The Pennsylvania State University
The Graduate School
Eberly College of Science

SYNTHESIS OF EARLY TRANSITION METAL AND NON-EQUILIBRIUM
INTERMETALLIC NANOPARTICLES USING n-BUTYLLITHIUM

A Dissertation in
Chemistry
by
James F. Bondi

 2012 James F. Bondi

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

August 2012

ii

The dissertation of James F. Bondi was reviewed and approved* by the following:

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

Mary E. Williams
Associate Professor of Chemistry

John V. Badding
Professor of Chemistry

Michael A. Hickner
Assistant Professor of Materials Science and Engineering

Barbara J. Garrison
Shapiro Professor of Chemistry
Head of the Chemistry Department

*Signatures are on file in the Graduate School

iii

ABSTRACT
Over the past decade, the role of inorganic nanomaterials has become an essential
cornerstone for modern research applications.

Despite these applications becoming

progressively more advanced, the field of nanoscience is dependent on a material’s
physical and chemical properties which are affected by factors such as size, shape,
composition, and crystal structure.

One synthetic approach to yield inorganic

nanomaterials with great control is solution-based methods, particularly the reduction of
metal salt precursors. Non-equilibrium phases and early transition metals represent one
class of materials that may result in new and enhanced properties at the nanoscale but are
challenging to synthesize. In this dissertation, I present my studies on synthesizing nonequilibrium intermetallics and early transition metal nanoparticles using n-butyllithium
and solution-based methods.
By utilizing a template-driven approach, I first report an optimized synthesis for
the non-equilibrium L12-type Au3M1-x (M = Fe, Co, or Ni) intermetallics with
morphological, compositional, and structural control.

Modifying a previous n-

butyllithium procedure, it was possible to identify key variables (solvent, order of reagent
addition, stabilizer, and heating rate) which led to the generation of high phase purity and
increased sample sizes. Aliquot studies showed that the intermetallic nanoparticles were
formed through the initial nucleation of Au nanoparticles, followed by subsequent
incorporation of the 3d transition metal. Property studies of the non-equilibrium phases
found that Au3Fe1-x and Au3Co1-x nanoparticles are superparamagnetic with TB = 7.9 K
and 2.4 K, respectively, while Au3Ni1-x is weakly paramagnetic down to 1.8 K.

iv
Elemental analysis by energy dispersive X-ray spectroscopy and refinement of electron
diffraction patterns confirmed Au3Fe1-x with a composition of approximately Au3Fe0.7.
The 3d transition metal deficiency in the non-equilibrium Au3M1-x phases was
studied by reacting Au nanoparticle seeds with n-butyllithium. The reaction yielded the
thermodynamically stable phase Au3Li, a polar intermetallic which adopts the L12
structure type. Interestingly, the Au3Li nanoparticles decompose in water to regenerate
Au. The Au3Li phase gives insight to a plausible template-driven reaction pathway for
the non-equilibrium Au3M1-x phases. The synthetic achievement of both non-equilibrium
phases and polar intermetallics shows that n-butyllithium is capable of affecting
nucleation kinetics and lithium intercalation.
Finally, n-butyllithium was used as a strong reducing agent in the solution-based
synthesis of elemental Mn nanoparticles. The particles were synthesized using air-free
techniques by reacting n-butyllithium with MnCl2 and oleic acid in diphenyl ether. The
nanoparticles were found to adopt the α-Mn structure and contained a thin amorphous
MnO layer bound by oleate ligands to help render them air-stable.

Unlike

antiferromagnetic bulk Mn, the as-made nanoparticles were paramagnetic. With little
modification, crystalline Mo and amorphous W nanoparticles were synthesized using the
same n-butyllithium procedure. Using the thermal decomposition of metal-carbonyls was
shown to yield W, Mo-based alloys, and tetrapod-like MnO nanoparticles.
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Chapter 1
Solution Methods for Inorganic Nanomaterials

1.1 Inorganic Nanomaterials
A simplistic depiction of solid state materials is that nanomaterials differ from their
bulk analogues. Though the previous statement is inherently true, over the past decade
the role of inorganic nanomaterials has become an essential cornerstone for modern
research applications.

Current state-of-the-art inorganic nanomaterial applications

include cancer diagnosis/treatment,1 microprocessors,2,3 data storage,4 solar energy
conversion,5 and fuel cell catalysis.6 Despite these applications becoming progressively
more complex, the field of nanoscience is dependent on a material’s fundamental
physical and chemical properties exhibited within the nanometer regime (< 100 nm). By
decreasing the dimensions of an inorganic solid, one can alter or enhance the magnetic,7
optical,8 and catalytic behavior of a material.9

For example, when the size of a

ferromagnetic nanocrystal decreases below the single domain value, the spins are
increasingly

affected

by

thermal

fluctuations

and

the

system

becomes

superparamagnetic.10 Ag and Au nanoparticles date back as far as the Roman Empire
and were used for their dichroic effects as demonstrated in the Lycurgus cup.11 Today, it
is known that colloidal Ag and Au possess a tunable optical band gap dependent on size
and shape exhibited by a concept called surface plasmon resonance.12,13

Similarly,
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catalytic activity in Pt nanoparticles can be enhanced by decreasing the particle size 9 or
by engineering novel nano-architectures that yield electron-rich catalytic sites.14,15
Other factors that influence the behavior of inorganic nanomaterials include
morphology,16 composition,12 crystal structure,17 and architecture.18 The synthetic route
to yield inorganic materials with modified behaviors becomes increasingly more
important since small changes in a synthesis can result in new properties. Traditionally,
synthetic approaches of inorganic nanomaterials are classified into two categories: topdown and bottom-up. The top-down approach, originally used to describe conventional
manufacturing, is when micro- or macroscale materials are physically or chemically
Top-down methods include ball-milling,19,20 laser

broken down into nanoparticles.

ablation,21 chemical etching,22 electrospinning,23 and photolithography.24 The bottom-up
approach, derived from molecular manufacturing, is the procedure of assembling small
units (i.e. atoms, molecules, or small nanoparticles) to construct larger products.
Examples

of

the

bottom-up

approach

consist

of

solution-based

methods,25

electrodeposition,26 and chemical vapor deposition.27 The molecular-based bottom-up
method takes advantage of chemical properties which rely on self-assembly or position
assembly. The top-down approach has been employed in industrial manufacturing for
decades. However, using the top-down approach is limited by the ability to control
factors such as size, shape, uniformity, and phase purity; all of which affect homogenous
properties throughout nanomaterials.
The solution-based method operates at a relatively low-temperature and entails a low
energy footprint.28

The lower energy process allows for more kinetic control than

traditional metallurgy, thus leading to the size- and shape-control of phase-pure inorganic
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materials.

In a solution-based synthesis, nanoparticles are nucleated in a polar or

nonpolar solvent with metal precursors (i.e. metal salts, inorganic complexes, or fine
powders) and/or surface stabilizers. The onset of nanoparticle nucleation can be driven
by light, heat, or reducing/oxidizing agents.29

Solution methods such as sol-gel,30

polyol,31,32 hydrothermal,33 microwave synthesis,34 and thermal decomposition of
inorganic complexes35 have been extensively studied for single-metal, metal oxide, and
semiconductor nanomaterials. However, by combining two or more metals, alloy and
intermetallic compounds are of particular interest because they increase the variety of
nanomaterials and allow for more complex phases and properties to be studied. Thus, the
ability to expand upon synthetic controls for new nanomaterials has led to current
investigations into non-equilibrium alloys and intermetallics, as well as the expansion
towards early transition metal-based nanoparticles.

As I will discuss here, non-

equilibrium phases and early transition metal systems are among the most difficult
materials to synthesize due to their unstable nature. Therefore, developing a general
strategy that is capable of synthesizing these elusive systems could inherently lead to the
discovery of new materials and properties at the nanoscale.

1.2 Solution Chemistry Techniques for Metal Nanoparticles
In contrast to bulk traditional metallurgy, where diffusion plays a significant role,
solution synthetic routes operate with an additional set of phenomena. 36 Figure 1-1
shows the LaMer diagram, proposed by LaMer and Dinegar, describing the nucleation of
monodisperse particles.37 The regions I, II, and III in the LaMer diagram represent the
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prenucleation, nucleation, and growth stages, respectively.

In stage I, during

prenucleation, the concentration of a monomer builds until a critical concentration, Cmin,
is reached. Upon reaching stage II, self-nucleation begins and the reaction becomes
heterogeneous. The monomer concentration approaches its maximum level, Cmax, and
the appearance of more nuclei partially relieves supersaturation. The system reaches a
near steady state of mass balance between supply rate of monomer and consumption rate
for the growth of nuclei. The increasing consumption of monomer leads to a decline in
monomer concentration and the critical concentration is reached again, entering stage III.
LaMer proposed that during the growth mechanism, no additional nucleation occurs and
one can expect the formation of monodisperse particles.

The LaMer model is an

excellent depiction of how kinetics can affect solution-based nanoparticle assembly. An
additional growth phenomenon for solution-based nanoparticles is Ostwald ripening.38
This thermodynamically-driven process happens when smaller particles are redissolved
and deposited onto the energetically-favored larger particles.
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Figure 1-1. LaMer diagram depicting the nucleation of monodisperse nanoparticles as a function of
concentration of monomers vs. time. Regions I, II, and III represent the stages of prenucleation, nucleation,
and growth, respectively. Illustration by James Bondi.

Single-metal nanoparticle systems such as Ag,39 Au,40 Pt,41 Pd,42 SiO2,43 and Fe3O444
have been extensively studied via chemical routes with significant morphology, size, and
homogeneity control. Expanding these methodologies to bi- and tri-metallic systems has
led to property discoveries in the fields of catalysis,6 solid state hydrogen storage,45
superconductivity,46,47 and thermoelectricity.48 For example, nanocatalysts of FexPt1-x
alloys showed an increase in the electrocatalytic reduction activity of oxygen when
compared to Pt nanocatalysts.49 Interestingly, atomically disordered alloys and their
atomically ordered intermetallic counterparts can often exhibit different or enhanced
physical and chemical properties. For instance, the face-centered cubic (fcc) FePt alloy
and the face-centered tetragonal (fct) FePt intermetallic exhibit paramagnetic and
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ferromagnetic behavior, respectively.50 Similarly, the degree of order in other Pt-based
alloys can also affect catalytic activity.6 Due to large miscibility ranges in alloy phases,
binary systems with the same structure can also have composition dependent properties.
In Ag-Au alloy nanoparticles, it was observed that by independently varying elemental
composition, the nanoparticle absorption in the UV-visible region can be tuned with pure
Ag and Au as maximum absorption wavelengths.12
Many of the top-down and bottom-up methods for inorganic nanomaterials can be
applied to alloys and intermetallics. However, as composition and degree of atomic order
become increasingly important, so does the significance to synthesize phase-pure and
homogenous materials. As previously described, using chemical methods can allow for
the synthesis and isolation of “pure” nanoscale products. Chemical methods for bi-metal
systems include reacting soluble elemental powders, thermal decomposition of zerovalent inorganic complexes, reduction of metal salt precursors, or any combination
thereof.25 One of the original and more common nanoparticle solution syntheses was
made famous by Figlarz and known as the polyol process.31,32 The polyol process is
performed by reducing soluble metal salts precursors in a liquid polyol (i.e. ethylene
glycol or polyethylene glycol) typically under an inert atmosphere (i.e. Ar) and heating
the solution to a specified temperature to obtain metal, alloy, or intermetallic
nanoparticles. Precious metal and late transition metal ionic precursors, such as Au, Ag,
Pd, Pt, Co, and Ni salts can be reduced via the liquid polyol method.31,32 However,
harder to reduce metal cations, like Fe2+, require a modified polyol process which
incorporates sodium borohydride, NaBH4 (E°BH4-/B(OH)3 = +0.481 V vs. SHE).7
Unfortunately, the polyol and modified polyol process are limited to only a portion of
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potential metal targets for modern nanomaterial applications. Notably, early transition
metals with high oxophilicity and a large negative reduction potential cannot be
successfully synthesized using the polyol process.
Following the polyol route by reducing metal salt precursors, similar methods have
utilized different reducing agents and solvents that affect morphology, nucleation
kinetics, and include a range of reduction potentials. For example, oleylamine can act as
both a cosurfactant for shape-control and a mild reducing agent in the synthesis of
monodisperse Au and Ag nanoparticles.13 Organometallic compounds such as lithium
triethylborohydride (superhydride) or metal naphthalides are strong reducing agents and
easily dissolved in organic solvents, which make them suitable reagents for nanoparticle
synthesis.50,51 More recently, a new synthetic method has been reported to form AuPt52
and AuNi53 nanoparticles by Zhou et al and Au3M (M = Fe, Co, Ni)54,55 nanoparticles by
the Schaak group using n-butyllithium (n-BuLi) as a strong reductant. Butyllithium and
its known isomers are a common lithiating agent used in organic chemistry. Like many
organolithium reactions, the n-BuLi method requires air-sensitive techniques (i.e.
glovebox and Schlenk) due to the reactivity of n-BuLi with air. This is especially
beneficial when the desired product excludes oxygen. Additionally, n-BuLi is a good
reagent for the chemical synthesis of metal nanoparticles, because when reacted with
metal salt precursors (i.e. MnCl2), the by-product typically yields a lithium salt (i.e. LiCl)
that can easily be washed away during product isolation. In one report by Chang and
coworkers to form early transition metal carbides, they conclude that the unique
reduction mechanism of n-BuLi occurs from the butyl group and not the bound lithium.56
Chang proposed the following mechanism: first a metathetic reaction occurs between the
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M-Cl bond and Bu-Li bond. Second, the butyl ligand attaches to the metal center and βhydrogen elimination forms butene and a M-H intermediate. Finally, a second butyl
group can couple to the hydride to form butane and reduce the metal. By adapting strong
reducing agents to single-metal, alloy, and intermetallic nanoparticle systems, recent
studies have focused on the discovery of non-equilibrium phases and early transition
metal-based nanomaterials.

1.3 Alloy and Intermetallic Nanomaterials by Reactive Templating
Template synthesis of nanoparticle arrays is a method for yielding uniform
nanomaterials with a targeted composition, morphology, or structure-type. Templating
methods can be classified into two general categories: non-reactive and reactive. In a
non-reactive template synthesis, the template acts as a mold or pattern that can be
removed following reaction completion.

For example, non-reactive templating of

nanowires grown by electrochemical deposition onto anodic aluminum oxide (AAO)
membranes can yield materials with uniform length, width, composition, and crystal
structure.26 The nanowires can then be chemically released from the AAO membranes,
hence, removing the non-reactive template. A reactive template refers to a sacrificial
reactant that is converted or transformed into the final desired product. Figure 1-2
represents a schematic of reactive templating using conversion chemistry that yields
nanoparticles with morphological and compositional retention. Additionally, the ability
to access non-equilibrium and metastable phases with new physical and chemical
behaviors has made reactive templating an attractive method for nanomaterials.
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Figure 1-2. Schematic depicting reactive templating by conversion chemistry with morphological and
compositional control. Illustration by James Bondi.

Compositional templating is widely used as a solution-based nanoparticle method that
utilizes the reactive template. Here, the compositional template can be in the form of a
single-metal nanoparticle or a complex multi-element system. In its most simplistic
template form, monodisperse spherical nanoparticle seeds such as Ag can be sacrificed to
generate larger Ag particles with morphologies including triangles, cubes, or wires.39
Pure single-metal templates can undergo oxidation to form metal oxides. For example,
O’Brien et al synthesized Cu2O nanocrystals by allowing dispersed Cu nanoparticles to
oxidize under ambient conditions.57 Similarly, Fe nanoparticle seeds can be oxidized
using trimethylamine oxide to yield γ-Fe2O3.58 Like oxidation reactions, metals can be
converted into metal chalcogenides or phosphides using solution-based methods.59 More
remarkably, using galvanic replacement, conversion of intermediates, or a diffusionbased process, metal nanoparticles can be converted into alloys and intermetallics.60 For
instance, β-Sn nanorods can be synthesized by a diffusion-based conversion to form
CoSn3, Ni3Sn4, Cu6Sn5, Ag4Sn, AuSn, PtSn, and RuSn2 intermetallic nanorods.61
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Reactive morphological templating refers to the process in which the product retains
size, shape, or architecture.

As seen with β-Sn nanorods, compositional and

morphological templating often coincide with each other.61 The ability to retain the
shape of metal nanoparticles by oxidation, chalcogenide or phosphide conversion, and
alloying has been well documented.60 One example from the Schaak group includes the
synthesis of Rh2P nanoparticles from Rh nanoparticles with similar size and shape.62
More recently, morphological templating was employed during the synthesis of hollow
carbon shells from nickel carbide precursors.63 Here, spherical Ni3C nanoparticles were
decomposed to form a Ni core with carbon shell (Ni@C) architecture. The Ni core was
then chemically etched away resulting in hollow carbon shells with a graphitic nature.
Finally, structural templating represents a class of material conversion where crystal
structure plays the dominant driving force. Understanding the reaction pathways during
this process has led to the discovery of non-equilibrium phases at the nanoscale. Nonequilibrium phases, sometimes referred to as metastable phases, are often the subject of
theoretical predictions as singe-metal, alloy, and intermetallic materials. Recently,
metastable hexagonal wurtzite-type ZnS and ZnSe were converted from a ZnO template
of the same structure.64 The sacrificial wurtzite structure type of ZnO allowed for the
isolation of wurtzite-type ZnS and ZnSe over their thermodynamically preferred
polymorph, cubic zincblende. In a separate study, the Alivisatos group demonstrated that
cation exchange reactions represent a subset of structural templating.65 They showed that
ionic semiconductors CdSe and CdS nanoparticles underwent a cation exchange with Ag+
to form Ag2Se and Ag2S. Here, the role of crystal structure was particularly important
because the anion sublattice formed a structural framework of the crystal during the
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cation exchange reaction. Another subset of structural templating includes intercalation
of smaller, often ionic, elements into holes or vacancies in a structure type. Examples
consist of hydrogen storage in Pd nanoparticles and lithium-ion intercalation into TiO2
nanowires.66,67 The ability to use template-driven reactions can allow for the prediction
of potential nanomaterials with a targeted morphology, composition, or structure type.

1.4 Early Transition Metal Nanoparticles
Early transition metals (Groups IIIB-VIIB) tend to be very oxophilic and as metal
cations have a relatively large and negative reduction potential. Previous studies have
reported a variety of early transition metals as nanoparticles using methods that include
ball-milling,20 inert gas condensation,68 and arc discharge.69 However, these physical
methods tend to yield products with mixed phases and oxide impurities, and frequently
lack the ability to uniformly control size and shape.

Accessing phase-pure early

transition metal nanoparticles can potentially lead to applications in superconductivity,70
shape-memory materials,71 and energy-conversion.5

One method that can act as an

alternative route for producing nanoparticles is solution-based chemistry. Unfortunately,
when the common polyol process or an aqueous-based method is applied to early
transition metal systems such as Mn, the resulting product is MnO. This occurs because
polyol solvents and NaBH4 are not strong enough reducing agents to overcome the
reduction potential of early transition metals (e.g. E°Mn2+/Mn = -1.185 V vs. SHE) and the
liquid polyol and/or water acts as an oxygen source for the metal oxide. Though, to its
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benefit, the synthesis and application of early transition metal oxides has become a
cornerstone as supports and substrates in nanotechnology.
Excluding oxides, chemical routes to early transition metal-based phosphides, alloys,
and intermetallics have been successfully explored. The Brock group synthesized MnP
nanoparticles by treating Mn2(CO)10 with P(SiMe3)3 in phosphine-based solvents.72
Similarly, Korgel and coworkers reported the conversion of Mn seeds into MnPt 3
nanoparticles by the reduction of platinum acetylacetonate (acac) in the presence of a Mn
source.73 The Mn source was prepared under an inert atmosphere from either Mn2(CO)10
or manganese acetylacetonate. Unfortunately, isolation of single-metal Mn nanoparticles
has remained problematic using these methods.

It remains beneficial, that if early

transition metal nanoparticles could be synthesized, they could additionally act as a
template for conversion to more complex alloys at the nanoscale. The physical and
chemical properties of group VIB elements, specifically Mo and W, make them important
as lubricants and catalysis for industrial applications. Complex metal chalcogenides
derived from MoS2 and WS2 are used as hydrodesulfurization catalysts.74
Hydrodesulfurization is the process of removing sulfur during petroleum refinement in
the presence of flowing H2 gas. Remarkably, metal cations of Mo and W have more
positive reduction potentials compared to known systems like Fe, yet reports of
synthesizing single-metal nanoparticles by reduction are limited. Theoretical modeling
has attributed this to the lowered thermal stability and the competing structure type
between face-centered and body-centered cubic of Mo and W below 100 nm.75 Adopting
new chemical routes to early transition metal nanoparticles (i.e. strong reducing agents)
would ultimately lead to the expansion of the inorganic toolbox for nanomaterials.
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1.5 Research
The following chapters build upon the concept of solution-based chemistry for
nanomaterials, specifically focusing on non-equilibrium and early transition metal
phases. It has been discussed that in order to access these phases as nanoparticles, exotic
synthetic techniques would need to be capable of affecting nucleation kinetics or reactive
templating.

The common thread of the following investigations utilizes n-BuLi in

solution. The strong reducing agent, n-BuLi, is reported to have a reduction potential of
1.0 V vs. Li/Li+ or approximately -2.0 V vs. SHE in acetonitrile.76 By exploiting the
reduction potential of n-BuLi and its ability to act as a lithium source, L12-type Au-based
intermetallics and air-stable α-Mn nanoparticles were synthesized and studied.
Chapter 2 describes the optimized synthesis of non-equilibrium L12-type intermetallic
nanoparticles with a nominal composition of Au3Fe1-x, Au3Co1-x, and Au3Ni1-x.55 Au and
3d transition metals are immiscible under equilibrium conditions, but non-equilibrium
alloys and intermetallic compounds of these elements are of interest for their potential
multi-functional optical, catalytic, and magnetic properties. By modifying a previous nBuLi procedure from the Schaak group, it was possible to identify and optimize key
synthetic variables (solvent, order of reagent addition, stabilizer, and heating rate) which
led to the generation of high phase purity and increased sample sizes. Property studies of
the non-equilibrium phases found that Au3Fe1-x and Au3Co1-x nanoparticles are
superparamagnetic with TB = 7.9 K and 2.4 K, respectively, while Au3Ni1-x is weakly
paramagnetic down to 1.8 K. Aliquot studies showed that Au3Fe1-x formed through the
initial nucleation of Au nanoparticles, followed by the subsequent incorporation of Fe.
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Elemental analysis via energy dispersive X-ray spectroscopy (EDS) and refinement of
electron diffraction patterns confirmed Au3Fe1-x with a composition of approximately
Au3Fe0.7. Thus giving rise to the cause of the 3d transition metal deficiency.
Chapter 3 addresses the 3d transition metal deficiency of Au3M1-x intermetallics by
studying nanoparticles of a prototype polar intermetallic compound, Au3Li.77
Synthesized by reacting Au nanoparticle seeds with n-BuLi, the thermodynamically
stable Au3Li adopts the L12 structure type.

Interestingly, the Au3Li nanoparticles

decompose in water to regenerate Au. The Au3Li phase gives insight to a plausible
template-driven reaction pathway for Au3M1-x, thus allowing for the synthesis of such
non-equilibrium phases. Similarly, the Au seeds in both Chapter 2 and 3, act as a
morphological, compositional, and structural (fcc to L12 structure type) template.
Finally, Chapter 4 applies the ability of n-BuLi to act as a strong reducing agent. This
was the first report of isolated elemental Mn nanoparticles from solution-based
methods.78 The particles were synthesized using an air-free technique by reacting n-BuLi
with MnCl2 and oleic acid in diphenyl ether. The nanoparticles were found to adopt the
α-Mn structure and contained a thin amorphous MnO layer bound by oleate ligands to
help render the nanoparticles air-stable. Modifying the reagents and surfactants in the
Mn preparation yielded MnO tetrapods.

This method, along with the thermal

decomposition of metal-carbonyls was then applied to systems of Mo and W
nanoparticles.
In summary, the exotic solution route to non-equilibrium intermetallics and early
transition metal nanoparticles takes advantage of basic template-driven and reductionbased reactions. I will show how the synthesis of L12-type Au-based intermetallics
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follows the concepts of morphological, compositional, and structural template-driven
reactions. By modifying the n-BuLi method, I have created a synthetic template for nonequilibrium intermetallics, polar intermetallics, and early transition metals that may lead
to accessing new materials and properties at the nanoscale.
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Chapter 2
Solution Synthesis and Properties of the Non-Equilibrium L12-type
Intermetallic Compounds Au3Fe1-x, Au3Co1-x, and Au3Ni1-x as Nanoparticles

2.1 Introduction
Under equilibrium conditions, Au is immiscible with the magnetic 3d elements
Fe, Co, and Ni.1-3 However, the known catalytic and optical properties of Au, coupled
with the ubiquitous magnetism exhibited by Fe, Co, Ni, and their compounds, suggests
that alloys and intermetallics of these elements should produce interesting materials,
including important multi-functional compounds.4 Bulk-scale non-equilibrium alloys of
Au and Fe prepared by arc melting with rapid quenching have been shown to exhibit
interesting canonical spin glass behavior.5

Thin films of Au-Fe alloys exhibit

ferromagnetic exchange coupling,6 and chemically synthesized Au-Fe alloy nanoparticles
exhibit tunable surface plasmon resonance frequencies and superparamagnetic blocking
temperatures (TB) across the Au1-xFex solid solution.7,8 Intermetallic L10-type AuFe has
been artificially fabricated in thin film form by depositing and annealing alternating
monolayers of Au and Fe, as well as vacuum annealing of Au nanoparticles overgrown
with Fe via evaporation.9-13 Bulk Au1-xNix alloys prepared by induction melting and rapid
quenching

show

composition-dependent

magnetic

behavior

that

ranges

from

paramagnetic to ferromagnetic.14 Borohydride reduction of metal salts contained within
* Reprinted in part with permission from Chem. Mater., 22, J. F. Bondi, R. Misra, X. Ke,
I. T. Sines, P. Schiffer, and R. E. Schaak, “Optimized Synthesis and Magnetic Properties
of Intermetallic Au3Fe1-x, Au3Co1-x, and Au3Ni1-x Nanoparticles,” 3988-3994, Copyright
2010 American Chemical Society.
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dendrimer templates generated Au-Ni alloy nanoparticles,15 and chemically-synthesized
Au-Ni alloy nanoparticles were used as precursors to Au-NiO/SiO2 catalysts for CO
oxidation.16

Computational studies have identified L12-type intermetallic Au3Co as

having interesting magnetic properties,17,18 and Au-Co alloys have been successfully
prepared using ion beam manipulation and co-evaporation methods.19,20

Recently,

paramagnetic Au/Co bimetallic nanoparticles have been synthesized by reducing
gold(III) chloride in the presence of pre-made Co nanoparticles.21 Despite these reports,
it remains a significant challenge to generate bulk-scale quantities of non-equilibrium
intermetallics in the Au-Fe, Au-Co, and Au-Ni systems.
Recently, the Schaak group reported the first synthesis of L12-type intermetallics
with nominal compositions of Au3Fe, Au3Co, and Au3Ni,22 which, based on elemental
analysis, are best described as Au3Fe1-x, Au3Co1-x, and Au3Ni1-x. These non-equilibrium
intermetallics were synthesized as colloidal nanoparticles using air-sensitive solution
chemistry techniques. In this initial work, Vasquez and coworkers described a synthetic
protocol for accessing these non-equilibrium intermetallics, identified the L12 structure
type, and proposed a reaction pathway that rationalized their formation using lowtemperature solution chemistry methods.22 Property measurements were not reported
because of known Au and MOx (M = Fe, Co, or Ni) impurities that were present in the
samples, as well as a limitation on the amount of isolatable sample (< 5 mg). Here, I
describe an optimized synthetic procedure for the Au3M1-x intermetallics that leads to
larger quantities (> 30 mg) of highly crystalline nanoparticle products with minimal
 Reprinted in part with permission from Ultramicroscopy, 111, Z. Luo, Y. Vasquez, J. F.
Bondi, and R. E. Schaak, “Pawley and Rietveld Refinements Using Electron Diffraction
from L12-type Intermetallic Au3Fe1-x Nanocrystals during their in-situ Order-Disorder
Transition,” 1295-1304, Copyright 2011 Elsevier.
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impurity levels. These investigations help to understand the key parameters that lead to
optimized product formation and rationalize their role in accessing these non-equilibrium
phases. I confirm and provide evidence for a reactive template pathway, which involves
the initial nucleation of Au nanoparticles followed by subsequent incorporation of Fe, Co,
or Ni. Additionally in this chapter, the L12-type Au3Fe1-x nanoparticles were studied
using Pawley and Rietveld refinements of electron diffraction patterns to further confirm
the 3d transition metal occupancy in the fcc-based structure. Finally, I report studies on
the intermetallics’ magnetic properties, which show superparamagnetism in Au3Fe1-x and
Au3Co1-x and paramagnetism down to 1.8 K in Au3Ni1-x.

2.2 Experimental Details

2.2.1 Materials
Fe(acac)3 (99.9+%), Ni(acac)2 (95%), Co(acac)3 (99.99+%), and oleylamine (70%
technical grade) were purchased from Sigma Aldrich.

HAuCl4·3H2O (99.99%), n-

butyllithium (n-BuLi, 2.5 M in hexane), and diphenyl ether (99% reagent grade) were
purchased from Alfa Aesar. As-received HAuCl4·3H2O, Fe(acac)3, Ni(acac)2, Co(acac)3,
and n-BuLi were transferred to and stored in an Ar-atmosphere glovebox. Diphenyl ether
and oleylamine were dried by heating to 110 °C for 1 hour under vacuum to remove any
excess water and transferred into the glovebox using a freeze-thaw degassing method,
and stored with 3Å molecular sieves. All experimental setups were prepared in an Aratmosphere glovebox and carried out under ultra-high purity (UHP) Ar using standard
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Schlenk techniques. Work-ups were performed in air and ethanol was added to the
reaction to quench any unreacted n-BuLi. The as-made particles are air-stable with no
observable oxidation over at least one month.

2.2.2 Synthesis
A typical synthesis of the Au3Fe1-x intermetallic nanoparticles is described below.
Inside an Ar glovebox, 50 mg of HAuCl4·3H2O and 14.9 mg of Fe(acac)3 were placed in
a 50 mL 3-neck flask. Next, 10 mL of diphenyl ether and 250 μL of oleylamine were
added to the 3-neck flask. The 3-neck apparatus was sealed using a condenser with an
air-flow adapter on top, a thermometer adapter with mercury thermometer, and a 14/20
rubber septum. Also in the glovebox, 5 mL of diphenyl ether and 1.92 mL of 2.5 M nBuLi (in hexane) was added to a 50 mL Schlenk flask and sealed with a rubber septum.
Both the sealed 3-neck apparatus and sealed Schlenk flask were removed from the
glovebox using the large antechamber. The 3-neck apparatus was sonicated for ~30
minutes, or until all the metal salts were dissolved. At the same time, the Schlenk flask
was connected to a Schlenk line under UHP Ar, and the hexanes were removed from the
n-BuLi solution by vacuum for 30 minutes in order to prevent dangerous overpressure
during injection. After that, the 3-neck apparatus was attached to the Schlenk line,
flushed, and evacuated with Ar three times. The 3-neck apparatus was then filled with Ar
and the reaction was performed under an Ar blanket. The oil bubbler connected to the
Schlenk line produced approximately one bubble per second. The 3-neck apparatus was
heated to 80 °C over the course of 40 minutes and stirred for an additional 20 minutes, at
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which point the n-BuLi solution was released from vacuum, filled with Ar, and injected
into the 3-neck apparatus using a metal syringe.

Following standard Schlenk line

techniques, the 10 mL plastic syringe with lock tip and stainless steel needle was flushed
three times with UHP Ar prior to extracting n-BuLi. Finally, the solution mixture in the
3-neck apparatus was heated to reflux at 248 °C over 75 minutes, after which the heating
source was turned off and the reaction was allowed to cool to room temperature. The
synthesis of Au3Ni1-x and Au3Co1-x are similar, substituting Ni(acac)2 or Co(acac)3 for
Fe(acac)3.

2.2.3 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation.

Lattice constants were refined using the

Chekcell program. Transmission electron microscopy (TEM) images, high-resolution
TEM, and selected area electron diffraction (SAED) patterns were collected using a
JEOL-2010 LaB6 microscope operating at 200 kV.

Energy dispersive X-ray

spectroscopy (EDS) measurements were performed on a JEOL JSM 5400 scanning
electron microscope and on a FEI Quanta 200 environmental scanning electron
microscope operating in high vacuum mode. Samples for TEM imaging and SAED
analysis were prepared by redispersing the Au3M1-x intermetallic nanoparticles in toluene
with one drop of oleic acid and drop coating onto a carbon coated copper grid.
Refinements of electron diffraction patterns were performed using Au3Fe1-x nanoparticles
deposited on Cu grids with pure carbon as the support film. The TEM work was done
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using a JEOL 2010 at 200 kV, which was equipped with a Gatan SC1000 ORIUS CCD
camera (40082672 pixel size), and an Oxford X-ray energy dispersive spectrometer
(EDS) for chemical composition analysis. In the beginning of each TEM experiment, a
commercial standard foil containing pure aluminum polycrystals was used to take a
SAED pattern to calibrate the camera constant and correct any system distortions. The
intensity profiles were produced using the ELD program in the Crisp package, and then
refined using the Reflex module in Materials Studio, Version 5.0, by Accelrys.23-25 UVVisible spectroscopy data were collected using an Ocean Optics DH-2000-BAL
spectrometer with quartz cuvettes. DC magnetization measurements were performed
using a Quantum Design Superconducting Quantum Interference Device (SQUID)
magnetometer. The samples were measured in powder form, loaded in a gelatin capsule.
A magnetic field of 100 Oe was applied during the magnetization-temperature (MT)
measurements. AC susceptibility measurements were performed using the ACMS option
of the Quantum Design PPMS cryostat at temperatures down to 1.8 K and with a
frequency range from 100 Hz to 10 kHz.

2.3 Results and Discussion

2.3.1 Optimizing the Synthesis of Au3Fe1-x
In the initial report,22 nanoparticles with nominal compositions of Au3M (M = Fe,
Co, Ni) were synthesized by reacting HAuCl4·3H2O and metal acac precursors with nBuLi in hot dioctyl ether (solvent) in the presence of oleylamine (stabilizer). Subsequent
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investigations identified the solvent, order of reagent addition, stabilizer, heating rate, and
Au:Fe ratio as the most important variables for optimization, and the influence of these
parameters on product formation is detailed below.
The Au3M1-x intermetallics nucleate in solution around 230 – 250 ºC and begin
decomposing to Au and M above 260 ºC. Thus, to better control the temperature and
avoid impurity formation via overshooting 260 ºC, the solvent was changed from dioctyl
ether (BP = 286 ºC) to diphenyl ether (BP = 259 ºC). The diphenyl ether reaction
mixture with all reagents refluxes at 248 ºC, so thermal decomposition of Au3M1-x into
Au and MOx impurities (MOx formed from post-isolation oxidation of M) is minimized.
This leads directly to samples with higher purity that are appropriate for both optical and
magnetic characterization, since the plasmonic Au nanoparticle impurities and magnetic
MOx impurities that would interfere with property measurements are minimized. Also,
instead of injecting the metal salt solution into the n-BuLi solution as previously reported,
I added the n-BuLi solution to the metal salt solution in order to better control the
reaction stoichiometry.
Figure 2-1 highlights the effect of oleylamine concentration on product formation.
Nominally, oleylamine serves as a surface stabilizing agent, and the fact that the XRD
peaks broaden as more oleylamine is added is consistent with this role.26 However, when
oleylamine is completely eliminated from the reaction, only Au is produced, with no
evidence of crystalline Au3Fe1-x, Fe, or FeOx phases. This indicates that oleylamine plays
an integral role in the formation of Au3Fe1-x, rather than simply passivating the particles
and truncating growth. When 50 L of oleylamine is used, the product is predominantly
Au, although a few small peaks (2θ111 = 39.0º and 2θ200 = 45.3º) indicate the formation of
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a fcc Au-Fe alloy phase along with an even smaller amount of Au3Fe1-x that is barely
detectable by XRD. Increasing the amount of oleylamine to 250 L results in the
formation of Au3Fe1-x, which appears phase-pure by XRD. These investigations imply
that oleylamine is also serving as a mild reducing agent, and this role is important in the
overall reaction.26 In the absence of oleylamine, the Au3+ has not been reduced to Au0
prior to adding the n-BuLi at 80 ºC, resulting in the rapid growth of large Au crystals
when n-BuLi reduces Au3+. In the presence of oleylamine, Au nanoparticles are formed
prior to injection of n-BuLi at 80 ºC, avoiding the direct reduction of Au3+ by n-BuLi.
Indeed, aliquot studies (see section 2.3.2) show the presence of Au particles prior to nBuLi injection, confirming this hypothesis. The Au nanoparticles serve as seeds for the
formation of Au3M1-x upon reduction of the metal acac precursors with n-BuLi.
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Figure 2-1. Powder XRD data showing the effect of varying the amount of oleylamine used in the
synthesis of Au3Fe1-x nanoparticles. A simulated XRD pattern for intermetallic Au3Fe1-x is shown for
comparison. Peaks marked with diamonds (♦) correspond to fcc Au, peaks marked with asterisks (*)
correspond to an Au-Fe alloy, and indexed peaks correspond to intermetallic Au3Fe1-x.

Similar to the L12 structure type, the L10-type intermetallic adopts an fcc based
structure (Figure 2-2). Unlike the L12 structure, the L10 has a 1:1 ratio of atomic units
and consists of alternating monoatomic layers. In an attempt to yield the L10-type AuFe
intermetallic, a 1:1 ratio of Au:Fe was used. Figure 2-3 shows a comparison of XRD
patterns with 3:1, 3.6:1, and 1:1 ratios of Au:Fe reagents using the reported synthesis (see
section 2.2.2).

Interestingly, despite increasing the Fe concentration, the resulting

product still yielded the L12-type Au3Fe1-x phase.

However, increasing the Au

concentration by 20% from the standard Au3Fe1-x particles (3:1 to 3.6:1 Au:Fe) resulted
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in peak broadening of XRD patterns. The Au3Fe1-x particle size from the 3.6:1 reaction
was nearly identical to the nanoparticles synthesized using a 3:1 ratio of Au:Fe (Figure 23 inset). This suggests that any change in peak broadening is likely attributed to crystal
order instead of crystal size. Compositional analysis by EDS comparing the 3:1 and 1:1
Au:Fe nanoparticles indicates an increase in Fe concentration by almost 50%. As I will
discuss in chapter 3, this concentration dependence may give insight on a proposed
reaction pathway for the Au3Fe1-x product. Taken together, this study concludes that the
L12-type structure is favored over the L10-type structure using the n-BuLi route, and that
crystal order of the particles can be increased via precursor concentration.

Figure 2-2. Crystal representation of the L10-type (left) and L12-type (right) structure.
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Figure 2-3. Powder XRD data comparing the effect of varying the Au:Fe ratio used in the synthesis of
Au3Fe1-x nanoparticles. A simulated XRD pattern for intermetallic Au3Fe1-x is shown for comparison. The
inset is a TEM image of the Au3Fe1-x synthesized using a 1:1 Au:Fe ratio.

The rate of heating after injecting n-BuLi at 80 ºC also influences phase formation
and purity. Fast heating rates (e.g. heating from 80 to 248 ºC over 40 minutes) result in
the formation of crystalline Au or Au-Fe alloy impurities (Figure 2-4). Slower heating
rates (e.g. heating from 80 to 248 ºC over 75 minutes, 2.24 ºC/min) provide access to
Au3Fe1-x without detectable Au and Au-Fe alloy impurities (Figure 2-4). Even slower
heating rates do not seem to affect the identity or purity of the final product, as long as
the dwell temperature is 248 ºC. At this point, it was speculated that a slower heating rate
facilitates the complete diffusion of Fe into the Au seeds.
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Figure 2-4. Powder XRD data showing the effect of heating time, 75 min (i) and 40 min (ii), after n-BuLi
injection. Simulated patterns show L12-type Au3Fe (iii) and fcc Au (iv).

2.3.2 Formation and Characterization of Au3Fe1-x
The reaction pathway involved in the formation of Au3Fe1-x nanoparticles was
studied by taking an aliquot immediately prior to the injection of n-BuLi at 80 ºC and
comparing it to the final product (248 ºC) of the same reaction. Figures 2-5 and 2-6 show
XRD, TEM, SAED, and UV-Vis data for these two samples. The XRD pattern for the 80
ºC aliquot (Figure 2-5a) shows predominantly Au [a = 4.079(5) Å], along with noticeable
small shoulders to the right of the Au peaks that suggest the formation of a small amount
of an Au-rich Au-Fe alloy phase.

The TEM images in Figures 2-6a and 2-6b,
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corresponding to the particles isolated from the 80 ºC aliquot, show the presence of Au
seeds (6.0  0.7 nm) formed from the reduction of Au3+ with oleylamine, as described
earlier. The HRTEM image in Figure 2-6b shows lattice fringes corresponding to d = 2.4
Å, which is consistent with the 111 plane of Au. The UV-Vis spectrum in Figure 2-5b
shows that these Au-rich particles absorb around 540 nm, which is consistent with what
is expected for Au nanoparticles in non-polar solvents like hexane and toluene.26 The
SAED pattern (Figure 2-6c) confirms that the sample consists of fcc Au. Taken together,
the data indicate that Au nanoparticle seeds containing a small amount of iron are formed
in the early stages of the reaction prior to injection of n-BuLi.

Figure 2-5. Panel (a) shows powder XRD data for (i) as-made Au3Fe1-x nanoparticles and (ii) an aliquot
taken at 80 °C prior to injection of n-BuLi. Simulated XRD patterns for intermetallic Au3Fe1-x and fcc Au
are shown in (iii) and (iv), respectively. Panel (b) shows UV-visible absorption spectra for the aliquot
taken at 80 °C (corresponding to Au nanoparticles) and the final product, intermetallic Au 3Fe1-x, dispersed
in toluene.
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Figure 2-6. TEM images and SAED patterns corresponding to the 80 °C aliquot [Au nanoparticles, panels
(a) through (c)] and the final product [intermetallic Au3Fe1-x nanoparticles, panels (d) through (f)]. The
HRTEM images highlight (b) the 111 plane of Au and (d) the 100 plane of Au3Fe1-x. The SAED pattern in
(c) corresponds to fcc Au, while the SAED pattern in (f) clearly shows the superlattice peaks characteristic
of the L12 structure.

After n-BuLi is injected and the sample is heated to 248 ºC over 75 minutes, the
final intermetallic product is formed. The XRD pattern for this product, taken from the
same sample as the aliquot described above, is consistent with L12-type Au3Fe1-x [a =
3.984(2) Å] with no detectible impurities (Figure 2-5a). (At this point, I cannot rule out
the possibility that interstitial impurities, including Li, help to stabilize the apparent L12
structure type.) The corresponding TEM image (Figure 2-6d) shows predominately
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spherical morphologies with some elongation and evidence of smaller particles likely
attributed to a small amount of non-reacted Au seeds. The as-made nanoparticles have an
average particle size of 11.3  2.4 nm, based on the limiting diameter. A high-resolution
TEM image of the Au3Fe1-x particles (Figure 2-6e) shows lattice fringes with spacings of
4.0 Å, which matches the d-spacing expected for the 100 plane of Au3Fe1-x. UV-Visible
spectroscopy for the Au3Fe1-x product (Figure 2-5b) shows an absorbance maximum
around 620 nm, which represents a red shift of ~80 nm relative to the Au seeds. This red
shift is consistent with reports for other Au-Fe alloy nanoparticles7,8 and could be due to
aggregation or a thin oxide shell on the Au3Fe1-x particles. Observation of the superlattice
peaks indicative of the L12 structure type by SAED (Figure 2-6f) confirms that the
nanoparticles are intermetallic Au3Fe1-x. EDS measurements of the particles in powder
form indicate an average composition of approximately 18% Fe and 82% Au (Figure 27), which corresponds to x ≈ 0.3 in Au3Fe1-x and is within experimental error of what was
observed previously.22 The slight Fe deficiency could possibly be attributed to vacancies
or Li incorporation on the Fe sites.
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Figure 2-7. EDS spectrum for Au3Fe1-x that yields an average composition of 18% Fe, 82% Au. Data
collect by Ian Sines.

2.3.3 Au3Fe1-x Composition Analysis by Electron Diffraction Refinements
In a collaborative effort with Zhiping Luo of Texas A&M University, samples of
the Au3Fe1-x intermetallics were studied by electron diffraction to retrieve structural and
compositional information.27 Both Pawley and Rietveld refinements were made on the
electron diffraction data.

Since the Pawley refinement is unrelated to the electron

kinematical or dynamical scattering nature, it was especially useful to process the
diffraction data to achieve useful information, such as lattice parameters, background
subtraction, and reflection intensities. Considering the small nanoparticle size, Rietveld
refinement was also made using a kinematical approximation, and the results are
consistent with the Pawley refinement.27 Figure 2-8a shows a representative TEM image
of the as-made Au3Fe1-x nanoparticles. The relatively well-dispersed particles have an
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average diameter of 9.5  4.1 nm, using a sample size of 627 particles measured by
ImageJ.28 A high-resolution TEM image of the particles is shown in Figure 2-8b, where
crystalline lattice fringes corresponding to the 111 plane are visible. Similar to previous
elemental studies by EDS in powder form (see section 2.3.2), Luo analyzed the Au-Fe
intermetallics using single-particle EDS at high-resolution. The data revealed an average
composition of 84.5  3.0% Au and 15.5  3.0% Fe (both in atomic percent) based on 10
different particles. This deviates from the expected 3:1 ratio stoichiometry originally
reported by Vasquez et al and again suggests a composition of Au3Fe1-x.22 An example of
the single-particle EDS spectrum is shown in Figure 2-8c. Nanobeam electron diffraction
(NBED) confirms that the particles indeed possess the L12-type structure, as shown in the
two representative NBED patterns from single nanoparticles, which exhibit weak L12
superlattice reflections between the strong fundamental reflections of the face-centered
cubic (fcc) structure (Figure 2-8d and 2-8e).
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Figure 2-8. (a) TEM image of Au3Fe1-x nanoparticles; (b) corresponding HRTEM image showing the 111
planes of L12 structure type; (c) EDS spectrum; (d) and (e) NBED patterns from single particles (arrows
indicate fundamental reflections); and (f) model crystal structure of Au 3Fe with the L12. Data collected by
Zhiping Luo.

Figure 2-9a shows an SAED pattern of the Au3Fe1-x nanoparticles, which contains
both L12 superlattice and fundamental reflections, as marked by vertical bars above and
below the radial horizontal line, respectively. The corresponding intensity profile of the
SAED pattern before and after the removal of the high background signal is shown in
Figure 2-9b. Luo conducted Pawley refinement on the intensity profile in Figure 2-9b.
The refined lattice parameter is a = 4.0054 ± 0.0003 Å, which is close to previous
reports.22 The Pawley refined plot with experimental and simulated reflection intensities
are shown in Figure 2-9c. Rietveld refinement is performed, on the basis of the refined
results available from the previous Pawley refinement, using a kinematical approximation
as previously reported and shown in Figure 2-9d.29-31 Luo also modeled intensity profiles
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of the SAED patterns for the Au3Fe1-x intermetallics with various Au and Fe occupancies
in the L12 structure. It was found that the best fit model was in agreement to occupancies
of 1.000 Au and 0.603 Fe (40% Fe vacancy). This corresponds to a composition of
83.3% Au to 16.7% Fe, which is in good agreement with the elemental measurements
from EDS.

Figure 2-9. (a) SAED pattern of Au3Fe1-x at RT; (b) intensity profile, as well as the difference after
subtracting the simulated background; (c) reflection intensities after subtracting the refined background; (d)
the Rietveld reflection intensities after subtracting the refined background. Data collected by Zhiping Luo.
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2.3.4 Optimized Synthesis and Characterization of Au3Co1-x and Au3Ni1-x
Nanoparticles with nominal composition Au3Co1-x were synthesized by
substituting Fe(acac)3 for Co(acac)3 using the optimized method described for Au3Fe1-x.
Figure 2-10a shows the XRD pattern for Au3Co1-x [a = 4.003(3) Å]. The XRD and
SAED patterns (Figure 2-10a) match those expected for the L12 structure type, including
the characteristic superlattice peaks. A representative TEM image (Figure 2-10b) shows
generally spherical particles with an average size of 11.9  1.3 nm. A high-resolution
TEM image of the Au3Co1-x particles shows lattice fringes corresponding to both the 100
(d = 4.0 Å) and 111 (d = 2.3 Å) planes of Au3Co1-x. Taken together, the XRD, SAED,
and HRTEM data confirm the L12 structure type. EDS data shows only 5 – 10% Co in
the sample (x ≈ 0.7 in Au3Co1-x), indicating significant amounts of vacancies or defect
sites, or possibly incorporation of light elements such as carbon or lithium to help
stabilize the L12 structure.
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Figure 2-10. Powder XRD data for intermetallic Au3Co1-x nanoparticles is shown in (a), along with a
simulated XRD pattern. A TEM image for the Au3Co1-x nanoparticles is shown in (b), and the HRTEM
image in (c) shows lattice fringes corresponding to both the 111 (2.3 Å) and 100 (4.0 Å) planes of
intermetallic Au3Co1-x. The SAED pattern shown in the inset to panel (a) shows the superlattice reflections
that correspond to the L12 structure type.

Nanoparticles with nominal composition Au3Ni1-x were synthesized by the same
optimized method described for Au3Fe1-x and Au3Co1-x, using Ni(acac)2 as the metal
precursor. Figure 2-11a shows the XRD pattern for Au3Ni1-x [a = 3.996(6) Å], which
shows no observable crystalline impurities. A representative TEM image (Figure 2-11b)
shows particles of spherical morphology with an average size of 9.7  1.7 nm. A highresolution TEM image of the Au3Ni1-x particles (Figure 2-11c) shows lattice fringes with
spacings of 2.3 Å, which matches what is expected for the 111 plane of Au3Ni1-x. The
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SAED pattern (Figure 2-11a) also matches that expected for the L12 structure type,
including observation of the characteristic superlattice peaks. EDS data indicates 10 –
15% Ni in the sample (x ≈ 0.5 in Au3Ni1-x). Analogous to Au3Co1-x, this suggests the
presence of vacancies or stabilization of the structure via interstitial carbon, lithium, etc.
Interestingly, washing the intermetallic Au3Ni1-x nanoparticles with ethanol does not
change their crystal structure or composition. This is in contrast to previous reports of
Au-Ni alloy nanoparticles synthesized using a similar method, which leach Ni in the
presence of ethanol.16 This suggests that the ordered intermetallic structure imparts
additional stability on the Au-Ni nanoparticles, which bodes well for enhanced stability
under catalytically-relevant conditions.
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Figure 2-11. Powder XRD data for intermetallic Au3Ni1-x nanoparticles is shown in (a), along with a
simulated XRD pattern. A TEM image for the Au3Ni1-x nanoparticles is shown in (b), and the HRTEM
image in (c) shows lattice fringes corresponding to the 111 plane of intermetallic Au3Ni1-x. The SAED
pattern shown in the inset to panel (a) shows the superlattice reflections that correspond to the L12 structure
type.

2.3.5 Magnetic Characterization of Au3Fe1-x, Au3Ni1-x, and Au3Co1-x
The temperature dependence of the field-cooled (FC) and zero field-cooled (ZFC)
branches of the DC susceptibility in a field of 100 Oe is shown in Figure 2-12a for
Au3Fe1-x and Figure 2-13a for Au3Co1-x. In both cases, the ZFC branch exhibits a
maximum while the FC branch increases monotonically with decreasing temperature.
The maximum in the ZFC data is evidence of a blocking transition associated with an

44

assembly of particles that exhibit superparamagnetic behavior.32 The maximum in the
data defines a blocking temperature, TB, which is observed to be 7.9 K and 2.4 K for
Au3Fe1-x and Au3Co1-x, respectively. The insets to Figure 2-12a and 2-13a show the
magnetization as a function of magnetic field (M vs. H) for Au3Fe1-x and Au3Co1-x above
(50 K) and below (1.8 K) TB, and the open hysteresis loops at 1.8 K are consistent with
expectations for behavior below a blocking transition. The fact that the FC and ZFC
curves do not fully converge above TB could possibly result from dipolar interactions
among nanoparticles,33 weak ferromagnetism arising from vacancies and defects, or the
presence of small quantities of the elemental Co that are below the detection limit of
XRD and TEM.
Further confirmation of superparamagnetic behavior in Au3Fe1-x and Au3Co1-x is
obtained from measurements of the temperature dependence of the AC susceptibility.
Figures 2-12b and 2-13b show plots of ’ (the real part of the AC susceptibility) as a
function of temperature in an AC field of 10 Oe at various frequencies for Au3Fe1-x and
Au3Co1-x, respectively. The peak position of the susceptibility curve, Tf, moves to higher
temperatures with increasing frequency, as expected for a blocking transition.

The

temperature dependence of the peak position, displayed in the inset to Figures 2-12b and
2-13b, shows compliance with an Arrhenius law for thermal excitation for
superparamagnetic materials,  = * exp (E / kBT). For Au3Fe1-x, 1/* = 6.7  1012 Hz and
Ea / kB = 177(3) K. For Au3Co1-x, 1/* = 7  1013 Hz and Ea / kB = 103.6(7) K. These fit
parameters are consistent with previously studied superparamagnets.34,35 The frequency
shift of the peak Tf / Tf [ log ] offers a good criterion for distinguishing a canonical

45

spin glass from a superparamagnet.

The magnitude of the frequency shift for a

superparamagnet is large compared to that for a spin glass.36-39 For Au3Fe1-x, the
frequency shift Tf / Tf [ log ] is 0.11, which is an order of magnitude larger than for
the canonical spin glass AuFe, for which the frequency shift is 0.010.40 For Au3Co1-x, the
frequency shift is 0.10, while canonical spin glasses typically have frequency shifts in the
range 0.005 – 0.010. Taken together, the data strongly suggest superparamagnetism in
the Au3Fe1-x and Au3Co1-x nanoparticles.
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Figure 2-12. (a) FC and ZFC plots of DC susceptibility vs. temperature (100 Oe) for Au3Fe1-x
nanoparticles. The inset shows a plot of DC magnetization vs. field at 1.8 and 50 K. (b) Plot showing the
real part of the AC susceptibility vs. temperature for Au3Fe1-x nanoparticles at different frequencies. The
inset shows the Arrhenius plot of ln(f) vs. inverse temperature. Data collected by Rajiv Misra and Xianglin
Ke.
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Figure 2-13. (a) FC and ZFC plots of DC susceptibility vs. temperature (100 Oe) for Au 3Co1-x
nanoparticles. The inset shows a plot of DC magnetization vs. field at 1.8 and 50 K. (b) Plot showing the
real part of the AC susceptibility vs. temperature for Au 3Co1-x nanoparticles at different frequencies. The
inset shows the Arrhenius plot of ln(f) vs. inverse temperature. Data collected by Rajiv Misra.

A plot of DC susceptibility vs. temperature for the Au3Ni1-x nanoparticles,
measured in a field of 100 Oe, is shown in Figure 2-14. The data suggest the presence of
two subsystems in the sample: one component with small particles that are either weakly
paramagnetic or have a blocking temperature below 1.8 K and a second component that
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is weakly ferromagnetic up to room temperature, such as amorphous nickel metal. There
is a separation of the FC and ZFC branches up to room temperature, and the ZFC curve
shows a broad hump. As for the Au3Co1-x sample, this could possibly be due to dipolar
interactions among nanoparticles,33 weak surface ferromagnetism, or small amounts of
magnetic impurities below the detection limit. The inset to Figure 2-14 shows M vs. H
curves at 1.8 and 300 K. The M(H) data at 300 K (showing weak ferromagnetism) is
presumably due to small quantities of an impurity phase that is below the detection limit
of XRD or TEM. It is possible that blocking behavior may occur at temperatures below
the limit of measurement,41 but no evidence of superparamagnetism in the samples is
seen. It is worth noting that the total moment observed in the M(H) data for all of the
samples is below that which would be expected for full moments of the Fe, Co, and Ni
associated with x = 0 compositions. This is attributed to some fraction of the transition
metal atoms not contributing to the magnetism, presumably because of the non-zero
values of x and the complex associated local effects on the magnetism.
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Figure 2-14. FC and ZFC plots of DC susceptibility vs. temperature (100 Oe) for Au 3Ni1-x nanoparticles.
The inset shows a plot of DC magnetization vs. field at 1.8 and 300 K. Data collected by Rajiv Misra.

2.4 Summary
In conclusion, I have described an optimized synthetic route to non-equilibrium
intermetallic nanoparticles with nominal compositions of Au3Fe1-x, Au3Co1-x, and Au3Ni1x.

The Au3Fe1-x nanoparticles possess an L12-type ordered structure, but contain about

30% vacancies at the Fe site, based on electron diffraction refinement as well as EDS
measurements (both as powder and single-particle).

The Au3Fe1-x and Au3Co1-x

nanoparticles are superparamagnetic with TB = 7.9 K and 2.4 K, respectively, while
Au3Ni1-x is weakly paramagnetic down to 1.8 K. The optimal synthesis exploits the key
variables that maximize the formation of the desired intermetallic phases and minimize
impurities: a solvent that refluxes below the Au3M1-x decomposition temperature, an
amine-based stabilizer that also acts as a weak reducing agent to generate Au
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nanoparticle seeds in situ, and slow heating rate to ensure complete diffusion of the 3d
element into the Au nanoparticle seeds. In addition to generating samples with high
phase purity, this optimized synthesis yields greater than 30 mg of product, which is large
enough for property studies and is an order or magnitude larger than previous methods
for making these and related phases. I anticipate that these optimization efforts will also
be applicable to other non-equilibrium solids formed using similar solution chemistry
methods, particularly with respect to phase purity and scale-up.
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Chapter 3
Solution Chemistry Synthesis to Intermetallic Gold-Lithium Nanoparticles

3.1 Introduction

3.1.1 Gold-based Intermetallic Nanoparticles
Using solution synthetic routes that yield materials at the nanometer scale has
become an effective strategy for accessing intermetallics or ordered structures that are not
observed using traditional high-temperature metallurgy techniques.1

In the previous

chapter, L12-type ordered Au3M structures, where M represents Fe, Co, or Ni located at
the site B or corner positions of the fcc unit cell structure, have been synthesized, despite
the large bulk immiscibility gap that exists between Au and the magnetic 3d elements.2-4
Magnetic measurements indicated that the Au3Fe and Au3Co nanoparticle powders are
superparamagnetic, with a blocking temperature of TB = 7.9 and 2.4 K, respectively,
while Au3Ni is paramagnetic.4 When first reported by Vasquez and coworkers, these
materials were originally identified as Au3M.2 Since then, elemental analysis by EDS of
powders and individual nanoparticles as well as the refinement of electron diffraction
patterns suggest that the intermetallics are 3d transition metal deficient and have a true
composition of Au3M1-x (0 < x < 1).4,5 However, it remains unclear if these deficiencies

 Reprinted in part with permission from Euro. J. Inorg. Chem., 26, J. F. Bondi and R. E.
Schaak, “Solution Chemistry Synthesis of Intermetallic Gold-Lithium Nanoparticles,”
3877-3880, Copyright 2011 John Wiley and Sons.
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were due to site vacancies or substituted atoms with a low atomic mass such as H or Li at
the site B position in the L12 structure type.
In 2010, it was reported that the non-equilibrium L12-type Au3M1-x intermetallic
nanoparticles undergo a seed-mediated growth transformation, modeling a morphological
and compositional reactive template.4

In solution, Au seeds nucleated at 80 ºC in

presence of an amine-based mild reducing agent and corresponding 3d transition metal
salt. Following the seed nucleation, n-BuLi was injected into the reaction mixture with
subsequent heating to reflux in the solvent diphenyl ether (248 ºC). Often viewed as a
strong and fast reducing agent, the role of n-BuLi in the formation of the non-equilibrium
Au3M1-x intermetallics was initially thought to enhance nucleation kinetics, similar to
previous studies of Au-Pt alloys by the Eichhorn group.6 Combining the unclear role of
n-BuLi with the questions arising from the site occupancy of the L12-type Au3M1-x
intermetallics may lead to unearthing the true reaction pathway that allows for the
isolation of such non-equilibrium phases. In this chapter, I report a modified Au3M1-x
synthetic procedure to isolate a prototype polar intermetallic, Au3Li1-x. By doing so, I
show that this chemical method is amenable to polar intermetallics and may lead to the
discovery of similar types of materials at the nanoscale. Taken together, these findings
give light to the plausible role of n-BuLi and I propose a structure-template growth
mechanism from the Au seeds that may lead to other novel non-equilibrium phases.
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3.1.2 Polar Intermetallics
Polar intermetallic compounds combine electronegative and electropositive
elements to form phases that contain polycationic or polyanionic metallic clusters or
networks.7

Au-based polar intermetallics are particularly interesting because of the

impact that relativistic effects have on the structures and phases that form.8 Many
examples of polar intermetallic compounds containing gold are known, including the
ternary phases BaAu2In2,9 SrAuIn3,10 Rb2Au3Tl,11 KAu4In2,12 and Ca4Au10In3.13 Binary
intermetallic compounds of gold with alkali metals are also interesting. These alkali
aurides exhibit complex phase relations and structures that are stabilized via relativistic
bonding interactions, which are dependent upon the electronegativity of the alkali
metal.14,15
Most polar intermetallic compounds are synthesized by the direct combination of
the constituent elements at elevated temperatures.16

The desire for exploratory

investigations that facilitate the discovery of new polar intermetallic compounds,7
coupled with the desire to access polar intermetallic compounds in nanoparticle form for
their potential use as highly-active catalysts,17 motivates an alternative synthetic regime
for accessing these materials. Here, I discuss a low-temperature solution chemistry
method for the synthesis of a prototype polar intermetallic compound, Au3Li (Figure 31). Although it has not been extensively studied, Au3Li is a known phase that has been
reported to adopt the L12 (Cu3Au) structure type.18,19 This corresponds to the 1 phase on
the Au-Li phase diagram, which forms over a relatively wide composition window.18 To
synthesize nanoparticles of Au3Li, colloidal Au nanoparticles are synthesized first, and
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these Au nanoparticle seeds convert to Au3Li upon reaction with n-butyllithium (n-BuLi).
To my knowledge, this is the first report describing colloidal nanoparticles of a polar
intermetallic compound containing a highly electropositive element such as Li. This
synthetic strategy has the potential to be general, which could lead to the synthesis of
other known and new polar intermetallic compounds as colloidal nanoparticles for
applications that include catalysis and lithium batteries.17,20

Figure 3-1. (Left) Schematic showing the formation of Au3Li by reacting pre-formed Au nanoparticles
with n-BuLi, followed by decomposition to re-generate Au when reacted with water. (Right) L12 crystal
structure of Au3Li.
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3.2 Experimental Details

3.2.1 Materials
All reactions were prepared in an Ar-atmosphere glovebox and carried out under
ultra-high purity (UHP) Ar using standard Schlenk techniques.

Oleylamine (70%

technical grade) was purchased from Sigma Aldrich and HAuCl4·3H2O (99.99%), nbutyllithium (n-BuLi, 2.5 M in hexane), and diphenyl ether (99% reagent grade) were
purchased from Alfa Aesar. As-received HAuCl4·3H2O and n-BuLi were transferred to
and stored in an Ar-atmosphere glovebox. Diphenyl ether and oleylamine were dried by
heating to 110 °C for 1 hour under vacuum to remove any excess water and transferred
into the glovebox using a freeze-thaw degassing method, and stored with 3Å molecular
sieves. Extreme caution must always be taken when using n-BuLi because of its airsensitive nature.

3.2.2 Synthesis
Inside an Ar-filled glovebox, 50 mg of HAuCl4·3H2O was placed in a 50 mL 3neck flask. Next, 10 mL of diphenyl ether and 250 μL of oleylamine were added to the
3-neck flask. The 3-neck flask was sealed using a condenser with an airflow adapter on
top, a thermometer adapter with mercury thermometer, and a 14/20 rubber septum. Also
in the glovebox, 5 mL of diphenyl ether and 2.0 mL of 2.5 M n-BuLi (in hexane) were
added to a 50 mL Schlenk flask and sealed with a rubber septum. Both the sealed 3-neck
flask and sealed Schlenk flask were removed from the glovebox using the large
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antechamber. The 3-neck apparatus was sonicated for ~30 minutes until all of the metal
salt was dissolved. At the same time, the Schlenk flask was connected to a Schlenk line
under ultra-high purity Ar, and the hexanes were removed from the n-BuLi solution by
vacuum for 30 minutes in order to prevent dangerous overpressure during injection.
After that, the 3-neck flask was attached to the Schlenk line, flushed, and evacuated with
Ar three times. The 3-neck flask was then filled with Ar and the reaction was performed
under an Ar blanket. The Ar flow from the oil bubbler on the Schlenk line produced
approximately one bubble per second. The 3-neck flask was heated to 80 °C over the
course of 40 minutes and stirred for an additional 20 minutes, at which point the n-BuLi
solution was released from vacuum, filled with Ar, and injected into the 3-neck flask
using a metal syringe. Following standard Schlenk line techniques, the 10 mL plastic
syringe with lock tip and stainless steel needle was flushed three times with UHP Ar prior
to extracting n-BuLi. Finally, the solution mixture in the 3-neck flask was heated to
reflux at 248 °C over 75 minutes, after which the heating source was turned off and the
reaction was allowed to cool to room temperature. Work-ups were performed in air and
ethanol was added to the reaction to quench any unreacted n-BuLi.

3.2.3 Characterization
XRD data were collected with a Bruker Advance D8 X-ray diffractometer using
Cu Kα radiation. Lattice constants were refined using the Chekcell program. TEM
images, EDS spectra, and SAED patterns were collected using a JEOL-2010 LaB6
microscope operating at 200 kV with an EDAX solid state detector. Samples for TEM,
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EDS, and SAED were prepared by redispersing the nanoparticles in hexanes and drop
coating onto a carbon coated copper grid. ICP-MS data were collected using a Thermo
Fisher Scientific X Series 2 with collision cell technology. TGA was performed using a
TA Instruments SDT Q600 with alumina crucibles, 5-10 mg of sample, and a heating rate
of 2 °C per minute under Ar. DC magnetization measurements were performed using a
Quantum

Design

Superconducting

Quantum

Interference

Device

(SQUID)

magnetometer. The samples were measured in powder form, loaded in a gelatin capsule.
A magnetic field of 100 Oe was applied during the magnetization-temperature (MT)
measurements. AC susceptibility measurements were performed using the ACMS option
of the Quantum Design PPMS cryostat at temperatures down to 1.8 K and with a
frequency range from 100 Hz to 10 kHz.

3.3 Results and Discussion

3.3.1 L12-type Au3Li Polar Intermetallic Nanoparticles
In a typical synthesis (see section 3.2.2), Au nanoparticles are formed first by the
reduction of HAuCl4·3H2O with oleylamine in diphenyl ether at 80 °C (Figure 3-1). The
powder XRD pattern in Figure 3-2 confirms the formation of nanocrystalline Au with an
average grain size of 6.1 nm, as estimated using the Scherrer equation. The TEM image
of these Au seeds, presented in the inset to Figure 3-2, shows spherical particles with an
average diameter of 6.2 ± 1.9 nm. This is consistent with the XRD data and indicates that
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the particles are, on average, single-domain crystals. The SAED pattern is also consistent
with the formation of face centered cubic (fcc) Au.

Figure 3-2. Powder XRD data for the Au nanoparticle seeds formed at 80 °C. A reference pattern for Au is
shown below, and the indexing corresponds to fcc Au. A TEM image of the Au nanoparticle seeds is
shown in the inset.

The Au seed particles are then reacted with a solution of n-BuLi in diphenyl ether
and heated to 248 °C under rigorous air-free conditions. This synthetic procedure is
closely related to that used to form L12-type Au3Fe1-x, Au3Co1-x, and Au3Ni1-x,2,4 except
that the 3d transition metal reagents are omitted. Figure 3-3 shows the XRD pattern for
the Au3Li nanoparticles, which clearly shows the superlattice peaks expected for the L12
structure type. The relative intensities also match well with those expected for L12-type
Au3Li. The refined lattice constant for Au3Li is a = 3.994(6) Å, which is smaller than
that of Au (aAu = 4.078 Å) and matches more closely with that expected for Au3Li (aAu3Li
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= 3.973 Å).18 Using Vegard’s law, the composition is estimated to be Au3Li0.8, based on
Au and stoichiometric Au3Li as end members.

Figure 3-3. Powder XRD data for intermetallic Au3Li nanoparticles, along with a L12-type Au3Li reference
pattern for comparison. Powder XRD data of the product after reacting Au 3Li with water, shown in the
inset, corresponds to fcc Au.

Figure 3-4a shows a representative TEM image of the Au3Li nanoparticles, which
are agglomerated but generally retain the spherical morphology of the Au seeds. The
average diameter of the primary particles that comprise the aggregates is 9.1 ± 2.4 nm,
which is larger than the size of the Au nanoparticle seeds. The size increase upon
reaction with n-BuLi to form Au3Li is attributed primarily to the higher reaction
temperature, which facilitates coalescence and growth relative to the lower temperature
used to synthesize the Au seeds. High-resolution TEM (HRTEM) images of Au3Li
particles show lattice fringes corresponding to the 100 (d = 4.0 Å), 110 (d = 2.8 Å), and
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111 (d = 2.3 Å) planes (Figure 3-4b), which is consistent with the formation of L12-type
Au3Li. The SAED pattern in Figure 3-4a is also consistent with the L12 structure of the
nanoparticles, with the 100 and 110 superlattice reflections clearly evident.

Figure 3-4. (a) Representative TEM image of the Au3Li nanoparticles, with the corresponding indexed
SAED pattern shown in the inset; (b) HRTEM image showing lattice fringes corresponding to the 100 (d =
4.0 Å), 110 (d = 2.8 Å), and 111 (d = 2.3 Å) planes of Au3Li; (c) EDS data for the Au3Li particles, showing
only Cu (from the TEM grid) and Au.
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Composition analysis of the Au3Li nanoparticles by EDS shows only Cu (from
the TEM grid) and Au, because Li cannot be detected using EDS (Figure 3-4c). While
X-ray photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS)
can both detect Li and were used to characterize the Au3Li nanoparticles, the results are
inconclusive because the primary peaks for the Au 5p3/2 and the Li 1s core level region
overlap for both of these techniques.21,22

Instead, inductively coupled plasma mass

spectrometry (ICP-MS) was used to confirm the presence of Li in the Au3Li
nanoparticles. Assuming that the entire mass of the sample used for ICP-MS analysis
corresponded to Au3Li, the lithium content was found to be ~68% of the value expected
for stoichiometric Au3Li (an approximate composition of Au3Li0.7). This value represents
a lower limit, however, because the presence of surface ligands on the Au3Li
nanoparticles makes the mass of the Au3Li component smaller than the total mass of the
entire ICP-MS sample.

Conversely, thermogravimetric analysis (TGA) indicates an

average mass loss of only ~2 % up to 400 °C, which implies that an average composition
of Au3Li0.7 is a realistic estimate (Figure 3-5). This sub-stoichiometric composition is
within the reported range of phase stability for Au3Li and is also consistent with the
estimated composition of Au3Li0.8 based on a Vegard’s law analysis of the lattice
constants.18
The Au3Li nanoparticles are air-stable in powder form, with no significant change
observed by XRD over a time period of 3 months. However, when dispersed in water
and stirred for 1 hour at room temperature, the Li is removed and Au nanoparticles are
regenerated. The XRD pattern for the product after reaction with water, shown in the
inset to Figure 3-3, is consistent with fcc Au and has no evidence of the L12 superlattice
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peaks. ICP-MS analysis of the supernatant shows the presence of Li at a level that is
consistent with the amount that is incorporated into the Au3Li0.7 phase. The fact that
Au3Li decomposes in water is consistent with its polar intermetallic nature, and suggests
that this material could undergo facile Li insertion and extraction.
The formation of Au3Li1-x using a synthetic protocol that is closely related to that
used to form the L12-type Au3M (M = Fe, Co, Ni) intermetallics is also interesting.2,4
EDS analysis, including detailed refinement of SAED data, indicated substoichiometric
Fe, Co, and Ni in the Au3M nanoparticles, suggesting a true composition of Au3M1-x.4,5
The fact that Au3Li forms under similar conditions implies that Li may be incorporated in
the Au3M1-x nanoparticles, perhaps existing as Au3M1-xLix.

Moreover, SQUID

measurements of the Au3Li1-x nanoparticles show that indeed the magnetic properties
differ greatly from those observed with the Au3M1-x (M = Fe, Co, Ni). Figure 3-6 shows
the magnetic susceptibility data of the zero field-cooled (ZFC) and field-cooled (FC)
Au3Li1-x nanoparticles.

The Au3Li1-x nanoparticles behave ferromagnetically which

differs from the superparamagnetic behavior of Au3Fe1-x and Au3Co1-x and paramagnetic
Au3Ni1-x.4

The ferromagnetic hysteretic behavior in a system with non-magnetic

components can be linked to defects and surface effects.23 Furthermore, this may be
useful in explaining the unique bifurcation also seen in the paramagnetic Au3Ni1-x
nanoparticles.24
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Figure 3-5. Thermogravimetric analysis (TGA, green) and differential scanning calorimetry (DSC, blue)
data of Au3Li nanoparticles.
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Figure 3-6. Temperature-dependent magnetic susceptibility data showing FC (■) and ZFC (●) of Au3Li1-x
nanoparticles at an applied field of 100 Oe. Inset: Plot of DC magnetization vs. field at 1.8 K. Data
collected by Rajiv Misra.

3.3.2 The Reaction Pathway for Non-Equilibrium Au3M1-x (M = Fe, Co, Ni)
Intermetallic Nanoparticles; Challenges and Investigations
Coupling the polar intermetallic studies with those conducted in Chapter 2, I have
shown evidence that suggests the gold-lithium phase acts as an intermediate for Au3M1-x
nanoparticles (Figure 3-7). The reaction pathway starts from the initial nucleation of Au
nanoparticles, which act as a morphological (6 nm spheres), structural (fcc), and
compositional (Au-based) template. The seeds ultimately convert into the final L12-type
Au3M1-x product after n-BuLi treatment in the presence of a 3d transition metal salt.2,4
Based on my reported Au3Li1-x work, I have shown that Au3Li1-x adopts the same L12-
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type structure as the Au3M1-x intermetallics and has a composition of approximately
Au3Li0.7. Separately, it was shown that the Li could be easily inserted and extracted into
the fcc Au structure.

These results promote two potential reaction pathways for

converting Au3Li1-x to Au3M1-x; an exchange theory and a vacancy theory. For the
purpose of these investigations, Au3Fe1-x was studied. In the exchange theory, n-BuLi
would be used to form the template L12-type Au3Li (with an ideal 3 to 1 composition),
followed by the exchange of Li with Fe. In the vacancy theory, Au3Li1-x forms with
vacancies at the site B location in the L12-type structure, followed by the reaction with Fe
to fill the holes vacated by Li and form Au3Fe1-xLix.
If an exchange mechanism takes place, it may be promoted by the relativistic
effects of polar intermetallics.8 Relativistic effects help to stabilize the Au-Li compound
as either Au- Li+ or Auδ- Liδ+. Thus, the preferential oxidation of the auride ion to form
Au0 may help drive the exchange process. Additionally, ion exchange reactions are
known to be dependent on concentration.25 If a vacancy theory takes place, it could be
promoted by the reversibility of Li intercalation. At high temperatures in solution, the Li
may leach out of the Au3Li to form Li by-products (i.e. LiCl, Li(acac), or Li oxides) and
yield holes in the L12-type structure.
Initial tests focused on varying the Li concentration of the Au3Li1-x intermetallics
in an effort to yield Au3Li without any vacancies. If Au3Li without any vacancies could
be synthesized and reacted to form Au3Fe1-x, it would disprove a vacancy theory.
However, it was found that product isolation interfered with confirming the final Li
composition. This was due to the fact that polar solvents under ambient conditions would
remove trace amounts of Li. Aliquot studies during the synthesis of Au3Fe1-x were unable
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to confirm the isolation of the L12-type Au3Li1-x intermediate at elevated temperatures.
This was not a surprise because at high temperatures an exchange or intercalation
reaction would occur faster than synthetic control.25 The reaction pathway was also
studied by modifying the point at which Fe reagents were incorporated. Unfortunately,
by doing so exposed the Au3Li to air, forming Li2O, and rendering the Au3Li unreactive.
Finally, similar to other ion exchange reactions, Fe(acac)3 was reacted with Au3Li in
polar solvents, only to yield Fe oxides.26 It is worth noting, that increasing the Fe(acac)3
concentration in the Au3Fe1-x synthesis led to the incorporation of more Fe and increased
crystallinity (see section 2.3.1), suggesting that both the vacancy and exchange theory
may be plausible.

Figure 3-7. Proposed reaction pathway for the formation of non-equilibrium L12-type Au3M1-x
intermetallics. The blue atoms represent Li and the red atoms represent Fe.

3.4 Summary
In conclusion, I have shown that colloidal Au nanoparticles can serve as a
compositional, morphological, and structural template for lithium insertion via the
reaction with n-BuLi to form L12-type Au3Li. This represents a solution chemistry route
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to a prototype polar intermetallic compound containing a highly electropositive element.
As a complement to traditional synthetic routes, this alternative low-temperature strategy
may lead to the synthesis and discovery of other polar intermetallic compounds,
including similar alkali metal systems via reagents such as sodium naphthalide. The
successful synthesis of a polar intermetallic compound as colloidal nanoparticles also
demonstrates that this rich class of solid state materials is amenable to nanostructuring
via solution synthesis techniques. Finally, the fact that Au3Li1-x forms under similar
conditions and the same structure type as Au3M1-x, implies that it plays a significant role
in the synthesis of the non-equilibrium phases.
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Chapter 4
Solution Synthetic Routes to Early Transition Metal Nanoparticles

4.1 Introduction

4.1.1 Early Transition Metals
Inorganic solids of the early transition metals (Groups IIIB-VIIB) include
numerous valuable materials such as superconductors,1 hydrogen storage materials,2 and
shape-memory alloys.3 Traditional routes to these and other inorganic solids consist of
high temperature techniques including powder metallurgy and arc melting.

More

recently, solution-based nanoparticle methods (e.g. the polyol process) have been
extensively explored as a low-temperature route for solid state materials.4 However, to
date, adopting these methods to early transition metals have proven problematic as these
elements are typically air-sensitive, an issue which is exacerbated at the nanoscale level.
In order to overcome these challenges, strong reducing agents must be employed and an
air-free environment must be strictly maintained.
In the previous chapters, I have demonstrated the use of n-BuLi as a reagent for
the template-driven synthesis of Au3M1-x nanoparticles.5-7 Butyllithium, when applied to
nanoparticle synthesis, is an efficient reagent for affecting nucleation kinetics and acting
as a lithium intercalation source.8,9 Additionally, it is well documented that n-BuLi is a
 Reprinted in part with permission from J. Am. Chem. Soc., 131, J. F. Bondi, K. D.
Oyler, X. Ke, P. Schiffer, and R. E. Schaak, “Chemical Synthesis of Air-Stable
Manganese Nanoparticles,” 9144-9145, Copyright 2009 American Chemical Society.
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strong reducing agent.9 From a safety perspective, n-BuLi is not as violent as other
organolithium compounds (i.e. t-BuLi), but caution must be taken when used at
temperatures above ambient conditions. Furthermore, the presence of lithium during a
nanoparticle synthesis can act as an energetic driving force towards the formation of ionic
by-products. Owing to this and its high solubility in organic solvents, n-BuLi makes an
ideal reagent candidate for nanoparticle growth. Here, I describe the synthesis of several
nanoparticle systems based on early transition metals via the reduction of ionic metal
compounds. Finally, by modifying this process, I report the synthesis of early transition
metal oxides, metal phosphides, and alloys.

4.1.2 Elemental Manganese Nanoparticles
Manganese is among the most complex magnetic elements. The most stable form
of Mn metal, -Mn, adopts an elaborate body-centered cubic (bcc) structure that contains
58 atom positions per unit cell (Figure 4-1).10 The magnetic properties of Mn metal are
unusual as well, with -Mn ordering antiferromagnetically with a Néel temperature (TN)
of 95 K rather than ferromagnetically like most of the other magnetic elements.11 Given
its unusual structure and magnetism, Mn metal is an intriguing target for size-dependent
studies. However, studies of Mn nanoparticles have been limited because of difficulties
involving synthesis and stability. The large negative reduction potentials of soluble Mn
salts (e.g. EMn2+/Mn = – 1.185 V vs SHE) make it impossible to generate zero-valent Mn
in solution using standard reducing agents that are most often employed in colloidal
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syntheses.12,13 Likewise, the oxophilicity of Mn metal would render Mn nanoparticles
highly reactive in air.

Figure 4-1. Crystal structure of bcc α-Mn with a space group of I-43m. The structure contains 58 atom
positions per unit cell.

Only a few examples of Mn nanoparticles are known, prepared using methods
that include ball milling,14 inert gas condensation,15 and arc discharge.16 Most of these
examples contain significant amounts of crystalline manganese oxide impurities, which
complicates magnetic measurements. Chemical routes to Mn-containing nanoparticles,
such as MnP,17,18 MnPt,19 and MnPt3,20 have incorporated Mn using thermal
decomposition of Mn2(CO)10. Attempts to prepare elemental Mn nanoparticles using
similar methods have yielded oxides, as have other chemical routes to early transition
metal systems.21 Here, I report a solution chemistry method for the synthesis of air-stable
nanoparticles of -Mn. The chemistry, used by Zhou et al to synthesize AuPt and AuNi
nanoparticles22,23 and by the Schaak group to synthesize non-equilibrium intermetallic
Au3M (M = Fe, Co, Ni) nanoparticles,5,6 uses n-butyllithium (n-BuLi) as a strong
reductant that is capable of reducing Mn2+ to zero-valent Mn in a diphenyl ether solution.
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Oleic acid binds strongly to a thin amorphous oxide shell that coats the -Mn
nanoparticles, rendering them air-stable. The -Mn nanoparticles are paramagnetic with
no observable magnetic transitions, which are in contrast to the antiferromagnetism
exhibited by bulk -Mn.

4.2 Experimental Details

4.2.1 Materials
MnCl2 (anhydrous 98+%), WCl4 (95%), oleic acid (99% reagent grade),
oleylamine (70% technical grade), 1,2-hexadecanediol (90%, technical grade), and
trioctylphosphine (TOP, 90% technical grade) were purchased from Sigma Aldrich.
Diphenyl ether (99% reagent grade), n-butyllithium (n-BuLi, 1.6 M in hexane),
hexadecylamine (HDA, 90% technical grade), 1-octylamine (99%), Mn2(CO)10 (30.6%
C), MoCl3 (99.5%), Mo(CO)6 (98%), W(CO)6 (97%), and ReCl3 were purchased from
Alfa Aesar.

Di-n-octyl ether (>95%) was purchased from TCI America.

MnCl2,

Mn2(CO)10, MoCl3, Mo(CO)6, WCl4, W(CO)6, ReCl3, oleic acid, 1,2-hexadecanediol,
TOP, HDA, and n-BuLi were transferred as received into a MBRAUN Unilab glovebox
under argon (O2 < 0.1 ppm, H2O < 1.0 ppm). Diphenyl ether, di-n-octyl ether, 1octylamine, and oleylamine were dried by heating to 110 C for 1 hour under vacuum
and transferred into the glovebox using a freeze-thaw degassing method, and stored with
3Å molecular sieves. Washing solvents (methanol, n-hexane, and toluene) were obtained
from a solvent purification system with drying column under ultra-high purity (UHP)
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argon and transferred into the glovebox. The washing solvent acetonitrile (anhydrous
99.5%) was purchased from EMD and transferred into the glovebox using a freeze-thaw
degassing method. All washing solvents were stored in the glovebox with 3Å molecular
sieves. All glassware was thoroughly dried in an oven before using in the glovebox.

4.2.2 Synthesis
α-Mn nanoparticles: In an argon glovebox, 0.4 mmol of MnCl2 was placed in a
50 mL round-bottom 3-neck flask. Next, 10 mL of diphenyl ether and 0.8 mmol of oleic
acid were added to the 3-neck flask. The 3-neck apparatus was sealed using a condenser
with an air-flow adapter on top, a thermometer adapter with mercury thermometer, and a
14/20 rubber septum. Also in the glovebox, 5 mL of diphenyl ether and 4.8 mmol of
1.6M n-BuLi (in hexane) was added to a 50 mL Schlenk flask and sealed with a rubber
septum. Both the 3-neck apparatus and Schlenk flask were removed from the glovebox
using the large antechamber. The 3-neck apparatus was sonicated for ~30 minutes, until
all of the MnCl2 was dissolved. At the same time, the Schlenk flask was connected to a
Schlenk line under UHP Ar, and the hexanes were removed from the n-BuLi solution by
vacuum for 30 minutes in order to prevent dangerous overpressure during injection.
Next, the 3-neck apparatus was attached to the Schlenk line, flushed, and evacuated with
Ar three times to remove any air that may have leaked into the flask during sonication.
The reaction was performed under an Ar blanker with an oil bubbler flow producing one
bubble per second. The 3-neck apparatus was then heated to 200 C, at which point the
n-BuLi solution was filled with Ar and injected into the 3-neck apparatus. Following

78

standard Schlenk line techniques, the 10 mL plastic syringe with lock tip and stainless
steel needle was flushed three times with UHP Ar prior to extracting n-BuLi. The final
mixture continued to heat and stir for an additional 20 minutes at 200 C, after which the
heating source was removed and the reaction was allowed to cool to room temperature.
When cooled, the final solution was transferred back into the glovebox for
product isolation. Prior to glovebox transfer, the sealed 3-neck flask was placed under
negative pressure to prevent explosion during the pump-down cycle in the large glovebox
antechamber.

The sample was quenched with an equal volume of methanol, and

centrifuged for 10 minutes at 12,000 rpm. The brown supernatant was decanted and the
product was washed three times with methanol, followed by three times with n-hexane.
The final product was then redispersed in a minimal amount of hexanes for XRD
analysis. The nanoparticle dispersion was drop coated onto the XRD sample holder in
the glovebox before being transported to the XRD.

TEM sample preparation was

performed by taking the hexane/Mn solution and adding one drop of oleic acid, followed
by a 3:1 ratio of methanol to the hexane already in solution.

This solution was

centrifuged, and the supernatant was decanted. The final product was redispersed in
toluene and drop coated onto a carbon coated copper grid.
Comparative studies using different surfactants were performed by substituting
0.8 mmol oleic acid with either 0.8 mmol TOP or 0.8 mmol oleylamine in the method
described above.

The modified synthesis using a lower reducing temperature was

performed by injecting the n-BuLi solution into the Mn solution at 150 C and stirring for
20 minutes while maintaining temperature.
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MnO Tetrapod Nanoparticles: In an argon glovebox, 2.5 mmol of Mn2(CO)10
was placed in a 50 mL round-bottom 3-neck flask. Next, 15 mL of dioctyl ether, 2 mmol
of oleic acid, 2 mmol of oleylamine, and 1.0 mmol of 1,2-hexadecanediol were added to
the 3-neck flask. The 3-neck flask apparatus was sealed using a condenser with an airflow adapter on top, a thermometer adapter with mercury thermometer, and 14/20 rubber
septum.

The 3-neck apparatus was removed from the glovebox using the large

antechamber and sonicated for ~30 minutes in a water ultrasonicator until all Mn2(CO)10
was dissolved. Next, the 3-neck apparatus was attached to the Schlenk line, flushed, and
evacuated with Ar three times to remove any air that may have leaked into the flask
during sonication. The 3-neck apparatus was filled with Ar and heated to reflux (~300
C). At 280 C the reaction mixture became clear and at 295 C a cloudy blue tint was
observed. Once at reflux, the reaction mixture continued to heat and stir for an additional
30 minutes. Afterwards, the heating source was removed and the reaction was allowed to
cool to room temperature. As a precaution, all workup and product isolation procedures
were performed in the glovebox. An equal amount of acetonitrile was added to the
solution mixture and centrifuged for 10 minutes at 8,000 rpm. The white precipitate was
washed three times with acetonitrile, followed by three times with toluene.
Mo and W Nanoparticles via n-BuLi: Inside an argon glovebox, 0.35 mmol of
MoCl3 was placed in a 50 mL 3-neck round-bottom flask. Next, 10 mL of diphenyl ether
and 150 µL of oleylamine (70%) were added to the 3-neck flask. The 3-neck apparatus
was sealed using a condenser with an air-flow adapter on top, a thermometer adapter with
mercury thermometer, and a 14/20 rubber septum. Also in the glovebox, 5 mL of
diphenyl ether and 4.8 mmol of 1.6 M n-BuLi (in hexane) were added to a 50 mL
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Schlenk flask and sealed with rubber septum.

Both the 3-neck apparatus and Schlenk

flask were removed from the glovebox using the large antechamber.

The 3-neck

apparatus was sonicated for ~30 minutes or until all of the MoCl3 was dissolved. The
dissolved MoCl3 was dark brown in solution. At the same time, the Schlenk flask was
connected to a Schlenk line under UHP Ar, and the hexanes were removed from the nBuLi solution by vacuum for 30 minutes in order to prevent dangerous overpressure
during injection. Next, the 3-neck apparatus was attached to the Schlenk line, flushed,
and evacuated with Ar three times to remove any air that may have leaked into the flask
during sonication. The 3-neck apparatus was then filled with Ar and heated to 200 C, at
which point the n-BuLi solution was filled with Ar and injected using a 10 mL plastic
syringe into the 3-neck apparatus. The final mixture was stirred for an additional 20
minutes at 200 C, after which the heating source was removed and the reaction was
allowed to cool to room temperature. The sealed 3-neck apparatus was transferred back
into the glovebox for workup. Prior to glovebox transfer, the 3-neck flask was placed
under negative pressure to prevent explosion during the pump-down cycle in the large
glovebox antechamber. The sample was quenched with an equal volume of methanol,
and centrifuged for 10 minutes at 12,000 rpm. The brown supernatant was decanted and
the product was washed three times with methanol, followed by three times with nhexane. The final product was then redispersed in a minimal amount of hexane for XRD
analysis. The nanoparticle dispersion was drop coated onto the XRD sample holder in
the glovebox before being transported to the XRD.
substituted for MoCl3 during the W nanoparticle synthesis.

An equivalent of WCl4 was
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W and Mo-based Nanoparticles via Thermal Decomposition: Inside an Ar
glovebox, 1.7 mmol of W(CO)6 was added to 3.0 mmol of oleylamine (70%) and 10 mL
of diphenyl ether in a 50 mL round-bottom 3-neck flask. The 3-neck apparatus was
sealed with a condenser, thermometer adapter with mercury thermometer, and 14/20
rubber septum. The 3-neck apparatus was removed from the glovebox and connected to
a Schlenk line and heated to reflux at approximately 250 °C. The solution was stirred
overnight (>18 hours) then allowed to cool to room temperature. The cooled 3-neck
apparatus was then transferred under vacuum back into the glovebox for product
isolation. The final solution was quenched with methanol and centrifuged for 10 minutes
at 12,000 rpm. A black precipitate formed. The product was washed with methanol three
times and dried under vacuum.
Annealing was conducted in a Lindberg/Blue M tube furnace with 16-segment
programmable controller. A custom built “air-free” quartz tube with 24/40 joints was
used. Inside an argon glovebox, the amorphous W nanoparticles were place on an ovendried ceramic boat. The boat was carefully placed inside the custom quartz tube. 24/40
air-flow adapters were connected to the custom quartz tube with metal keck clamps. The
tube was sealed under argon, transferred to the tube furnace, and connected to a tank with
forming gas (Ar with 5% H2). The hose connecting the tube and gas tank was flushed
prior to purging the quartz tube. The quartz tube was purged for 20 minutes. Finally, the
sample was heated to 800 °C over 2.5 hours and aged for an additional 4 hours. When
cooled, the quartz tube was placed under slight vacuum (caution must be taken in order
not to disturb the boat and powder) and transferred back into the glovebox. The annealed
powder was separated and ready for analysis.
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The synthesis of MoP nanoparticles is as follows: inside an Ar glovebox, 1.7
mmol of Mo(CO)6 was added to 5 mL of TOP in a 50 mL round-bottom 3-neck flask.
The 3-neck flask was sealed with condenser, thermometer adapter with mercury
thermometer, and rubber septum. The 3-neck flask was removed from the glovebox and
connected to a Schlenk line under Ar. The reaction mixture was slowly heated to 320 °C
and stirred overnight (> 20 hours). The reflux temperature prior to turning off the
reaction dropped to 280 °C. The dark solution was cooled to room temperature. The
reaction was centrifuged and a black precipitate accumulated. The powder was washed
three times with CH2Cl2. Initial product isolation revealed an amorphous product by
powder XRD. The powder was annealed using the process above.
The synthesis of MoRe3 nanoparticles begins inside a glovebox by dissolving 0.7
mmol of Mo(CO)6 and 0.7 mmol of ReCl3 in 1 mL each of 1-octylamine in separate 20
mL septum capped vials. Next, 2 g of hexadecylamine (HDA) was added to a 50 mL
round-bottom 3-neck flask and sealed with condenser, thermometer adapter with mercury
thermometer, and 14/20 rubber septum. The 3-neck apparatus and septum capped vials
were removed from the glovebox. The 3-neck flask was attached to a Schlenk line and
flushed with UHP Ar. At room temperature, HDA was a solid and the 3-neck flask was
heated to 200 °C before adding either metal solution. The ReCl3 solution was injected
via syringe to the heated HDA and stirred for 90 minutes at 200 °C. Then, the Mo(CO)6
solution was added to the 3-neck apparatus and heated to reflux (330 °C). The final
solution was stirred overnight (> 20 hours). Product isolation was performed inside the
glovebox. The solution was centrifuged and a precipitate was acquired. The precipitate
was washed five times with a 3:1 ethanol:hexanes mixture. Initial product isolation
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revealed an amorphous product by powder XRD. The powder was annealed using the
process above.

4.2.3 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 Xray diffractometer using Cu Kα radiation using a standard and air-free sample holder
from Bruker.

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.

High resolution transmission electron microscopy

(HRTEM) was performed on a 200kV JEOL-2010 LaB6 microscope. The lattice fringes
in the images are from 033 and 220 Mn planes as confirmed via calibrated power spectral
densities in Gatan Digital Micrograph™. Preparation of XRD and TEM/SAED samples
are described in section 4.2.2.

Magnetic characterization was performed using a

Quantum Design SQUID magnetometer.

X-ray photoelectron spectroscopy (XPS)

analyses were performed on a monochromatic Al Kα source instrument (Kratos, Axis
Ultra, England) operating at 14 kV and 20 mA for an X-ray power of 280 watts. Spectra
were collected with a photoelectron take off angle of 90 from the sample surface plane,
energy steps of 0.20 eV, and a pass energy of 20 eV. All XPS spectra were referenced to
the C 1s peak with a binding energy of 284.6 eV. FT-IR spectra were collected on a
Bruker IFS-66/S spectrometer using a diffuse reflectance accessory (Collector II, Thermo
Spectra-Tech). The instrument was equipped with an MCT detector and was constantly
purged with dry air (CO2 & H2O free). Manganese particles were diluted in KCl, loaded
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into a micro sampling cup, and leveled with a spatula for analysis. The spectrum is
plotted in K-M units and is relative to a KCl reference sample. The spectrum had a 2
point correction at 3900 and 1800 cm-1 to linearize the background and the atmospheric
CO2 peak was removed. 400 scans at 6 cm-1 resolution were acquired for sample and
reference spectra.

4.3 Results and Discussion

4.3.1 Chemical Synthesis of Air-Stable Manganese Nanoparticles
Powder X-ray diffraction (XRD) data for the isolated product (Figure 4-2a) shows
crystalline -Mn with no evidence of crystalline manganese oxides, which have been
present in other reported examples of Mn nanoparticles.14,16 Scherrer analysis of the
XRD data indicates an average grain size of 11 nm. Figure 4-2b shows a representative
transmission electron microscope (TEM) image of the -Mn nanoparticles, which exist
as spherical 13.1  3.3 nm particles. The selected area electron diffraction (SAED)
pattern in Figure 4-2a confirms that the nanoparticles are crystalline -Mn with diffuse
rings that match amorphous MnO. A size distribution histogram (Figure 4-3a) shows that
the nanoparticles are reasonably uniform, although not rigorously monodisperse (Figure
4-3b). Other stabilizers, such as oleylamine and trioctylphosphine (TOP), also yield
nanocrystalline -Mn, but with less desirable morphologies (Figure 4-2c).

Optimal

conditions involve the injection of n-BuLi at 200 C; below this temperature, irregularly
shaped -Mn particles form (Figure 4-2d). Above 200 C, oxidation is uncontrollable,
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and the predominant products are manganese oxides. This is likely due to decomposition
of oleic acid and incorporation of its oxygen atoms into the manganese particles.

10 nm

Figure 4-2. (a) Experimental (top) and simulated (bottom) powder XRD patterns for -Mn nanoparticles.
The broad feature near 60 corresponds to the sample holder. Inset: Representative SAED pattern,
showing crystalline spots (indexed) consistent with -Mn core and diffuse rings (*) attributed to
amorphous MnO shell. TEM images of -Mn nanoparticles capped with (b) oleic acid (inset shows oxide
shell), (c) oleylamine, and (d) -Mn nanoparticles (oleic acid) using a lower n-BuLi injection temperature.
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Figure 4-3. (a) Size distribution histogram for α-Mn nanoparticles capped with oleic acid (refer to the TEM
image in Figure 4-2b). (b) Larger-area TEM image of α-Mn nanoparticles capped with oleic acid.

The -Mn nanoparticles appear to be air-stable, exhibiting no change in the XRD
pattern or color when samples are analyzed both before and after air exposure. Figure 45a shows X-ray photoelectron spectroscopy (XPS) data for the Mn 2p core level region.
After correcting for chemical shift using the C 1s peak at 284.6 eV, the XPS spectrum
shows a broad Mn 2p3/2 peak at 641.2 eV and Mn 2p1/2 peak at 652.9 eV. Based on the
Mn 2p3/2 and 2p1/2 peak positions and comparison with previous XPS studies of
manganese oxides,24-26 the surface of the nanoparticles consists of an oxidized shell,
although it is difficult to unambiguously distinguish among the MnO, Mn2O3, and Mn3O4
oxides. However, it is important to note that the peak shapes in the Mn 2p region,
particularly the satellite peaks at 644.1 and 656.5 eV, are similar to previously reported
samples of MnO.25 The presence of surface oxide is consistent with the SAED data in
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Figure 4-2a, showing amorphous MnO. HRTEM images (Figures 4-2b, 4-4) confirm the
presence of a 3-4 nm amorphous oxide shell, as well as the crystalline Mn core based on
observation of the characteristic 033 and 220 lattice planes.

Figure 4-4. HRTEM images of (top) α-Mn nanoparticles showing the 3-4 nm amorphous oxide shell and
(bottom) a larger view of the HRTEM image in the upper left corner showing the crystalline α-Mn core
with 033 and 220 lattice planes.
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Figure 4-5. (a) XPS spectrum of α-Mn NPs showing the Mn 2p region (referenced to C 1s peak, 284.6 eV).
(b) DRIFT spectrum of oleate-coated α-Mn NPs. The expanded region in the inset highlights the observed
cis C-H stretch at 3006 cm-1 from the bound oleate ion. Data collected by (a) Tad Daniel and (b) Josh
Stapleton.

The diffuse reflectance infrared Fourier transform (DRIFT) spectrum in Figure 45b shows evidence of a cis C-H stretch at 3006 cm-1, indicating that oleic acid is
present.27 However, the DRIFT spectrum does not show the peak for the corresponding
COOH group at ~1740 cm-1, but does indicate the asymmetric stretching mode of the
COO– ion between 1650 and 1400 cm-1. This is in agreement with other metal-oleates
studied by DRIFT27 and indicates that the oleic acid was deprotonated and attached to the
surface of the -Mn nanoparticles as the oleate ion. Taken together, the XPS, SAED, and
DRIFT data imply that the -Mn nanoparticles are capped with a thin layer of amorphous
manganese oxide, to which the oleate ion is bound. This thin oxide shell and the tightlybound molecular stabilizer are likely to be responsible for the air stability of the -Mn
nanoparticles.
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Bulk -Mn is antiferromagnetic with TN = 95 K.11

Temperature-dependent

magnetization data for a commercial sample of bulk -Mn also showed ferromagnetism
corresponding to a Mn3O4 impurity (Figure 4-6), as has been observed for Mn
nanoparticles prepared using ball milling14 and arc discharge.16 In contrast, the air-stable
chemically-synthesized -Mn nanoparticles are paramagnetic with no evidence of
magnetic ordering down to 4 K. Figure 4-7 shows temperature-dependent field-cooled
(FC) and zero-field-cooled (ZFC) magnetic susceptibility data for a sample of uniform Mn nanoparticles measured at an applied field of 100 Oe. The absence of a bifurcation
between the FC and ZFC curves indicates that the -Mn nanoparticles are not
superparamagnetic.

The magnetic susceptibility data are also consistent with no

crystalline oxides being present, since the features expected for these phases (e.g.
superparamagnetism or magnetic ordering transitions)28 are not observed.

The

paramagnetism could arise from the thin amorphous oxide shell coating the particles or
from the manganese itself. The Weiss temperature derived from high-temperature CurieWeiss plots of multiple samples is approx. –70 K. This, coupled with the fact that a
magnetic phase transition is not observed down to 4 K, indicates antiferromagnetic spinspin exchange interactions and possible large magnetic frustration, which has been
reported in bulk Mn,10 or finite size effects suppressing the magnetic ordering. Because
of the large paramagnetic signal, however, we cannot exclude the possibility of an
antiferromagnetic transition among a small fraction of the Mn moments.
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Figure 4-6. Temperature-dependent magnetic susceptibility data (FC and ZFC) of commercially available
bulk Mn particles with a size of 10 microns and purity of 99.99% at an applied field of 100 Oe. The AFM
transition of bulk Mn is around 95 K (right) and the large low temperature magnetic signal is due to Mn3O4
(left). Data collected by Xianglin Ke.

Figure 4-7. Temperature-dependent magnetic susceptibility data (FC and ZFC) of -Mn particles at an
applied field of 100 Oe. The inset is a Curie-Weiss plot with an extrapolated Weiss temperature of
approximately -70 K. Data collected by Xianglin Ke.
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4.3.2 Synthesis of MnO Tetrapod Nanoparticles
Unlike antiferromagnetic bulk MnO,29 nanoscale MnO is ferromagnetic30 and is
considered a model system for the theoretical and experimental study of electronic and
magnetic properties in rock salt oxides.31 Additionally, the development of morphology
control in these materials may prove useful in engineering an axis of magnetization.
Anisotropic MnO nanoparticles have been reported with shapes of cubes, wires,
dumbbells, and other branched structures.31-33

I previously discussed that thermal

decomposition methods have been used to form various Mn phases such as MnP17,18 and
MnPt3.20

However, when using a thermal decomposition method under air-free

conditions, MnO is produced. Interestingly, the MnO nanoparticles formed here using
thermal decomposition were a unique tetrapod-like architecture comprised of smaller
fused particles.
It was confirmed by powder XRD that the sample adopted the rock salt structure
consistent with MnO. Surprisingly, the diffraction data showed preferred orientation
along the 111 plane (Figure 4-8). Electron microscopy revealed that indeed the particles
were of a tetrapod-like shape (Figure 4-9). The nanoparticles had branches with an
average length of approximately 50 nm.

Upon investigating the particles at higher

magnification, I observed that the tetrapods were formed from fused smaller particles
(Figure 4-9). Previous reports by Peng and coworkers showed a similar assembly of
MnO seeds in nanorods and nanowires.32 Peng proposed a new growth mechanism from
self-focusing enabled by inter-particle diffusion which allows a rapid and complete
dissolution of the small particles in the system. Unlike the traditional “focusing of size
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distribution”, self-focusing requires a high particle concentration in the solution but does
not depend on a high monomer concentration. Additionally, self-focusing might also
affect the nucleation process in a system. It is likely that the alcohol functional groups in
1,2-hexadecanediol act as an oxygen source. Similar studies have shown the oxygen
source is the decisive factor in determining the kinetics for growth and ripening.32 The
tetrapod-like shape may be found to exhibit new magnetic properties and the synthesis
could be used as a template for new tetrapod metal oxides with an oriented axis of
magnetization.

Figure 4-8. Experimental (top) and simulated (bottom) powder XRD patterns for rock salt MnO tetrapod
nanoparticles. Indexed pattern shows preferred orientation along the 111 plane.
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Figure 4-9. TEM images of tetrapod-like MnO nanoparticles. Higher magnification images highlight that
the particles are comprised of fused nanoparticle assemblies.

4.3.3 Solution-based Methods for Molybdenum and Tungsten Nanoparticles
Due to the success from synthesizing manganese nanoparticles, it was likely that
other early transition metals could be accessible using the reported n-BuLi method. The
logical progression of early transition metal candidates is the neighboring group VIB
metals, specifically Mo and W. Bulk Mo and W adopt a body-centered cubic structure.34
As metals, both Mo and W are known for their extremely high melting points of 2896 K
and 3695 K, respectively.34 Due to the high melting point and slow diffusion process,
using traditional bulk metallurgy with these systems requires a large amount of time and
energy. Adopting solution methods to access Mo and W nanoparticles as a composition
template could lead to the synthesis of group VIB metal systems with potential catalytic,
superconducting, and energy-conversion applications.1,3
One goal of increasing urgency is the splitting of water into H2 (g) and O2 (g) for
hydrogen fuel production using sunlight.3

This can be achieved from artificial

photosynthesis which uses semiconductors to capture and convert sunlight into chargeseparated electrons and holes.

The separated charge carriers would then drive the
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oxidation of water to O2 and reduction of water to H2 via an electrocatalyst at the electron
transfer interface. Currently, Pt and Pt-based alloys are responsible for catalytically
splitting H2O in this process. Unfortunately, Pt is not an ideal catalytic system at large
scale due to its expensive price and low earth abundance. Therefore, it is necessary to
develop hydrogen evolution catalysts that are efficient, stable, cheap, abundant, and
scalable.
Many researchers have shown that materials capable as hydrodesulfurization
catalysts

would

make

ideal

targets

for

hydrogen

evolution

catalysts.35

Hydrodesulfurization is a critical step during the refinement of petroleum and natural gas
in which sulfur impurities are removed. This process is necessary to reduce poisonous
sulfur dioxide emissions, a hazardous by-product during fuel combustion. Commonly,
hydrodesulfurization is achieved by cycling H2 gas in the presence of a catalyst to form
H2S, which can then be easily removed with alkylamines. The actual industrial catalyst is
Co(Ni)-Mo(W)S on alumina.36 Though it appears complex, the catalyst is often referred
to as MoS2, as it adopts the layered MoS2 structure. Current studies in this field show
that alloying Mo and W with Ni37,38 and other early transition metals like V38 and Nb39
can increase catalytic activity. Additionally, industrial hydrodesulfurization catalysts
often lack a uniform morphology, thus by studying these systems at the nanoscale by
solution methods may result in electrocatalytic Pt replacements. The challenge is that the
library for accessing Mo and W alloys by solution methods is limited and hindered by the
affinity of Mo and W to oxidize above ambient conditions (e.g. EMo3+/Mo = – 0.200 V vs
SHE). By designing a solution-based method capable of (a) synthesizing Mo and W
seeds for conversion chemistry and (b) utilizing Mo and W reagents for alloying, would

95

lead to accessing more complex hydrodesulfurization catalysts.

Here, I report an

adaptation of the α-Mn nanoparticle synthesis and a thermal decomposition method used
to synthesize W, Mo, and Mo-based nanoparticles.
In a typical synthesis (see section 4.2.2), an equivalent of MoCl3 was substituted
for MnCl2.

Inside a glovebox, the metal salt precursor was added to a surfactant

(oleylamine) and diphenyl ether in a 3-neck round-bottom flask. Similarly, the Mo
solution was heated to 200 °C, and an n-BuLi mixture (with hexanes removed) was
injected. The final solution was aged for 20 minutes and then removed from the heating
source. Finally, the sealed reaction mixture was transferred to the glovebox and a black
precipitate was isolated. Powder X-ray diffraction data confirmed the bcc structure of
Mo particles with no evidence of crystalline oxide impurities (Figure 4-10).

The

representative TEM image in Figure 4-10 shows that the Mo nanoparticles are aggregates
comprised of smaller particles. The oleylamine capped Mo nanoparticle morphology was
similar to products of Mn particles with the same surfactant.41 The morphology can be
attributed to the weaker surface binding affinity of oleylamine when compared to
stabilizers such as oleic acid. The successful synthesis of Mo nanoparticles shows that
the α-Mn could be amended with little modification to other metal systems. It is worth
noting that since n-BuLi in the α-Mn synthesis was in large excess, it was not necessary
to compensate for the higher oxidation state (electrons needed for reduction) in MoCl3 vs
MnCl2.
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Figure 4-10. Experimental (top) and simulated (bottom) powder XRD patterns for bcc Mo nanoparticles
formed by reacting MoCl3 with n-BuLi. Inset shows a representative TEM image of the Mo nanoparticles
capped with oleylamine.

When the same method was used with WCl4, only an amorphous black product
was formed. In order to test if this was a result of the n-BuLi methodology or consistent
with other W systems, W nanoparticles were synthesized using a thermal decomposition
route. Often used in the preparation of Fe and Fe-based alloy nanoparticles, zero-valent
metal-carbonyls like Fe(CO)5 can be thermally decomposed in solution to form
nanoparticles.42,43 Here, W(CO)6 was thermally decomposed to form W nanoparticles
(see section 4.2.2). Inside an Ar glovebox, 1.7 mmol of W(CO)6 was added to 3.0 mmol
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of oleylamine and 10 mL of diphenyl ether in a 3-neck flask.

The sealed 3-neck

apparatus was connected to a Schlenk line and heated to reflux overnight. Product
isolation yielded a black precipitate, similar to powder formed by the n-BuLi method.
Again powder XRD data revealed that indeed the product was amorphous. Annealing the
particles under forming gas (Ar-H2) at 800 °C resulted in a crystalline product. Figure 411 shows powder XRD data of the W nanoparticles with a bcc structure. The inset of
Figure 4-11 is a representative TEM image revealing that the annealed particles remain in
the nano-size regime. The amorphous features of solution grown W nanoparticles could
be attributed to the high crystallization temperature observed in bulk W metal, 850 °C,
rather than the synthetic procedure itself.44
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Figure 4-11. Experimental (top) and simulated (bottom) powder XRD patterns for bcc W nanoparticles
formed via thermal decomposition of W(CO) 6 and annealed at 800 °C under forming gas. Inset shows a
representative TEM image of the annealed W nanoparticles.

I have demonstrated that both reduction of group VIB metal salts using n-BuLi
and thermal decomposition of metal-carbonyls can access W and Mo nanoparticles. By
contributing to this foundational work, it is possible to adopt these concepts to group VIB
metal alloys which could potentially yield hydrogen evolution catalysts.3 Next, I present
a few examples of using the described solution methods for synthesizing Mo-based
nanoparticles. With Karl Oyler, Mo(CO)6 was used to generate MoP and MoRe3 from a
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solvothermal method and by the combination of thermal decomposition and reduction,
respectively.
MoP is a known thermodynamically stable phase that has been reported to exhibit
hydrodesulfurization properties.45 At high temperatures, trioctylphosphine (TOP) can be
used as a phosphorous source for the synthesis of metal phosphides. Both the Schaak and
Brock groups have successfully synthesized a range of metal phosphides using a TOPbased method that include Cu, Ni, Co, Fe, and Mn phosphides.17,18,46 MoP nanoparticles
have been reported using an impregnation method, in which a solid support is treated
with a liquid phase containing the MoP precursors, followed by annealing.47 However,
using a TOP-based method for MoP would demonstrate the versatility of Mo(CO)6 as a
thermal decomposition reagent. The synthesis of MoP nanoparticles was performed by
adding 1.7 mmol of Mo(CO)6 to 5 mL of TOP in a 3-neck flask (see section 4.2.2). The
sealed 3-neck flask was heated to 320 °C and stirred overnight under air-free conditions.
Initial product isolation revealed an amorphous powder based on XRD. Upon annealing
the sample under forming gas at 800 °C for 4 hours, the sample crystallized. Collected
powder XRD data of the annealed product reveals a crystal structure consistent with MoP
(Figure 4-12a). The MoP powder adopts the WC (space group P-6m2) crystal structure
represented in Figure 4-12c.45
product.

Figure 4-12b shows a TEM image of the annealed

The morphology is consistent with similar solvothermal reactions (i.e.

oleylamine) and annealed nanoparticle powders.48
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Figure 4-12. (a) Experimental (top) and simulated (bottom) powder XRD patterns for MoP nanoparticles
formed via thermal decomposition of Mo(CO) 6 in TOP and annealed at 800 °C under forming gas. (b)
Representative TEM image of the annealed MoP nanoparticles. (c) Crystal structure of MoP.

Similarly, MoRe3 nanoparticles were synthesized by the thermal decomposition of
Mo(CO)6 and the reduction of ReCl3 (see section 4.2.2).

MoRe3 is a known

superconductor with a Tc = 9.89 K.1 Additionally, MoRe3 adopts the α-Mn crystal
structure, a complex body-centered cubic structure with the space group I-43m (Figure 413c). The synthesis of MoRe3 nanoparticles uses two different solvents, hexadecylamine
(HDA) and 1-octylamine. HDA, a solid at RT, was used as a high boiling point solvent
to help facilitate thermal decomposition and act as a mild reducing agent for ReCl 3
(ERe3+/Re = 0.300 V vs SHE). 1-octylamine, a liquid at RT, was used as a cosurfactant
and to transfer Mo(CO)6 and ReCl3 to the 3-neck apparatus after melting the HDA.
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Product isolation yielded a black precipitate which appeared amorphous from powder
XRD data. The powder was annealed under forming gas at 800 °C for 4 hours and a
crystalline product was obtained. Figure 4-13a is the XRD pattern confirming that the
powder is consistent with the crystal structure for MoRe3. A TEM image of the annealed
MoRe3 nanoparticles is shown in Figure 4-13b.

Figure 4-13. (a) Experimental (top) and simulated (bottom) powder XRD patterns for MoRe3 nanoparticles
formed via thermal decomposition of Mo(CO)6 and reduction of ReCl3. (b) Representative TEM image of
the MoRe3 nanoparticles. (c) Unit cell of MoRe3 with α-Mn structure type.

4.4 Summary
In conclusion, nanoparticles of -Mn have been synthesized using a solution
chemistry route. A thin amorphous manganese oxide shell and oleate capping groups
help to stabilize the nanoparticles, and their paramagnetic properties differ from those of
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bulk -Mn, which is antiferromagnetic. Given the oxophilic nature of elemental Mn, this
synthetic achievement and preliminary investigation of the magnetic properties is likely
to provide an important foundation for future studies. Additionally, air-free solution
methods using the thermal decomposition of Mn2(CO)10 yielded MnO nanoparticles with
a tetrapod-like morphology.

The tetrapods were comprised of fused smaller MnO

nanoparticles, a feature consistent with other MnO morphologies.
Using the reported n-BuLi method for α-Mn nanoparticles, I was able to
synthesize crystalline Mo and amorphous W nanoparticles by substituting MnCl2 for
MoCl3 and WCl4, respectively. It was also shown that thermal decomposition of metalcarbonyls could be easily adopted to W and Mo-based systems. Though no property
studies were conducted for MoP and MoRe3, their successful synthesis demonstrates the
concept of accessing diverse targets with catalytic and superconducting properties.
The research reported here expands the reactive inorganic toolbox for materials
and synthesizes potential products for use in solid state conversion chemistry. Using the
concepts of a reactive template, early transition metal nanoparticles may act as a
compositional template for accessing complex alloy systems previously unobtainable
using traditional methods.

Additionally, the particles could be utilized as a

morphological template for the synthesis of early transition metal alloys at the nanoscale.
Finally, preliminary results for expanding the n-BuLi synthesis to other oxophilic systems
such as Ge, Si, Nb, and Ti as metals and alloys has yielded oxides or amorphous
products. It is challenging to determine if the oxide formation is due to the synthesis or
air-stability of the more oxophilic systems. However, the reduction of V salts by n-BuLi
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has formed amorphous products that violently oxidize when exposed to air, thus giving
promise for continuing this work.
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Chapter 5
General Conclusions
This dissertation has detailed recent advances for the use of n-butyllithium (nBuLi) in the solution synthesis to solid state inorganic nanomaterials. The organolithium
compound, n-BuLi, was utilized separately as (1) a strong reducing agent and (2) a
template-driven reagent for lithium intercalation and crystal structure control.
Specifically, my work has shown a general synthetic approach for accessing new nonequilibrium phases, polar intermetallics, and early transition metals as nanoparticles.
In chapter 2, following the concept of template reactions, non-equilibrium L12type Au3M (M = Fe, Co, or Ni) intermetallic nanoparticles were synthesized from the
initial nucleation of Au nanoparticle seeds. The Au nucleation occurred by heating
HAuCl4•3H2O in the presence of oleylamine and diphenyl ether. The Au seeds act as a
morphological (6 nm sphere shape), structural (face-centered cubic), and compositional
(Au-based) template for the incorporation of the 3d transition metal in the final Au3M
product. By systematically modifying the n-BuLi procedure, I was able to identify and
optimize key synthetic variables such as solvent, order of reagent addition, stabilizer, and
heating rate to generate high phase purity and increased sample sizes. The large sample
sizes made it possible to study the non-equilibrium intermetallic nanoparticles by SQUID
magnetometry. It was found that Au3Fe and Au3Co nanoparticles are superparamagnetic
with TB = 7.9 K and 2.4 K, respectively.
paramagnetic down to 1.8 K.

The Au3Ni nanoparticles are weakly

108

Originally, the non-equilibrium intermetallics were reported with a composition
of Au3M, the ideal 3 to 1 ratio in the L12-type structure. Using elemental analysis by
energy dispersive X-ray spectroscopy (EDS) and the refinement of electron diffraction
patterns, it was confirmed that Au3Fe had an actual composition of approximately
Au3Fe1-x (x = 0.3). This was performed as both single particles at high resolution and in
powder form. Similarly, the other intermetallics had nominal compositions of Au3Co1-x
and Au3Ni1-x. Presumably, understanding the reaction pathway could lead to insight of
the 3d transition metal deficiency. The role of n-BuLi was initially believed to enhance
nucleation kinetics; however, reacting Au seeds and n-BuLi without the 3d transition
metal produced a prototype Au3Li polar intermetallic.
In chapter 3, I examined the Au3Li nanoparticles which were found to adopt the
same L12 structure type as the non-equilibrium Au3M1-x intermetallics. Au3Li is a known
thermodynamically stable phase, but as nanoparticles were found to decompose in water
to regenerate fcc Au. Unfortunately, elemental analysis of the Au3Li phase proved to be
problematic as the low electron count in Li prevents detection by EDS. Also, the Au
5p3/2 and Li 1s core level region energetically overlap, rendering techniques such as XPS
and EELS ineffective.

However, ICP-MS and analysis of lattice constants using

Vegard’s law suggest a composition of approximately Au3Li1-x (x = 0.3).

The

observation that Li could be inserted and removed into the fcc structure of the Au seeds
prompted the possibility of either an exchange or vacancy filling reaction pathway for the
Au3M1-x (M = Fe, Co, or Ni) intermetallics.

Unfortunately, synthetically the exact

pathway could not be confirmed and computational modeling may be required.
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Finally, in chapter 4, the role of n-BuLi as a strong reducing agent was studied for
the synthesis of early transition metal nanoparticles. Here, I reported the first successful
isolation of air-stable manganese nanoparticles. Using strict air-free conditions, MnCl2
was reduced by n-BuLi with oleic acid in diphenyl ether. The manganese particles
adopted the α-Mn structure, a complex bcc structure named after itself.

The

nanoparticles had a generally spherical morphology and comprised of a thin 3-4 nm
amorphous MnO shell with tightly bound oleate ligands, which rendered the particles airstable. Unlike the antiferromagnetic bulk Mn metal, the as-made α-Mn nanoparticles
were paramagnetic. Additionally, crystalline Mo and amorphous W nanoparticles were
synthesized using the same n-BuLi procedure from MoCl3 and WCl4. Using the thermal
decomposition of metal-carbonyls was shown to yield W, MoP, MoRe3, and tetrapod-like
MnO nanoparticles.
In the past, the solution synthesis of non-equilibrium phases and early transition
metals as nanomaterials has proven problematic. I have demonstrated in this dissertation
a single robust strategy by injecting n-BuLi into a heated metal salt solution that yields
solid state nanomaterials. By altering the general reaction conditions (metal precursors,
injection temperature, and heating times), I have shown that this strategy can successfully
synthesize non-equilibrium intermetallics, polar intermetallics, and early transition metals
at the nanoscale. I hope that my work has added to the versatility of n-BuLi within solid
state materials and that these techniques can be integrated as a general means for
accessing other materials by template reactions or strong reducing agents.
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