder XRD data in Figure 9.4, the SAED pattern shown in
Figures 9.6d and Figure 9.5 confirms that the nanowires are composed of CoGe-type
FeGe. The pathway by which the Fe3Ge2 nanocrystals transform into FeGe nanowires is
unknown. However, preliminary studies of aliquots taken during intermediate growth
temperatures and times reveal the presence of some oblong spherical nanocrystals and
some short nanorods (Figure 9.8), and powder XRD patterns indicate that both
Fe3Ge2 and FeGe are present in these intermediate samples. Such behavior could be
attributed to FeGe growing directly from Fe3Ge2seeds as more Ge reacts at higher
temperatures or to the dissolution of Fe3Ge2 and the precipitation of FeGe as nanowires,
with the nanowire morphology driven by the crystal structure of FeGe.
Figure 9.9 shows HRTEM images, at three different magnifications, of a
representative CoGe-type FeGe nanowire. Like the Fe3Ge2 nanocrystals, the FeGe
nanowires consist of a crystalline core surrounded by an amorphous shell. The visible
fringes in the nanowire shown in Figure 9.9a are 7.8 Å, which corresponds to the width
of two unit cells of CoGe-type FeGe. These 7.8 Å fringes are also visible in the higher-
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magnification image in Figure 9.9b, along with the 3.9 and 1.9 Å fringes that correspond
to the (010) and (020) planes, respectively. The higher-magnification HRTEM image in
Figure 9.9c further confirms the formation of CoGe-type FeGe on the basis of several
quantitative comparisons with the crystal structure shown in Figure 9.9d. First, the (001)
projection of the unit cell, highlighted with blue dashed lines, is clearly visible. Second,
lattice spacings of 1.9 and 2.0 Å, intersecting at a 90° angle, correspond to the (020) and
(600) planes of CoGe-type FeGe, as indicated in the HRTEM image (Figure 9.9c) and in
the crystal structure (Figure 9.9d) as pink text and lines. Third, a prominent 31° angle is
observed in both the HRTEM image and in the crystal structure. All of these features are
consistent with the formation of single crystalline CoGe-type FeGe nanowires with a
preferred [010] growth direction.

9.3.3 – Magnetic Properties of the Fe–Ge Nanostructures
Figure 9.10 shows a plot of magnetization (M) measured in a 100 Oe field as a
function of temperature (T), both field cooled (FC) at 100 Oe and zero field cooled
(ZFC), for a representative sample of the Fe3Ge2 nanocrystals. A Curie–Weiss fit to the
high-temperature magnetic data indicates a Weiss-theta of around 280 K, and the
magnetization rises sharply above Curie–Weiss behavior below T 280 K. The results are
thus consistent with the Fe3Ge2nanocrystals being ferromagnetic with a Tc ≈ 265 °C,
which is notably close to room temperature. Subsequent measurements of M versus
applied field (H) at 5 K (Figure 9.10, inset) reveal square M–H loops containing only one
magnetic phase, consistent with the M–T curves. The M–H loops also indicate a
saturation magnetization of 24.0 emu/g, a remnant magnetization of 12.2 emu/g, and a
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coercive field of 460 Oe. Analogous M–H loops acquired at 300 K (Figure 9.10, inset),
which is above Tc, indicate that there is no significant magnetic response. This suggests
that the sample is free of Fe3O4, Fe2O3, or Fe impurities, as these would be highly
magnetic with Tc values well above room temperature. Interestingly, the Tc observed in
the Fe3Ge2nanoparticles (Tc ≈ 265 K) is significantly lower than that observed for bulk
Fe3Ge2 powders (Tc= 470 K) prepared by mechanical alloying.4,8 This difference in the
magnetic properties of FeGe nanomaterials relative to those of bulk powders is consistent
with what has been observed in other reports of FeGe nanostructures and therefore could
be due to either size and dimensionality effects or composition differences.29,30
Figure 9.11 shows analogous magnetization data for the FeGe nanowires. The M–
T curves, which are nearly identical in shape to those of the Fe3Ge2 nanocrystals in
Figure 9.10, indicate that the material consists of a single magnetic phase with Tc ≈ 285
K. The M–H loop at 5 K, however, is considerably less square than for the
Fe3Ge2 nanocrystals and has much smaller saturation and remnant magnetizations of 2.5
and 1.0 emu/g, respectively, and a larger coercive field of 1520 Oe. The FeGe nanowires
form in the same reaction as the Fe3Ge2 nanoparticles but at higher temperatures.
Therefore, it is reasonable to expect that some Fe3Ge2 nanoparticles (or related Fe3–
xGe2

phases) may be present as an impurity in the FeGe nanowire sample given the

known compositional variation of Fe3Ge2 and the fact that Fe3Ge2 transforms to FeGe as
the reaction temperature increases.4,8,9 Consistent with this, the magnetization of the
FeGe nanowires was observed to vary significantly among samples (unlike for the
Fe3Ge2 nanoparticles, for which the magnetization was highly consistent among multiple
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samples), as would be expected for an impurity-dominated magnetic response. Such a
nanoparticle impurity is indeed observed, albeit in very small phase fractions, in TEM
images of the FeGe nanowires (Figure 9.12). The Tc observed for the FeGe nanowires is
approximately the same as that observed for the Fe3Ge2 nanoparticles, and the
magnetization is observed to be significantly smaller for the FeGe nanowires relative to
the Fe3Ge2 nanoparticles. Therefore, it is reasonable to attribute the observed magnetic
response to small amounts of Fe3–xGe2 nanoparticle impurities that are present in the
FeGe nanowire sample. Likewise, assuming that the magnetic response is attributable to
Fe3–xGe2 nanoparticle impurities, the large increase in the coercive field of the nanowire
sample relative to the Fe3Ge2 nanocrystal sample could be due to small changes in the
composition and/or structure of the nanoparticles as they transform to FeGe nanowires.
The magnetic properties of the FeGe nanowires are therefore undetermined at this time,
and we are not able to measure them explicitly given the possibility of a highly magnetic
nanoparticle impurity.4,8 However, it is clear that the FeGe nanowires are not highly
magnetic based on the low magnetization values observed for the samples shown above.

9.4 – Conclusions
We have described a solution-based synthetic route to Ni2In-type
Fe3Ge2 nanocrystals and CoGe-type FeGe nanowires and found that the
Fe3Ge2 nanocrystals are ferromagnetic with Tc near room temperature. This synthetic
approach, which merges recent advances in the synthesis of colloidal Ge
nanoparticles34 with methods routinely used to synthesize metal and alloy
nanoparticles,33,39 demonstrates that metal germanides are viable targets for colloidally
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synthesized nanostructures and opens the door to studying the potentially complex sizeand dimension-dependent magnetic behavior of this interesting class of materials. Also,
solution-based nanoparticle synthesis methods are known to sometimes yield phases that
are not typically observed as bulk solids,41,42 which suggests that other metastable Fe–Ge
polymorphs may be accessible using these and related techniques.43
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9.6 – Figures

Figure 9.1 (a) TEM image of Fe3Ge2 nanocrystals. (b) EDS spectrum confirming the
presence of Fe and Ge (Cu originates from the Cu TEM grid). (c) SAED pattern, indexed
as Ni2In-type Fe3Ge2.
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Figure 9.2 Experimental powder XRD pattern for the Fe3Ge2 nanocrystals (blue, top)
along with the simulated powder XRD pattern for Ni2In-type Fe3Ge2 (black, bottom).

234

Figure 9.3 (a–c) HRTEM images at different magnifications highlighting the presence of
a crystalline core with an amorphous shell. The inset in panel b shows 2.0 Å lattice
spacings, which match well with the (110) plane of Fe3Ge2. The Fe3Ge2 nanocrystal in
panel c is oriented perpendicular to the [1̅11] zone axis, revealing lattice spacings of 2.0
and 2.1 Å intersecting at 90° angles that correspond to the (110) and (11̅2 ) planes of
Fe3Ge2, respectively. (d, e) STEM–EDS line scan across a single nanocrystal showing the
presence of Fe and Ge in an approximately 3:2 ratio across the core of the particle as well
as the co-localization of Fe and Ge in the amorphous shell.
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Figure 9.4 Experimental powder XRD pattern for the FeGe nanowires (blue, top) along
with the simulated powder XRD pattern for CoGe-type FeGe (black, bottom).19 The
inset highlights the high relative intensity of the (622̅) reflection, consistent with a
significantly preferred orientation along the [311̅ ] direction. Peaks marked with an
asterisk (*) correspond to a GeO2 impurity.
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Figure 9.5 Expanded and fully indexed powder XRD pattern from Figure 4 (left) and
SAED pattern from Figure 5d (right), corresponding to the CoGe-type FeGe nanowires.
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Figure 9.6 (a) Representative SEM image and (b, c) TEM images of the FeGe nanowires.
(d) SAED pattern for an ensemble of nanowires, which is consistent with CoGe-type
FeGe.
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Figure 9.7 SEM images of ensembles of FeGe nanowires along with their corresponding
EDS element maps for Ge and Fe, highlighting the homogeneous distribution of Ge and
Fe throughout the sample.
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Figure 9.8 TEM images of aliquots taken at temperatures and times intermediate
between the synthesis of Fe3Ge2 nanocrystals and FeGe nanowires. Scale bars are 500
nm.
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Figure 9.9 (a–c) HRTEM images, at three magnifications, of a representative FeGe
nanowire with a [010] growth direction. Several unit cells of the crystal structure of
CoGe-type FeGe along the [001] zone axis are shown in panel d along with color-coded
labels of lattice planes (pink), a characteristic angle (green), and the a–b projection of the
unit cell (blue) for comparison with the HRTEM images.
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Figure 9.10 Temperature-dependent (FC and ZFC) magnetization data for the Fe3Ge2
nanocrystals, indicating ferromagnetic behavior with a Tc of 265 K. Consistent with this,
the inset shows a plot of M vs H, which indicates magnetic hysteresis at 5 K but not at
300 K.
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Figure 9.11 Plots of (a) M vs T and (b) M vs H (5 K) for the FeGe nanowires.
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Figure 9.12 Larger-area TEM image for a representative sample of FeGe nanowires,
showing the presence of some non-nanowire impurities.
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Chapter X
General Conclusions
This dissertation has described a solution-based framework for the colloidal
synthesis of two-dimensional nanosheets with controlled morphology and thickness using
the group IV-VI layered semiconductors (GeS, GeSe, SnS, and SnSe) as a model system.
This approach relies entirely on chemical means, where morphological features are
obtained via bottom-up, atom-by-atom addition in solution resulting in unprecedented
morphological control in 2D nanostructures. Further studies could be pursued to apply
these novel strategies to other technologically relevant layered and non-layered materials
for development of optimal functionality in future devices. It was also shown that the
colloidal methods used for making IV-VI nanosheets could be extended to the synthesis
of Ge and Ge-based nanomaterials, including the first colloidal synthesis of iron
germanide nanoparticles.
In Chapter II, we described the first colloidal synthesis of GeS and GeSe
nanosheets. The nanostructures were single crystalline and adopted a hexagonal
morphology with lateral dimensions on the order of several microns and thicknesses
between <10 to 100 nm. Diffuse reflectance measurements revealed indirect band gap
energies of 1.58 and 1.14 eV for GeS and GeSe, respectively. I-V conductivity
measurements confirmed that drop-cast films of GeSe nanosheets exhibited p-type
conductivity.
Chapter III demonstrated that the chemistry used to synthesize GeS and GeSe
nanosheets could be extended to make the tin-based members and SnSe nanosheets were
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made. The 2D nanostructures formed as size-uniform square-like crystallites with lateral
dimensions on the order of 500 x 500 nm and thicknesses that could be tuned between 10
and 40 nm by adjustment of the starting tin and selenium reagent concentrations. For
thinner nanosheets lower concentrations were used and for thicker sheets higher
concentrations were needed. Utilizing time-dependent aliquot studies, it was observed
that the nanosheets first ―grow out‖ (along the lateral directions) and then ―grow up‖
(vertically along the thickness direction) in a pseudo layer-by-layer fashion. These results
helped to explain the dependence of thickness on reagent concentration. When smaller
concentrations are used in synthesis of SnSe nanosheets, the lowered amount of starting
material is consumed rapidly during growth along the lateral direction, resulting in the
formation of fewer SnSe layers and leading to thinner sheets. With this fundamental
insight into the nanostructure formation pathway nanosheets with controlled thickness
from approximately 10 to 40 nm could be synthesized.
Following this work, Chapter IV showed our ability for controlling the lateral
dimensions of SnS nanosheets. By choosing the appropriate tin precursor with proper
coordination ligands, SnS nanosheets with various lateral dimensions including square,
disc-like, hexagonal, and rectangular were synthesized. Through employment of SnI4 as
the starting precursor, it was found that the 2D SnS nanosheets could be assembled to
give hierarchical 3D SnS flower-like structures. These hierarchical materials, which
typically exhibit high surface areas, enhanced particle stability, and shortened diffusion
pathways were tested for their lithium storage capabilities showing an average discharge
capacity of 580 mAh g-1 over 30 cycles and this is higher than that which is used in
commercially available graphite-based anodes.
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Chapter V discussed the application of a novel anion exchange pathway for
transforming SnSe nanosheets into porous SnTe nanosheets performed in collaboration
with Dr. Ian Sines, a former group member of the Schaak lab. The SnSe nanosheet
templates (prepared by D. D. Vaughn II) were reacted with a trioctylphosphine-tellurium
complex (prepared by I. T. Sines) and underwent a chemical transformation to give
porous SnTe nanosheets. Surprisingly, the 2D morphological structure remained intact in
the SnTe product with square-like morphology and lateral dimensions on the order of one
micrometer. The thickness of the nanosheets was approximately 100 nm. Time-dependent
aliquot studies revealed that the chemical transformation occurred via a diffusionmediated anion exchange pathway, whereby the conversion first occurs at the nanosheet
edge sites followed by nucleation on the SnSe nanosheet surface and final consumption
of SnSe as pores begin to emerge in the center of the nanosheet structure. This work
resulted in the chemical transformation of one nanosheet material (SnSe) into another
(SnTe) with retention of two-dimensional morphological structure in a primarily threedimensionally bonded material.
In Chapter VII, the colloidal synthesis of GeSe nanobelts and their corresponding
electronic properties were described. The resulting nanobelts had an average diameter of
approximately 80 nm and lengths that ranged from 1-25 micrometers giving aspect ratios
as high as 250. The one-dimensional nanomaterials represented one of only a few
examples of high quality GeSe nanomaterials and a rare example of colloidally
synthesized Ge-based materials. The nanobelts were aligned via an electric field assisted
assembly process and their electrical properties were investigated using 2- and 4-point
conductivity measurements. From the 4-point measurements the GeSe nanobelt resistivity
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was estimated to be 360 Ω-cm falling in the range of those observed by others in GeSe
thin film materials.
In Chapter VII we demonstrated that zero-dimensional nanospheres and
nanocubes of SnS could be synthesized via a hot-injection synthesis. Importantly, this
work confirmed that colloidal methods could be used to overcome the crystallographic
driving force for two-dimensional growth in the IV-VI layered systems and hopefully
other intrinsically layered materials. Spherical nanoparticles were grown by a direct
injection method and nanocubes resulted from selective overgrowth on the spherical
nanoparticle seeds. Crystallographic analysis studies performed in collaboration with
Adam Biachhi, a colleague in the Schaak lab, revealed that both the spherical and cubic
SnS nanoparticles adopted a modified pseudo-tetragonal crystal structure with expansion
along the a and b axes and contraction in the c, which is distinct from that observed in
bulk SnS.
In Chapters VIII and IX it was shown that the synthetic methods described above
for synthesis of IV-VI nanostructures could be extended towards the growth of Ge and
Ge-based nanomaterials. Chapter VII showed that highly crystalline and air stable
colloidal germanium nanoparticles could be synthesized in a one-pot reaction under
milder conditions than those used previously in the literature. Varying concentration of
the starting germanium precursor allowed for tunability in the Ge nanocrystals from
approximately 6-20 nm. Through addition of trioctylphosphine stabilizer cube-like Ge
nanoparticles could be made and switching the solvent to 1-octadecene gave onedimensional Ge nanostructures.

248

Finally, in Chapter IX we discussed the solution-based synthesis of iron
germanide nanocrystals, which further demonstrated our abilities to make colloidal Gebased nanomaterials. At lower temperatures (<260 °C) hexagonal Fe3Ge2 spherical
particles resulted and upon further heating (>280 °C) these nanocrystals underwent a
compositional and morphological transformation to give monoclinic CoGe-type FeGe
nanowires. The magnetic properties for the Fe3Ge2 spheres were investigated by SQUID
and confirmed to be ferromagnetic with Tc ≈ 265 K, which is decreased when compared
to bulk Fe3Ge2.
Overall, the unique synthetic protocol described above allows for further
investigation into the capabilities of designing morphological features into 2D
nanomaterials. By applying our chemical design strategies, nanosheets of arbitrary
thickness, composition, lateral dimension, and hierarchical structure may be on the
horizon for future applications in logic devices, catalysis, energy storage, and biological
sensing. Additionally, these studies support the notion that colloidal methods can be
applied as a powerful approach in the design of structure and function in next generation
nanomaterials and devices. Finally, the demonstration that germanium-based
nanomaterials can now be accessed using similar solution-based methods provides an
opportunity for exploration in the synthesis of several relevant Ge-based phases including
SiGe, GeTe, Ge3N4, MnGe, and many others.
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