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ABSTRACT
Colloidal hybrid nanoparticles contain multiple domains, and through their solidsolid interfaces, can facilitate synergistic relationships between domains, resulting in the
incorporation of multiple functionalities as well as modification of the intrinsic
properties of each domain. Although there is a growing number of materials and
applications associated with these unique types of particles, new synthetic methods
must be investigated in order to realize the full potential of this new class of particles.
To address this need, we demonstrate that the concepts used in total synthesis of
complex organic molecules, can be applied to the synthesis of colloidal hybrid
nanoparticles. Site selective growth, conversion chemistry, condensation chemistry,
and protection/deprotection reactions are examined as ways to add complexity to
colloidal hybrid nanoparticles.
First, we will discuss the synthesis of PtPb-Fe3O4 and Pt3Sn-Fe3O4 heterodimer
particles via a solution mediated conversion chemistry process. These types of reactions
are known to be useful for nanoparticle systems but had not been explored as a method
for adding complexity to colloidal heterodimers. Pt−Fe3O4 heterodimers react with
Pb(acac)2 and Sn(acac)2 at 180−200 °C in a mixture of benzyl ether, oleylamine, oleic
acid, and tert-butylamine borane to form PtPb−Fe3O4 and Pt3Sn−Fe3O4 heterodimers,
respectively. This chemical transformation reaction introduces intermetallic and alloy
components into the heterodimers, proceeds with morphological retention, and
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preserves the solid−solid interface that characterizes these hybrid nanoparticle systems.
In addition, the PtPb−Fe3O4 heterodimers spontaneously aggregate to form colloidally
stable (PtPb−Fe3O4)n nanoflowers via a process that is conceptually analogous to a
molecular condensation reaction.
Next, we will discuss the methanol oxidation activity of PtPb-Fe3O4 and Pt3SnFe3O4 heterodimers as well as examine the role of ligand exchange in this process.
Before ligand exchange was performed, surfactant molecules on the surface of the
colloidal hybrid nanoparticles inhibited catalytic activity. We therefore used NOBF4 to
remove the surfactant molecules and found that once removed, Pt nanoparticles
showed much higher activity than before the exchange took place. It was also observed
that the solvent the ligand exchange reaction takes place in has an impact on the
catalytic activity. Unfortunately, the colloidal hybrid nanoparticles did not show any
catalytic activity after the exchange reaction.
Finally, in an attempt to determine the driving forces behind site selective
growth, we grew PbS, CuxSy, and CdS off of Pt-Au heterodimers. Pt-Au heterodimers are
an interesting model system for studying chemoselectivity because Pt and Au have very
similar lattice constants but different chemical preferences. First, we studied the
thermal stability of Pt-Au heterodimers and determined that they begin to thermally
degrade in solution around 210 °C. We then grew the three metal sulfide domains off
the Pt-Au heterodimers and synthesized Pt-Au-PbS heterotrimers, Pt-Au-CuxSy
heterotrimers, and (Pt@Au)-CdS heterostructures.

We concluded that the strong
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nature of the Au-S bond was the primary driving force for chemoselectvity in these
systems. We also studied the growth of Fe3O4 off of Pt-Au heterodimers, and Au off of
Pt-CdS heterodimers, as well as developed a method for SnS based heterodimers with
Au and Pt domains.
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Chapter 1
Introduction
There are many advantages of nanoscale materials relative to their bulk
counterparts.1-4 Their decreased size, compared to bulk materials, has a major influence
on the properties of a material, allowing for changes in electronic, 5-7 magnetic,8
catalytic,9,10 optic,5,7 and chemical properties.6,9,10

This is due to both quantum

confinement effects5-7 and an increase in the number of surface atoms relative to the
total volume of the crystal.6,9,10 Because of this, the properties can be changed by
modifying only the size and shape of the particles without changing the chemical
makeup.1-4 These unique particles have revolutionized many aspects of science by both
increasing our knowledge about the world and generating new products for consumer
markets. Although changing size and shape have led to the ability to change chemical
properties without changing chemical makeup, there is still a need to add complexity to
colloidal nanoscale systems.

1.1 Hybrid Nanoparticles
Hybrid nanoparticle systems are a particularly attractive means to add
complexity due to their ability to combine multiple materials into a single colloidally
stable particle.11-16 The major advantage of these particles is that they allow scientists to
use simple materials to accomplish complex tasks. Many different materials have been
integrated into these systems including Pt,12,17,18 Au,19-23 Ag,23 Pd,24,25 Fe3O4,18,24-26 ZnO,27
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MnO,28,29 In2O3,30 CdS,31,32 and PbS.12,21 These materials can be combined into linear
structures

consisting

of

two

domains

(heterodimers),12,17-32

three

domains

(heterotrimers),33-36 or even larger morphologies.37 They can be either linear or flower
like particles with a central seed particle and multiple domains radiating out from the
center.12
Building these multi-domain nanoparticles adds complexity in two ways. The
first is the ability to combine individual properties of multiple materials into a single
particle. For instance, one can add a magnetic domain, like Fe 3O4, to a catalytic domain,
like Pd, to make a magnetically recoverable catalyst,25 or a unique targeted drug
delivery platform where one domain carries the drug of choice and the other domain
directs it to the area of the body it is needed most.38 These particles gain further
complexity from the interface between the two (or more) domains. Since there is direct
contact between the two domains, electrons can pass between them. 39 This leads to a
modification of many of the intrinsic properties of domains including magnetic, 40
plasmonic,30 and optical41 properties. The electronic communication between domains
also leads to new properties emerging from the combination of materials that do not
typically exhibit them. As an example, adding a light absorbing material (CdSe) to a
catalytic domain (Pt) leads to a photocatalytic particle.12,31

This is a fascinating

phenomenon because neither CdSe nor Pt is natively photocatalytic. It is only the
combination of these materials that leads to photocatalytic activity. Although these
particles are more complex and require more effort to synthesize compared to other
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nanoscale systems, this ability allows scientists to design particles with particular
properties from the bottom up allowing for greater flexibility and a much larger library
of material choices. As heterostructured particles gain popularity and application space,
greater control over their morphology is required.

1.2 Hybrid Nanoparticles and Their Use in Catalysis
Hybrid nanostructures have applications in catalysis,12,42-46 photovoltaics,5,7 and
medicine38 that are superior to mixtures of the individual components. Specifically in
catalysis, hybrid nanoparticles have been shown to increase the catalytic activity of the
oxygen reduction reaction (ORR),42 CO oxidation,12 H2O2 reduction47 and photocatalytic
degradation rhodamine B27 and nitrophenols.20 The efficiency and expense of ORR in
fuel cells has been one of the main hindrances to making fuel cells a commercially viable
power source. Hydrogen fuel cells use H2 gas as fuel and generate water via an
electrochemical reaction. The two half reactions are 2H2  4H+ + 4e- and O2 + 4H+ + 4e 2H2O. Since the ORR is the rate limiting step, finding a good ORR catalyst is vital to
the efficiency of these reactions. Platinum is currently the standard electrode for this
reaction but the high cost of platinum limits the cost effectiveness of most commercial
applications. In order for these types of devices to be feasible, the cost of the materials
must be decreased.42,43 This can be done by reducing the amount of Pt used, replacing it
altogether, or increasing the activity of the catalytic material. Previous studies have
already shown that using Pt nanoparticles and Pt based alloys both improve the activity
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of the material and also reduce the amount of Pt used 48-50. Alloys were determined to
have better reactivity than pure Pt because of an increase in the number of valence
electrons available for catalysis.12 It was thought that colloidal hybrid nanoparticles
would also alter the activity of the Pt in ORR reductions.42
In order to test the efficacy of hybrid nanoparticles performing ORR Xia et. al. 42 a
rotating disk electrode was used to measure the I-V curves for Pt-Fe3O4 dimers with
various Fe3O4 domain sizes as well as pure Pt nanoparticles in an alkaline environment
(Pt nanoparticles and the Pt domain of the heterodimer particles were both 5 nm for all
tests). The result was an increase in the current density for Pt-Fe3O4 heterodimers at a
given potential when compared to pure Pt nanoparticles. When the mass of Pt in each
sample is taken into account, an almost twenty fold increase in activity was observed for
heterodimers relative to Pt nanoparticles. Also, the activity increases with the size of
the Fe3O4 domain, indicating that the Fe3O4 is having a direct effect on the reactivity of
the Pt domain. However, one issue with using these particles in the fuel cell is that the
Fe3O4 domain of the heterodimer dissolves in acidic conditions. After about 10 cycles
the heterodimer slowly approaches the activity of Pt over time while the Fe3O4 domain
shrinks, further confirming the dependence of the activity on the size of the Fe 3O4
domain.
The enhanced catalytic activity of colloidal hybrid nanoparticles is not limited to
Pt systems. CO oxidation is critical for environmental conservation and limiting smog
pollution. Au and Pt are considered the best catalysts for this type of chemistry and are
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often used in catalytic converters but much like ORR, their cost prohibits commercial
viability for large scale applications.44 Also, many of the catalysts are not very effective
at room temperature. However, it has been shown that on a Fe 3O4 support the T1/2
value of Au and Pt nanoparticles decreases significantly.44 T1/2 is the temperature at
which 50% of the initial CO is converted to CO2 over a given time. Recently Pt and AuFe3O4 heterodimers were synthesized and compared to traditional Pt/FeO x and Au/FeOx
powders. Commercial Pt/FeOx powder was shown to have a T1/2 of 100 oC while Pt-Fe2O3
dimers had a T1/2 of 60 oC. Conventional Au/FeOx powder had a T1/2 of 30 oC while AuFe2O3 dimers had a T1/2 of -25 oC. The reduction of T1/2 is caused by an increase in
catalytic activity similar to what was seen in the ORR catalysis. This indicates generality
in the effect of electron donation from the Fe3O4 domain to the most noble metals.
This synergistic relationship is also exhibited in other metal oxide systems.
Hybrid Au-ZnO nanopyramids were synthesized and their catalytic activity was
studied.27,46 These ZnO pyramids have the Au domain in the middle of the base of the
pyramid. Rhodamine B degradation was examined in order study the photocatalytic
properties of the nanopyramids.

ZnO heterostructures, much like Fe3O4

heterostructures, also show an increased catalytic activity when compared to pure ZnO.
Hybrid nanoparticles have also been used in organic catalytic reactions. For
example, reduction of nitrophenol by NaBH4 in the presence Au-Fe3O4 heterodimers
was investigated.20 Both heterodimer (only one Fe3O4 domain) and flower-like (four
Fe3O4 domains) particles were examined to determine which would be more
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catalytically active. It was shown that dimer particles have better catalytic properties
than flower-like particles due the increase in Au exposure to the reaction medium. The
higher amount of exposed surface area in the dimer particles yields more active sites for
catalysis which in turn increases the measured catalytic activity.
The catalytic and synthetic information points to a strong electronic interaction
between the heterodimer domains. For Au based systems UV-Vis spectroscopy was
performed and a plasmon absorption red shift of about 5 nm is observed. 51 The plasmon
shift is evidence of a change in the electronic environment. X-Ray photoelectron
spectroscopy (XPS) measurements show an increase in the binding energy of the
electrons of the Pt domain.42 A small change can be attributed to electron transfer from
the Fe3O4 to Pt domains. This excess of electrons in the Pt nanostructure is what allows
for increased catalytic activity in the nanoparticles. This is not just important in catalysis
but also has impact in solar cell and photocatylictic applications.
As with most chemical experiments, an appropriate control experiment is
necessary to ensure that the interface between the two domains is responsible for the

Figure 1.1: Diagram displaying electron sharing between Fe and Pt as a result of Fermi
equibration.
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observed catalytic change. To do this, the individual parts of the dimer must be
separated. The individual domains of Au-Fe3O4 dimer particles were dissolved and
compared to the heterodimers.47 Before being dissolved, the particles were attached to
a carbon substrate to prevent aggregation of the resulting products. The Fe3O4 region
was dissolved using 0.5 M H2SO4 solution, isolating the Au region. The Au region was
dissolved using I2/KI solution to isolate the Fe3O4 region. Both treatments showed no
change in the size or shape of the nanoparticles. The catalytic reduction of H 2O2 was
used as a test reaction, and the result was that the dimer particles were the most
catalytically active when compared to the Fe3O4 and Au isolated domains. One could
conclude from this that the increased catalytic activity is not due to any of the individual
parts of the catalyst but rather due to the specific interaction between the two domains.

1.3 Synthesis of Hybrid Nanoparticles
Although hybrid nanoparticles are a rapidly growing field of study, there is still
very little known about the reaction pathways by which these materials form. There
are a large number of factors that impact the synthesis of heterodimer materials
including solvent,47 temperature,51 surfactants,36 seed concentration,18 seed size,12 and
even the source of reagents used.

Heterodimers are formed by a heteronucleation

process. In a typical synthesis, a pre-formed nanoparticle “seed” is dispersed in a
solvent, usually with a capping agent to impart stability.11-16 The solution is heated up in
a three neck flask with a thermometer, a rubber septum, and a condenser that is
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Figure 1.2: A typical set-up for the synthesis of colloidal hybrid nanoparticles
including a 3 neck flask, condenser, thermometer, and stir plate. The third neck is
typically reserved for a rubber septa used for injections and the top of the condenser
is attached to a Schlenk line. (Courtesy of Alex Wiltrout)
attached to a schlenk line (Figure 1.2). The necessary molecular reagents for the
formation of the new domain are added to the reaction and heat is applied. At some
point during the reaction the nucleation process is activated (either thermally or by the
addition of a reagent) and nucleation of the new domain begins. Initially, atoms of the
new domain nucleate randomly on the particle until enough atoms gather on one facet
to create a small crystalline domain.52 The crystalline domain proceeds to grow until the
reagents that form the new domain are consumed.
Although the effect of many of these factors are known, very little has been
determined regarding the mechanism of these reactions. Even simple questions like
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“why do heterodimers form under some conditions and core/shell particles form in
others?” do not yet have convincing answers. These questions are best informed by
studies on the morphology of heterodimer systems. Previous studies have shown that
dimers, when possible, prefer to form interfaces between particular lattice
planes.12,22,52,53 Indeed, there are many examples of heterodimers that exclusively form
interfaces between two distinct planes. Early studies have linked this property to lattice
mismatch, resulting in interfaces that have the least strain between the two
domains.12,22 Many structures conform to this idea and imply that strain is a very
important factor in determining dimer morphology,54 although there are some studies
with evidence that this is not the only factor.52 A study by Cao and coworkers52
determined that in FePt-In2O3 and UO2-In2O3 heterodimers, the lattice planes with the
lowest lattice mismatch were in fact not the preferred interface that formed between
the two domains. They postulated that atomic bond strengths were the determining
factor for what interfaces were preferred.52
Solvent also plays a role in the orientation of the second domain.59,60 The
growth of Fe3O4 was studied on Au seeds. Good electron donating solvents such as
benzyl ether and phenyl ether caused multiple Fe3O4 domains to form while poor
electron donors like 1-octadecene or oleylamine caused only one domain to form in
otherwise identical conditions.47 It is postulated that this is because during the
reduction of Fe(acac)3 the electrons in the Au seed are polarized toward the site of
reduction. This essentially deactivates the other nucleation sites on the Au seed creating
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dimer particles. However, a solvent capable of donating electrons can mitigate the
electron polarization and allow for multiple active nucleation sites.
Surfactant selection is extremely important in heterodimer systems. Surfactants
are responsible for controlling both the solubility of colloidal hybrid nanoparticles and
their reactivity.61 Nanoparticles are inherently unstable and if left uncovered will
eventually agglomerate and return to a bulk state.57-58 Surfactants allow for a protective
barrier between particles that prevents the surfaces from interacting with each other. 54
These particles also provide extra solubility that can be tuned to various solvents.
Thirdly, the surfactants control the reactivity of the surfaces.48 Surfactants that bind
strongly to a surface will inhibit the reactivity. All three of these properties must be
considered when selecting a capping agent for hybrid nanoparticles.

1.4 Adding Additional Complexity to Hybrid Systems
As previously mentioned, these hybrid particles could potentially impact a wide
number of areas but scientists still have difficulty predicting the morphologies of new
systems. Synthetic conditions can vary on a case by case basis, and the factors that drive
morphology are not well understood.62 Some of this ambiguity stems from an emphasis
on synthesizing particular target dimers, and a lack of studies on the driving factors in
their formation.

As a result, we have been developing a new methodology in

synthesizing these particles. Many researches have noted that these complex hybrid
systems can be thought of in terms of nanoparticle analogues of molecules, where each
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individual domain is thought of as an “artificial atom.”62 Much like molecules, the
combination of domains can have very different properties than the individual
materials, much like how the elements hydrogen and carbon have very different
properties than methane or other olefins. Also, the arrangement of domains can
change the properties of the material in the same way that the shape of a molecule
affects its properties. If we are to think of the properties of hybrid nanoparticles as
analogous in some way to molecules, then it follows that one way of advancing their
synthesis is to consider conceptually similar synthetic processes. With that in mind, we

Figure 1.3: Diagram of the four reactions derived from total synthesis techniques that
may be performed on colloidal hybrid nanoparticles including site selective growth
(section 1.5), conversion chemistry (section 1.6), condensation chemistry (section 1.7),
and protection/deprotection (section 1.8).
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have been using the concepts of total synthesis within organic chemistry in order to
systemically approach the designing and synthesis of complex hybrid particles. In the
same way organic chemists use a starting material and make step-by-step alterations
using a well-known synthetic tool set to generate a complex molecule, we seek to use
similar methodologies to create complex hybrid nanostructures from simple precursors.
Total synthesis involves generating and altering specific functional groups, using
protecting groups, and binding separate molecules together. We have explored four
different types of reactions in the synthesis and modification of hybrid nanoparticles:
site

selective

growth,

conversion

chemistry,

condensation

chemistry,

and

protection/deprotection chemistry (Figure 1.3).

1.5 Site Selective Growth
Site selective growth is best compared to an addition reaction and is the most
common form of hybrid nanoparticle synthesis in the literature. A seed particle is
dispersed into a solution and then a new material is grown onto it via heterogeneous
nucleation.52,63,64 There are a few requirements for this reaction to occur. The first is
that the material being grown must be able to form a stable interface with the seed
particle. Secondly, heterogeneous nucleation must be favored over homogeneous
nucleation. This is typically accomplished by using lower concentrations and lower
temperatures than equivalent nanoparticle procedures due to the fact that
heterogeneous nucleation is a lower energy process.12-15 Also the seed particles must
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Figure 1.4: The three possible outcomes of site selective growth of Au domains onto PtFe3O4 heterodimers. Pt is colored blue, Fe3O4 is red and Au is green. Of these three
possibilities only the Au-Pt-Fe3O4 isomer was formed.
maintain their colloidal stability throughout the reaction. One could consider the
synthesis of heterodimers from seed particles as an example of site selective growth but
a more interesting example comes from adding a third domain to a heterodimer
particle. Buck et. al. discovered that the growth of a third domain onto a heterodimer is
a chemoselective process.16 When growing Au onto a Pt-Fe3O4 dimer, he found that the
Au would only grow off of the Pt domain forming a Au-Pt-Fe3O4 heterotrimer (Figure
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Figure 1.5: Control studies demonstrating chemoselectivity in heterodimer systems.
The diagram shows Ag (yellow) growth off of Pt (blue) to form Pt-Ag, Ag growth off of
Fe3O4 (red) to form Fe3O4-Ag, the formation of Pt-Fe3O4 and Ag-Fe3O4 from a physical
mixture of Pt and Fe3O4 nanoparticles, and Ag growth off of a Pt-Fe3O4 dimer.
1.4). The chemoselectivity persisted when generating Ag, Ni, and Pd domains as well.
As a control experiment Ag was grown off of Pt and Fe3O4 particles separately to ensure
that Ag was in fact capable of growing off of both surfaces (Figure 1.5). Then Ag was
grown off a physical mixture of both Pt and Fe3O4 nanoparticles and confirmed that Ag
will grow off of both surfaces in the same reaction (Figure 1.5). These controls confirm
that this chemoselectivity is unique to hybrid nanoparticles. In a follow-up study, we
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found that this phenomenon is also dependent on the exposure of both domain
surfaces.

If there is a thin shell of Fe3O4 around the Pt domain of a Pt-Fe3O4

heterodimer then silver no longer will selectively grow off of the Pt domain. 36 In fact,
the Ag growth occurs on both the Pt and Fe3O4 domains of the hybrid nanoparticle.
The reasons behind the displayed chemoselectivity are not well understood. The
current rationales in the literature include lattice mismatch,12,16,23,62 electron
transfer,42,51 and interfacial bonding.52 Lattice mismatch is a measure of how well two
crystal surfaces overlap with one another.12,16,23,65 A small lattice mismatch should be
more stable than a larger mismatch due to a lower amount of interfacial strain. Another
theory is that electronic interactions between the two domains are responsible for the
regioselectivity. It has been established that Fe3O4 donates electron density to the Pt
domain, which enhances the Pt domain’s catalytic activity.42,51 The increase in electron
density drives the reduction of Ag on the surface of the catalyst causing it to nucleate
onto the Pt domain. Lastly, it is theorized that as the molecular intermediates start to
adsorb onto the surface, the atoms that bind to the surface dictate the nucleation
site.51,52

After an initial nucleus forms, the domain grows until the reagents are

consumed. This is very similar to the theory proposed by Cao et. al. as discussed in
section 1.3 text. This concept will be explored more thoroughly in Chapter 4.
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1.6 Conversion Chemistry
Site selective growth gives us a reasonable amount of control over the
morphology of the hybrid nanoparticle but the current library of materials used in
hybrid systems is somewhat limited. The most common materials used are noble

Figure 1.6: Diagram displaying many of the different types of conversion chemistry
reactions.
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metals, transition metal oxides, and transition metal sulfides. These materials allow for
a wide variety of colloidal heterodimers but exclude many important nanoscale
materials. Since many of these materials, such as intermetallics, are more difficult to
synthesize and in many cases cannot survive site-selective growth reactions,17,63-67 more
creative methods must be used in order to integrate these materials into colloidal
hybrid nanoparticles.
One such method is conversion chemistry. Conversion chemistry is a type of
chemical reaction that allows one to change the phase of a solid state particle via the
addition, subtraction, or exchange of atoms from a crystal lattice. 68 Colloidal metal
nanoparticles can be readily transformed to various alloys and intermetallic
compounds,68-74 as well as to metal phosphides,75-79 oxides,79-81 and chalcogenides.82,83
For example, colloidal Pt nanoparticles have been shown to undergo chemical
transformation reactions with elements that include Pb,73,74 Sn,69,73,74 Fe,73,74 Bi,73,74
Cu,73,74 Sb,73,74 and Zn.70 The successful combination of site selective synthesis and
controlled conversion chemistry would open up a wide variety of possible hybrid
nanoparticle systems that would otherwise be unavailable. These types of reactions fall
into a variety of categories including redox reactions,84-86 cation exchange,87-90 anion
exchange.91 As of 2012, these types of reactions had not been applied to colloidal
hybrid nanoparticles. Chapter 2 goes into much more detail regarding the application of
conversion chemistry to hybrid nanoparticle systems.
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An important part of applying conversion chemistry to hybrid nanoparticle
systems is the idea of orthogonal reactivity. Orthogonal reactivity is the ability to
modify a specific domain while leaving other parts of the nanoparticle unaffected. 92
Some of these interactions are quite predictable. For example, 3d transition metals are
much more prone to oxidation than noble metals.93 However, being able to selectively
change a particular domain into another requires a more in-depth knowledge of the
reactivities of various metals over a range of conditions, in order to achieve maximum
control over the final product.94,95 Leonard et. al. studied the reactivity of various metal
nanoparticles and their interactions with other metal salts.92 He found that temperature

Figure 1.7: Orthogonal reactivity diagram. On a single wire, Ag (yellow) converts to
Ag2S then Pt (red) is subsequently converted to PbPt (green) without affecting the
Ag2S.
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was the primary factor controlling whether a particular intermetallic nanoparticle would
form. Additionally, Anderson et. al. showed that striped nanowires of alternating silver
and platinum domains could be selectively reacted with sulfur such that only the silver
domains were changed into silver (I) sulfide (Figure 1.7).96 The platinum domain was
then converted to PtPb intermetallic which left the silver sulfide unaffected.
Additionally, the nanowires retained their shape demonstrating that morphology is
retained throughout the conversion chemistry process.

1.7 Condensation Chemistry
Combining two smaller molecules into one larger molecule is a common
technique that organic chemists use to construct complex molecules. Condensation
chemistry is the combining of two hybrid nanoparticles into a single hybrid
nanoparticle.57-58 This type of chemistry could be used to transform heterodimer
particles into multi-lobed flower-like particles or to make long linear polymer-like chains
of particles.

There are a few examples of hybrid nanopartices that can undergo

controllably induced condensation chemistry. Au domains from different colloidal
hybrid nanoparticles may under the right circumstances12,16,56 (sulfur addition or
temperature increase) condense and form a single crystalline phase.

20

1.8 Protection/deprotection
The chemoselectivity in these systems implies that some morphological isomers
will be unfavorable. Using a previous example, we know that Au grows preferentially
onto the Pt domain of a Pt-Fe3O4 heterodimer to make a Au-Pt-Fe3O4 heterotrimer,16
but what if one needed to make a Pt-Fe3O4-Au heterotrimer. One could not synthesize
this heterotrimer purely by site selective growth because the Au would always grow of
off Pt domain preferentially instead of the Fe3O4 domain.16 However, if one could
“protect” or cover the Pt domain with an easily removable material that Au cannot grow

Figure 1.8: Schematic describing a protection/deprotection scheme where the red
domain represents a removable protecting group that forces growth onto the green
domain instead of the blue domain.
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on then Au would be forced to grow off of the Fe3O4 domain (Figure 1.8). The sacrificial
domain would then be removed, leaving the non-favorable isomer of the heterotrimer.
Although this method has also not been shown in the literature, there have been some
preliminary results that show promise.36

1.9 Research Overview
Chapter 2: Colloidal hybrid nanoparticles contain multiple domains that are
directly fused together through a solid−solid interface, which facilitates synergistic
interactions between the components that can lead to enhanced properties, as well as
multi-functionality in a single particle. By nucleating one nanoparticle on the surface of
another, a growing number of these hybrid nanoparticles can be synthesized. However,
to rapidly expand the materials diversity of such systems, alternative routes to
heterogeneous seeded nucleation are needed. Here, we show that solution-mediated
chemical transformation reactions, which are well established for pseudomorphically
transforming colloidal metal nanoparticles into derivative metal-containing phases, can
also be applied to colloidal hybrid nanoparticles. Specifically, we show that Pt−Fe3O4
heterodimers react with Pb(acac)2 and Sn(acac)2 at 180−200 °C in a mixture of benzyl
ether, oleylamine, oleic acid, and tert-butylamine borane to form PtPb−Fe3O4 and
Pt3Sn−Fe3O4 heterodimers, respectively. This chemical transformation reaction
introduces intermetallic and alloy components into the heterodimers, proceeds with
morphological retention, and preserves the solid−solid interface that characterizes
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these hybrid nanoparticle systems. In addition, the PtPb−Fe3O4 heterodimers
spontaneously aggregate to form colloidally stable (PtPb−Fe3O4)n nanoflowers via a
process that is conceptually analogous to a molecular condensation reaction. These
reactions add to the growing toolbox of predictable manipulations of colloidal hybrid
nanoparticles, ultimately expanding their materials diversity and range of potential
applications.

Chapter 3: Hybrid nanoparticles have been shown to have enhanced activity
when compared to their constituent nanoscale components. We used the PtPb-Fe3O4
heterodimers synthesized in chapter 2 to investigate the methanol oxidation activity of
colloidal hybrid nanoparticles. During the course of these studies, we learned the
importance of ligand removal and how it impacts the catalytic activity of nanoparticles.
NOBF4 was used to perform the ligand exchange which changed the solubility of the
colloidal heterodimers from being soluble in non-polar solutions to polar solutions. It
was shown that dispersing the Pt nanoparticles in DMF showed the highest activity
toward methanol oxidation but even after ligand exchange the colloidal hybrid
nanoparticles were not active for methanol oxidation.

Chapter 4: Three-component colloidal hybrid nanoparticles are important multifunctional nanoscale constructs that present interesting and complex features. Their
synthesis typically requires a third nanoparticle to nucleate and grow on the surface of a
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two-component heterodimer seed, which exposes two distinct surfaces that are both
accessible. Identifying and understanding chemoselective growth behavior is therefore
important for predicting the most favorable product in systems where multiple threecomponent configurations could be anticipated. Here, we studied Pt-Au heterodimers
as seeds for the formation of several Pt-Au-MxSy (metal sulfide) heterotrimers. Pt and
Au have similar lattice constants but different chemical preferences and metal-sulfur
bond strengths, and the chosen metal sulfides included both crystalline and amorphous
nanoparticles that span a range of threshold synthetic conditions required for them to
form. These systems therefore allowed us to study the key factors that would be
anticipated to contribute to chemoselective growth preferences. We first evaluated the
thermal stability of the Pt-Au heterodimer seeds in solution and determined that they
transform to Pt@Au core-shell particles by 210 °C, which sets an upper limit on the
temperatures that permit seeded growth reaction to generate Pt-Au-MxSy and other
heterotrimers. We then studied the growth of PbS, CdS, and CuxSy on the Pt-Au or
Pt@Au seeds and observed that the metal sulfide domain grew exclusively on the
exposed Au surfaces, despite control studies where heterostructures of platinum and all
of the metal sulfides were also accessible. We therefore concluded that the relative
strengths of the interfacial Au-S bonds served as a key driving force behind the observed
chemoselective growth behavior.
We conclude this study with a selection of experiments that yield further insights
into the chemoselectivity of hybrid nanoparticle systems. The first is the growth of

24

Fe3O4 onto Pt-Au heterodimers. This result differs from the metal sulfide examples
because the growth occurs on the Pt domain as opposed to the Au domain yielding AuPt-Fe3O4 heterotrimers. Secondly, instead of growing CdS off of Pt-Au heterodimers we
grew Au off of Pt-CdS heterodimers. Whereas the first example yielded (Pt@Au)-CdS
heterostructures, Au growth off of Pt-CdS creates Au-Pt-CdS-Au heterotetramers. This
result makes it clear that chemoselectivity does not occur in all cases of colloidal hybrid
nanoparticles.

We then developed a new synthesis for PtSn-SnS and Au-SnS

heterodimers to expand the library of materials that can be integrated into colloidal
hybrid nanoparticles.
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Chapter 2
Chemical Transformation of Pt-Fe3O4 Colloidal Hybrid Nanoparticles into
PtPb-Fe3O4 and Pt3Sn-Fe3O4 Heterodimers and (PtPb-Fe3O4)n Nanoflowers

2.1 Introduction

Figure 2.1: Schematic showing the chemical transformation of Pt-Fe3O4 heterodimers
into colloidal PtPb-Fe3O4 heterodimers, followed by spontaneous aggregation of the
PtPb domains to form (PtPb-Fe3O4)n nanoflowers.

Colloidal hybrid nanoparticles are characterized by multiple solid-state domains
that are directly connected to one another through a solid-state interface, and this
facilitates electronic communication between components and imparts structural
rigidity on the system1-5. These morphological features provide unique opportunities to
merge the distinct properties of each individual domain into a single multi-functional
particle, as well as the ability for one domain to modify the properties of another

Reprinted with permission from Bradley, M. J.; Biacchi, A. J.; Schaak, R. E. Chem. Mater.

2013, 25, 1886–1892. Copyright 2012, American Chemical Society.
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through synergistic interactions across the interface. As a result, colloidal hybrid
nanoparticles have been used as a platform for studying the modification and
enhancement of catalytic6,7, electronic8, and plasmonic1,9 properties of nanoparticles
that arise from synergistic interactions with other nanoscale materials.
Heterogeneous seeded nucleation, which is the primary route to hybrid
nanoparticles, relies on the ability to controllably grow one nanoparticle directly on the
surface of another.10,11 This, in turn, depends sensitively on both the materials
characteristics, including the crystal structures, bonding preferences, and growth
conditions, which need to favor heterogeneous nucleation while suppressing undesired
homogeneous nucleation. As a result, the library of materials that is routinely
incorporated into colloidal hybrid nanoparticles remains limited to a relatively small
number of highly studied systems. Greater materials diversity is required in order to
expand the capabilities of established applications, as well as to facilitate the emergence
of new applications. For example, it is well established that metal alloys and
intermetallic compounds possess different, and often enhanced, catalytic activity or
selectivity than their constituent metals.12 However, there have been only a few reports
of hybrid nanoparticles that contain alloy domains6,10,13-15 and to our knowledge, none
that incorporate ordered intermetallic compounds.
For colloidal nanoparticles, a powerful strategy for expanding materials diversity
is to pseudomorphically transform a metal nanoparticle into a derivative metalcontaining phase using robust solution chemistry reactions.16

Colloidal metal
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nanoparticles can be readily transformed to various alloys and intermetallic
compounds,16-22 as well as to metal phosphides,23-27 oxides;28-30 and chalcogenides,30,31
often maintaining their morphology throughout the process.. For example, colloidal Pt
nanoparticles have been shown to undergo chemical transformation reactions with
elements that include, Pb,21,22 Sn,17,21,22 Fe,21 Bi,21,22 Cu,21 Sb,21,22 and Zn.18

Such

chemical transformation reactions are rapidly growing in both number and materials
diversity, and merging them with colloidal hybrid nanoparticles would facilitate the
integration of a larger library of nanoscale domains without the need for system-specific
heterogeneous nucleation. Indeed, this would effectively separate the formation of
colloidal hybrid nanoparticles from the formation of chemically and structurally-complex
nanoscale domains, allowing researchers to focus on optimizing heterogeneous
nucleation in well-established systems for which such understanding exists while
transforming target domains post-synthesis as applications and design criteria demand.
Chemical transformation reactions have previously been applied to supported
metal nanoparticle catalysts, such as the conversion of Pt nanoparticles supported on
Al2O3, CeO2, and Vulcan carbon to PtSn, PtPb, PtSb, Pt3Sn, and Cu3Pt,21 as well as to
colloidal Te-tipped Bi2Te3 nanorods to form PbTe−Bi2Te3 heterostructures.32 However,
such reactions have not previously been applied to the spherical−domain hybrid
nanoparticles that are attracting increasing attention for applications in catalysis and
biomedicine. Here, we demonstrate that prototype chemical transformation reactions
can indeed be successfully applied to colloidal hybrid nanoparticle systems. Specifically,
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we show that the Pt domain of the ubiquitous Pt−Fe3O4 heterodimers5−7 transforms to
intermetallic NiAs-type PtPb upon reaction with Pb(acac)2 and to Pt3Sn alloy upon
reaction with Sn(acac)2, as shown schematically in Figure 2.1.
The

resulting

PtPb−Fe3O4

and

Pt3Sn−Fe3O4

heterodimers

retain

the

morphological characteristics and colloidal dispersity of the precursor Pt− Fe3O4 hybrid
particles. In addition, aging the PtPb−Fe3O4 heterodimers in hexanes induces
aggregation of the Pt-containing domains, forming colloidally stable multinuclear
(PtPb−Fe3O4)n nanoflowers, also shown schematically in Figure 2.1. Such behavior is
conceptually analogous to a molecular condensation reaction, which adds to the
growing “total synthesis” toolbox for multicomponent inorganic nanostructures5,33−35
and complements existing nanoparticle condensation strategies that have previously
been limited to Au1,5,36 and metal sulfide37,38 domains. Known condensation reactions of
hybrid nanoparticles have relied on reactions with sulfur or I2 to induce coalescence of
the Au domains of Au−Fe3O41,5 or Au−CdSe36 hybrid particles, or fusion of sulfide
nanoparticle domains, for example, in the formation of dumbbell-like CdS−PdSx−CdS37
and PdSx−Co9S8−PdSx38 particles from CdS−PdSx and PdSx−Co9S8 heterodimers,
respectively.
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2.2 Experimental Section

2.2.1 Materials
1-Octadecene (90%), oleylamine (70%), Pt(acac)2 (97%), Sn(acac)2 (99.9%),
Fe(CO)5 (>99.99%), and benzyl ether (99%) were purchased from Sigma Aldrich.
Pb(acac)2 (98%) and tert-butylamine borane (TBAB) (97%) were purchased from Alfa
Asear. Oleic acid (90%) was purchased from TCI. All chemicals were used as received
without further purification.

2.2.2 Synthesis of Pt Nanoparticles
The synthesis was modeled our Pt and Pt-Fe3O4 synthesis around previously
published work described in reference 7. Pt(acac)2 (200 mg) was added to 20 mL of 1octadecene, 2 mL of oleic acid, and 2 mL of oleylamine in a 100 mL three-neck flask. The
solution was heated rapidly to 190 ᵒC under an Ar blanket, then 200 µL of Fe(CO)5 was
added. The solution was kept at 190 ᵒC for 1 h before cooling to room temperature.
The particles were isolated via centrifugation, washed three times with hexanes, and
precipitated with ethanol. The particles were stored in hexanes, along with 1% (by
volume) of oleylamine.
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2.2.3 Synthesis of Pt-Fe3O4 Heterodimers
1-Octadecene (20 mL) and oleic acid (1 mL) were added to a 100 mL flask, and
this was heated to 120 ᵒC for 1 h under a flow of Ar. Fe(CO)5 (140 µL) was added after
switching from flowing Ar to an Ar blanket. After 5 min, 2 mL of a 10 mg/mL suspension
of Pt nanoparticles in hexanes (for approx. 20 mg of Pt nanoparticles) and 1 mL of
oleylamine were added to the solution. (The concentration of the Pt nanoparticle
suspension was determined by drying and weighing a known volume of solution.
Thermal gravimetric analysis indicated that the dried Pt nanoparticle powder contained
5-10 wt% organic species.) This mixture was heated at a rate of 2-3 ᵒC/min up to the
reflux temperature (315 ᵒC), and this temperature was maintained for 20 min before
cooling to room temperature. The particles were isolated via centrifugation, washed
three times with hexanes, and reprecipitated with ethanol. The particles were stored in
hexanes, along with oleylamine (1% by volume).

2.2.4 Synthesis of PtPb-Fe3O4 Heterodimers
Pt-Fe3O4 heterodimers (2 mL of a 20 mg/mL solution of Pt-Fe3O4 heterodimers in
hexanes) were added to a 25 mL flask containing 40 mg of Pb(acac)2, 1 mL of benzyl
ether, 3.7 mL of oleylamine, and 0.65 mL of oleic acid The reaction was heated under
flowing Ar to 180 ᵒC, then 54 mg of TBAB dissolved in 1 mL of oleylamine was
immediately added. The reaction was held at 180 ᵒC for 20 min before cooling to room
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temperature. The particles were isolated via centrifugation, washed three times with
hexanes, and reprecipitated with ethanol. The particles were stored in hexanes, along
with oleylamine (1% by volume).

2.2.5 Synthesis of Pt3Sn-Fe3O4 Heterodimers
The same procedure described above for the PtPb-Fe3O4 heterodimers was used,
except that 24 mg of Sn(acac)2 was used instead of Pb(acac)2 and the reaction
temperature was 200 ᵒC instead of 180 ᵒC.

2.2.6 Characterization
A Bruker Advance D8 X-ray diffractometer with a Cu Kα source was used to
collect all powder X-ray diffraction (XRD) data. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were obtained using a
JEOL 1200 EX II microscope. A JEOL JEM-2010F microscope outfitted with an EDAX solidstate X-ray detector was used to collect high-resolution TEM (HRTEM) images, SAED
patterns, and scanning transmission electron microscopy (STEM) energy-dispersive X-ray
spectroscopy (EDS) data. Average particle sizes were determined by analyzing more
than 100 particles for each sample using Image-J software. ES Vision software (Emispec)
was used for EDS data processing. The Pt L-shell, Pb L-shell, and Fe K-shell transitions,
which do not appreciably overlap, were chosen for EDS analysis.
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2.3 Results and Discussion

2.3.1 The Synthesis and Characterization of PtPb-Fe3O4 Heterostructures
Colloidal hybrid Pt-Fe3O4 heterodimers were synthesized as previously described,
via the nucleation of Fe3O4 domains onto pre-formed Pt nanoparticles5-7. The Pt-Fe3O4
heterodimers were then reacted with Pb(acac)2 and tertbutylamine-borane complex at
180 °C for 30 min in a solvent/stabilizer mixture of oleylamine, oleic acid, and benzyl
ether, as described in detail in the Experimental Section.

Figure 2.2 shows

representative TEM images and SAED patterns of the Pt-Fe3O4 precursor and the PtPbFe3O4 product.

The as-synthesized Pt-Fe3O4 heterodimers (Figures 2.2a,b) contain

predominantly spherical Pt domains with an average diameter of 6.3 ± 0.9 nm and
pseudo-spherical Fe3O4 domains (containing some irregular faceting) with an average
diameter of 13 ± 3 nm, defined by measuring the longest dimension of the pseudospherical particles. The SAED pattern (Figure 2.2c) shows diffraction rings attributable
to both Fe3O4 and Pt, as expected for the Pt-Fe3O4 heterodimers. Representative TEM
images of the PtPb-Fe3O4 heterodimers (Figures 2.2d,e) reveal that they are
morphologically similar to those of the Pt-Fe3O4 precursor, with PtPb and Fe3O4 domain
diameters of 6.1 ± 1.0 nm and 13 ± 2 nm, respectively. These sizes are statistically the
same as those of the Pt-Fe3O4 heterodimers, and we attribute this to the small domain
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Figure 2.2: Representative TEM images of (a,b) the Pt−Fe3O4 heterodimer precursors
and (d,e) the PtPb−Fe3O4 heterodimer products. The TEM images in panels (b) and (e)
are enlarged from those in panels (a) and (d), respectively, as indicated by the dashed
red box. Representative SAED patterns for the Pt−Fe3O4 and PtPb−Fe3O4
heterodimers are shown in panels (c) and (f), respectively. The yellow diamonds
indicate diffraction rings that correspond to Fe3O4, while the indexing (blue text)
corresponds to Pt and PtPb, respectively.
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size and the relatively small volume change that is expected upon conversion of Pt to
PtPb, as well as the possible leaching of some of the Pt into solution during the
conversion process. The corresponding SAED pattern (Figure 2.2f) also shows rings of
diffraction spots that are attributable to Fe3O4. Diffraction spots from Pt are not
observed, while several weak diffraction spots attributable to intermetallic NiAs-type
PtPb are present.

Figure 2.3: Powder XRD patterns for the Pt−Fe3O4 heterodimer precursor and the
PtPb−Fe3O4 heterodimer product. Simulated powder XRD patterns for Fe 3O4, Pt, and PtPb
are shown at the bottom in red, blue, and green, respectively, and the peaks
corresponding to Fe3O4, Pt, and PtPb are labeled with red circles, blue squares, and green
diamonds, respectively.
Powder XRD data, shown in Figure 2.3, confirm the presence of both Pt and
Fe3O4 in the Pt-Fe3O4 heterodimer precursors, as well as PtPb and Fe3O4 in the PtPbFe3O4 heterodimer products. (The non-indexed reflection near 26° 2, which is the only
observed impurity peak in the PtPb-Fe3O4 sample, corresponds to the most intense
reflection of Pb3O4). Scherrer analysis of the XRD peak widths indicates average Pt and
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PtPb domain sizes on the order of 6−10 nm and average Fe3O4 domain sizes of
approximately 16 nm in both samples, which is consistent with the TEM images.
Collectively, the TEM, SAED, and XRD data indicate that the chemical transformation
reaction successfully converts the Pt domain into PtPb without modifying the Fe 3O4
domain and that the conversion reaction occurs with retention of both morphology and
colloidal dispersibility. As a control experiment, the Pt nanoparticle seeds (without
tethered Fe3O4 domains) were reacted with Pb(acac)2 under identical conditions, and
while they successfully converted to PtPb, the PtPb product was significantly
agglomerated (Figure 2.4).

This indicates that the Fe3O4 domain of the Pt-Fe3O4

heterodimers prevents agglomeration during the conversion reaction, which is
important both for retaining colloidal dispersibility and for maintaining high accessible
surface areas.
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Figure 2.4: (a) TEM image of the PtPb product isolated upon reacting Pt nanoparticles (not
attached to Fe3O4 domains) with Pb(acac)2 at 180 °C. This control experiment was carried out
under identical conditions to those used to transform Pt−Fe3O4 heterodimers to PtPb−Fe3O4,
and in comparison with the TEM image in Figure 2b, this TEM image highlights the role that the
Fe3O4 domain plays in protecting PtPb nanoparticles from significant agglomeration. Powder
XRD patterns for (b) the Pt nanoparticle precursors and (c) the PtPb product.
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Figure 2.5: (a) HRTEM image of a PtPb−Fe3O4 heterodimer. The region enclosed by a
purple box (a), corresponding to the PtPb domain, is enlarged (b) and shown next to the
[012] projection of the NiAs-type PtPb crystal structure (c), for comparison. Yellow lines
correlate the parallel crystal planes and intersection angles in the HRTEM image with the
PtPb crystal structure. The region enclosed by a blue box (a), corresponding to the Fe 3O4
domain, is enlarged (d) and shown next to the [121] projection of the Fe 3O4 crystal
structure (e), for comparison. Solid and dashed yellow lines correlate the parallel crystal
planes in the HRTEM image with the Fe3O4 crystal structure.
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Figure 2.6: EDS line scan across a representative PtPb-Fe3O4 heterodimer, as indicated in
the bright field, showing colocalization of Pt and Pb in the darker-contrast domain
corresponding to PtPb) and Fe in the lighter-contrast Fe3O4 domain.
Figure 2.5a shows an HRTEM image of a representative PtPb-Fe3O4 heterodimer, and
Figures 2.5b and 2.5d show enlarged HRTEM images of the PtPb and Fe 3O4 domains as
indicated by purple and blue boxes, respectively. The primary lattice spacings observed
in the PtPb domain, shown by parallel yellow lines in Figure 2.5b, correspond to 1.3 Å. It
is not possible to unambiguously distinguish this from Pt based only on this lattice
spacing, since the Pt(311) plane is similarly spaced at 1.2 Å. However, comparison of the
HRTEM image in Figure 2.5b with the [012] projection of the NiAs-type PtPb structure,
shown in Figure 2.5c, reveals that the spacings and angles between the lattice planes
are comparable. The lattice spacings observed in the Fe3O4 domain, shown by the solid
parallel lines in Figure 2.5d, correspond to 2.9 Å, which matches well with the Fe3O4
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(220) planes that have a spacing of 3.0 Å. Comparison of the HRTEM image in Figure
2.5d with the [121] projection of Fe3O4 in Figure 2.5e further confirms this assignment.
STEM imaging with EDS line scans were used to further characterize the PtPbFe3O4 heterodimers.

Figure 2.6 shows both a representative STEM image and a

corresponding plot of EDS intensities for Fe, Pt, and Pb as the electron beam was
rastered across the sample. The Pt L-Shell, Pb L-shell, and Fe K-shell transitions were
chosen for quantitative analysis with ES Vision Software (Emispec) and do not
appreciably overlap. The rise and fall of the Fe, Pt, and Pb signals suggests that the
particles are largely spherical, as expected. Analysis of the Pt and Pb signals indicates
that they are co-located and statistically equivalent, both of which are consistent with
the formation of the 1:1 PtPb intermetallic compound.

2.3.2 The Synthesis and Characterization of Pt3Sn-Fe3O4 Heterodimers.
Similar results are obtained upon reacting the Pt-Fe3O4 heterodimers with
Sn(acac)2 at 220 °C. Figure 2.7a shows a representative TEM image of Pt 3Sn-Fe3O4
heterodimers. The corresponding SAED pattern (Figure 2.7b) shows rings of diffraction
spots that are attributable to Fe3O4, along with two additional weaker diffraction rings
that are consistent with the (111) and (220) planes of a face centered cubic metal. A
representative HRTEM image, shown in Figure 2.7c, reveals a lattice spacing of 2.5 Å in
the Fe3O4 domain, consistent with the (311) plane, and a lattice spacing of 2.0 Å in the
Pt-containing domain. The (111) and (220) planes of Pt have lattice spacings of approx.
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Figure 2.7: Representative (a) TEM image, (b) SAED pattern, (c) HRTEM image, and (d)
STEM-EDS line scan of the Pt3Sn−Fe3O4 heterodimer product. (b) The yellow diamonds
indicate diffraction rings that correspond to Fe3O4, while the indexing (blue text)
corresponds to fcc-Pt3Sn. (c) The lattice spacings correspond to the (200) plane of Pt 3Sn
(2.0 Å) and the (311) plane of Fe3O4 (2.5 Å). The EDS line scan (d) shows colocalization
of Pt and Sn in the darker contrast domain (corresponding to Pt 3Sn) and Fe in the
lighter contrast Fe3O4 domain.
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2.2 Å and 1.9 Å, respectively. The 2.0-Å lattice spacing, which was consistently observed
in all Pt3Sn-Fe3O4 heterodimers that were imaged by HRTEM, is consistently shifted
slightly relative to that of Pt, and is attributed to the (111) plane of Pt 3Sn. However, we
cannot unambiguously distinguish Pt from Pt-Sn using only the lattice spacings. An EDS
line scan across a representative particle (Figure 2.7d) shows the linear distribution of
Fe, Pt, and Sn, and analogous to the PtPb-Fe3O4 system, indicates co-localization of the
Pt and Sn signals. Ensemble EDS measurements of a larger number of particles indicates
a Pt:Sn ratio of 3:1, which indicates the formation of Pt-Sn domains with an average
stoichiometry of Pt3Sn. Pt3Sn could be present as either a chemically disordered alloy or
as a Cu3Au-type Pt3Sn intermetallic phase; the weak superlattice reflections that are
characteristic of ordered Pt3Sn preclude unambiguous phase assignments based on XRD
or SAED.

2.3.3 The Synthesis and Characterization of PtPb-(Fe3O4)n Nanoflowers
As-synthesized, the PtPb-Fe3O4 and Pt3Sn-Fe3O4 heterodimers are colloidally
stable. However, over a period of several weeks, the PtPb-Fe3O4 heterodimers begin to
coalesce, as shown in Figure 2.7. Coalescence occurs only at the PtPb domains, resulting
in a flower-like morphology where the fused PtPb domains are in the center,
surrounded by multiple Fe3O4 domains. HRTEM images of representative (PtPb-Fe3O4)n
nanoflowers (Figure 2.8) reveal that, unlike the coalesced Fe3O4-Au-Fe3O4,1 CdSe-AuCdSe,36 CdS-PdSx-CdS37, and PdSx-Co9S8-PdSx38 systems that form through nanoparticle

49

domain coalescence, the coalesced PtPb domains remain discrete and adjoined only
through their surfaces, rather than fusing together to form a single monocrystalline
domain. Similar coalescence was not observed for the Pt3Sn-Fe3O4 system, which we
tentatively attribute to lower surface reactivity of the Pt-rich Pt3Sn domain relative to
the PtPb domain of PtPb-Fe3O4.

Figure 2.8: Representative TEM images of colloidal (PtPb-Fe3O4)n nanoflowers formed
from the spontaneous aggregation of PtPb-Fe3O4 heterodimers.
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Figure 2.9: Representative HRTEM images of (PtPb-Fe3O4)n nanoflowers, showing
that the PtPb domains remain discrete, but connected at their surfaces, upon
coalescence.

2.4 Conclusions
In summary, we have demonstrated that chemical transformation reactions,
which are well established for colloidal nanoparticles, can be applied to colloidal hybrid
nanoparticle systems. Specifically, the Pt domain of colloidal Pt-Fe3O4 heterodimers can
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be chemically transformed into PtPb and Pt3Sn to form PtPb-Fe3O4 and Pt3Sn-Fe3O4
heterodimers. These chemical transformation reactions proceed with morphological
retention, and importantly, they successfully maintain the integrity of the solid-solid
interface, which is among the most useful characteristics of such colloidal hybrid
nanoparticles. Additionally, the presence of the Fe3O4 domain prevents widespread
agglomeration, effectively permitting the transformation of Pt into PtPb and Pt 3Sn while
retaining their uniform size and dispersibility. Coalescence does still occur in the PtPbFe3O4 system, but because of the presence of the Fe3O4 domains, it limits the accessible
surface area and therefore results in discrete flower-like multimers. This controlled
aggregation pathway represents a new pathway to higher-order intermetallic/oxide
hybrid nanoparticles, and as such adds to the growing toolbox of hybrid nanoparticle
condensation reactions.
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Chapter 3
The Effect of Ligand Exchange on Platinum Based Nanostructures and
Activity toward the Methanol Oxidation Reaction

3.1 Introduction
Methanol fuel cells are an intriguing form of energy storage which is best used
for portable applications where energy density is critical.1-3 Like many other catalytic
systems, platinum is considered one of the most active materials for this reaction.4
However, the use of platinum comes with some limitations. It is prohibitively expensive
and quite rare making it impractical for large scale applications. Additionally, platinum
is predisposed to CO poisoning, which reduces the long term stability of the catalyst. 5
One well established way of addressing these issues is using platinum based
intermetallics instead of pure elemental platinum.2,6-8 Many different elements have
been incorporated into these Pt intermetallics including Sn,8,9 Pb,8,10-12 Zn,13 Bi,8 Ni,3,14
Ru,15 Co,3 Mn,16 Cu,17 Sc,18 and Y.18 Intermatallics have the advantage of using less Pt,
bringing down the cost, and in many cases making the nanoparticles less prone to
poisoning. The decrease in CO poisoning is due in most of these systems to a decrease in
the adsorption energy of CO and an increase in the rate of CO oxidation.1-3 As a result,
many of these intermetallics show an increase in lifetime as well as activity.8-18 We also
established in Chapter 1 that hybrid nanoparticles can increase the activity of catalytic
materials. Particularly hybrid nanoparticles have shown increased activities for ORR, CO
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oxidation, dye degradation, and peroxide oxidation compared to the constituent
nanoparticles of similar size.19-24
We hypothesized that integrating a Pt based intermetallic into a colloidal hybrid
nanoparticle would result in increased catalytic activity when compared to Pt-Fe3O4
heterodimers. In order to evaluate our hypothesis, we tested the PtPb-Fe3O4 and Pt3SnFe3O4 hybrid nanoparticles synthesized in Chapter 2 for methanol oxidation activity.
However, there are some unique challenges associated with these types of particles.
First, the synthesis of these intermetallic hybrid nanoparticles is quite complex and
required new synthetic techniques (see Chapter 2).25 Additionally, traditional electrode
preparation for nanoparticles involves high heat and would result in the loss of the
unique morphology of the colloidal hybrid nanoparticles.5,12,13
Ligand exchange techniques offer a unique way to activate the catalytic surface
of a hybrid nanoparticle.

Like most colloidally synthesized nanoparticles, hybrid

nanoparticles are capped with a surfactant which impacts the morphology of the
particle during synthesis and the colloidal stability once isolated.26,27 Since most hybrid
nanoparticles are synthesized in nonpolar solutions, these surfactants consist of a polar
head group attached to the particle and a nonpolar tail that interacts with the solvent.
Although this is ideal for synthetic purposes, the surfactants also block the surface from
catalytic molecules, decreasing the activity of the particle.

Ligand exchange is a

technique by which surfactants on the surface of a particle can be removed and
replaced with a different molecule.28-31 These techniques have been traditionally used
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to change the solubility of nanoparticles from nonpolar to polar environments but in
this case will be used to allow access to the catalytic surface. Because of this, we
required a method that would not only yield polar solubility but also would replace the
surfactant with a small molecule that would not inhibit the catalytic activity. Many
ligand exchange techniques use large ligands or polymers29-31 to accomplish this, but
one method by Murray et. al. fulfilled our requirements by using NOBF 4 as the
replacement capping agent.28
We will first establish the effects of ligand exchange by comparing the activity of
Pt nanoparticles pre and post ligand exchange. We found that the polar solvent used
during ligand exchange affects the eventual catalytic activity of the exchanged particles.
The solvent that yielded the best activity for Pt nanoparticles was DMF. We successfully
performed the ligand exchange on the heterodimer intermetallic nanoparticles and
found that none of the colloidal hybrid structures showed any catalytic activity to
methanol oxidation. We theorize that this is due to a thin FeO x shell around the metallic
domain that we were unable to image but has since been shown via HR-TEM.29

3.2 Experimental

3.2.1 Materials
1-Octadecene (90%), oleylamine (70%), Pt(acac)2 (97%), Sn(acac)2 (99.9%),
Fe(CO)5 (>99.99%), nitrosonium tetrafluoroborate (95%) and benzyl ether (99%) were
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purchased from Sigma Aldrich. Pb(acac)2 (98%), N,N-dimethylformamide (DMF) (99%)
and tert-butylamine borane (TBAB) (97%) were purchased from Alfa Aesar. Oleic acid
(90%) was purchased from TCI. Methanol (99.8%) and sulfuric acid (95.0%-98.0%) was
purchased from VWR. Nanopure water (18.2 MΩ) from a Bronstead nanopure diamond
filtration system was used to make all solutions used for electrochemical testing as well
as for cleaning off all electrochemical glassware. All chemicals were used as received
without further purification.

3.2.2 Synthesis of Pt Nanoparticles
We modeled our Pt and Pt-Fe3O4 synthesis around previously published
work.22,25 Pt(acac)2 (200 mg) was added to 20 mL of 1-octadecene, 2 mL of oleic acid,
and 2 mL of oleylamine in a 100 mL three-neck flask. The solution was heated rapidly to
190 ᵒC under an Ar blanket, then 200 µL of Fe(CO)5 was added. The solution was kept at
190 ᵒC for 1 h before cooling to room temperature.

The particles were isolated via

centrifugation, washed three times with hexanes, and precipitated with ethanol. The
particles were stored in hexanes, along with 1% (by volume) of oleylamine.

3.2.3 Synthesis of Fe3O4 Nanoparticles
1-Octadecene (10 mL) was heated up to 120 ᵒC under vacuum with 100 mg of
iron (III) acetylacetonate with 1 mL of oleic acid and 1 mL of oleylamine in a 100 mL
three neck flask. The solution was left at 120 ᵒC for 30 min to degas the system followed
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by heating of the solution to reflux (320 ᵒC) under argon for 1 hour. The solution was
cooled and the particles were isolated via centrifugation using hexanes and ethanol, and
then stored in hexanes.

3.2.4 Synthesis of Pt-Fe3O4 heterodimers
1-Octadecene (20 mL) and oleic acid (1 mL) were added to a 100 mL flask, and
this was heated to 120 ᵒC for 1 h under a flow of Ar. Fe(CO)5 (140 µL) was added after
switching from flowing Ar to an Ar blanket. After 5 min, 2 mL of a 10 mg/mL suspension
of Pt nanoparticles in hexanes (for approx. 20 mg of Pt nanoparticles) and 1 mL of
oleylamine were added to the solution. (The concentration of the Pt nanoparticle
suspension was determined by drying and weighing a known volume of solution.
Thermal gravimetric analysis indicated that the dried Pt nanoparticle powder contained
5-10 wt% organic species.) This mixture was heated at a rate of 2-3 ᵒC/min up to the
reflux temperature (315 ᵒC), and this temperature was maintained for 20 min before
cooling to room temperature. The particles were isolated via centrifugation, washed
three times with hexanes, and precipitated with ethanol. The particles were stored in
hexanes, along with oleylamine (1% by volume).

3.2.5 Synthesis of PtPb-Fe3O4 heterodimers
Pt-Fe3O4 heterodimers (2 mL of a 20 mg/mL solution of Pt-Fe3O4 heterodimers in
hexanes) were added to a 25 mL flask containing 40 mg of Pb(acac)2, 1 mL of benzyl
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ether, 3.7 mL of oleylamine, and 0.65 mL of oleic acid The reaction was heated under
flowing Ar to 180 ᵒC, then 54 mg of TBAB dissolved in 1 mL of oleylamine was
immediately added. The reaction was held at 180 ᵒC for 20 min before cooling to room
temperature. The particles were isolated via centrifugation, washed three times with
hexanes, and precipitated with ethanol. The particles were stored in hexanes, along
with oleylamine (1% by volume).

3.2.6 Synthesis of Pt3Sn-Fe3O4 heterodimers
The same procedure described above for the PtPb-Fe3O4 heterodimers was used,
except that 24 mg of Sn(acac)2 was used instead of Pb(acac)2 and the reaction
temperature was 200 ᵒC instead of 180 ᵒC.

3.2.7 Ligand exchange
10 mg of particles dispersed in 2 mL of hexanes was added to a vial along with
the desired solvent. 22 mg of NOBF4 was added to the reaction and stirred in air for 20
min. At the end of 20 min, the particles will exchange from the nonpolar to the polar
solvent. If the exchange had not occurred, another 20 mg of NOBF 4 were added and the
stirring process repeated. Once the particles exchanged solvents, they were collected
by centrifugation using toluene as the counter solvent and dispersed in the desired
polar solvent. Polar solvents used included DMF, acetone, acetonitrile, ethanol,
methanol, and water.
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3.2.8 Electrochemical Measurements
All measurements were taken on a glassy carbon electrode in a simple three
electrode set-up. A suspension of catalytic material was drop cast such that 20 µg of
catalytic material (20 µL of a 1 mg/mL solution) was deposited onto the electrode
surface.

Measurements were performed on a Gamry Instruments Reference 600

Potentiostat. The electrolyte solution consisted of 1 M methanol, 1M sulfuric acid in
nanopure water. The reference electrode used was Ag/AgCl 1M and the counter
electrode was a platinum wire. CV sweeps were run from 0-1 V vs. Ag/AgCl at a rate of
10 mV/sec.

3.3 Results and Discussion
The previously synthesized Pt, Pt-Fe3O4, PtPb-Fe3O4, and Pt3Sn-Fe3O4 (Chapter II)
heterodimers were studied for methanol oxidation activity.

We chose to use Pt

nanoparticles as a control because they were known to be highly active for methanol
oxidation. Samples were dropcast onto a glassy carbon electrode and allowed to dry in
air before testing. All samples were controlled to have the same mass of platinum and
ignoring the contributions of Fe3O4.

Typically electrochemical measurements are

compared by controlling for the surface area of the electrode, but since we had both
active (Pt and Pt intermetallics) and inactive (Fe3O4) surfaces, we determined that mass
of platinum would be a preferable measure of comparison.
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Mass Activity

Figure 3.1: Methanol oxidation activity for Pt nanoparticles (purple), Pt-Fe3O4 (blue), PtPbFe3O4 (red), and Pt3Sn-Fe3O4 (green) before ligand exchange was performed.
Our initial tests ended up being very important. Pt nanoparticles, Pt-Fe3O4
heterodimers, PtPb-Fe3O4 heterodimers, and Pt3Sn-Fe3O4 heterodimers were tested for
methanol oxidation in acidic conditions before undergoing ligand exchange (Figure 3.1).
Upon initial inspection, our hypothesis that PtPb-Fe3O4 and Pt3Sn-Fe3O4 would be
excellent methanol oxidation catalysts appeared to be correct. The best heterodimer
system was Pt3Sn-Fe3O4 followed by PtPb-Fe3O4, then Pt-Fe3O4 and finally Pt
nanoparticles. However, upon closer inspection, the CV curves generated did not match
what we expected for methanol oxidation. Specifically, the return cycle should have had
an oxidative feature indicating an irreversible reaction but instead the peak was
reductive in nature indicating a reversible process. Although we never conclusively
determined the cause of this discrepancy, we hypothesized that this was likely due to

63

Figure 3.2: Diagram depicting the removal of oleylamine using NOBF4 where the purple
sphere represents a nanoparticle. Polar solvents used included DMF, acetonitrile,
ethanol, methanol, and water.
the adsorption and desorption of the surfactants on the surface of our catalyst which
would also interfere with the MeOH oxidation reaction.
Because the surfactants were interfering with the methanol oxidation activity,
we investigated a variety of methods for removing them including high temperatures
and supporting on Vulcan carbon, but the NOBF4 ligand removal method from the
Murray group (Figure 3.2) was most effective.28 Briefly, NOBF4 was added to a solution
of colloidal nanoparticles in hexanes along with a polar solvent the nanoparticles would
be dispersed into. This solution was stirred for 20 minutes until the particles moved
from the hexanes to the polar solvent. After the particles transfer, the solubility of the
particles is permanently altered from being soluble in nonpolar solvents to being soluble
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Figure 3.3: Cyclic Voltametry curves for methanol oxidation of Pt nanoparticles
that have undergone ligand exchange and dispersed into acetone and DMF. Five
sweeps were run and the current density increased with each sweep.
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in polar solvents. Many polar solvents were tested including DMF, acetonitrile, acetone,
ethanol, methanol, and water but only acetone and DMF were capable of maintaining a
stable colloidal solution.
In order to test the effectiveness of our ligand exchange procedure, Pt
nanoparticles were transferred from hexanes into acetone and DMF and tested for
methanol oxidation (Figure 3.3). Surprisingly, the results varied depending on the
solvent chosen. The platinum nanoparticles dispersed in DMF resulted in the best and
most stable methanol oxidation activity with the onset of the cathotic peak beginning
around 0.37 V and a maximum current density of 107 A/g Pt at 700 mV. This matched
well with other nanoscale platinum nanoparticles.8-14 Acetone showed had a more
complex voltamagram that implied that multiple reactions may be occurring as well as
having a twenty fold decrease in current density (6.18 A/g Pt at 700 mV) compared to
that of the DMF dispersed Pt nanoparticles. In both cases, the activity increased after
every cycle until it stabilized after cycle number 5 and no further changes to the activity
occurred.
After determining that our ligand exchange method was successful and that our
Pt nanoparticle control was behaving as expected, we returned to testing the
heterodimer systems. Although our Pt seed particles were very active for methanol
oxidation, the heterostructures tested after ligand exchange were all inactive for
methanol oxidation (Figure 3.4) with maximum current densities two orders of
magnitude lower than the active Pt nanoparticles in DMF. In fact, when compared to
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Figure 3.4: Cyclic voltametry curves of methanol oxidation activity for Fe3O4, Pt-Fe3O4,
PbPt-Fe3O4, and Pt3Sn-Fe3O4 dimers after ligand exchange.
control Fe3O4 nanoparticles of comparable size the results are very similar. Although
initially perplexed by this result, we later learned that many of these platinum domains
in these Pt-Fe3O4 heterodimers are encapsulated by a thin iron oxide shell that prevents
access to the catalytically active platinum surface.32 This would explain our lack of
activity since Fe3O4 nanoparticles are inactive for methanol oxidation (Figure 3.4).

3.4 Conclusions:
Although the heterodimers tested were not catalytically active, very important
lessons we learned regarding ligand exchange and its impact on electrochemistry. The
NOBF4 ligand exchange method was very effective at taking heterodimer nanoparticles
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and changing their solubility. This was in spite of the fact that there were multiple
surfaces on the colloidal hybrid nanoparticles. Also, the solvent in which this exchange
takes place is very important. DMF was found to be the best solvent to disperse
colloidal hybrid nanoparticle in to maximize both colloidal stability and methanol
oxidation activity. The platinum nanoparticles tested, after the ligand exchange, were
shown to be active for methanol oxidation but were inactive beforehand, implying that
ligand exchange is necessary for methanol oxidation activity.
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Chapter 4
Pt-Au Nanoparticle Heterodimers as Seeds for Pt-Au-Metal Sulfide
Heterotrimers: Thermal Stability and Chemoselective Growth
Characteristics
4.1 Introduction
Colloidal hybrid nanoparticles, which are comprised of two or more nanoparticle
domains that are directly fused to one another, exhibit unique properties and
applications that emerge from their inherent multi-functionality and unique
architectures.1 For example, binary combinations of Pt,2-4 Au,5-9 Ag,9 Pd,10,11 Fe3O4,4,10-12
ZnO,13 MnO,14,15 In2O3,16 CdSe,17,18 Ge,19 and PbS2,7 nanoparticles yield a wide variety of
bifunctional heterodimers that include magnetically separable catalysts, 10 multiplasmonic16 and complex optical nanostructures,20 exchange biased magnets,21 and
photocatalytic13,17 architectures that integrate catalysts and light absorbers. Such twocomponent hybrid nanoparticle systems sometimes can also support orthogonal surface
functionalization, which opens the door to an expanded palette of synergistic molecular
and solid-state functions. For example, the Au surface of Au-Fe3O4 heterodimers can be
functionalized with cis-platin, a chemotherapeutic agent, via a thiol linker, while a diol
linker can be used to derivatize the Fe3O4 surface with tumor directing agents to achieve

Reprinted with permission from Bradley, M. J.; Read, C. G.; Schaak, R. E. J. Phys. Chem. C,

2015, 119, 8952-8959. Copyright 2015 American Chemical Society.
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precise therapeutic targeting.22 Moving beyond two-component systems, which are the
most frequently targeted and studied hybrid nanoparticles, higher-order systems that
incorporate three or more domains are intriguing for introducing even greater multifunctionality.

Representative examples of such higher-order hybrid nanoparticle

systems include PbS-Au-Fe3O4,2 Pt-CdS-ZnSe,23 Au-Pt-Fe3O4 24,25, Ag-Fe3O4-Au,26 PbS-AuPt-Fe3O4,24 and CoxOy-Pt-(CdSe@CdS)-Pt-CoxOy.27
While such higher-order hybrid nanoparticle systems are increasingly desired for
their expanded functional capabilities, synthesizing them presents unique challenges
that are not encountered in the synthesis of their simpler heterodimer analogues. To
synthesize two-component colloidal hybrid nanoparticles, one type of nanoparticle
serves as a seed onto which a second nanoparticle nucleates and grows.1,28 Careful
control over reaction conditions, along with system-specific chemical details, facilitates
the formation of nanoparticle heterodimers during this process, and our understanding
of the mechanistic pathways by which they form continues to expand and deepen. 29-31
To synthesize three-component hybrid nanoparticles, heterodimers serve as the seeds
upon which a third domain nucleates and grows.24-26 The use of heterodimers as seeds
means that two distinct nanoparticle surfaces are exposed to the reagents and reaction
conditions required for the subsequent seeded growth reaction, and therefore both are
accessible for nucleation and growth.

The successful formation of a targeted

heterotrimer product using heterodimer seeds therefore requires that the heterodimer
seeds remain stable under the seeded growth reaction conditions and also that growth
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occurs on only one nanoparticle domain, despite the exposure of two distinct
nanoparticle surfaces. Chemoselective growth, where the third nanoparticle grows
selectively off of only one of the two exposed nanoparticle surfaces in the heterodimer
seed, is a prerequisite for the synthesis of targeted heterotrimers.24,32
Hybrid nanoparticles that contain Pt and Au domains are useful heterodimer
seeds for the synthesis of nanoparticle heterotrimers. First, Pt and Au are important
functional components of many colloidal hybrid nanoparticle systems because they
provide useful catalytic and plasmonic properties.

Second, Pt-Au and related

heterodimers have been studied extensively,29-31,33-36 and much is known about how
they are synthesized, the key factors that lead to their formation, and their
morphological characteristics. Third, Pt and Au are both 5d transition metals with face
centered cubic crystal structures and bulk lattice constants that differ only slightly, yet
they have distinct chemical reactivities and surface chemistries. These features make
Pt-Au heterodimers a strategic model system for identifying and studying
chemoselective growth preferences.

Finally, in addition to heterodimers, Pt-Au

nanoparticles are known to exist as alloys37 or core-shell particles30, depending on
synthetic protocols and reaction conditions. Importantly, seeded growth reactions can
span a wide range of temperatures depending on the type of nanoparticle being added,
and some of these temperatures are much higher than the mild conditions (typically
<100 °C) under which Pt-Au heterodimers are formed.36 Pt-Au heterodimer seeds
therefore provide an opportunity to combine knowledge of temperature-dependent
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morphology behavior with chemoselective nucleation characteristics in order to define
the range of heterotrimer systems that may be accessible using hybrid Pt-Au
nanoparticle seeds.
Metal sulfides (MxSy) are also attractive and useful components to incorporate
into nanoparticle heterotrimers. First, metal sulfides span a range of properties and
therefore serve as an entryway into a diverse palette of functional components for
hybrid nanoparticle systems.

Second, numerous Au-MxSy and Pt-MxSy hybrid

nanoparticles are known to form under comparable synthetic conditions,2,5,7,17,18,24 with
the same metal sulfides forming stable heterodimers with both Au and Pt. Identifying
chemoselective growth preferences of metal sulfides on Pt-Au heterodimer seeds is
therefore important, because it can provide insights into the dominant factors that
impact the predictive formation of target heterotrimers and higher-order hybrid
nanoparticle systems. Finally, the formation of metal sulfide nanoparticles and M xSycontaining hybrid nanoparticles can span a wide range of temperatures. Incorporating
metal sulfides into nanoparticle heterotrimers therefore requires knowledge of the insitu thermal stability of the heterodimer seeds, in addition to insights into
chemoselective nucleation preferences.
Here, we present a study of colloidal Pt-Au heterodimers as seeds for the growth
of a third metal sulfide domain to form target Pt-Au-MxSy heterotrimers. The selected
metal sulfides – lead sulfide (PbS), copper sulfide (CuxSy), and cadmium sulfide (CdS) –
include both crystalline (PbS, CdS) and amorphous (CuxSy) nanoparticles that span a
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range of highly studied functional materials, as well as a range of threshold synthetic
conditions required for them to nucleate and grow off of noble metal nanoparticle
surfaces.

We characterize the thermal stability and morphological evolution, in

solution, of the Pt-Au heterodimers throughout the temperature range required for
metal sulfide nucleation and growth and also identify and rationalize chemoselective
growth preferences in these systems. In addition to the observations and insights that
emerge from these studies, which we believe will serve as practical considerations
across many other potential high-order hybrid nanoparticle targets, several threecomponent hybrid nanoparticle systems are reported: linear Pt-Au-PbS and Pt-Au-CuxSy
heterotrimers and hybrid (Pt@Au)-CdS core@shell constructs.
We conclude this study with a selection of experiments that yield further insights
into the chemoselectivity of hybrid nanoparticle systems. The first is the growth of
Fe3O4 onto Pt-Au heterodimers. This result differs from the metal sulfide examples
because the growth occurs on the Pt domain as opposed to the Au domain yielding AuPt-Fe3O4 heterotrimers. Secondly, instead of growing CdS off of Pt-Au heterodimers we
grew Au off of Pt-CdS heterodimers. Whereas the first example yielded (Pt@Au)-CdS
heterostructures, Au growth off of Pt-CdS creates Au-Pt-CdS-Au heterotetramers. This
result makes it clear that chemoselectivity does not occur in all cases of colloidal hybrid
nanoparticles.

We then developed a new synthesis for PtSn-SnS and Au-SnS

heterodimers to expand the library of materials that can be integrated into colloidal
hybrid nanoparticles.
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4.2 Experimental

4.2.1 Materials
Octadecene (90%), oleylamine (70%), trioctylamine (99%), trioctylphosphine
(90%), HAuCl4·xH2O (47.5-51.5% Au by gavimetric analysis) tertbutylamine borane
(TBAB) (97%), phenyl ether (99%), hexamethyldisilazane (HMDS) (>99%), cadmium (II)
oxide (>99.99%), and copper (II) acetate (99%) were purchased from Sigma Aldrich.
Pt(acac)2 (97%), Fe(CO)5 (>99.99%), and lead (II) oxide (99%) were purchased from Alfa
Aesar. Hexanes (>98.5%) and ethanol (100%) were purchased from VWR. Oleic acid
(90%) was purchased from TCI. All chemicals were used as received.

4.2.2 Pt Nanoparticle Synthesis
Platinum acetylacetonate [Pt(acac)2, 200 mg] was added to a solution consisting
of 20 mL of octadecene, 2 mL of oleylamine, and 2 mL of oleic acid. The solution was
put under vacuum in a 100-mL 3-neck flask and heated to 120 ᵒC for 1 h. The reaction
was then switched to an Ar blanket and heated to 180 ᵒC. Upon reaching 180 ᵒC, 100 µL
of iron pentacarbonyl (dispersed in 1 mL of hexanes) was rapidly injected. The solution
was left at that temperature for 1 h and then allowed to cool to room temperature. The
particles were isolated and collected via centrifugation using ethanol and stored in
hexanes at approximately a 10 mL/mg concentration.
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4.2.3 Au Nanoparticle Synthesis
HAuCl4 (100 mg) was added to 20 mL of a 50:50 toluene/oleylamine mixture
under an Ar blanket. The resulting solution was allowed to stir at room temperature for
30 min or until the HAuCl4 was completely dissolved. TBAB (42 mg) was dissolved in 1
mL of oleylamine and injected into the reaction. The reaction was allowed to stir at
room temperature for 1 h, during which it gradually changed color from brown to a
wine red color. The particles were isolated and collected via centrifugation using
ethanol and stored in hexanes.

4.2.4 Pt-Au Nanoparticle Synthesis
HAuCl4 (40 mg) was dissolved in 5 mL of octadecene, 1 mL of oleic acid, and 2 mL
of oleylamine. The solution was placed under a flow of Ar and heated to 70 ᵒC before
injecting 20 mg of Pt nanoparticle seeds (~2 mL of an approx. 10 mg/mL hexane
solution). The solution was left under the Ar flow for 3-4 h before cooling. The particles
were isolated and collected via centrifugation using ethanol and stored in hexanes.

4.2.5 Pt-Au-PbS Nanoparticle Synthesis
Lead oxide (22 mg) was heated to 100 ᵒC in 5 mL of trioctylamine and 1 mL of
oleic acid under vacuum. The solution was switched to an Ar blanket and 20 mg of PtAu nanoparticle heterodimers (~2 mL of an approx. 10 mg/mL hexane solution) were
added. The heat was increased to 120 ᵒC before injecting 0.5 mL of a pre-made sulfur
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solution (8 mg of sulfur powder in 2 mL of phenyl ether and 0.5 mL of oleylamine). The
solution was left for 1 h before cooling to room temperature. The particles were
isolated and collected via centrifugation using ethanol and stored in hexanes.

4.2.6 Pt-Au-CuxSy Nanoparticle Synthesis
The synthesis of Pt-Au-CuxSy nanoparticles was identical to that of the Pt-Au-PbS
system described above except copper acetate [Cu(OAc)2, 30 mg] was used instead of
PbO and the final temperature of the reaction was 130 ᵒC.

4.2.7 Pt-Au-CdS Nanoparticle Synthesis
Cadmium oxide [CdO, 35 mg] was added to 5 mL of octadecene and 1 mL of oleic
acid in a 25-mL three-neck round bottom flask. The solution was degassed under
vacuum at 120 ᵒC for 1 h before being heated to 300 ᵒC under an Ar blanket. The
solution was cooled to 270 ᵒC and 20 mg of Pt-Au nanoparticle heterodimers (dispersed
in 1 mL of octadecene) were injected. After the temperature stabilized, a solution
consisting of 16 mg of sulfur powder dissolved in 1 mL of trioctylphosphine was injected
into the solution. The reaction was allowed to proceed for 5 min and then rapidly
cooled to room temperature.

The particles were isolated and collected via

centrifugation using ethanol and stored in hexanes.
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4.2.8 Au-Pt-Fe3O4 Nanoparticle Synthesis
Octadecene [20 mL] and oleic acid [2 mL] were heated to 120 ᵒC under vacuum
in a 100 mL three neck flask. After 1 h, the reaction was placed under an argon blanket
and 140 µL of Fe(CO)5 in 1 mL of hexanes was injected into the reaction. After 5 min, 20
mg of Pt-Au heterodimer seeds (in 2 mL hexanes) were injected into the reaction along
with 2 mL of oleylamine. The solution was heated to reflux (315 ᵒC) for 20 min. The
particles were isolated and collected via centrifugation using ethanol and stored in
hexanes.

4.2.9 PtSn-SnS Nanoparticle Synthesis
Tin (IV) chloride [50 µL] was added to a solution of octadecene [1 mL], oleic acid
[1 mL] and tri-octylphosphine [0.60 mL]

The solution was heated to 100 ᵒC under

vacuum and left at that temperature for 10 min. The reaction was then put under an
argon blanket and 0.2 mL of HMDS was injected into the solution along with Pt
nanoparticles (10 mg in 0.5 mL of hexanes). The solution was heated to 140 ᵒC before
injecting 25 mg of thioacetamide dissolved in 2 mL of oleylamine and 0.6 mL of trioctylphosphine. The reaction was kept at 140 ᵒC for 1 h before cooling to room
temperature. The particles were isolated and collected via centrifugation using ethanol
and stored in hexanes.45
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4.2.10 Pt-MxSy and Au-MxSy Controls
Pt-PbS, Pt-CuxSy, Pt-CdS, Au-PbS, Au-CuxSy, and Au-CdS nanoparticle controls
were synthesized using procedures identical to those used to synthesize the
corresponding Pt-Au-PbS, Pt-Au-CuxSy, and (Pt@Au)-CdS nanoparticles, except that
either Pt or Au nanoparticles were used as seeds instead of the Pt-Au heterodimers.
Instead of using 20 mg of Pt-Au heterodimer seeds, 10 mg of Pt or Au nanoparticle
seeds was used for the control studies.

4.2.11 Characterization
Powder X-ray Diffraction (XRD) data were collected at room temperature using a
Bruker Advance D8 X-ray diffractometer equipped with a Cu Kα source.

Samples for

XRD analysis were drop-cast onto a low background Si substrate. Transmission electron
microscopy (TEM) images were obtained from a JEOL 1200 EX II operating at 80
kV. High-resolution TEM (HRTEM) images, energy-dispersive X-ray spectroscopy (EDS)
data, and scanning transmission electron microscopy images coupled with EDS analysis
(STEM-EDS) were collected on an FEI Titan G2 S/TEM equipped with spherical aberration
correctors on the image and probe-forming lenses at an accelerating voltage of 200
kV. EDS maps were acquired in the FEI Titan using the Super-X EDX quad detector
system at a current of 0.6 nA. Standardless Cliff-Lorimer quantification was performed
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on the deconvoluted EDS line intensity data using the Bruker Esprit software. ES Vision
software (Emispec) was used for EDS data processing.

4.3 Results and Discussion

4.3.1 Synthesis and Thermal Evolution of Pt-Au Heterodimers
Pt nanoparticle seeds and Pt-Au heterodimers were synthesized using modified
literature protocols.24,36 Figure 4.1a shows a TEM image of the Pt nanoparticle seeds,
which are pseudo-spherical and have an average diameter of 4.7 ± 0.5 nm. The assynthesized Pt nanoparticles were then reacted with HAuCl 4 in octadecene, oleic acid,
and oleylamine for 3 h at 70 °C to form the Pt-Au heterodimers. Figure 4.1b shows a
TEM image of the Pt-Au nanoparticles, which appear as elongated and pseudo-elliptical
particles with an average diameter (long axis) of 8.4 ±1.0 nm; the average width remains
unchanged from that of the Pt nanoparticle seeds.

Powder XRD data for the

heterodimer sample, shown in Figure 4.2, suggests that both Pt and Au are present,
most notably by the observed resolution of the (220) peaks for Pt and Au. The HRTEM
and HAADF-STEM images in Figures 4.1c and 4.1d indicate that both domains of the PtAu heterodimers are crystalline. Close inspection of the lattice fringes in the HRTEM
image reveals that several lattice planes corresponding to both Pt and Au are evident,
and both the HRTEM and HAADF-STEM images suggest that the Pt-Au interface is
epitaxial. The STEM-EDS element map in Figure 4.1e provides further evidence for the
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presence of distinct and spatially segregated Pt and Au domains in the heterodimers.
While hybrid Pt-Au nanoparticles have been synthesized and characterized previously,2931,33-36

the TEM, HRTEM, and STEM-EDS data confirm two important compositional and

morphological features that are relevant for using the heterodimers as seeds for
heterotrimer formation. First, the Pt and Au domains remain segregated, with no
evidence of alloying. Second, there is no Au shell surrounding the Pt domain, indicating
that both Au and Pt surfaces are exposed during subsequent seeded growth reactions.

Figure 4.1: TEM images of (a) Pt nanoparticle seeds and (b) Pt-Au heterodimers. (c)
HRTEM image of Pt-Au heterodimers, highlighting lattice fringes corresponding to the
distinct Pt and Au domains. (d) HAADF-STEM image of a Pt-Au heterodimer. (e) STEMEDS element maps of several Pt-Au heterodimers, with Pt colored green and Au colored
red.
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Figure 4.2: Powder XRD pattern of the Pt-Au heterodimer sample (black) with simulated
powder XRD patterns for Pt (red) and Au (blue).

The metal sulfides selected for forming heterotrimers using the Pt-Au
heterodimers as seeds span a range of threshold temperatures required for growth:
120–130 °C for PbS and CuxSy to 270 °C for CdS. Accordingly, it is important to
characterize the morphological stability of the Pt-Au heterodimers upon heating in
octadecene, oleic acid, and oleylamine throughout this temperature range, which
exceeds the temperatures of 60–100 °C that are typically used to synthesize hybrid PtAu particles.

Figures 4.3a-d show TEM images of aliquots taken as the Pt-Au

heterodimers are progressively heated in solution from room temperature to 270 °C.
The pseudo-elliptical heterodimer morphology persists up to approx. 150 °C, but by 210
°C the particles have transformed into a pseudo-spherical morphology, indicating that
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the heterodimer configuration is not stable at the higher temperatures. Figure 4.3e
presents a STEM-EDS element map of several particles isolated at 270 °C.

The

heterodimer morphology is no longer predominant, although Pt and Au remain largely
segregated as core@shell particles. The HADDF-STEM and HRTEM images in Figures
4.3f and 4.3g indicate that the core and shell are coherent and epitaxial. Furthermore,
the HRTEM image in Figure 4.3g shows visual evidence of Pt in the core and Au on the
surface, and this matches well with the STEM-EDS element maps in Figure 4.3e.
Collectively, the data indicate that the Pt-Au heterodimers transform to Pt@Au coreshell particles by 210 °C. This is important, because it defines a maximum temperature
at which the Pt-Au heterodimers can be used as seeds for linear heterotrimer formation,
and therefore limits the choices of possible third components to nanoparticles that can
nucleate and grow at temperatures well below this maximum. The instability of the PtAu heterodimers in heated solutions is likely a result of the colloidal instability of the Au
domain, which is putatively stabilized by oleylamine and/or oleic acid. Consistent with
this, when Au nanoparticles synthesized using similar conditions and with the same
capping agents are heated to 210 °C in solution, both the size and polydispersity
increase significantly (Figure 4.4a,b). When the same type of control experiment is
performed using Pt nanoparticles, the particle morphology and size do not change
(Figure 4.4c,d). There are many examples of Au nanoparticles that remain colloidally
stable in solution6,8 without exhibiting agglomeration when heated to higher
temperatures. However, these systems typically have surface stabilizing ligands, such as
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trioctylphosphine, that bind more strongly to the Au nanoparticle surface and,
accordingly, prevent subsequent heterogeneous nucleation of additional domains.
There is therefore a trade-off between strongly bound ligands, which permit colloidal
stability at high solution temperatures, and weakly or moderately bound ligands that
provide access to the surface as required for heterogeneous nucleation.

Figure 4.3: TEM images of Pt-Au heterodimers (a) as-made and heated to (b) 160 °C, (c)
210 °C, and (d) 270 °C. (e) STEM-EDS element maps of several Pt-Au heterodimers after
heating to 270 °C in octadecene and oleic acid (Pt is colored green and Au is colored
red). (f) HADDF-STEM and (g) HRTEM image of a Pt-Au heterodimer heated to 270 °C in
octadecene and oleic acid.
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Figure 4.4: TEM images and average diameters of (a) as-synthesized Au nanoparticles
and (b) the same Au nanoparticles after heating at 210 °C in octadecene and oleic acid,
and Pt nanoparticles both (c) before and (d) after heating at 210 °C.

4.3.2 Chemoselective Growth on Heterodimer Seeds
Previously, we showed that Ag nanoparticles nucleated and grew on both Pt and
Fe3O4 nanoparticle seeds under identical reaction conditions to form Pt-Ag and Fe3O4-Ag
hybrid particles, respectively24. However, Ag grew only on the Pt domain of Pt-Fe3O4
heterodimer seeds under the same conditions, forming linear Ag-Pt-Fe3O4 heterotrimers
with no evidence of Ag on any Fe3O4 nanoparticle surfaces.24 Such behavior was an
example of chemoselective growth, where both Pt and Fe3O4 nanoparticle surfaces were
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exposed and accessible on the Pt-Fe3O4 heterodimer seeds. Under conditions known
through control experiments to produce both Pt-Ag and Fe3O4-Ag heterodimers, Ag
selectively and exclusively grew off of only the Pt domain of Pt-Fe3O4.24 Such behavior
highlights the additional considerations that come into play when approaching the
synthesis of higher-order hybrid nanoparticles, such as heterotrimers, from multidomain seeds. To effectively predict and define the scope of linear heterotrimer
systems that are accessible, it is important to begin identifying chemoselective growth
preferences in key, functionally important hybrid nanoparticle systems and to generate
insights that help to rationalize the behavior. The studies that follow expand on our
prior studies of chemoselectively in the Ag-Pt-Fe3O4 heterotrimer system24,26 to now
encompass metal sulfides, along with the strategically chosen Pt-Au heterodimer seed
that has structurally similar but chemically distinct surfaces as well as a temperaturedependent morphological evolution, as detailed in the previous section.

4.3.3 Growth of PbS on Pt-Au Heterodimer Seeds
The Pt-Au heterodimer seeds were heated to 120 °C in trioctylamine with predissolved PbO and sulfur to study the nucleation and growth of PbS on Pt-Au and to
identify any chemoselective growth preferences in this system. Figures 4.5a and 4.5b,
which present a TEM image and a HAADF-STEM image of the product of this reaction,
respectively, reveal a linear heterotrimer morphology with visual evidence of
nanoparticles growing off of only one domain of the Pt-Au heterodimer seeds. Figure
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4.5c shows an HRTEM image of a single heterotrimer; the lattice fringes in the darkcontrast region are consistent with the (111) planes of Au and Pt, while the lattice
fringes in the lighter-contrast region match those expected for the (200) plane of PbS.
The XRD pattern for the heterotrimer sample, presented in Figure 4.6, shows the peaks
expected for all three domains: Pt, Au, and PbS.

Figure 4.5: (a) TEM, (b) HADDF-STEM, and (c) HRTEM images, along with a (d) STEMEDS element map, of Pt-Au-PbS heterotrimers. In (d), Pt is colored green, Au is colored
red, and Pb (which overlaps with S) is colored blue.
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Figure 4.6: Powder XRD pattern of the Pt-Au-PbS heterotrimers (black), along with the
simulated powder XRD patterns for Pt (green), Au (red), and PbS (blue) for comparison.

Pt and Au have similar lattice constants and electron densities, so therefore the
images presented in Figures 4.6a and 4.6b do not allow us to unambiguously determine
to which domain (Pt or Au) the PbS is attached. Using the Pt-L and Au-K lines, along
with Pb-M and S-K (which overlap and are therefore included together), the STEMEDS element map in Figure 4.6d indicates that the PbS domain grows off of the Au
nanoparticle surface, resulting in a linear Pt-Au-PbS heterotrimer.
PbS is known to nucleate and grow on both Pt and Au nanoparticles to form PtPbS and Au-PbS heterodimers, respectively, and these seeded growth reactions typically
occur at temperatures around 120 °C. We confirmed that PbS nucleates and grows on
both Pt and Au seed particles under the same reaction conditions used for the seeded
growth study of PbS on the Pt-Au heterodimers. Figure 4.7 shows TEM images of Pt-PbS
and Au-PbS, respectively, which are the products of these control experiments. Au-PbS
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forms heterodimers with an average of one PbS domain per Au seed, while Pt-PbS forms
hybrid particles with multiple PbS domains per Pt seed. PbS clearly is able to nucleate
and grow on both Pt and Au nanoparticle surfaces under identical reaction conditions.
This contrasts the behavior observed for the nucleation of PbS on Pt-Au heterodimer
seeds, where PbS is only observed on the Au domain.

Figure 4.7: TEM images of the products of control studies showing that both (a) Pt-PbS
and (b) Au-PbS heterostructured particles can be synthesized under conditions identical
to those used to synthesize Pt-Au-PbS heterotrimers.

To try to rationalize the observed chemoselective nucleation of PbS on Au when
both Au and Pt domains were exposed and accessible, we considered some of the key
factors that are most often implicated in the formation and stability of hybrid
nanoparticles:

minimization of lattice mismatch2,9,34 and maximization of bonding

energy across the interface.31 One of the reasons that we chose Pt-Au as an instructive
heterodimer system for exploring the subsequent seeded growth of metal sulfides is
because Pt and Au are both face centered cubic metals with only a <4% difference in
their (111) lattice spacings. This small difference minimizes the contribution of lattice
mismatch to hybrid nanoparticle formation and stability. The PbS-Au junction in the Pt-
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Au-PbS heterotrimers was observed to contain a PbS(220)–Au(111) interface, as shown
in Figure 3c. The bulk lattice spacings of PbS(220) and Au(111) are 2.098 Å and 2.351 Å,
respectively, which corresponds to a ~11% lattice mismatch. Pt(111) has a lattice
spacing of 2.265 Å, which is smaller than that of Au(111) and closer to that of PbS(220).
Therefore, minimization of lattice mismatch would predict the preferential formation of
a PbS(220)–Pt(111) interface rather than the PbS(220)–Au(111) interface that is
observed. Accordingly, we can conclude that lattice mismatch is not likely to be a
significant driving force behind the chemoselective growth of PbS on the Au domains of
Pt-Au heterodimers.
Another key factor that is discussed in conjunction with the formation and
stability of hybrid nanoparticles is a maximization of the bond energy across the
interface.31 The idea is that initial nucleation can occur on all exposed surfaces, but
surface diffusion facilitates the eventual formation of the most stable configuration that
is determined ultimately by the interfacial bond strengths. This concept, when applied
to the formation of heterodimers from nanoparticle seeds, helps to explain why some
interfaces are favored over others that have better lattice matching.31 Extended to the
formation of heterotrimers using heterodimer seeds, this concept suggests that the
interfacial chemical bond strengths help to determine the domain on which nucleation
and growth occurs. The Au-S bond is known to be stronger than the Pt-S bond, and
surfaces and segmented nanowires containing distinct Au and Pt regions are known to
exhibit orthogonal surface chemistry whereby thiols attach preferentially to Au while
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isocyanides attach preferentially to (and displace thiols from) Pt.38,39 We propose,
therefore, that a key driving force in the observed chemoselective growth of PbS on the
Au domain of Pt-Au heterodimers is the strength of the Au-S bond between the Au and
PbS surfaces.

4.3.4 Growth of CuxSy on Pt-Au Heterodimer Seeds

Figure 4.8. TEM images of the products of control studies showing that both (a) Pt-CuxSy
and (b) Au-CuxSy heterostructured particles can be synthesized under conditions
identical to those used to synthesize Pt-Au-CuxSy heterotrimers.

Amorphous copper sulfide (CuxSy) was chosen to further investigate the
emergence of chemoselective growth off of Pt-Au heterodimer seeds, in part because
CuxSy is amorphous so epitaxial considerations are not likely to play a significant role in
the formation or stability of CuxSy-based hybrid nanoparticle configurations. As shown
in Figure 4.8, and analogous to the Pt-PbS and Au-PbS systems described in the previous
section, control experiments indicate that CuxSy grows off of both Pt and Au
nanoparticles to form Pt-CuxSy heterodimers and Au@CuxSy core-shell particles. While
these control reactions were not optimized for highest yields, the ability of CuxSy to
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nucleate on the surfaces of both Pt and Au nanoparticles is clearly evident. Figure 4.9a
shows a TEM image of the product obtained from the reaction of the Pt-Au
heterodimers with copper(II) acetate and sulfur at 130 °C. The hybrid nanoparticles
appear as linear heterotrimers, with CuxSy (the low-contrast domain) growing off of only
one domain of the Pt-Au seeds. The HAADF-STEM image in the inset to Figure 4.9a also
confirms the linear morphology and, based on the observed Z-contrast, indicates that
the CuxSy domain grows on only one side of the Pt-Au heterodimer seed particles.
Figure 4.9b, which presents the STEM-EDS element map for a representative
heterotrimer using the non-overlapping Pt-Lα, Au-Lα, and Cu-Kα lines, shows
unambiguously that the CuxSy domain grows off of the Au domain, resulting in linear PtAu-CuxSy heterotrimers. Analogous to Pt-Au-PbS, the metal sulfide grows off of the Au
domain, which is also consistent with the hypothesis that the strength of the interfacial
Au–S bonds play a key role in defining the observed chemoselective growth behavior.
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Figure 4.9: (a) TEM image of Pt-Au-CuxSy heterotrimers, along with a corresponding
HADDF-STEM image in the inset. (b) STEM-EDS element map of a Pt-Au-CuxSy
heterotrimer with Pt colored green, Au colored red, and Cu colored blue.

4.3.5 Growth of CdS on Pt@Au Core-Shell Seeds
CdS was chosen as a final target for our investigation into the growth of metal
sulfides on Pt-Au heterodimer seeds. CdS nanocrystals are typically crystalline and AuCdS8 and Pt-CdS40 hybrid nanoparticles are well known. Indeed, the Au-CdS and Pt-CdS
interfaces have been characterized previously and observed to be composed of Au and
Pt (111) and CdS (002) lattice planes.8,40 However, forming colloidal CdS nanocrystals
without the use of highly reactive cadmium sources such as CdCl 241 or dimethyl
cadmium42 requires temperatures near or above 250 °C,43,44 where the weakly
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passivated Au nanoparticles are prone to agglomeration. As a result, most synthetic
routes to Au-CdS heterostructures begin with CdS, which is made at higher
temperatures, then grow Au in a subsequent, lower-temperature step.5,40 Our own
control experiments produce Au-CdS hybrid nanoparticles using a similar protocol
(Figure 4.10a). Colloidal Pt nanoparticles, which in general are more thermally stable
than Au, can indeed serve as seeds for the formation of Pt-CdS hybrid nanoparticles
(Figure 4.10b). The tendency of weakly-passivated Au seeds to agglomerate in solution
presents a challenge for higher-temperature seeded growth reactions where Au
nanoparticle domains are exposed, as is the case with the Pt-Au heterodimer seeds.
When constructing heterodimers from single nanoparticle seeds, one can in principle
begin with either of the desired components as a seed, based on practical
considerations such as the thermal stability of the seed and the minimum temperature
for nucleation and growth of the second component, as described above for Au-CdS vs
Pt-CdS. However, when constructing higher-order hybrid nanoparticles, this is not
always possible. As discussed previously, the Pt-Au heterodimers transform to Pt@Au
core-shell particles by the time they are heated to 210 °C in solution. Indeed, a one-pot
reaction of Pt-Au heterodimers with dissolved CdO and sulfur was found to require a
threshold temperature of 270 °C to form CdS, and the reaction produces the product
shown in Figure 4.11. Figure 6a shows cube-shaped low-contrast particles growing off
of pseudo-spherical darker-contrast particles. The corresponding STEM-EDS element
map in Figure 4.11b indicates that the low-contrast cube-shaped regions contain Cd

96

(from CdS) and that the pseudo-spherical dark-contrast regions consist of a Pt core
surrounded by an Au shell. Analysis of the HRTEM image in Figure 4.11c reveals lattice
spacings corresponding to Pt(111) in the core and Au(111) in the shell, as well as
CdS(111) in the particle that is attached to the Pt@Au surface. The powder XRD data in
Figure 4.12 show evidence that Pt, Au, and CdS are present in the (Pt@Au)-CdS product.
Collectively, the data confirm that CdS grows off of Pt@Au core-shell particles, and
therefore are consistent with the previously defined morphological evolution of the PtAu heterodimer seeds at the threshold temperature required to nucleate and grow CdS
from dissolved CdO and sulfur.

Figure 4.10: TEM images of the products of control studies showing that (a) Au
nucleates and grows on CdS seed particles at 70 ᵒC to form Au-CdS heterostructures and
(b) CdS nucleates and grows on Pt seed particles at 270 ᵒC to form Pt-CdS heterodimers.
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Figure 4.11: (a) TEM image, (b) HRTEM image, and (c) STEM-EDS element map of
(Pt@Au)-CdS heterostructures. In (c), Pt is colored green, Au is colored red, and Cd is
colored blue.
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Figure 4.12. Powder XRD pattern of (Pt@Au)-CdS heterostructured particles (black),
along with the simulated XRD patterns for Pt (red), Au (green), and zinc blende-type CdS
(blue) for comparison.

4.3.6 Growth of Fe3O4 onto Pt-Au Heterodimers
In addition to the metal sulfide systems, we also studied the growth of Fe 3O4
onto Pt-Au heterodimers. Pt-Fe3O4 and Au-Fe3O4 heterodimers have been studied
extensively in the literature,2-4,10-12,24,26 and one of the first chemoselective growth
studies featured the growth of Au on Pt-Fe3O4 heterodimers.24 Fe3O4 domains were
grown via the following procedure. Oleic acid and octadecene were degassed at 120 ᵒC
before adding Fe(CO)5, oleylamine, and Pt-Au heterodimers. The reaction was then
heated to reflux (315 ᵒC) for 20 min and then cooled back to room temperature. Unlike
the CdS example, the Pt-Au heterodimers do not thermally degrade into core@shell
particles. We hypothesize that this is because the nucleation of the Fe 3O4 begins around
180 ᵒC during the final heating of the reaction . We believe this is when the nucleation
event occurs because when Fe(CO)5 is heated without Pt seeds in identical conditions, a
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color change from yellow (the color of Fe(CO)5) to black (the color of Fe3O4) is observed
around 180 ᵒC. The presence of the Fe3O4 domain prevents the Au from encapsulating
the Pt domain as the temperature increases. The additional heating to 320 ᵒC is required
to crystalize the Fe3O4 domain as well as to generate a monodisperse product.
Like the previous examples, Fe3O4 nucleates on only one side of the Pt-Au
heterodimer nanoparticle. Figure 4.13(b) contains a mixture of Pt-Fe3O4 heterodimers
and Fe3O4-Pt-Au heterotrimers with enlarged Au domains. Having two separate
morphologies makes sense synthetically when we consider the thermal stability of the
Pt-Au heterodimers. As mentioned earlier, the nucleation of Fe3O4 onto a seed particle
occurs around 180 ᵒC, which is just below the point at which Pt-Au dimers begin to
become Pt@Au particles.

We hypothesize that some form of Fe3O4-Pt-Au

heterostructures exist at 180 ᵒC but as the temperature increases beyond 200 ᵒC
Ostwald ripening occurs. During the ripening process some Au domains dissolve and

(a)

(b)

Figure 4.13: (a) TEM images of Pt-Au heterodimers as synthesized. (b) TEM images of
Fe3O4 grown off of Pt-Au which resulted in Fe3O4-Pt-Au heterotrimers and Pt-Fe3O4
heterodimers.
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reprecipitate onto other Au domains, leading to a larger Au domain on some
heterostructures and no Au domains on others. When discussing the metal sulfide
examples, we claimed that the bond strength between Au and S was an important
factor in chemoselectivity. This same reasoning can be used to explain Fe 3O4 growth off
of Pt over Au because the Pt-O bond strength is greater than the Au-O bond strength.46
This is an important result because it shows that growth can occur on both domains of a
colloidal hybrid nanoparticle, and that the eventual morphology of that particle is
dependent on the material grown.

4.3.7 Growth of Au onto Pt-CdS Heterodimers
The growth of Au onto Pt-CdS heterodimers behaves in a manner not previously
observed in our studies of chemoselective growth.

Au growth onto Pt-CdS was

performed in the same manner as Au growth off of Pt seeds. Unlike other examples
shown in this chapter, Au grows off of both Pt and CdS domains. One can see in Figure
4.14(d) that small Au domains grow onto the edge sites of the CdS domain creating a
Au-CdS interface.

These small islands of Au match the morphology of Au-CdS

heterostructures shown in Figure 4.10. Additionally the original Pt domains had a
diameter of 4.5 ± 0.5 nm, but after Au growth the diameter increased to 6.0 ± 0.6 nm.
We hypothesize that this is due to a layer of Au being deposited around the Pt domain.
These particles differ from the previous examples in that chemoselectivity is not
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present, as opposed to the previous examples which all showed preferences toward
growth on one domain over the other.

Figure 4.14: (a) TEM image of Pt-CdS heterodimers. (b) TEM image of Au growth off of
Pt-CdS heterodimers to form Au-Pt-CdS-Au heterotetramers. (c) Labeled TEM image of
Pt-CdS heterodimers with Pt (red) and CdS (blue) domains. (d) Labeled TEM image of
Au-Pt-CdS-Au heterotetramers with Pt-Au (red), CdS (blue), and Au (green) domains.

102

4.3.8 Synthesis of PtSn-SnS and Au-SnS Heterodimers

(a)
(b)

50 nm
(b)

Figure 4.15: (a) TEM image of PtSn-SnS heterodimers. (b) XRD pattern of PtSn-SnS
heterodimers (black) with PtSn (red) and SnS (blue) simulated patterns.
The last metal sulfide hybrid nanoparticle system to be discussed is the synthesis
of PtSn-SnS and Au-SnS. PtSn-SnS heterodimers were synthesized using a previously
published SnS nanoparticle procedure45 with the only change being the addition of Pt
nanoparticles as seeds. PtSn-SnS heterodimers were characterized using TEM and XRD
(Figure 4.15). XRD analysis (Figure 4.15b) revealed that the SnS domains are the
(c)

herzenbergite phase (GeS-type) and that the Pt domains are converted into NiAs-type
PtSn during the SnS growth. Finding the correct point in the procedure to inject the Pt
seeds was the key to generating the PtSn-SnS heterodimers. If the Pt was present from
the beginning the reaction yielded SnO particles with few Pt-SnO heterodimers (Figure
4.16). Injecting Pt directly after injecting the HMDS allowed for the SnS phase to form
and a high yield of PtSn-SnS heterodimers.
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(b)
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(
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50 nm

50 nm
(c)

Figure 4.16: (a) TEM images of SnO nanoparticles. (b) TEM images of attempt to grow SnS
growth onto Au nanoparticles. (c) XRD of Pt-SnO heterostructures (black) with SnO (black)
and PtSn (blue) simulated patterns.
Unfortunately, when the Pt seeds were replaced with Au seeds, SnS would not
form (Figure 4.16b). However, Au-SnS heterodimers can be easily synthesized via a
different route. Au may be grown off of SnS seed particles via the same method used to
grow Au off the Pt nanoparticles. The Au-SnS heterodimers are shown via TEM to
consist of one or two Au domains per SnS seed (Figure 4.17).

104

(b)

(a)

Figure 4.17: (a) TEM image of SnS nanoparticles, and (b) TEM image of Au-SnS
nanoparticles.

4.4 Conclusions
In conclusion, we investigated the growth of a third metal sulfide component
onto Pt-Au heterodimer seeds in order to identify key practical considerations that are
important for the design and synthesis of Pt-Au-MxSy hybrid nanoparticle heterotrimers.
The Pt-Au heterodimers used as substrates for subsequent seeded growth reactions
were strategically chosen because they undergo morphological changes throughout the
range of temperatures needed to nucleate and grow metal sulfides and also because
they expose two distinct surfaces, Pt and Au, that have similar lattice constants, yet
different chemical preferences and metal-sulfur bond strengths. By minimizing the
impact of lattice matching on the formation and stability of hybrid nanoparticles, the
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relative strengths of the interfacial Au–S bonds emerged as a potential key driving force
behind the observed chemoselective growth behavior, whereby all metal sulfides were
located on Au nanoparticle surfaces rather than Pt.
We then expanded our study to Fe3O4 growth on Pt-Au heterodimers and
showed that Fe3O4 grows exclusively onto the Pt domain. This differs from the previous
metal sulfide examples and proves that growth can occur on both domains of a colloidal
hybrid nanoparticle. We believe that the growth of Fe3O4 off of Pt is due to a higher PtO bond strength compared to Au-O which is completely consistent with the previously
mentioned metal sulfide systems. We also showed an example where chemoselectivity
was not observed. When Au is grown on Pt-CdS heterodimers the Au forms interfaces
with both the Pt and CdS domains. Lastly, we developed a new method for synthesizing
both PtSn-SnS and Au-SnS heterodimers.
This study, while focusing primarily on Pt-Au-MxSy targets, underscores
important practical considerations that are relevant for many potential pathways to
higher-order hybrid nanoparticles that are not present for simpler heterodimer products
the compatibility of threshold nucleation and growth temperatures with the
morphologies and reactivities of the lower-order hybrid nanoparticle seeds, as well as
predictable materials characteristics that are most likely to play significant roles in
determining where a particular domain will locate on a hybrid nanoparticle seed that
contains multiple exposed surfaces.
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Chapter V
General Conclusions

Colloidal hybrid nanoparticles are a pathway to multi-functionality and exhibit
unique chemical properties. However, these particles are still not well understood and
further studies are needed to fully utilize these unique particles. This dissertation has
sought to expand our knowledge on the synthesis and characterization of colloidal
hybrid nanoparticles via a total synthesis mindset.
In chapter 2, we determined that chemical transformation reactions are indeed
possible for colloidal hybrid nanoparticles. Specifically, we transformed Pt-Fe3O4
heterodimers into PtPb-Fe3O4 and Pt3Sn-Fe3O4 heterodimers using solution mediated
methods.

These reactions allow for orthogonal reactivity as well as retention of

colloidal hybrid nanoparticle’s unique morphology. These particles could not be made
by growing Fe3O4 domains off of PtPb nanoparticles due to the high temperatures
required for the growth of Fe3O4. The PtPb-Fe3O4 heterodimers also condense into
colloidally stable flower-like nanoparticles after a few weeks in solution. This was one of
the first examples of this type of chemistry and allows for a much larger library of
materials to be integrated into these systems.
In chapter 3, we examined the impact of ligand exchange on methanol oxidation
activity and the potential catalytic activity of the colloidal hybrid nanoparticles
synthesized in chapter II. Ligand exchange was performed using a NOBF 4 based method
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and was found to successfully modify the solubility of nanoparticles and heterodimers.
Pt nanoparticles were only active for methanol oxidation after ligand exchange had
been performed. Unfortunately, the heterodimer particles remained inactive after
ligand exchange.
In chapter 4, we primarily investigated the synthesis of heterotrimer particles
from Pt-Au heterodimers. These Pt-Au heterodimers had similar crystal properties but
different chemical affinities which allowed for an investigation into the driving forces
behind chemoselective growth. When growing metal sulfide domains off the Pt-Au
heterodimers, the metal sulfide domain always grew off the Au domain yielding Pt-AuPbS, Pt-Au-CuxSy, and (Pt@Au)-CdS heterostructures. This differs from Fe3O4 which
when grown off of Pt-Au heterodimers grows exclusively off the Pt domain. As a third
alternative we showed that when Au is grown off of Pt-CdS heterodimers no
chemoselectivity is observed and the result is Au-Pt-CdS-Au heterotetramers.
In the future, we hope to expand on these results and develop new means of
adding complexity to these systems. One interesting way to accomplish this would be to
expand on the chemoselectivity studies to include a greater variety and number of
systems than those explored in chapter 4. Although the results of chapter 4 are
enlightening, they were limited to only a few heterotrimer examples. In order to truly
understand the complex nature of chemoselectivity, and generate a predictive model of
their behavior, many more experiments are needed. These studies need to include
oxides, sulfides, metals, and intermetallics in a wide variety of configurations in order to
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come up with a comprehensive model of the chemoselectivity for all site-selective
growth possibilities. I hypothesize that new materials will have a tendency to grow off
of materials that have the highest binding energy with the new material being grown.
This predictive model would not only aid other scientists interested in hybrid
nanoparticles, but could also yield new insights into creating heterogeneous catalyst
systems comprised of solid-solid interfaces that are formed via epitaxial growth.
One other aspect that has not been studied but may play a role in
chemoselectivity is the impact of cations. All of our work in chapter 4 was based on the
premise that anions were primarily responsible for chemoselectivity due to the fact that
all the metal sulfide systems behaved in a similar manner, regardless of cation. I
hypothesize that cations will have little effect on the chemoselectivity observed, but
comparative studies between materials with similar cations but deferent anions (i.e. PbS
and PbO) are necessary to confirm this hypothesis.
When combined, these studies advance the field of hybrid colloidal
nanoparticles and provide a pathway to increase the complexity of these systems.
Through site-selective growth, conversion chemistry, and condensation chemistry, the
types and morphologies of colloidal hybrid nanoparticles that can be synthesized has
been expanded and deeper insights have been gained into the driving forces behind
them. We hope that these studies will be expanded upon and a full library of materials
and reactions will be developed for colloidal hybrid nanoparticles.
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