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ABSTRACT
The increased interest in the use of inorganic nanomaterials in modern technology has
stimulated many research efforts to expand the synthetic techniques that are currently available
for the synthesis of inorganic nanocrystals. One such method uses nanocrystalline materials as
reactive templates, where they serve as precursors for the controlled chemical synthesis of
complex nanostructures. Here, the chemical composition, morphology, and crystal structure of
the product can be controlled by using well-established and straightforward synthetic techniques.
In addition, parameters such as phase purity, crystallinity, and dispersity can be tuned in order to
access nanocrystalline solids that have properties that differ from their bulk analogues. We and
others have been exploring the technique of templating in order to predict and better control the
composition, morphology, and crystal structure of the final product. For this study, we use metal
oxide and chalcogenide nanocrystals as prototypes due to their unique properties which in turn
can be harnessed for a variety of applications.
The first approach uses compositional templates where intermetallic nanocrystals of
Bi2Pd and Bi-Pt synthesized via a modified polyol process are utilized as reactive precursors for
the formation of multimetal oxides via a two-step thermal oxidation process. Once thermally
oxidized, Bi2Pd nanoparticles form a Bi2O3/Pd nanocomposite which transforms into textured
Bi2PdO4 upon further heating. This method provides an alternative strategy for the synthesis of
multimetal oxides, supported nanoparticle catalyst systems and textured ceramics using lowtemperature synthetic methods.
We also use the process of morphology-based templating for the synthesis of
nanoparticulate intermetallics and mixed metal sulfides. Here, spherical and platelet –like Bi
nanoparticles are chemically transformed first to NiBi nanoparticles of similar morphology and
then Ni3Bi2S2 nanoparticles via a two-step low temperature solution-based technique. Due to the
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limited reports on the synthesis of Ni3Bi2S2, this method provides an alternative route and helps
expand the toolbox of synthetic techniques available for the formation of Ni3Bi2S2.
The final approach is related to the method of structural templating where ZnO
nanoparticles are used for the predictable and controllable formation of metastable wurtzite-type
ZnS and ZnSe. These important wide-band gap materials crystallize in both the zinc blende and
wurtzite structures. However, because of the subtle structural differences between the two crystal
structures, subtle synthetic differences can favor the formation of one polymorph over the other.
Through careful mechanistic studies, we show that ZnO nanoparticles, which adopt the wurtzite
structure, form as intermediates therefore providing a structural template for the generation of the
wurtzite polymorphs of ZnS and ZnSe.
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CHAPTER 1

INTRODUCTION

1.1 Inorganic Nanomaterials
Inorganic nanomaterials are noteworthy due to their numerous potential applications that
stem from a wide range of properties. Interestingly, these properties can differ significantly from
their bulk counterparts and this is mainly due to the dimensional confinement of nanocrystals that
result in size- dependant properties. For example, when semiconductors are reduced to the
nanometer regime, the excitons are confined three dimensionally and the resulting optical
properties can change as a function of size.1 Another example is the observance of surface
plasmon resonance in noble metals that are confined to the nanometer scale due to the electronic
oscillations that take place on the surface of the nanoparticles.2 Additionally, parameters such as
size,1,3,4 morphology,5,6 composition,7,8 crystal structure,9,10 and dispersity11 must be controlled in
order to tune the properties of inorganic nanomaterials even though achieving such control over
these materials can prove to be challenging. Furthermore, the synthetic routes that are utilized to
obtain control over the aforementioned parameters play a large role in influencing the often subtle
changes of the resulting properties. Due to the unique requirements of each specific system, it is
very important to understand the reaction pathway that leads to the formation of products with
desired characteristics.
Many different methods have been developed over the years to synthesize inorganic
nanoparticles and traditionally can be categorized into “top down” or “bottom up” approaches.
Top-down methods involve physical synthetic techniques where bulk materials are broken down
into smaller portions such as in laser ablation12 and ball milling13 where the size of the pre-made
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material of interest is decreased so as to obtain micro- and nano- sized particles. Even though
these methods have been used for many years to synthesize inorganic nanomaterials, they are
limited in their ability to control parameters such as particle size, uniformity, and morphology and
therefore limit the ability to fine-tune the resulting properties. For example, M. S. El-Shall et. al.
reported the synthesis of Cu-Zn intermetallic nanoparticles by using laser vaporizations of bulk
targets.12 Even though the authors were able to selectively synthesize the desired Cu-Zn phase by
controlling the ratio of Cu/Zn atoms in the reaction zone, the size regime of the resulting
nanoparticles ranged from 10 – 30 nm and formed large agglomerates.
In order to gain better control over the physical parameters of the desired product,
alternative chemical routes are commonly used for the synthesis of inorganic nanomaterials and
are coined “bottom-up” approaches. In these methods, nanoparticles are nucleated from atomic or
molecular starting materials and can result in the discovery of new materials and the isolation of
metastable phases, while also accommodating the formation of size and morphology controlled
particles more readily. This is due to the fact that bottom-up approaches generally employ 1)
supersaturated solutions of cations and anions that allow for more intimate mixing of precursors
and 2) surface stabilizers that passivate the surface of nanoparticles that in turn can control the
resulting size and shape of the resulting nanoparticles. Cetyltrimethylammonium bromide
(CTAB) and polyvinylpyrrolidone (PVP) are examples of such stabilizers that influence the
resulting size, morphology, and growth direction along with helping to modify the surface of the
resulting nanoparticles.6,14 Water-based mixing of precursors,15 thermal decomposition of
organometallic complexes,16 hydro/solvothermal methods,17 and sol-gel methods18 are some
examples for bottom up approaches. In general, these syntheses employ lower temperatures and
pressures and shorter annealing times and as a result allow for greater kinetic control over the
formation of the final product which is not influenced exclusively by global thermodynamic
stability. Due to the potential ability of bottom-up approaches to allow for the discovery of new
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and metastable materials, much progress has been made on the synthesis of single metal and
binary systems and one of the classic prototypes for these techniques has been the study of metal
oxide and metal chalcogenide nanoparticles.

1.2 Metal Oxide and Chalcogenide Nanoparticles
One important subset of inorganic nanoparticles is the family of metal oxide and
chalcogenide nanoparticles. These materials have been studied for decades due to their interesting
properties such as luminescence,19 magnetism,11 and superconductivity11 that in turn can lead to
numerous applications in semiconductors,19,20 light emitting diodes,21 solar cells,22 batteries,23
catalysis,24 ionic conductors,25 and ceramics26 among others. Some of the most widely studied
materials of this class are the II-VI wide-band gap semiconductors that consist of the oxides and
chalcogenides of Cd and Zn. For example, ZnO has a band gap of 3.37 eV and a large exciton
binding energy of 60 meV that results in efficient room temperature luminescence.20c In addition
to ZnO, other materials that belong to the same family of semiconductors such as ZnS and ZnSe
have potential applications in advanced electronics such as light emitting diode (LED) displays27
and phosphors,28 and therefore it is important to fully understand the reaction pathways for
synthesizing these materials on the bulk scale as well as the nanoscale. In particular, the ability to
understand the formation of semiconducting materials at the nanoscale is vital as it facilitates the
fine tuning of composition, size, and morphology of the materials that can turn to tune the
resulting properties and also template the design of new materials that could have improved
optical properties. Also, building blocks that have employed inorganic nanoscale semiconductors
with specific properties have the potential to play a significant role in the future of optical
devices.
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Nanoparticles of metal oxides and chalcogenides are of utmost importance due to the
interesting properties that arise from the quantum confinement of these materials.1,19,20 For
example, quantum dots of CdS, CdSe, ZnO, and ZnS prove to be of great interest due to their
size-dependent behavior and make them ideal candidates to explore the dependence of optical
properties on dimensionality.1,3,8,29,30 This is demonstrated by the room temperature optical
absorption of CdSe quantum dots that show a blue-shift with decreasing size.31,32 In addition,
CdSe nanoparticles of the same diameter show changes in the optical absorption as the
morphology is varied.1,5b,8 With the growing interest in biological imaging, these materials
provide increased insight into biological staining and diagnostics.33 For example, CdSe-CdS
nanocrystals enclosed in Si nanospheres have been employed as biological fluorescent probes and
have proven to be photochemically stable with a narrow, tunable emission spectrum.34
Due to the large amount of interest in this class of materials, they have been synthesized
by using methods such as chemical vapor deposition (CVD) or vapor-liquid-solid methods
(VLS).35 Here, the bulk material is heated to temperatures close to 1000 °C in the presence of
catalytic nanocrystals or a thin film that enhances the growth of nanoparticles of the desired
material. Even though these methods can improve upon some of the limitations of traditional
techniques, they require specialized apparatus and long reaction times. Alternative synthetic
techniques such as solution-based methods have been developed to access metal oxide and
chalcogenide nanoparticles in order to overcome the aforementioned obstacles and also to gain
better control over the resulting size, morphology, crystal structure, and dispersity of the
nanoparticles.1-3,5-9,20,29 The use of solvent-based techniques results in the formation of
nanoparticles from atomic or molecular precursors that can be more intimately mixed, and
therefore can decrease the solid-solid diffusion barrier and result in faster reactions under milder
conditions. This could also result in the discovery of new and metastable metal oxides and
chalcogenides due to the influence of kinetics over the final product. Even though solution-based
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synthetic methods such as solvothermal methods, thermal decomposition of molecular precursors,
sol-gel methods, and co-precipitation have been developed for the formation of metal oxide and
chalcogenide nanomaterials, some of these methods have been further exploited in the search for
new and metastable materials. In particular, some recent studies have been focused on techniques
such as templating,36 ion exchange,37 galvanic replacement, 38,39 and transmetallation40 that allow
for the discovery of non-equilibrium shapes, sizes, metastable crystal structures, and complex
reaction pathways.

1.3 Reactive Templating
Templating, where one material behaves as a model or pattern to help generate a
consistent product, has been receiving increased attention in the last decade and can be grouped
into two major categories: methods that involve a “non-reactive” template and methods that
involve a “reactive” template. The main similarity between the two methods is that a template is
used to direct the formation of the desired material and the major differences stem from the fate
of the template. When considering “non-reactive” templating techniques, the template acts as an
external spectator that is present and can be removed once the reaction is complete and the
desired product has been formed. On the other hand, as shown in Figure 1-1, a “reactive”
template acts as a reactant and, as such, is not present at the completion of the reaction as it has
been converted and incorporated into the desired final product. One of the first methods of
templating involved a “non-reactive template” where an external physical template such as
porous silica was used to access a particular shape of a nanomaterial.41 Stemming from this idea,
biological molecules and porous alumina have been employed as templates and scaffolds to
access inorganic nanoparticles. For example, Belcher and co-workers use M13 bacteriophage as a
scaffold to nucleate and grow nanowires of wide-band gap semiconductors such as ZnS and
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CdS.42 Also, anodic aluminum oxide (AAO) membrane assisted growth of nanowires has gained
much interest due to the uniform length and width of the resulting nanowires that make them
attractive for numerous applications.43

Figure 1-1: Schematic representation of nanocrystalline conversion chemistry reactions based on
reactive templating.
Some drawbacks of this method of templating involve the need to remove the external
template and the instability of the final product to stand alone without the template.
As an alternative to non-reactive templating, the use of reactive templates has become
increasingly popular as it may allow for the formation of new and metastable materials due to the
physical and chemical influences of the reactive template. To better understand this, the
description of template-based synthesis of metal oxide and chalcogenide nanoparticles will be
categorized into three categories: chemical composition, morphology, and crystal structure. These
specific methods show the ability of reactive templating to utilize pre-formed nanoparticles that
can be used for chemical conversion to predictably form nanomaterials that reflect the
characteristics of the reactant materials.
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a) Compositional Templating
The first technique involves the use of chemical composition as a reactive template.
When considering balanced chemical equations, this type of conversion is clearly evident. Here,
the reactive material can be as simple as single metal nanoparticles or as complex as
multielemental systems. For example, Fe nanoparticles can be easily synthesized using solution
chemistry routes and then can be utilized as reactive templates for the solution-based conversion
to form γ-Fe2O3 nanoparticles. In this particular reaction, the oxidation process is carried out in
solution by using trimethylamineoxide as the oxidizing agent.44 Alivisatos and co-workers also
showed the evolution of Co nanocrystals into Co3S4 and Co9S8 nanocrystals in the presence of
sulfur in solution.45 In both instances, the resulting nanocrystals incorporated the size and
morphology and most importantly the composition of the reactant particles. Additional hollowing
out was present during the Co sulfidation due to the Kirkendall Effect.45a Similar to single metal
nanoparticles, bimetallic nanoparticles could also be used as reactive templates and could add
another dimension of complexity to the final product. As a result, intermetallic nanocrystals
would be ideal reactive templates due to the fact that they have a narrow composition range.46
This stems from the atomically ordered crystal structures of intermetallics unlike their alloy
counterparts that have disordered arrangements of atoms within the crystal structure. Therefore
the composition of an intermetallic material is consistent throughout the material giving rise to a
narrow composition range. This characteristic of intermetallics is important as the composition of
the resulting materials can be predicted easily as they would reflect the composition of the
reactant intermetallic template. There has been only one previous report where binary
intermetallic nanoparticles were employed as templates for the formation of a ternary product.
The authors use a direct approach to composition-based templating that involves the formation of
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the ternary nitride, Cr3PtN. Brady and co-workers reported this conversion where the surface of
the intermetallic Cr3Pt nanoparticles were converted into Cr3PtN under a N2 atmosphere.47

b) Morphological Templating
While compositional templating gives insight and predictability into the resulting
material’s composition, the morphology of the nanoparticles is also important for applications
and processing capabilities. The use of nanoparticles with a particular shape and size as a reactive
template has become a useful tool for the formation of materials that conform to a particular
shape and size that are otherwise difficult to synthesize. An early example of this method of
templating was reported by Xia and coworkers where Ag2Se nanowires were synthesized using
Se nanowires as a template.25a,48 At temperatures above 133 C the high temperature polymorph
of Ag2Se is a superionic conductor49 and has the potential to have more interesting and enhanced
properties if synthesized in the form of one-dimensional nanowires of uniform diameter and
length. As a result, Se nanowires proved to be a viable vehicle for obtaining the desired product
where templating against monodispersed Se nanowires resulted in the well-controlled synthesis of
Ag2Se nanowires. Morphological templating has been utilized here for obtaining a Ag2Se
nanowires which are otherwise difficult to synthesize by using Se nanowires that are more easily
accessible using solution based techniques.50 There have also been reports of the oxidation of Co
nanocrystals to form hollow CoO nanocrystals where the spherical shape of the primary particles
remain unchanged while there is a small increase in the size of the nanoparticles which is
consistent with the volume expansion that would be expected for the conversion from Co to CoO.
45a

This method of morphology controlled templating was also established to prepare Pt-CoO

yolk-shell nanoparticles from Pt-Co core-shell nanoparticles. Pt-CoO yolk-shell nanoparticles are
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important from a catalytic standpoint and are difficult to synthesize, therefore this technique
displays the ability of controlled reactive templating to access more complex materials.
Other examples of morphology based templating have also been reported where the
materials of interest have consisted of purely metallic elements. For example, Xia and co-workers
showed the chemical transformation of Ag nanoparticles, nanowires, and nanocubes into the
respective hollow Au derivatives.38 While being an important addition to the toolbox of chemical
transformations, this work highlights the use of galvanic replacement reactions as a method of
templating. The corresponding chemical equation for the galvanic replacement reaction between
Ag and Au3+ in aqueous media is shown below:

3 Ag ( s )  AuCl 4



( aq )

 Au( s )  3 Ag  ( aq )  4Cl  ( aq ) E   0.698V

Work in the Schaak group has also shown the use of this method, where cube-like -Sn
nanocrystals were used as templates to form intermetallic M-Sn nanoparticles that had similar
shapes to the reactive template.51 Apart from being the first to report the morphological control
over intermetallic nanoparticles, these studies also showed the effects of diffusion rate on the
shape of the final product and helped understand the factors that contribute to the preservation of
morphology in the synthesis of intermetallic nanoparticles.52 Another example from the Schaak
group comes in the form of the formation Rh2P nanoparticles where Rh nanoparticles of similar
size and morphology are used as reactive templates.53 First, Rh nanocrystals with triangle,
cube/octahedron, and multipod shapes were synthesized using direct solution based techniques.
Once reacted with trioctylphosphine, the Rh nanocrystals converted to Rh2P nanocrystals while
retaining the shape of the original Rh precursors.
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c) Structural Templating
The third and final concept of templating that will be discussed is the technique of crystal
structure-based templating. Recently, there has been increased interest in understanding the
mechanistic pathways to the formation of metastable and non-equilibrium materials. Certain
metastable species could be one of multiple polymorphs of the same material and therefore it is
difficult to predict the formation of one polymorph over the other when synthesizing
nanoparticles of these materials. Understanding the ability of a material to adopt different crystal
structures and gaining knowledge of the physical and chemical parameters that influence the
arrangement of atoms or ions in those structures could lead to the synthesis of new materials that
crystallize in non-conventional crystal structures. Early work in this area of study was carried out
by Alivisatos’ group where the cation exchange reactions in ionic crystals were studied and the
structural arrangement of the materials of interest gave insight into the formation of the final
product.37 CdSe and CdS nanoparticles were chemically transformed into Ag2Se and Ag2S via
cation exchange while the change in crystal structure of Ag2Se was apparent as a function of
time. In both these cases it was clear that the crystal structures of both materials were of great
importance. For example in the case of CdSe/Ag2Se, the connectivity of the Se2- sublattice of
CdSe remains mostly unchanged during the transformation process.
Other work in this area is related to the solution mediated synthesis of a new ordered
ternary intermetallic, AuCuSn2 below 200 °C.54 Even though the Au-Cu-Sn system has been
studied at the bulk scale, the atomically ordered polymorph of AuCuSn2 had not been observed at
temperatures between 150 °C and 400 °C. One of the most interesting findings that resulted from
probing the reaction pathway for the formation of AuCuSn2 was the formation of a AuSn
intermediate which has a similar crystal structure to the final product. AuSn crystallizes in the
NiAs-type crystal structure and the ordered intermetallic AuCuSn2 also has a NiAs-derived crystal
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structure. This proved to be an interesting discovery as the AuSn nanoparticles act as a structural
template for the formation of ordered AuCuSn2. Another example for crystal structure templates
that stems from the Schaak group comes from the formation of Rh2P nanocrystals.53 Here, the
relationship between the crystal structures of the reactive template and the final product plays a
key role in minimizing any major morphological changes of the final product. When considering
the arrangement of the Rh atoms in both Rh and Rh2P, the distance between two neighboring Rh
atoms is 2.689 in the Rh unit cell and 2.753 Å in the Rh2P unit cell. The comparable Rh atom
arrangements in both systems aid in understanding how the P atoms diffuse into the fcc lattice of
Rh with minimal disturbance to the crystal lattice to form Rh2P while maintaining the shape of
the starting material.
By utilizing the concept of reactive templating, we can understand the parameters that
facilitate the formation of materials of particular composition, morphology, and crystal structure.
It also aids in understanding the reactivity of nanoparticles and allow for the predictable
formation of complex materials that are otherwise unattainable and new compositions,
morphologies, and crystal structures of known materials.

1.4 Research
The following chapters describe the use of reactive templates for the synthesis of metal
oxide and chalcogenide nanoparticles where composition, morphology, and crystal structure have
been preserved. In Chapter II, nanoparticles of Bi2PdO4 and Bi2Pt2O7 are synthesized where
nanoparticles of binary intermetallics, Bi2Pd and Bi-Pt are utilized as reactive templates.55 Here,
Bi2Pd and Bi-Pt are first synthesized using a previously reported modified polyol process16 and
are then oxidized in O2 in order to chemically transform into the ternary products. In the synthesis
of Bi2PdO4, two aspects of templating come into play: composition and morphology. When
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considering composition, the stoichiometric ratio of Bi:Pd is conserved throughout the reaction
where the starting Bi2Pd nanoparticles are converted to a Bi2O3/Pd nanocomposite and then
finally converted to Bi2PdO4 in the final oxidation step. Using a material with a narrow
composition range such an intermetallic (Bi2Pd) as a starting template shows that the composition
of the starting material can act as a template for the predictable formation of the final ternary
product. Interestingly, when taking into account the morphology of the nanoparticles, the cubelike shape of the starting intermetallic Bi2Pd nanoparticles does not change considerably during
the entire the oxidative transformation process and this technique could potentially be an
alternative route to textured ceramics. Here, the Bi2Pd nanoparticles are utilized as shape
templates for the controllable formation of the final product and are also consumed in the
chemical transformation resembling true sacrificial templates.
The technique of templating is further investigated in Chapter III, where the concept of
morphological control via templating is shown in a two step process. Here, metal nanoparticles of
Bi are first utilized in the templated formation of intermetallic NiBi nanoparticles that then in turn
act as a template for the transformation into nanoparticles of the ternary sulfide, Ni3Bi2S2.56 Bi
nanoparticles are first synthesized using polyol processes where changing the surface stabilizer,
solvent, and Bi source have a significant impact on the resulting morphology of the particles.
When these particles are subject to conversion in polyol solvents, the addition of Ni to the
particles does not perturb the overall morphology and therefore help maintain the shape of the
reactive template. The final conversion also takes place in polyol solvents and the addition of
sulfur takes place immediately, however heating above 271 °C is necessary for optimal
crystallization and the liberation of excess Bi from the system.
Chapter IV furthers the study of reactive templating by formally studying the use of
crystal structures in templating methods. This study shows the effectiveness of ZnO (which
crystallizes in the wurtzite, crystal structure), for the predictable formation of the metastable

13
phases of ZnS and ZnSe.57 ZnS and ZnSe are both well known wide-band gap semiconductors
that crystallize in two polymorphs: wurtzite (WZ) and zincblende (ZB). Even though the WZ
polymorphs are more desirable due to their wider band gaps and better luminescent properties,
they are metastable. Even though there are reports for the synthesis of WZ-ZnS and WZ-ZnSe,
the ZB polymorph structure is still predominant. Due to the subtle structural differences between
WZ and ZB, subtle changes in synthetic differences can be manipulated to predictably form one
polymorph over the other. Since ZnO crystallizes in the same crystal structure as the high
temperature polymorphs of ZnS and ZnSe, ZnO is used as a reactive template to form these
materials at temperatures as low as 160 C. Control experiments show that when ZnO is not
present as a starting template, the low temperature polymorphs (zinc-blende, ZB) of ZnS and
ZnSe are formed. Here, the preservation of size of the starting material hints at the possibility of
anion exchange at the nanoscale level. The fast exchange of O2- ions for S2- or Se2- ions helps
preserve the shape of the starting ZnO nanoparticles while preserving the positions of the anion
sublattice, in analogy to the cation exchange reactions that were demonstrated for the conversion
of CdSe and CdS into Ag2Se and Ag2S.
While a change in the synthetic procedure can change the properties of a material, certain
procedures can also open doors to materials that are not accessible under common synthetic
conditions, which can provide for entirely new materials. We have shown that it is important to
develop techniques such as templating in order to further develop the chemical transformations of
nanocrystals while introducing a generalized approach that could be applied toward the synthesis
of new materials and others of inaccessible compositions, morphologies, and crystal structures.
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CHAPTER 2

OXIDATIVE TRANSFORMATION OF INTERMETALLIC
NANOPARTICLES: AN ALTERNATIVE PATHWAY TO METAL/OXIDE
NANOCOMPOSITES, TEXTURED CERAMICS, AND
NANOCRYSTALLINE MULTIMETAL OXIDES

2.1 Introduction
The synthetic pathway that is used to make an inorganic solid-state material has a
significant impact on many aspects of the final product. Issues of composition, crystal structure,
phase purity, crystallinity, and homogeneity are a direct result of heating temperatures, heating
profiles, and reagent stoichiometry, among other factors. Morphological characteristics such as
crystallite size, shape, uniformity, and texture can also be influenced by temperature and heating
profile, as well as by the use of additives, templates, and solution precursors. When combined, all
of these factors – chemical, physical, and morphological – contribute to the usefulness of a
material. Multimetal oxides are among the most frequently studied materials from the perspective
of synthetic control.1 For example, the synthetic variables mentioned above can be exploited to
access complex multi-element phases with narrow composition windows,2 textured ceramics with
properties that mimic those of single crystals,3 crystals with properties that are critically
dependent upon their purity and crystallinity,4 and nanocrystalline solids with properties that
differ from their bulk analogues.5
Here, we present an alternative strategy for synthesizing multimetal oxides, which
exploits intermetallic nanoparticles as reactive precursors that help to define the composition and
morphology of multimetal oxides via a two-step low-temperature oxidation process. This
*

Reprinted in part with permission from Chem. Mater., 19 Dawood, F.; Leonard, B. M.; Schaak, R. E.
“Oxidative Transformation of Intermetallic Nanoparticles: A Low-Temperature Pathway to Metal/Oxide
Nanocomposites, Textured Ceramics, and Nanocrystalline Multi-Metal Oxides,” 4545, Copyright 2007 by
the American Chemical Society.

20
nanoparticle precursor strategy builds on three key synthetic capabilities. First, Bocarsly and coworkers reported that PdCoO2 could be synthesized by thermal oxidation of a Pd-Co cyanogel
precursor, which could also form PdCo alloys under inert atmospheres.6 Similarly, Au-Zr alloys
can be oxidized to form Au/ZrO2 nanoparticle composites.7 Second, our group has utilized
nanoparticle composites as precursors for the low-temperature synthesis of alloys and
intermetallic compounds,8-10 as well as multimetal oxides.11 In this approach, the nanoparticle
composites effectively decrease diffusion distances to the nanometer scale, eliminating solid-solid
diffusion as the rate limiting step in the formation of solids and allowing solid-state reactions to
occur faster and at lower temperatures than those required for traditional methods. Finally, we8-10,
12-16

and others17,18 have been developing strategies for synthesizing a library of intermetallic

nanoparticles with well-defined stoichiometries, particularly for intermetallics containing
platinum group metals. Recent work also shows that it is possible to control the shape and size of
intermetallic nanoparticles using solution chemistry strategies.16
When these synthetic capabilities are merged, an intriguing alternative strategy for
synthesizing multimetal oxides becomes apparent. Binary intermetallic compounds of the late
transition metals and post transition metals, which are becoming increasingly straightforward to
synthesize as nanoparticles,8-10, 12-18 generally are line phases with well-defined stoichiometries.
This implies that intermetallic nanoparticles could serve as single-source precursors for derivative
compounds such as oxides, effectively defining the metal/metal ratios and providing uniform and
homogeneous precursors with atomic-level mixing of the metal components in the correct ratios.
Furthermore, under appropriate conditions, it is reasonable to anticipate that the shape and size of
the intermetallic nanoparticles could be retained in the multimetal oxide product, serving as an
interesting new strategy for controlling texture and morphology in complex oxide systems.
We demonstrate this synthetic pathway for two multimetal oxides: Bi2PdO4 and Bi2Pt2O7.
These initial targets were chosen because the intermetallic nanoparticle precursors with
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stoichiometries corresponding to those of known multimetal oxides are straightforward to
synthesize and each system contains only one stable multimetal oxide. Bi2PdO4 is a
semiconductor with tunable conductivity19 and shows potential to be used in multilayer ceramic
capacitor applications.20 Pyrochlore-type Bi2Pt2O7 is also a semiconductor and has been found to
serve as a methanol oxidation catalyst for potential fuel cell applications.21 Both Bi2PdO4 and
Bi2Pt2O7 are accessible as nanocrystalline solids by thermally oxidizing intermetallic Bi-Pd and
Bi-Pt nanoparticles. When the intermetallic nanoparticles are heated in air or O2, the bismuth
oxidizes first, causing nanoscale phase separation into Bi2O3 and Pd/Pt. As nanocrystals, this
occurs quite readily, facilitated by the high surface-to-volume ratio. When the intermetallic
nanoparticles phase separate into Bi2O3 and Pd/Pt, the two components remain within close
proximity. In analogy to our earlier work involving the thermal transformation of similar phaseseparated nanocomposites into homogeneous products via low-temperature diffusion,8-11 one
would predict that further heating will eventually facilitate oxidation of the Pd/Pt, followed by
interdiffusion of the two binary oxides to form a homogeneous multimetal oxide. Indeed, the
strategy appears to work well for the synthesis of Bi2PdO4 and Bi2Pt2O7, and has the potential to
be applicable to the synthesis of a large number of other multimetal oxides for which appropriate
intermetallic nanoparticles are available as precursors. In addition, the nanocomposite
intermediates consist of intimately mixed Pd/Pt and Bi2O3, which suggests that this reaction
pathway could serve as an intriguing route to the preparation of oxide-supported metal
nanoparticle catalysts. Also, the morphology of the multimetal oxide products appears to mimic
the morphology of the intermetallic nanoparticle precursors, providing a strategy for deliberately
introducing texture into multimetal oxide ceramics and also influencing the shapes and sizes of
complex nanocrystalline oxides.
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2.2 Experimental Details

2.2.1 Synthesis of Bi2Pd and Bi-Pt Nanoparticles and Oxidative Conversions
Nanoparticles of intermetallic Bi2Pd and Bi-Pt were synthesized using a modified polyol
process similar to one that has been previously reported.13 For Bi2Pd, 350 mg of poly(vinyl
pyrrolidone) (PVP, MW = 40 000; Alfa Aesar) was dissolved in 15 mL tetraethylene glycol
(TEG; Alfa Aesar 99+%) using magnetic stirring under bubbling Ar for 1 h. The solution was
then heated to 50 C and PdCl2 (59.5% Pd) (30.0mg, 0.169 mmol; Alfa Aesar, 99.9%, dissolved
in 15 mL TEG) and Bi(NO3)3·5H2O (164.1 mg, 0.3383 mmol; Mallinckrodt Chemical Works,
dissolved in 5 mL TEG) were simultaneously added to the solution followed by a freshly
prepared solution of NaBH4 (25.0 mg; Alfa Aesar, 98%) in 5 mL TEG). Upon reduction the
solution turned black and was then heated to 280 C for 3 h. The Bi-Pt (mixture of BiPt and
Bi2Pt) nanoparticles were synthesized by sequentially dissolving K2PtCl6 (40.1% Pt) (24.0 mg,
0.0494 mmol; Alfa Aesar, 99.99%), Bi(NO3)3·5H2O (30.0 mg, 0.0618 mmol), and PVP (220 mg)
in 25 mL TEG using magnetic stirring and sonication. The solution was stirred vigorously under
bubbling Ar for 1 h after which a freshly prepared solution of NaBH4 (25.0 mg in 5 mL TEG) was
slowly added to the solution while stirring. The solution turned black due to reduction and was
heated to 215 – 220 C. The products were collected by centrifugation and washed well with
acetonitrile. Thermogravimetric analysis (TGA) indicated that approximately 10% of the assynthesized samples consisted of adsorbed solvent or polymer stabilizer. The as-made Bi2Pd and
Bi-Pt particles were first heated to 350 C and 400 C, respectively, in a tube furnace under O2 to
obtain the intermediate phase-separated products (Bi2O3/Pd and Bi2O3/Pt) and then to 780 C and
700 C, respectively, in O2 to obtain the final Bi2PdO4 and Bi2Pt2O7 products. Once the final
temperatures were obtained, the products were held at that temperature for no longer than 5
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minutes before being cooled down to room temperature. The lowest temperatures observed for
accessing Bi2PdO4 and Bi2Pt2O7 were 700 and 650 °C, respectively.

2.2.2 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker GADDS three-circle Xray diffractometer (Cu K radiation). XRD data were also acquired using a Bruker AXS D8
Advance powder X-ray diffractometer (Cu K radiation). Transmission electron microscopy
(TEM) images, selected area electron diffraction (SAED) patterns, and energy dispersive X-ray
analysis (EDS) were collected using a JEOL JEM-2010 TEM. Elemental mapping images were
acquired using a semi-STEM (STEM = scanning transmission electron microscopy) attachment.
Samples were prepared by sonicating the isolated nanocrystalline powders in ethanol and
dropping a small volume onto a carbon-coated nickel grid. Thermogravimetric analysis (TGA)
data were collected on a TA Instruments Q600 SDT under O2 at a heating rate of 10 C/min for
Bi2PdO4 and 5 C/min for Bi2Pt2O7. Electron probe measurements were carried out on a four
spectrometer Cameca SX50 electron microprobe.

2.3 Reaction Pathways for the Formation of Bi2PdO4 and Bi2Pt2O7

2.3.1 Oxidative Transformation of Intermetallic Nanoparticles
When metal nanoparticles are heated in an oxidizing environment, they convert to metal
oxides, facilitated by the high surface area and also because many zero-valent metals (particularly
3d transition metals) are highly susceptible to oxidation.22 Likewise, intermetallic nanoparticles
can oxidize to multimetal oxides when heated in air or O2. Because many intermetallic
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compounds are line phases that have a narrow composition range,23 their utilization as
stoichiometric precursors to multimetal oxides is particularly intriguing. Specifically, the
composition of the multimetal nanoparticles can define the composition of the multimetal oxide,
which is the product of the oxidative transformation. Figure 2-1 shows a schematic representation
of the proposed reaction pathway that occurs upon oxidative heating of intermetallic
nanoparticles that contain a noble metal that is generally resistant to oxidation, such as Pd or Pt,
and a heavy p-block element that is readily oxidized, such as Bi.

Figure 2-1: Schematic of the proposed reaction pathway for the formation of Bi2PdO4 and
Bi2Pt2O7 by thermal oxidation of intermetallic Bi2Pd and Bi-Pt nanoparticles. Partial oxidation of
intermetallic nanoparticles initially yields a metal/oxide nanocomposite, which in turn transforms
into the multimetal oxide nanoparticles.
First, intermetallic nanoparticles (e.g. Bi2Pd or Bi-Pt) are formed by NaBH4 reduction of
appropriate metal salts in TEG as described previously.13 The intermetallic nanoparticles are then
heated to 350 – 400 C in O2, which facilitates nanoscale phase separation of the nanoparticles,
for example into Bi2O3/Pd and Bi2O3/Pt. Further heating to 700 – 800 C allows the noble metal
to oxidize and react with the Bi2O3 to form nanocrystalline multimetal oxide products that have
metal compositions matching those defined by the intermetallic nanoparticle precursors. It is
anticipated that other intermetallic systems will also be amenable to oxidative transformation into
multimetal oxides. For many of the intermetallic systems we have studied, few stable multimetal
oxides are known. In these cases, phase separation into the binary oxides is common. For
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example, BiNi forms a mixture of nickel and bismuth oxides upon oxidation. Oxidation of BiPd
produces Bi2PdO4 (the stable ternary oxide) along with extra bismuth oxide and Pd.

2.3.2 Oxidative Transformation of Bi2Pd into Bi2PdO4
The powder XRD data in Figure 2-2 show the Bi2Pd precursor and the progression of
crystalline phases that appear upon heating of the intermetallic Bi2Pd nanoparticles in O2. The
XRD pattern for the Bi2Pd nanoparticles matches well with that expected for -Bi2Pd (JCPDF no.
29-0232), showing no evidence of other crystalline phases. It is difficult to isolate a “perfect”
intermediate as shown schematically in Figure 1b because the oxidation occurs continuously over
a range of temperatures. Figure 2-2 shows XRD data for the intermediate isolated after heating
Bi2Pd nanoparticles to 350 C in O2 for 30 min.

Figure 2-2: Powder XRD patterns showing the reaction pathway for the formation of Bi2PdO4.
The intermetallic Bi2Pd nanoparticles (RT) are heated to 350 °C in O2, which convert to Bi2O3
and Pd. Further heating to 780 °C produces Bi2PdO4. Simulated patterns for β-Bi2Pd, tetragonal
Bi2O3, and Bi2PdO4 are shown below the appropriate experimental data.
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The predominant phase is tetragonal Bi2O3. Pd is not immediately evident in the XRD
data, but the broad raised background centered near 41 2 is consistent with nanocrystalline or
amorphous Pd. (TEM and EDS analysis, discussed later, confirms the presence of nanocrystalline
Pd in the nanocomposite.) Further heating to 780 C in O2 for 40 min produces phase-pure
Bi2PdO4. The lattice constants for Bi2PdO4 [a = 8.622(8) Å, c = 5.901(1) Å] agree favorably with
prior reports (a = 8.614 – 8.623 Å, c = 5.816 – 5.909 Å).24
Semi-STEM element mapping (Figure 2-3) provides a direct look at the nanostructure
and the distribution of elements throughout the reaction. Figure 2-3a shows a TEM micrograph of
the intermetallic Bi2Pd nanoparticles that are used as precursors. The nanoparticles are generally
cube-shaped with diameters ranging from 40 to 60 nm. In analogy to other strategies for
synthesizing metal nanocubes,25 the presence of PVP and other metal cations in solution may
have some influence on the shape.

Figure 2-3: TEM micrographs and semi-STEM elemental mapping of (a) intermetallic Bi2Pd
nanoparticles, (b) Bi2O3/Pd nanocomposite, and (c) Bi2PdO4 product.
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On the basis of our prior work,16 we hypothesize that Pd nanocubes form first and help to
template cube-shaped Bi2Pd. EDS confirms the 2:1 Bi/Pd stoichiometry, and element mapping
(Figure 2-3a) confirms that the Bi and Pd are homogeneously distributed within the particles.
After heating to 350 C in O2, the size and cube-shaped morphology of the particles do
not change considerably (Figure 2-3b). However, element mapping (Figure 2-3b) shows clear
segregation of the Bi and Pd components, with Pd localized in the centers of the cubes and Bi
spread over the entire area (e.g. with Bi surrounding the Pd). EDS still shows a ~2:1 Bi/Pd ratio.
This, combined with the XRD data, confirms the schematic shown in Figure 2-1b,
specifically the occurrence of nanoscale phase separation to form a Bi2O3/Pd nanocomposite.
After heating to 780 °C in O2, the resulting Bi2PdO4 particles appear by TEM to retain their
general size and cubic morphology (Figure 2-3c). Some particle agglomeration occurs (primarily
via fusing of the nanoparticle surfaces), but it is likely minimized by the short (5-10 min) dwell
times at the final reaction temperature. Element mapping (Figure 2-3c) confirms that the Bi and
Pd are once again homogeneously mixed in the Bi2PdO4 product, providing visual evidence of the
diffusion that occurred within the Bi2O3/Pd nanocomposite upon further heating.
Importantly, the progression of TEM micrographs for Bi2Pd, Bi2O3/Pd, and Bi2PdO4
(Figure 2-3) shows remarkable retention of morphology throughout the oxidative transformation.
Powder XRD data show evidence of preferred orientation, which is also consistent with the
morphology-conserving transformation observed by TEM. Figure 2-4a shows powder XRD data
for a sample of Bi2Pd nanocubes that was dispersed in ethanol and allowed to settle on a planar
substrate. When compared to the simulated powder XRD pattern for β-Bi2Pd, the experimental
data show much higher intensities for the 002, 004, 006, and 008 reflections (Figure 2-4a). This
indicates that the nanocubes are preferentially oriented along the <001> direction. Powder XRD
data for the Bi2PdO4 product show similar preferred orientation effects (Figure 2-4b). In this case,
however, it is the 110, 220, and 330 reflections that are enhanced relative to the simulated pattern
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for Bi2PdO4. This indicates that the Bi2PdO4 product formed by thermal oxidation of the Bi2Pd
nanocubes also has anisotropic texture, with preferential orientation along the <110> direction.
Perfect cubes of Bi2PdO4 are certainly not generated by this approach, but the overall particle size
and morphology are clearly related to the cube-shaped morphology of the Bi2Pd precursor.

Figure 2-4: XRD patterns for oriented powders of (a) Bi2Pd and (b) Bi2PdO4. Simulated XRD
patterns are shown below the experimental data. The reflections indexed in boldface type and
highlighted with an asterisk (*) indicate strong reflections due to preferred orientation along the
<001> and <110> directions for Bi2Pd and Bi2PdO4, respectively.
Further examination of the crystal structures of Bi2Pd and Bi2PdO4 shows that the two
families of planes of interest (<001> for Bi2Pd and <110> for Bi2PdO4) are in fact the crystal
planes that host the Pd atom positions in both cases. This observation could further support the
argument that suggests the initial formation of Pd nanocubes that in turn help template the
formation of cube-like Bi2Pd nanoparticles. This suggests that if the morphology of metal and
intermetallic nanoparticles can be controlled, which growing evidence suggests is possible,16 the
morphology of multimetal oxide nanoparticles derived from these intermetallics should also be
controllable when they are used as precursors. This strategy could therefore provide an alternative
route for deliberately inducing texture in multimetal oxide ceramics.
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TGA analysis (Figure 2-5) characterizing the thermal oxidation of intermetallic Bi2Pd
nanoparticles provides additional support for the proposed reaction pathway.

Figure 2-5: TGA data showing the weight change as intermetallic Bi2Pd nanoparticles are
thermally oxidized (in O2) to form Bi2PdO4. The weight loss between room temperature and 300
°C is attributed to loss of surface-bound solvent, as well as oxidation and removal of the polymer
stabilizer. The upturn in the TGA profile from 300 – 325 °C is due to the onset of Bi oxidation.
As heating continues, the overall weight decreases due to competition between weight gain (Bi
oxidation) and weight loss (removal of polymer stabilizer), before increasing due to the final
oxidation of Bi and Pd to form Bi2PdO4.
The weight loss between room temperature and 300 C is attributed to removal of surface-bound
water and polyalcohol solvent molecules from the Bi2Pd nanoparticles, as well as decomposition
and volatilization of the polymer stabilizer used to prepare the Bi2Pd nanoparticle precursors. (No
measurable amount of carbon residue is present in the final Bi2PdO4 product, because combustion
in O2 facilitates its complete removal.) The upturn in the TGA profile from 300 – 325 C is
attributed to the onset of Bi oxidation to form Bi2O3. This weight increase due to oxidation
competes with the weight loss due to continued removal of the polymer stabilizer, resulting in a
net decrease in weight from 310 – 340 C. From 400 – 430 C there is a significant weight gain,
which is attributed to complete oxidation of Bi to Bi3+ as well as the oxidation of Pd to Pd2+ (and
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concomitant addition of oxygen to the sample). The slight weight gain above 430 °C is likely due
to final oxidation of all of the Pd, as well as balance instability due to heat flux.

2.3.3 Oxidative Transformation of Bi-Pt into Bi2Pt2O7
To provide evidence that the reaction pathway for converting intermetallic nanoparticles
into multimetal oxides is general, we also studied the Bi-Pt system with the goal of preparing
pyrochlore-type Bi2Pt2O7.

Figure 2-6: Powder XRD pattern of Bi2Pt2O7 synthesized by heating intermetallic Bi-Pt
nanoparticles (1.25 : 1.00 Bi:Pt ratio) in O2 to 700 °C for 2.25 h. A simulated XRD pattern for
pyrochlore-type Bi2Pt2O7 with a = 10.40 Å is shown below the experimental data.
A representative powder XRD pattern for Bi2Pt2O7 synthesized by heating intermetallic
Bi-Pt nanoparticles to 700 C in O2 is shown in Figure 2-6. The XRD pattern matches that
expected for pyrochlore-type Bi2Pt2O7, and the lattice constant [a = 10.40(2) Å] agrees favorably
with those previously reported for Bi2Pt2O7 synthesized using other approaches [a = 10.36 –
10.37 Å].26 Interestingly, phase-pure Bi2Pt2O7 (as determined by laboratory XRD) is only
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obtained for Bi/Pt ratios of 1.25 : 1.00 or 1.30 : 1.00 (Figure 2-7). A stoichiometric Bi/Pt ratio
always yields a Pt impurity, and higher Bi/Pt ratios result in unreacted Bi2O3. Imaging from
electron microprobe analysis shows a uniform sample with no significant micron-scale phase
separation and a Bi/Pt ratio of approx. 1.5 : 1.0 in the final Bi2Pt2O7 product. The extra bismuth
required to generate phase-pure Bi2Pt2O7, and its retention in the final phase-pure product, can be
rationalized by two possible scenarios.

Figure 2-7: Powder XRD patterns for the products isolated as a function of Bi:Pt ratio.
Stoichiometric Bi:Pt yields Bi2Pt2O7 with a significant Pt impurity, while Bi:Pt ratios higher than
1:50 : 1.00 show a Bi2O3 impurity. Optimal Bi:Pt ratios are between 1.25 : 1.00 and 1.30 : 1.00.
Simulated XRD patterns for pyrochlore-type Bi2Pt2O7, cubic Bi2O3, and Pt are shown below the
experimental data.
It is possible that Bi2O3 surrounds the Bi2Pt2O7 particles in a core-shell nanostructure, which is
not uncommon for nanoscopic and submicron particles that contain post transition elements that
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are prone to oxidation (e.g. Sn, Bi, In, Pb).10,13 It is also possible that some of the Bi occupies the
Pt site in the pyrochlore lattice (along with some concomitant variation in the oxygen content),
and that phase purity can only be obtained (or is maximized) when this occurs. Such siteswapping is not uncommon in pyrochlores,27 and it is also known that some pyrochlores are only
accessible as phase-pure compounds by moving significantly off-stoichiometry to facilitate mixed
site occupancies.28 Other examples of off-stoichiometric pyrochlores are known.29 (The site
occupancies and composition of Bi2Pt2O7 have not previously been studied in depth.)

Figure 2-8: Powder XRD patterns characterizing the reaction pathway for the formation of
Bi2Pt2O7 by the thermal oxidation of intermetallic Bi-Pt nanoparticles using the optimal Bi:Pt
ratio of 1.25 : 1.00. The intermetallic Bi-Pt nanoparticles are a mixture of BiPt and Bi2Pt, as
expected from the off-stoichiometry of the sample. Heating to 400 °C in O2 shows the presence
of Bi2O3 and Pt, and heating to 700 °C shows pyrochlore-type Bi2Pt2O7. Simulated patterns for
pyrochlore-type Bi2Pt2O7, monoclinic Bi2O3, Pt, BiPt, and Bi2Pt are shown below the appropriate
experimental data.
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It is likely that both of these scenarios (site swapping/off-stoichiometry and core-shell
nano/microstructure) play a role in accommodating the extra Bi that is required to generate a
phase pure sample.
Since Bi-Pt intermetallic compounds are line phases with narrow composition limits, a
1.25 : 1.00 Bi/Pt ratio should give a mixture of BiPt and Bi2Pt, based on the Bi-Pt phase
diagram.23 As expected, the intermetallic nanoparticle precursor made with the 1.25 : 1.00 Bi/Pt
ratio that yields phase-pure Bi2Pt2O7 is indeed a mixture of BiPt and Bi2Pt (Figure 2-8), with BiPt
as the predominant phase. When heated to 400 C in O2, the major phases are monoclinic Bi2O3
and fcc Pt, along with a small amount of unreacted Bi2Pt (Figure 2-8). (Longer heating times at
this temperature convert all of the Bi2Pt to Bi2O3 and Pt.) Further heating to 700 C produces
phase-pure Bi2Pt2O7, as determined by laboratory XRD.
The progression of crystalline phases upon oxidation of intermetallic Bi-Pt nanoparticles
mimics that of the Bi2Pd system.

Figure 2-9: TGA data showing the weight change as intermetallic Bi-Pt nanoparticles are
thermally oxidized (in O2) to form Bi2Pt2O7. The initial weight loss below 100 °C is due to loss
of surface-bound solvent, and the weight loss between 100 °C and 250 °C is due to oxidation and
removal of the polymer stabilizer. The weight gain from 300 °C to 700 °C is attributed to
oxidation of Bi-Pt (to Bi2O3/Pt and Bi2Pt2O7).
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Likewise, TGA analysis characterizing the thermal oxidation of Bi-Pt nanoparticles
(Figure 2-9) shows the same features observed in the Bi2Pd system: (a) initial weight loss due to
removal of surface-bound water and solvent, (b) weight loss due to polymer decomposition and
volatilization, (c) weight gain due to onset of Bi oxidation (competing with weight loss from
polymer removal), and (d) weight gain due to complete oxidation of Bi and Pt.
As for the Bi2Pd system, element mapping shows nanoscale phase separation upon
oxidation of the intermetallic Bi-Pt nanoparticles to form a Bi2O3/Pt nanocomposite, followed by
transformation into Bi2Pt2O7 nanoparticles (Figure 2-10). The TEM micrograph in Figure 2-10a
shows the intermetallic BiPt/Bi2Pt nanoparticles and the corresponding element map, which
confirms that Bi and Pt are homogeneously distributed within the particles in a 1:1 Bi/Pt ratio.

Figure 2-10: TEM micrograph and semi-STEM elemental mapping of (a) intermetallic Bi-Pt
nanoparticles, (b) phase-separated Bi2O3/Pt, and (c) nanocrystalline pyrochlore-type Bi2Pt2O7
product.
For the nanocomposite intermediate, phase separation in the Bi-Pt system is much easier
to observe visually than in the Bi2Pd system. In Figure 2-10b, the TEM micrograph shows dark
particles that are largely spherical surrounded by a lighter-contrast phase with more well-defined
edges (e.g. semi-crystalline). Element mapping (Figure 2-10b) shows that the small dark particles
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are Pt and the surrounding material contains Bi, with almost no Pt. This provides direct evidence
that Bi2O3 and Pt are phase separated at the nanoscale. Interestingly, the morphology of the Pt
nanoparticles surrounded by Bi2O3 is similar to that of many supported catalysts, where metal
nanoparticles are dispersed among larger particles of a metal oxide. This reaction pathway that
involves oxidative transformation of intermetallic nanoparticles could provide a new route to
supported metal nanoparticle catalysts, particularly for intermetallic systems that are rich in
elements that are prone to oxidation. After heating to 700 C, the Bi and Pt are once again
homogeneously mixed in the Bi2Pt2O7 product, which retains the nanocrystallinity, general size,
and irregular morphology defined by the precursor (Figure 2-10c).

2.4 Alloy Nanoparticles as Oxidative Templates for the Formation of Metal/Metal Oxide
Nanocomposites
During the oxidative transformation of Bi2Pd and Bi-Pt intermetallic nanoparticles into
their compositionally equivalent ternary oxides, we have shown that it is possible to isolate an
intermediate product that consists of an oxide of the low melting, easily oxidizing metal and
metal nanoparticles of the noble metal. This intermediate product behaves similarly to a phase
separated nanocomposite and as a result, the idea of phases segregation may also be applicable to
other binary systems that consist of an easily oxidizing metal and a noble metal.
From a catalytic standpoint, nanocomposites such as Pt@Fe3O4 hollow nanoparticles or
Pt/Fe3O4 dimer particles are of great interest due to the enhancement in catalytic activity toward
oxygen reduction reactions (ORR).30 Here, the Pt nanoparticles are epitaxially grown off of Fe3O4
nanoparticles that it turn enrich the Pt with electrons thus improving the catalytic behavior of the
system.30 As a result the catalytic activity of the nanocomposite increases linearly with the size of
the Fe3O4 nanoparticle. Generally such nanocomposite materials have been synthesized via a two-
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step process where Fe3O4 nanoparticles are first synthesized and then the Pt portion is epitaxially
grown off of the Fe3O4 core.30,31 Even though this synthetic approach has proven to be successful,
it is labor intensive and requires precise synthetic control over each step of the reaction process.
As a result, we have chosen to use FePt alloy nanoparticles as reactive precursors that can be
oxidized to form Pt/Fe3O4 nanocomposites similar to the oxidation of Bi2Pd and Bi-Pt to form
Pd/Bi2O3 nanocomposites.
Unlike the previous syntheses of Bi2Pd and Bi-Pt, FePt nanoparticles were synthesized in
non-polar solvents according to literature reports.32 This was mainly due to the need for
monodisperse nanoparticles so the post-oxidative product would also be well dispersed and the
two components easily distinguishable for characterization.

Figure 2-11: (a) Powder XRD patterns for FePt nanoparticles synthesized at 330 °C and post
oxidation. Post-oxidative XRD data matches the simulated pattern for Pt and hints at the oxidation
of Fe to Fe3+ while the Pt remains Pt0. TEM images of (b) FePt nanoparticles as synthesized, (c)
post oxidative sample of FePt nanoparticles, and (d) FePt nanorods. Scale bars are 20 nm.
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First, FePt nanoparticles were synthesized by heating appropriate molar ratios of
Fe(acac)3 and Pt(acac)2 in hexadecylamine to reflux in a reducing atmosphere. FePt nanorods
were also synthesized according to methods reported in the literature.33 Unlike in the formation of
FePt nanoparticles, the synthetic procedure for FePt nanorods involved the initial reduction of
Pt2+ to Pt and the addition of Fe(CO)5 to the solution mixture so as to incorporate Fe into the
system. Figure 2-11a shows representative Powder XRD patterns of FePt nanoparticles
synthesized at 330 °C and the product after oxidation in O2 gas at 500 °C. When compared to the
simulated XRD pattern of Pt, it is clear that the FePt nanoparticles transform to Pt nanoparticles
after oxidation.

Figure 2-12: TGA data representative of the oxidation of FePt nanoparticles in O2 gas. The initial
weight loss is indicative of the loss of surface bound water molecules and the decomposition of
surface stabilizers. The two upturns could be indicative of the formation of Fe-oxides while the
increase in weight from 325 °C to 500 °C suggests the formation of Fe2O3.
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Considering Fe0 can be easily oxidized to Fe3+ it is possible that the Fe was oxidized to
Fe2O3, however the powder XRD pattern does not confirm this and it could be due to the small
amount of Fe2O3 present in the sample. Figure 2-11b and 2-11c represent the corresponding TEM
micrographs of FePt nanoparticles and the post-oxidative product. The primary particle size is
~10 nm for both the FePt nanoparticles and the product after oxidation. The TEM micrograph of
the sample post-oxidation does not show clear phase segregation of Fe2O3 and Pt as expected and
this could also be due to the small amount of Fe2O3 in the sample. As shown by Figure 2-11c, the
synthesis of FePt nanorods yielded nanorods with aspect ratios of ~15. When subjected to
oxidation, these FePt nanorods show similar behavior to the FePt nanoparticles. The FePt
nanoparticles were then subjected to oxidation by heating in O2 gas. Figure 2-12 shows the TGA
curve of the sample heated in an oxygen atmosphere. Overall weight loss between room
temperature and 300 °C indicates the decomposition of surfactant and the loss of any surface
bound water. However, the two upturns at 300 °C and 320 °C could be attributed to the oxidation
of Fe to Fe2+ and Fe3+ to form Fe-oxides. The general increase in weight from 325 °C to 500 °C
roughly estimates the weight increase that would be expected from the incorporation of oxygen to
form Fe2O3.
Collectively, the data gathered from FePt nanoparticles after oxidation shows that a
portion of the sample was oxidized, while the Pt remained as Pt0. Taken together, this data gives
preliminary insight into the hypothesis that binary alloy nanoparticles could be used as templates
for the formation of metal/metal oxide nanocomposites. With careful tuning of the composition of
the starting material, it should be possible to modify the ratio of the resulting metal/metal oxide
ratio of the nanocomposite.

39
2.5 Summary
Taken together, the presented data are consistent with a low-temperature multi-step
pathway that oxidatively transforms intermetallic nanoparticles into metal/oxide nanocomposites,
which then transform into nanocrystalline multimetal oxides upon further heating. This result,
demonstrated for the synthesis of Bi2PdO4 and Bi2Pt2O7, shows that intermetallic nanoparticles
(or mixtures of intermetallic nanoparticles) can serve as single-source precursors that define
metal/metal stoichiometries that are maintained after oxidative transformation into a derivative
phase. The high surface/volume ratio afforded by the intermetallic nanocrystals facilitates their
reactivity, quickly phase-separating into nanoscale composites and readily diffusing without the
need for higher temperatures. Given the growing number of intermetallic compounds that are
accessible as nanocrystals,8-10, 12-18 this approach has the potential to be general for the synthesis
of a wide range of mixed metal oxides, and possibly also for sulfides, nitrides, phosphides, and
other types of solids using similar conversion strategies. Furthermore, the ability to generate
metal/oxide nanocomposites as stable intermediates upon thermal oxidation of intermetallic
nanoparticles implies that this reaction pathway could serve as an alternative strategy for
preparing supported catalysts, particularly for intermetallic nanoparticle precursors that are rich in
easily oxidizing elements. Preliminary work suggests that oxidation of monodisperse alloy
nanoparticles could lead to metal/metal oxide nanocomposites such as metal@metal oxide
core@shell nanoparticles and metal/metal oxide dimer particles. Finally, the possibility of
controlling the morphology of multimetal oxide systems by controlling the morphology of the
intermetallic nanoparticle precursors (demonstrated for the Bi2PdO4 system) opens up a new route
for designing shape-controlled oxide nanocrystals and textured ceramics.
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CHAPTER 3

TWO-STEP CONVERSION CHEMISTRY: MORPHOLOGY
CONTROLLED SYNTHESIS OF NANOPARTICLES IN THE Bi-NiBiNi3Bi2S2 SYSTEM

3.1 Introduction
Mixed metal chalcogenides have not been extensively studied, however they are gaining
increased interest due to their unusual chemical and physical properties, which are often directly
related to infinite heterometallic bonds within the crystal structure.1,2 These bonds can occur as
one-dimensional chains such as in Sc14Ru3Te8,2 two dimensional layers as in Ni6Sn2S2,3 and as
three-dimensional networks in Ta9Fe2S64 and in turn can influence the magnetic,2,4 and
electrophysical3 properties of these materials.
Mixed metal chalcogenides that have the general formula A2M3X2 (where A = main
group metal, M = transition metal, and X = S, Se, Te) that belong to the shandite or parkerite
phases in particular are interesting due to properties such as superconductivity,5 magnetism,6 and
electrical properties.7 There are many differences between these two types of phases, however, the
main observable dissimilarity is that parkerite phases contain Bi while shandite phases do not.6b,8
In addition to the compositional differences, the crystal structures of the two phases also have
some subtle differences: both materials are isostructural but the position of the M atoms differ in
both cases and that results in differences in coordination environment of the A atom: 2 in shandite
and 1 in parkerite.6b However, the M atoms of both shandite and parkerite have short M-M
distances between each other and can form zigzag chains along the lattice that result in their
remarkable physical properties, as mentioned earlier.
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In order to access these phases, many traditional solid state synthetic methods have been
previously utilized. One such method involves mixing of stoichiometric amounts of the elemental
precursors that are heated to temperatures as high as 1200 °C for long periods of time.5,6b,9
Another method shows the initial synthesis of Ni3S2 at 900 °C and the subsequent reaction with
Bi also at 900 °C.10 Both these synthetic approaches require high temperatures and long heating
times. Attempts have been made to synthesize these materials using milder synthetic techniques
that also open up the possibility of synthesizing multimetal chalcogenides with nanometer-scale
dimensions in order to probe possible size effects on the properties. Currently there is only one
report on the synthesis of nanoscopic particles of Ni3Bi2S2.11 The authors report the solvothermal
synthesis of Ni3Bi2S2 nanoribbons, however obtaining a phase-pure material required refluxing
the starting materials for an adequate amount of time. The properties of these particles were also
not studied. Since the properties that have been reported in bulk Ni3Bi2S2 result from the chainlike Ni-Ni bonds, it would be reasonable to expect that Ni3Bi2S2 nanoparticles of different
morphologies could possibly illustrate new properties. Toward that goal, and in order to reduce
the formation of impurities and to obtain various morphologies of the final nanoparticulate
product, we show that conversion chemistry methods are successful in generating morphologyand composition-controllable mixed metal oxides and other multi-element systems can also be
applied to the synthesis of mixed metal chalcogenides such as Ni3Bi2S2.
Ni3Bi2S2 in particular is an interesting target due because it is a prototype mixed-metal
chalcogenide and is superconducting (Tc = 0.7 K).5 As mentioned in Chapter II, intermetallic
nanoparticles can be used as reactive templates for the controllable and predictable synthesis of
complex multimetal oxide systems. One key precedent for the templated synthesis of mixed metal
sulfide nanoparticles is the conversion of metal nanoparticles into metal sulfide nanoparticles:
Alivisatos and coworkers showed that Co nanoparticles could be converted into hollow Co3S4 and
Co9S8 nanoparticles while maintaining the overall shape of the particles.12 Also, it has been
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shown that Ag and Cu nanowires can be converted to Ag2S and Cu2S nanowires, respectively,
which facilitates the formation of one-dimensional chalcogenide products.13,14 However, to the
best of our knowledge, there is no literature precedent for the conversion of bimetallic
nanoparticles, including intermetallic compounds, into ternary sulfides.
Here, NiBi nanoparticles are shown to be a useful and interesting starting material for the
synthesis of Ni3Bi2S2 nanoparticles. NiBi is an intermetallic compound that has been reported by
some to exhibit superconductivity,15,16,17 while others have reported that it is ferromagnetic.18
Similar to Ni3Bi2S2, NiBi also has not been studied extensively, and only a few reports on the
synthesis of NiBi nanoparticles exist in the literature.16,19 Even though the stoichiometric ratios of
Ni and Bi between NiBi and Ni3Bi2S2 are not identical, this template based method has the
potential to add to the synthetic techniques that currently exist for the synthesis of Ni3Bi2S2
nanoparticles.
In order to minimize some of the synthetic challenges that were previously reported, one
possibility would be to start with single metal nanoparticles of controlled shape and size that
could be used as a reactive template to first form binary nanoparticles, such as an intermetallic
compounds, that can be used in turn as a template for the formation of a ternary phase. Due to the
vast number of techniques that have been reported for the synthesis of post-transition metal
nanoparticles of specific shapes and sizes,20 we chose to synthesize Bi nanoparticles as a first step
for the formation of NiBi nanoparticles and finally Ni3Bi2S2 nanoparticles. First, Bi nanoparticles
were synthesized in polyalcohol solvents to form nanospheres, nanoplatelets, nanocubes, and
nanotriangles. These particles were then re-dispersed in TEG and heated to 220 °C where Ni2+ is
injected to the solution in order to form of NiBi. The NiBi nanoparticles are then utilized as
reactive templates for the synthesis of Ni3Bi2S2 where NiBi nanoparticles were dispersed in TEG
and Na2S was added to the solution as a sulfur source and then heated to 280 °C. The ability to
expand template based conversion chemistry techniques to access multimetal sulfides shows the

46
versatility of this method and also helps understand the reaction pathways of the chemical
reactions that take place while preserving the morphology during both reactions. This work also
opens up the possibility of expanding this technique to synthesize nitrides, phosphides and other
materials with judicious choice of reactants.

3.2 Experimental Details
All syntheses were carried out under Ar using standard Schlenk techniques and work-ups
were carried out in air.

3.2.1 Synthesis of Bi Nanoparticles

a) Bi Spheres
In order to synthesize Bi nanospheres, 0.500 g of 40K PVP was first dissolved in 25 mL
of TEG via stirring and sonication and added to a three-neck round-bottom flask equipped with a
reflux condenser, thermometer adapter, rubber septum, and vacuum adapter. The solution was
then degassed at 110 °C for 1 hour at which point the temperature of the reaction was raised to
190 °C under a blanket of Ar. A solution of Bi(NO3)3.5H2O (0.0411 g, 0.08 mmol in 2 mL TEG)
was then injected into the hot solution followed by the addition of a freshly prepared solution of
NaBH4 (25 mg in 2mL TEG) that resulted in a black solution upon reduction of Bi3+ to Bi0. The
solution temperature was raised to 220 °C at 2 °C/min and held at 220 °C for 1 hour. The reaction
mixture was allowed to cool down to room temperature and the resulting Bi nanoparticles were
collected by the addition of a 3:1 mixture of ethanol and acetonitrile and centrifugation at 12000
rpm.
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b) Bi Hexagonal Platelets
Hexagonal nanoplatelets of Bi were synthesized using identical synthetic conditions to
those of Bi nanospheres except for the substitution of 0.500 g 40 K PVP with 0.500 g 630K PVP
and 0.300 g poly(2-ethyl-2-oxazoline) (PEO, MW = 50 000; Alfa Aesar).

c) Bi Cubes
Bi nanocubes were synthesized using a modification of a method similar to one reported
by Ren et. al.21 Here, 0.500 g of 630 K PVP (Alfa Aesar) was dissolved in 15 mL EG (JT Baker,
99.0%) and the solution was degassed at 100 °C. The temperature was increased to 130 °C under
a blanket of Ar and 50 μL of a 0.04 M solution of FeCl3 (Alfa Aesar, 98%) was injected into the
solution followed by the addition of 0.0411 g (0.08 mmol) of Bi(NO3)3.5H2O in 2 mL EG. The
solution was heated to 180 °C at a heating rate of 2°C/min, where 20 mg of ascorbic acid in 2 mL
was injected into the solution and held at 180°C for 1 hour. The reaction was cooled down to
room temperature and the final product was collected via centrifugation after washing with a 3:1
solution of ethanol : acetonitrile.

d) Bi Triangles
Bi triangles, truncated triangles, and triangle/hexagonal derivatives were synthesized by
first dissolving 0.500 g of 1300K PVP and 0.05 g (0.08 mmol) NaBiO3 (Alfa Aesar, 98%) in 15
mL EG and degassing the solution at 110 °C for 1 hour. The solution was then heated under a
blanket of Ar to reflux temperature at a rate of 2 °C/min and aged at reflux for 1 hour. The sample
was then cooled down to room temperature and the final product was washed and centrifuged for
characterization.
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3.2.2 Conversion of Bi to NiBi

a) NiBi Spheres
NiBi nanospheres were synthesized by first dispersing the product from 3.2.1a) in 15 mL
TEG and degassing at 120 °C for 1 hour. The solution was then heated to 220 °C under a blanket
of Ar followed by the subsequent addition of freshly prepared solution of 30 mg Ni(acetate)xH2O
(Alfa Aesar) in 2 mL TEG and 25 mg NaBH4 (in 2 mL TEG). The solution was then slowly
heated to 260 °C at 2°C/min and aged for 30 minutes. The final product was collected using
similar methods as used in the synthesis of Bi nanoparticles.

b) NiBi Hexagonal Platelets
The formation of NiBi hexagonal platelet nanoparticles was carried out under identical
reaction conditions as the synthesis of NiBi nanospheres except for the starting template, where
the product from 3.2.1b) (Bi hexagonal platelets) was used instead of nanospheres.

3.2.3 Conversion of NiBi to Ni3Bi2S2
In order to synthesize Ni3Bi2S2 nanospheres or hexagonal platelets, intermetallic NiBi
nanoparticles were first synthesized using methods mentioned earlier. Once the NiBi
nanoparticles were collected via centrifugation and washed with acetonitrile, they were resuspended in 15 mL TEG by sonication and magnetic stirring. After degassing the solution for 1
hour, the solution was heated to 200 C under a blanket of Ar. At this temperature, a solution of
Na2S.9H2O (20 mg, in 2 mL TEG) was added into the NiBi nanoparticle solution via injection.
The solution was then heated to 280 C at 5 C/ min and aged for 1 hour under a blanket of Ar
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and magnetic stirring. The final product was collected via centrifugation and washed well with
ethanol.

3.2.4 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM) images, selected
area electron diffraction (SAED) patterns, and energy dispersive X-ray analysis (EDS) were
collected using a JEOL JEM 1200 EXII microscope operating at 80 kV. Samples for analysis by
TEM were prepared by sonicating the nanoparticles in ethanol and drop coating a small amount
onto a carbon-coated copper grid.

3.3 Exploring the Bi-NiBi-Ni3Bi2S2 System

3.3.1 Two-Step Conversions in the Bi-NiBi -Ni3Bi2S2 System
Even though there are many reports describing the synthesis of Bi nanoparticles,22 there
are no reports describing the conversion of Bi nanoparticles into other binary or ternary
intermetallic systems. Previous reports have shown that when metal nanoparticles are subjected to
the addition of a sulfur or selenium source, the results yield the corresponding metal sulfide or
selenide.23 Similarly, intermetallic nanoparticles that contain Bi should also react with sulfur or
selenium to form either a nanocomposite containing Bi2S3/Bi2Se3 and the other metal or a ternary
sulfide/selenide due to the high reactivity of intermetallic nanoparticles.
When Bi nanoparticles are chemically transformed into NiBi nanoparticles, the resulting
reaction is not one that reflects a topotactic relationship between the two materials after
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examination of the crystal structures. Therefore, the resulting reaction could be one that involves
the diffusion of Ni into the Bi lattice that results in rearrangement of the crystal structure. Since
melting points of elements can be used as a rough estimate to calculate their rate of diffusion with
regard to other metals,24 it has been shown that Ni is a moderate diffuser when compared to
metals such as Au or Ag.25 Based on this, it is possible that the slow diffusion rate of Ni does not
destroy the morphology of the particles and the shape of the initial Bi nanoparticles is preserved
when converted to NiBi nanoparticles. However, the conversion from NiBi to Ni3Bi2S2 can result
in excess Bi that could be present as an amorphous impurity in the sample.

3.3.2 Conversion Chemistry in the Bi-NiBi -Ni3Bi2S2 System
Figure 3-1 shows the progressive powder XRD data of the as-synthesized Bi
nanospheres, NiBi nanospheres after addition of Ni2+ and finally Ni3Bi2S2 nanospheres after
reacting with sulfur in solution. All three XRD patterns match well with their corresponding
simulated patterns and no other crystalline phases are present in the XRD patterns.
The TEM micrograph corresponding to Bi is shown in Figure 3-1 and confirms the
formation of nanospheres that have diameters of approximately 50 nm. While these particles are
not perfect spheres, they stayed well dispersed in solution and did not agglomerate. Figure 3-1
shows the results from the conversion of Bi nanoparticles to NiBi nanoparticles where the NiBi
particles maintain the sphere-like morphology and size of the initial Bi nanoparticles
demonstrating the role of Bi nanoparticles as a morphological template for the formation of
binary systems. The second conversion from NiBi to Ni3Bi2S2 involves the displacement of some
Bi from the NiBi lattice as required for mass balance; however the resulting nanoparticles once
again preserve the morphology of the starting Bi and secondary NiBi nanoparticles as shown in
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Figure 3-1d. As shown in Figure 3-1a, the powder XRD pattern for Ni3Bi2S2 does not show the
presence of any crystalline Bi or Bi2O3.

Figure 3-1: Powder XRD data and TEM data representing the conversion of Bi nanospheres into
NiBi nanoparticles and Ni3Bi2S2 nanoparticles. Simulated XRD patterns for Bi, NiBi, and
Ni3Bi2S2 are shown below for comparison. TEM micrographs of all three samples show that the
nanoparticles retain the spherical morphology and of the starting Bi nanoparticles.
Therefore, the excess Bi in the reaction could possibly be present as a thin amorphous
Bi2O3 shell around the Ni3Bi2S2 nanoparticles.
The XRD data patterns shown in Figure 3-2 correspond to the Bi, NiBi, and Ni3Bi2S2
hexagonal platelets. These XRD patterns also show no other crystalline phases and match the
simulated patterns well. The powder XRD pattern of Bi shows some preferred orientation in the
sample as the intensity of the 012 peak is much higher than that of the simulated data for
rhombohedral-Bi. Powder XRD data for the NiBi product also shows similar preferred orientation
as the 011 peak shows much higher intensity than that of the simulated pattern. This data suggest
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that the Bi nanoparticles could influence the formation of the NiBi product. However, the XRD
pattern corresponding to the Ni3Bi2S2 nanoparticles that were synthesized using Bi and NiBi
hexagonal platelets as a template, does not show any evidence of preferred orientation. This could
be due to the lack of morphology retention in the conversion of NiBi nanoplatelets to Ni3Bi2S2.
The corresponding TEM micrographs of the conversions of hexagonal platelets are
shown in Figure 3-2.

Figure 3-2: Powder XRD data and TEM micrographs representative of the chemical
transformation of hexagonal Bi nanoplatelets into NiBi platelets and Ni3Bi2S2 nanoparticles. The
general morphology of the particles is retained in the transformation from Bi to NiBi, but breaks
down in the transformation from NiBi to Ni3Bi2S2.
Figure 3-2 shows the initial Bi platelets as synthesized and as predicted by the XRD data
and the nanoparticles show anisotropic growth as they have a two-dimensional disk-like
morphology with truncated edges forming hexagonal platelets. The change in morphology from
spherical to hexagonal could be a direct result of the addition of PEO as a surfactant. This is
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similar to the results of a report on the synthesis of Sn nanoparticles, where nanospheres were
generated when just PVP was present in solution and nanorods could be synthesized when PEO
was added to the reaction mixture.20c As shown by the TEM micrographs, when Bi hexagonal
nanoplatelets are converted to NiBi by adding Ni2+ to the reaction, the resulting particles reflect
the morphology of the starting Bi platelets. This reaction shows a remarkable retention of
morphology considering the differences in crystal structures of the two materials. As a result, this
proves that the moderate diffusion rate of Ni2+ can help preserve the overall morphology of the
nanoparticles. However, when the NiBi nanoparticles are converted into Ni3Bi2S2, the
morphology of the nanoparticles is disrupted and the resulting particles do not imitate that of Bi
or NiBi that was used as a morphology template. This could be due to that fact that the
conversion of NiBi to Ni3Bi2S2 takes place at a much faster rate and the resulting particles
conform to spherical particles that are the equillibrium shape for these nanoparticles if they were
synthesized directly without the use of shape controlled-template nanoparticles.

3.3.3 Highly Crystalline Bi Nanoparticles with Well-Defined Anisotropy
Bi metal has attracted much interest in recent literature due to its possible applications in
thermoelectric materials at room temperature due to its low effective mass and anisotropic
surface.26 More importantly, recent theoretical studies have predicted that Bi nanoparticles have
the potential to have a much enhanced thermoelectric figure of merit.27 Interestingly, there are
only a few literature reports that focus on the formation of Bi nanoparticles of different
morphologies that could possibly lead to even more interesting properties.22
Figure 3-3a shows a typical powder XRD pattern of Bi nanocubes where the 2θ values of
the intensities favorably match those of the corresponding simulated pattern for rhombohedral-Bi
and does not show evidence of any other crystalline phases. However, it is interesting to note that
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when compared to the simulated pattern of Bi, the reflections of the powder XRD pattern in
Figure 3-3a show much higher intensities for both the 012 and 024 intensities.

Figure 3-3: Representative powder XRD data and TEM micrographs for Bi nanocubes. (a) The
XRD data shows increased intensity of the <012> peaks indicating preferred orientation that is
confirmed by the cube-like morphology of the nanoparticles as shown in (b); (c) TEM image of
Bi nanocubes with ~400 nm edge lengths.
This would indicate that these Bi nanoparticles are preferentially oriented along the
<012> direction. The corresponding TEM data for these nanoparticles is shown in Figure 3-3b.
The Bi nanoparticles shown in Figures 3-3b and 3-3c confirms the powder XRD data as it shows
the formation of large Bi nanocubes that have an edge length of approximately 400 nm. These Bi
nanocubes stay well dispersed in solution and have a fairly uniform size distribution. The
formation of nanocubes could be due to the collective influences of the presence of PVP, the trace
amounts of Fe3+, and ascorbic acid. PVP has been shown previously to help influence the
formation of cube-like particles due to its ability to preferentially stabilize certain surfaces of
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nanoparticles that could then result in anisotropic growth in the other directions.28 On the other
hand, Fe3+ is present in trace amounts in the EG as purchased from JT Baker and it has been
shown that these small amounts of metal cations can play a large role in determining the resulting
morphology of the nanoparticle product.29 Therefore, it could be derived that the intentional
addition of supplementary Fe3+ to the reaction mixture would impact the morphology as shown in
Figure 3-3b. The presence of ascorbic acid and PVP in EG has also been shown to influence the
formation of cube-like particles as reported in the literature for the formation of Cu2O nanocubes
with an edge length of ~200 nm.30 Taken together, these results show that the right synthetic
conditions (EG, PVP, Fe3+, and ascorbic acid) can all play a large role in the preferential
formation of Bi nanocubes.
As shown in Figure 3-4a, the 2θ values of the powder XRD data for the Bi triangles and
triangle derivatives match those of the simulated pattern well. However, similar to the Bi
nanocubes this XRD data also indicates preferred orientation of the nanoparticles as the 003, 006,
and 009 peaks show much higher intensities that those of the corresponding pattern for
rhombohedral-Bi. This indicates that the nanoparticles that were generated in this process have
preferred growth in the <001> direction. The preferred orientation in the powder XRD data is
further validated by the TEM data presented in Figure 3-4b. This data shows the presence of large
triangles and triangle derivatives of Bi with edge lengths of approximately 500 nm. The
corresponding SAED (Figure 3-4d) data taken from a single Bi triangle (Figure 3-4c) confirms
that these particles are also single crystalline. The reaction condition that were employed here
were a modification of the conditions presented by Ren et. al.21 but changing the Bi:PVP ratio did
not seem to affect the resulting morphology of our Bi nanotriangles. This could be due to the fact
that the previous report employed mild pressure in their reaction vessel whereas we used standard
Schlenk techniques in our reactions.
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These Bi nanocubes and nanotriangles can also be used for chemical transformations
such as the conversion to NiBi and Ni3Bi2S2 and could potentially lead to interesting properties of
both product materials.

Figure 3-4: (a) Powder XRD data for the Bi nanotriangles synthesized in EG. The <001> peaks
have higher intensities when compared to the Bi simulated data indicative of preferred
orientation; (b) TEM image of Bi triangles, and triangle derivatives as synthesized; (c) Bi
nanotriangle with an edge length of ~400 nm; (d) SAED data taken from the nanotriangle in (c)
scale bars are 200 nm.
However, unlike the Bi nanospheres and hexagonal platelets, these cubes and triangles
are much larger and the longer diffusion distances involved could prove to be a challenge.
Preliminary data suggests that unlike the nanospheres and hexagonal platelets that have
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approximate diameters of 50 nm, these larger particles could induce the formation of other Ni-Bi
phases such as Bi3Ni. Considering the relatively moderate diffusion rate of Ni as compared to Ag
or Au,24,25 it could be expected that a Bi rich intermetallic such as Bi3Ni would first form on the
surface of the particles and act as a diffusion barrier for the rest of the Ni2+ cations in solution.
However, given the appropriate synthetic conditions, these Bi nanocubes and nanotriangles have
the potential to be used as reactive templates for the formation of NiBi and Ni3Bi2S2.

3.4 Summary
Overall, we present data showing that Bi nanoparticles can be employed as morphology
templates for the successive formation of NiBi and Ni3Bi2S2 nanoparticles using mild synthetic
conditions. Our work gives some insight into the nanoscale synthesis of two materials (NiBi and
Ni3Bi2S2) that otherwise have very few previous reports in the literature. We also show that
nanoparticles of single metals and binary systems can be used as reactive templates and similar
conversion techniques can be applied to other systems as well. This work adds to the toolbox of
morphology templated conversions that have been carried out by our group31 and others23 and
helps to further understand the reaction pathways of chemical transformations in nanocrystals.
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CHAPTER 4

ZnO-TEMPLATED SYNTHESIS OF WURTZITE-TYPE ZnS AND ZnSe
NANOPARTICLES

4.1 Introduction
Wide bandgap semiconductor nanocrystals have attracted significant attention in the past
few years because of their size-dependent properties and diverse applications. 1-3 In particular, as
2

one of the oldest studied materials of this class, ZnS is noteworthy in the electronics industry as a
phosphor host material,4 in photonic crystals due to its high refractive index, and when
appropriately doped, can exhibit luminescent properties.5 Likewise, ZnSe has applications in
light emitting diodes and photodetectors.6 While ZnS and ZnSe crystallize in two structural
polymorphs, hexagonal wurtzite (WZ) and cubic zincblende (ZB), the ZB polymorph is the most
stable due to a free energy difference of ~10.25 kJ mol-1 between the two polymorphs7 and is
most often accessed in both bulk and nanoscale systems. Both of these polymorphs have
tetrahedral coordination where the cations and anions and have an almost identical stacking
sequence.8
The major difference between the two structures is in the stacking sequence (ABABAB
for WZ and ABCABC for ZB) of horizontally arranged puckered six member rings. These six
member rings only arrange in the chair conformation but can assemble in two different means
along the stacking direction: the boat conformation for WZ and chair conformation for ZB

*

Reprinted in part with permission from J.Am. Chem. Soc., 131 Dawood, F.; Schaak, R. E. “ZnOTemplated Synthesis of Wurtzite-Type ZnS and ZnSe Nanoparticles,” 424, Copyright 2009 by the
American Chemical Society.
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(Figure 4-1).9 This difference in stacking order helps rationalize why ZnO (which is considerably
more ionic when compared to ZnS or ZnSe) is more stable in the WZ structure whereas ZnS and
ZnSe prefer to crystallize in the ZB polymorph. However, since the structural differences
between WZ and ZB are very subtle, the WZ polymorphs of ZnS and ZnSe are still accessible
under appropriate synthetic conditions.

Figure 4-1: Wurtzite and zinc blende crystal structures of ZnS and ZnSe. The red structures
represent the puckered six member rings of the chair conformation. The blue structures represent
the building blocks along the stacking direction: boat (wurtzite) and chair (zinc blende).
This subtle structure difference can lead to many differences in properties. For example, the
metastable WZ polymorph of ZnS has a band gap of 3.77 eV while ZB-type ZnS has a band gap
of 3.72 eV.2,10 In the application of ZnS as phosphor materials, the WZ polymorph is more
desirable due to its wider band gap and ability to optimize luminescence close to 1000 C.11
However, in order to synthesize WZ-ZnS as bulk powders or crystals, temperatures over 1000 C
are required because WZ-type ZnS is only thermally stable above 1020 C. Interestingly, WZtype ZnS can be accessed at much lower temperature in nanocrystalline form.12,13,14 Similar to
ZnS, the ZB polymorph of ZnSe is far more stable and easier to access in bulk and
nanocrystalline form. However, again the WZ polymorph is far more attractive from an
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application standpoint due to its wider band gap of 2.67 eV compared to the ZB polymorph that
has a band gap of 2.50 eV.ref Just as in ZnS, the WZ polymorph of ZnSe is thermally stable at
temperatures exceeding 1300 °C.15
Despite their metastability, WZ-type ZnS and ZnSe nanocrystals have been synthesized
using techniques that include precursor decomposition via solvothermal reactions,12
ultrasonication,13 and colloidal methods.14 For example, solvothermal synthetic routes have
shown the ability to access one dimensional structures of WZ-ZnS and WZ-ZnSe such as
nanorods and nanoribbons;12 methods that use ultrasonication show the ability to control the
formation of solid and hollow nanospheres of WZ-ZnS and WZ-ZnSe;13 and colloidal synthetic
methods that use polar or non-polar solvents have been used for the synthesis of threedimensional nanostructures.14 However, literature reports show that synthetic methods that yield
the ZB structure are vastly predominant over methods to synthesize the WZ structure. Because of
the subtle structural differences between the ZB and WZ structures, subtle synthetic differences
can favor one polymorph over the other. Consequently, it remains challenging to predictably
generate the WZ polymorphs and understand the factors that play a key role in their formation.

Here we show that ZnO nanoparticles, which adopt the WZ structure, can serve as
structural templates for the controllable formation of WZ-type ZnS and ZnSe. This
finding is the result of detailed mechanistic studies involving methods known to produce
WZ-type ZnS, as well as many control experiments. The results point to the importance
of forming WZ-type ZnO as a reaction intermediate in order to preferentially stabilize the
WZ forms of ZnS and ZnSe.

4.2 Experimental Details
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4.2.1 Synthesis of WZ-Type ZnS and ZnSe Nanoparticles
WZ-type ZnS nanoparticles were synthesized using a modification of a procedure
reported by Zhao et al.14a Briefly, anhydrous ZnCl2 (0.298 g, 2.19 mmol; EM Science, 98%) and
tetramethylammonium hydroxide [TMAH; (CH3)4N(OH)·5H2O; 0.794 g 4.38 mmol; Sigma
Aldrich, 97%] were dissolved in 15 mL of ethylene glycol (EG; JT Baker, 99.0%) and heated to
100 C. An EG solution of thiourea (0.167 g, 2.19 mmol; Alfa Aesar, 99% in 15 mL) was then
added and the reaction was further heated to 160 C, with aliquots taken every 10 C from 100 –
160 C to probe the reaction pathway. Each sample was collected by centrifuging and washing
with ethanol. WZ-ZnSe nanoparticles were synthesized using similar conditions as WZ-ZnS
except selenourea (0.269 g, 2.19 mmol; Alfa Aesar, 99.9+%) was used instead of thiourea to
accommodate the addition of selenium and the reaction was heated to 190 C instead of 160 C.

4.2.2 Synthesis of ZB-Type ZnS and ZnSe Nanoparticles
The ZB polymorphs of ZnS and ZnSe were synthesized in a control experiment that was
designed to produce ZB-type ZnS and ZnSe exclusively using a procedure analogous to the WZ
polymorph synthesis but under conditions that do not first nucleate ZnO. Here, ethylenediamine
(en; 0.438 ml, 6.55 mmol; Alfa Aesar, 99%) was substituted for TMAH and thiourea/selenourea
was added at 100 C as before, and all other conditions were identical.
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4.2.3 Synthesis of ZnO Nanorods
ZnO nanorods were synthesized using a procedure similar to methods reported earlier.16
0.0650 g (0.477 mmol) of ZnCl2 and 0.330 g of PVP were dissolved in 15 mL of ethanol via
sonication. 0.390 g of NaOH was added to the solution and sonicated further. The solution was
loaded into a 23 mL TEFLON lined autoclave and sealed and maintained at 80 C for 24 hours.
The autoclave was heated to 80 C from room temperature and cooled back down at ~20 C/hr.
The white precipitate that was formed was collected through centrifugation and washed with
ethanol.

4.2.4 Synthesis of ZnTe

a) ZnO Nanoparticles as Structural Templates
Attempts at synthesizing WZ-ZnTe were carried out by employing methods similar to
that described in section 4.2.1 where ZnO nanoparticles can act as a structural template. 0.010 g
Te nanoparticles dispersed in TEG were added to a 25 mL solution of TEG containing 0.298 g
ZnCl2 and 0.794 g TMAH. The solution was then heated to 260 C while aliquots were taken
every 20 C to probe the reaction pathway. WZ-ZnTe was also attempted by injecting pre-made
ZnO nanoparticles under similar conditions as mentioned previously.

b) WZ-ZnSe Nanoparticles as Structural Templates
WZ-ZnSe nanoparticles were also utilized as structural templates for the attempted
synthesis of WZ-ZnTe, although this was not successful for reasons that will be detailed later.
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Conditions were similar to section (a) except for the use of 0.020 g pre-made WZ-ZnSe (section
4.2.1).

4.2.5 Characterization
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were collected using a JEOL JEM 1200 EXII
microscope operating at 80 kV. Samples for TEM analysis were prepared by sonication of the
nanoparticles in ethanol and drop coating onto the surface of a carbon coated copper grid.
Photoluminescence emission spectra were collected using a Photon Technology Instrument (PTI)
using a 814 photomultiplier detection system with quartz cuvettes.

4.3 Results and Discussion on Synthesis and Characterization of WZ-ZnS and WZ-ZnSe
Nanoparticles
Figure 4-2a shows powder X-ray diffraction (XRD) data for a typical WZ-type ZnS
nanoparticle product synthesized using methods mentioned in section 4.2.1. When compared to
the simulated powder XRD pattern for WZ-ZnS, the experimental pattern shows an increase in
intensity for the 002 peak. This is a result of overlapping of the 100, 002, and 101 peaks that give
rise to the heightening of the central 002 peak due to the overlay of all three closely spaced peaks.
Figure 4-2b shows XRD data for the aliquots taken during the reaction. At 100 C, the product is
nanocrystalline ZnO, indicating that ZnO forms initially prior to WZ-ZnS. This is reasonable
when considering the chemistry: ZnO nanoparticles are known to precipitate within minutes when
Zn2+ is reacted with TMAH in EG in this temperature range.17 As the reaction progresses, the
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ZnO gradually transforms into WZ-type ZnS, where the WZ-ZnS peaks grow with increased
heating as the ZnO peaks concomitantly shrink. Here, ZnO plays the role of a reactive template
for the growth of WZ-ZnS as the starting ZnO nanoparticles convert completely to ZnS by 160
C. Aging for 15 hours at 160 C results in further crystallization of the WZ phase. Quantitative
analysis of the XRD data for the final ZnS product (160 C sample) indicates that a majority of
the sample (70 %) consists of the WZ polymorph.

Figure 4-2: Powder XRD data for (a) WZ-ZnS (ZnO intermediate) and ZB-ZnS (no ZnO
intermediate) and (b) samples isolated from aliquots taken during the formation of WZ-ZnS,
showing a progression from WZ-ZnO to WZ-ZnS. Simulated XRD data are shown for
comparison.
Transmission electron microscope (TEM) images show the ZnO nanoparticles formed insitu during the reaction (Figure 4-3a), as well as the WZ-type product (Figure 4-3b). Both appear
morphologically similar: the primary particle sizes are 5 – 7 nm, and they aggregate to form
~100 nm agglomerates. Scherrer analysis of the powder XRD data indicates particle sizes of 4 –
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7 nm, which is consistent with the experimental TEM data. Selected Area Electron Diffraction
(SAED) data for both ZnO and WZ-ZnS are shown as insets in Figure 4-3c and 4-3d.

Figure 4-3: TEM images of (a) ZnO intermediate and (b) WZ-ZnS product; SAED patterns for (c)
ZnO from panel (a) and (d) WZ-ZnS from panel (b).
Photoluminescence (PL) data (Figure 4-4) further confirms the presence of the ZnO intermediate
and the WZ-type ZnS product.

Figure 4-4: PL data for the ZnO intermediate and WZ-ZnS.
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The emission peaks in the PL spectra of ZnO (~360 nm, λex: 320 nm) and ZnS (~330 nm, λex: 280
nm) are consistent with previously reported values.18
This structure-templating mechanism can be applied to ZnSe, which also typically forms
ZB-type nanocrystals. Powder XRD data (Figure 4-5) confirms that WZ-ZnSe can also be
selectively formed under conditions when ZnO first forms as a reaction intermediate.

Figure 4-5: (a) Powder XRD data for WZ-ZnSe (ZnO) intermediate and ZB-ZnSe (no
intermediate) nanoparticles. (b) TEM image of an assembly of WZ-ZnSe nanoparticles. Inset:
SAED pattern for WZ-ZnSe nanoparticles.
Quantitative analysis shows that 65% of the product consists of WZ-ZnSe. A SAED pattern
(Figure 4-5 inset) further confirms that the nanoparticle products are WZ-type ZnSe, clearly
showing the 102 and 103 reflections that differentiate the WZ and ZB polymorphs. Again the
ZnO nanoparticles that form during the ZnSe reaction look similar to those that form in the WZZnS reaction (Figure 4-2a). However, the WZ-ZnSe nanocrystals that form at the completion of
the reaction tend to assemble into aggregates such as the one-dimensional array shown in the
TEM image in Figure 4-5b. This phenomenon can be rationalized by the known permanent dipole
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moment of ZnSe and other WZ-type semiconductor nanocrystals, and is similar to results
obtained for PbSe and related nanocrystal systems.19 Powder XRD patterns taken from aliquot
studies similar to that of the ZnS reaction show the progressive formation of WZ-ZnSe. Here too,
the powder XRD peaks corresponding to ZnO disappear gradually giving way to the formation of
WZ-ZnSe which completes at 190 C (Figure 4-6).

Figure 4-6: Progressive powder XRD patterns for the aliquots taken during the formation of WZZnSe that shows the transformation from ZnO to WZ-ZnSe. Simulated XRD data for ZnO, ZBZnSe, and WZ-ZnSe are shown for comparison.

4.4 Testing the Hypothesis with Control Experiments
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4.4.1 Use of ethylenediamine (en) instead of TMAH
In a control experiment designed to produce ZnS and ZnSe using an analogous procedure
but under conditions that do not first nucleate ZnO, ZB-type ZnS and ZnSe form exclusively
(Figure 4-2). Powder XRD data of aliquot studies for the formation of ZB-ZnSe (Figure 4-7)
confirmed the absence of a ZnO intermediate and also showed that heating ZB-ZnS to 160 C and
ZnSe to 190 C leads only to further crystallization and growth of that phase, not transformation
into the WZ polymorphs.

Figure 4-7: Powder XRD patterns for the aliquots taken during the formation of ZB-ZnSe
nanoparticles. Simulated XRD data for ZB-ZnSe is shown below.
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In this control experiment, substituting en for TMAH results in the elimination of the
ZnO intermediate. It is hypothesized that ZnO does not form when en is used because the Zn2+ is
chelated by en, forming a stronger complex that prevents its precipitation as ZnO.20 However, if
pre-formed ZnO nanoparticles are reacted with thiourea or selenourea in the presence of en
instead of TMAH, the ZB polymorphs form. This is because the en produces a basic solution that
can dissolve the ZnO and form a Zn2+-en complex21 which in turn can react with the chalcogenide
source and form the ZB polymorph. This experiment implies that the WZ structure of the ZnO
intermediate may help to template the formation of WZ-type ZnS and ZnSe, as the ZB polymorph
forms without the ZnO intermediate but with otherwise identical conditions.

4.4.2 Use of Pre-formed ZnO Nanorods
Further support for the proposed mechanism comes from applying the in-situ
observations to a deliberately-designed ex-situ system: the conversion of pre-formed ZnO
nanoparticles into WZ-type ZnS. ZnO nanorods were added to EG and reacted with thiourea.
Figure 4-8a shows a TEM image of the ZnO nanorods, which have diameters of approx. 10 nm,
and Figure 4-8b shows a TEM image of the product after reacting with thiourea. SAED patterns
confirm the WZ structure of both ZnO and ZnS (Figure 4-8c,d). As shown by the TEM image,
the WZ-ZnS product does not retain the nanorod morphology. However, the particle diameters
are around 10 nm, which is consistent with the ZnO nanorod breaking apart along its length
during the chemical transformation while maintaining its overall limiting size. This hints at the
atomic-scale mechanism, which may involve an ion exchange pathway that nominally replaces
oxygen with sulfur. Such a pathway would help preserve the framework because of the low
reaction temperatures and high reactivity of the nanoscale solid, but disrupt and fracture the
structure because of the significant size difference between oxygen and sulfur.
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Figure 4-8: TEM images of (a) ZnO nanorod precursor and (b) WZ-ZnS product; SAED patterns
for (c) ZnO nanorods from (a) and (d) WZ-ZnS from (b).

4.4.3 Use of Water instead of EG as a Solvent
Another control experiment provides further support for the proposed mechanism. Preformed ZnO nanoparticles react with thiourea in EG to form WZ-ZnS. However, the same ZnO
nanoparticles react with thiourea in water, under otherwise identical conditions, to form ZB-ZnS.
This can be explained by the following: under basic reaction conditions (pH 9), ZnO
nanoparticles dissolve and therefore are not present as a structural template.21 The dissolving of
ZnO results in the presence of Zn2+ in water, which in turn can react with thiourea and leads to
the precipitation of ZB-ZnS. The reason for the persistence of the wurtzite structure is because
ZnO is not soluble in EG under these conditions, allowing it to serve as a structural template to
form WZ-ZnS.
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4.5 Extending the Hypothesis to ZnTe
This mechanism was also studied for the possible formation of WZ-ZnTe as it belongs to
the family of Zn-chalcogenides and would be the next logical target for synthesis. Literature
reports only describe the synthesis of ZB-type ZnTe,22 but calculations have shown that WZZnTe would have a higher band gap that its ZB counterpart.23

Figure 4-9: Experimental and simulated powder XRD patterns for (a) ZB-ZnS formed in water,
(b) ZnO nanorods formed under solvothermal conditions, and (c) WZ-ZnS formed in EG.
Even though the WZ and ZB structures are very similar, the crystallization of materials in one
polymorph over the other is due, in part, to the difference in electronegativities of the constituent
elements. Therefore, materials such as ZnTe that has a lower ionicity preferentially crystallizes in
the stable ZB polymorph.9
However, the synthesis of WZ-ZnTe was attempted as it was hypothesized that the use of
nanoparticulate templates that had the same crystal structure as the desired phase would allow for
the possible stabilization of the WZ polymorph of ZnTe. This was attempted by using ZnO and
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WZ-ZnSe nanoparticles as starting templates. XRD patterns of attempts at WZ-ZnTe where ZnO
was used as a template (section 4.2.4) indicated the formation of ZB-ZnTe at 260 C as shown in
Figure 4-9.

Figure 4-10: Representative powder XRD pattern for the formation of ZB-ZnTe using ZnO or
WZ-ZnSe as a structural template.
This indicates that even though ZnO is present as a template, the formation of ZB-ZnTe
is unavoidable due to the high stability of the ZB polymorph.
WZ-ZnSe nanoparticles were also used as a structural template due to the size similarity
of Se2- and Te2- with the hope that the anion exchange could take place without disruption of the
WZ crystal structure. This also proved to be ineffective as the resulting powder XRD pattern was
similar to that shown of Figure 4-9 where ZB-ZnTe is the primary product. This led to the
conclusion that the WZ polymorph of ZnTe may be too unstable to trap even at low temperatures
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using this structural templating mechanism. Even though results showed that ZB-ZnTe formed
exclusively, they gave insight into understanding the stability of ZnTe and helped understand the
limitations of structural templating of nanoparticles.

4.6 Summary

By studying the reaction pathway involved in the formation of WZ-ZnS and WZZnSe nanoparticles, we discovered that WZ-ZnO forms first as a reaction intermediate.
When ZnO is not present in solution, ZB-ZnS and ZB-ZnSe nanoparticles form in
solution indicating that ZnO was required as a structural template so the WZ polymorphs
of ZnS and ZnSe could form. This provides a predictable pathway for generating WZtype ZnS and ZnSe nanoparticles, and may also help to rationalize previous reportsref
where the WZ-type structures were formed rather than the more stable ZB polymorphs.
It should be possible to expand this chemistry to other systems where metastable
polymorphs are desired, as well as apply conditions that favor morphological retention in
order to rigorously tune nanocrystal size and shape and study the size dependence of the
transformation.
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CHAPTER 5

CONCLUSIONS
This dissertation has developed the technique of templating where inorganic nanocrystals
are utilized as reactive templates for the formation of complex inorganic solids via chemical
transformations. The composition, morphology, and crystal structure of the nanocrystalline
templates are conserved in the aforementioned transformations where the formation of the
resulting product is controllable and predictable.
The first approach discussed the method of compositional templating where intermetallic
nanoparticles are oxidatively transformed into metal/oxide nanocomposites, which in turn
transform into nanocrystalline multi-metal oxide nanoparticles upon further heating in O2. This
method also shows that intermetallic nanoparticles can serve as single-source precursors that can
maintain the metal:metal stoichiometries of the starting intermetallic after the oxidation process
for the synthesis of Bi2PdO4 and Bi2Pt2O7. First, we present an alternative strategy for the
synthesis of the prototypical mixed-metal oxides Bi2PdO4 and Bi2Pt2O7 where intermetallic
nanoparticles (Bi2Pd and Bi-Pt) are used as reactive precursors due to their narrow composition
windows, and in turn help direct the composition and morphology of the final product. In the case
of Bi-Pt, the two-step oxidation process also allows for the formation of a Bi2O3/Pt which
behaves is morphologically related to a supported metal catalyst. Due to the fact that
nanoparticles possess higher reactivity than their bulk counterparts, they can serve as precursors
to access complex materials that are otherwise difficult to synthesize.
The second synthetic approach describes the technique of morphological templating
where the size and shape of the starting material can be conserved in a two-step conversion
process. The target material for this transformation was Ni3Bi2S2, where Bi nanoparticles are first
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reacted with Ni2+ to form NiBi under a reducing atmosphere which in turn is then reacted with
Na2S to synthesize Ni3Bi2S2. During the formation, the morphology of the starting Bi
nanoparticles is retained in both NiBi and Ni3Bi2S2 when the Bi nanoparticles have a spherical
morphology. However, when the morphology of the starting material is not spherical, the
morphology of the final product still results in the spherical morphology due to fast diffusion
rates.
The third and final concept of templating involves the concept of structural templating.
The synthesis of materials that crystallize in multiple polymorphs poses a challenge due to the
difficulty in controlling the formation of one over the other. In particular, the wide-band gap
semiconductors ZnS and ZnSe crystallize in both the zinc blende (ZB) and wurtzite (WZ) forms.
Both of these crystal structures have a four-coordinate environment around the cations and anions
and have an almost identical stacking sequence. This subtle difference in stacking sequence
(ABABAB for WZ and ABCABC for ZB) leads to different properties. For example, the WZ
form of ZnS has a wider band gap than its ZB counterpart and therefore is preferred for its use in
phosphors. Therefore, it is important to be able to predictably synthesize one polymorph over the
other. We show that the presence of ZnO nanoparticles (that crystallize in the WZ form) as a
reaction intermediate results in the formation of the WZ-type polymorph, while the absence of
ZnO results in the formation of the ZB-type polymorph. This implies that the WZ crystal
structure of ZnO acts as a structural template for the formation of WZ-ZnS and WZ-ZnSe. We
confirm this experimentally through careful mechanistic studies where the WZ-type polymorphs
are preferentially generated.
Taken together, this dissertation demonstrates multiple approaches to synthesizing
complex nanomaterials using the technique of templating. We have shown multiple reactive
templating methods (compositional, morphological, structural) that have the ability to access a
wide variety of metal oxides and chalcogenide nanoparticles that in turn can be integrated into
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devices. In addition, the technique of templating opens doors to accessing materials that are
otherwise difficult to synthesize and allow for the accessibility of new and metastable materials.
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