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Abstract

Inorganic nanoparticles have been at the forefront of materials research in recent
years due to their utility in modern technological processes. Chalcogenide nanomaterials
are of particular interest because of their wide range of desirable properties for
semiconductors, magnetic devices, and energy industries. Primary factors that dictate the
properties of the material are the elemental composition, crystal structure, stoichiometry,
crystallite size, and particle morphology. One of the most common approaches to
synthesize these materials is through solution mediated routes. This approach offers
unique advantages in controlling the morphology and particle size that other methods
lack. This dissertation describes our recent work on exploiting solution chemical routes to
control the crystal structure and composition of chalcogenide nanomaterials.
We will start by discussing solution chemistry routes to synthesize nonequilibrium phases of chaclogenide nanomaterials. By using low-temperature bottom-up
techniques it is possible to trap kinetically stable phases that cannot be accessed using
traditional high-temperature techniques. We used solution chemistry to synthesize and
characterize, for the first time, wurtzite-type MnSe. Wurtzite-type MnSe is the endmember of the highly investigated ZnxMn1-xSe solid solution, a classic magnetic
semiconductor system. We will then discuss PbO-type FeS, another non-equilibrium
phase that is isostructural with the superconducting phase of FeSe. We synthesized
phase-pure PbO-type FeS using a low-temperature solvothermal route.
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We will then discuss the post-synthetic modification of chalcogenides
nanomaterials. By exploiting the solubility of Se and S in tri-n-octylphosphine we can
selectively extract the chalcogen from preformed chalcogenide nanomaterials. This gives
chemists a technique for purification and phase-targeting of particular chalcogenide
phases. This method can be modified to facilitate anion exchange. When Te is dissolved
in tri-n-octylphosphine prior to chalcogen extraction, the Te replaces the S or Se in the
material. We show how this can be utilized to synthesize porous SnTe nanosheets. Both
the chalcogen extraction and anion exchange pathways give scientists new tools for the
modification of chalcogenide nanomaterials.
Before concluding we will briefly discuss a new low-temperature solutionmediated crystal growth technique. This method combines concepts of solution chemistry
and metal flux synthesis to generate bulk-scale single crystals of transition-metal
stannides. This method has generated micron-scale single crystals of CoSn3, Ni3Sn4,
PtSn4, and PdSn4. The low-temperature regime that this synthesis is conducted in may
possibly lead to the synthesis of bulk single crystals of non-equilibrium phases.
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Chapter 1
Introduction
1.1 Solid State Materials
Inorganic nanomaterials have been at the forefront of materials research due to the
unique properties that are observed when materials are confined to the nanoscale. This
has resulted in countless publications over the past few decades that focus on the sizeproperty relationship for catalytic1-3, magnetic4-6, and optically relevant7-9 materials.
While controlling size and morphology is far from easy, additional obstacles must be
overcome to design materials with optimal properties. Crystal structure, composition, and
phase purity all have significant contributions to the overall properties of the material.
Properties that a material exhibits are highly dependent on the stoichiometry of its
constituent atoms. This is well illustrated by the copper sulfide system. Cu2S is an
intriguing material for photovoltaic applications because the band-gap it possesses, Eg=
1.2 eV, is in the ideal range of the solar spectrum.10 The band gap can vary due to the
capacity of Cu2S to support numerous copper-deficient stoichiometies. This results in a
band-gap that varies from Eg= 1.2-1.5 eV dependent on elemental composition.10
Alivisatos and co-workers have investigated the ability to tune both the band-gap and
surface plasmon resonance by varying stoichiometry.11 Furthermore, this system can
adopt other stable crystal structures: CuS and CuS2. CuS is a wide band-gap
semiconductor (Eg= 2.0 eV)12 and CuS2 behaves as a metallic conductor.13 Therefore, if
Cu2S is to be utilized efficiently, precise control over the stoichiometry must be
maintained.
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Other systems have variable properties due to polymorphism, compounds that
adopt multiple crystal structures with identical chemical composition. This is particularly
applicable to the field of quantum dots, nanoparticle semiconductors that have band-gaps
that can be tuned by varying particle size.14-16 While size and shape control of ZnS
nanoparticles has been achieved through a variety of methods,17-19 it is difficult to
synthesize phase-pure wurtzite-type ZnS. ZnS generally forms in the thermodynamically
stable zinc-blend structure, while the wurtzite phase is metastable.20 The wurtzite-type is
more desirable due to its larger band-gap (Eg = 3.77 vs 3.72 eV)15, but is more difficult to
synthesize because of its relative instability. A number of innovative strategies have been
devised to control the formation of metastable polymorphs. Alivisatos and co-workers
performed early work devising the strategy of reactive templating, synthesizing a
metastable phase of Ag2Se by using CdSe nanoparticles as a reactive template.21 Golan
and co-workers have controlled wurtzite-type ZnSe growth by modifying precursor
addition rate and surfactant ratios.22 Exploratory synthesis using low temperature
techniques will continue to yield compounds previously thought to be unstable.
The work presented in this dissertation focuses on new strategies for controlling
the structure and composition of solid-state materials. We have utilized solution chemical
techniques to dictate the structure that a material adopts. Solution synthesis is conducted
in a lower temperature regime than traditional solid-state synthetic techniques.
Kinetically stable non-equilibrium structures can be accessed using these low temperature
routes, often producing materials never observed before. Solution chemistry also offers
unique processing capabilities. It is possible to exploit the solubility of the materials
constituents in a given solvent to alter the composition and structure of previously
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synthesized products. The following chapters present important discoveries made using
solution routes to dictate structure and composition. These results improve the synthetic
tools available to chemists to rationally design materials.
1.2 Solid State Synthesis
Synthesis of solid state materials is traditionally performed using high
temperature techniques. Solid-solid diffusion is the rate limiting step of these reactions
and is caused by the macroscopic migration distances required for atoms to travel.23
Because of this limitation high temperature techniques such as arc melting24 and
inductive heating25 are often employed to overcome the diffusion barrier of high melting
precursors. Both of these techniques are capable of reaching temperatures well exceeding
1000 C. While this will effectively cause the precursors to react and form intermetallics
and other compounds, these methods have unfortunate limitations. One is that the
synthetic procedures require large amounts of energy and long reaction times, often
stretching over days or weeks. Special instrumentation is necessary to access the high
temperatures required. One of the most significant drawbacks is that these hightemperature

techniques

have

a

tendency

to

almost

exclusively

produce

thermodynamically stable products. To access other kinetically stable products, lower
temperature methods are ideal.
Low temperature routes to solid state materials have been an expanding field in
recent years. These methods use alternative means to increase reactivity without the need
for excessive temperatures. Some methods such as laser ablation25 and ball milling26 are
high-energy methods that are used to reduce the crystallite size by grinding or fracturing
bulk materials. This has been used to yield particles on the scale of 30 nm.25 Thin film
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materials can be synthesized by chemical vapor deposition (CVD)27,28 and molecular
beam epitaxy (MBE).29 Metal flux synthesis is successful at accessing various low
temperature phases by increasing the reactivity of the precursors via molten melts.30,31
Flux synthesis has yielded complex intermetallics such as Sr3Au7Al20Ti32 and
Ca21Ni2Zn3633 which may be ideal for hydrogen storage applications. One of the most
versatile and fastest growing alternatives to traditional high-temperature techniques is
low-temperature solution-mediated synthesis.
Solution synthesis of materials has grown popular in the solid-state community.
This route overcomes the solid-solid diffusion barrier by taking a “bottom-up” approach.
Generally products are nucleated, often by decomposition of organometallic precursors or
reduction of dissolved metal cations. They are then grown to the desired size depending
on reaction parameters. This method has many benefits over traditional solid state
synthesis as well as other low temperature techniques. Solution routes are an excellent
method for synthesizing nanostructures of desired size and shape. Surfactants can be
added to the reaction solvent, such as oleylamine and oleic acid, which coat the surface
and restrict the growth of the nanoparticle to the desired size. Nanoparticles synthesized
in the presence of surfactants often result in being colloidally stable. The synthesis can be
performed using standard chemistry glassware, heating mantles, and stir plates making it
approachable for nearly any reasonably equipped laboratory. The relatively shorter
reaction times make this an ideal method for exploratory synthesis. The easy accessibility
of the reaction media also presents some advantages. One advantage is the ability to
withhold particular components of the reaction until a desired time or temperature
threshold is reached. The unique ability to remove aliquots, the extraction of a small
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volume of the reaction solvent, permits the ability to map the reaction pathway for a more
thorough understanding of the synthesis. One of the most frequently cited advantages of
solution synthesis techniques, and a theme throughout this dissertation, is the ability to
access kinetically stable non-equilibrium phases.
While solution synthesis may have many advantages over traditional solid state
synthesis, it is not without its drawbacks. One major disadvantage is the time-intensive
nature of solution chemistry. In most cases the reaction must be monitored continuously
and temperature controlled manually. The products must also go through thorough
washing and centrifugation, adding additional steps for the chemist before obtaining a
product suitable for characterization. Washing the product multiple times also produces a
sizable amount of chemical waste making this route less “green” than its traditional
counterparts. Scalability of the products is often a problem as well since they are on the
scale of a few milligrams, and increasing the scale is often not straightforward. While
there are drawbacks they are far outweighed by the advantages, particularly when trying
to synthesize non-equilibrium phases.
1.3 Non-Equilibrium Phases
Low-temperature synthetic techniques present a way to synthesize nonequilibrium phases. Non-equilibrium phases can be described as materials that adopt
crystal structures that are unstable under thermodynamic equilibrium. Innovative low
temperature techniques present synthetic routes that permit subtle control of the reaction.
These low temperature tools have led to the discovery of a number of new materials that
were previously thought too unstable to synthesize.
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CVD and MBE are excellent techniques for designing non-equilibrium materials.
They offer superb control over the precursors allowing you to design the product
rationally. D. C. Johnson has demonstrated the utility of this CVD by synthesizing a
number of non-equilibrium phases never observed before.34-36 He achieved this by
depositing thin layers, on the scale of 1-3 nm, of elemental precursors under ultra-high
vacuum conditions. Then this elemental stack was annealed at low temperatures, intiating
rapid-controlled diffusion to form the product. This technique has yielded the first
synthesis of the non-equilibrium phase NiSb3.36 This phase adopts the skutterudite
structure, a crystal structure that contains a large void in the lattice, which results in an
excellent thermoelectric material when impregnated with a rare earth element. This
technique is an excellent tool for intelligently designing non-equilibrium materials, but
the concepts that make this technique powerful also provide its largest drawback:
scalability of the product for practical use. The instrumentation required to perform the
synthesis is also prohibitive, requiring an ultra-high vacuum atmosphere as well as a
method of controllable deposition of ultrathin layers of atoms.
Solution chemistry routes to non-equilibrium materials are becoming increasingly
popular. These offer the possibility to synthesize materials at atmospheric pressures,
(excluding solvothermal and hydrothermal synthesis) making it more approachable using
simple bench top tools. It also provides methods to control the size and morphology of
the product, permitting 3-dimensional growth up to and including micron-scale powders.
An excellent demonstration of utilizing mild reaction conditions is the synthesis
of the new intermetallic phase AuCuSn2.37,28 AuCuSn2, adopting a pseudo-NiAs –type
structure, was first synthesized using solution chemistry by Leonard and co-workers. The
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phase diagram of Au-Cu-Sn had previously been mapped in detail due to its relevance in
understanding interfacial phase formation in microelectronic devices,39 but this phase
remained unknown before its discovery by a modified polyol process. Aliquot studies of
the reaction show the unique intermediate that permits the formation of this new phase.
AuSn nanoparticles are formed initially in the NiAs-type structure. These nanoparticles
then provide a template for the ternary intermetallic to form. The product is achieved by
the intercalation of Cu and additional Sn to the AuSn template. It is also possible to
synthesize AuNiSn2 and AuCoSn2 using similar reaction conditions and replacing the Cu
precursor with the respective metal salt.
There are various unique parameters that can be employed to encourage the
formation of non-equilibrium phases. The non-equilibrium phase Fe3S4 has been
synthesized by a solvothermal route by Chen and co-workers.40 Solvothermal reactions
are a type of synthetic technique that combines solvent and precursors in a sealed
autoclave that is then heated to reflux. This causes a buildup of pressure that can
influence the structure of the product, often leading to unique crystal structures. Strong
reducing agents such as n-butyllithium can be used to synthesize new materials. Vasquez
and co-workers have used the reducing agent n-butyllithium to synthesize nonequilibrium L12-type Au3Fe, Au3Co, and Au3Ni intermetallics.41 Surfactants can also
play a role in exotic structures when confined to nanoscale dimensions. Metastable
wurtzite-type CuInSe2, a phase that is only stable at temperatures exceeding 1000 °C, was
synthesized by Brutchey and co-workers using oleylamine as a surfactant.42 The authors
attribute this result to coordination of the amine to the metal cations, which has a kinetic
effect on structure determination yielding the wurtzite-type structure.
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1.4 Nanocrystal Conversion Chemistry
Nanocrystal conversion chemistry is an innovative and effective route to
synthesize nanostructures. This utilizes easily synthesized nanocystals as precursors for
more complex materials. The precursor nanoparticles are reacted with solvated cations,
elemental powders, or organometallic precursors to achieve the desired product. These
nanocrystal precursors may act as compositional, morphological, or structural templates
and retain more than one of these features.
Our lab has been at the forefront of nanocrystal conversion chemistry. We have
developed an assortment of techniques that are effective on a wide range of different
materials. For example, work by Chou and co-workers demonstrated the effectiveness of
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Figure 2-1: Schematic representing nanoparticle conversion chemistry reactions. Single
metal particles can be reacted to form a compound nanoparticle that adopts the same
morphology. The compound can then be further modified to form a ternary compound,
exchange one of the constituents, or remove some or all of a constituent.
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using β-Sn nanocrystals as reactive templates.43 When β-Sn nanocrystals are exposed to
transition-metal salts in glycol solvents they can be converted to intermetallic
nanocystals. The morphology of the intermetallic product is dictated by the morphology
of the β-Sn precursor.
Reactive solvents have also shown to have uses in conversion chemistry.
Trioctylphosphine (TOP), a popular solvent used to synthesize quantum dots44-46, has
been used as a phosphorus source in nanocrystal conversion chemistry.47 It is
hypothesized that metal nanoparticles can catalyze the cleavage of the P-C bond,
allowing atomic phosphorus to penetrate the particle.48,49 This strategy has been used to
synthesize a long list of metal phosphides: Ni2P, FeP, CoP, Cu3P, Rh2P, Pd5P2, PdP2,
AgP2, PtP2, and Au3P3 have all been synthesized by heating metal nanoparticles in TOP.50
This work has also been extended to oxide conversion by Brock and co-workers.
Transition metal oxide nanoparticles, typically regarded as a non-reactive material, were
converted to phophides by annealing the particles in TOP.51
Conversion chemistry is not confined to single metal nanoparticles. Intermetallics,
oxides, and chalcogenides have performed as reactive templates. Alivisatos’ previously
referenced work demonstrated utility of cation exchange for conversion chemistry.21 In
related work, Dawood and co-workers demonstrated that ZnO nanoparticles can be used
as a structural template to form exclusively wurtzite-type Zn-chalcogenides.52 Both ZnS
and ZnSe are generally synthesized as a mixture of wurtzite and Zincblende crystal
structures due to the minor energetic differences. Because ZnO is only stable in the
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wurtzite structure type, exchange of the oxygen for sulfur or selenium results in phase
pure wurtzite-type ZnS or ZnSe.
1.5 Iron Based Superconductors
One of the primary goals of research in materials science is the synthesis and
design

of

high-temperature

superconductors.

Since

the

initial

discovery

of

superconductivity in 1911 by Heike Onnes, who witnessed Hg lose all resistivity when
cooled with liquid helium at 4 K53, scientists have been searching for materials with
higher Tc values. Most elements on the periodic table behave as the simplest
superconductors (type-I superconductors) which have low Tc’s, the highest being Pb with
7.196 K at ambient pressure.54 The superconductivity in these materials is well
understood and follows BCS theory.55 Type-II superconductors are another class
composed of compounds that achieve much higher Tc’s.56 The most heralded of these
materials are copper oxide, or cuprate, superconductors. These materials possess Tc’s
greater than 30 K, exceeding the maximum Tc predicted by BCS theory.56 Recently
superconductivity has been discovered in a new group of materials that violates BCS
theory, the Fe based superconductors.
The first observation of superconductivity in a compound containing Fe was
YFe4P12 published in 1981 by Meisner.57 This result received little attention due to the
low Tc observed. Scientific interest in Fe-based superconductors did not truly start until
the recent discovery of superconductivity in Fe-doped LaOFeP in 2006 with a Tc = 4 K.58
Since the discovery of higher Tc’s over 500 papers have been published on Fe-based
superconductors. Highlights include high Tc’s found in SmFeAsO1-xFx (55K)59 and Ba1xKxFe2As2

(38 K).60 Similar to cuprate superconductors, Fe-based superconductors do not
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follow traditional BCS theory. More analysis of these compounds is needed to understand
how they function and to intelligently design higher Tc superconductors.

c
b
a

Figure 1-2: The crystal structure of PbO-type FeSe

One of the most highly studied Fe-based superconductors is also the simplest,
PbO-type FeSe (β-FeSe). To this point, it is the only binary Fe-based superconductor and
has Tc = 8 K.61 The Tc can be increased by putting stress on the structure. By substituting
50% of the Se with Te the Tc is elevated to 15 K.62 Applying high pressure to powders of
β-FeSe also increases the Tc to a maximum of 27 K at 1.48 GPa.63 But observing
superconductivity for this system is often challenging. The system is highly dependent on
stoichiometry, with only a narrow superconducting composition, and a minor variance
can result in complete loss of superconductivity.64 FeO or elemental Fe impurites can
prove to be problematic in the detection of superconductivity due to their magnetic
properties. The many crystal structures that FeSe can adopt are magnetic and will
interfere with the superconducting signal making it difficult or impossible to observe.65
Therefore great care must be taken when synthesizing β-FeSe
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1.6 Experimental Work
Chapter II entails the chemical synthesis of the non-equilibrium phase wurtzitetype MnSe. This phase has never been synthesized in bulk quantities before, making this
the first opportunity to characterize its optical and magnetic properties. This compound is
also the end member of the highly studied Zn1-xMnxSe magnetic semiconductor solid
solution that adopts the same structure type. We determined through control experiments
that this phase forms due to a unique selenium complex which may be utilized to form
other transition metal chalcogenide nanoparticles.
Chapter III describes the solvothermal synthesis of non-equilibrium PbO-type
FeS. While the literature contains many studies of amorphous FeS, there are no reports of
phase-pure crystalline PbO-type FeS. This phase is of particular interest because it is
isostructural with the superconducting phase of FeSe and may exhibit superconductivity.
We utilized a low-temperature solvothermal route to synthesize FeS nanosheets that
adopt the PbO-type crystal structure. We used a superconducting quantum interference
device (SQUID) to observe the magnetic properties to determine if the PbO-type FeS
particles exhibit superconductivity.
In Chapter IV we introduce a powerful new chemical pathway that facilitates
composition-tunable synthesis, post-synthesis purification, and precise phase targeting in
metal chalcogenide systems. When metal selenides and sulfides react with TOP at
temperatures that range from 65 – 270 ºC, selenium and sulfur are selectively extracted to
produce the most chalcogenide-deficient that is stable in a particular binary system. This
technique works on a wide selection of chalcogenide compounds and is powerful enough
to convert from the most chalcogenide-rich phase to the most chalcogenide-deficient
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phase. This has unique consequences for the FeSe system. In-depth studies of the Fe-Se
system highlight the precise phase targeting and purification that is achievable, with PbOtype FeSe (the most chalcogenide-deficient stable Fe-Se phase) forming exclusively
when other Fe-Se phases, including mixtures, react with TOP. This chemistry also
represents a new template-based nanoparticle “conversion chemistry” reaction,
transforming hollow NiSe2 nanospheres into hollow NiSe nanospheres with
morphological retention. Further studies demonstrate that intermediate phases can be
accessed as well as complete removal of Se resulting in a single metal or a phosphide.
This method provides a new tool that chemists can use for post-synthetic modification of
chalcogenide compounds.
Chapter V builds on the chalcogenide extraction chemistry discussed in chapter
IV. By further exploiting the high solubility of Se and S in TOP we can engineer a new
anion exchange pathway for chalcogenide nanomaterials. By dissolving Te in TOP before
performing the extraction reaction, it is possible to facilitate exchange of the chalcogens
and convert the nanoparticle to a telluride. We use this new conversion chemistry
reaction on SnSe nanosheets to produce porous SnTe nanosheets. We show that this
chemistry can be extended to other systems by converting PbS, PbSe, NiSe2, and Cu2Se
to the corresponding telluride. This provides a new anion exchange pathway as well as a
potential method to synthesize porous nanomaterials
Chapter VI introduces a new low-temperature solution-mediated technique for
synthesizing bulk intermetallic single crystals. By heating elemental powders with a
significant excess of Sn powder in a high-boiling solvent we are able to synthesize a
variety of transition metal stannide single crystals. Crystals of CoSn3, Ni3Sn4, PdSn3, and
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PtSn4 are grown using this technique. This low temperature crystal growth technique may
facilitate the growth of non-equilibrium single crystals that have eluded chemists to this
point.
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Chapter 2
Chemical Synthesis of Non-Equilibrium Wurtzite-Type MnSe
Nanoparticles

2.1 Introduction
Magnetic semiconductors are highly researched materials due to the unique
electronic and magnetic properties that they possess. The impact of magnetic
semiconductors is twofold: electrical manipulation of magnetic states and magnetic
modification of electric signals.1 Combining the functional properties of both data storage
and data processing will improve the efficiency of modern computing. These materials
also permit control of the spin states of electron carriers which is required for quantum
computing and spintronic devices.2 Such devices would have numerous advantages over
traditional semiconductors such as nonvolativity, increased processing speed, decreased
power consumption, and increased integration densities.3 One of the most highly studied
families of compounds relevant to magnetic semiconductors are manganese
chalcogenides.
Manganese chalcogenides exhibit a variety of important magneto-optic properties
that collectively result from their crystal structures, the large number of unpaired
electrons in high-spin Mn2+, bandgaps that span visible to ultraviolet wavelengths, and

* Reprinted

in part with permission from Angew. Chem. Int. Ed., 49, I. T Sines, R.
Misra, P. Schiffer, and R. E. Schaak, Chemical Synthesis of Non-Equilibrium WurtziteType MnSe Nanoparticles 4638-4640, Copyright 2010 Wiley-VCH Verlag GmbH & Co.
KGaA
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interesting magnetic ordering schemes.4,5 In particular, manganese selenide (MnSe) is a
highly-studied antiferromagnetic semiconductor with interesting magnetic ordering
behavior.6,7

Solid solutions of Mn-doped ZnSe, for example, permit tuning of the

coupled electronic, optical, and magnetic properties,8 and MnSe is the x = 1 end member
of the Zn1-xMnxSe magnetic semiconductor solid solution.9 MnSe is most stable in the
octahedrally-coordinated rocksalt (RS) structure type,10 and a number of studies have
focused on the synthesis and properties of this polymorph as bulk powders,11 thin films,12
and nanostructured solids.13-15 RS MnSe is the only thermodynamically stable phase with
a 1:1 elemental stoichiometry. Pyrite-type MnSe2 is the only other stable structure on the
phase diagram.
The tetrahedrally-coordinated non-equilibrium zincblende (ZB) and wurtzite
(WZ) polymorphs are extremely rare, yet are of interest because of their direct structural
compatibility with III-V, II-VI, and related semiconductor systems. MnSe can adopt the
WZ and ZB structures by being doped into Zn1-xMnxSe and Cd1-xMnxSe, but the
tetrahedral coordination is only maintained when Mn concetrations are low, x<0.57 and
x<0.50 respectively.8 ZB-type MnSe has been stabilized as epitaxial films on ZB-type
ZnSe and GaAs substrates,16 and impure powders have been made via a gas-phase
precipitation reaction.17 WZ-type MnSe is known to be highly unstable,10 and has only
been observed as minor impurity phases.17 The inability to isolate nominally phase-pure
bulk-scale quantities of the non-equilibrium tetrahedrally-bonded polymorphs of MnSe,
particularly the elusive WZ polymorph, precludes detailed studies of their properties and
represents a significant gap in this important family of magnetic semiconductors.
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This chapter describes a colloidal synthesis route to WZ-type MnSe (γ-MnSe),
which forms as solution-dispersible nanoparticles. This represents the first example of
the tetrahedrally-bonded WZ-type MnSe polymorph that is accessible in sufficient
quantities to characterize the optical and magnetic properties, and complements
theoretical and thin-film investigations of this and related materials that have been carried
out over the past few decades.9,18

2.2 Experimental section
2.2.1 Chemicals
MnCl2•4H2O (99%), selenium powder (99+%), oleic acid (OA, 90%), Squalene
(97%), 1-octadecene (90% technical grade) and tetraethylene glycol(TEG, 99%) were
purchased from Alfa Aesar. Trioctylphosphine (TOP, 90% technical grade), oleylamine
(70%), and stearic acid were purchased from Sigma Aldrich.
2.2.2 Synthesis of Wurtzite-type MnSe Nanoparticles
310 mg of MnCl2•4H2O, 80 mg of Se powder, 15 ml OA, and 15 ml TEG were
placed in a 3-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. The 3-neck
apparatus was then attached to a schlenk line and placed under vacuum for 30 minutes.
The 3-neck apparatus was then placed under Ar and heated to 200 °C. Once the solution
reached 200 °C significant refluxing occurred, and the vessel was purged by inserting a
needle into the septum. The reaction was then heated to 235 °C at which point the
solution became a cloudy orange solution. The purging needle was then removed and the
reaction held at 235 °C for 4 hours. The reaction was then allowed to cool to room
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temperature. The precipitate was quenched with an equal volume of ethanol, and
centrifuged for 10 min at 10,000 x g. The yellow supernatant was decanted and the
product was washed three times with ethanol, before drying under vacuum.
A XRD pattern was obtained on the dry powder sample. If residual selenium was
present, the powder was sonicated in a solution containing 10 drops of TOP and 1.5 ml
hexanes. After sonication the product was centrifuged for 10 min at 7,500 x g,
supernatant decanted, and washed 3 times in hexanes and 3 times in ethanol before
drying under vacuum. To obtain images of the particles TEM was used. Samples were
prepared for imaging by dispersing the particles in hexanes and drop casting onto a
carbon coated copper grid. Due to the poor dipsersability of particles after precipitation,
UV-Vis analysis was performed on particles taken directly from the reaction solvent. Due
to the yellow color of the solvent after decomposition at high temperatures, an
appropriate ratio of oleic acid and TEG containing no Se powder or MnCl2 was heated to
235 °C for use as a background for UV-Vis collection.
Quantititative analysis was performed by simulating crystal structures and
diffraction patterns using CrystalMaker and CrystalDiffract, both products of
Crystalmaker Software Ltd. WZ and ZB crystal structures of MnSe were simulated and
then mixed in various compositions. The powder XRD pattern was then compared to the
simulated mixutes to determine the % composition of WZ-type MnSe.
2.2.3 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were collected using a
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JEOL JEM 1200 EXII microscope operating at 80 kV. Magnetic characterization was
performed using a Quantum Design SQUID magnetometer. Energy dispersive X-ray
spectroscopy was performed on a FEI Quanta 200 environmental scanning electron
microscope operating in high vacuum mode and using a JEOL JSM 5400 scanning
electron microscope. UV-Vis data was collected using an Ocean Optics HR4000 highresolution spectrometer with a Micropack DH-2000 BAL UV-Vis NIR light source.
2.3 Results and Discussion
2.3.1 Crystal structure and morphology of WZ-type MnSe
Figure 2-1 shows powder XRD data for WZ-type MnSe. The pattern matches that
expected for the WZ structure type (a hexagonal cell with a = 4.178(5) Å and c =
6.783(2) Å). This compares favorably with the cell parameters previously predicted for
WZ-type MnSe by extrapolating known cell constants for Zn1-xMnxSe solid solutions (aest
= 4.17 Å, cest = 6.81 Å).8

Figure 2-1: Experimental and simulated powder XRD data for WZ-type
MnSe nanoparticles.
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Quantitative analysis of the XRD data indicates that more than 85% of the sample
consists of WZ-type MnSe. The remainder corresponds to the ZB polymorph, which has
an XRD pattern that overlaps with that of WZ MnSe and effectively adds intensity to the
002, 110, and 112 peaks of WZ-type MnSe. This is displayed in Figure 2-2 showing
simulated mixtures of WZ and ZB MnSe with varying compositions. The ZB impurity
may be present as intergrowths in the WZ structure or as separate particles. Trace
amounts of a MnSe2 impurity phase are sometimes present as well, with the most intense
peak of MnSe2 appearing as a small bump above the baseline near 31.2º 2-theta.
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Figure 2-2: Simulated XRD patterns for phase pure ZB-type MnSe, phase
pure Wurtzite-type MnSe, and mixtures of the two polymorphs with
different ratios.
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Figure 2-3: Representative TEM image of WZ-type MnSe nanoparticles.
Inset: Corresponding selected area electron diffraction (SAED) pattern

A representative transmission electron microscope image of WZ-type MnSe is
shown in Figure 2-2. The product consists of nanoscopic particles that range in size from
25 – 75 nm and have shapes that are largely isotropic and irregular. The electron
diffraction pattern (Figure 2-3, inset), which clearly shows the 100, 002, 101, 102, and
103 reflections that are characteristic of the hexagonal WZ structure type, confirms that
these particles are the WZ polymorph. Energy-dispersive X-ray data shown in Figure 2-4
confirms the MnSe stoichiometry (Mn47Se53), within experimental error.
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Figure 2-4: EDS spectrum of WZ-type MnSe nanoparticles

2.3.2 Optical and magnetic properties of WZ-type MnSe
Figure 2-5 shows UV-Visible absorption data for WZ-type MnSe nanoparticles
dispersed in ethanol. A prominent absorption edge around 350 nm characterizes the UV
region, with no observable features present at visible wavelengths. Based on this the UVVis data, the optical band gap (Eg) was estimated to be approximately 3.5 – 3.8 eV. This
estimation can be attributed to the position of the onset of the absorption in the spectrum.
This value is significantly larger than that for RS-type MnSe (Eg ≈ 2.5 eV),19 but is
consistent with the band gaps of comparable tetrahedrally coordinated manganese
chalcogenides, including ZB-type MnSe (Eg = 3.4 eV)20 and WZ-type MnS (Eg = 3.8 –
3.9 eV).21,22
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Figure 2-5: UV/visible absorption spectrum for WZ-type MnSe nanoparticles

Magnetization measurements taken at 100 Oe (Figure 2-6) show paramagnetic
behavior with an effective moment per Mn atom in the range of 6.0 – 6.5 µB, which
compares favorably with the theoretical value of 5.92 µB for Mn2+ and the reported value
of 5.88 µB for RS-type MnSe.23 Curie-Weiss fits in the range of 200 – 300 K for multiple
samples yielded a Weiss temperature (θW) of -625 ± 50 K.

This indicates strong

antiferromagnetic interactions and is consistent with the θW values reported for other
manganese chalcogenides.4,5 All measured samples show a small peak around T = 64 K
(Figure 2-6, inset), and this peak remained unchanged during field cooled (FC) and zero
field cooled (ZFC) measurements. Taken together, the data suggest that most of the Mn
moments do not order, presumably because of the small size of the nanoparticles, but that
some of the moments order antiferromagnetically with TN = 64 K. This Néel temperature
would not correspond to any known MnSex or MnOx phases that could be possible
impurities (e.g. MnSe2, MnO), or to RS-type MnSe (TN = 150 K),14 so is most likely
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intrinsic to WZ-type MnSe. Theory predicts that ZB-type MnSe will have TN = 90 K,18
and experiments have shown Néel temperatures that decrease from 115 K to 75 K in
epitaxial films of ZB-type MnSe as the thickness decreases from 6 nm to 0.9 nm.6,7 The
64 K feature is unlikely to be associated with a size-induced suppression of TN in the
small fraction of ZB-type MnSe in our samples. This is because the feature is sharp and
reproducible and our samples contain a fairly wide range of particle sizes that are, on
average, significantly larger than those for which size-dependent phenomena have been
previously observed.6,7 On the other hand, it is known experimentally that the Néel
temperatures for WZ polymorphs are lower than those of their ZB analogues.4,5
Therefore, associating the 64 K feature with an antiferromagnetic TN for WZ-type MnSe
would be consistent with this empirical tendency.

Figure 2-6: Temperature-dependent magnetic susceptibility (100 Oe) for
three samples of WZ-type MnSe. Both FC and ZFC data are shown for one of the
samples. The small peak around 64 K, suggestive of antiferromagnetic ordering
and present in all samples, is resolved in the inset for a representative sample.
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2.3.3. Effect of Solvent on Product
Experiments altering the solvent composition were performed to determine the
effect of the solvent on the synthesis of WZ-type MnSe. If TEG was replaced with
oleylamine, a mixture of RS- and WZ-type MnSe was formed. If trioctylphosphine was
present, then no product was observed.

To generate γ-MnSe, it was empiricialy

determined that 50% of the solvent volume must consist of oleic acid. When using less
than 50%, MnSe2 was generated. Figure 2-7 shows XRD data for products synthesized
when oleic acid was substituted by other co-solvents. Reflections characteristic of the
WZ structure are observed in all samples except for the powder synthesized using stearic
acid. The data suggests that without the presence of a carbon-carbon π-bond in the
solvent molecule, the WZ polymorph will not form.
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Figure 2-7: Powder XRD patterns for MnSe nanoparticles synthesized using
various co-solvents with TEG.
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We hypothesize that the WZ-type MnSe is synthesized due to a selenium complex that
forms when heated in a solvent that has a carbon-carbon π-bond. Studies by Raston et. al.
indicate that when selenium is heated in octadecene it forms a stable complex that can be
used as a precursor to synthesize nanoparticles.24 The complex adopts a structure
containing short chain selenium bridges between alkane and/or alkene solubilizing
molecules. Figure 2-8 shows powder XRD data for the product when we substitute the
oleic acid and selenium in the reaction for this Se-octadecene complex. The product
adopts the WZ-structure, but peak intensities are not consistent with particles synthesized
using oleic acid and selenium powder. We hypothesize that since no surfactant was used
in the synthesis the particle morphology changed, and the reflection intensity is a product
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Figure 2-8: Powder XRD pattern of the product obtained when substituting a Seoctadecene precursor for Se powder
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Data from figures 2-7 and 2-8 indicate that when this complex is heated in the
presence of Mn+2 ions with the presence of a reducing solvent, the wurtzite polymorph is
synthesized. This correlates well with recent studies that use diorganodichalcogenides as
precursors to synthesize non-equilibrium phases that adopt the WZ-structure in other
systems.25,26 This also explains why the presence of oleylamine and TOP, both known to
form highly stable complexes with Se, prevent the formation of this oleic acid-Se
complex by exhausting the available Se in solution.27,28
2.4 Conclusions
In conclusion, WZ-type MnSe, the unstable polymorph of the widely-studied
MnSe magnetic semiconductor and an elusive x = 1 end member of the Zn1-xMnxSe
magnetic semiconductor solid solution, has been synthesized for the first time in
isolatable quantities as nanoparticles using a solution chemistry route. The γ-MnSe
nanoparticles have an optical band gap of 3.8 eV and are largely paramagnetic, with
evidence of antiferromagnetic ordering at TN = 64 K. We hypothesize that the WZpolymorph synthesis results from a Se complex that forms in the presence of a carboncarbon π-bond when heated to high temperatures.
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Chapter 3
Solvothermal Synthesis of Non-Equilibrium PbO-Type FeS
Nanosheets

3.1 Introduction
Transition metal chalcogenides are an important class of materials due to their
wide ranging properties and have found uses in numerous fields such as
thermoelectrics,1,2

magnetic

semiconductors,3

quantum

dots,4,5

sensors,6

and

photovoltaics.7,8 This is particularly true for the iron-based chalcogenides. The unique
magnetic ordering in these materials leads to a host of different magnetic properties and
even superconductivity.9 For example, depending on the crystal structure and
stoichiometry it adopts, FeS phases can exhibit paramangetic,10 ferrimagnetic,11 and
antiferromagnetic ordering.12 The electron transport properties range from semi-metallic
conductivity in Fe3S413 to materials possessing band-gaps in the visible spectrum such as
pyrite-type FeS2.14 Both of these materials have found uses in practical applications.
Pyrite-type FeS2 has been used as a photovoltaic material15 while Fe3S4 has found use as
a solar-fuel catalyst16 and has demonstrated electrochemical properties that may be
exploited for use in Li-ion batteries.17 In addition to having a broad range of useful
properties, both Fe and S are non-toxic earth abundant elements making them ideal for
replacing materials that are scarce or pose health risks.
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Figure 3-1: Fe-S Phase Diagram.*
Iron sulfides adopt a wide range of different crystal structures and stoichiometries
that give this system a multitude of different magnetic and optical properties. Figure 3-1
shows the Fe-S phase diagram,18 but it only contains the thermodynamically stable
1

phases. The two polymorphs that adopt the FeS2 stoichiometry both exhibit weak

temperature independent paramagnetic susceptibility,19 but possess different electron
transport properties. The marcasite polymorph possesses an indirect band-gap of 0.51
eV19 while the FeS2 adopting the pyrite structure has a direct band-gap of 1.03 eV.14
Fe7S8, commonly referred to throughout the literature as pyrrhotite, has a highly variable
stoichiometry and behaves ferrimagnetically.20 There are two high temperature phases
adopting the Fe7S8 stoichiometry: Triolite which is antiferromagentic20 and pyrrhotite4m, a lower symmetry of the normally hexagonal crystal structure, which behaves
*

Reprinted with permission of ASM International. All rights reserved.
www.asminternational.org
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ferromagnetically.21 There are also a number of reported non-equilibrium phases that are
not included on the phase diagram. The metastable phase Fe3S4, isostructural with
magnetite, is a semi-metallic conductor13 and is ferromagnetic.22 The FeS phases that are
composed of a 1:1 stoichiometry are both non-equilibrium phases. Rudashevskyite which
adopts the Zinc blende crystal structure is an elusive phase that has only been found in
meteorites.23 The focus of this chapter is the other non equilibrium polymorph: PbO-type
FeS, which has not had its properties characterized.
PbO-type FeS, commonly referred to as mackinawite throughout the literature, is
of particular interest because of its analogous crystal structure to β-FeSe, one of the Febased superconductors.9 The possibility of PbO-type FeS to exhibit superconductivity has
been debated throughout the literature.24,25 Recently theoretical investigations indicate

Figure 3-2: The crystal structure of PbO-type FeS, where the red and yellow spheres
represent Fe and S, respectively. The Tetragonal unit cell is also highlighted.
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that PbO-type FeS should support superconductivity but the 1:1 stoichiometry must be
maintained,26 which coincides with experimental results in the FeSe system.27 To our
knowledge no one has tested FeS for superconductivity likely due to the difficulty in
obtaining phase pure products.
The synthesis of PbO-type FeS has been reported numerous times throughout the
literature but generally as amorphous or “nanocrystalline” products,28-30 while pure
crystalline FeS adopting the PbO structure has proven elusive. The reason for this is
three-fold. First, the FeS phase-diagram is complex and the synthesis of FeS generally
results in a mixture of phases. Second, it has only been observed at low temperatures, and
temperatures required to generate long-range ordering hasten the decomposition to more
thermodynamically stable FeS phases, such as Fe7S8. Finally, to this point PbO-type FeS
has only been synthesized in water, making iron oxide impurities common. Schoonen and
co-workers have synthesized amorphous PbO-type FeS by combining aqueous solutions
of Fe(NH4)2(SO4)2•6H2O and Na2S•9H2O at room temperature.29 Hayes and co-workers
successfully synthesized crystalline PbO-type FeS by aging these amorphous particles
over three days, but the product also contains a significant amount of Fe3S4.31 To the best
of our knowledge, no one has synthesized crystalline phase-pure PbO-type FeS.
In this chapter we report the synthesis of PbO-type FeS nanoparticles. The FeS
nanoparticles are synthesized using a two-step solution technique. The first step involves
the precipitation of amorphous FeS nanoparticles followed by a solvothermal reaction in
ethylene glycol. This synthetic method yields two-dimensional single-crystal nanosheets
adopting the PbO-type crystal structure. We investigate the magnetic properties of this
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material in an attempt to determine if PbO-type FeS is a new member of the Fe-based
superconductors.
3.2 Experimental Section
3.2.1 Chemicals
FeCl2•xH2O (reagent grade, 99%) and Na2S•9H2O (ACS, 98% min.) were
purchased from Alfa Aesar. Ethylene glycol (EG, 99.0%) was purchased from BDH.
Sodium hydroxide pellets were purchased from EMD.
3.2.2 Synthesis of PbO-type FeS
A stock solution of Na2S was prepared by combining 750 mg of Na2S•9H2O with
1.148 g of NaOH pellets in a 40 ml glass reaction vial. 10 ml nanopure water was added
to the salts and the vial was sealed and sonicated until all solid has dissolved. This
solution was stored at room temperature and shows no signs of decomposing over time.
In a separate 20 ml reaction vial a solution of FeCl2 was prepared by sonicating
108 mg FeCl2•xH2O in 10 ml nanopure water. When all of the salt dissolved 1ml of the
Na2S stock solution was swiftly injected into the FeCl2 solution. A black precipitate
forms instantaneously. The reaction was capped and stirred magnetically for 10 minutes.
The mixture was then centrifuged at 7,500 x g for 5 minutes. The supernatant was
discarded and the precipitate was dispersed in 20 ml ethanol by sonication and
centrifuged at 7,500 x g for 5 minutes. The supernatant was discarded and the ethanol
cleaning procedure was repeated once more.
The precipitate was then dispersed into 11 ml ethylene glycol by sonication. This
process often takes between 30 mins or 1 hr. The dispersion was then loaded into a 23
mL TEFLON lined autoclave and sealed. The autoclave was heated to 200 °C over 1 hr,
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and then held there for an additional 4 hours, before cooling naturally. When fully cooled
the autoclave was disassembled and the product removed and centrifuged at 7,500 x g for
5 minutes. The supernatant was discarded and precipitate dispersed in 20 mls of a 1:1
mixture of ethanol and hexanes followed by centrifuging at 7,500 x g for 5 minutes. This
washing procedure was repeated until the supernatant was clear, often requiring 10
washes or more. The powder was then dried by vacuum and stored as a dry powder.
3.2.3 Characterization
Powder X-ray diffraction (XRD) data was collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were obtained from a
JEOL 1200 EX II operating at 80 kV. Atomic force microscope (AFM) images were
collected using a Dimension Instruments 3100 AFM equipped with PPPNCHR tapping
mode AFM tips from Nanosensors. Magnetic characterization was performed using a
Quantum Design SQUID magnetometer.
3.3 Results and Discussion
Figure 3-3 shows the powder X-ray diffraction (XRD) data for freshly
synthesized PbO-type FeS. The experimental pattern matches well with the PbO-structure
with cell constants of a = 3.6737(28) and c = 5.0354(3) Å with no signifigant impurities.
Occasionally trace amounts of crystalline pyrite-type FeS2 will be present, resulting in a
reflection at 34° 2-theta. If care is not taken to weigh out appropriate amounts of the salt
precursors, impurities may result in the form of FeO, Fe7S8, or pyrite-type FeS2. It is
important to maintain a solvent volume of 11 ml, as more or less solvent will result in the

40

*

004

220

Experim ental
121

112
021
003

020

111

110
002

Intensity (arb. units)

011

001

PbO -type FeS

Sim ulated

10

20

30

40
50
2-Theta (degrees)

60

70

80

Figure 3-3: Experimental and simulated powder XRD
patterns for PbO-type FeS nanoparticles.
product containing triolite or pyrrhotite, respectively. Extended aging times in the
autoclave results in Fe7S8, Fe3S4, or pyrite-type FeS2. This time-dependent decomposition
is supported by the literature that suggests mackinawite is the precursor for naturally
occurring iron sulfides.32-34
Figure 3-4 (a-c) shows transmission electron microscopy (TEM) images of PbOtype FeS nanosheets. This two-dimensional morphology can be rationalized by the crystal
structure. Because the PbO-FeS crystal structure is layered, consisting of layers of
covalently bonded FeS with van der Waals forces between the layers, the growth in the
[001] is easily truncated. This morphology is becoming increasingly common among
nanomaterials adopting layered crystal structures synthesized by solution techniques.35-37
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Figure 3-4: (a-c) TEM images of PbO-type FeS nanosheets. Dropcasting the nanosheets
produces significant preferred orientation in the [001] direction, as shown in the XRD
pattern in (d) and corresponds with the two-dimensional morphology. (e) SAED patterns
confirming the PbO-type Structure. (e, inset) SAED of individual sheets indicate the
particles are single-crystals.

The edges of the nanosheets range from 100 nm to over 1 µm, with fairly irregular edges.
When these nanoparticles were suspended in ethanol and drop cast it produces a XRD
pattern with significant preferred orientation in the 001 direction, as seen in Figure 3-4d.
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(a)

(b)

Figure 3-5: (a) AFM image of a PbO-type FeS nanosheet and (b) the corresponding
linescan.

This suggests that the sample is composed of two-dimensional crystals truncated along
the [001] direction. Select area electron diffraction (SAED) patterns indicate that the
sheets adopt the PbO-type structure (Figure 3-4e) and are single crystalline (inset). To
determine the sheet thickness atomic force microcopy (AFM) was employed. Figure 3-5
shows the AFM image of a representative nanosheet. A line scan through one of the
sheets indicates an average thickness of 29 nm.
Magnetization measurements of the FeS nanosheets are shown in Figure 3-6.
Temperature-dependent magnetic susceptibility taken at 10 Oe indicates that the sample
consists primarily of ferromagnetic material. This is supported by the hysteresis loop
indicating a material with a significant coercivity suggesting that the sample contains a
significant amount of amorphous Fe-O or Fe-S impurities not detected by XRD.
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Figure 3-6: (a) Temperature dependent magnetic susceptibility (10 Oe) for PbO-type
FeS. The drop in FC magnetic susceptibility is resolved in the inset. (b) Hysteresis of
PbO-type FeS taken at 300K.

Interestingly, there is a sharp drop in the field-cooled (FC) magnetization at 4K. The drop
suggests that some of the material exhibits diamagnetism below 4K.
While the appearance of diamagnetism in the FC data may suggest that a portion
of the sample is superconducting, there are a number of challenges that must be
overcome before being conclusive. One major issue is the large ferromagnetic
background. Temperature-dependent magnetic susceptibility plots for reported Fe-based
superconductors typically maintain a magnetic susceptibility of 0 before reaching their
superconducting transition temperature.9,38,39 While there is a drop in the magnetic
susceptibility, it only accounts for <1% of the magnetic signal. For the superconductivity
to be confirmed, and the corroborating hysteresis obtained, the material contributing to
the ferromagnetic signal must be removed. It is also noteworthy that the drop is more
drastic in the FC than the zero-field cooled (ZFC) plot. Typically, the Fe-based
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superconductors show a significantly stronger diamagnetic signal in the ZFC plot when
compared to the FC data for the same material.9,38,39 The drop in magnetic susceptibility
here is more significant in the FC plot, contradictory to the established Fe-superconductor
literature. More experiments are required to further understand the drop in magnetic
susceptibility.
3.4 Conclusions
In conclusion, PbO-type FeS, the non-equilibrium phase that is isostrucutral with
superconducting β-FeSe, was synthesized using a solvothermal route. The PbO-type FeS
form as single-crystal nanosheets and are phase pure by XRD with no crystalline
impurities. The magnetic data indicates the material is predominantly ferromagnetic, with
a magnetic feature at 4K suggesting diamagnetism. Further studies are required to
determine if this feature is due to a superconducting transition or some other magnetic
phenomena. Future work will focus on attempting non-aqueous air-sensitive routes to
synthesizing PbO-type FeS.
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Chapter 4

Phase-Selective Chemical Extraction of Selenium and Sulfur
from Nanoscale Metal Chalcogenides: A General Strategy for
Synthesis, Purification, and Phase Targeting

4.1 Introduction
For solid-state compounds, the chemical manipulation of composition is
foundational for tuning physical properties, accessing desired structures, and influencing
bonding characteristics for a diverse range of materials that includes thermoelectrics,
catalysts, superconductors, semiconductors, battery materials, etc.

For example,

chemical deintercalation of Na from NaxCoO2 facilitates tuning through various metallic,
insulating, and magnetic states.1

As a result, NaxCoO2 exhibits a wide range of

composition-dependent properties, including superconductivity,2,3 high thermopower,4
and redox intercalation for battery electrodes.5 Similarly, careful control of oxygen
stoichiometry in the perovskite-type copper oxides permits tuning through various superconducting, electronic, and magnetic states.6

Controlled chemical substitution in

ThCr2Si2-type CaM2P2 (M = Fe, Co, Ni) phases modulates the P-P bond strength, which
in turn leads to complex variations in the magnetic properties.7

*

Reproduced in part with permission from J. Amer. Chem Soc., 133, I. T. Sines and R.E.
Schaak, Phase-Selective Chemical Extraction of Selenium and Sulfur from Nanoscale
Metal Chalcogenides: A General Strategy for Synthesis, Purification, and Phase
Targeting, 1294-1297,Copyright 2011 American Chemical Society.
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In colloidal nanoscale solids, precise control over composition and phase is
equally important. For example, the transport properties of quantum dot solids can be
tuned by hydrazine-mediated doping,8 and compositional tunability is critical for
targeting optimal properties in nanoscale thermoelectric,9 optical,10 catalytic,11 and
magnetic materials.12 Likewise, the ability to target one particular phase in a complex
binary system is critical. For example, in the Fe-Pt system, the magnetic properties of
Fe1-xPtx nanoparticles vary with x;12 this range includes the distinct intermetallic
compounds FePt3, FePt, and Fe3Pt.

However, such phase targeting is not always

straightforward in colloidal nanoparticle systems, particularly non-alloy systems that
have multiple stable line compounds.13 Metal chalcogenides represent an important class
of materials where this type of composition control and phase targeting is important, with
direct applicability to quantum-confined semiconductors, phase change materials,
thermoelectrics, superconductors, and materials for solar energy conversion.
Iron-based pnictides and chalcogenides that adopt layered structures have
received considerable attention due to the unexpected discovery of superconductivity in
these compounds. PbO-type iron selenide (β-FeSe) is a member of this group with a
critical temperature (Tc) of 8 K.14 Atomic substitution with tellurium results in the
elevation of Tc to 15 K in FeSe0.5Te.0515 and 10K in FeTe0.8S0.2.16 Increased pressure has
also resulted in higher Tc’s, with a maximum of 27 K at 1.48 GPa.17 β-FeSe is typically
synthesized using traditional powder metallurgical techniques,14,17,18 flux growth,19 or
vapor self-transport.20 Chemical vapor deposition21,22 and molecular beam epitaxy23 have
been used to fabricate thin films. Restricting the particles to the nanoscale could enhance
the Tc, which has been observed in other systems.24

50
Observation of superconductivity in this system is often complicated by magnetic
impurities. Elemental iron and its corresponding oxides result in a large magnetic
background making it difficult to detect a superconducting signal. Phase purity is an
additional issue with hexagonal nickel arsenide type (α-FeSe), a S = 2 magnetic material,
as a stable

and commonly occurring phase.25 Recent reports indicate that the

superconductivity is highly dependent on stoichiometry. Fe1.01Se exhibits the highest Tc,
but minor changes in stoichiometry result in a loss of superconductivity.18 Although
nanoparticles of FeSe have been synthesized using solution-based techniques, there
remain no reports of superconducting β-FeSe made by solution routes.27
Here, we describe a powerful new strategy for chemically manipulating the
compositions and structures of nanoscale metal chalcogenides including the
superconducting FeSe system. Trioctylphosphine (TOP) is commonly used as a
nanoparticle surface stabilizer,28 a phosphorus source for chemical conversion,29,30 and as
a chemical reagent in the form of TOP-X (X= S, Se, Te) complexes.31-34 Here, we show
that TOP can selectively extract selenium and sulfur from pre-made metal chalcogenides.
The final products tend to be the most metal-rich stable compounds in each particular MS or M-Se system, modulated by the concomitant ability of TOP to extract S and Se
(driven by the large formation constants of the TOP-S and TOP-Se complexes) and the
inability of TOP to reduce the Mn+ in the chalcogenides to the zero valent state. This
chemistry has three important implications.

First, selenium- or sulfur-rich metal

chalcogenides can be chemically transformed into lower-chalcogen compounds via TOP
extraction of Se or S, e.g. NiSe2 and FeS2 can be converted to Ni3Se2 and FeS,
respecively. This allows a binary phase that is straightforward to synthesize by direct
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methods to be converted to a different binary phase that may be more challenging to
synthesize directly.

Second, impure samples containing mixtures of multiple metal

chalcogenides can be purified by TOP extraction of Se or S, with the final product being
the most metal-rich stable compound in the system. For example, mixed-phase samples
containing FeSe2 and Fe3Se4 can be converted exclusively to PbO-type FeSe, and
samples of PbO-type FeSe containing small amounts of NiAs-type FeSe can be purified
to exclusively the PbO-type polymorph. Third, these reactions can proceed
pseudomorphically, e.g. colloidal metal chalcogenide nanoparticles with pre-defined
sizes and shapes can be transformed to derivative colloidal metal chalcogenide
nanoparticles with morphological retention.

Accordingly, this adds to the growing

toolbox of “conversion chemistry” reactions for chemically transforming nanoparticle
templates into derivative nanoparticle products.35
4.2 Experimental section
4.2.1 Chemicals
CoCl2·6H2O (98.0-102.0%), NiCl2·6H2O (99.95%), SnCl2 anhydrous (99% min),
FeCl3 anhydrous (98%), sulfur powder (99.5%), selenium powder (99+%), hydrazine
monohydrate, (98+%), and tetraethylene glycol (TEG, 99%) were purchased from Alfa
Aesar. SeO2 (99.9%) was purchased from Sigma Aldrich. Polyvinylpyrrolidone K30
(PVP, MW = 40,000), tri-n-octylphosphine (TOP, 85%), and oleylamine (40%) were
purchased from TCI. Ethylene glycol (EG, 99.0%) was purchased from BDH. Pyridine
was purchased from EM Science.
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Sample
FeSe (NiAs)
FeSe Mix
SnSe2
FeS2
NiSe2
CoSe2

metal precuror (mg)
50.3 mg FeCl3
53 mg FeCl3
34 mg SnCl2
21.9 mg FeCl3
58.2 mg NiCl2
46.9 mg CoCl2

chalcogenide
powder (mg)
17.8 mg Se
21.3 mg Se
30.7 mg Se
25 mg S
20.4 mg Se
46.9 mg Se

Solvent
oleylamine
oleylamine
TEG
TEG
TEG
TEG

annealing
temperature (°C)
303
270
210
235
170
270

Table 4-1: Reaction conditions for chalcogen-rich precursors

4.2.2 Synthesis of Chalcogenide Precursors
Appropriate precursors and solvent (see Table 4-1) were placed in a 3-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. The 3-neck apparatus was
then attached to a schlenk line and placed under vacuum for 30 minutes. The 3-neck
apparatus was then placed under Ar and heated to the appropriate annealing temperature
found in table 4-1, and held there for 2 hrs. The reaction was then allowed to cool to
room temperature. The precipitate was then quenched with an equal volume of ethanol or
hexanes, depending on solvent, and centrifuged for 10 minutes at 10,000 x g. The
supernatant was decanted and the product was washed three times with ethanol and
hexanes.
4.2.3 Synthesis of NiSe2 hollow spheres
99.7 mg SeO2, 118 mg NiCl2·6H2O, 313.2 mg PVP, and 20 mL ethylene glycol
were combined in a 3-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.
The apparatus was then sonicated for 1 hr to dissolve precursors. The 3-neck apparatus
was then attached to a schlenk line and placed under vacuum for 30 minutes. The 3-neck
apparatus was then placed under Ar, and 0.5 mL of hydrazine monohydrate was injected,
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causing the solvent to turn dark red. The solution was allowed to stir for 30 minutes
before heating to 160 °C, and held there for 1 hr. The reaction was then allowed to cool to
room temperature. The precipitate was then quenched with an equal volume of a hexanes
and acetone mixture (1:1 ratio) and centrifuged for 10 min at 10,000 x g. The supernatant
was decanted and the product was washed three times with ethanol.
4.2.4 Reaction of Chalcogenide with TOP
Precursors were dispersed in 12 mL TOP by sonication and then placed in a 3neck apparatus sealed using a condenser with an air-flow adapter on top, a thermometer
adapter with mercury thermometer, and a 14/20 rubber septum. The 3-neck apparatus was
then attached to a schlenk line and placed under vacuum for 30 min. The 3-neck
apparatus was then placed under Ar and heated to the appropriate annealing temperature
as indicated in Table 4-1, and held there for 1 hr. The reaction was then allowed to cool
to room temperature. The precipitate was then quenched with an equal volume of hexanes
and centrifuged for 10 min at 10,000 x g. The supernatant was decanted and the product
was washed three times with ethanol, hexanes, and dichloromethane. In aliquot studies 3
mL of reaction solvent were removed via syringe and immediately injected into 15 ml of
hexanes, and was washed using the procedure mentioned above.
4.2.5 Pyridine washes to remove excess Fe
β-FeSe was synthesized by TOP reaction (described in section 4.3.3) and then
treated with a pyridine wash to remove excess Fe. The pyridine wash was prepared by
pipetting 50µl pyridine into 15 ml ethanol. The dried FeSe particles were added to this
solution and sonicated for 5 minutes to suspend the particles. The mixture was then
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stirred vigorously in a closed reaction vial for 24 hrs. The particles were then centrifugred
for 10 min at 7,500 x g and washed three times with ethanol.
4.2.6 Characterization
Powder X-ray diffraction (XRD) data was collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were collected using a
JEOL JEM 1200 EXII microscope operating at 80 kV.
4.3 Results and Discussion
4.3.1 TOP for General Chalcogen Extraction
Figure 4-1 shows powder X-ray diffraction (XRD) data for several representative
systems. Bulk-scale samples of the chalcogen-rich precursors SnSe2 (CdI2-type), FeS2
(pyrite-type), NiSe2 (pyritetype), and CoSe2 (marcasite-type) were synthesized by heating
metal chloride salts and selenium or sulfur powder in tetraethylene glycol. After
dispersing 20 mg of each ME2 (E = Se, S) precursor in 12 mL of TOP via sonication and
heating to appropriate temperatures (given in parentheses), the powder XRD patterns of
the final products matched well with those of the most metal-rich stable chalcogenides in
each binary system: SnSe (215 °C, Figure 4-1a), NiAs- type FeS (255 °C, Figure 4-1b),
Ni3Se2 (225 °C, Figure 4-1c), and Co9Se8 (270 °C, Figure 4-1d). EDS analysis yielded
compositions that were consistent with the stoichiometries expected for each of the
compounds, within experimental error: Fe0.55Se0.45, Fe0.55S0.45, Ni0.61Se0.39, Co0.55Se0.45,
and Sn0.53Se0.47. Our preliminary studies suggest that TOP can successfully extract Se and
S from chalcogen rich 3d transition metal and early p-block metal chalcogenides, but not
from most 4d and 5d metal chalcogenides. This can be rationalized on the basis of
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Figure 4-1: Powder XRD data showing TOP-mediated conversion reactions:
(a) SnSe2 → SnSe, (b) FeS2 → FeS, (c) NiSe2 → Ni3Se2, and (d) CoSe2 →
Co9Se8. For the CoSe2 sample, two polymorphs co-exist: cubic-CoSe2
(marked with *) and orthorhombic-CoSe2 (primary phase). In each panel, the
red (bottom) and blue (top) XRD patterns correspond to the as-synthesized
precursors and TOP-reacted products, respectively. The black patterns, shown
below each experimental pattern, represent the corresponding simulated XRD
data.
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oxidation states. The systems above either have no change in oxidation state (e.g., FeS2
with the S22- anion to FeS with the S2- anion) or two stable oxidation states for which
reduction is relatively easy (e.g., SnSe2 with Sn4+ to SnSe with Sn2+). Early 4d and 5d
transition metal systems, such as MoSe2, contain S2- and Se2- (rather than S22- and Se22-)
and are most stable for high oxidation states. Chalcogen extraction in these systems, for
which the lower-valent and metal-rich products are not stable, would be difficult.
4.3.2. Morphological Retention during Chalcogen Extraction
This chemistry can also be successfully applied to colloidal nanostructures with
morphological retention. Hollow nanospheres of NiSe2 were synthesized by heating
amorphous Se spheres and NiCl2 in ethylene glycol to 170 °C, based on a literature
report.26 Figure 4-2a shows a representative transmission electron microscope (TEM)
image of an ensemble of hollow crystalline NiSe2 spheres, along with the corresponding
select area electron diffraction (SAED) pattern that confirms the NiSe2 phase. After
reaction with TOP at 65 °C, data from TEM and SAED confirm that the hollow NiSe2
spheres convert to crystalline NiSe while retaining the size and morphology defined by
the NiSe2 template (Figure 4-2b). This demonstrates two important points. First,
intermediate reaction temperatures can provide access to intermediate phases. The data in
Figure 3-1c shows that NiSe2 converts to Ni3Se2 when reacted with TOP at 225 °C.
However, NiSe2 can be converted to NiAs-type NiSe instead by reacting at a lower
temperatures (65 °C, Figure 4-2b). Second, this provides preliminary evidence that
chalcogen extraction via TOP can be considered as a viable nanoparticle “conversion
chemistry” reaction,35 in analogy to other classes of reactions that include galvanic
replacement,37 diffusion (including nanoscale Kirkendall effects),38-40 ion exchange,41,42

57
etc. Additional work is necessary to fully explore issues of size- and shape-dependent
reactivity using this chemical conversion strategy, as well as its generality with respect to
morphological retention across a wider range of systems.

Figure 4-2: TEM images and SAED patterns for (a) hollow pyritetype NiSe2 nanosphere templates and (b) hollow NiAs-type NiSe
nanosphere products after reaction with TOP at 65 ºC.
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4.3.3 Purification and Precise Phase-Targeting of PbO-type FeSe
We have previously had success synthesizing PbO-type FeSe nanoparticles that
adopt a two-dimensional morphology (see Figure 4-3).27 The PbO-type FeSe sheets were

*

Figure 4-3: (a-c) TEM images of β-FeSe nanosheets. Dropcasting the
nanosheets produces significant preferred orientation along [001], as
shown in the XRD pattern in (d), and confirms the two-dimensional
morphology. SAED patterns confirm the tetragonal PbO-type crystal
structure (e), as well as the single-crystalline nature of isolated nanosheets
(e, inset)27

*

Reproduced in part with permission from Chem. Mater., 21, K. D. Oyler, X. L. Ke, I. T.
Sines, P. Schiffer and R.E. Schaak, Chemical Synthesis of two-dimentional Iron
Chlacogenide Nanosheets: FeSe, FeTe, Fe (Se, Te) and FeTe2, 3655-3661,Copyright
2009 American Chemical Society.
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prepared by decomposing Fe(CO)5 with Se powder in a solvent composed of molten
hexadecylamine and tri-ocytlphosphene oxide. We were also successful in synthesizing
sheets of β-FeTe, FeTe2, and solid solutions of FeSexTe1-x.27 Unfortunately, neither the
FeSe nor FeSexTe1-x yielded observable superconductivity. One hypothesis as to why
they do not have observable superconductivity is that the sheet thickness is too thin.
Recent studies indicate that PbO-type
FeSe films thinner than 140 nm
display

barely

superconductivity.43

observable
This

was

attributed to the lack of a necessary
structural distortion, which is believed
to be a necessary component for the
FeSe to exhibit superconductivity.
Synthesis of larger crystals may be a
route to circumvent the thickness
issue. The Fe-Se system44 provides an
interesting application and extension
of this chalcogen extraction chemistry.
β-FeSe, which exists only in a narrow
Figure 4-4: Powder XRD data showing the
TOP mediated conversion of (a) NiAs-type
FeSe (bottom, red) to PbO-type FeSe (top,
blue) and (b) a mixture of Fe3Se4 an FeSe2
(bottom, red) to PbO-type FeSe (top, blue)
Simulated XRD are shown in black below
the corresponding experimental data.

composition window of 50.6-51.0%
Fe,45 is known to be superconducting
at a very precise composition and with
specific structural features.46,47 NiAs-
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type FeSe, also a nominally 1:1 Fe-Se compound, exists in the composition window of
42.0-50.5% Fe45 and is not superconducting. Figure 4-4a shows that NiAs-type FeSe fully
converts to PbO-type FeSe when reacted with TOP at 180 C. Similarly, when a sample of
PbO-type FeSe that contains a small amount of a NiAs-type FeSe impurity is reacted with
TOP at 180 °C, the product is exclusively PbO-type FeSe. In addition to serving as a
chemical purification pathway, this demonstrates that the most metal-rich stable
chalcogenide product tends to form even when other stable compounds with very similar
compositions exist. Interestingly, when an impure Fe-Se sample (one that contains a
physical mixture of FeSe2 and Fe3Se4) reacts with TOP at 180 °C, the product is also
exclusively PbO-type FeSe (Figure 4-4b). These results highlight both the precise phase
targeting that is possible using this chemistry and the ability to purify mixed-phase
samples by conversion to the desired compound. Our PbO-type FeSe samples are not
superconducting, but we have not yet attempted to fine-tune the Se or Fe stoichiometry,
as would be required to render them superconducting.
4.3.4 Removal of Fe by Pyridine Extraction
In an attempt to further fine-tune the composition of FeSe we tried extracting excess iron
in a effort to reach the ideal stoichiometry for superconductivity: Fe1.01Se. The PbO-type
structure intrinsically possesses interstitial voids that may be occupied by Fe atoms which
results in the variable stoichiometry of PbO-type FeSe. Interstitial Fe is responsible lower
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Figure 4-5: A schematic representation of the crystal structure of PbO-type FeSe. Iron
atoms represented by red spheres and selenium atoms represented by blue spheres.The
yellow voids highlight the interstitial sites that excess Fe can occupy.

for Tc’s or complete loss of superconductivity. Here we tested pyridine as a Fe extracting
agent due to ease at which the Fe-pyridine complex forms.48 Magnetization data in
ethanol. While the first wash greatly reduced the magnetic susceptibility of the particles
Figure 4-6 shows the effect on magnetic susceptibility of PbO-type FeSe synthesized via
selenium extraction before and after multiple washes with 6.2x10-4 mol pyridine in 15 ml
from 8.3 10-4 to 4.5 10-4 emu/g, there is no characteristic sharp decline in at 8K that
would be attributed to a superconducting signal. Sequencial washes showed diminished
returns as the decrease in magnetic susceptibility was less substantial. While this
technique did not yield superconducting FeSe nanoparticles, it did appear to remove
some of the impurities that contributed to the strong magnetic signal and may be a useful
tool in future experiments where Fe based impurities are undesirable.
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Figure 4-6: Temperature-dependent magnetic susceptibility (10 Oe)
for FeSe before and after one and two treatments with pyridine.

4.4.5 Temperature Studies to Determine Effect of Temperature on Chalcogen
Extraction
Studies were performed to determine the effect of temperature on the chalcogen
extraction technique. Figure 4-7 (top) shows powder XRD patterns of CoSe2 and NiSe2
heated to various temperatures in TOP. The CoSe aliquot taken at 206 °C shows a
mixture of both NiAs-type CoSe and Co9Se8. This, along with the electron diffraction
from Figure 4-2, indicates that the amount of selenium extracted is directly dependent on
the reaction temperature. Furthermore, when NiSe2 is heated to an elevated temperature
of 252 °C in TOP, complete removal of Se is possible. Figure 4-7 (bottom) shows an
XRD pattern that indicates that the only crystalline product is phase-pure Ni2P while no
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NiSe remains. These studies suggest that it is
CoSe aliquot at 206 C (powder)

possible

to

access

phases

of
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composition as well as complete removal of the
Co Se (simulated)

Intensity (arb. units)
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chalcogen by replacing with phosphorus.
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It is possible in particular systems to
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convert a XSe or XS compounds to unary materials
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4-8b indicates that the nanoparticles start as
nanocubes ranging in size between 20-40 nm. After
reacting in TOP the cubes are considerably smaller,
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Figure 4-8: a) Powder XRD for PbS nanocubes before and after heating in TOP. b) TEM
image of PbS nanocubes before heating in TOP. c) TEM image of Pb nanoparticles after
heating in TOP.

now ranging in size between 8-15 nm, but still retain some of the faceted morphology of
the precursor. This complete chalcogen extraction can be extended to a select few other
systems, such as Ag and Cu, but as of yet has not maintained morphological control.
3.5 Conclusions
In conclusion, we have demonstrated that TOP can be used for the phase-selective
extraction of sulfur and selenium from metal chalcogenides. This represents a new lowtemperature chemical strategy for manipulating the compositions and structures of
solids,45,50 and it also has applicability to phase-targeted nanoparticle synthesis,
purification of multiphase samples, and pseudomorphic nanoparticle transformations. As
such, it can be considered as a new addition to the growing toolbox of “conversion
chemistry” reactions that transform nanoparticle templates into derivative nanoparticle
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products with morphological retention. We have also shown that pyridine may have use
for Fe impurity extraction. We have also established that the chalcogen extraction can be
used to target multiple phases throughout the phase diagram, conversion to transition
metal phosphides, and complete chalcogen removal.
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Chapter 5
Anion Exchange Reaction Route to Porous Single-Crystal
Colloidal Nanosheets of Cubic 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 growth.2-4 These inorganic nanosheets are
used as building blocks for nanostructured catalysts,5,6 solar cells,7,8 batteries,9 and
polymer composites,10,11 and also serve as platforms for fundamental studies of physical
properties in the two-dimensional limit. Representative examples of nanosheets derived
from layered solids include graphene12,13 and a growing number of oxides14,15 and
chalcogenides.2-4 As the applications and property studies of these two-dimensional
inorganic crystals continues 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 more arbitrary materials systems. For example, introducing secondary
nanostructural features, including pores and periodic protrusions, into otherwise singlecrystal nanosheets could open up new opportunities in catalysis, surface-enhanced Raman
spectroscopy, and pore-based separations and sequencing.

Likewise, merging the

nanosheet architectures that are typically limited to layered solids with non-lamellar
systems that have three-dimensionally bonded crystal structures could significantly
expand the materials landscape and application space of such materials.
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In this chapter, we describe a new nanostructure design strategy that yields
nanoporous, single-crystal colloidal nanosheets of a non-layered cubic material, SnTe.
SnTe is a narrow band gap semiconductor that crystallizes in the cubic rocksalt structure
type,16 and has been used in mid-IR photodetctors,17 solar cells,18 and thermoelectric heat
converters.19 Unlike SnTe, the crystal structure of SnSe is layered, and SnSe has a
tendency to form single-crystal colloidal nanosheets.3 Using the difference between the
P-Se and P-Te bond energies in complexes of trioctylphosphine (TOP) with Se and Te as
a chemical driving force,20 we show that single crystal SnSe nanosheets can be converted
to single-crystal SnTe nanosheets upon reaction with TOP-Te via a diffusion-mediated
anion exchange reaction pathway. This chemical transformation introduces nanopores
and aligned cube-shaped protrusions into the single-crystal nanosheets, providing a
framework for introducing secondary nanostructural elements into two-dimensional
nanosheets of three-dimensionally bonded materials.
5.2 Experimental section
5.2.1 Chemicals
NiCl2•6H2O (99.95%), sulfur powder (99.5%), selenium powder (99+%),
tellurium powder (-200 mesh, 99.5%, metals basis), , PbCl2 (98%), CuCl2 (anyhydrous,
99%), Pb (acetate)2•3H2O (ACS, 99.0%-103.0%), and tetraethylene glycol (99%) were
purchased from Alfa Aesar. Tri-n-octlyphosphine (85%) and oleylamine (40%) were
purchased from TCI. Dichloromethane was purchased from EMD. Hexamethyldisilazane
( >99%) and selenourea were purchased from Sigma Aldrich.
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5.2.2 Preparation of .78M Te-TOP Solution
3 g of Te powder was combined with 30 ml Tri-n-octlyphosphine (TOP) in a 3neck apparatus sealed using a condenser with an air-flow adapter on top, a thermometer
adapter with mercury thermometer, and a 14/20 rubber septum. The 3-neck apparatus was
then attached to a schlenk line, and placed under vacuum for 30 minutes. The 3-neck
apparatus was then placed under Ar and heated to 280 °C , and held there for 4 hours
until all of the powder dissolved and formed a red solution. The reaction was then
allowed to cool to room temperature where the solution changed color from red to
yellow. The solution was then centrifuged at 7,500 x g for 10 minutes to remove any
remaining Te powder.
5.2.3 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, 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 3-neck round-bottom flask fitted with a
condenser, thermometer adapter, thermometer, and rubber septum. Next, 0.08 mL of the
1 M TOP-Se stock solution and 1 mL of hexamethyldisilazane were 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
SnSe nanosheets were precipitated by adding 30 mL of a 3:1:1 acetone/hexane/toluene
mixture and then centrifuged at 7500 x g for 10 min. The obtained powder was washed
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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
reactions.
5.2.4 Synthesis of Porous SnTe Nanosheets
10 mg SnSe nanosheets was dispersed in 10 ml of 0.78M Te-TOP by sonication
and then placed in a 3-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.
The 3-neck apparatus was then attached to a schlenk line and placed under vacuum for 30
minutes. The 3-neck apparatus was then placed under Ar and rapidly heated to 220 °C
over 20 minutes and immediately quenched in 30 ml hexanes. When cool, this mixture
was transferred to a glass centrifuge tube and centrifuged for 5 min at 3600 x g. The
supernatant was decanted and the product was washed 3x with dichloromethane followed
by washing 3x with hexanes.
5.2.5 Synthesis of Other Chalcogenide Precursors
Cu2Se nanoparticles were synthesized using a technique established by Korgel
and co-workers.21 200 mg of CuCl and 10 ml oleylamine were combined in a 3-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. The 3-neck apparatus was
then attached to a schlenk line and placed under vacuum for 30 minutes. The 3-neck
apparatus was then placed under Ar and heated to 130 °C over 30 minutes. When
reaching 130°C the heat was immediately turned down and the solution was cooled to
100°C. Simultaneously, a three neck flask (assembled as above) containing 130 mg
selenourea and 2.5 ml olelyamine was heated to 200 °C over 30 minutes. When this
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temperature was reached the heat was immediately shut off and allowed to cool to 160°C.
When the CuCl solution was at 100°C and the selenourea solution was at 160°C the
selenourea solution was swiftly injected into the CuCl solution. The solution is then
heated to 250°C over 30 minutes and held there for an additional 30 minutes, before
removing heat and allowing to cool to room temperature. The product was then
centrifuged at 7,000 x g for 10 minutes, the supernatant discarded, and washed 3x with a
1:1 mixture of ethanol and hexanes.
PbS nanoparticles were prepared using a procedure established by Hyeon and coworkers.22 280 mg of PbCl2 and 5 ml oleylamine were added to a 3-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. The 3-neck apparatus was then attached to a
schlenk line and placed under vacuum for 30 minutes. The 3-neck apparatus was then
placed under Ar and heated to 90 °C until a homogeneous solution was formed. Then a
solution of 30 mg sulfer dissolved in 3 ml oleylamine was swiftly injected into the PbCl2
solution and heated to 220 °C. The solution was aged at that temperature for 1 hour
before removing heat and allowing to cool to room temperature. The product was
precipated by adding a equal volume of ethanol and centrifuging at 7,000 x g for 10 min.
The supernatant was discarded and the product was washed with a 1:1 ratio of ethanol
and hexanes.
NiSe2 particles were prepared using a procedure our group has published
previously.23 58.2 mg NiCl2, 20.4 mg Se powder, and 15 ml TEG were combined in a 3neck apparatus sealed using a condenser with an air-flow adapter on top, a thermometer
adapter with mercury thermometer, and a 14/20 rubber septum. The 3-neck apparatus was
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then attached to a schlenk line and placed under vacuum for 30 minutes. The 3-neck
apparatus was then placed under Ar, heated to 170 °C, and held there for 2 hours. The
heat was then removed and the mixture was cooled to room temperature. The product
was then washed 3x with a equal volume of ethanol.
PbSe powder was prepared by combining 106.7 mg Pb(acetate)3, 27.3 mg Se
powder, and 13 ml oleylamine in a 3-neck apparatus sealed using a condenser with an airflow adapter on top, a thermometer adapter with mercury thermometer, and a 14/20
rubber septum. The 3-neck apparatus was then attached to a schlenk line and placed
under vacuum for 30 minutes. The 3-neck apparatus was then placed under Ar and heated
to 240 °C and held there for 1 hour. The mixture was then removed from heat and cooled
to room temperature. The product was then centrifuged at 7,000 x g for 10 minutes, the
supernatant discarded, and washed 3x with a 1:1 mixture of ethanol and hexanes.
5.2.6 Conversion of other chalcogenides to tellurides
10 mg of powder was dispersed in 10 ml of .78M Te-TOP by sonication and then
placed in a 3-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. The 3-neck
apparatus was then attached to a schlenk line and placed under vacuum for 30 minutes.
The solution was then heated to the indicated temperature and held there for 1 hour:
NiSe2 = 260 °C, Cu2Se = 230 °C, PbS = 220°C and PbSe = 300°C. The mixture was then
removed from heat and cooled to room temperature. The product was then centrifuged at
7,000 x g for 10 minutes, the supernatant discarded, and washed 3x with a 1:1 mixture of
ethanol and hexanes.
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5.2.7 Characterization
Powder X-ray diffraction (XRD) data was collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were obtained from a
JEOL 1200 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 toluenedispersed nanostructures onto Formvar-coated Cu TEM grids. Lattice and atomic fringes
were measured from the fast-Fourier transform (FFT) of HRTEM images using ImageJ
software (http://rsbweb.nih.gov/ij/). EDS data analysis was carried out using ESVision
software (Emispec, 2004). 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 PPPNCHR tapping mode AFM tips
from Nanosensors.
5.3 Results and Discussion
Laterally uniform nanosheets of SnSe were synthesized as described previously.3
Representative TEM images confirm that the SnSe nanosheets are square-shaped, often
with truncated corners (Figure 5-1a). SAED patterns of single SnSe nanosheets confirm
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Figure 5-1: TEM images of single-crystal SnSe nanosheets before(a) and after(b,c)
heating in TOP-Te. Corresponding SAED patterns for each image can be found in the
inset.
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that they are single crystals of the GeS structure type, oriented along the [100] direction
(Figure 1a inset). 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 (Figures 5-1b and 5-1c)
show that the SnTe nanosheets retain the average size and two-dimensional morphology
defined by the SnSe template, but the sheets now also possess pores throughout
Interestingly, despite the porous nature of the nanosheets, SAED patterns of single SnTe
nanosheets (Figure 5-1b inset) show that they are also single crystals, with a cubic spot
pattern consistent with nanosheets of NaCl-type SnTe oriented along the [100] direction.
Figure 5-2 shows AFM and FESEM data that reveal the three-dimensional morphology
of the nanosheets, which consist of flat porous sheets with crystallographically-aligned
protrusions of (111)-oriented cubes. The XRD pattern of the SnTe nanosheets in Figure
3, which show secondary preferred orientation along the [111] direction, is also
consistent with these tilted-cube protrusions on the single-crystal nanosheets.
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, which suggests that the nanosheet morphologies
are present throughout the bulk of the sample. For SnSe, only the (400) and (800) peaks
are present, and for SnTe, only the (200) and (400) peaks are present. Both are consistent
with [100]-oriented nanosheets, and since the crystal structure of SnSe can be described
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Figure 5-2: (a) AFM image of porous SnTe nanosheet. (b) Linescan corresponding to
blue line in (a). (c,d) FESEM images of porous SnTe nanosheets.

as a distortion of the rocksalt structure that SnTe adopts, this conservation of
crystallographic orientation is expected for a single crystal-to-single crystal
transformation.21-23
HRTEM analyses provide further insights into the crystallinity and composition
of the porous SnTe nanosheets. Figure 4a shows an HRTEM image of a single SnTe
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Figure 5-3: Powder XRD patterns for SnSe before and after heating in
TOP-Te.

nanosheet, and Figures 5-4b and 5-4c show progressively higher-magnification images of
the same sheet. Figure 5-4b highlights a single 20 nm x 28 nm pore. The carbon-Formvar
substrate is clearly visible through the opening, demonstrating the porosity of the product.
The lattice fringes observed in Figure 5-4b, combined with the FFT shown in the inset to
Figure 5-4b, indicate that the entire region surrounding the pore is single-crystalline with
the cubic lattice that is expected for NaCl-type SnTe. The higher-magnification image in
Figure 3c shows 90° intersections of lattice planes that are all spaced at ~3.13 Å relative
to one another. This is consistent with the SnTe {200} family of planes. Analysis of a
representative porous SnTe nanosheet by STEM-EDS indicates that the product consists
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almost entirely of Sn and Te, with only

(a)

residual Se that is close to the detection limit
(Figure 5-5). 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
200 nm

rastered across the sample.
In order to probe the pathway that

(b)

converts the SnSe nanosheets to SnTe, we

5 nm

used

thicker

SnSe

nanosheets,

which

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 (Figures 5-6b) shows that the

(c)

reaction first occurs at the edges. The center

2 nm

of these sheets remains dense, with a
thickness similar to that of the precursor, but
3.13 Å
90°

3.13 Å

the edges appear to thicken and become
rougher. This suggests that the conversion
first occurs at the nanosheet edges. As the

Figure 5-4: HRTEM images of a porous
SnTe nanosheet. Inset: FFT of nanopore.

conversion continues crystals begin to form
in the interior of the sheets (Figure 5-
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Figure 5-5: (a) STEM image of a porous SnTe nanosheet. (b) EDS linescan
corresponding to red line in (a).

6c), eventually consuming the SnSe as pores begin to emerge in the center (Figure 5-6d).
This process continues until all of the SnSe is consumed and the nanosheet is transformed
to porous SnTe (Figure 5-6e-h).
Figure 5-7 shows EDS line scans across an intermediate sample, along with the
corresponding HRTEM images, which provides further insight into the reaction pathway.
EDS line scans across the dark-contrast frames around the nanosheet edges (analogous to
the edges of the nanosheets in Figures 5-6b-e) 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 do indeed contain SnSe. This suggests that diffusion occurs
inward from the nanosheet edges rather than from the faces (which have a higher exposed
surface area), first forming SnTe around the perimeter before moving toward the center.
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Figure 5-6: TEM images of nanosheets at various stages of conversion.
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Figure 5-7: (a,b) HRTEM images of intermediate of conversion reaction. (c) EDS
Linescan corresponding to the red line in (b).

Further support comes from HRTEM images taken at the interface between the converted
perimeter region and the unconverted central region, which show that SnTe and SnSe coexist (Figure 5-5).The chemical transformation of single-crystal SnSe nanosheets to
single-crystal SnTe nanosheets appears to occur through a diffusion-based process, as
elucidated above, and is consistent with an anion exchange reaction pathway, which has
been used in a limited number of cases to convert one type of oxide or chalcogenide
nanoparticle into another.27-29 Interestingly, control experiments that sought to replace Se
with S by reacting SnSe with TOP-S have not been as straightforward, yet the reaction of
SnSe with TOP-Te is facile. This can be rationalized by comparing the R3P-X (X=S, Se,
Te) bond energies.
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Figure 5-8: Powder XRD patterns for anion exchange reactions. (a) PbSe to PbTe,
(b) NiSe2 to NiTe2, (c) Cu2Se to Cu3Te2, and (d) PbS to PbTe

The P-Te bond energy (-184 kJ/mol) is substantially less than the P-Se bond energy (-266
kJ/mol), while the P-S bond energy (-337 kJ/mol) is substantially larger.20 Given these
insights into the reaction pathway that converts SnSe to SnTe and consideration of the
chemical factors involved in the process, the conversion of selenides to tellurides should
be fairly general. Indeed, nanocrystalline powders of NiSe2, Cu2Se, and PbSe convert to
NiTe2, Cu2Te, and PbTe, respectively, when heated in TOP-Te to temperatures of 220 –
300 °C (Figure 5-8). Importantly, PbS also converts to PbTe when heated to 220 °C in
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TOP-Te (Figure 5-8), which correlates with our hypothesis that the chemical driving
force being a function of P-X bond strength.
5.4 Conclusion
In summary, we have described an anion exchange reaction pathway that converts
colloidal SnSe nanosheets to colloidal nanosheets of SnTe with retention of
monocrystallinity and crystallographic orientation. SnTe is a three-dimensionally bonded
material that does not form colloidal nanosheets directly under analogous conditions, and
this chemical transformation reaction produces nanosheets that incorporate pores and
protrusions into their single crystal morphology. Preliminary evidence of generality to
other chalcogenide systems suggests that this approach could lead to complex twodimensional nanostructures across a diverse library of materials.
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Chapter 6
Bulk Crystal Growth in a Beaker: A Low-Temperature
Solution-Mediated Method for Growing mm-scale Single
Crystals

6.1 Introduction
Single crystals are often preferred over polycrystalline materials due to intrinsic
knowledge that can be gained from a material with no grain boundaries. Solving of
crystal structures requires single crystal x-ray diffraction to obtain precise cell
dimensions, bond lengths, and bond angles. Four-point probe resistivity measurements
require a large single crystal to perform the test that obtains anisotropic electron
conduction data, granting a greater understanding of the electron transport properties of
the material. Single crystals in many cases possess ideal properties over polycrystalline
solids. Grain boundaries cause obstruction of current in YBa2Cu3Ox1 and MgB22 high
temperature superconductors, making single crystal wires ideal for electric conductivity.
Single crystals are also important in the fabrication of solid state lasers where Y3Al5O12,
doped with rare earth elements such as Nd or Er, performs as the active lasing medium.3,4
Synthesis of intermetallic single crystals is often difficult because the synthetic
techniques often utilized do not always facilitate the formation of single crystals. Rapid
cooling of reactants from high temperatures and repeated grinding that is often required
do not create a favorable environment for crystal growth. Single crystals can occasionally
grow through extended annealing, but rarely does that produce crystals of significant size
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for physicochemical analysis. Bottom up techniques, such as solvothermal5 and solution
chemical techniques6, are capable of synthesizing single crystalline materials but on size
scales that are too small for significant physiochemical analysis.
Metal flux synthesis has been one of the most popular routes to grow
intermetallic single crystals.7,8 Typically precursors are combined with an excess of low
melting metal or salts and heated, which creates a metal-based solvent. The mixture is
placed in an appropriate crucible and then sealed in a silica tube under vacuum. The
vessel is then heated to the desired annealing temperature for a period of hours or days,
generally followed by a controlled cooling rate. Crystals are collected by either high
temperature centrifugation through steel mesh or by dissolving the excess flux with an
appropriate acid. While flux synthesis offers an excellent route for the growth of defect
free, phase pure, large single-crystals, there are a number of drawbacks. One drawback is
that the synthesis requires a unique apparatus to synthesize and collect the product. More
importantly, the high-temperatures required to generate these large single crystals
generally produce only thermodynamically stable phases. If large single-crystals of nonequilibrium or low temperature phases are desired, new low-temperature crystal growth
techniques must be established.
This chapter describes a new low temperature route for the growth of intermetallic
single crystals. This work builds on a previous report by Henderson that focused on the
synthesis of polycrystalline intermetallic compounds using “beaker chemistry”.9 A
variety of different intermetallic compounds were synthesized by heating bulk metal
powders in high-boiling solvents. One system in particular, FeSn2, when synthesized with
a 2-fold excess of Sn generated single crystal wires. This work expands on that result,
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investigating the solution-mediated growth of large single crystals. It is analogous to the
metal flux technique by using a large excess of low melting metal, in this case Sn, as
reaction media. It differs in that the powders are combined and heated in a high
temperature solvent using general glassware and heating mantles. It is performed at lower
temperatures than typical flux techniques, and may provide access to non-equilibrium
single crystals that are not accessible using higher temperature techniques.
6.2 Experimental Section
6.2.1. Chemicals
Tin powder (-325 mesh, 99.8%), palladium powder (APS 0.25-0.55 micron,
99.5%), platinum powder (A325 mesh, 99.9+%), cobalt powder (1.6 micron, 99.8%),
nickel powder (-325 mesh, typically 99.8%), lead powder (-200 mesh, 99.9%), bismuth
powder (-325 mesh, 99.5%), antimony powder (-325 mesh, 99.5%) n-eicosane (99%),
and tetraethylene glycol (TEG, 99%) were purchased from Alfa Aesar. Nitric acid, acetic
acid, and hydrochloric acid was purchased from EMP. A 30% solution of hyrdrogen
peroxide was purchased from VWR international.
6.2.2 Synthesis of Bulk Single Crystals
Component one
22.8 mg Co
20.1 mg Ni
19.0 mg Pt
23.1 mg Pd
11.0 mg Ni

Component 2
327 mg Sn
301 mg Sn
349 mg Sn
401 mg Sn
32.8 mg Bi/307.6 mg Pb

Product
CoSn3
Ni3Sn4
PtSn4
PdSn4
NiSb2

Table 6-2: Precursor amounts used to synthesize crystals

Appropriate metal powders shown in Table 6-1, 50 ml of TEG, and a Teflon
magnetic stir bar were combined and placed in a 100 ml three-neck apparatus sealed
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using a condenser, a thermometer adapter with mercury thermometer, and glass stopper.
The 3 neck apparatus was then attached to a schlenk line and placed under vacuum for 1
hour. The 3-neck apparatus was then placed under Ar and placed at a stir rate of 800 rpm
and heated to 300 °C. When this temperature was reached the solvent is clear and a
molten sphere of Sn circling the flask should be plainly observable (which eventually will
solidify into a metal pellet when the reaction is complete and cooled). After an hour at
this temperature the solvent starts to decompose resulting in a color change from clear to
brown and the temperature slowly decreasing until it reaches 280 °C. The solvent was
stirred at this temperature for an additional 4 hours before halting the stirring and aging
the solvent for 48 hours at 280 °C. After 48 hours the temperature was slowly ramped
down over the course of 8 hours until reaching the temperature 220 °C, after which the
heating element was removed and solvent cooled naturally to room temperature.
6.2.3 Collection of Crystals
After the solvent reaches to room temperature the apparatus was disassembled
and solvent decanted. The metal pellet was retrieved and washed repeatedly with water
and ethanol to remove residual solvent. Excess powder remaining in the flask was
discarded.
Chemical etching was employed to retrieve crystals from the Sn pellet. The Sn
pellet was placed in a glass 20 ml reaction vial with a stir bar and filled with 15 ml of 4
M HCl. The vial was then loosely capped to prevent the buildup of hydrogen gas and
stirred at the minimum rotation. The excess Sn was etched slowly, typically over the
course of 2-4 days. Sonication was avoided to prevent fracturing of the crystals. When a
sufficient amount of Sn was dissolved yielding visible crystals the etchant was replaced
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with 2 M HCl to prevent etching of the crystals. The crystals were stirred for an
additional 3-5 days until all of the excess tin dissolved. The crystals were washed
repeatedly in de-ionized water and stored in ethanol. When Bi was used as a flux, 3 M
HNO3 was used to etch the Bi to recover the crystals. When Pb/Sb mixture was used as a
flux, an etching solution consisting of a 1:1 volumetric ratio of acetic acid and a 30%
solution of hydrogen peroxide was employed.
6.2.4 Characterization
Powder X-ray diffraction (XRD) data was collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation. Scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS) was performed on a FEI Quanta 200
environmental scanning electron microscope operating in high vacuum mode using a
JEOL 5400 electron microscope.
6.3 Results and Discussion
6.3.1 General Crystal Growth
Figure 6-1 shows SEM (a) , XRD (b), and EDS (c) data for CoSn3 crystals, a low
temperature phase only recently discovered that does not appear on the original Co-Sn
phase diagram,10 grown using this technique. This phase cannot be accessed using
traditional solid state techniques but when lower temperature routes are employed, such
as solution chemistry, the phase is fairly accessible.9,11 The crystals have a plate-like
morphology, consistent with the crystal structure, and possess rigid edges. The EDS
spectrum indicates that the crystals are composed of a 1:3 Co:Sn ratio. The XRD pattern
shows only 3 reflections, but when compared to a simulated α-CoSn3 crystal the [400],
[600], and [1200] reflections match the simulated structure. The remaining reflections are
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Figure 6-1: (a) SEM image of a individual CoSn3 crystal. (b) Experimental and
simulated powder XRD patterns for CoSn3. (c) EDS spectrum of CoSn3 crystals. (d)
Display of CoSn3 crystal structure, with blue and metallic spheres representing Co and Sn
atoms, respectively.

not observed due to enhanced diffraction intensity of {h00} due to preferred orientation
of the crystals.
Figure 6-2 shows SEM, XRD and EDS data for Ni3Sn4 crystals grown using this
technique. The crystals have a pseudo-dodecahedron morphology and possess rigid
edges. The EDS spectrum indicates the elemental composition of the crystals to be in a
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Figure 6-2: (a) SEM image of Ni3Sn4 crystals. (b) Experimental and simulated powder
XRD patterns for Ni3Sn4. (c) EDS spectrum of Ni3Sn4 crystals. (d) Display of Ni3Sn4
crystal structure, with green and metallic spheres representing Ni and Sn atoms,
respectively.

42:57 ratio of Ni:Sn. The powder XRD pattern matches well with Ni3S4 crystal
strucuture, with no crystalline impurities.
This chemistry can also be extended to Pt and Pd systems. Figures 6-3 snd 6-4
show multiple SEM images of both PtSn4 and PdSn4 crystals respectively. Similar to the
CoSn3 crystals, they are primarily two-dimensional plates. Also like CoSn3, the XRD
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Figure 6-3: (a-c) SEM images of PtSn4 crystals. (d) Simulated and experimental powder
XRD patterns for PtSn4 crystals.
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Figure 6-4: (a-c) SEM images of PtSn4 crystals. (d) Simulated and experimental powder
XRD patterns for PtSn4 crystals.
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pattern shows significant preferred orientation in the {100} direction due to the twodimensional morphology of the crystals. Both PdSn4 and PtSn4 crystals have truncated
edges, which when combined with the XRD patterns suggest that these are likely single
crystals rather than aggregates of polycrystalline powders.
As shown in the previous figures PdSn4, PtSn4, CoSn3, and Ni3Sn4 single crystals
can be synthesized using this technique. This shows that this technique can be utilized as
a low temperature technique to generate transition-metal stannide single-crystals.
Unfortunately, there are limitations. One limitation is that, to date, this only produces the
most Sn-rich phase in each system. With no means of increasing the transition-metal
content, this technique is limited in the number of different crystals it can synthesize. The
other major limitation is the size of the crystals that are synthesized. Crystal size is
significant when performing intrinsic property studies, as the majority of these techniques
require crystals to be on the millimeter scale. Being able to grow crystals to this size
regime will be imperative for this technique to be practical.
6.3.2 Facilitating Growth of Larger Crystals
To facilitate the growth of larger crystals, two reaction parameters have been
determined to be crucial: reaction time and cooling rate. Figure 6-5 shows SEM images
of CoSn3 crystals synthesized with different aging times. Figure 6-5a shows crystals
annealed over the course of 4 hrs and reach a maximum crystal size of 20 µm. When the
precursors are aged for 48 hrs in solution the crystals are significantly larger. Figure 6-5b
shows a collection of SEM images which show the crystal dimensions can exceed 100
µm when heated for this duration. While it is possible to age for longer periods of time,
the solvent must be changed to tetracosane (as TEG decomposes significantly when
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Figure 6-5: Select SEM images of CoSn3 crystals when aged at 290 °C for (a) 4 hrs, (b)
48 hrs, and (c) 96 hrs.

heated at reflux for longer than 48 hrs), the increases in crystal size is minimal. Figure 65c shows SEM images of crystals grown when aged over 96 hrs. The crystals grown over
this time are much more symmetric than crystals generated over shorter time periods, but
show no increase in size when compared to the crystals grown for 48 hrs. It is unknown
whether the square shape is due to the longer aging time or is some effect of the solvent.
In addition to annealing time, the important factor in the crystal size using this
technique is the cooling rate. Crystals grown in Figures 6-1 through 6-5 were all
synthesized using a cooling rate of 2 °C/min. When this rate is slowed to 0.125 °C/min,
substantially larger crystals can be grown. Figure 6-6 displays SEM images of CoSn3
crystals grown over 48 hrs at 280 °C, and then cooled to 220 °C over a period of 8 hrs.
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Figure 6-6: Select SEM images of CoSn3 crystals aged over 48 hrs and cooled at a rate
of 0.125 °C.

The crystals adopt the same shape as crystals grown using a faster cooling rate,
but are significantly larger. The largest of these crystals has dimensions of 340x320x45
µm. While this crystal size shows significant progress over crystals generated initially,
larger crystals are still desired. Not only will larger crystals make this method comparable
to other well established crystal growth techniques, it would also present an opportunity
for single-crystal XRD which could give insights to the crystal quality as well as
structural information.
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6.3.3 Crystal Growth Using Alternative Flux Media
Established flux techniques use a variety of low melting elements as a crystal
growth medium.7 We attempted to grow crystals using our established parameters but
replacing Sn with Ga, Pb (using tetracosane as the solvent), In, or Bi. Our preliminary
results to this point indicate that other metal fluxes do not generate single crystals but
instead polycrystalline powders similar to work previously reported by our group.9 The
lone exception to this was when Ni powder was used in conjunction with a Bi flux.
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Figure 6-7: (a-c) SEM images of Bi3Ni crystals. (d) Experimental and simulated powder
XRD of Bi3Ni crystals.
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Figure 6-7a-c shows SEM images of one-dimensional crystals grown using this method.
The crystals adopt a wire morphology and are 200 µm long with a diameter of 10µm.
About 25% of the crystals are not completely linear and possess kinks shown in Figure 67c. Figure 6-7d shows the powder XRD for the 1-dimentional crystals which indicates
that the sample consists of NiBi3 with preferred orientation, indicated by the substantial
intensity difference between the simulated and experimental patterns in the (010)
direction. This result is consistent with the earlier observation that indicates that only the
most flux rich phases will crystallize using this technique.
One of the limitations of this technique is that due to the boiling points of the
solvents only a select few elements can be used as the flux. To overcome this limitation,
it may be possible to utilize eutectic mixtures of elements to obtain a lower melting point.
We attempted this using a PbSb mixture (which has a melting point of 251.7 °C when
composed of 17.5% Sb)12 to synthesize crystals of NiSb3, a non-equilibrium phase that
has only been synthesized as a thin film.13 Figure 6-8a-d shows SEM images with
corresponding elemental mapping of the product of this reaction after removal of Pb by
chemical etching. The images indicate that there is material in the product that consists of
both Ni and Sb, but no large single-crystals are observed. The XRD for this product,
shown in figure 6-8e, indicates that the product consists of both NiSb2 and Sb powder.
While this system did not produce single-crystals it may be possible to utilize other
eutectic mixtures to generate crystals such as SiAu( 363 °C, 18.6% Si) and GeAu(361 °C
, 28% Ge).12
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Figure 6-8: (a) SEM image of the product of the Pb/Sb eutectic reaction with Ni. Below
is elemental mapping data for (b) Ni, (c) Pb, and (d) Sb. (e) Powder XRD including
experimental powder, simulated Sb, and simulated NiSb2.

6.4 Conclusion
In this chapter we have introduced a low-temperature solution-mediated technique
for growing bulk-single crystals. When using Sn as a flux it is possible to grow crystals
of CoSn3, Ni3Sn4, PdSn4, and PtSn4 in a temperature regime not previously observed.
Substantial strides have been made in growing larger crystals. Longer aging times and
slower cooling rates facilitate the growth of larger crystals. This knowledge can be used
to generate crystals with maximum dimensions of 340x320x45 µm. While this is a novel
technique for generating single crystals, it is not without its limitations. To this point,
only the most Sn-rich phases are accessible using this technique. When substituting other
elements for Sn, only Bi has shown the capacity to act as a flux for crystal growth. For
this technique to be practical for property characterization, progress must be made in
growing crystals with dimensions exceeding 1mm.
While this technique currently has many limitations, it does have the possibility of
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generating crystals never observed before. Working in this temperature regime may result
in non-equilibrium phases, and if the products are large single-crystals then intrinsic
property studies can be conducted. While this goal has yet to be reached it may be
realized by extending this chemistry to more complex systems such as utilizing eutectic
fluxes or targeting ternary systems. The impact of a technique that can access large
single-crystals of non-equilibrium phases would be profound.
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Chapter 7
General Conclusions
This dissertation has developed tools for controlling the phase and composition of
chalcogenide nanomaterials. These tools have been used to generate non-equilibrium
phases of transition-metal chalcogenides that have not been reported previously. We have
also developed new methods of post-synthetic modification of chalcogenide
nanomaterials, giving chemists new strategies to control the phase and composition of
chalcogenide nanomaterials.
In Chapter II we discussed the first synthesis of wurtzite-type MnSe, the end
member of the Zn1-xMnxSe solid solution, utilizing a solution-based route. The product
was isolated as isotropic irregular nanoparticles ranging from 25-75 nm in size. We
characterized the particles using UV-Vis spectroscopy and SQUID magnetometry and
determined the nanoparticles possessed a band gap of approximately 3.5-3.8 eV and the
particles are antiferromagnetic with a TN=64K. We also determined that the wurtzite
phase would only form if a carbon-carbon π-bond was present in the reaction solvent,
suggesting that a high temperature Se complex forms with the π-bond at high
temperatures. This complex is a necessary intermediate for the synthesis of wurtzite-type
MnSe.
In Chapter III we discussed the synthesis of phase-pure crystalline PbO-type FeS,
which adopts the same structure type of the recently discovered superconductor β-FeSe,
using a solvothermal route. The product was isolated as irregular single-crystal
nanosheets. SQUID measurements suggest a portion of the product exhibits
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diamagnetism at 4K. Unfortunately, due to a large ferromagnetic background we are
unable to confirm or deny PbO-type FeS as a member of the iron-based superconductors.
In Chapter IV we discussed a new nanoparticle conversion strategy that employs
tri-n-octlyphosphine as a chalcogen extraction agent. We demonstrated the power of this
technique by extracting selenium or sulfur from SnSe2, FeS2, NiSe2, and CoSe2 powders
resulting in the most chalcogen deficient phase in each system. We applied this chemistry
to a mixture of Fe-Se powders and synthesized phase-pure β-FeSe, a known
superconducting compound, showing the utility of this technique for purification of
chalcogenide mixtures. Chalcogen extraction also represents a new nanoparticle
conversion reaction, successfully converting pyrite-type NiSe2 hollow nanospheres to
NiAs-type NiSe while maintaining the precursor’s original morphology. We also showed
the potential for this technique to fully extract the chalcogen from the material and either
reduce the metal to an unary compound or replace the chalcogen with phosphorus.
In Chapter V we discussed an extension of the chemistry developed in Chapter
IV. By dissolving tellurium in tri-n-octlyphosphine before performing the chalcogen
extraction, it is possible to extract sulfur or selenium from the material and replace it with
tellurium. This presents a new method to facilitate anion exchange. This chemistry was
used to convert preformed single-crystal SnSe nanosheets to porous SnTe nanosheets.
The product maintains both the morphology and the single-crystalline nature of the
precursor, while simultaneously being porous. We also show that this chemistry can be
extended to other systems by converting PbS, PbSe, Cu2Se, and NiSe2 to their
corresponding telluride, demonstrating that the anion exchange pathway is general for
various chalcogenides.
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Finally, in Chapter VI we introduced a low-temperature method for growing large
single-crystals of intermetallics. By combining concepts from crystal flux growth and
solution chemistry we synthesized single crystals of CoSn3, Ni3Sn4, PtSn4, PdSn4, and
NiBi3. Using this technique we have generated crystals with maximum dimensions of
340x320x40 µm. Because of the temperature regime that this crystal growth occurs, this
route may possibly facilitate the growth of bulk single-crystals of non-equilibrium
phases.
Taken together, this dissertation demonstrates the power of solution chemistry to
synthesize target phases and compositions of chalcogenide nanomaterials. We have
shown that these techniques can be used to access kinetically stable non-equilibrium
crystal structures, synthesizing materials not previously reported. These techniques offer
unique processing capabilities that can be exploited to fine-tune composition and
structure of chalcogenide nanomaterials. These discoveries give the scientist valuable
tools to better synthesize desired materials.
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