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ABSTRACT

Low-Temperature Synthesis of Transition/Post-Transition Metal Intermetallics
and Layered Rare Earth Oxide Perovskites
(December 2009)
Nathaniel L. Henderson, B.S., Louisiana State University
Chair of Advisory Committee: Dr. Raymond E. Schaak

Recent years have seen the emergence of numerous low-temperature synthetic
approaches toward inorganic materials, including both intermetallic and oxide
compounds. Many of these processes have focused on the synthesis, modification, and
conversion of nanoparticles and deposited thin-films, which can overcome energetic
barriers, such as the rate-limiting solid-solid diffusion step, associated with traditional
metallurgical and ceramic techniques. Through a loss of dimensionality or drastically
reduced diffusion distances these approaches can access a wide range of materials at
much lower temperatures than typically employed.

Additionally, low-temperature

methods potentially provide for the discovery of nonequilibrium or kinetically stable
phases. This dissertation details our work towards the development of alternative, nontraditional synthetic methods for accessing both intermetallic and oxide compounds at
low-temperatures and ambient pressures.
We have used molten dispersions of low-melting metals as reactive precursors in
the synthesis of various bimetallic materials, specifically M-Sn, M-Ga, M-Bi, and M-In
phases (M = late transition or post-transition metal). These compounds possess a range
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of different chemical and physical properties, such as superconductivity, and can be
rapidly obtained in solution at temperatures below 300 °C. Additionally, we find that the
choice of solvent is somewhat flexible, as several of these bimetallic phases were
obtainable under similar conditions in renewable plant and seed oils, such as safflower
and canola oil. This provides further support for our hypothesis that the solvent acts
primarily as medium for dispersion and heat-transfer and that intermetallic formation
occurs through a diffusion-based approach in solution.
With regards to oxide compounds, we have accessed layered perovskite-type
Eu2Ti2O7, which is typically obtained through high-pressure techniques, at moderate
temperatures and ambient pressure through mild oxidation of EuTiO3. This approach
suppresses formation of the more thermodynamically stable pyrochlore structure and
allows partial retention of the perovskite motif up to 900 °C. Our synthetic method is
amenable to bulk-scaling and yields samples that possess an increased response toward
second harmonic generation relative to previous reports. Finally, we have synthesized
Ca-substituted EuTiO3 phases through a modified sol-gel approach. By varying the level
of Ca content, we can systematically alter the length of the unit cell edge and suppress the
antiferromagnetic ordering temperature, presumably through dilution of magnetic spins.
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CHAPTER I
INTRODUCTION

Property-driven materials research is a topic of significance due to the need for
materials with specific, controllable chemical and physical behaviors.

Synthesis of

inorganic materials is often a non-trivial undertaking, as physical properties can be
heavily influenced by a number of variables including crystal structure,1 chemical
composition,2 synthetic route and processing,3 and particle size.4 From a fundamental
perspective, it is desirable to elucidate correlated structure-property relationships as well
as to understand the effects of synthetic parameters upon exhibited physical properties.
Exploratory research provides the basis for rational approaches towards materials design
and fine-tuning targeted properties, with the ultimate goal of obtaining industrially
relevant compounds that are utilized in device fabrication.
Two classes of materials, intermetallic compounds and perovskite-related oxides,
are discussed in greater detail throughout this dissertation. Intermetallic compounds, an
ordered subset of alloy compounds, are composed of two or more metallic elements
arranged in an periodic, crystalline array and possess a wide range of desirable physical
and chemical properties that vary depending on material composition and crystal
structure. These include permanent magnetism,5 catalytic activity,6 hydrogen and lithium
storage,7 shape memory effects,8 high structural strength,9 corrosion resistance,10
superconductivity,11 and thermoelectricity.12

Technologically significant multimetal

materials include the metallic superconductors Nb3Sn and Nb3Ga, which possess critical
temperatures of 17.8 and 15.3 K,13-14 respectively, as well as high critical current
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densities; Bi2Te3, a high figure-of-merit thermoelectric material;15 and CuPt, which is
utilized for CO oxidation catalysis and demonstrates oxidative resistance superior to that
of pure Pt.16
Oxide and ceramic materials possess properties that are often distinct from those
of the previously mentioned intermetallic compounds, due in part to the difference in
electronic structure. Generally speaking, oxide materials are more likely to be insulating
(less electrically conductive) than intermetallics due to a large amount of electron
delocalization in metallic compounds. Exhibited properties of ceramic materials include
ferroelectricity,17 superconductivity,18 second harmonic generation and nonlinear optical
effects,19 capacitance,20 and catalytic activity for water and ethanol splitting.21 Notable
examples include the high Curie temperature ferroelectric materials Sr2Nb2O7 and
La2Ti2O7 (TC = 1342 and 1500 °C, respectively)22-23 and YBa2Cu3O7 and
Tl2Ba2Ca2Cu3O10, which are high critical temperature superconductors (TC = 92 and 125
K, respectively).24-25
Traditional synthesis of these types of inorganic materials involves heating
mixtures of the constituent elements or precursors at elevated temperatures, often in
excess of 1000 °C, for an extended period of time (days or weeks).

Intermetallic

compounds are routinely accessed through metallurgical techniques, such as arc-welding,
powder metallurgy, and induction heating. Complex oxide materials can be obtained
through the ceramic method, where stoichiometric amounts of the single metal oxide or
carbonate precursors are mechanically ground together, pressed into a pellet, and then
fired in a furnace. These harsh, energy-intensive approaches are necessary in order to
melt the component solids or to provide sufficient energy for diffusion across grain
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boundaries. As illustrated in Figure 1.1, the initial phase formation proceeds rapidly at
the interfaces of precursor materials. As the reaction proceeds, however, the diffusion
length of migrating ions increases and impedes the growth rate of the final phase.
Consequently, these synthetic methods often require frequent steps of intermittent
grinding and annealing to expose unreacted surfaces and to allow for sample
homogenization, crystallinity, and purity.
Through traditional synthetic routes are well-studied and can access a great
number of compounds, the resultant products are generally the most thermodynamically
stable phases. This arises due to the large amount of energy required to overcome the
rate-limiting step of solid-solid diffusion, and these methods are often prohibitive to
obtaining kinetically stable or non-equilibrium phases that may crystallize exclusively at
lower temperatures. In order to minimize the effects of solid-solid diffusion, alternative
synthetic methods have been developed to access inorganic materials at lower
temperatures. This is often accomplished through a reduction in precursor particle sizes
(and, consequently, diffusion distances), which frequently leads to drastically lowered

Figure 1.1 Cartoon illustrating a two-component solid state reaction and the ratelimiting step of solid-solid diffusion. This illustration represents ceramic
synthesis of oxides as well as the solid-phase reaction of two non-molten metals.
In this schematic, the initial formation of the final phase occurs rapidly at the
interfaces of A and B particles. Complete conversion requires a significant
amount of energy to allow for diffusion across the increasingly large distances of
AB.
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energetic barriers for diffusion, faster reaction completion, and, presumably, a greater
degree of kinetic control over the final product phase. In addition to this, synthesis at
lowered temperatures can sometimes yield enhanced or unusual physical properties,
making the development of alternative synthetic techniques an attractive goal from a
technological standpoint.
Recent years have seen the emergence of numerous alternative synthetic
approaches focused on obtaining increased reactivity at lower temperatures. High-energy
methods, such as laser ablation26 and mechanical alloying,27 can access sub-micron size
particles though fractionation of bulk materials. Vapor phase routes, including chemical
vapor deposition (CVD),28 combinatorial sputtering techniques,29 and molecular beam
epitaxy (MBE),30 along with solution routes, such as spin coating,31 have accessed a wide
range of interesting materials in thin film form. One particularly elegant example of this
is the synthesis of new and metastable antimonide skutterudites by D.C. Johnson and
coworkers.32 In this approach, alternating layers (1.5 nm) of elemental precursors are
deposited and then annealed at low temperatures (< 500 °C) to form the final phase
through rapid, controlled diffusion. Molten flux approaches, which use liquid phase
metals or salts as solvents and growth media, have also received considerable attention in
recent years and have contributed to the library of known phases.33 Relevant examples
include CeCoIn5,34 a heavy fermion material, as well as CeOs4Sb12,35 which is a filled
skutterudite Kondo insulator. Additional low temperature methods include intercalation,
insertion, and ion exchange reactions, which yield products that are structurally similar to
the precursor material but host weakly bonded guest species, such as hydrogen or lithium
cations.36
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A large number of solution-mediated approaches have also yielded lowtemperature access to a variety of inorganic materials. Soft-chemical techniques, such as
sol-gel methods,36 solvo- and hydrothermal syntheses,38 and co-precipitation of insoluble
precursors,39 have been utilized for a range of different systems and yield a higher degree
of homogeneity and mixing than typically accessible through traditional “top-down” bulk
approaches. These and other related techniques are often referred to as “bottom-up”
approaches, as synthesis involves nucleation and growth from atomic or molecular
species, and can proceed rapidly at low-temperatures due to a reduction in both grain size
and diffusion length.
Recently, colloidal and nanoscale processes have garnered much attention,
proving to be highly versatile and robust methods for the synthesis of a wide variety of
materials.

In simplest form, these approaches typically involve the thermal

decomposition of organometallic precursors or the reduction of metal organic and metal
halide salts in solution followed by controlled nucleation and growth through polymer or
surfactant stabilization.40

In cases of limited crystallinity, this is followed by low-

temperature annealing in solution or in a furnace.
Previous work in our lab and other research groups has focused on developing
and expanding a diverse toolbox of solution-mediated reactions towards increasingly
complex nanocrystalline materials.

These include single metal nanoparticles with

controllable size and morphology;41 a variety of binary and ternary intermetallics,42
including previously unknown phases such as AuCuSn2, AuNiSn2, and ε-Co;43-44 and
conversion of single metal particles and wires to various metal pnictides (e.g. PdP2, FeP,
and CoP) and chalcogenides (e.g. Ag2Se, Co3S4).45-46 Further work has lead to the

6
synthesis of metastable phases, such as wurtzite-type ZnS and ZnSe, which were obtained
through templated anionic exchange of preformed ZnO.47 With regards to physical and
electronic properties, nanoscopic, low-temperature synthesis has produced surprising
results, such as the enhanced critical field values for superconducting In nanoparticles
relative to bulk In.48
Though the previously discussed approaches are as diverse as the number of
accessible phases, there exists a common, prevalent theme of accessing materials at
reduced temperatures through a drastic reduction of diffusion distances or exploitation of
preformed templates. The work discussed in this dissertation shares many of the same
goals of the aforementioned synthetic methods and reinforces the desire to develop
alternative, low-temperature synthetic approaches for a variety of inorganic materials
with interesting properties. Particular emphasis is given to the development of faster
synthetic routes (favoring exploratory research), stabilization of low-temperature or
kinetic phases (without lengthy peritectic reactions or cooling cycles), stabilization of
high-pressure phases under less harsh conditions, and probing the effects of low-energy
processes on structure, composition, and properties of the product phase.
The following chapters describe the development of robust, nontraditional
synthetic routes to bulk-scale materials at lower temperatures and pressures than those
typically employed. In particular, two synthetic approaches have been utilized: rapid
diffusion of colloidal molten metal dispersions and partial retention of structural motifs
through modification of precursor oxide templates. These methods have led to rapid
access of low-temperatures phases, such as CoSn3, as well as the discovery of enhanced
optical properties in perovskite-type Eu2Ti2O7.
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The first of these approaches exploits the high reactivity of molten metal
dispersions, specifically Sn, Ga, Bi, and In.

This synthetic method draws several

similarities to solution-mediated syntheses of nanoparticulate materials as well as bulk
self-flux techniques. Single metal colloids, comparable to polymer stabilized emulsions
prepared by Xia et al.,49 can be facilely obtained through vigorous agitation in high
boiling solvents in a liquid-phase analogy to bulk fractionation approaches.

These

molten dispersions can then be rapidly converted to binary intermetallic phases with the
addition of bulk metal powders (Figure 1.2). These reactions proceed at temperatures
accessible through “bench-top chemistry” and represent a drastic reduction relative to the
high temperatures routinely accessed by more traditional metallurgical processes. In

Figure 1.2 Schematic illustrating the proposed diffusion-based reaction pathway for
the synthesis of binary intermetallic compounds from dispersed molten metals. An
emulsion of micron-scale droplets is formed by heating a low-melting metal above
its melting point in hot polyol and vigorously stirring. These dispersions are then
reacted with larger transition metal powders, allowing the dispersed molten droplets
to aggregate and diffuse into the surface of the transition metal. The final
intermetallic particles possess similar size and morphologies as the precursor
transition metal with smoother and more contoured surfaces.
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Chapter II, we describe the development and generalization of this method via the
synthesis of fourteen M-Sn, M-Ga, M-Bi, and M-In intermetallic compounds (M = late
transition metal or heavy main group element).50 Notable among these include a low
temperature phase (α-CoSn3), textured powders with anisotropic morphologies (α-CoSn3
and FeSn2), and superconducting phases (Bi3Ni and In5Bi3). Reaction pathway studies
suggest that the molten low-melting metals diffuse into the larger, higher-melting
powders, forming intermetallic compounds directly in a liquid-phase medium from bulkscale powders of the constituent elements.
Chapter III describes the modification of this synthetic method towards a
“greener”, more environmentally-responsible process.

The primary focuses of this

approach are maintaining high atom economy and the use of renewable feedstocks and
non-toxic reagents at lower temperatures and ambient pressures. In this method, toxic,
petroleum-derived glycol solvents are replaced with renewable, reusable plant and seed
oils. A selection of binary phases previously obtained in polyol solvents was synthesized
in apricot kernel, almond, safflower, and canola oils.51 Recyclability studies indicate a
higher degree of stability to thermal decomposition at moderate temperatures than that of
glycols. Additionally, we find that the intermetallic products obtained in partially
degraded oils remain highly crystalline. It is possible that this synthetic approach may
prove to be a successful means of remediation (and a further efficient application) for
waste oils used in food processing.
The second distinct approach focuses on the modification of structural templates
towards facile, ambient-pressure synthesis of oxide materials previously accessible only
through high pressure techniques. Layered perovskite oxides exhibit properties that vary
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in nature and magnitude based on the structure of the particular system of interest. As
illustrated in Figure 1.3, pervoskite-related phases can be derived from the ABO3
perovskite phase by separating layeres along a given crystalline direction.52 RuddlesdenPopper phases, which are layered along the [100] axis of the parent simple perovskite,
can

display

ionic

conductivity

(HLaTiO4)53

and

colossal

magnetoresistance

[(La,Sr)n+1MnnO3n+1].54 In comparison, Sr2Nb2O7 and La2Ti2O7 are layered along the
[110] axis and, as mentioned previously, possess two of the highest known ferroelectric
Curie temperatures, finding use as capacitor materials and in piezoelectric and
pyroelectric sensing devices.22-23 La2Ti2O7 is additionally useful as a photocatalyst for
water splitting and as a second harmonic generation (SHG) material.21 In Chapter IV, we

Figure 1.3 Cartoon illustrating the structural similarities between the simple cubic
perovskite phase, ABO3, and two families of layered perovskite phases. BO6
octahedra are drawn in blue while A-site cations are represented by red spheres.
(left) Ruddlesden-Popper phases possess the chemical formula An+1BnO3n+1, where
each layer is n octahedra in thickness. These phases can be derived from the parent
perovskite structure by separating along the [100] plane. (right) [110] layered
perovskite phases can be similarly derived from the simple perovskite by separating
along the [110] plane and adopt the formula AnBnO3n+2.
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describe the synthesis of layered perovskite-type Eu2Ti2O7 through mild thermal
oxidation of perovskite EuTiO3 and partial retention of the perovkite motif in the final
phase.55 Previous reports of direct synthesis of perovskite-type Eu2Ti2O7 utilized high
pressures (> 3 GPa); however, through structural templating, we can access this material
at ambient pressures and reduced temperatures. Additionally, we find that perovskite
type Eu2Ti2O7 obtained from EuTiO3 possesses an SHG conversion efficiency forty times
greater than that of previously reported values.56
Finally, we take a more detailed look at EuTiO3, which is a material of interest as
a potential multiferroic material (strongly coupled ferromagnetic and ferroelectric
properties). Pure EuTiO3 is a paraelectric antiferromagnet, though recent synthesis of
epitaxial, oxygen-deficient thin films shows a ferromagnetic transition at the same
temperature as the antiferromagnetic ordering temperature in bulk.57 Further theoretical
work suggest that a modest compressive strain of 1.2% is sufficient to induce coupling
between magnetism and a soft phonon mode, suggesting that EuTiO3 is on the verge of a
magnetic/electric instability and can be structurally modified to yield coupled
ferromagnetism and ferroelectricity properties.58 In Chapter V, we discuss the attempted
synthesis of bulk-strained EuTiO3 through the Eu-site substitution for smaller divalent Ca
ions with the purpose of chemically mimicking epitaxial strains. Ca-substituted EuTiO3
phases were successfully synthesized through a modified sol-gel method using a titanium
alkoxide as a complexing agent. The single lattice constraint, the unit cell length, was
decreased from 3.902(3) Å for phase pure EuTiO3 to 3.829(1) Å for 80% substitutions.
The Neél temperature of CaxEu1-xTiO3 was suppressed with increasing amounts of Casubstitution

with

complete

loss

of

antiferromagnetic

ordering

(transition

to
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paramagnetism) for x > 65%. Additionally, we find that compressive strains destabilize
the perovskite structural motif and that mild thermal oxidation leads to formation of
pyrochlore (CaxEu1-x)2Ti2O7 rather than the layered perovskite structure discussed in
Chapter IV.
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CHAPTER II
LOW-TEMPERATURE SOLUTION-MEDIATED SYNTHESIS OF
POLYCRYSTALLINE INTERMETALLIC COMPOUNDS FROM BULK METAL
POWDERS

2.1 Introduction
Intermetallic compounds comprise a large family of crystalline solids that
generally contain two or more metallic elements and have crystal structures that differ
from those of their constituent elements. These materials are widely used in technological
applications

because

of

their

important

physical

properties,

which

include

superconductivity,1-2 shape memory effects,3-4 permanent magnetism,5 catalytic activity,6
and lithium and hydrogen storage capacity.7 Traditionally, intermetallics are synthesized
using high-temperature methods such as arc melting, powder metallurgy, and induction
heating. Such reaction conditions, combined with long annealing times and frequent
regrinding steps for powder preparations, are necessary to overcome the limitations of
solid–solid diffusion.
Alternative strategies that yield intermetallics at lower temperatures are becoming
increasingly common. For example, work by Johnson and co-workers has shown that
new and metastable antimonides, including FeSb3, NiSb3, and RuSb3, can be accessed at
____________
* Reprinted in part with permission from Chem. Mater., 20 Henderson, N.L. and Schaak,
R. E. “Low-Temperature Solution-Mediated Synthesis of Polycrystalline Intermetallic
Compounds from Bulk Metal Powders,” 3212, Copyright 2008 by the American
Chemical Society
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low annealing temperatures (< 500 °C) through controlled diffusion of layered,
elementally modulated precursors.8 Additional low-temperature approaches include
molten flux synthesis,9 solvothermal techniques,

10

electrodeposition,11 high-energy ball

milling,12 chemical vapor deposition (CVD),13 and gas-phase condensation routes.14
Solution-mediated routes have also proven to be viable strategies for low-temperature
synthesis, yielding many known intermetallics as well as several new and metastable
phases.15-16 There are many reasons for developing and utilizing these lower temperature
methods for the synthesis of intermetallic compounds. In addition to facilitating
exploratory synthesis and stabilizing low-temperature phases, these synthetic routes
provide different processing capabilities and sometimes allow kinetic control over phase
formation. This is often accomplished by minimizing diffusion lengths and increasing
reactivity. By overcoming the rate-limiting diffusion step, these methods can access
materials unattainable through traditional high-temperature synthetic methods.
Here, we describe a new strategy for synthesizing bulk scale microcrystalline
powders of intermetallic compounds using “beaker chemistry” reactions. This approach
bridges the gap between molten metal flux techniques9 that yield bulk crystals of
intermetallic compounds and solution chemistry techniques that yield metal and
intermetallic nanocrystals.15-16 Dispersions of molten metals are prepared by heating lowmelting metals (Ga, Sn, In, and Bi) in highboiling polyalcohol (polyol) solvents with
vigorous stirring, in direct analogy to the method used by Xia and co-workers to obtain
single-metal colloids (Bi and In).17 In addition to providing a heat source, the solvent
helps to maintain a reducing atmosphere. These dispersions are reacted with bulk
powders of late-transition metals and p-block metals under flowing argon and annealed in
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solution to yield the final intermetallic phase. This method has proven to be general for a
wide range of binary phases and provides facile access to low-temperature structures (αCoSn3), superconducting phases (In5Bi3, Bi3Ni), and textured or highly anisotropic
intermetallics (FeSn2, α-CoSn3). Polycrystalline samples can be rapidly obtained in bulk
form, potentially providing a pathway for rapid exploratory synthesis of intermetallics
and alloys in an underexplored, low-temperature regime.

2.2 Experimental Details
2.2.1 Materials
The following chemicals were used as purchased without further purification: Co
(99.8%), Cu (99%), Sn (99.8%), In (99.99%), Sb (99.5%), Ni (99.8%), and Bi (99.5%)
powders (-325 mesh, Alfa Aesar); Fe powders (-325 mesh, 99%, Alfa Aesar; 1-3 µm,
98%, Alfa Aesar); Ga shot (6 mm shot broken into ~1 mm pieces, 99.9999%, Alfa
Aesar), tetraethylene glycol (TEG, 99%, Alfa Aesar), diethylene glycol (DEG, 99%, Alfa
Aesar), poly(vinyl pyrrolidone) (PVP; MW = 40 000, Alfa Aesar); nickel 2,4pentanedionate (NiC10H14O4, 95%, Alfa Aesar); nickel acetate (Ni(CH3COO)2·XH2O,
99+%, Alfa Aesar); bismuth nitrate (Bi(NO3)3·5H2O, 98%, Alfa Aesar); and antimony
acetate (Sb(CH3COO)3, 97%, Alfa Aesar).

2.2.2 Synthesis
In a typical, one-pot synthesis, stoichiometric amounts of the two constituent
metals (approximate total mass of 0.15 g) are added to a flask with 30 mL of TEG (bp =
314 °C) or DEG (bp = 245 °C) depending on the desired maximum attainable
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temperature. After purging the system with Ar, the solution is rapidly heated (~ 5-10
°C/min) with continuous stirring (500-1000 rpm) and then maintained at the peak
temperature until the reaction is complete. No polymers or additional surfactants are used
in the synthesis, unless otherwise noted.
The relevant synthetic details for each system are given in Table 2.1. Powders of
intermetallics are obtainable at temperatures ranging from 85 to 300 °C, and complete
reaction can require as few as 3 h or as many as 18 h at the peak temperature. Typically,
formation of intermetallics is detectable by powder X-ray diffraction (XRD) in 1–3 h. A
slight excess of the low-melting metal remains unreacted when magnetic elements are
used (Fe, Co, Ni) due to magnetic attraction to the stir bar, which affects the available
stoichiometry. The excess low-melting metal is easily removed by briefly sonicating in
~2 M HCl.

Table 2.1 Synthetic conditions for binary intermetallics. All phases were synthesized in
TEG except InBi and In5Bi3, which were synthesized in DEG.
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Larger (~50 μm) rod-shaped crystals of FeSn2 were grown by adding a 2-fold
excess of Sn powder to the initial solution, discontinuing stirring after formation of the
intermetallic phase, and annealing in the hot solvent (260 °C) for 48 h under flowing Ar.
Fe powders (1–2 μm) were used for the crystal growth to facilitate rapid Sn diffusion.
FeSn2 rods were collected from the obtained shot by dissolving the excess Sn matrix in
dilute HCl for 1 h.

2.2.3 Characterization
Powder XRD data were collected using a Bruker-AXS D8 Advance
Diffractometer with a scintillation counter and a Bruker D8 Advance Diffractometer with
a LynxEye 1D detector (both using Cu Kα radiation). XRD patterns were obtained from
powdered samples at room temperature. Scanning electron microscopy (SEM), energydispersive X-ray spectroscopy (EDS), and elemental mapping data were collected using a
JEOL JSM 5400 SEM operating at 20 kV. Magnetic characterization of superconducting
phases was performed using a Quantum Design SQUID magnetometer.

2.3 Synthesis of Polycrystalline Intermetallics
Fourteen distinct binary intermetallic compounds were synthesized by reacting
molten metal dispersions with fine metal powders in hot polyalcohol solvents. The
synthesis approach requires that the molten metals melt below the solvent reflux
temperature. This criterion is met by Sn (231.9 °C), Ga (29.8 °C), In (156.6 °C), and Bi
(271.4 °C). In order to provide evidence for the formation of molten metal dispersions,
Bi and Ga colloids were prepared by heating the elemental powders above their
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respective melting temperatures with vigorous stirring in TEG, mimicking the conditions
of a typical synthesis. These single-metal dispersions, similar to those obtained by Xia
and co-workers,17 were stabilized with poly(vinyl pyrrolidone) (PVP, MW = 40 000) and
quenched in ethanol. As shown in Figure 2.1, the single-metal dispersions are comprised
of small spherical droplets (< 3 μm), which are much smaller in size than the starting
materials (< 45 μm for Bi, ~1 mm for Ga), and provide indirect evidence that the metal is
molten and suspended in the hot polyol solvent.
Binary intermetallic phases are obtained when the molten dispersions are formed
in the presence of transition metal and p-block metal powders. Figure 2.2 shows XRD
data for fourteen M-Sn, M-Ga, M-In, and M-Bi intermetallic compounds that were
synthesized using this strategy: SbSn, FeSn2, Cu6Sn5, CoSn3, Ni3Sn4, FeGa3, NiGa4,
Cu9Ga4, CoGa3, Ni2In3, InSb, In5Bi3, InBi, and Bi3Ni. A few of these are highlighted in
more detail below. Most compounds are phase pure within the detection limits of our
laboratory X-ray diffractometer.

However, diffraction patterns for NiGa4 and InBi

display small impurity peaks (~5%) attributable to other binary phases. Additionally,
SbSn possesses a slight (~5%) excess of Sb, though this is consistent with known
variations in stoichiometry for β-SbSn.18
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Figure 2.1 SEM images of PVP-stabilized (a) Ga and (b) Bi colloids obtained by
dispersing Ga shot and Bi powder in hot tetraethylene glycol and rapidly quenching in
ethanol.
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Figure 2.2 Powder XRD patterns of M-Sn, M-Ga, M-In, and M-Bi intermetallics formed
by reacting molten metal dispersions in TEG with transition metal and p-block metal
powders. Corresponding simulated patterns are shown below each observed pattern.
With the exception of SbSn, all simulated patterns were calculated from crystallographic
data. The simulated diffraction pattern for SbSn was taken from the JCPDS database
(33-0118).
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Representative SEM micrographs of NiGa4, FeGa3, and Ni3Sn4 are shown in
Figure 2.3 along with element mapping data for Ni3Sn4 to confirm the composition (42%
Ni, 58% Sn) and uniform elemental distribution. The crystallite sizes are generally
between 5 and 30 μm, though this can vary for each system and with different annealing
times. By altering the synthetic conditions, it is possible to obtain polycrystalline
intermetallics as both fused millimeter-sized shots (Figure 2.3c) and bulkscale powders
(Figure 2.3d). Though typical synthesis involves a one-step addition of both elemental
precursors, intermetallic formation was also observed when the transition metal and
higher melting p-block metal powders were added to preformed dispersions of molten
metal.
The FeSn2 system provides an instructive example of the synthetic process and
nature of the products that form. Upon inspection of the XRD data for FeSn2 in Figure
2.2, it is evident that the intensities of the experimental data do not match those of the
simulated XRD pattern. Figure 2.4a shows these XRD data in more detail along with
several SEM micrographs (Figure 2.4b,e-f). In the observed diffraction pattern, the 020,
112/220, 330, and 040 reflections are noticeably more intense than the corresponding
reflections in the simulated pattern. Though slight preferred orientation effects are not
uncommon in the synthesis of intermetallics,19 the large disparity of diffraction intensity
suggests the presence of a significant amount of morphological anisotropy. Figure 2.4b
shows a SEM micrograph of the FeSn2 product synthesized with a 2-fold excess of Sn (in
order to facilitate growth of larger crystallites). Element mapping data for this sample,
shown in Figure 2.4c (Fe) and 2.4d (Sn), indicate that the Fe is localized in rod-like
crystallites, while the Sn is present everywhere. The typical reaction workup involves
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Figure 2.3 Representative SEM images of (a) NiGa4, (b) FeGa3, and (e) Ni3Sn4 powders.
Elemental mapping data for (f) Ni and (g) Sn and EDS verify the composition of Ni3Sn4
(42% Ni, 58% Sn). . Digital photographs of bulk-scale amounts of intermetallics
obtainable through this synthetic method: (c) mm-scale shot (In5Bi3) and (d) bulk powder
(NiGa4). Scale bars in (c) and (d) are both 2 mm.
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Figure 2.4 (a) Comparison between simulated and observed powder XRD patterns for
crystalline FeSn2 rods, highlighting the enhanced intensity for the 020, 112/220, 330, and
040 reflections, indicated by asterisks in the simulated pattern. SEM imaging and
elemental mapping (b-d) show that, following synthesis, octagonal FeSn2 rods are
embedded in a matrix of Sn metal. As shown in (c) and (d), Fe is found mostly in rodshaped crystals and Sn is everywhere. Following chemical removal of the excess Sn
matrix, additional microscopy work confirms that the FeSn2 rods are highly anisotropic
(e-f). Elemental mapping of a single rod (f) shows that the particle is composed entirely
of Fe (g) and Sn (h) in a 1:2 ratio.
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dissolving the excess Sn with dilute HCl, leaving behind FeSn2 without Sn impurities.
Accordingly, Figure 2.4e shows a SEM micrograph of the FeSn2 product after dissolving
the Sn matrix. Element mapping and EDS data for another rod (Figure 2.4f-h) confirm
the 1:2 Fe:Sn ratio. As anticipated from the data in Figure 2.4a, the FeSn2 crystallites are
anisotropic and predominantly rod shaped. The FeSn2 rods are observed to have an
octagonal cross-section, which correlates well with growth along the [001] direction. The
XRD data are consistent with this assignment, showing enhanced diffraction intensity for
the {hk0} and {0k0} families of planes that would preferentially be parallel to the
incident beam when the rods are oriented along their [001] growth direction.
Returning to the XRD data in Figure 2.2, preferred orientation is significant for
FeSn2 and α-CoSn3 and to a lesser extent Ni3Sn4. CoSn3 is a recently discovered layered
intermetallic compound with two known polymorphs (α-CoSn3 and β-CoSn3), which
differ primarily in stacking order.20 CoSn3 has been prepared using a lengthy peritectic
reaction of CoSn2 and excess Sn as well as through a Sn flux method.20 Previously, we
observed formation of nanocrystalline α-CoSn3 by reacting β-Sn nanocrystals with CoCl2
·6H2O in TEG at 180–195 °C under reducing conditions.21 Here, we observe formation
of bulk quantities of α-CoSn3 at 260 °C in less than 3 h. Figure 2.5a compares the
observed and simulated powder XRD patterns for α-CoSn3, which show enhanced
intensities corresponding to the {h00} family of planes. The SEM micrograph of R αCoSn3 powder, shown in Figure 2.5b, confirms the platelet morphology of the crystallites
and is consistent with the crystal structure of α-CoSn3 and preferred orientation parallel to
[100]. The XRD and SEM data clearly indicate that this synthetic method can produce
textured microcrystalline powders of intermetallic compounds. Furthermore, the facile
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Figure 2.5 (a) Comparison between simulated and observed powder XRD patterns for
CoSn3. The 600, 800, and 12 00 reflections, indicated by asterisks, are much more
intense than the corresponding peaks in the simulated pattern, suggesting preferred
orientation parallel to [100]. This is supported by SEM imaging (b), which shows the
plate-like morphology of the CoSn3 particles.

formation of α-CoSn3 shows that low-temperature phases can be readily accessed using
this synthetic method. For Ni3Sn4, the 200 reflection is more intense than the
corresponding peak in the simulated diffraction pattern, suggesting some preferred
orientation as well.
Closer examination of the InBi and In5Bi3 diffraction patterns reveals impurities
of In2Bi, which is a known superconductor.22 Unfortunately, attempts to isolate phasepure
In2Bi by increasing the amount of In have failed. In5Bi3 is also a known superconducting
phase.23 Figure 2.6a shows powder XRD data for a representative sample of In-rich In-Bi,
which includes InBi, In2Bi, and In5Bi3. Figure 2.6b shows a plot of magnetic moment vs
temperature for this mixed-phase In-Bi sample. The drop in magnetic moment at 5.8 K is
consistent with the superconductor In2Bi (TC = 5.8 K). Likewise, the further drop at 4.2
K is consistent with the superconductor In5Bi3 (TC = 4.2 K). InBi is not a known
superconductor and does not contribute to the observed features in the low-temperature

31
susceptibility data. Bi3Ni is also a known superconductor (TC = 4.06 K)24 and readily
accessible through this synthetic process. Figure 2.7 shows a plot of magnetic moment vs
temperature for Bi3Ni, showing a single superconducting transition near 4.0 K, which is
consistent with that expected for Bi3Ni.

Observation of superconductivity in these

samples, as-prepared and without additional annealing, shows that this synthetic method
is viable for producing superconducting intermetallics.
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Figure 2.6 (a) Comparison between the observed powder XRD pattern for mixed-phase
In-Bi and simulated patterns for InBi, In2Bi, and In5Bi3. (b) Plots of magnetic moment
vs. temperature show superconducting transitions at 5.8 and 4.2 K, which are attributable
to In2Bi and In5Bi3, respectively.
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Figure 2.7 Plot of magnetic moment vs. temperature for Bi3Ni powder obtained by
reacting Ni powder with dispersed molten Bi, showing a superconducting transition at 4.0
K, which is attributable to Bi3Ni.

2.4 Investigation of the Reaction Pathway of Intermetallic Formation
Given the experimental details, there are two primary reaction pathways that
could be involved in formation of intermetallics using this beaker-chemistry method. One
possibility, in analogy to standard metal flux reactions, is that the molten metal droplets
dispersed in the polyol solvent dissolve the other higher melting metal powders and
subsequently precipitate the intermetallic powders. Another possibility is that the small
droplets of molten metal attack the higher melting metal powders and form intermetallics
via a diffusion-based process. Several control experiments imply that the latter pathway
is more likely.
SEM images were obtained for the Ni precursor (Figure 2.8a) and Ni2In3 powder
(Figure 2.8b) synthesized by reacting the Ni powder in a TEG dispersion of molten In.
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Prior to the reaction, the Ni grains are coarse, generally 10–20 μm in diameter, and
possess sharp protrusions. After the reaction, the Ni2In3 grains remain similar in size and
overall morphology to the Ni precursor, although the rough edges appear more smooth
and contoured. The size retention and conservation of morphology imply that the molten
In droplets diffuse into the Ni powders (Figure 1.2) rather than leaching away the Ni.
Further support for this hypothesis comes from investigations in the Co-Sn
system. Large pieces of Co shot (~5 mm diameter) were added to a TEG dispersion of
molten Sn. After reaction, a shell of α-CoSn3 platelets was observed surrounding smaller
Co cores (Figure 2.8c-d). The compositions of both the platelets and the core remnant
were confirmed by powder XRD. Taken together, the size and morphology retention in
the Ni-In system and the CoSn3 coating on the surface of a millimeter-scale Co shot
suggest that the process is diffusion based rather than occurring through leaching or
solvation of the transition metal, as would occur in a traditional metal flux reaction.
(a)

(b)

Ni2In3 powder

Ni powder

5 µm

(c)

10 µm

(d)

50 µm
Co

CoSn3

Co
500 µm

CoSn3

Figure 2.8 SEM images of the Ni powder (a) before and (b) after reaction with dispersed
molten In. The general size and shape retention suggest that In diffuses into the surface
of the Ni particles. (c-d) SEM images of CoSn3 formed by reacting molten dispersed Sn
with Co shot (~5 mm diameter). The central core of Co remains unreacted while the
surface forms CoSn3 through Sn-diffusion into the shot. The white rectangle in (c)
represents the area viewed with greater magnification in (d).
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2.5 Reaction of Molten Metal Dispersions with Metal Cationic Solutions
The reaction of preformed metal nanoparticles with solutions of metal halide or
metal organic salts has previously resulted in the conversion to distinct intermetallic
phases. Accordingly, we have performed preliminary studies to investigate the viability
of using single metal molten dispersions as reactive precursors for additional solutionmediated syntheses. SEM images of particles obtained from the reaction of a molten Sn
emulsion with a TEG solution of nickel 2,4-pentanedionate for 2, 4, and 6 h are shown in
Figure 2.9. The compositions of the resulting spherical particles were confirmed to be
Ni3Sn4 via powder XRD. The particles obtained after 2 h at 270 °C possess spherical
morphologies and are of similar size to the Bi and Ga single metal colloids obtained
previously. After 4-6 h, the spherical particles begin to aggregate and then fuse together,
losing their distinct spherical shapes. Though the investigation of reacting molten metal
emulsions with cationic metal solutions was not exhaustive, the rapid synthesis of Ni3Sn4
suggests that these molten dispersions may prove to be useful precursors for additional
solution-mediated synthetic routes.

Figure 2.9 SEM images of the Ni3Sn4 obtained through the reaction of molten Sn and a
solution of nickel 2,4-pentanedionate for (a) 2 h, (b) 4 h, and (c) 6 h at 270 °C. The
particles maintain the spherical morphology of the original molten colloid and begin to
aggregate and fuse together with extended heating.
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2.6 Investigation of Multiple Synthetic Routes towards Superconducting Phases
The properties of superconducting intermetallic phases are dependent on a variety
of parameters, including sample morphology, defect and impurity concentrations, and
crystallinity. For example, reported critical temperature values for Nb3Ga range from 10
– 20.3 K, depending on the method of sample preparation.25 Additionally, annealed NbCr alloys show sharper superconducting transitions at lower temperatures than
unannealed samples and Nb-Ti alloys display higher transitions temperatures when
slowly cooled rather than rapidly quenched.26 Considered with the detection of enhanced
critical field values for In nanoparticles relative to bulk In,27 these observations suggest
that synthesis at low temperatures, coupled with low crystallinity and/or high defect
concentration, may potentially be related to enhancement of one or more critical
superconducting parameters.
Accordingly, we attempted to obtain samples of Bi3Ni, GaSb, and InSb through
various low-temperature approaches in order to investigate the effects of synthetic
processing upon superconducting properties. We successfully accessed these phases
through several different approaches; however, the persistence of impurity phases and
difficulty in obtaining consistent results precluded property studies and measurements of
superconductivity.
As discussed previously, the reaction of molten In dispersions with Sb powder
yields InSb. Both GaSb and InSb were both obtained through powder metallurgy, where
stoichiometric amounts of the pure elements were mixed together without grinding to
avoid In “plating” and Ga “wetting”. For GaSb, Ga “powder” was obtained through
emulsifying molten Ga in warm TEG and then rinsing several times with ethanol. The
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Ga emulsion is redispersible in ethanol with sonication and can be mixed with Sb powder
before removing the solvent and annealing.

GaSb was also obtainable through the

reaction of a molten Ga dispersion with a solution of antimony acetate in TEG, though Sb
impurities are present in the final product.
For the synthesis of Bi3Ni five distinct synthetic methods were approached: (1)
molten Bi reacted with Ni powder, (2) molten Bi reacted with a Ni solution, (3) powder
metallurgy from two metal powders, (4) polyol reduction of a mixed solution of Bi and
Ni, and (5) annealing of mixed Bi and Ni salts under flowing H2/Ar. One of the major
obstacles associated with this particular binary system was the presence of Bi and BiNi
phases, which are detectable by distinct diffraction peaks at ~27.2 and ~30.3 °2-theta,
respectively. Unfortunately, these impurities were not easily removed by simple altering
the precursor ratios or by rinsing with acid, as with the previously discussed stannide
phases. In most cases, preliminary work suggests that higher reaction temperatures (>
300 °C) and longer durations of heating lead to more formation of BiNi.
Of the five targeted synthetic methods, only (1), (3), and (4) yielded phase pure
Bi3Ni. The other two processes yielded mixed phase samples of Bi3Ni, BiNi, Bi, and Ni
that varied in ratio with alterations to reaction conditions. For the reaction of molten Bi
with Ni powder (Method 1), the physical process of emulsification seems to be crucial.
Lower stir rates and smaller, lighter stir bars tend to yield improper dispersions, with the
molten Bi often collecting at the bottom of the reaction vessel. This also appears to be
the case with the reaction of molten Bi and a solution of Ni(CH3COO)2 (Method 2),
though pure Bi3Ni was never observed for this method. For Method 3, a pellet of Bi and
Ni powders with a 5% Ni excess was annealed at 400 °C for 24 h under flowing Ar and
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yielded Bi3Ni without any detectable impurities. The polyol method (Method 4) yielded
phase pure Bi3Ni through the reaction of stoichiometric amounts of dissolved Bi(NO3)3
and Ni(CH3COO)2 in TEG at 280 °C for 24 h. For the final approach (Method 5),
hydrated Bi(NO3)3 and Ni(CCH3OO)2 salts were ground together in varying ratios, and
the resulting light green pastes were annealed under reducing conditions in a tube
furnace. Results for this method were inconclusive; though it bears mentioning that
annealing temperatures above 400 °C lead to more BiNi formation. The least amount of
impurity phases was observed for starting molar ratios of 2.3:1 to 2.0:1 (Bi:Ni) at 300 °C
for 30 h under flowing H2/Ar.
Finally, we find that the reaction of Ni powder with a solution of Bi(NO3)3 results
in no detectable intermetallic formation. This is contrary to what is observed with molten
Bi metal and dissolved Ni(CH3COO)2 and provides further support for our hypothesis
that the intermetallic formation discussed in the previous sections is diffusion-based and
requires one molten metal to procede.

2.7 Summary
By reacting molten metal dispersions with fine transition metal and p-block metal
powders, it is possible to access a variety of binary intermetallic systems at temperatures
below 300 °C. The synthetic approach described here bears many similarities to
traditional flux methods, which provide for low-temperature synthesis through the use of
molten salts or metals as growth media.9 Traditional flux routes often yield high-purity,
crystalline products and have also resulted in the discovery of new ternary and quaternary
phases.28 Similarly, we found that dispersions of molten metals in hot solvents can react
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at low temperatures with higher melting metal powders to form intermetallics, although
the products are polycrystalline. Use of reactive molten metal dispersions in solution
allows for rapid synthesis of the low-temperature phase α-CoSn3, which is typically
accessed through a lengthy peritectic reaction or with a large excess of Sn flux.20 This
synthetic method is also a viable means of obtaining crystalline, textured intermetallics,
such as FeSn2, and bulk-scale quantities of the superconducting phases Bi3Ni, In2Bi, and
In5Bi3.
While this method has proven to be general for the synthesis of a large number of
intermetallics, it is limited to systems that contain a low-melting metal and is not likely to
provide access to other frequently used flux metals (e.g., aluminum, copper, zinc) with
melting temperatures above the boiling point of TEG. Additionally, the diffusion-based
growth necessitates inclusion of the molten metal into the final intermetallic phases,
precluding synthesis of some of the more exotic phases obtainable through nonreactive
flux techniques. Despite these limitations, the presented synthetic strategy is a versatile,
robust, and simple means for bulkscale synthesis of several families of intermetallics.
Refluxing TEG also provides slightly reducing conditions,29 which likely minimize
formation of oxide impurities. The ease of sample processing eliminates the need for
synthesis in evacuated silica ampoules, facilitates rapid synthesis and time-resolved
aliquot studies, and helps to circumvent thermodynamic traps associated with hightemperature synthetic techniques. While it does not yield large single crystals and is not
as general as traditional flux methods, this alternative approach yields bulk-scale powders
and provides for high-throughput, exploratory intermetallic synthesis in an underexplored
low-temperature regime.
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CHAPTER III
TOWARD GREEN METALLURGY: LOW-TEMPERATURE SOLUTION
SYNTHESIS OF BULK-SCALE INTERMETALLIC COMPOUNDS
IN EDIBLE PLANT AND SEED OILS

3.1 Introduction
The principles of green chemistry have been established to promote
environmentally-responsible and non-hazardous methods for the synthesis and utilization
of chemicals.1 Toward that goal, there is a significant focus on modifying the chemistry
of organic transformations, with particular emphasis on industrially-relevant processes
because of their scale and technological importance. There is also growing interest in
green nanotechnology, which encompasses the use of nanoscale materials for catalysis
and environmental remediation, as well as green methods for the synthesis and
production of nanoscale solids.2 For example, edible oils, which are both non-toxic and
renewable, have been used as solvents for the synthesis of a variety of nanocrystalline
materials.3 A related area that has received less attention is the development of green
methods for the synthesis of bulk-scale solids that are normally prepared by lengthy hightemperature “heat and beat” solid-state reactions. Examples of ways in which green
chemistry principles have been integrated into bulk-scale solid state synthesis include the
use of supercritical fluids and microwave heating.4-5
____________
* Reproduced in part with permission from The Royal Society of Chemistry, Green
Chemistry., 11 Henderson, N.L.; Straesser, M.D.; Sabato, P.E.; Schaak, R. E. “Toward
Green Metallurgy: Low-Temperature Solution Synthesis of Bulk-Scale Intermetallic
Compounds in Edible Plant and Seed Oils” 974, Copyright 2009 by The Royal Society of
Chemistry
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Metallurgical solids include alloys, which are crystalline solid solutions of two or
more metals, and intermetallic compounds, which are a subset of alloys that tend to have
stoichiometric compositions and atomically-ordered crystal structures.

The most

common methods for the synthesis of metallurgical solids include high-temperature arc
melting of the constituent elements, as well as powder metallurgy techniques that involve
heating physical mixtures of metal powders at high temperatures for long periods of time,
typically several days. These methods are both energy- and thermally-intensive, which is
a direct result of the long solid-solid diffusion distances that must be overcome for the
reactions to occur. Lower-temperature and lower-energy alternatives to these traditional
techniques include ball milling,6 mechanochemical synthesis,7 flux syntheses,8 and some
deposition techniques.9
During the past few years, solution chemistry techniques have been shown to be
applicable to the synthesis of nanoscale intermetallic compounds and alloys.

For

example, modifications of the polyol process and related methods have generated a
library of late transition metal intermetallics and alloys.10 To accomplish this, metal salts
are first dissolved in a high-boiling organic solvent such as ethylene glycol or
tetraethylene glycol, then reduced to zero-valent metals by heating or, more commonly,
by reduction with sodium borohydride prior to heating. We recently showed that a
related strategy can be applied to the synthesis of bulk-scale intermetallic compounds. In
this case, bulk elemental powders are added to tetraethylene glycol and, upon heating, the
powders diffuse together and form intermetallic compounds.11 This works for metals that
have a melting point below the boiling point of the solvent, e.g. Sn, Bi, In, and Ga. Here,
the solvent serves as a heat source to facilitate the melting of one of the metal
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components and as a dispersion medium so that the molten metal can attack the other
higher-melting metals.

Using this strategy, fourteen distinct bulk-scale intermetallic

compounds were synthesized using simple “beaker chemistry” reactions at temperatures
below 300 °C.
When the principles of green chemistry are superimposed on this inherently lowtemperature “beaker chemistry” technique for the synthesis of bulk-scale metallurgical
solids, a set of procedural modifications for generating a more environmentallyresponsible process becomes apparent. Since the role of the solvent is primarily to serve
as a heat source and dispersion medium (rather than supporting dissolution or redox
chemistry), other non-toxic and renewable solvents become feasible alternatives.
Accordingly, here we show that edible oils, which have been used previously to
synthesize metal and semiconductor nanocrystals,3 can serve as a reaction medium for the
low-temperature synthesis of bulk-scale intermetallic compounds. Specifically, apricot
kernel, almond, safflower, and canola oils have been used to synthesize FeSn2, Ni3Sn4,
CoSn3, CoGa3, Cu6Sn5, and Bi3Ni, which have known applications as superconductors,
battery electrodes, corrosion resistant coatings, and magnetic materials. From a green
chemistry perspective, this alternative “green metallurgy” process represents increased
energy efficiency, based on both lower temperatures and shorter reaction times, relative
to traditional high-temperature synthetic methods such as arc melting and powder
metallurgy. This process also involves the use of renewable feedstocks, non-hazardous
solvents, and more environmentally- responsible reaction conditions relative to the most
common reaction media, which utilize toxic glycol solvents.11
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3.2 Experimental Details
3.2.1 Materials
The following chemicals were used as purchased without further purification: Bi
(99.5%), Cu (99%), Sn (99.8%), Co (99.8%), and Fe (99%) powders (-325 mesh, Alfa
Aesar); Ni powders (-325 mesh, 99.8%, Alfa Aesar; 2-3 μm, 99%, Alfa Aesar); and Ga
shot (6 mm shot broken into ~1 mm pieces, 99.9999%, Alfa Aesar). Apricot kernel,
almond, safflower, and canola oils were obtained from Spectrum Organics and used as
purchased.

3.2.2 Synthesis
For a typical synthesis of the binary intermallic phases, stoichiometric amounts of
the two constituent metals (approximate total mass of 0.15 g) are added to a flask with
30-50 mL of oil. The system is purged with Ar, rapidly heated (~5-10 °C/min) with
vigorous, continuous stirring (800-1150 rpm), and then held at the reaction temperature
(Table 3.1) until the precursors have fully reacted to form the desired intermetallic phase.
The crystalline intermetallic powders are separated from the solvent through
centrifugation and then rinsed twice with toluene and ethanol. Alternatively, all washing
can be carried out using only ethanol with additional rinsing cycles, eliminating the need
for toluene. Lower stirring speeds or higher solvent viscocity can lead to attraction
between the magnetic transition metal powders and the magnetic stir bar, which can lead
to non-ideal local stoichiometries. In this case, a slight excess (generally less than 5%) of
molten metal remains, and it can be easily removed by briefly rinsing with ~ 2 M HCl
prior to the final ethanol rinse. Larger sample sizes can also be produced using the same
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volume of oil, e.g. 1 g of Cu6Sn5 was produced by scaling up only the amount of metals
without increasing solvent volume or reaction time.

The formation of intermetallic

compounds is generally detectable by powder X-ray diffraction (XRD) within three hours
of heating, though longer heating times (Table 3.1) are necessary for phase-pure
formation of some of the phases, consistent with a diffusion-based process. Synthetic
parameters for each phase are given in Table 3.1. FeSn2 and Ni3Sn4 were studied indepth in order to investigate solvent recyclability and the general versatility of this
synthetic method.

FeSn2 was synthesized in safflower, almond, apricot kernel, and

canola oils under identical reaction conditions. Ni3Sn4 was synthesized repeatedly in
safflower oil, with the recovered solvent used for subsequent reactions.

Table 3.1 Synthetic conditions for binary intermetallics in edible oils.
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3.2.3 Characterization
Powder XRD data were collected at room temperature using a Bruker D8
Advance Diffractometer with a LynxEye 1D-detector (Cu Kα radiation). Scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and elemental
mapping data were collected using a JEOL JSM 5400 SEM operating at 20 kV.

3.3 Investigation of Synthetic Versatility and Recyclability
Commercially-available apricot kernel, almond, safflower, and canola oils have
smoke points of 257 °C, 257 °C, 249 °C, and 242 °C, respectively. For comparison, the
melting points of Bi, Sn, and Ga are 271 °C, 232 °C, and 30 °C, respectively.
Accordingly, when Bi, Sn, or Ga are added to these edible oils and heated to an
appropriate temperature, the elemental metals will be molten. (Though the melting point
of Bi is higher than the smoke points of the oils, we observed that in an air-free
environment, the oils can be heated to ~30 °C above their air-atmosphere decomposition
temperatures, e.g. smoke points, without a noticeable increase in solvent degradation.)
As we showed in a previous study,11 dispersions of molten metals in high-boiling organic
solvents readily attack higher-melting powders, forming intermetallic compounds via
diffusion of the molten metal into the solid metal powders. Similar reactions occur in
heated edible oils.
Figure 3.1 shows representative XRD data for several intermetallics that are
formed upon heating a low melting metal (Bi, Sn, Ga) with higher-melting metal powders
(Fe, Co, Ni, Cu) in edible oils. Comparison of simulated and experimental powder XRD
patterns unambiguously confirms the formation of the intermetallic phases. For example
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phase pure FeSn2 forms when Fe powder reacts with molten Sn at 260 °C in safflower
oil. Likewise, Ni3Sn4 forms from the reaction of Ni and Sn powders in safflower oil at
270 °C. CoSn3, formed from the reaction of Co and Sn metal powders at 260 °C in
almond oil, shows evidence of preferred orientation, which is consistent with its layered
crystal structure and its known preference to crystallize as anisotropic platelets. CoGa3
forms readily from reactions involving Co and Ga in almond oil at 260 °C, and the

Figure 3.1 Powder XRD patterns of binary intermetallics obtained by reacting molten
metal dispersions with late transition metal powders in hot plant and seed oils. The good
agreement between simulated and observed patterns for each phase indicated phase
purity, with the exception of CoSn3. Two small refelections, indicated by asterisks, can
be assigned to a slight impurity of β-CoSn3 (minor phase), which is identical in
stoichiometry to α-CoSn3 (main phase) but possesses a slightly different stacking
sequence of Co-Sn layers (ref. 13).
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reaction of Cu and Sn in almond oil at 280 °C yields phase-pure Cu6Sn5. Finally, Bi3Ni
forms after heating the constituent elements at 280 °C in apricot kernel oil. The reaction
times range from 6 – 48 h. These are equal to or longer than the times required using the
more toxic glycol solvents.11

The thermal stability of the chosen oils is partially

attributable to a large concentration of unsaturated fatty acids, which are known to bind
more strongly than glycols to metal and oxide surfaces and have been shown to slow
diffusion rates via surface passivation.12 In cases requiring longer reaction times, the
energy efficiency relative to the glycol-based solvents is lower, but the non-toxic edible
oil solvents help to mediate this concern. In all cases, the reactions occur at significantly
lower temperatures than traditional high-temperature metallurgical reactions involving
arc melting or dry powder processing.
The products formed from the reaction of bulk metal powders in heated edible
oils are highly crystalline, as evidenced from the sharp XRD peaks in Figure 1, as well as
the particle morphologies in Figure 3.2. For example, CoSn3 (Figure 3.2a) forms tabular
particles with well-defined crystal facets. The platelet morphology is consistent with the
preferred orientation observed in the XRD data in Figure 1. EDS element mapping in
Figure 2a confirms that the particles contain homogeneously distributed Co and Sn in a
ratio of approximately 20 : 80, which is within experimental error via EDS of the
expected 1:3 ratio in CoSn3.

In addition to providing access to highly crystalline

intermetallics, this approach is a viable means of rapidly synthesizing low-temperature
phases (e.g. α-CoSn3 and η'-Cu6Sn5) that are typically obtained through metal flux
methods or lengthy peritectic reactions with slow cooling rates.13-14
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Figure 3.2 Representative SEM images of (a) CoSn3, (c) Ni3Sn4, and (d) Bi3Ni powders.
EDS and elemental mapping data (b) for Co and Sn verify the composition and elemental
distribution of CoSn3.

The FeSn2 system was chosen to demonstrate that multiple types of edible oils
can be used to successfully synthesize a given intermetallic. Accordingly, Figure 4.3
shows XRD data for phase-pure FeSn2 synthesized from Fe and Sn powders in safflower,
almond, apricot kernel, and canola oils at 260 °C. All of the chosen oils are largely
composed of long chain unsaturated fatty acids (e.g. oleic and linoleic acids), which give
rise to their high thermal stability.15 Due to the similar composition of these high-smoke
point oils, the choice of reaction medium can be determined based on other relevant
factors, such as solvent availability and cost of production. Likewise, the Ni3Sn4 system
in safflower oil was used to study the ability of the solvent to be recycled and re-used
multiple times. Figure 4.4 shows powder XRD data for Ni3Sn4 synthesized from Ni and
Sn powders in safflower oil at 250 °C for 48 h. The Ni3Sn4 product was separated from
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the oil by centrifugation, and fresh Ni and Sn powders were added to the previously-used
oil. After heating again to 250 °C for an additional 48 h, phase-pure Ni3Sn4 was isolated.
Three more cycles were performed, each successfully yielding Ni3Sn4. Although the
solvent begins to degrade and change from a yellow to brown color from prolonged
heating near the smoke point, it is still re-usable for at least five cycles, or approx. 240 h.

Figure 3.3 Comparison between simulated and observed powder XRD patterns for FeSn2
synthesized in several different edible oils at 280 °C.
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Figure 3.4 Powder XRD patterns for Ni3Sn4 formed at 250 °C in recycled safflower oil
The solvent was recovered by centrifugation after each reaction and reused for
subsequent reactions.
The fact that intermetallics can still be formed using the degraded oils implies that
waste oils could also be used as the reaction medium, providing an additional opportunity
for recyclability. The re-usability of the edible oil solvents after heating is significantly
better than the glycols, which have been observed to degrade much faster at these
reaction temperatures. Recylability was tested in the FeSn2 system as well and was found
to be reusable for several cycles, although Fe causes faster degradation of the solvent,
presumably due to metal-catalyzed oxidation. This is consistent with studies showing
that Fe increases the oxidation rate of linoleic and oleic acids, which are major
components of safflower and other oils.16
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3.4 Summary
A method was developed for synthesizing metallurgical solids in edible plant and
seed oils, providing a step toward “green metallurgy” using simple solution chemistry
reactions.

This low-temperature strategy yields bulk-scale products that are highly

crystalline. The solvents used to synthesize them can be re-used several times, and the
successful synthesis of intermetallics even in oils that have begun to degrade implies that
waste oils could also be used as reaction media.

Compared to traditional high-

temperature metallurgical methods such as arc melting and powder annealing, reaction
times are generally either similar or shorter and reaction temperatures are significantly
lower. Compared to other solution-mediated reactions, the edible oil solvents are a nontoxic alternative to most of the glycol-based systems that are typically used for such
purposes. This study provides an intriguing look at replacing toxic glycol-based solvents
with renewable edible oils for producing metallurgical solids, and opens the door to more
in-depth analyses of the process. For example, it may be possible to further expand the
recyclability by introducing additives that increase the oxidative stability of the oils.17
Also, a complete assessment of the process that takes into account energy requirements
for producing the edible oils relative to the petroleum-derived glycol solvents, as well as
heat recovery during synthesis, would be interesting.

Finally, preliminary scale-up

studies involving larger gram-scale sample sizes appear promising and should support
exploration of the physical properties of these materials for comparison to analogous
materials synthesized using traditional methods.
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CHAPTER IV
AMBIENT-PRESSURE SYNTHESIS OF SHG-ACTIVE EU2TI2O7 WITH A [110]
LAYERED PEROVSKITE STRUCTURE: SUPPRESSING PYROCHLORE
FORMATION BY OXIDATION OF PEROVSKITE-TYPE EUTIO3

4.1 Introduction
Layered perovskites of formula A2B2O7 (A = alkaline earth or rare earth metal; B
= transition metal), which are derived from the ABO3 perovskite structure by separating
layers of corner-sharing BO6 octahedra along the [110] plane,1 are important materials
with a range of useful physical properties, including ferroelectricity,2 second harmonic
generation (SHG),3 and photocatalytic activity for water splitting.4-5 Common examples
of [110] layered perovskites include La2Ti2O7, Sr2Nb2O7, and Ca2Nb2O7.6-8 An alterative
A2B2O7 structure is pyrochlore, which tends to be stabilized by smaller A-site cations.9
For example, La2Ti2O7 and Nd2Ti2O7 are [110] layered perovskites, whereas Sm2Ti2O7,
Eu2Ti2O7, Lu2Ti2O7, and Y2Ti2O7 are pyrochlores. For the smaller rare earth titanates
such as Eu2Ti2O7, the pyrochlore structure dominates.9 Accordingly, the [110] layered
perovskite modification of Eu2Ti2O7 has been accessed only using high-pressure (> 3
GPa) techniques, which are prohibitive for bulk scaling for broad technological
implementation.10-11
___________
* Reprinted in part with permission from Chem. Mater., 19 Henderson, N.L.; Baek, J.;
Halasyamani, P.S.; Schaak, R. E. “Ambient-Pressure Synthesis of SHG-Active Eu2Ti2O7
with a [110] Layered Perovskite Structure: Suppressing Pyrochlore Formation by
Oxidation of Perovskite-Type EuTiO3” 1883, Copyright 2007 by the American Chemical
Society
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Here, we discuss a low-temperature, ambient-pressure strategy for synthesizing
gram-scale quantities of the high-pressure [110] layered perovskite modification of
Eu2Ti2O7. The synthetic process is highlighted in Figure 4.1a. The approach utilizes
EuTiO3, a well-known simple cubic perovskite,12 as a structural solid-state precursor.
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Figure 4.1 (a) Overview of the ambient-pressure synthetic pathway used to access
Eu2Ti2O7 with a [110] layered perovskite structure. The simple perovskite EuTiO3 is
thermally oxidized to form perovskite-type Eu2Ti2O7, which then transforms to
pyrochlore-type Eu2Ti2O7 with continued heating. The light blue polyhedra represent
TiO6 octahedra, and the pink spheres represent Eu cations. In the pyrochlore structure,
oxygen atoms that are not part of the TiO6 octahedra are shown as green spheres. (b)
Powder XRD data for the EuTiO3 precursor, the amorphous perovskite-related
intermediate (500 and 650 °C), the crystallization of perovskite-type Eu2Ti2O7 (750, 800,
and 900 °C), and the stable Eu2Ti2O7 pyrochlore phase that forms at higher temperatures.
The pattern highlighted in red (800 °C) is phase-pure perovskite-type Eu2Ti2O7 (as
determined by laboratory XRD). The asterisks in the 900 °C XRD pattern show the
presence of some pyrochlore-type Eu2Ti2O7.
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Upon heating in air or O2, the Eu2+ in EuTiO3 oxidizes to Eu3+ and oxygen
intercalates into the structure.

The product, Eu2Ti2O7, retains the perovskite motif

defined by the EuTiO3 precursor and allows the [110] layered perovskite polymorph of
Eu2Ti2O7 to crystallize before the more stable pyrochlore structure forms. Thus, by
utilizing EuTiO3 as a precursor, the formation of pyrochlore-type Eu2Ti2O7 is suppressed,
providing a narrow temperature window in which the [110] layered perovskite structure
is stable at ambient pressure. This synthetic approach is similar to that of a previous
report;13 however, we find that the samples obtained through our method have superior
activity towards SHG and yield themselves better towards a higher degree of structural
characterization.

4.2 Experimental Details
4.2.1 Materials
Eu2O3 (99.9%) and TiO2 (anatase, 99.9%) were purchased from Alfa Aesar. TiO2
was used as purchased without any further modification. Eu2O3 was fired at 1000 °C for
3 hours prior to use in order to remove carbonate impurities for accurate weighing.

4.2.2 Synthesis
The EuTiO3 precursor was synthesized by heating stoichiometric amounts of
Eu2O3 and TiO2 for 24 h at 1000 °C under flowing H2/Ar (5%/95%). EuTiO3 can also be
synthesized by reducing pyrochlore-type Eu2Ti2O7 in H2/Ar at 1000 °C. The XRD
pattern for the black EuTiO3 powder (Figure 4.1b) matches that expected for the simple
perovskite. When EuTiO3 is heated in air, it initially forms an amorphous perovskite-
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related intermediate (Figure 4.1b) that is present between 475 and 650 °C. At 750 °C, the
[110] layered perovskite polymorph of Eu2Ti2O7 begins to crystallize, and it is stable up
to 800 °C. By 900 °C, impurities of pyrochlore-type Eu2Ti2O7 are evident by XRD, and
the sample converts entirely to the pyrochlore polymorph above 1000 °C (Figure 4.1b).
In a typical large scale synthesis of phase-pure perovskite-type Eu2Ti2O7, a 2 g batch of
EuTiO3 is heated to 800 °C in air for 15 h (Figure 4.1b).

4.2.3 Characterization
Powder XRD data were collected using a Bruker-AXS D8 Advance
Diffractometer with a scintillation counter (Cu Kα radiation). XRD patterns were
obtained from powdered samples at room temperature and refined lattice parameters were
calculated using GSAS and Chekcell softwares.

Powder SHG measurements on

polycrystalline Eu2Ti2O7 were performed on a modified Kurtz-NLO system using 1064
nm radiation.14

4.3 Refinement and Comparison to Structural Analogs
The XRD pattern for Eu2Ti2O7 synthesized by oxidation of EuTiO3 matches that
of La2Ti2O7, which suggests that the two compounds are isostructural.

La2Ti2O7

crystallizes in the monoclinic space group P21 at room temperature.6 However, La2Ti2O7
can also adopt an orthorhombic (Pna21) modification through twinning and stacking of
two monoclinic cells, as shown in Figure 4.2.7 The differences between these two
structures, and therefore the differences in their powder XRD patterns, are subtle, as
shown in the simulated diffraction data in Figure 4.3. A small shoulder at low angles
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(14.2° 2-theta), as well as a few low-intensity peaks (e.g. 35.6 and 36.2° 2-theta), are
consistent with the monoclinic form of Eu2Ti2O7, although this assignment is not absolute
and cannot be definitively determined based on the available data. On the basis of these
weak reflections in the powder XRD data and by analogy to the room-temperature
structure of La2Ti2O7, we propose that perovskite-type Eu2Ti2O7 also adopts the P21
monoclinic structure of La2Ti2O7. However, the broad peaks observed in the powder
XRD pattern of perovskite-type Eu2Ti2O7 (likely the result of limited crystallinity
because of the relatively low temperatures necessary to access it), as well as a nonnegligible background (likely originating from some residual amorphous intermediate),
make structure refinement difficult.

Figure 4.2 Two possible structural modifications of layered perovskite-type
Eu2Ti2O7. The orthorhombic structure (right) can be derived through twinning
and stacking of smaller monoclinic cells (left). This involves the translation along
the b-axis and the application of an n-glide plane along the monoclinic [010] cell
edge. The red boxes are drawn over the twinned monoclinic cells to illustrate the
structural similarities between the two modifications.
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Figure 4.3 Comparison of simulated XRD patterns for the possible orthorhombic and
monoclinic modifications of perovskite-type Eu2Ti2O7 (modeled based on the
corresponding structures of La2Ti2O7 and lattice constants determined from observed
Eu2Ti2O7 data). Low-intensity diffraction peaks and shoulders that suggest the
monoclinic structure are indicated with red arrows. Low-intensity reflections (blue
arrows) from the orthorhombic phase are absent from the observed data. The fact that
the room-temperature structure of La2Ti2O7 is monoclinic provides further support for
the hypothesis that Eu2Ti2O7 adopts a monoclinic structure at room temperature.
Assuming a monoclinic structure analogous to that of La2Ti2O7, the refined unitcell parameters for perovskite-type Eu2Ti2O7 are a = 7.54(1) Å, b = 5.391(8) Å, c =
12.91(3) Å, and β = 98.3(9)°. The unit-cell volume of monoclinic Eu2Ti2O7 is 520.0 Å3,
which is smaller than that of monoclinic La2Ti2O7 (557.0 Å3)7 as expected. The good
agreement between the observed XRD data for perovskite-type Eu2Ti2O7 and the
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simulated data using the structure of monoclinic La2Ti2O7 as a model (Figure 4.4) is
consistent with this proposed structural assignment. Additionally, we show in Figure 4.5
a more detailed background-subtracted comparison between the observed and simulated
data, though the fit is not ideal based on the broadness of the peaks. Thus, while the
diffraction data precludes definitive structural determination, this comparison reinforces
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Figure 4.4 Observed and simulated diffraction patterns for Eu2Ti2O7 with a [110]
layered perovskite structure. The simulated XRD pattern was calculated using atomic
coordinates for monoclinic-La2Ti2O7 (ref. 6) and refined lattice constants for Eu2Ti2O7.
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Figure 4.5 Rietveld refinement for layered-perovskite type Eu2Ti2O7. The difference
curve (bottom, solid) indicated the level of agreement between the calculated (red) and
observed (crosses) patterns. Rexp = 5.98, Rwp = 12.69, Rp = 10.07, and GOF = 2.12.

4.4 SHG Activity and Absence of Ferroelectricity
Because perovskite-type La2Ti2O7 is known to be ferroelectric and SHG-active,3
we measured these properties for perovskite-type Eu2Ti2O7 synthesized by oxidizing
EuTiO3 at 800 °C for 15 h. A detailed description of the equipment and the methodology
used has been previously published.15-16 No index-matching fluid was used in any of the
experiments. Powders with particle sizes of 45-63 μm were used for comparing SHG
intensities.
Ferroelectric measurements were performed on pressed sintered pellets 1/2 in. in
diameter and ~ 1 mm thick. A detailed description of the instrument and technique has
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been published.16 Eu2Ti2O7 is not ferroelectric - no hysteresis loop was observed (Figure
4.6). The small gap in the polarization vs. voltage curve may be attributed to leakage in
the material, possibly due to some trace amount of unreacted EuTiO3.
The powder SHG measurements indicate that perovskite-type Eu2Ti2O7 exhibits
an SHG efficiency of approximately 80 × α-SiO2 (Figure 4.7), placing the material in
Class B as defined by Kurtz and Perry.14
approximately 10.3 pm/V.

The efficiency results in a <deff> of

Phase-matching experiments (i.e. particle size vs. SHG

efficiency) indicate the material is Type 1 phase-matchable. The magnitude of the SHG
efficiency is dependent on both the magnitude and direction of the intra-octahedral
distortion of the Ti4+ cations. Each Ti4+ cation, labeled in Figure 4.8, is displaced from
the center of its oxide octahedron, resulting in a local dipole moment, attributable to
second-order Jahn-Teller effects.18-24 To better quantify the magnitude and direction of
these displacements, we used the SHAPE program.25 The Ti4+ cations are displaced from
the center of their oxide octahedron by 0.0392 Å2 for Ti(1); 0.0492 Å2, Ti(2); 0.0674 Å2,
Ti(3); and 0.0752 Å2, Ti(4). These magnitudes are well within the range reported earlier
for oxides with octahedrally coordinated Ti4+ cations.26 With respect to the direction of
the distortion, all of the Ti4+ cations are displaced toward a vertex (Ti(1) is slightly
displaced off-vertex). Although the direction of the local displacements is similar, the
distortions do not fully “constructively add”. Each Ti4+ cation displaces locally toward a
vertex along the crystallographic [101] and [-101] directions, resulting in a net moment
along the [100] direction. Thus, there is some cancellation of the dipole moments. It is
this cancellation that is thought to reduce the SHG efficiency.
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Figure 4.6 Ferroelectric response of perovskite-type Eu2Ti2O7. No hysteresis is
observed, though the slight gap in the polarization curve may be the result of sample
leakage due to imperfect electrical insulation.

Figure 4.7 SHG efficiencies for various particle sizes of perovskite-type Eu2Ti2O7,
which is Type 1 phase-matchable with an efficiency of 80 × α-SiO2. The curve is
drawn as a guide to the eye rather than as a fit to the data.
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Figure 4.8 Crystal structure of layered perovskite Eu2Ti2O7 with Ti cations labeled
corresponding to the designation in text. Each of the Ti4+ cations is shifted away from
the center of the respective TiO6 octahedron. The dashed black line represents the
monoclinic unit cell.

Despite this, layered perovskite-type Eu2Ti2O7 shows a remarkable (8-fold)
increase in SHG conversion efficiency relative to the lanthanum-containing analog,
which possesses a conversion efficiency of 10 × α-SiO2.3 Interestingly, we find that
Eu2Ti2O7 synthesized by thermal oxidation of EuTiO3 has an increased optical response
relative to perovskite-type Eu2Ti2O7 synthesized at high pressures, which was reported to
have a conversion efficiency of roughly one-fourth that of La2Ti2O7.11 This difference is
likely attributable to details in the SHG measurements. Previous studies reported SHG
measurements on ~ 2 μm particles.11 Because SHG intensities decrease dramatically with
decreasing particle sizes (Figure 4.7), the higher optical response that we observe is likely
a result of better optimized SHG measurements for larger particle sizes.

4.5 Summary
We have succeeded in synthesizing gram-scale quantities of the SHG-active [110]
layered perovskite polymorph of Eu2Ti2O7, which was previously accessed through highpressure techniques. The use of EuTiO3 as a structural precursor likely facilitates the
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stabilization of the perovskite polymorph at ambient pressure and at temperatures lower
than the pyrochlore structure forms. This synthetic strategy may turn out to be applicable
to other Eu-containing d0 oxides, possibly facilitating the formation of several other [110]
perovskite phases that normally crystallize in the pyrochlore structure. Also, given the
significant interest in La2Ti2O7 for optical,3 electronic,2 and photocatalytic applications,4,5
perovskite-type Eu2Ti2O7 and related phases may also be prudent targets for further
study.
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CHAPTER V
SYNTHESIS OF STRAINED EUROPIUM TITANTE
THROUGH EU-SITE SUBSTITUTIONS

5.1 Introduction
With the recent discovery of the multiferroic phases BiMnO3,1 BiFeO3,2 and
YMnO3,3 there has been a resurgence of interest in materials that simultaneously possess
both ferroelectric and magnetic ordering. Generally, the magnetic ordering of interest is
ferromagnetic, although there is also interest in canted and frustrated antiferromagnetic
materials. Through strong coupling between these two ferroic properties, multiferroics
present the enticing potential of tuning polarization with an external magnetic field or
allowing electronic control over magnetic structure and ordering.4 These materials are
additionally

of

interest

to

the

information

technology

sector

for

ferroelectric/ferromagnetic (FE/FM) non-volatile memory and spintronic devices and
spin valves, where carrier spins are manipulated through the application of external
electric fields.5-6
In many cases, ferroelectricity arises through the presence of d0 orbitals, such as
that seen in tetravalent titanium in BaTiO3, where the covalent nature of metal-ligand
bonding leads to a mixing of empty d-orbitals and filled p-orbitals. This gives rise to
“Jahn-Teller-like” distortions away from ideal symmetry and results in an uneven
distribution of electron density and bulk polarization. Magnetic ordering, contrarily,
requires partially filled d-orbitals and arises through exchange interactions between
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unpaired electron spins.

Consequently, these two properties tend to be mutually

exclusive, at least when considering the presence or absence of d-electrons.
Given this, the scarcity of multiferroic materials is hardly surprising. The two
states, however, can simultaneously exist when alternative mechanisms and structural
schemes are considered. Ferroelectricity is observed in materials with filled ns2 valence
shells, known as stereochemically active lone pairs, where ions such as Bi3+ shift away
from centrosymmetric positions.7 Geometrically frustrated spins or unequal, antiparallel
magnetic ordering (weak ferromagnetism or ferrimagnetism, respectively) can also give
rise to net magnetization in certain materials.8 When considered together, along with
coupling between ferroic ordering and lattice phonon modes, these provide a basis for the
rational pursuit of multiferroic materials.
Recent advances in deposition and molecular beam epitaxy (MBE) processes have
led to numerous reports of the successful synthesis of multi-component heterostructures
that demonstrate both ferroelectric and ferromagnetic behavior. These include layered
thin film architectures, such as Co-doped TiO2 on lead zirconate titanate (PZT),9 as well
as nanoscale assemblies of CoFe2O4 pillars surrounded by a BiFeO3 matrix.10 These and
other multiferroic heterostructures are promising materials for technological applications,
though the pursuit and study of single-phase multiferroics is also a topic of much interest.
One material which has received much attention is EuTiO3, which crystallizes in
the cubic ABO3 perovskite structure (Pm-3m, a = 3.905 Å).11 As shown in Figure 5.1,
this structure can be visualized as a simple cubic arrangement of Eu2+ cations (located on
the A-sites) with an inscribed octahedron of TiO6 (BO6) in the center of the cube. EuTiO3
is a paraelectric, antiferromagnet (PE/AFM) with the Eu-spins aligning with alternating
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directions for every nearest neighbor interaction (G-type antiferromagnetic ordering), as
shown in Figure 5.1a.12
Theoretical studies have suggested that the localized magnetic spins are strongly
coupled to an IR-active phonon mode, shown in Figure 5.1b.13 Fennie and Rabe predict
that a modest biaxial compressive strain of 1.2 % is sufficient to force a transition from a
PE/AFM to FE/FM through coupling between magnetic spin alignment and softening of a
low-frequency phonon.14 Similarly, theoretical studies of Ba-substitued EuTiO3 show a
sharp decrease in dielectric constant near the AFM ordering temperature,15 further
supporting magnetic and dielectric coupling. Much of the current synthetic research has
focused on epitaxial thin films of EuTiO3 and has led to surprising results, including the

(a)

(b)

Figure 5.1 Crystal structure of EuTiO3. Eu2+ and Ti4+ cations are drawn in green
and light blue, respectively. Oxygen anions are shown in red. G-type AFM
ordering is shown in (a), where each nearest neighbor Eu spin is aligned antiparallel.
The soft phonon mode thought to be coupled to the ferroic ordering is shown in (b),
where both the cations oscillate opposite to the anions.
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discovery of ferromagnetism with a Curie temperature of 5 K in oxygen deficient thin
films16 and the persistence of antiferromagnetism in unstrained, stoichiometric thin
films.17 To the best of our knowledge, however, there have been no reports of bulkstrained EuTiO3 with regards to induced multiferroic character, and, as such, it is
desirable to pursue phases that exhibit bulk compressive strains in hopes of observing
coupled ferroic properties in architectures other than thin films.
We describe here the synthesis of bulk-strained EuTiO3 powders through the
systematic Eu-site substitution for smaller, divalent Ca cations.

Since CaTiO3

crystallizes in a similar cubic structure as EuTiO3, Ca-substitutions should result in a
decrease in unit cell length and a contraction of the crystalline lattice. Samples were
obtained through a modified sol-gel process followed by calcining under reducing
conditions in a tube furnace and resulted in a decrease in cell edge length from 3.902(3)
Å for phase pure EuTiO3 to 3.829(1) Å for Ca0.8Eu0.2TiO3. Additionally, we attempt to
correlate lattice compressions to modifications in magnetic response. Increasing amounts
of Ca-substitutions led to a suppression of Neél temperature, TN, with AFM character
completely suppressed for substitutions greater than 65%.

5.2 Experimental Details
5.2.1 Materials
The following chemicals were used: Eu2O3 (99.9%, Alfa Aesar), CaCO3 (99.95%,
Alfa Aesar), titanium isopropoxide (Ti(OCH(CH3)2)4 or Ti(iOPr)4, 97%, Alfa Aesar),
and HNO3 (70%, 16 M). With the exception of Eu2O3, all chemicals were used as
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purchased without further modification. Eu2O3 was fired at 1000 °C for 3 hours prior to
use in order to remove carbonate impurities for accurate weighing.

5.2.2 Synthesis
Samples were obtained through a modified Pechini-type sol-gel method,18 which
has been used to synthesize similar perovskite phases including Eu3+-doped zirconates19
and Pr3+-doped CaTiO3.20 For the synthesis of phase pure EuTiO3, a 35 mmol Eu3+
solution was prepared by adding Eu2O3 to a mixture of ethanol and HNO3 (10:1) and
stirring until the solution became clear. A stoichiometric amount of Ti(iOPr)4 was added
dropwise to the reaction, resulting in a clear orange solution. The solution was allowed
to stir for at least 3 h or overnight, and the solvent was removed by heating to ~80 °C,
yielding a pale orange powder. The resulting powder was annealed under flowing H2/Ar
(5%/95%) at 1000 °C for 12 h, yielding a black powder (EuTiO3). This process was used
to synthesize half-gram and gram-scale batches and is likely to be amenable to further
bulk scaling.
For the synthesis of Ca-substitued EuTiO3, stoichiometric amounts of CaCO3
were added to the initial cationic solution and allowed to dissolve completely before
addition of the Ti precursor. Increasing amounts of CaCaO3 resulted in paler solutions,
though the dried intermediates remained pale orange or yellow prior to calcining. The
resulting powders were processed under identical conditions as the unsubstituted EuTiO3
phase and also yielded black or dark grey powders following the final annealing step
under reducing conditions.
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5.2.3 Characterization
Powder XRD data were collected using a Bruker D8 Advance Diffractometer
with a LynxEye 1D detector (Cu Kα radiation). XRD patterns were obtained from
powdered samples at room temperature and refined lattice parameters were calculated
using Chekcell software. Scanning electron microscopy (SEM) was performed using a
JEOL JSM 5400 SEM operating at 20 kV. Magnetic characterization was performed
using a Quantum Design SQUID magnetometer.

5.3 Lattice Contractions of Ca-Substituted EuTiO3
Samples with the formula CaxEu1-xTiO3 (x = 0.05, 0.10, 0.15, 0.25, 0.35, 0.50,
0.55, 0.60, 0.65, and 0.80) were obtained through a modified sol-gel method followed by
annealing under flowing H2/Ar. The final products, as shown in Figure 5.2, are highly
porous and comprised of a fused network of < 5 μm particles. Studies of final annealing
temperatures indicate that complete reduction of Eu3+ to Eu2+ requires heating to 1000
°C, though EuTiO3 formation was detectable by XRD at temperatures as low as 700°C.
XRD patterns for phase pure and Ca-substituted EuTiO3 are shown in Figure 5.3, and the
shift in diffraction peaks to larger 2-theta values indicates a reduction in unit cell length
(lattice contraction) for increasing amounts of Ca-substitution. Refined lattice parameters
are listed in Table 5.1 along with sample stoichiometries, calculated from the amounts of
initial precursors, and represent a decrease in unit cell length by 0.057 Å (1.46%) for 60
% Ca substitution. Slight impurity peaks for rutile TiO2 are detectable for x = 0.65-0.8,
possibly attributable to incomplete reaction or non-ideal starting stoichiometries of
precursors.
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Figure 5.2 SEM image of EuTiO3 obtained by the modified sol-gel method following
calcining under reducing conditions. The product is composed of a highly porous
network of small (< 5μm) particles.

Figure 5.3 Powder XRD patterns for Ca-substituted EuTiO3 phases obtained through
the modified sol-gel method. The dotted red lines correspond to the 110, 200, 211,
and 220 reflections in the simulated pattern and are drawn as a guide to the eye. As
the lower angle diffractions peaks are noticeably less shifted than the higher angle
peaks, this shift towards higher 2-theta values can be unambiguously attributed to
contraction of the unit cell. Increasing levels of Ca-substitution result in larger
amounts of lattice compression and shorter unit cell lengths.
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Table 5.1 Refined lattice constants and cell volumes for Ca-substituted EuTiO3
phases. The given stoichiometries were derived from the molar ratios of the starting
products, and percent decreases in cell length were calculated using the values from
synthesized phase-pure EuTiO3.
5.3 Suppression of AFM Character with Increasing Ca Substitutions
Magnetic measurements of Ca-substituted EuTiO3 phases show a suppression of
Neél temperature with increasing levels of Ca substitution. As shown in Figure 5.4a-b,
TN decreases monotonically from ~5.4 K for phase pure EuTiO3 to ~2.6 K for
Ca0.6Eu0.4TiO3. For x ≥ 0.65, the AFM ordering is completely suppressed within the
range of measured temperatures, and the material becomes paramagnetic, as indicated in
Figure 5.4a. This is largely attributable to the dilution of Eu2+ magnetic spins, as Ca2+
cations have zero unpaired electrons and do not contribute to the overall magnetic
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character. Additionally, the overall sample magnetization steadily decreases for larger
amounts of Ca substitutions (Figure 5.4c), though the phase pure sample exhibits a lower
magnetization than expected for Eu2+ moments (J = S = 7/2). This may be attributable to
sample homogenization: amorphous binary oxides may be present in the sample,
although crystalline impurity phases are not detectable through XRD.

Figure 5.4 Magnetic data for CaxEu1-xTiO3 phases (x = 0, 0.25, 0.35, 0.50, 0.55, 0.60,
and 0.65). For susceptibility measurements (a), the sharp transition around 5 K
corresponds to the Neél temperature and is suppressed with increasing amounts of Casubstitutions up to x = 0.60, as shown in (b). Samples with x > 0.65 become
paramagnetic, as evidenced by the lack of antiferromagnetic ordering for the mostsubstituted phase. Increasing Ca-content also leads to a drop in total magnetization (c)
though the phase pure sample does not exhibit the full magnetic saturation of 7 μB/Eu.
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Magnetic studies alone do not indicate the onset of multiferroic behavior, though
this study does not necessarily disprove theoretical predictions. Given the large amount
of non-magnetic ions required to access ~1.2% lattice contractions, the level of dilution
of magnetic spins may simply be too severe to permit ferromagnetic coupling.

5.4 Destabilization of [110] Layered Perovskite Structure
As mentioned in Chapter IV, EuTiO3 can be oxidized under mild conditions to the
[110] layered-perovskite structure before converting to the centrosymmetric pyrochlore
structure at temperatures over 900 °C.21 Since the layered perovskite form of Eu2Ti2O7
was found to have enhanced optical properties relative to structurally similar materials,
we investigated the stability of compressed Ca-substituted EuTiO3 phases towards
oxidation to the layered structure. If the layered perovskite structure was obtainable
under similar annealing conditions, this would provide for investigations of the effects of
lattice strain on SHG conversion efficiency and ferroelectric behavior. More specifically,
dissimilar optical and ferroelectric responses, if observed, might indicate some degree of
influence from the unpaired f-electron spins relative to the smaller, non-magnetic Ca ions.
Interestingly, we find that increased levels of Ca substitution lead to a
destabilization of the layered perovskite structure at moderate temperatures (800 °C),
contrary to that observed with previously synthesized phase pure EuTiO3, which is
crystalline and stable at temperatures between 700 and 900 °C. As shown in Figure 5.4,
phase pure EuTiO3 obtained through the modified sol-gel method can be converted to the
layered perovskite structure by annealing in air at 750 °C for 6 h. The pyrochlore
structure appears by 800 °C, nearly one hundred degrees lower than that observed with
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EuTiO3 obtained from bulk precursors. Ca substitutions lead to a larger percentage of
pyrochlore, with only small amounts of the layered perovskite phase detectable for 1015% substitution. This is not completely surprising, given the preference of smaller
lanthanides to adopt the pyrochlore structure over the layered perovskite structure and the
smaller size of Ca2+ cations relative to divalent Eu.22
Taken together, it appears that both synthetic approach and lattice compression
contribute to the destabilization of the layered perovskite phase in this system. Synthesis
of samples with tensile (larger A-site cations) rather than compressive strains (smaller Asite cations) may prove to be more practical targets for stabilizing the layered perovskite
structure and investigation of modified optical and ferroelectric behavior.

Figure 5.5 Powder XRD patterns for 0%, 5%, and 10% Ca samples that were mildly
oxidized at 800 °C for 6h. Reflections for pyrochlore-type Eu2Ti2O7 are detectable in
the unsubstituted sample, though the layered perovskite polymorph is still present.
Eu-site substitutions of only 5-10% are sufficient to suppress the formation of the
layered perovskite phase, allowing the pyrochlore structure to dominate.
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5.5 Summary
We have successfully synthesized bulk-strained samples of perovskite EuTiO3
through Eu-site substitutions for divalent Ca. Samples were obtained through a modified
sol-gel method and show a consistent lattice contraction for increasing amounts of Casubstitution.

The unit cell length decreases from 3.902(3) Å for phase pure EuTiO3 to

3.829(1) Å for Ca0.8Eu0.2TiO3, which is equivalent to a ~% compressive strain. Magnetic
studies indicate a decrease in TN from ~5.4 K for phase pure EuTiO3 to ~2.6 K for 60%
Ca substitution followed by complete suppression of AFM ordering for substitution
levels greater than 60%. Preliminary work on Eu-site substitution with larger cations,
specifically Pb2+ and Ba2+, indicates that this synthetic route is also viable for generating
tensile rather than compressive strains. Unfortunately, Pb- and Ba-substituted phases
showed larger amounts of Eu2O3 and TiO2 impurities and would require optimization
prior to magnetic measurements. Finally, Ca substitutions were found to destabilize the
perovskite motif for oxidized samples of EuTiO3. Though the simple perovskite structure
was tolerant towards smaller A-site cation occupancy, 5-10% substitutions were
sufficient to promote formation of the pyrochlore structure of Eu2Ti2O7 rather than the
[110] layered perovskite structure.
Though the obtained samples do not demonstrate ferromagnetic ordering and are
unlikely to be multiferroic, EuTiO3 may still be a promising candidate for tuning multiple
ferroic properties, particularly when considering theoretical studies that predict coupling
between AFM and PE character for intermediate levels of compressive strain (0.9 1.2%).

Alternative synthetic approaches, such at the growth of EuTiO3 shells on

preformed CaTiO3 particles, may also prove useful for inducing bulk-strain without such
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a drastic dilution of magnetic spins. Additionally, ferroelectric measurements would be a
practical supplement to the current studies in order to probe the effects of lattice
contractions on paraelectric-to-ferroelectric transitions in this material.
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CHAPTER VI
GENERAL CONCLUSIONS

This dissertation has detailed the development of alternative, non-traditional
synthetic approaches towards inorganic materials, with specific emphasis on the synthesis
of binary intermetallic phases and rare earth oxide perovskites. Our approaches have
largely focused on developing low-temperature synthetic routes through rapid diffusion
of molten metal dispersions and the use of structural oxide templates, specifically with
the hopes of discovering new or metastable phases or enhanced physical and chemical
properties. These synthetic routes draw inspiration from a variety of fields, including
solution-based approaches, metal flux growth, and intercalation chemistry, and have
proven to be robust, versatile means of obtaining bulk-scale materials at reduced
temperatures and ambient pressures. We hope that approaches discussed here provide a
solid basis for further rational development of synthetic processes and allow access to
increasingly complex and relevant materials.
The first of these approaches exploits the rapid diffusion of micron-scale
emulsions of low-melting metals towards the formation of intermetallic phases. Through
the reaction of molten metal dispersions with fine transition and post-transition metal
powders, we can access a variety of binary materials at low temperatures (< 310 °C) in
solution.

This method has proven successful at obtaining various M-Sn, M-Ga, M-In,

and M-Bi phases including CoSn3, which is a low-temperature phase, as well as
superconducting phases, such as Bi3Ni and In5Bi3. Additionally, we find that annealing
of preformed intermetallics in solution can occasionally yield textured particles, as seen

88
with CoSn3 platelets and FeSn2 rods. Further studies have proven that these dispersed
molten colloids can be successfully reacted with cationic metal solutions to yield
bimetallic phases, suggesting that these emulsions might be useful materials for
integration into other solution-mediated, nanoscopic synthetic routes.
As low-temperature synthetic routes are inherently more energetically
conservative than more traditional metallurgical routes, efforts were made to further the
environmental responsibility of this method by replacing toxic, petroleum-derived glycol
solvents with natural, renewable plant and seed oils. We find that although the reactions
do not proceed as rapidly in oil as in polyol, the diffusion-based process remains feasible
for a variety of different high-oleic and high-linoleic oils. Following synthesis, the oils
can be collected via centrifugation and then reused with fresh metal powders to obtain
multiple batches of intermetallic materials.

Furthermore, we find that at elevated

temperatures under inert atmosphere, the oils are more resistant to polymerization or
increased viscosity than the polyol solvents, though complete breakdown is the ultimate
result of extended durations at temperatures near the smoke point.
The second distinct class of materials discussed is perovskite and perovskiterelated europium titanates. Phases typically obtained at high-pressures and temperatures,
such as perovskite-type Eu2Ti2O7, are interesting targets for lower temperature synthesis,
particularly when considering the scaling issues often associated with high pressure
techniques. Through mildly oxidizing the simple perovskite EuTiO3, we can access the
layered perovskite polymorph of Eu2Ti2O7 at ambient pressures and moderate
temperatures (700 – 900 °C), retaining the peroskite structural motif and suppressing
formation of the thermodynamically stable pyrochlore structure. Although the limited
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sample crystallinity afforded through this synthetic procedure preclude definitive
structural assignment, we propose that perovskite-type Eu2Ti2O7 adopts a monoclinic
structure similar to the La-containing analog. Additionally, we find that perovskite-type
Eu2Ti2O7 obtained through this method possesses enhanced optical properties relative to
previously obtained samples with a second harmonic generation conversion efficiency of
80 × α-SiO2.
Finally, we have exhibited control over the unit cell length of EuTiO3 through
systematic Eu-site substitution for smaller Ca cations. Samples can be facilely obtained
through a modified sol-gel method followed by annealing under reducing conditions.
Theoretical studies suggest that EuTiO3, a paraelectric antiferromagnet, is on the verge of
aferroic instability, predicting that bulk compressive strains might give rise to
multiferroic behavior through coupling between ferroic ordering and a soft phonon mode.
Although we do not observe a transition to ferromagnetic ordering in our strained
samples, we find that the antiferromagnetic ordering temperature decreases
monotonically with increasing Ca-substitutions, presumably through dilution of magnetic
Eu2+ spins. Additionally, we find that the substitution of smaller Ca cations leads to a
destabilization of the layered perovskite structure upon mild oxidation. The developed
synthetic process is a robust method that allows for intimate precursor mixing and
increased homogenization relative to bulk ceramic techniques: we propose that this
method can be easily modified to yield similar substituted phases.

Though not

exhaustive, our preliminary work with tensile strains and the substitution of larger Eu-site
cations indicate that elements such as Ba and Pb can be facilely incorporated. Further
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studies and optimization may prove useful for property tuning as well as towards the
potential discovery of multiferroic behavior.
Though the topics discussed in this dissertation entail two distinct classes of
materials with varied and diverse properties and synthetic approaches, they collectively
represent the unified desire to develop low-temperature routes towards materials with
interesting chemical, physical, magnetic, and optical behaviors. We have shown that
these processes are applicable to a wide range of intermetallic and oxide systems and are
amenable to bulk-scaling, which is particularly significant should these methods yield
access to industrially or technologically relevant materials. Additionally, these synthetic
routes provide for exploratory work towards low-temperature or kinetic phases as well as
for property investigations of materials obtained through non-traditional means.
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