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Terminology

adatom: adsorbing atom onto a nanoparticle surface.

apex: neck of an hourglass particle.

capping agent: see surfactant.

crystallite: small crystals; grains.

heterogeneous nucleation: metal atoms adhere onto particles of different elemental composi-

tion and then experience growth.

homogeneous nucleation: metal monomers of the same element aggregate and undergo sub-

sequent growth.

low energy facets: crystal facets with low surface energy; usually due to a high coordination

number of atoms.

monodisperse: particle distribution where the standard deviation is less than 10% of the av-

erage particle size.

monomer: zero-valent metal atom.

nanocrystal: single-crystalline substrate with at least one of their dimensions between 1 to

100 nm.

nanoparticle: substrate with at least one of their dimensions between 1 to 100 nm; nanopar-

ticles can show defect structures such as twinning or stacking faults.

nucleus: cluster of metal atoms; growing nanoparticle.

octapod: cubic nanoparticle with protrusions at its corners.

precursor: metal-containing material, such as an organometallic compound, which decom-

poses by releasing the metal atom.

raspberry-like: a nanoparticle with several small protrusions on its surface, morphology re-

sembling a raspberry.

seed: larger nucleus with a fixed structure.

single-crystalline: crystalline material without defect structures.

stacking faults: adatoms deposit in certain positions causing the atomic layer to break its

order.

surfactant: molecule consisting of a hydrophobic chain and a hydrophilic functional group;

used to stabilise both nanoparticles and metal atoms.

twinning: particle has same crystal structure but at least two different crystallographic ori-

entations.
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Abstract

Nanoparticles show interesting and novel properties compared to their bulk materials. These

properties range from optical, magnetic, electronic to catalytic and can be influenced by

shape, size and elemental composition. As the ability to control nanoparticle morphology is

important in materials science these particles are actively researched. Moreover, by combining

different metals multiple properties intrinsic to those elements can be accessed within a single

system.

This thesis describes general synthetic approaches and underlying theory in the formation of

nanoparticles. Focusing on organic solution phase synthesis, pathways to control both size

and shape of nanoparticles are discussed. The concept behind the formation and possible

structures of bimetallic nanoparticles are explained. Additionally, a brief overview about used

characterisation techniques such as transmission electron microscopy and x-ray diffraction are

given.

Metallic nanoparticles were formed using the organic solution phase synthesis within Fischer-

Porter bottles. Elevated temperatures and the presence of hydrogen lead to thermal decom-

position of the metallic precursor, reduction of formed metal ions and subsequent build-up of

nanoparticles. For bimetallic nanoparticles the seed mediated growth technique is commonly

used. By utilizing this technique bimetallic AuPt nanoparticles were formed. The impact of

different surfactants, hydrogen pressure, precursors and reaction time upon the size, elemen-

tal composition and morphology of these bimetallic AuPt nanoparticles is investigated. The

bimetallic structure is evaluated and experiments to control the growth of platinum onto the

seed structures are conducted.

Further research deals with the formation of hexagonal close packed (hcp) nickel nanoparticles.

By altering the surfactant type and concentration nickel favours to crystallise in its hcp

modification rather than its most common face-centred cubic (fcc) phase. It was found that

nickel packing in this hcp crystal system is forming hourglass-shaped nanoparticles. These

particles are further used in seed mediated growth experiments with a platinum precursor to

achieve bimetallic nanoparticles to both exploit the catalytic activity of platinum as well as

the magnetic moment of nickel. It is shown that the choice of reaction conditions is crucial to

achieve growth onto the nickel surface. Moreover, it was found that these nanoparticles are

only selectively coated by platinum on hcp {001} facets leading to exposure of both nickel and
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platinum surfaces. The key results are summarised and the exploited parameters evaluated.

Also, perspectives for future research are discussed and a brief outlook for the application of

the investigated bimetallic systems is given.

Bimetallic tin-platinum nanoparticles were formed by coreduction of the respective tin and

platinum containing metal precursors. Several metal sources for both tin and platinum were

investigated upon their decomposition and the resulting nanoparticle shape and elemental

composition. The formation of a bimetallic precursor containing a Pt-Sn bond is discussed.

Further reaction parameters such as temperature and time are also investigated to eludicate

their impact on the formed nanoparticles.

Finally, the key results are summarised and the exploited parameters evaluated. Also, per-

spectives for future research are discussed and a brief outlook for the application of the

investigated bimetallic systems is given.

The discussion in Chapter 4 about selectively obtaining hcp Ni nanoparticles is shortened

and a major focus is given on the platinum coating of these hourglass-shaped nanoparticles,

as Lee et al. published a paper on "Shaped Ni nanoparticles with an unconventional hcp

crystalline structure" (Chemical Communications, 2014, 50, 6353-6356) during the course of

these studies, describing similar methods and findings as observed in this research.
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1 Introduction

Nanoparticles show interesting and novel properties compared to their bulk materials. These

properties range from optical,1 magnetic,2 electronic3 to catalytic4 and can be influenced by

their shape, size and composition. For instance, these materials show potential for application

in conductors,5 chemical sensors and biosensors,6 drug delivery,7 fuel cells,8 light emitting and

photovoltaic devices9 or as catalysts.10,11

Materials are considered nanoparticles if one of their dimensions ranges between 1 to 100 nm.

As shown in Figure 1, their small size leads to an increased ratio of atoms on the surface

compared to their total volume. The synthetic process leading to formation of nanoparti-

cles allows control over their properties and shape. For instance, terminating crystal facets

can influence both selectivity and efficiency of catalytic reactions. Somorjai et al. reported

varying product selectivity for both hydrogenation of methylcyclopentane14 and benzene15

based on shape and terminating facets of platinum nanoparticles. It has also been shown

that nanoparticles terminated with high-index facets can have a high efficiency in catalytic

reactions based on the increased amount of steps and kinks.16

Figure 1: Densely packed clusters of varying sizes and the corresponding amount of atoms

on their surface. Adapted from reference12 with permission from Elsevier and from

reference.13 © 2007 Wiley-VCH.

Selected Synthetic Techniques There are two general approaches to produce nanoparti-

cles, namely the top-down or bottom-up method. Nanometer sized particles are obtained using

the top-down technique by splitting bulk material into smaller pieces, which can be achieved

by milling,17 thermal decomposition18 or etching.19 The advantages of these methods are that

they are applicable for a wide variety of materials and by employing these techniques large
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quantities of nanoparticles can be produced. However, nanoparticles obtained by this method

commonly exhibit a non-uniform size distribution, which may impact on their properties.17,19

Less polydisperse size distributions can be obtained using the bottom-up approach - a term

used to designate all methods where nanoparticles are formed by growth or aggregation of

smaller building units.20

Examples of bottom-up approaches include gaseous21 or solution synthesis.22 A common tech-

nique used in gaseous synthesis is chemical vapour deposition where solids are deposited on

a heated surface by chemical reactions. With varying temperature, type of volatile precursor

and flow rate, these nanoparticles can be tailored in size.21,23 However, elevated temperatures

of up to 1300°C are required depending on the materials used.24

A more energy efficient route to synthesize nanoparticles is through solution based synthesis.

Solution phase synthesis has evolved into a broad field with various techniques such as hot

injection,20,25 heating up,25 seeded growth,16 sol gel processes20 and organic16,26 or aqueous27

solution phase syntheses.

Both aqueous and organic solution phase synthesis involve decomposition of a metal-containing

precursor followed by subsequent reduction of metal ions. While aqueous synthesis is limited

to a maximum temperature of 100°C under ambient pressure, organic solution phase synthe-

sis enables the use of temperatures up to 350°C. Moreover, by adjusting the polarity of the

organic solvent, a broader range of surfactants can be used. Further, surfactant molecules

control the size of nanoparticles by manipulating growth kinetics. Additionally, these capping

agents can preferentially bind to certain crystallographic facets of nuclei, favouring the for-

mation of specific shapes. Also, the capping agent stabilizes nanoparticles in their respective

solvent.

Other experimental methods use a similar approach. The heat-up technique25 mixes precur-

sors and ligands at low temperatures and then subsequently increases the temperature to start

the crystallization process. By contrast, the hot injection technique20 sees the metal precur-

sor injected into a hot surfactant solution, rapidly obtaining a high degree of supersaturation

and achieving a nucleation burst, leading to nanoparticles with low polydispersity.

Nucleation and Growth The different bottom-up techniques mentioned above share the

same stages in nanoparticle evolution, namely nucleation and growth. Monodisperse par-

ticles are usually formed when the nucleation phase is separated from its growth period.28
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Nanoparticles are called monodisperse if the standard deviation is less than 10% of the av-

erage particle size.29 Nucleation can be either homogeneous or heterogeneous. The term

homogeneous nucleation is used when metal monomers aggregate to form nuclei and then un-

dergo subsequent growth. In contrast, heterogeneous nucleation, also called seeded growth,

involves metal atoms adhering onto existing particles, such as preformed metal nanoparti-

cles, which then experience growth. When pre-existing nanoparticles are used the nucleation

phase is omitted allowing the adatoms to grow onto the seeds directly.30,31 Exploiting this

mechanism, formed facets and growth direction are influenced and dependent on the type of

template used.

Homogeneous nucleation and its distinctive stages was described by LaMer and Dinegar in

1950.32 Following the monomer concentration over time three phases involving nanoparticle

formation were identified (Figure 2). In phase I the monomer concentration is continously

increased leading to the saturation of the liquid with zero-valent metal atoms. At this stage,

the monomer aggregation into nuclei is a dynamic system where nucleation and dissolution

occur simultaneously. Nuclei formation is favoured by the gain of lattice energy while the

interfacial energy necessary to create new surface area encourages dissolution.

Figure 2: Typical LaMer-plot of monomer concentration with time. Phase I describes the

ongoing supersaturation while in phase II nucleation occurs followed by growth in

phase III. Reprinted with permission from reference .33 Copyright 2014 American

Chemical Society.

Nucleation occurs in the second phase once a certain concentration of zero-valent metal atoms

is exceeded. In this stage, aggregation of monomers appears faster than detachment and
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dissolution from the formed nucleated particles. Nuclei are considered stable if their radius

exceeds a critical radius rcrit.34 This parameter varies for each system with its respective

experimental conditions and is given by:

rcrit =
2 γ Vm

kB T ln
(
c∗

c0

) (1)

γ is the surface tension of the formed nuclei system, Vm the atomic volume, kB the Boltzman

constant, T the Temperature, c∗ the monomer concentration in the solute and c0 the solubil-

ity of the system.

The formation of nuclei rapidly lowers the monomer concentration impeding the formation

of new nuclei, leading to a self-termination of the process. To achieve monodisperse particles

10-20% supersaturation is needed.32 Supersaturation can be achieved by either increasing the

monomer concentration or decreasing monomer solubility by lowering the reaction tempera-

ture or changing solvent polarity.32,35 The nucleation occurs spontaneously at high levels of

supersaturation and is limited to a short period of time where a burst in nucleation33 occurs.

The last phase in this process is diffusion controlled growth. New monomer units adhere to

the nuclei leading to an increase in size. These nuclei then aggregate into seeds to further

minimize their surface area. The particle size depends on the overall number of seeds formed

and the elapsed time after the nucleus is formed. The term seed is used for larger nuclei with

a fixed structure, such as single crystalline or multiply twinned particles.

Seeds can grow either by aggregation or subsequent monomer addition. Stepwise monomer

addition under thermodynamic control leads to metal monomers adhering to the nuclei and

ensuing diffusion on the surface to energetically favoured positions.16,35 In contrast, kineti-

cally controlled monomer addition has a higher growth rate compared to the rate adatoms

require to relocate on the surface to more energetically favoured sites. A fast growth rate

favours dislocations, faults, steps and kinks which can impact the particle shape and its prop-

erties.28,35

Besides stepwise monomer addition, growth also occurs by incorporation of aggregates, form-

ing either single-crystalline or polycrystalline nanoparticles. In case of random aggregation,

polycrystalline particles are commonly obtained. With polycrystalline nanoparticles, the term

twinning is used when the particle has the same crystal structure but at least two different

orientations. In contrast, single-crystalline particles are generally formed via the oriented
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attachment mechanism. This mechanism is often in operation when anisotropic morpholo-

gies are obtained.36 Nanoparticles with common crystallographic orientations spontaneously

coalesce forming cohesive bonds and therefore minimizing their surface area. However, this

growth step can lead to the incorporation of defects such as misorientation of crystal domains

or stacking faults.33

The event when smaller particles grow faster than larger nuclei is known as size focusing25

alleviating polydispersity of formed seeds.37 Size focusing describes an inversely proportional

growth rate compared to the particle radius.20 This effect can be explained by considering

the amount of adatoms required for larger particles to increase their volume. For example

icosahedral nanoparticles of 2 nm need almost the same number of metal atoms to increase

their size to 7 nm as particles with 10 nm diameter require to grow by 1 nm.

Crystalline nuclei expose different facets that can have differing growth rates and chemical po-

tentials. It was reported by Wu et al. that high energy facets grow faster causing overgrowth

by low energy facets.38 Also, in order to minimise exposure of energetically unfavourable

high-index facets, oriented attachment along those planes can occur, leaving only low energy

facets exposed.33

Additionally, surfactants can also influence the growth rates of certain facets. Some ligands

preferentially bind to specific crystallographic facets restricting the access of adatoms to these

sites which leads to a decreased deposition of monomer and hence inhibiting growth.16,39,40

The size distribution of nanoparticles is affected if some particles are already growing while

new nuclei are still being formed. Also, coalescence of particles or Ostwald ripening cause a

broadening of the size distribution. Ostwald ripening usually occurs when nuclei show a low

tendency to recrystallize and are smaller than 5 nm.41 This process can be suppressed by us-

ing strongly adsorbing capping agents which hinder the dissolution of surface atoms,36 as the

reaction solution is in a dynamic equilibrium with adatoms growing onto nuclei and monomer

dissolving from seeds. However, the monomer dissolution is more distinct in smaller particles

due to an increased contribution of the interfacial energy. As the dissolution increases the

monomer concentration in solution, bigger particles can use this monomer source to continue

growing. This process leads to nanoparticles with increased polydispersity.25
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Multimetallic Systems The combination of different metals impacts the properties of the

used materials. The most common example in industry, where multiple elements are mixed

together in order to achieve an improved product, is steel. The addition of carbon to iron

strengthens both hardness and tensile strength. Moreover, the addition of chromium to steel

results in a multimetallic system to further enhance its chemical resistance leading towards

the formation of stainless steel.42

Merging different elements together also impacts their electronic structure. Lee et al. in-

vestigated the electronic structure of AuPd alloys with differing elemental composition.43,44

Differences in electronegativity45 between elements lead to charge transfer and shifts in bind-

ing energy. While the sp-type states for Au are increased, back donation of d electrons further

impacts the electronic structure of Pd.44 This alteration in electronic structure increases its

efficiency for certain chemical reactions, hence AuPd compounds are used as catalysts in the

industrial synthesis of vinyl acetate.46 Another example, where the addition of a nickel layer

in Pd-Pt nanoparticles increases the efficiency for the methanol electrooxidation was reported

by Tsung et al.47

Besides influencing its electronic structure, the combination of different metals offers further

advantages. Properties intrinsic for a certain metal can be introduced to the new system.

For example, alloys of CoPt or FePt offer both the superior catalytic activity of platinum

with the inherent magnetic moment of either cobalt or iron enabling their use as recoverable

catalysts.48

Material properties are highly dependent on the elemental composition of the used system.

Tsung et al. tested nickel layers with different thickness between layers of palladium and plat-

inum in the electrooxidation of methanol, reporting a higher efficiency when particles with

a thicker nickel layer were used.47 Similar observations were reported by Henning et al. for

bimetallic AuPd nanoparticles. However, they also observed a limiting thickness, after which

efficiency decreases.4 Based on these results, there exists a specific limit of the elemental

composition in which synergistic effects can be observed.

In addition to its composition, the elemental distribution can also impact the properties of

multimetallic systems. For instance, gold containing clusters only show a surface plasmon

resonance if located on the surface of nanoparticles.4 Figure 3 gives an overview of different

possible nanoparticle structures. Random or ordered alloy phases can be formed as well as

local areas which are enriched by one type of metal. Also fully phase-segregated bimetallic
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structures such as Janus-shaped or core-shell can be formed. Which morphology is favoured

depends on reaction conditions and binding energies of the used elements.49 However, not

all metals can be readily combined as their respective lattice constants can differ too much,

which would introduce tremendous strain to the system.50

Figure 3: Schematic showing different distributions metals atoms in bimetallic nanoparticles.

Redrawn with permission from reference .49 Copyright 2010 American Chemical

Society.

Defects in Nanoparticles The term nanoparticle is used when defect structures such as

twinning, stacking faults or multiple crystal domains are present within a single particle,

while the term nanocrystal describes a particle which consists of a single crystal domain.

Defect structures such as twinning or stacking faults are commonly reported for nanoparti-

cles.16,27,51,52 They can be readily observed via TEM as contrast commonly arises between

adjacent crystallites or at positions with crystallographic defects.53 The term twinning is

used to describe when a nanoparticle has a matching crystal structure with at least two dif-

ferent crystallographic orientations. This defect type can be caused by two single crystalline

nanocrystals aggregating randomly and subsequently developing a uniform crystal lattice.

Figure 4a shows such a twinning defect, where two nanocrystals with varying orientation

of their crystallographic planes join together. Certain growth mechanisms such as oriented

attachment impede the formation of twinning defects. In this case nanocrystals rotate to

align their crystallographic facets and minimize surface energy before coalescence occurs and

they subsequently form a coherent crystal lattice.33,36

In contrast to twinning, stacking faults occur for a different crystal structure. These defects

arise when adatoms take a different position in the next atomic layer breaking its order. For ex-

ample leading from an ABCABC ordered face centred-cubic-structure (fcc) to an ABCABAB

structure, subsequently showing characteristics of hexagonal close-packing (hcp).54,55 Figure

4b shows these stacking faults in more detail.

Crystalline solids can also show other defect types including point defects, where only cer-
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tain atoms are displaced.56 They can be further characterized into intragranular or interfacial

dislocations depending on the area within which the defect occurs. As these defects do not

enhance the electron contrast of the nanoparticle, these defects are commonly only observed

in atomic resolution TEM imaging.57

(a) (b)

Figure 4: Selection of possible defect types for synthesised nanoparticles. (a) HRTEM image

of a silver nanoparticle showing twinning. Adapted from reference 51 with permis-

sion of The Royal Society of Chemistry. (b) HRTEM image of a branched nickel

nanoparticle with stacking faults. The ordering is labelled using the ABC notation.

Adapted from reference 54 with permission of John Wiley and Sons Inc.

Depending on the growth process and reaction conditions these defects can be artificially

incorporated or cured. Nanoparticles formed under kinetic control tend to show a higher

degree of defects as the addition of adatoms occurs faster than diffusion and recrystallization

across the surface. An increased temperature during the reaction process also favours the

incorporation of intrinsic defects as the entropy of the system is increased.

Bimetallic systems can induce strain in the nanoparticle if the respective metals have a lattice

mismatch larger than 2%.50 Nanoparticles with a high degree of lattice mismatch can undergo

phase segregation or exhibit an increased amount of defects in order to minimize strain.49

Moreover, defected nanoparticles can be further modified via post-treatment such as recrystal-

lization of polycrystalline particles at elevated temperatures as shown by Buhro and cowork-

ers.33 Also, Zhang et al. exploited a decreased stability of twinned silver particles to selectively

dissolve them via oxidative etching in order to retain only single crystalline nanoparticles.58
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Size and Shape Control As the uniformity of nanoparticles impacts both physical and

chemical properties, control of their size, shape and composition is important. For example,

semiconductors show a broadening of their optical spectra with increasing polydispersity.25

Further, spherical gold nanoparticles show only one localized surface plasmon resonance fre-

quency while rod shaped gold particles exhibit two, both for longitudinal and transverse

modes.9 Also, different terminating platinum crystal facets show varying selectivity and effi-

ciency for the hydrogenation of benzene.15 The organic solution phase synthesis has several

parameters which allow the control over shape and size of formed nanoparticles.

Metal atoms are generated from metal-containing precursor materials, such as organometal-

lic compounds, commonly via thermal decomposition. Alterations of the precursor molecule

affects the kinetics of the system as these compounds possess different decomposition path-

ways,59 decomposition temperatures and varying decay rates.60,61 Retardation of the decom-

position can lead to prolonged nucleation periods and therefore polydisperse samples. Fur-

ther, complexing agents in the precursor molecule can cause side reactions, such as oxidative

etching in the case of halides, oxygen or oxygen containing groups, for example acetylace-

tonate.38,62 Traces of these chemicals can lead to oxidation and dissolution of noble metal

nanoparticles like silver, platinum, palladium and rhodium impacting both size and shape.35

Another important variable is the choice of capping agent. These molecules have multiple

purposes, as they stabilize nuclei or nanoparticles in solution and form a complex with ions

obtained by thermal decomposition of the metal precursor. A prerequisite for the surfactant

molecules is to detach easily from nuclei so adatoms adhere and grow onto the nanoparticle

surface. The choice of bulky surfactants with several alkyl or aromatic groups can block access

to active sites and slow down growth. With increasing chain length of capping agents this

effect is enhanced.16 Further, a change in functionality of the surfactant can impact nanopar-

ticle morphology, as differing chemical groups alter affinity and binding strength towards

certain crystallographic facets as summarised by Luo.63 Therefore, making use of different

surfactant systems affects the thermodynamics of the system as different facets can become

the lowest energy facets with certain ligands attached.35

The decomposed metal precursor releases oxidized metal ions or in some instances zero-valent

atoms depending on its structure and chemistry. To obtain zero-valent metal, the released

metal ions need to be reduced. The higher the concentration of reducing agent the faster the

reduction takes place, influencing the metal atom feed and thereby growth kinetics, defect
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rate and particle morphology. A common reducing agent is hydrogen gas.26,62,64

Moreover organic solution phase synthesis allows a variety of different solvents. Their polarity

affects the solubility and stabilisation of both precursor and surfactant. In the polyol -process

polymers are used for a variety of functions such as solvent, surfactant and reducing agent.65

The boiling point of the used solvent sets a limit to the possible temperature range for reac-

tions.

A further parameter is reaction time. Especially for coating reactions of multi-metallic sys-

tems the thickness of the encapsulating shell can be controlled by the duration of deposition

while nanoparticle size is generally influenced by reaction time in case of homogeneous nucle-

ation. Watt et al. reported how their ruthenium hourglass morphology is altered over time,

being able to divide their growth process into coalescence, crystallisation and overgrowth.66

Reaction temperature is another variable in order to control nanoparticle monodispersity.

At elevated temperatures the nucleation phase described by LaMer’s theory is prolonged,

causing further formation of nuclei while other nucleated particles are already growing. The

combination of temperature, ionic strength and concentration of reducing agent can alter the

nanoparticle surface potential influencing size distribution, growth rates and morphology.33,67

Moreover, annealing at increased temperatures leads to rearrangement of atoms and recrys-

tallization next to coalescence of particles impacting both size and shape.68

The organic solution phase synthesis allows control of shape and size by adjusting certain

reaction parameters and therefore tailoring the properties of the obtained materials. Figure 5

shows how various morphologies evolve from formed fcc-metal nuclei and seeds by controlling

the respective reaction conditions. Depending on the defect rate within the seed particles,

certain morphologies such as icosahedron or bipyramids are favoured in order to mediate

strain. Also, surfactant molecules can impact the growth rates along certain crystallographic

directions influencing the final nanoparticle shape and terminating facets.

Research Objective As already mentioned, there are a multitude of parameters to in-

fluence both shape and size of formed nanoparticles. This thesis aims to synthesise novel

materials using organic solution phase synthesis and study the impact of certain reaction

parameters upon the shape and size of bimetallic AuPt, NiPt and SnPt nanoparticles. These

particles may further be investigated upon their catalytic, electronic and magnetic properties.
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Figure 5: Schematic overview of possible face-centred cubic (fcc) nanoparticle morphologies

and their related seed structures. The green color represents {100} facets, orange

{111} facets and purple {110} facets. Defect sites are highlighted with red lines,

while the parameter R gives the ratio of growth rates along 〈100〉 and 〈111〉 direc-

tions. Reproduced with permission from reference 13 © 2007 Wiley-VCH.
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2 Characterisation Techniques

2.1 Transmission Electron Microscopy

2.1.1 Imaging Using Transmission Electron Microscopy53,69–72

The use of transmission electron microscopy (TEM) enables the characterisation of thin

sections or monolayers of samples with high resolution. This technique is used under high

vacuum to prevent electron scattering by oxygen or nitrogen molecules.

The setup of a transmission electron microscope is depicted in Figure 6. Depending on the

microscope, common magnifications between 50× to 1 500 000× as well as a resolution of

0.1 nm can be achieved.

Figure 6: Schematic showing working components of a transmission electron microscope. Re-

published with permission of Springer-Verlag Berlin Heidelberg, from reference 69 ;

permission conveyed through Copyright Clearance Center, Inc.

For investigating a sample, an electron beam has to be generated by an electron source and
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focused by electromagnetic condenser lenses. Well established electron sources are tungsten

cathodes with a Wehnelt-cylinder, LaB6 cathodes or field emission cathodes. In the case of a

tungsten or LaB6 cathode, the electron beam is excited by thermionic emission of an igneous

thermionic cathode in high vacuum. The cathode is usually exposed to an acceleration

voltage of 80 - 200 kV. Low acceleration voltages are used to investigate organic or biological

samples to prevent damage of the material while higher acceleration voltages are employed

for inorganic samples to achieve higher resolutions.

In field emission cathodes, a strong electrical field is applied to a thin, sharpened tungsten

wire (tip < 0.1µm) in high vacuum. The electrons exit the tip by the field emission effect.

The field emission effect enhances the tunnelling of electrons in the presence of a strong

electrical field.

When the focused electron beam meets the object holder, electrons interact with atoms of

the material under investigation, causing a contrast to arise as only transmitted electrons are

detected. If these electrons from the electron beam are not scattered, the angle of incidence

and their energy remain the same and no interaction with the sample occurs. However,

elastically scattered electrons are deflected by interaction with electrons of the sample. Their

energy remains the same, yet their direction of movement changes. If scattered inelastically

both energy and direction of movement of the electrons change.

Atoms with an atomic number higher than Z > 26 (Fe) scatter primarily elastically. In

contrast, light atoms with Z < 26 which scatter mostly inelastically. If Röntgen radiation

is emitted, it can be analysed either by Energy Dispersive X-Ray Spectroscopy (EDS) or

Wavelength Dispersive X-Ray Spectroscopy (WDS). Both techniques are used in elemental

analysis.

All transmitted electrons are focused by objective lenses, leading to a diffraction pattern in

the focal plane of the objective lenses as well as an ordinary image of the sample in the

image plane. A system of projective lenses enlarges either the image of the sample or the

diffraction pattern onto a detector. Common detectors are phosphorescence monitors or

charge-coupled device cameras (CCD). Due to the variation of incident local electron density

on the detector a black/white contrasted image is obtained. An advantage of TEM is the

fact that an intermediate aperture enables to focus either the focal or image plane.

The contrast measured by the detector is mainly influenced by three effects:

Firstly, contrast arises due to diffraction. This type of contrast is mainly apparent when
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crystalline materials are being investigated. The contrast accrues by elastic scattering of

electrons at Bragg planes. Contrast arises between adjacent crystallites or at positions with

crystallographic defects.

Secondly, further contrast arises due to mass and thickness inhomogeneities, especially when

amorphous materials are used. A transmitted electron beam is weakened by the higher local

density of the sample or a longer path length through the material.

Thirdly, the contrast is impacted if a phase contrast exists. Next to a change of directional

movement, scattered electrons are also displaced in phase. Both, constructive and destructive

interference between those electrons which are focused within the same focal plane leads to

a phase contrast.

However, TEM does not provide an error-free method for performing measurements. Al-

though small wavelengths of the electron beam such as 0.03 Å for 200 kV are used, these

theoretical resolutions are not achievable. This limitation is due to spherical and chromatic

aberrations as well as axial astigmatism due to the electromagnetic lenses, as shown in Figure

7. These aberrations lower the resolution and can cause artefacts. They often appear coupled

and distortions are worsened when the projective system enlarges the image of the objective

lenses.

(a) (b) (c)

Figure 7: Physical properties of lenses are limiting the resolution in transmission electron

microscopy. Typical optical errors occuring in transmission electron microscopy.

(a) Spherical Aberration, (b) Chromatic Aberration and (c) Astigmatism.

Spherical aberration results as electrons are more strongly diffracted by lenses the further

their distance from the optical axis of the lens. Additional focus is created, which shifts in

the direction of the electromagnetic lens with increasing strength of diffraction of the electron

beam. In this way, different sections of the image are focused to different planes. The spher-

ical aberration can be reduced by the use of shades, which block more strongly diffracted
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electrons. Also, several adjustable lenses in a row reduce the spherical aberration.

Chromatic aberrations are due to energy selective diffraction phenomena of the electromag-

netic lenses as the electrons with lower energy are more strongly diffracted. This behaviour

leads to a diffracted electron beam with several beams of different energy and differing focal

planes. The chromatic aberration is reduced when field emission cathodes are used, as this

electron source creates a beam with low energy dispersion.

Axial astigmatism mainly occurs when electrons enter a magnetic field of a lens which exhibits

inexact rotational symmetry. The picture information is split between two planes perpendicu-

lar to each other. However, one of these axis is shortened due to the non-rotational symmetry

leading to a higher variation of the angle of incidence and shortening the focal length. This

effect can be corrected using two lenses with a relative rotation of 45°.

For best imaging, inorganic materials should be deposited as monolayers, while organic ma-

terials such as polymers need to be cut into thin sections in order for the electron beam to

penetrate the sample. To further increase the contrast, organic samples can be stained with

heavy metals according to their functional groups.

Experimental Details. TEM images were recorded using a JEOL 2100F or JEOL 2010

electron microscope operated at 200 kV. The 2100F microscope was further equipped with a

JEOL EM-24560 Dark Field Detector. EDS spectra were acquired using JEOL EX-230**BU

EX-37001 Energy Dispersive X-Ray Analyzer. Images were recorded using Gatan cameras of

model 832.J45U0 or 833.445N (Gatan Inc., USA). Typical exposure times were between one

to three seconds for imaging and up to twenty seconds to acquire diffraction patterns. A spot

size of 1 and the alpha-selector of 3 were utilised. The condenser lens aperture, condenser

lens stigmatisation, goniometer z-stage height, tilt, bright field using the high tension wobble,

objective lens stigmatisation and focus were adjusted for each sample individually. Shift and

intermediate lens stigmatisation were corrected in diffraction mode.

Image Analysis. The majority of image analysis addresses the determination of average

nanoparticle sizes. Obtained images are processed with the program Fiji ,73 which enables

the calibration of the TEM scale bar and subsequent measurement of nanoparticle dimen-

sions. The width and length of up to several hundreds of nanoparticles are recorded for the

calculation of both an average size and its standard deviation which is given as the corre-



16

sponding error. In the case of bimetallic AuPt nanoparticles, the reported thickness increase

is half the difference of average particle sizes after and prior to coating. To negate the impact

of size variations for gold seeds upon the results for coating reactions, errors given for the

shell thickness were obtained using percentile errors. The shell thickness is multiplied with

the ratio of standard deviation of the average particle size. Histograms were produced using

OriginPro (OriginLab, USA).

High-resolution TEM images mainly show phase contrast. From these HRTEM recordings,

the crystal structure of nanoparticles, orientation and zone axis can be assessed. To evaluate

this data, Fast Fourier Transformation (FFT) of areas with atomic resolution are performed

using Fiji. The angles between the obtained FFT pattern are compared with the recip-

rocal lattice of models generated by CaRIne Crystallography 3.1 (CaRIne Crystallography,

France).

2.1.2 Selected Area Electron Diffraction53,70,71

As electrons have particle-wave duality they not only transport image information but can

interact with matter and further be diffracted. Similar to Bragg’s law, an interference pattern

arises due to constructive and destructive interference leading to either discrete points for

single crystalline materials, which are oriented in the same direction, or diffuse diffraction

rings for randomly orientated nanoparticles. These patterns show the interatomic spacings

between certain planes and can be assessed using:

r · dhkl = λ · L (2)

with r being the radius of the diffuse rings, dhkl the inter atomic spacing for the atomic plane

hkl, λ the electron wavelength and L the camera length, an instrument specific parameter.

Rather than being a physical value, electromagnetic lenses adjust the magnification and their

projection on the detector. The electron wavelength is dependent on the acceleration voltage

used and is given by:

λ =
h√

2 ·me · e0 · V ·
(

1 + e0·V
2·me·c2

) (3)
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Where h is Planck’s constant, me the mass of an electron, e0 the elementary charge, V the

applied voltage and c the speed of light. This relativistic correction is used as electrons move

up to 70% of the speed of light at 200 kV acceleration voltage. Essentially, the higher the

acceleration voltage the smaller the wavelength of the electrons.

To investigate a specific area of interest, apertures are inserted into the path of the electron

beam to focus on a selected area of the sample. In contrast to bulk probing techniques such

as X-Ray Diffraction (XRD), minority phases and single crystals can be assessed in order to

obtain detailed information about the local crystal structure. Additionally, more diffraction

rings with higher intensity can be obtained compared to XRD, as the sensitivity of the latter

decreases with increasing scattering angle. Further, tilting of the specimen leads to a view

along different zone axes, altering the visibility of certain diffraction signals.

Data Analysis. Obtained diffraction images are processed using Fiji73 to increase contrast,

while recordings of diffuse rings are analysed with SAED Diffraction Ring Profiler 74 to obtain

interatomic distances. These were further correlated with reference values for interatomic

spacings of used compounds.75

Both angle and ratio between discrete diffraction signals obtained by oriented crystals are

measured and compared to simulations of single-crystallline materials viewed along different

zone axis using CaRIne Crystallography 3.1 (CaRIne Crystallography, France).

2.1.3 Energy Dispersive X-Ray Spectroscopy53,70,71

Energy dispersive X-Ray Spectroscopy (EDS) can be used to determine both the qualitative

and quantitative local composition of a substrate. EDS is commonly combined with other

characterisation techniques such as Scanning Electron Microscopy (SEM) or Transmission

Electron Microscopy (TEM), that use highly energetic electrons. These electron beams, with

small temporal coherence, ’knock out’ electrons from inner atomic orbitals. The resulting

electron ’gaps’ are filled with electrons from outer orbitals. Any transition from these outer

orbitals is driven by the lower energy level of inner orbitals and the energy difference is

dissipated as radiation. These transitions can appear from levels with different principal

quantum numbers yielding several emissions for the irradiated element. If the ’gap’ is at the

inner most K-shell and the electron is falling back from the L-level, the emitted radiation
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is named Kα respective Kβ if the electron is falling back from the M-level. If the ’gap’ is

situated instead in the L-shell and an electron from the M-level is filling this gap, the emitted

radiation is called Lα instead. As these emissions are characteristic for a certain element,

the obtained results can be matched with reference values to qualitatively identify elemental

composition of the illuminated area. The excited wavelength is usually in the region of x-rays.

The fundamental principle is displayed in Figure 8.

Figure 8: Scheme depicting an electron transition within an atom releasing radiation of char-

acteristic wavelengths.

The obtained EDS spectra show both characteristic peaks and a broad background. The

monitored background energy is based on the deceleration of electrons in the Coulomb field

of the atomic nucleus. The intensity of the observed peaks correlates with the frequency of

specific elements and the probability of electrons with certain energy levels to fill the resulting

gap of inner atomic orbitals.

Typically, the area illuminated by the electron beam is excited, and hence detected. However,

only thin sections can be completely penetrated by the electron beam. In bulk samples

the electron beam is absorbed and not able to penetrate the whole thickness, or scattering

occurs exciting a larger area than illuminated by the electron beam. Scattering affects the

accountability of the obtained results, especially in heterogeneous samples.

Additionally, too low acceleration voltages can lead to missing signals at certain energy levels

as the electrons do not possess the necessary kinetic energy to ’knock out’ electrons of inner

orbitals for certain elements. Another problem limiting the applicability of EDS arises if the

material density is too high, leading to absorption of emission. Contamination within the

instrument will give rise to additional elements or impact the accuracy in determining the

content of certain elements.
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Data Analysis. Observed peaks in EDS spectra are assigned to corresponding elements

from reference data using Analysis Station (JEOL Ltd., Japan). The EDS was calibrated by

JEOL engineers and is under annual maintenance to monitor and adjust drifts and similar

issues. Default spectra were used as standards were not available. Assigned peak positions

are manually adjusted to match the entire peak and therefore lead to more accurate atomic

ratios. While the elemental analysis includes elements related to the TEM grid and its

coating, only the atomic yields of the investigated system such as gold and platinum or tin

and platinum are compared to account for varying nanoparticle loading. Between 10 to 20

different EDS spectra are used to determine the average atomic ratios and their standard

deviation throughout the sample. Typically 15-20 EDS spectra are acquired from different

locations of the TEM grid. In rare cases with a highly populated TEM grid only 10 spectra

were acquired instead. Former members of the research group confirmed the validity of EDS

results by Atomic Absorption Spectroscopy. No further cross-examinations were performed

for the research detailed in this thesis.

2.2 X-Ray Diffraction76–78

Diffraction phenomena appear when the wavelength of the incident beam is within the size of

the scattering media. This renders x-rays whose wavelengths are between 10−8 m to 10−12 m

ideal for resolving atomic structures.

Crystals act as three dimensional optical grids if exposed to Röntgen radiation. As shown in

Figure 9, lattice atoms become excited and emit spherical waves if hit by Röntgen radiation.

As not just one atom within a crystal but its entirety is excited, interference occurs between

spherical waves. To yield a signal, constructive interference is required when the radiation is

reflected by different Bragg planes, whereby the term Bragg plane or atomic plane denotes a

group of identical scattering atoms. To calculate the interatomic distance dhkl between those

atomic planes, Bragg’s equation is used:

n · λ = 2 · dhkl · sin θ (4)

With λ as x-ray wavelength and the scattering angle θ.

By using single crystalline materials, discrete point spectra can be obtained. These discrete

results can be characterised using Miller indices h, k and l. However, when having more than
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Figure 9: Formation of spherical waves in a two dimensional lattice. Reproduced from refer-

ence 79 under the creative commons licence.

one crystalline orientation or many crystallites with random orientations the term powder

is used instead. These small and statistically distributed crystallites change the resulting

discrete points into rings which are called Debye−Scherrer−Rings. The thickness of these

rings represent the intensity while the distance between them correlates to 2 θ values.

To each signal within the image, a specific atomic plane fully described by Miller’s indices h,

k and l can be assigned. The intensities of the peaks are dependent on the electron density

which is influenced by scattering atoms and the specific location of these atoms within the

unit cell.

Experimental Details. Powder XRD spectra were acquired using X’PertPro (PANalytical,

Netherlands) equipped with a reflection-transmission spinner module. The revolution speed

was chosen with 16 s. Further, a 1° anti-scatter slit and a 5 mm mask were employed. Diffrac-

tion spectra were commonly recorded from 20° to 100° with a step size of 0.03°. In addition,

a silicon zero background diffraction disk (MTI Corporation, USA) with no background noise

between 20° to 120° was used.

Data Analysis. Obtained powder XRD spectra were corrected for their background using

X’Pert HighScore Plus (PANalytical, Netherlands). Peaks were identified and fitted to the

acquired XRD profile. From these fits, both full width at half maximum (FWHM) and the

exact peak position were used for further evaluation of lattice parameters and domain size.

Peak positions and signal intensity were compared with reference data in order to identify

the crystallographic phases. XRD spectra were plotted using OriginPro (OriginLab, USA).

The domain size B was calculated using the incident x-ray wavelength λ, a shape factor C

which is influenced by the geometry and crystallite structure, FWHM and the position of the

peak (2 θ). A shape factor C of 0.94 was used, assuming spherical particles.80 The crystallite



21

size is calculated by the Scherrer-equation:

B =
C · λ

FWHM · cos θ
(5)

The lattice parameters were also calculated from the position of an indexed signal using

dhkl =

[
1

a2
(h2 + k2 + l2)

]− 1
2

=
λ

2 sin θ
(6)

for cubic systems and

dhkl =

[
4

3 a2
(h2 + h k + k2) +

l2

c2

]− 1
2

=
λ

2 sin θ
(7)

for hexagonal structures. Vegard’s Law was used to assess the degree of alloy formation in

bimetallic phases. It postulates that the observed lattice parameter of mixtures scale linear

with the degree of mixing and can be found inbetween the lattice parameters of the individual

elements. Vegard’s Law is only applicable for systems with the same crystal system and a

lattice mismatch of less than 15%. Deviations from the linear trend commonly occur and are

attributed to varying enthalpies in the mixing of two elements compared to contact between

atoms of the individual element.

aAu(1−x)Ptx = (1− x) · aAu + x · aPt (8)

2.3 Ultraviolet–Visible Spectroscopy81,82

Molecules and atoms are able to absorb photons of specific energies and thereby reach an

excited state. Such an excited state is characterised by having one or more electrons within

a higher energy level. The energy E of a photon is given by

E = h · c
λ

(9)

With h being Planck’s constant, c the speed of light and λ the excitation wavelength.

If the energy E equals an energy difference required to excite an electron from its ground

state, the energy corresponding to light of this particular wavelength will be absorbed. Outer

electrons can be excited by using visible to ultraviolet light while inner electrons require

higher-energetic Röntgen radiation.
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As the energy levels of electrons are quantized, absorption only occurs at specific wavelengths

and absorption spectra of atoms yield discrete lines. However, spectra of molecules are

broadened as vibrational and rotational levels are additionally excited.

Ultraviolet–Visible Spectroscopy (UV-VIS) can be used for both qualitative and quantitative

analysis. The obtained spectra are characteristic for each material - whereby gold nanopar-

ticles tend to show absorption events in the visible light region due to the surface plasmon

resonance. The surface plasmon resonance arises as free electrons oscillate on the surface of

the nanoparticles. The position of the surface plasmon for colloidal gold is strongly depen-

dent on shape and size as well as the chemical environment. The surface plasmon resonance

of nanoparticles is size-dependently blue-shifted compared to their bulk material.83 For suf-

ficiently diluted solutions a linear dependence for concentration and absorption is given. A

consequence of this dependence is that concentrations can be determined by measuring the

transmission at a certain wavelength.

Experimental Details. UV-VIS spectra were recorded on a Agilent 8453 using a multidiode

array. Spectra were recorded from 350 to 800 nm. Nanoparticle solutions were suspended in

toluene.

Data Analysis. Obtained spectra are qualitatively monitored to see how coating reactions

reduce the absorption at the intrinsic plasmon resonance frequency of gold or how capping

agents shift the absorption maximum.

2.4 Nuclear Magnetic Resonance Spectroscopy84

Nuclear magnetic resonance (NMR) spectroscopy is a useful technique to obtain structural

data of organic and organometallic compounds. Depending on the experimental set-up, these

compounds can be in either solid or dissolved state. However, only certain nuclei can be

investigated using nuclear magnetic resonance spectroscopy. The nuclei need to possess an

angular momentum which is commonly achieved by having an odd mass number, such as
1H, 13C or 31P and therefore an unpaired proton. Also, an even mass number with an odd

charge, such as 2H or 14N, leads to a spin angular momentum. However, not all nuclei show a

similar sensitivity to this technique. The magnetic moment of a nuclear spin is proportional
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to its spin angular momentum multiplied with a constant ε, which is dependent on the type

of nuclei. While 1H has a value for ε of 26,753 rad s−1 gauss−1, the nuclei 2H only shows a ε

value of 4,106 rad s−1 gauss−1

The angular momentum of these nuclei and their nuclear magnetic dipole moment become

oriented in the presence of an external magnetic field. Commonly, strong superconducting

magnets are used to improve stability, resolution and sensitivity. Interactions between the nu-

clear magnetic dipole moment and the external magnetic field lead to a generation of ground

and excited NMR states. The stronger the applied external magnetic field, the further sepa-

rated these two energy states are. Transition to the excited state are caused by stimulation via

radio-frequency electromagnetic radiation. As these nuclei commonly have a longer life time

compared to excited electrons, sharp signals are obtained. Short pulses of radio-frequency

radiation cause an oscillating local magnetic field within the nuclei which then induces a

current in a receiver coil. The current is recorded over time and Fourier transformed to yield

a standard NMR spectrum. Absorption peaks are located at frequencies which relate to an

energy difference between the ground state and excited state. The absorption frequency of

such a transition is equal to the nuclei-specific constant ε multiplied by the strength of the

magnetic field at the nucleus. The local magnetic field can vary from the external magnetic

field, as surrounding electrons can either shield or attenuate the magnetic field surrounding

the nucleus. This difference in local magnetic field leads to a shift of the signal in the re-

sulting NMR spectra. Depending on the chemical environment and substitution the signal is

shifted by a certain degree, characteristic for certain functional groups. Also, a splitting of

the signal is commonly observed. This relates to interactions between different neighbouring

spin states. Interactions with other NMR active nuclei, for instance between 1H and 195Pt,

can also lead to a splitting of the signal.

Pulse intensities, repeats and retardation of the radio-frequency radiation can be varied for

experiments to investigate certain structures or intermolecular and intramolecular dependen-

cies.

Nuclear magnetic resonance spectroscopy is a versatile method to investigate the chemical

structure. For NMR active nuclei with a high natural abundance, such as 1H, the area under-

neath the signals can be integrated and set in relation to the number of protons present in

the structure. Additionally, steriochemical information can be obtained by comparing scalar

coupling constants to reference values. However, high external magnetic fields are necessary
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to resolve large molecules such as proteins or polymers. Also, signals of similar functional

groups can overlap, impeding the assignment of signals to its chemical structure.

Experimental Details. Organometallic compounds were dissolved in deuterated solvents.

Air-sensitive compounds were prepared within a glove box and further measured in sealed

tubes. NMR spectra were recorded using a Varian INOVA 300 MHz spectrometer operated

at 300.1 MHz (1H) and 121.8 MHz (31P).

Data Analysis. Obtained data was processed using Mestrenova (Version 10.0.2; Mestrelab

Research, Spain). Proton shifts were referenced internally to residual solvent resonances

while external references were used for phosphorous chemical shifts. The area underneath

the signals were integrated for 1H spectra. Coupling constants were assigned by the software.

Signal positions and signal splitting were compared to reference data to obtain structural

information.
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3 Gold & Platinum

3.1 Introduction

Nanoparticles made of either gold or platinum are an important area of research due to their

outstanding optical and catalytic properties. For example, gold nanoparticles exhibit a surface

plasmon resonance that is highly sensitive towards its local environment, which enables their

use as chemical sensors.1,85,86 Moreover, gold nanoparticles exhibit a high catalytic activity

for the oxidation of carbon monoxide,87 various nucleophilic additions such as hydrochlorina-

tion of ethyne,88 the epoxidation of propene88 or the reduction of hydrogen peroxide.89

Similar to gold, platinum is used in a variety of different applications including hydrogen

storage90,91 and catalytic reactions, like the oxidation of NOx
92 or methanol.93 Platinum is

further used as cathode material for fuel cells due to its superior electrochemical properties94

compared to other elements. However, platinum is prone to poisoning with CO, which irre-

versibly adsorbs onto the platinum surface excluding active sites from any further catalytic

reactions.95,96

Combinations of these two metals are immiscible between 20% to 90% Pt content in the bulk

state.97 However, nanoparticles containing mixtures of gold and platinum can be formed at

any ratio.98 The lattice mismatch between gold and platinum is approximately 4%.75 This

mismatch induces strain in the platinum layer causing the lattice to expand which further im-

pacts the physiochemical properties.99 These bimetallic AuPt nanoparticles show an improved

efficiency for several catalytic reactions49,57,60,99,100 such as ethanol oxidation, methanol ox-

idation or oxygen reduction. These materials are further involved in hydrogen evolution

reactions and hydrogen storage,100 or used in reduction processes including the hydrogena-

tion of amino groups.101 AuPt bimetallic nanoparticles show a higher resistance towards CO

poisoning,101 attributed to the subsequent oxidation of carbon monoxide to carbon dioxide

by gold atoms. In addition, the presence of gold leads to an increased resistance towards

oxidation and corrosion.102–104

Further synergistic effects occur as the electronic structure of the involved metals is al-

tered.100,105,106 Guo et al. observed a migration of electrons from the d-band of platinum

towards gold.57 This change in electronic structure further impacts the adsorption strength98

of the surface atoms as well as the modulation of charge transfer.107
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Several reports in the literature describe various shapes and properties of bimetallic gold-

platinum nanoparticles.61,101,108 For example, Yoon et al. used co-reduction of platinum

acetylacetonate and gold(III) chloride in oleylamine to achieve nanocables with a length

up to several µm.108 These nanocables (Figure 10a) consist of gold cores joined together and

growing along the 〈111〉 zone axis, which then are encapsulated by a thin layer of platinum.

They further exhibit good electrocatalytical properties for the oxidation of methanol.

Branched nanoparticles were synthesized via seed mediated growth by Xie et al. (Figure

10b).61 These particles were formed using oleylamine and hydrogen as reducing agents and

yielded an average size of 25 nm. These particles were tested in formic acid oxidation reac-

tions and showed increased efficiency compared to a commercial catalyst.

(a) (b) (c)

Figure 10: Selection of different morphologies observed for bimetallic gold-platinum nanopar-

ticles. (a) Coreduction of both gold and platinum precursors and subsequent heat

treatment leading to formation coated fibres. Reproduced from reference 108 with

permission of The Royal Society of Chemistry. (b) Seed mediated growth of plat-

inum onto gold seeds leading to encapsulation and formation of platinum branches.

Reproduced from reference 61 with permission of The Royal Society of Chemistry.

(c) Octapod shaped particles obtained by galvanic replacement of silver coated

gold seeds. Reprinted from reference 101 with permission. © American Chemical

Society.

Platinum octapods containing a gold core were synthesized by Li et al. (Figure 10c).101 This

morphology was achieved by overgrowth of gold seeds with silver and subsequent galvanic

replacement of the sacrificial silver layer. These nanoparticles with a size of 13 nm show a
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5.3 times higher catalytic activity for the ethanol oxidation reaction compared to Pt black, a

commercially available catalyst.

Besides these reports with clearly defined shape and composition, other publications in the

literature mainly describe irregular shaped nanoparticles with a platinum content between

2.5 to 66% and sizes ranging from 2 nm to 30 nm.49,60,94,99

As the physiochemical properties of these particles strongly depend on size, shape and com-

position, control over these parameters is crucial. This chapter explores the synthesis of

bimetallic AuPt nanoparticles utilizing seed mediated growth. Reaction conditions such as

the source of platinum, time or functional groups of surfactants are investigated upon their

impact on a controlled synthesis of AuPt particles with confined shape and size. Uniform par-

ticles with a controlled elemental composition may be further studied upon their performance

as cathode material in fuel cells.

3.2 Experiment 1 | Gold Nanoparticles As Seed Materials

Bimetallic AuPt nanoparticles are commonly formed by co-reduction,98,108,109 galvanic re-

placement86,101 or seed mediated growth.61,110 In the latter case preformed nanoparticles are

introduced to the reaction solution of a coordinated metal precursor, to act as nucleation

seeds. Growth occurs at the surface of these seed particles. A protocol established by Hen-

ning et al.4 yields multiply-twinned gold nanoparticles. These particles were chosen as a

template for seeded growth based on their good control in both shape and size.

0.05 mmol gold chloride trihydrate (Aldrich, 99.9%) was dissolved in 1 mL toluene

(>99% HPLC grade) with 1 mmol dodecylamine (Aldrich, 98%) in a 11 mL sample

vial. The vial was suspended in a 10 oz. Fischer-Porter reaction vessel containing

10 mL toluene. The vessel was fitted with a valve and purged three times with

vacuum and 1 bar hydrogen gas. The vessel was then filled with 3 bar hydrogen

gas before sealing and placing in an oven at 60◦C. The reaction was left to proceed

for 24 h yielding a purple solution within the sample vial. After removal from the

oven, the bottle was cooled and the gas released. The nanoparticle solution was

washed once in a macrocentrifuge for 15 min at 4000 rpm using a 1:1 mixture of

toluene and methanol. A yield between 4 to 8 mg was obtained, depending on
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the surfactant ratio.

A TEM image of synthesised particles deposited onto a carbon coated copper grid is shown

in Figure 11a while the statistical evaluation of their size is depicted in Figure 11b. The

obtained gold particles exhibit a narrow size distribution of 6.3 ± 0.9 nm. Over a total of

10 reactions, an average size distribution of 5.8 ± 1.1 nm was achieved, demonstrating the

reproducibility in forming monodisperse gold particles.
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Figure 11: Characterisation of used gold seeds following a protocol of Henning et al .4 (a) Low

resolution TEM image of a monolayer of gold nanoparticles further used for seed

mediated growth. (b) Histogram showing the size distribution of synthesised gold

particles. (c) High resolution TEM image of gold particles. (d) XRD spectra of

bare Au nanoparticles. Reference data for the position of fcc gold are added below

the diffraction data.
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For subsequent coating experiments, the size of each sample was determined by TEM analysis

prior to any further reactions for improved accuracy when monitoring growth of a platinum

structure.

Figure 11c shows spherical nanoparticles. While these gold seeds are partially single-crystalline,

grain boundaries are occasionally visible, indicating twinning.

A XRD spectra (Figure 11d) confirms the crystal phase of the particles being consistent with

face-centred cubic gold nanoparticles with a lattice parameter calculated to 4.08 ± 0.01 Å.

This is in agreement with its literature value of 4.08 Å.75 For the determination of the lattice

parameter the Au {111} and Au {200} positions were used and calculated according to the

method described in chapter 2.2.

The reproducible synthesis of phase-pure gold nanoparticles with a small size distribution

makes these particles ideal as seeds for subsequent coating reactions.

3.3 Experiment 2 - 5 | Time Resolved Studies

By varying the reaction time, information about the system can be extracted, such as inter-

mediates in the growth process,61,111–113 increase in shell thickness over time4 and thermo-

dynamically favoured structures.61,113 In the case of bimetallic gold/palladium nanoparticles,

the shell thickness could be tailored according to reaction time.4 Other systems using organic

solution phase synthesis show initial clustering of small nuclei followed by crystallisation and

overgrowth during a reaction time of 72 hours, yielding hourglass shaped nanoparticles.66

Therefore seed mediated growth reactions were stopped at varying times to characterize the

size and morphology of the formed particles.

Platinum acetylacetonate is a common precursor used for a variety of coating reactions.61,98,108

For bare platinum nanoparticles Cheong et al. reported oxidative etching which leads to oc-

tapods, exhibiting high-index facets on the surface.62 Yoon et al. reported a bimetallic system

of thin nanowires with a platinum shell of less than 0.5 nm for coreducing platinum acety-

lacetonate with gold(III) chloride trihydrate.108 Platinum acetylacetonate was used in seed

mediated growth to investigate its impact on size, shape and composition.

0.025 mmol platinum acetylacetonate (Aldrich, 97%) and 0.25 mmol of hexadecy-

lamine (Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC grade) in a

11 mL sample vial. To this solution 0.025 mmol of preformed gold nanoparticles
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dissolved in toluene were added. The vessel was fitted with a valve and purged

three times with vacuum and 1 bar hydrogen gas. The vessel was then filled with

1 bar of hydrogen gas before sealing and placing in an oven at 40◦C. After several

hours the vessel was removed from the oven and cooled to give a red-brown to

black solution. The gas was released and the solution was washed twice in a mi-

crocentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene and ethanol.

The particles were redispersed in 1 mL toluene. A yield between 4 to 12 mg was

obtained, depending on the surfactant ratio.

2 hours Figure 12a shows spherical, faceted nanoparticles. No other morphologies were

present throughout the sample. The average particle size is 7.6 ± 1.0 nm after 2 hours

reaction time as seen in Figure 12b. The particle radius increased by 0.8 ± 0.1 nm in

size within these two hours. A typical EDS spectra is shown in Figure 13a with gold and

platinum signals highlighted green. From the EDS data, the platinum content is 24 ± 3%

with the remaining 76 ± 3% being gold. Both Au Lα and Pt Lα transitions were chosen

for the calculation of the ratios of gold and platinum as they are sufficiently separated to

distinguish between them. These two signals were processed using Analysis Station (JEOL,

Japan) software to yield the atomic ratio present in the investigated area. Other signals were

indexed to their respective elements as well as to identify any impurities. Signals arising

from carbon, oxygen and copper can be attributed to carbon-coated copper grids used for

transmission electron microscopy. Depending on the grid loading between 15-20 EDS spectra

are commonly recorded to obtain a statistical representative elemental composition. Only Au

and Pt signals were set into relation to take a differing nanoparticle loading onto the TEM

grid into account.

From the increase in shell thickness, the necessary platinum content to achieve this gain in

thickness can be calculated. Using the particle diameter of either Au seed particles or AuPt

nanoparticles, the respective volume was calculated assuming spherical particles. For AuPt

particles, the difference in volume between AuPt and Au was used for further calculations.

Atomic radii of gold with 0.166 nm and platinum 0.175 nm were used to calculate the volume

of these atoms respectively.114 The particle volume was multiplied with 0.74 to account for

voids in the sphere packing for face-centred cubic particles.115 Dividing the modified particle

volume by the atomic volume yields the number of atoms present in the investigated structure.
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These numbers both for Au and Pt can be set into relation to obtain theoretical atomic ratios

which can then be compared to results obtained by EDS. Rather than a platinum content of

24 ± 3% a content of 46 ± 2% would be expected. This deficiency may indicate some alloying

of AuPt rather than the formation of core-shell particles. However, these calculations use a

simplified model neglecting defects, strain or a less dense packing of Pt atoms. As the shape

was assumed with spheres, deviations from this morphology can impact the real atomic ratio

of platinum and gold. Also, any defects or a less dense packing than 74% for any of these

systems can influence the theoretical results.

Figure 13b shows a slight decrease in the surface plasmon resonance at 525 nm compared to

uncoated gold particles. Aqueous nanoparticle solutions of the same concentration were used.

This decrease indicates the presence of platinum atoms on the particle surface what can be

either achieved by alloy formation or incomplete encapsulation of gold nanoparticles. A small

blueshift of 10 nm to an absorbance maxmium of 515 nm can be observed while platinum

forms onto the gold particles. The surface plasmon resonance is strongly dependent on the

chemical environment, and the shift in absorbance can be explained with a higher molar

extinction coefficient of platinum in comparison to gold.116 Additionally, XRD resolves two

peaks correlating to the face-centred cubic {111} structure of both gold and platinum (Figure

13c).75 From the position of the diffraction signal, lattice parameters can be calculated. For

gold, a lattice parameter of 4.07 ±0.02 Å is obtained while the signal relating to platinum

indicates a lattice parameter of 3.92 ± 0.02 Å; which are both in agreement with their

theoretical values of 4.08 Å and 3.92 Å.75
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Figure 12: TEM images of AuPt nanoparticles using platinum acetylacetonatee at various

stages in time, showing the evolution of nanoparticle morphology. (a) and (b)

show low resolution TEM (LRTEM) image and the corresponding histogram after

2 hours reaction time. (c) and (d) show LRTEM image and histogram after 4 hours,

(e) and (f) show LRTEM and histogram after 24 hours and Figure (g) and (h) show

LRTEM and histogram after 72 hours.
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Figure 13: Additional characterisation of the AuPt sample using platinum acetylacetonate

after 2 hours. (a) EDS spectra of AuPt nanoparticles. Signals highlighted in

green are used in the calculation of the bimetallic ratio. (b) UV-VIS spectra of

Au and AuPt nanoparticles in water. (c) XRD spectra of AuPt nanoparticles.

4 hours Another reaction with a different batch of gold seeds was stopped after 4 hours to

yield particles of 7.8 ± 1.8 nm in size as shown in Figures 12c and 12d. The particle radius

increased by 0.6 ± 0.1 nm compared to the initially used gold seeds. The gold-platinum

bimetallic nanoparticles exhibit a faceted surface, resembling used gold particles with their

icosahedral and decahedral morphology. No other morphologies were present in the bimetallic

sample. According to EDS a platinum content of 17 ± 1% is present within the sample. For

core-shell particles this ratio would be expected to be 42 ± 2%. X-Ray diffraction no longer

shows isolated but overlapping signals for both platinum and gold with a maximum at 38.2◦.
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24 hours A TEM image of particles after 24 hours is shown in Figure 12e. Figure 12f

shows that the particles have an average size of 7.8 ± 1.8 nm corresponding to an increase

in particle radius of 0.9 ± 0.1 nm compared to the used seed particles. Further, the particles

appear highly crystalline forming a faceted shape.

Less than 3% of the nanoparticles within the sample show an octapodal shape. This octa-

pod morphology is indicating the occurrence of homogeneous nucleation. These structures

have been reported for bare platinum nanoparticles under similar reaction conditions.62 An

increased concentration of zero-valent platinum atoms can favour homogeneous nucleation

over heterogeneous growth. According to EDS data 35 ± 2% of the atoms can be assigned

to platinum. Both Au La and Pt La transitions were chosen for the calculation of the ratios

of gold and platinum as they are sufficiently separated to distinguish between them (Figure

14a). As homogeneous nucleation occurs, the gold to platinum ratio is biased towards a

higher platinum content. If just core-shell particles are assumed, the theoretical ratio would

be expected to be 54 ± 2% to match the increase in particle radius. Additionally, the surface

plasmon resonance for this sample, shown in Figure 14b, is reduced compared to pure gold

seeds or after coating for 2 hours indicating less gold atoms on the nanoparticle surface and

therefore a more advanced encapsulation by platinum. Solutions with the same concentration

of nanoparticles were used for UV-VIS investigations of the surface plasmon resonance. Also,

XRD shows a typical spectra for advanced stages of AuPt samples with an overlapping peak

for the {111} reflections of both gold and platinum (Figure 14c). With 38.3◦ as its maxi-

mum, the peak is slightly shifted towards higher diffraction angles compared to the {111}

peak position for pure gold. Shown nanoparticles are enclosed by {111} facets forming either

icosahedral or decahedral nanoparticles (Figure 15a).

72 hours In Figure 12g sharp triangular plates and octapod-shaped nanoparticles are vis-

ible after 72 hours, representing 8% of the overall particles. The remaining particles show

a raspberry-like rough shell with small extrusions randomly occuring on the particle surface.

Further, 20% of these raspberry-like particles show branches. Liz-Marzan et al. reported the

formation of cubes when the concentration of zero-valent platinum atoms exceeds 5 mM and

trigonal plates or multiply twinned decahedron if the concentration drops below 5 mM.117

The average size of these nanoparticles is 9.4 ± 1.5 nm as shown in Figure 12h, corresponding
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to a rise of the particle radius by 1.6 ± 0.2 nm compared to used gold seeds. Data acquired by

EDS yields a platinum content of 69 ± 7% for this sample. Although a higher platinum ratio

is expected for reactions after 72 hours, only values of up to 50% Pt content are anticipated

as a 1:1 molar ratio was used. Moreover, XRD shows a broadened peak for the {111} reflec-

tions of both gold and platinum. With 39.5◦ the maximum is close to the theoretical value of

39.8◦ for bare platinum.75 The signal of the {111} peak appears asymmetric with an overlap-

ping shoulder to higher diffraction angles, closer to the location for a pure platinum reference.

(a)

4 0 0 6 0 0 8 0 0 1 0 0 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0  A u
 A u P t  -  P t ( a c a c ) 2  -  2 4 h

ab
so

rpt
ion

 / a
.u.

w a v e l e n g t h  /  n m

(b)

3 5 4 0 4 5 5 0

11
1

20
020

0rel
ati

ve
 In

ten
sity

2  θ / °

 A u P t  -  P t ( a c a c ) 2  -  2 4 h
 A u ,  f c c
 P t ,  f c c

11
1

(c)

Figure 14: Additional characterisation of the AuPt sample using platinum acetylacetonate

after 24 hours. (a) EDS spectra of AuPt nanoparticles. Signals highlighted in

green are used in the calculation of the bimetallic ratio. (b) UV-VIS spectra of

Au and AuPt nanoparticles in water. (c) XRD spectra of AuPt nanoparticles.
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(a) (b)

Figure 15: TEM images of AuPt nanoparticles using platinum acetylacetonate after (a) 24

and (b) 72 hours of coating. These images were taken at a higher magnification.

Summary Figure 15 shows a higher resolution image of nanoparticles formed after 24 and

72 hours. In Figure 15a there is a clear outline of the nanoparticle morphology and its facets

are visible after 24 hours reaction time, while Figure 15b shows a more irregular shaped

outline. Up to 24 hours, the nanoparticles resemble icosahedron or decahedron indicated by

five-fold symmetry when looking at the particles from atop. Dotted lines are drawn in Figure

15a to highlight this feature. These structures have been reported for multiply twinned

particles before.35 These particles are terminated with {111} facets, as seen elsewhere.4,35

Longer reaction times lead to a rougher surface area with changes in the surrounding platinum

shell leading to small aggregates and raspberry-like features. These rough structures have

been observed by Xie et al. who observed overgrowth and subsequent branching of platinum

onto gold.61 Also squared structures are visible in the two dimensional TEM image which

relate to three dimensional cubes and octapods as observed for the homogeneous nucleation

of platinum.62

A summary of the originally used size of the gold seeds, the increase in particle radius and

platinum content is given in Table 1. While the initial size increases rapidly by 0.8 ± 0.1 nm

an alloy is formed instead of clearly phase-segregated core-shell particles. The process is de-

picted in Figure 16. Gold seeds are used initially which then form a partial alloy with the

platinum atoms during the first 24 hours of the reaction. UV-VIS supports the alloying of

the nanoparticles as the intensity of the surface plasmon absorbance decreases and undergoes

a slight blue-shift for reactions with less than 24 hour reaction time. The observed size in-
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crease is as well bigger than the standard deviation for the average size of used gold seeds,

which indicates that particles grow continuously and homogeneously. If core-shell particles

would be forming, the shell would be therefore thick enough to cover the whole particles. No

gold atoms would be exposed on the nanoparticle surface and therefore no surface plasmon

resonance would be observed.

Alloy formation is further supported by EDS data, as the calculated platinum content for

the observed thickness increase would be higher than the recorded values. This deviation

indicates migration of gold atoms into the platinum matrix.

XRD data is another parameter supporting alloy formation between gold and platinum. Veg-

ard’s Law can be used to calculate the composition of alloys the respective lattice parameters

of the individual metals and comparing them to the the lattice parameter of the alloy.118

Vegard’s Law is given with

aAu(1−x)Ptx = (1− x) · aAu + x · aPt (10)

However, the signals overlap prohibiting the exact determination of the peak position and

therefore increase the uncertainty in the calculation of lattice parameters. According to Veg-

ard’s Law between 1 to 10% alloying occurs over a time period of 24 hours.

The subsequent decrease in size for 4 hours in conjunction with a decrease in intensity of the

surface plasmon resonance indicates restructuring and recrystallisation of the nanoparticles.

Even more platinum atoms are now located at the surface layer of the bimetallic nanoparticle

as depicted in Figure 16. Both, platinum content and particle radius further increases over

the next 20 hours to form clearly faceted bimetallic nanoparticles exposing {111} facets. The

surface plasmon resonance of this sample almost vanishes, as shown in Figure 14b. The sample

after 72 hours of coating shows no signal corresponding to the surface plasmon resonance to

gold. As the surface plasmon vanishes, full encapsulation of the gold seeds with platinum

occurs.

The maxima of the overlapping {111} signal in XRD shifts to higher diffraction angles up

to the theoretical position for Pt {111} as the platinum domains become more dominant.

TEM images after 72 hours show overgrowth of the faceted particles, leading to irregular

shaped particles with small extrusions. A similar morphology has been reported by Xie et

al. for the reduction of platinum acetylacetonate using oleylamine and hydrogen at elevated
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temperatures.61 For up to 24 hours, these particles retain their shape, longer reaction periods

lead to overgrowth and platinum branches forming onto the particle surface.

Figure 16: Scheme depicting the evolution of AuPt nanoparticles over time. Platinum atoms

are shown in red and gold atoms in blue.

Table 1: Summary of size and elemental composition of AuPt nanoparticles synthesised using

platinum acetylacetonate as precursor. The particle size was determined from TEM

images while for the relative Pt:Au ratio EDS was used.

dseed / nm increased particle radius / nm Pt content / %

2h 6.1 0.8 ± 0.1 24 ± 3

4h 6.6 0.6 ± 0.1 17 ± 1

24h 6.6 0.9 ± 0.1 35 ± 2

72h 6.1 1.6 ± 0.2 69 ± 7

3.4 Experiment 6 - 13 | Variation of Precursor

In addition to reaction time, the supply of platinum atoms is another important reaction

parameter. Alterations of the metallic precursor affect the kinetics of the system60,61 as

these compounds possess different decomposition temperatures and hence varying decay rates.

Further, the ligands within the metallic precursors can influence the stabilisation of platinum

atoms that can cause retardation. To study the effect of various platinum precursors on

the coating of gold nanoparticles further time resolved experiments with different platinum

precursors were conducted to observe and isolate intermediates in the growth process112,113

and gain insight into growth kinetics.61
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3.4.1 Experiment 6 - 9 | Platinum(IV) chloride

Platinum(IV) chloride solution is a common precursor in the formation of bimetallic AuPt

nanoparticles under aqueous conditions.49,99 However, this polar precursor shows low solubil-

ity in organic solvents such as toluene. Therefore platinum tetrachloride was used instead

which shows an increased solubility. Besides its chloride ions, which are able to cause oxida-

tive etching,16,35 also the valency of platinum is increased from II to IV compared to platinum

acetylacetonate, which can affect its reduction process as more electron transfer steps are re-

quired to reach zero-valent metal atoms. The impact of this platinum source on size, shape

and composition is investigated below.

0.025 mmol platinum chloride (Aldrich, 98%) and 0.25 mmol of hexadecylamine

(Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC grade) in a 11 mL

sample vial. To this solution 0.025 mmol of preformed gold nanoparticles dissolved

in toluene were added. The vessel was fitted with a valve and purged three times

with vacuum and 1 bar hydrogen gas. The vessel was then filled with 1 bar of

hydrogen gas before sealing and placing in an oven at 40◦C. After several hours the

vessel was removed from the oven and cooled to give a red-brown to black solution.

The gas was released and the solution was washed twice in a microcentrifuge for

10 min at 14000 rpm using a 1:1 mixture of toluene and ethanol. The particles

were redispersed in 1 mL toluene. A yield between 4 to 12 mg was obtained,

depending on the surfactant ratio.

2 hours In addition to large, spherical particles of 5.7 ± 1.5 nm in size, small irregular

shaped particles with a size of 1.0 ± 0.2 nm are visible after 2 hours reaction time in Fig-

ures 17a and 17b. These small particles are only visible at higher magnification as they appear

thinner than particles with 5.7 nm in size and therefore exhibit less contrast. No increase

in size of the spherical nanoparticles can be observed compared to the originally used gold

particles. The majority of nanoparticles are of small, irregular shape due to their small size

of 1.0 ± 0.2 nm. The platinum content is given with 50 ± 12% according to EDS.

4 hours After 4 hours, nanoparticles with a size of 8.0± 1.2 nm are obtained (see Figures 17c

and 17d). The particle radius increases by 1.1 ± 0.2 nm compared to Au seeds. Several
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different morphologies can be observed, including nanoparticles with smooth or raspberry-

like surfaces, both with and without arms branching off from the centre. About 19% of these

particles show extrusions from the shell. According to EDS data, the platinum content is

given with 65 ± 9%.

24 hours Figure 17e shows various different morphologies. Similar to 4 hours reaction

time, nanoparticles with a rough shell and branches are visible. In addition, 11% of the

nanoparticles consist of octapods which indicates homogeneous nucleation of Pt.62 The size

of the gold seeds was 5.7 ± 0.9 nm, while octapods show an average size distribution of

5.6 ± 1.2 nm as seen in Figure 17f. The bimetallic nanoparticles show an increase in particle

radius of 0.9 ± 0.2 nm. The platinum content after 24 hours coating is 71 ± 6%.

72 hours In Figure 17g two different nanoparticle morphologies are present. 41% of the

sample consist of cubic octapod structures with a size of 6.8 ± 0.9 nm, while coated nanopar-

ticles with a rough shell and an average size of 7.2 ± 0.9 nm (c.f. Figure 17h) are obtained

in 59% yield. Less than 10% of these AuPt particles show additional extrusions. As the gold

seeds were 4.5 ± 0.8 nm in size, the particle radius increased 1.4 ± 0.2 nm within 72 hours.

Further, the platinum content is 76 ± 3% according to EDS data.

As homogeneous nucleation occurs, EDS data is biased towards a higher platinum content.

No calculations to match up the experimental with theoretical platinum content were per-

formed.

Summary Table 2 lists the size of used gold seeds, increase in particle radius and platinum

content for reactions using platinum tetrachloride as precursor. With a molar ratio of 1:1, a

total platinum content of 50% is expected for a full decomposition and subsequent reduction

of the precursor. As these values exceed 50%, the concentration of elemental gold has to be

reduced. Halides, such as chloride, present in the precursor, are known to cause oxidative

etching and impact the composition of the nanoparticles.16,35 If the gold atoms dissolve into

solution, less signal would be picked up for this element within the nanoparticles. As spectra

were collected over 20 different measurements spread over 2 different grid areas, locally high

platinum concentrations can be ruled out.
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Figure 17: TEM images of AuPt nanoparticles using platinum (IV) chloride at various stages

in time, showing the evolution of nanoparticle morphology. (a) and (b) show low

resolution TEM (LRTEM) image and the corresponding histogram after 2 hours

reaction time. (c) and (d) show LRTEM image and histogram after 4 hours, (e)

and (f) show LRTEM and histogram after 24 hours and Figure (g) and (h) show

LRTEM and histogram after 72 hours.



42

After two hours, the gold seed particles have barely changed morphology or size, while small

platinum nanoparticles formed. Early stages in the formation of pure platinum nanoparticles

are shown in Figure 17a. These particles can either attach to gold seeds and form bimetal-

lic AuPt nanoparticles or further grow into cubic morphologies, making them distinctive by

shape from bimetallic AuPt particles despite their similar electron density. While seed parti-

cles are getting covered by a platinum layer, the precursor decomposition occurs at a faster

rate compared to the deposition of platinum atoms on gold, increasing the overall concen-

tration of platinum atoms in solution. Subsequently, the platinum concentration overcomes

the nucleation threshold causing further homogeneous nucleation and formation of octapods.

In contrast to the faceted shapes which were achieved with the previous metallic precursors,

overgrowth of the nanoparticles occurs quickly, leading to a raspberry-like shell with extru-

sions. The tetrachloride precursor favours the formation of the kinetic product, leading to a

morphology similar as reported by Xie et al.61

The lack of surface plasmon resonance in UV-VIS indicates a full encapsulation of gold par-

ticles within 4 hours.

Table 2: Summary of size and elemental composition of nanoparticles synthesised using plat-

inum chloride as precursor. The particle size was determined from TEM images

while for the relative Pt:Au ratio EDS was used.

dseed / nm increased particle radius / nm Pt content / %

2h 5.7 0.0 ± 0.8 50 ± 12

4h 5.8 1.1 ± 0.2 65 ± 9

24h 5.7 0.9 ± 0.2 71 ± 6

72h 4.5 1.4 ± 0.2 76 ± 3

Overall, the use of platinum tetrachloride as platinum source leads to both branched bimetal-

lic and homogeneously nucleated octapodal nanoparticles. The formed particles show a

smaller increase of the particle radius compared to platinum acetylacetonate. While a cer-

tain amount of platinum atoms are used in the formation of octapods, oxidative etching of

gold might also reduce the size of AuPt nanoparticles. Early stages of the reaction show
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the formation of small platinum particles which subsequently either grow into bare platinum

particles or attach to the gold seeds and form larger bimetallic nanoparticles.

3.4.2 Experiment 10 - 13 | (1,5-cyclooctadiene) dimethylplatinum

As platinum acetylacetonate or platinum (IV) chloride lead to homogeneous nucleation of

platinum with multimodal particle distributions, further organometallic compounds were in-

vestigated to obtain improved control over decomposition and feed of platinum atoms. (1,5-

cyclooctadiene) dimethylplatinum has been utilized in the formation of core-shell structured

RuPt nanoparticles.119 This compound contains Pt(II), similar to platinum acetylacetonate,

although the stabilising ligands and hence the decomposition temperature of the compound

are changed. The impact of this platinum source on size, shape and composition is further

investigated using time-resolved experiments.

0.025 mmol (1,5-cyclooctadiene) dimethylplatinum (Aldrich, 98%) and 0.25 mmol

of hexadecylamine (Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC

grade) in a 11 mL sample vial. To this solution 0.025 mmol of preformed gold

nanoparticles dissolved in toluene were added. The vessel was fitted with a valve

and purged three times with vacuum and 1 bar hydrogen gas. The vessel was

then filled with 1 bar of hydrogen gas before sealing and placing in an oven at

40◦C. After several hours the vessel was removed from the oven and cooled to

give a redish-brown to black solution. The gas was released and the solution was

washed twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture

of toluene and ethanol. The particles were redispersed in 1 mL toluene. A yield

between 4 to 12 mg was obtained, depending on the surfactant ratio.

2 hours A TEM image of Au seed particles that were exposed to the platinum solution for

2 hours is shown in Figure 18a. The formed nanoparticles exhibit a spherical morphology.

The faceted particles show an increase in relative particle radius of 0.4 ± 0.1 nm. Figure

18b shows a histogram of the size distribution. These particles have a platinum content of

22 ± 3% while gold is present with 78 ± 3% according to EDS data.
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Figure 18: TEM images of AuPt nanoparticles using (1,5-cyclooctadiene) dimethylplatinum

at various stages in time, showing the evolution of nanoparticle morphology. (a)

and (b) show low resolution TEM (LRTEM) image and the corresponding his-

togram after 2 hours reaction time. (c) and (d) show LRTEM image and his-

togram after 4 hours, (e) and (f) show LRTEM and histogram after 24 hours and

Figure (g) and (h) show LRTEM and histogram after 72 hours.
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4 hours Prolonged reaction times show a further increase in size. After 4 hours spherical

nanoparticles with an average particle size of 6.6 ± 0.9 nm (c.f. Figure 18d) were obtained

as shown in Figure 18c. The platinum shell grew by 0.4 ± 0.1 nm within 4 hours. Only

spherical morphologies are observed. Additionally, EDS shows a bimetallic composition with

a 26 ± 4 % of platinum. A platinum content of 34 ± 2% would be expected in the case of

core-shell materials. This indicates alloy formation.

24 hours Nanoparticles formed after 24 hours coating time are shown in Figure 18e. Ac-

cording to Figure 18f, these particles have an average size of 6.9 ± 1.0 nm which correlates

to an increase in particle radius of 0.9 ± 0.1 nm. The morphology of the particles changed

over time, resembling less pronounced faceted particles compared to samples at either 2 hours

or 4 hours reaction time. EDS shows a higher platinum content with 41 ± 3%. Defect-free

core-shell nanoparticles would require a platinum content of 61 ± 2% to achieve this increase

in size.

72 hours Coated nanoparticles after 72 hours are shown in Figure 18g. Their size in-

creased from 4.5 ± 0.8 nm for the seed particles to 8.2 ± 1.4 nm after the coating. Figure

18h shows the size distribution of these nanoparticles. A relative growth of the particle radius

by 1.9 ± 0.3 nm was observed. Large particles displayed in Figure 18g show a raspberry-like

rough shell with small extrusions. Scarcely small arms are branching off from the shell. Less

than 2% of the shown nanoparticles can be attributed to homogeneous nucleation, as they

show either star-shaped morphology or cubic features, which are known shapes for platinum

nanoparticles.62,120 Further, EDS shows a platinum ratio of 51 ± 3%. As the morphology

deviates from spherical particles, no theoretical platinum content was calculated.

Summary In summary, Table 3 shows both the size increase and elemental composition

of formed nanoparticles at various reaction times. EDS yields an increase of the platinum

content over time up a maximum at 72 hours. As a molar ratio of 1:1 was used, an overall plat-

inum content of 50% is expected if all used platinum precursor is decomposed and deposited
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onto the nanoparticles. The formed particles grow continually in size during the reaction time

of 4 h up to 72 h, reaching a maximum increase of the particle radius by 2 nm after three

days for the supplied concentration of organometallic precursor. These time frames indicate

a slow decomposition and a layer by layer addition of platinum. In comparison, Henning et

al. observed growth of 1 nm shell thickness after 1 hour in the case of palladium.4

The nanoparticle shape evolves over time as seen in Figure 18. During the first 24 hours, the

particles are turning from defined gold seeds into larger, faceted nanoparticles. After 72 hours,

overgrowth and formation of a raspberry-like shell with small branches can be observed. The

overgrowth shows a similar morphology as nanoparticles synthesized by Xie et al.61 However,

the growth of longer branches would require a higher platinum content, as all platinum atoms

are consumed for the encapsulation process within the first 72 hours. While the facets of the

formed nanoparticles are less pronounced compared to the early stages of nanoparticle syn-

thesis using platinum acetylacetonate, only 2% of star-shaped and cubic nanoparticles are

observed after 72 hours. More detailed growth studies will be conducted in chapter 3.7 after

the impact of several other reaction conditions onto the nanoparticle shape and size have

been identified.

The use of (1,5-cyclooctadiene) dimethylplatinum as organometallic precursor suppresses ho-

mogeneous nucleation unlike platinum acetylacetonate or platinum (IV) chloride.

Table 3: Summary of size and elemental composition of AuPt nanoparticles synthesised us-

ing (1,5-cyclooctadiene) dimethylplatinum as precursor. The particle size was de-

termined from TEM images while for the relative Pt:Au ratio EDS was used.

dseed / nm increased particle radius / nm Pt content / %

2h 6.1 0.4 ± 0.1 22 ± 3

4h 5.8 0.4 ± 0.1 26 ± 4

24h 5.2 0.9 ± 0.1 41 ± 3

72h 4.5 1.9 ± 0.3 51 ± 3
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3.5 Experiment 14 - 19 | Variation of Surfactant

Surfactants play a crucial role in the organic solution phase synthesis of nanoparticles. They

stabilise both formed single atoms and nanoparticles in solution, prevent agglomeration and

mediate growth.111 Certain functional groups and atoms can also preferentially bind to specific

crystallographic facets, influencing both shape and size of nanoparticles.16,35,63 Somorjai et

al. used ionic surfactants containing bromide, such as dodecylammonium bromide, for their

strong binding affinity to {100} facets of platinum, ruthenium and rhodium to promote growth

of cubic structures.121 Several different surfactants are tested depending on their functionality,

such as thiols, amines or phosphines to investigate their binding properties to the crystal facets

and tailoring shape of these particles. Also, the effect of chain length and packing density

upon size and shape of nanoparticles is further investigated for amine surfactants.

0.025 mmol (1,5-cyclooctadiene) dimethylplatinum (Aldrich, 98%) and 0.25 mmol

of respective surfactant (dodecanethiol - BDH, technical grade; triphenylphos-

phine - Merck, 98%; palmitic acid - Fluka, 99%; dodecylamine - Aldrich, 98%;

hexadecylamine - Aldrich, 90%; oleylamine - Acros, 90%) were dissolved in 1 mL

toluene (>99% HPLC grade) in a 11 mL sample vial. To this solution 0.025 mmol

of preformed gold nanoparticles dissolved in toluene were added. The vessel was

fitted with a valve and purged three times with vacuum and 1 bar hydrogen gas.

The vessel was then filled with 1 bar hydrogen gas before sealing and placing in

an oven at 40◦C. After 4 h the vessel was removed from the oven and cooled to

give a red-brown solution. The gas was released and the solution was washed

twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene

and ethanol. The particles were redispersed in 1 mL toluene.

Dodecanethiol Usage of dodecanethiol as surfactant leads to spherical shaped nanoparti-

cles, which are shown in Figure 19a. These nanoparticles are mildly polydisperse with an

average size of 8.3 ± 2.1 nm. No facets, distinctive shapes or platinum domains are observable.

As thiols form a strong self-assembled monolayer at the gold surface122 and also have strong

ligand-ligand interactions,123 dodecanethiol is expected to impede the deposition of platinum

atoms on the surface. According to EDS, a platinum content of 10 ± 2% is present through-

out the sample. This relatively low platinum content in conjunction with a size increase
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of 2.6 nm suggests partial coalescence of the gold nanoparticles. A platinum content of 38%

would be expected if the size increase would be attributed to growth of a platinum shell alone.

(a) (b) (c)

Figure 19: TEM images of AuPt nanoparticles using surfactants with various functional

groups. The nanoparticles were coated for 4 hours each. (a) Dodecanethiol, (b)

Triphenylphosphine and (c) Palmitic acid are used as surfactants.

Triphenylphosphine Another surfactant which was used for coating reactions is triphenylphos-

phine, which bears a phosphorous atom as the primary functional group. The observed

nanoparticles cluster together and form aggregates, inhibiting a detailed analysis. The plat-

inum content ranges largely with 29 ± 41% according to EDS data, interpreted as a non-

homogeneous distribution throughout the sample with separated domains of both gold- and

platinum-rich nanoparticles. However, no EDS analysis in STEM mode was performed.

The phosphorous atom has a strong affinity towards platinum resulting in preferential stabil-

isation of the zerovalent Pt atom species.124,125 This preferential binding to platinum leads to

an increased Pt0 concentration in solution; further leading to homogeneous nucleation rather

than growth of the seed particles. The proposed homogeneous nucleation explains the vary-

ing amount of platinum throughout the sample. However, the used surfactant is insufficient

in stabilising nanoparticles leading to aggregation as shown in Figure 19b. As phosphorous

has a high affinity towards platinum,124 displacement of the 1,5-cyclooctadiene ligand might

occur as well, altering the structure of the organometallic precursor. This might lead to a

lack of stabilising surfactant, which can be another reason for the observed aggregation of

the nanoparticles.
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Palmitic Acid The third functional group investigated is the carboxyl group of palmitic acid.

The observed particles, shown in Figure 19c appear identical to the gold seeds. Also their

size with 6.3 ± 0.9 nm remains constant and no platinum signal was obtained by EDS. The

lack of growth can be explained by poor stabilization of formed platinum atoms by palmitic

acid following Pearson’s hard and soft acid and base (HSAB) concept with the organic acid

being considered a hard Lewis base and platinum is a soft Lewis acid.126

Dodecylamine Surfactants bearing an amine functionality are commonly used in organic

solution phase synthesis.16,61,127 They exhibit an intermediate hardness on the HSAB scale,

making them more likely to stabilise platinum atoms.126 Similar to dodecanethiol, nanopar-

ticles formed with dodecylamine (DDA) show a low platinum content of 12 ± 1% indicating

a strong affinity of the surfactant to the gold surface. Formed nanoparticles are depicted in

Figure 20a as faceted particles with a size of 7.4 ± 0.9 nm (c.f. Figure 20d). Compared to the

size of gold seeds used, the particle radius increased by 0.5 ± 0.1 nm. This experiment was

repeated and reproducible results were obtained, showing low Pt content in EDS and hence

a stronger binding affinity of dodecylamine. While the particles are isolated in the lower

resolution image (Figure 20a) they start to coalesce in Figure 20b. As the same area is being

imaged (orange square in Figure 20b), this coalescence can be attributed to beam damage

over time. The high energy electrons of a transmission electron microscope are known to

cause etching128 or coalescence129 as these excited atoms are very mobile.

Figure 20c shows formed AuPt particles in atomic resolution. The investigated particle has a

five-fold symmetry which relates to either a decahedral or icosahedral morphology.35,98 As the

gold seeds are both single-crystalline and multiply twinned, a mixture of these two morpholo-

gies is expected. According to the FFT, the particle is viewed along a 〈110〉 zone axis. The

lattice spacing was determined as the average over 15 atomic columns and is 2.24 ± 0.01Å

matching the theoretical value for spacing between two Pt {111} planes of 2.26Å.75
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Figure 20: Results of AuPt nanoparticles using dodecylamine as surfactant. The nanoparti-

cles were coated for 4 hours. (a) Low resultion TEM image. The selected region

is shown in higher resolution in (b). (c) Atomic resolution TEM image with a

fast fourier transformation (FFT) of the nanoparticle as inset. (d) Histogram of

bimetallic AuPt particles with dodecylamine as surfactant.

EDS maps of these nanoparticles were performed to investigate the bimetallic structure,

specifically the formation of core-shell particles or alloys. Figure 21 shows several recordings of

the same region with nanoparticles. The greyscaled image corresponds to a bright field image

acquired in STEM mode and is used as a reference. The depicted region was investigated

upon its elemental composition, particularly on the presence of both gold (blue) and platinum

(red). The overlay of both individual maps shows a rough outline similar to the used bright

field image. However, no single particles can be resolved. As mentioned above, the sample

undergoes rearrangement and coalescence as a result of beam damage. The mobility of both

atoms and nanoparticles as well as induced beam damage lead to varying intensity signals at

different locations resulting in the overall blurred outline with no distinctive particles. Small
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exposure times for STEM were utilised, yielding similar poorly resolved images. Therefore,

no conclusions about its bimetallic structure can be drawn using STEM. UV-VIS data shows

a reduction of plasmon absorbance after platinum deposition. However, the surface plasmon

resonance can still be detected after these reaction times, indicating incomplete coating of

the gold seeds or partial alloying , where both gold and platinum atoms are exposed on the

nanoparticle surface.

Figure 21: EDS spectra of AuPt nanoparticles using DDA as surfactant. The figure shows a

bright field image (greyscale), elemental mapping for gold (blue), platinum (red)

and an overlay of these maps (purple).

Hexadecylamine The reaction using hexadecylamine (HDA) yielded spherical nanoparti-

cles with an average size of 6.6 ± 0.9 nm as shown in Figures 22a and 22c. As the average

size for seed particles was 5.8 ± 0.9 nm a platinum shell of 0.4 ± 0.1 nm was deposited during

4 h reaction time. The absence of the surface plasmon resonance of gold at 525 nm using

UV-VIS indicates the presence of a platinum shell. Additionally, EDS shows a bimetallic

composition with a 26 ± 4 % of platinum. If the particle growth would be solely attributed

to platinum, a platinum content of 34 ± 2% would be expected. The high resolution TEM

image (Figure 22b) shows a particle with five-fold symmetry indicating the formation of both

decahedral and icosahedral particles terminated by {111} facets, as seen for dodecylamine.
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Figure 22: Results of AuPt nanoparticles using hexadecylamine as surfactant. The nanopar-

ticles were coated for 4 hours. (a) Low and (b) high resolution TEM images. (c)

Histogram of bimetallic AuPt particles.

Oleylamine The average size distribution of nanoparticles formed with oleylamine (OLAm)

as surfactant is 10.0 ± 1.4 nm as shown in both Figure 23a and 23c. The particle radius

increased by 1.8 ± 0.2 nm. The nanoparticles are isolated and exhibit both icosahedral and

decahedral morpholgies with terminating Pt {111} facets. The signals in the FFT inset in

Figure 23b can be indexed as {1,1,1}, {0,2,0}, {1,1,1}, {1,1,1}, {0,2,0} and {1,1,1} . The

twinned icosahedral morphology is viewed along a 〈110〉 zone axis. The platinum content

was determined to be 17 ± 1% according to EDS data.



53

(a) (b)

3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6
0

5

1 0

1 5

2 0

2 5

3 0

3 5

Re
lat

ive
 Fr

eq
ue

nc
y /

 %

s i z e  /  n m

 A u P t  -  O L A m

(c)

Figure 23: Results of AuPt nanoparticles using oleylamine as surfactant. The nanoparticles

were coated for 4 hours. (a) Low and (b) high resolution TEM images. Further,

(b) shows a FFT of the particle as an inset. (c) Histogram of AuPt nanoparticles

obtained with oleylamine as surfactant.

Discussion Amongst the investigated surfactants, an amine functionality is required for the

shape-controlled synthesis of AuPt bimetallic nanoparticles. While amines lead to icosahedral

and decahedral nanoparticles with terminating {111} facets, other functional groups such as

phosphine and thiol cause coalescence or aggregation. Carboxyl functions were not able to

stabilise Pt atoms sufficiently, resulting in unchanged gold nanoparticles without any traces

of platinum in EDS. Moreover, both dodecanethiol and dodecylamine bind strongly to the

nanoparticle surface, impeding the deposition of platinum atoms. This hindrance is reflected

in the overall low platinum content observed via EDS. Hence, the particle growth observed

for dodecanethiol is attributed to coalescence of gold seeds. Excess surfactant is commonly

used, however the nanoparticles have a high surface area which might lead to regions without
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a dense surfactant layer. These regions might then recombine and foster coalescence.

Within the amine surfactants, different hydrocarbon chains are used, altering their binding

strength.130 The binding strength and stabilisation of nanoparticles decreases if the chain

length deviates from 12 carbon atoms as seen for different surfactant systems.130,131 A de-

creased lifetime of the surfactants on the nanoparticle surface leads to an increased incorpo-

ration of platinum atoms. Table 4 summarizes the size of used gold seeds, increase of the

particle radius and elemental composition for different surfactants. Bimetallic nanoparticles

formed with oleylamine show the highest growth rate as this surfactant has the longest chain

length and a double bond at position 9 with hydrocarbon groups in Z-configuration. This

double bond leads to a kink in the molecular structure. This kink causes a larger cone angle

of the oleylamine surfactant changing its packing parameter according to Israelachvili.132 As

the steric hindrance of the oleylamine surfactant is increased, this prevents the formation of a

dense surfactant layer surrounding the nanoparticle. This less dense packing of the surfactant

onto the nanoparticle surface promotes the deposition of platinum. A platinum content of

26 ± 4% with an average growth similar to dodecylamine indicates a mildly inhomogeneous

elemental composition. However, as both gold and platinum possess similar electron densities,

no contrast arises in brightfield TEM images for these different elements. No element spe-

cific EDS maps with sufficient resolution could be aquired due to beam damage and thermal

movement of the nanoparticles.
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Table 4: Summary of both size and elemental composition for AuPt nanoparticles synthesised

using surfactants exhibiting either different functional groups or hydrocarbon chains.

The particle size was determined from TEM images while for the relative Pt:Au ratio

EDS was used.

dseed / nm increased particle radius / nm Pt content / %

-NH2 6.5 0.5 ± 0.1 12 ± 1

-SH 5.7 1.3 ± 0.3 10 ± 2

-P 5.7 n / a 29 ± 41

-COOH 6.3 n / a 0 ± 1

DDA 6.5 0.5 ± 0.1 12 ± 1

HDA 5.8 0.4 ± 0.1 26 ± 4

OLAm 6.5 1.8 ± 0.2 17 ± 1

3.6 Experiment 20 - 21 | Variation of Hydrogen Pressure

Organic solution phase synthesis relies on the thermal decomposition and reduction of its

metallic precursor molecules to build up nanoparticles. While thermal decomposition gen-

erates metal ions, these intermediates need to be reduced to zero-valent metal atoms. A

common reducing agent is hydrogen gas.26,62,64 The higher the amount of reducing agent the

faster the reduction takes place. In the case of nickel the increase of hydrogen pressure leads

to the formation of podlike structures rather than cubes while keeping all other conditions

constant.54,133 The emergence of this morphology was explained by a change of reaction ki-

netics leading to the formation of both face-centred cubic (fcc) and hexagonal close packed

(hcp) nickel phases which arrange to form a podlike structure with fcc/hcp branches. To

the best of our knowledge, no AuPt systems formed with different hydrogen pressures were

studied. Based on these results, the impact of an elevated hydrogen pressure and therefore

varied reaction kinetics on the formation of bimetallic AuPt nanoparticles will be investigated.

These kinetics might either impact shape or size of these particles.

0.025 mmol (1,5-cyclooctadiene) dimethylplatinum (Aldrich, 98%) and 0.25 mmol
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of hexadecylamine (Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC

grade) in a 11 mL sample vial. To this solution 0.025 mmol of preformed gold

nanoparticles dissolved in toluene were added. The vessel was fitted with a valve

and purged three times with vacuum and 1 bar hydrogen gas. The vessel was

then filled with a varying amount of hydrogen gas before sealing and placing in

an oven at 40◦C. After 4 h the vessel was removed from the oven and cooled to

give a red-brown solution. The gas was released and the solution was washed

twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene

and ethanol. The particles were redispersed in 1 mL toluene.

1 bar The reaction using 1 bar hydrogen yielded faceted nanoparticles with an average

particle size of 6.6 ± 0.9 nm as shown in Figure 24a. The particles are isolated with about

4% fusing together. This coalescence can be attributed to the exposure of the particles to

the high-energetic electron beam.129 Over the course of 4 hours, the reaction using 1 bar

hydrogen gas yielded a particle radius increase of 0.4 ± 0.1 nm. The absence of the surface

plasmon resonance of gold at 525 nm using UV-VIS indicates the presence of a complete

platinum shell. Additionally, EDS shows a bimetallic composition with a platinum content

of 26 ± 4 %. The theoretical platinum content for this size increase would be 38 ± 2% how-

ever. This difference between observed and calculated platinum content can be attributed

to coalescence, partial alloying or defects as well as simplifying assumptions in the calculation.

3 bar Using 3 bar hydrogen pressure forms spherical nanoparticles with an average size of

7.2 ± 1.2 nm (Figure 25a). The particle radius is increased by 1.3 ± 0.2 nm compared to

the used gold seeds for this reaction. Approximately 85% of the particles are linked together

or have coalesced. Similar to the reaction using 1 bar hydrogen, the absence of the surface

plasmon resonance of gold at 525 nm indicates the presence of a platinum shell surrounding

the gold seeds. As the particle radius increases, EDS also yields a higher platinum content

with 36 ± 6 % compared to 26 ± 4% for 1 bar hydrogen.
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(a) (b)

Figure 24: TEM images of AuPt nanoparticles using 1 bar hydrogen pressure. The reaction

was stopped after 4 hours. (a) Low resolution and (b) Higher resolution TEM

image.

(a) (b)

Figure 25: TEM images of AuPt nanoparticles using 3 bar hydrogen pressure after 4 hours

of coating. (a) Low resolution and (b) higher resolution TEM image.

Discussion Hydrogen is involved in various processes in the formation of these bimetallic

nanoparticles. First, hydrogen is a crucial part in the reduction process in order to obtain

zero-valent platinum atoms.16,134 A reaction without any hydrogen was run for comparison:

The size of the used nanoparticles remained constant and EDS resulted in a gold ratio of 100%,

indicating that no coating, homogeneous nucleation or reduction of the platinum precursor

occurred under these conditions. Increasing the hydrogen pressure also increases the concen-

tration of dissolved hydrogen in solution.135 The higher hydrogen concentration impacts the

reduction kinetics and formation of zero-valent platinum atoms
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As shown in Table 5, a larger relative particle radius increase can be obtained by rising the

hydrogen pressure from 1 bar to 3 bar. The increase in size is supported by a higher platinum

content through EDS.

The formed platinum atoms also deposit more quickly onto the gold particles when the hy-

drogen pressure is increased. Hydrogen enhances the mobility of surface-bound amine groups

reducing their respective sterical hindrance and hence promoting growth.136,137 Less stabil-

ising hexadecylamine as surfactant also promotes coalescence which could explain the high

degree of interconnected particles shown in Figure 25b. With less stabilising surfactant, direct

contact of nanoparticle surfaces become more likely. Atoms on the surface of nanoparticles

have a lower coordination number compared to atoms within the nanoparticle itself. Coales-

cence therefore increases the coordination number of these atoms. However, as the electron

beam damages these structures over team, no further experiments were conducted. The

increase in hydrogen pressure lead to a larger increase in relative particle radius and to a

change in morphology due to less bound surfactant on the particle surface. Thermogravimet-

ric analysis can be used to quantify the amount of stabilising surfactant present in the sample.

Table 5: Summary of both size and elemental composition for AuPt nanoparticles synthesised

using a varying amount of hydrogen pressure. The particle size was determined from

TEM images while EDS was used for the relative Pt:Au ratios.

dseed / nm increased particle radius / nm Pt content / %

1 bar 5.8 0.4 ± 0.1 26 ± 4

3 bar 4.6 1.3 ± 0.2 36 ± 6

Increasing the hydrogen pressure to 3 bar leads to interconnected particles as shown in Figure

25b. The formation of these structures might be further promoted by reducing the surfac-

tant concentration and therefore decreasing the stability of the nanoparticles in solution. In

addition, further increase of the hydrogen pressure also affects the stability of the system.

Lower stabilising surfactant or an increased rate of surfactant desorption from the particle

surface can then lead to aggregation, the formation of bigger nanoparticles, or an increase of

the interconnectedness of bimetallic nanoparticles.
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3.7 Experiment 22 - 26 | Further Growth Experiments

Based on the results from previous experiments, the particle radius increased with prolonged

reaction time. As oleylamine yielded the largest increase in size, this surfactant was chosen

to conduct more time resolved experiments. As platinum acetylacetonate and platinum(IV)

chloride showed signs of homogeneous nucleation, (1,5-cyclooctadiene) dimethylplatinum was

used as the source of platinum. The experiment was repeated with varying growth times to

gain further insight into the growth process and to synthesise bimetallic nanoparticles with

varying elemental composition.

0.010 mmol (1,5-cyclooctadiene) dimethylplatinum (Aldrich, 98%) and 0.10 mmol

of oleylamine (Acros, 90%) were dissolved in 1 mL toluene (>99% HPLC grade) in

a 11 mL sample vial. To this solution 0.010 mmol of preformed gold nanoparticles

dissolved in toluene were added. The vessel was fitted with a valve and purged

three times with vacuum and 1 bar hydrogen gas. The vessel was then filled with

1 bar of hydrogen gas before sealing and placing in an oven at 40◦C. After varying

times the vessel was removed from the oven and cooled to give a redish-brown

to black solution. The gas was released and the solution was washed twice in

a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene and

ethanol. The particles were redispersed in 1 mL toluene.

TEM images of obtained products are shown in Figure 26. The Figure shows low resolution,

a close up and a high resolution transmission electron microscope image for all obtained

samples.

The same gold seeds were used for each experiment. After 1 hour, the particle radius of the

nanoparticles increased by 0.2 nm compared to the used gold particles. EDS shows a plat-

inum content of 15.6 ± 1.7%. The nanoparticles assemble forming a honeycomb pattern and

show a clear faceted surface. The particles form both icosahedral and decahedral morpholo-

gies. Over time the shell thickness increases to 0.9 ± 0.1 nm for 2 hours, 1.1 ± 0.1 nm for

3 hours, 1.5 ± 0.2 nm after 4 hours and 1.6 ± 0.2 nm after 6 hours reaction time. EDS data

also shows an overall increase in platinum content with prolonged reaction time. After that,

overgrowth and size focussing occurs, leading to a more narrow distribution of bimetallic

nanoparticles (Figure 27f). While nanoparticle morphology remains constant up to a reac-

tion time of 4 hours, particles obtained after 6 hours show overgrowth features and extrusions.
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Figure 26: TEM images of formed nanoparticles after several hours of reaction time. The first

column shows low resolution TEM images, while the middle and right column show

higher resolution TEM images of the formed nanoparticles.
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Further details for each reaction are given in Table 6. Both shell thickness and platinum

content increase with time. As a 1:1 molar ratio was used, the expected maximum platinum

to gold ratio is 50%. As the ratio is given with 33.3 ±3.2% after 6 hours, this indicates

that the reaction did not go to completion and there is still unreacted platinum precursor in

solution. The reported values for the nanoparticles are average size and standard deviation.

Histograms of the individual samples are shown in Figure 27. More than 200 particles were

counted for each individual sample, and the absolute numbers were converted to percentage

values to give an improved comparision. Only a slight growth occurs after 1 hour reaction

time, the histogram is barely shifted to larger sizes. With increasing reaction time, the size of

the nanoparticles increases and the distribution broadens up to 4 hours reaction time.

Table 6: Summary of both size and elemental composition for AuPt nanoparticles synthesised

using oleylamine. The particle size was determined from TEM images while EDS

was used for the relative Pt:Au ratios. *Indicates where the actual average size is

listed rather than the increase in shell thickness of the nanoparticles.

shell thickness / nm Pt content / %

Seeds 6.3* ± -.- 0 ± 0

1 h 0.2 ± 0.02 15.6 ± 1.7

2 h 0.9 ± 0.1 17.1 ± 2.5

3 h 1.1 ± 0.1 17.2 ± 3.2

4 h 1.5 ± 0.2 20.4 ± 3.7

6 h 1.6 ± 0.2 33.3 ± 3.2
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Figure 27: Histograms showing the size of (a) gold seed particles or AuPt particles after (b)

1 hour, (c) 2 hours, (d) 3 hours, (e) 4 hours, and (f) 6 hours respectively.

Another representation of the particle size is shown in Figure 28. It gives the change of shell

thickness over time. As gold seeds are used initially, no shell thickness is observed. Within

an hour, only a thin shell of 0.2 nm is formed surrounding the gold nanoparticle. For the

time period between 2 to 4 hours, a constant increase in shell thickness can be observed. The
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shell thickness stagnates at a constant level for a reaction with a coating time of 6 hours.

The initial slow growth (stage 1) is attributed to the formation of a thin platinum layer sur-

rounding the Au seed particle. As the particle size increases only by 0.2 nm in that time

period, the growth relates to the formation of an initial platinum monolayer. Deviations of

linear growth are attributed to the lattice mismatch of 4.08% and the formation of weaker

gold-platinum bonds. After the first initial platinum layer is established, a linear trend arises

for the time period of 2 to 4 hours. The slow deposition of platinum indicates that the re-

action is thermodynamically controlled. The rate of platinum growth was determined as 1

atomic layer of platinum deposited every 21 ± 2 minutes. Specific gold to platinum ratios

can be tailored within that region, depending on the reaction time.

A change of the particle morphology occurs in stage 3, between 4 and 6 hours. Platinum

overgrows the particles and form extrusions from the encapsulating shell. Due to this rear-

rangement and change in morphology, the shell thickness remains constant. A reason for the

overgrowth might be a change in concentration of the zero-valent platinum atoms in solution.

The existing platinum shell surrounding the gold nanoparticles might be able to catalyse the

decomposition of the platinum precursor62 and hence increase the concentration of platinum

atoms.

Figure 28: Graph showing the increase of shell thickness over time.



64

Figure 29: UV-VIS spectrum of bimetallic gold-platinum nanoparticles using solutions of

same concentration. The data was normalised. The surface plasmon absorbance

diminishes over time.

Figure 29 shows a decrease in intensity of the surface plasmon resonance with increasing

reaction time. As the solutions were made up using the same concentration of nanoparticles, a

decrease of gold atoms onto the particle surface can be assumed. This indicates the formation

of an alloy which is then further encapsulated by a thicker growing platinum shell. However,

further experiments with atomic resolution, i.e. scanning transmission electron microscopy

might be performed to validate this assumption.
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3.8 Conclusion and Outlook

Heterogeneous growth of platinum onto gold seeds was achieved forming bimetallic AuPt

nanoparticles using organic solution phase synthesis. Obtained nanoparticles were charac-

terised by TEM to determine shape and size. UV-VIS, XRD and EDS were used to determine

the composition and structure of these bimetallic nanoparticles.

The impact of platinum precursor, stabilising surfactant, hydrogen pressure and reaction time

was investigated upon their shape, size and elemental composition of this bimetallic system.

The choice of metallic precursor impacts the decomposition pathway, onset of homogeneous

nucleation and the morphology of the bimetallic system, leading to faceted, decahedral or

icosahedral particles or overgrown structures with branches forming. Platinum acetylaceto-

nate and platinum tetrachloride also showed signs of homogeneous nucleation, which indicates

a faster precursor decomposition and increased release of zero-valent metal atoms than the

rate of adsorption of these platinum atoms onto the preformed Au nanoparticles. This mis-

match in reaction kinetics increases the concentration of platinum atoms in solution and

exceeding of the nucleation threshold, hence structures intrinsic for platinum nanoparticles

are observed.

Also, a number of surfactants with different functional groups were tested. Surfactants bear-

ing thiol and phosphine functional groups showed poor control over size and morphology

as they preferentially bound to surfaces of certain elements. Only amine-functionalised sur-

factants yielded bimetallic nanoparticles with a defined shape as they both stabilised gold

and platinum surfaces sufficiently. The formed bimetallic particles were enclosed in {111}

facets, yielding icosahedral and decahedral particles. The saturation level of the surfactants

hydrocarbon chain influenced the thickness of the platinum coating. Molecules with satu-

rated surfactant chains have a dense packing on the nanoparticle surface which sterically

hinders the deposition of platinum atoms onto the seed particles. Unsaturated hydrocarbon

chains such as in oleylamine with its larger cone angle impedes the formation of a dense

surfactant layer on the particle surface. This limited coverage promotes the deposition of

platinum onto the particle surface as less steric hindrance is occurring. Further, a low hydro-

gen pressure is required to obtain isolated nanoparticles while the usage of a higher hydrogen

pressure facilitates coalescence as an increased amount of amine surfactant is displaced from

the nanoparticle surface.

Monitoring the growth process allowed the determination of growth kinetics. Utilising this
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knowledge, bimetallic AuPt nanoparticles with varying elemental composition were success-

fully formed. To the best of our knowledge, no studies dependant on the elemental com-

position of AuPt nanoparticles have been previously conducted. AuPt nanoparticles with

varying elemental composition were loaded onto carbon powder and sent overseas to study

their electrocatalytic efficiency for the oxygen reduction reaction. These studies might show

up an ideal elemental composition for the synthesis of future cathode materials for fuel cells

consisting of AuPt bimetallic material.

Theoretical calculations of the expected gold to platinum ratio and UV-VIS data suggest

partial alloying and subsequent encapsulation by a platinum shell. However, limitations in

scanning transmission electron microscopy prevent the further characterisation of these ma-

terials.
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4 Nickel & Platinum

4.1 Introduction

Nickel contributes as a catalytic system to a variety of processes in industry. Examples for

these reactions include hydrogenation such as hardening of fat or other organic compounds.138

Further, nickel can be used for dehydrogenation of compounds such as ammonia borane,139

which can be used for hydrogen evolution within fuel cells. Besides catalytic properties, their

magnetic properties enables the use of these materials as magnetic sensors,140 spintronics141

and magnetic records.142 Nanostrands made of nickel are also used in compounds with carbon

to obtain electric conductive composites which are used in air plane structures.143

Nickel itself can crystallise in three possible crystal structures: the thermodynamically favoured

face-centred cubic (fcc) structure or in either of the metastable body-centred cubic (bcc) or

hexagonal close packed (hcp) phases.144 For each of these modifications the atom position in

the unit cell varies, same as the cell parameters such as lattice parameter and angles. For

example, fcc nickel shows an ABCABC ordering, lattice parameters of a = b = c = 3.52Å and

angles α = β = γ = 90°.75 While hcp nickel consists of ABABAB packing, lattice parameters

a = b = 2.65Å, c = 4.34Å and angles α = β = 90° and γ = 120°.145,146 The differences

between atomic positions, stacking of the layers and atoms involved in forming the unit cell

are illustrated in Figure 30.

In addition, these nickel structures all possess different properties. For example, the magnetic

momentum varies between these modifications from 0.6 µB per atom (fcc) to 0.59 µB (hcp)

and 0.53 - 0.55 µB (bcc).148

Figure 30: Scheme depicting the close-packing of equal spheres. The green frame indicates

the unit cell. Redrawn from reference 147 under the creative commons licence.
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Bare face-centred cubic nickel nanoparticles form a variety of shapes. Next to spherical parti-

cles,26,139,149 cubes133,150 were also synthesized . Besides these isotropic structures, anisotropic

morphologies were realized. For instance, rods were obtained in both aqueous151 and or-

ganic152 media. Mourdikoudis et al. reported the formation of a kite and knife-like morphol-

ogy via organic solution phase synthesis.26 Moreover, trigonal and hexagonal plates could be

isolated.150,153

Reports in literature about hexagonal close packed nickel are less common and reports de-

scribe varying magnetic properties - ranging from non-magnetic154,155 to ferromagnetic.156–158

Recent findings suggest that Ni3C is often mischaracterised as hcp nickel.108,148,159 Many ex-

perimental procedures require high temperatures in the synthesis of hcp nickel nanomaterials,

organic molecules such as surfactants decompose and release carbon which in turn then can be

incorporated into the formed nanoparticles. Studies have shown that Ni3C shows no apparent

to only weak magnetic properties attributed to carbon vacancies and residual fcc nickel, which

explains the varying magnetic properties reported for hcp nickel.148 Further, recent reports

suggest that the current reference XRD data for hcp nickel is instead Ni3C. A differing XRD

spectra for hcp nickel has been suggested148 which is in agreement with experimental findings

by other researchers.26,159 As contradicting research about the properties of hcp nickel have

been reported, further studies upon the features of this crystal structure are required.

Bimetallic structures commonly tend to be combinations of face-centred cubic metals.4,160,161

Less common are combinations of hcp with fcc metals.162 The impact of differing lattice

parameters and crystal structures upon the formation of bimetallic nanoparticles is still under

investigation.

An important face-centred cubic metal with inherent good catalytic properties is platinum.

Platinum finds its use in many applications, such as hydrogen storage,90,91 as cathode material

for fuel cells94 or as a catalyst in reforming processes, i.e. the oxidation of methanol.93 While

platinum is important for industry, the element itself is with 5 parts per billion rather scarce

in the earth’s crust.163

Reports in the literature describe several multi-metallic structures consisting of platinum and

nickel. Commonly reported are randomly alloyed structures with either irregular spherical

particles164 or defined shapes.161,165–167 Also phase-segregated structures with defined shapes

have been observed.47 Figure 31 shows a selection of different nickel-platinum systems.
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Alloyed particles of face-centred cubic nickel and platinum undergo atomic rearrangement

and nickel atoms leech into solution to obtain a platinum enriched nanoparticle surface.164

Structural changes can occur, if either exposed to a current leading to oxidation of nickel

atoms and subsequent diffusion away from the particle surface164 or if NiPt3 particles are

dispersed in organic solvents such as hexane and chloroform.165 The latter case transformed

polyhedra of NiPt3 alloy into framed structures mainly consisting of platinum.

(a) (b) (c)

Figure 31: Selection of different morphologies observed for nickel and platinum containing

nanoparticles. (a) SEM image of hexoctahedral Pt - fcc Ni nanocrystals. Re-

produced from reference 166 with permission, © 2014 Wiley-VCH. (b) High

resolution TEM image of Pt - fcc Ni alloys forming octahedral nanoparticles. Re-

produced from reference167 with permission, © 2014 Wiley-VCH. (c) High-angle

annular dark-field image of Pd-Ni-Pt cubes with a structural model. Reproduced

from reference 47 with permission. Copyright (2014) American Chemical Society.

Sun et al. observed the formation of platinum and nickel alloys with high index facets.166 A

varying concentration of glycine allowed the selective formation of either concave nanocubes,

nanocubes or hexoctahedral nanoparticles. Several hexoctahedral nanoparticles are shown

in Figure 31a. The aqueous solution was heated up to 200°C in an autoclave. Obtained

nanoparticles showed a high activity for the electrooxidation of methanol, formic acid and

the oxygen reduction reaction.166

Octahedral nanoparticles consisting of an alloy of both fcc nickel and platinum were reported

by Xia et al. (Figure 31b).167 An increase of the edge length and therefore size of the octahedra

was achieved by increasing the concentration of oleylamine in solution. Nanoparticles with

a platinum to nickel ratio varying from 1.4 to 3.7 were obtained by decomposing a variable



70

amount of nickel precursor in regards to a set concentration of platinum precursor material.

Further, nickel impacts the electronic structure of platinum which alters the specific activity

of platinum for catalytic reactions, such as the oxygen reduction reaction (ORR).168 Electro-

chemical characterisation of the nanoparticles showed increasing efficiency for the ORR with

increasing edge length. Also, the efficiency strongly depends on the bimetallic composition,

with an optimum platinum to nickel ratio of 2.4.167

The research group around Tsung reported a method of growing a nickel layer onto a palladium

cube and subsequent encapuslation by platinum (Figure 31c).47 The particles were formed

under aqueous conditions with hydrazine as reducing agent. Depending on the amount of

nickel precursor supplied, the thickness of the nickel layer could be tailored. The resulting

nanoparticles were used as catalysts for the electrooxidation of formic acid and methanol.

Compared to reference particles without nickel, an increase in efficiency was observed due to

modification of its electronic structure.47 The efficiency was raised with increasing thickness

of the nickel layer.

Current research focuses on sustainable catalysts. It is desirable to have catalysts which can

easily be extracted and reused after reaction, are more efficient and cost effective, as well as use

only a minimum amount of energy in synthesis and use.169 Especially homogeneous catalysts

have limited use in industrial applications due to the difficulty of separating the catalyst

from the product. The pharmaceutical industry in particular limits the use of homogeneous

catalysis to avoid metal contamination of drugs.48 Therefore cheap and efficient pathways to

separate the catalyst from the reaction mixture are important. One such solution offers the

use of magnetic recycable nanocatalysts, where the catalyst material is grown onto magnetic

nanoparticles which can then be isolated and separated from the reaction mixture by applying

an external magnetic field.48,170,171 Constructing bimetallic nanoparticles with a magnetic

element such as iron, cobalt or nickel are therefore of interest for a sustainable catalysis.

This chapter describes the synthesis of hourglass-shaped hcp nickel nanoparticles. The impact

of these nanoparticles, with their unusual crystal system, upon the formation of a platinum

coating will be investigated and reaction conditions explored to achieve coating of these

nanostructures.
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4.2 Hexagonal Close Packed Nickel

4.2.1 Experiments 1-4 | Synthesis of hcp Nickel

Previous research has shown that it is possible to obtain nickel nanoparticles which consist

of a mixture of both face-centred cubic (fcc) and hexagonal close packed (hcp) crystal sys-

tems.54,159 This motivated research to alter the reaction conditions to form bare hcp nickel

nanoparticles. La Grow et al. studied the impact of hydrogen pressure54,133 and concentra-

tion of trioctylphosphine upon this system,172 hence the use of a higher hydrogen pressure

or alteration of surfactant could lead to the preferential formation of hcp nickel. During this

study, Lee et al. published a report using a similar protocol, however using a hydrogen pres-

sure of 10 bar in an autoclave.108 As the selective formation of hcp nickel nanoparticles has

already been reported by Lee et al., this section discusses the morphology of the formed hcp

nickel particles in more detail and investigates the reaction conditions to obtain hcp nickel

nanoparticles at a lower hydrogen pressure.

0.065 mmol nickel acetylacetonate dihydrate (20.1 mg, Aldrich, 95%) and 0.620 mmol

of hexadecylamine (166.2 mg, Aldrich, 90%) were dissolved in 7.5 mL mesitylene

(Sigma-Aldrich, 98%) in a 11 mL sample vial. The vial was then sealed off with

a septa and subsequently purged with nitrogen gas. This solution was sonicated

at 30°C for 10 minutes. To this solution, 0.0032 mmol trioctylphosphine (15 µL,

Aldrich, 97%) or 0.0032 mmol trioctylphosphine oxide (12.7 mg, Aldrich, 90%)

was given and then placed in a Fischer-Porter bottle filled with nitrogen gas. The

Fischer-Porter bottle was fitted with a valve and purged five times with vacuum

and 1 bar hydrogen gas. The vessel was then filled with 3 to 5 bar of hydrogen gas

before sealing it and placing it in an oven set at 140°C. After 24 hours the vessel

was removed from the oven and cooled to give a brown-black solution. The gas

was released and the solution exposed to a magnetic field. While magnetic nickel

nanoparticles agglomerated at the side next to the magnet, the supernatant was

decanted. The particles were redispersed in 1 ml toluene. Between 10 to 17 mg

of nanoparticles are obtained, depending on the surfactant ratio.

A reaction using trioctylphosphine and 3 bar hydrogen pressure yielded a mixture of both

spherical and hourglass-shaped nanoparticles as shown in Figure 32a. The hourglass content
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is given with 47% while irregular shaped nanoparticles with a size of 13.6 ± 1.8 nm are present

with 53%. These hourglass-shaped nanoparticles have been reported previously by Lee et al.

and have been identified as hcp nickel.108 Similar to hcp ruthenium nanoparticles, this crystal

system favours the hourglass-shaped morphology.66

(a) (b)

(c)

Figure 32: TEM images of a sample showing nickel nanoparticles with hexagonal, hourglass

and irregular spherical morphology. (a) Overview of the sample. (b) High reso-

lution TEM image of an hourglass nanoparticle in side-view. The model in the

lower right shows an idealised view. (c) Hexagonal outline of a nanoparticle. An

idealised model is given in the top left corner and a FFT in the top right corner.

The signals in the FFT are highlighted by white circles for better visibility.

The XRD spectra in Figure 33 shows the presence of two different nickel species. No oxida-

tion occurs even if the spectra of the nickel samples are collected after several months. Signal

positions for fcc nickel were taken from reference 75 and hcp nickel positions were obtained
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from reference 108 . Matching XRD spectra of hcp nickel were reported by Kahn et al.26

and La Grow.159 It is to note, that the reference for hcp nickel by the International Centre

for Diffraction Data shows a mismatch with the signal positions. This mismatch arises as the

reference by the International Centre for Diffraction Data might be mischaracterised Ni3C as

discussed elsewhere.148,159

The lattice parameters for nickel were calculated from the XRD spectra using the signal po-

sitions of [001] and [101] for hcp nickel or respective [200] and [220] for fcc nickel. The lattice

constant a is given with 3.53 Å for fcc nickel and a = b = 2.46 Å with c = 4.31 Å for hcp

nickel. Further, the domain size of the particles was calculated using Scherrer-equation. [001]

was used for hcp nickel or [200] for fcc nickel respectively. Domain sizes of 39.5 nm for hcp

nickel and 9.9 nm for fcc nickel are obtained.
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Figure 33: X-Ray Diffraction spectra of the selected sample. Signals can be indexed to both

fcc and hcp nickel.

The area underneath the hcp nickel [101] and fcc nickel [200] peak were correlated with their

respective signal intensities to yield a distribution of the different nickel phases. hcp nickel

is present with 44% which is in agreement with the hourglass content observed via TEM

(Figure 32a).

The hourglass particles have an average length of 31.5 ± 3.2 nm and a width of 25.3 ± 3.1 nm.

The average length roughly correlates to the domain size reported for hcp nickel. The
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hourglass-shaped particles become more narrow around half of the particle length and show a

characteristic necking feature. This region can also be referred to as the apex of the hourglass.

The width of the necks is given with 13.4 ± 2.9 nm. Histograms are displayed in Figure 34.

(a) (b)

(c) (d)

Figure 34: Distributions of hourglass sizes and angles. (a) Hourglass length. (b) Hourglass

width. (c) Neck width. (d) Angle between facets.

Higher resolution pictures of the hourglass particles are shown in Figures 32b and 32c. Figure

32b shows the side view of an hourglass nanoparticle. Due to their size, images in higher

resolution will only resolve certain areas of the nanoparticle. The model in the lower right

corner shows an idealised view of the particle. In the FFT of the hourglass region are only

two signals visible, impeding the assignment of facets or the determination of the zone axis.

It is assumed that the hourglass is viewed along a 〈010〉 zone axis and the signals represent

{0,0,2} and {0,0,2}. Viewed from the side, the edges of hourglass particles appear curved.

This curvature arises as nickel atoms preferentially dissolve from these positions as atoms at
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the edge have a lower degree of neighbouring atoms and are less stabilised. This behaviour

has been also observed for triangular shapes.173,174 Occasional occurring black streaks parallel

to the ends represent stacking faults. This is a common defect, especially observed under

kinetic growth conditions.54 Stacking faults arise when adatoms take a different position in

the next atomic layer breaking the order (Figure 30), i.e. leading from an ABCABC ordered

fcc-structure to an ABCABAB structure; subsequently showing characteristics of hexagonal

close-packing. This change in packing leads to destructive interference of the transmitted

electron waves and hence black streaks arise.70 Stacking faults commonly occurred in early

experiments involving the synthesis of hcp nickel. As these early batches of nickel nanoparti-

cles were used for subsequent coating reactions, these stacking faults are more prominent in

later experiments.

The hexagon in Figure 32c resembles an upright standing hourglass. An idealised model of

the nanoparticle outline is shown in the upper left corner and a FFT of the particle in the

upper right corner. The signals in the FFT are encircled in white for better visibility. The

FFT matches the theoretical model175 of hcp nickel viewed along a 〈001〉 zone axis. The

signals can be indexed as {0,1,0} and {0,1,0} for the brighter signals at the top and bottom.

The other signals correspond to {1,1,0}, {1,0,0}, {1,1,0} and {1,0,0} going in a clockwise

order. The angles between the individual signals are with 60° in good agreement with the

computational model.

Several tilted hourglasses have been observed and some are visible in Figure 32a. These

particles have a hexagonal outline at their ends. The sizes of these hexagonal outlines match

well with the width of the hourglass particles. It can be assumed that no hexagonal plates are

forming but observed structures are instead upright standing hourglass nanoparticles. The

hexagonal outline is also characteristic for hcp {001} facets. The angle between the hourglass

sides and top is given with 59.2 ± 7.2°, which is in good agreement with the theoretical angle

between hcp (101) and (001) facets of 60°. These terminating facets have been observed as

well for ruthenium hourglasses.66 A histogram of measured angle between the facets is shown

in Figure 34d. As the edges of the nanoparticles are rounded due to dissolution of atoms

with lower coordination numbers173 a larger variance of angles is measured. A scheme of an

hourglass with labelled terminating facets is shown in Figure 35.
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Figure 35: Model showing the atomic ordering to form hourglass-shaped hcp nickel nanopar-

ticles.

As seen in Figure 36 these hourglass particles tend to self-assemble and form stacked lines.

Possible reasons for this behaviour could be orientation and alignment of their magnetic

moments. However, small magnetic probes, such as special AFM tips would be required to

resolve the local magnetic structure of these nanoparticles. Another possible explanation for

this form of self-assembly could be the minimisation of surface-energy. As these hourglass

shaped nanoparticles stack along their c-axis, adjacent [001] facets are getting aligned and

no longer exposed.

Figure 36: Self-assembly of nickel hourglass particles into stacking lines.
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However, these hourglass-shaped nanoparticles have just been observed under certain reac-

tion conditions. The same experiment as described above was repeated with a new batch of

trioctylphosphine (Aldrich, 97%) and cubic nanoparticles were obtained for a reaction with

3 bar hydrogen pressure (Figure 37b). These cubic nanoparticles resemble structures La Grow

obtained for reactions under similar conditions, however he used 1 bar hydrogen pressure.133

For 3 bar hydrogen pressure he observed the formation of fcc/hcp branched particles.54 As cu-

bic particles formed in this reaction, the hydrogen pressure was therefore increased to 5 bar to

alter the decomposition kinetics and obtain the previously observed hcp nanoparticles. Cubic

particles were also obtained for this reaction (Figure 37c). These cubic particles are shown

in Figure 37 for reactions at both 3 and 5 bar hydrogen pressure.

(a) (b) (c)

Figure 37: TEM images of a samples showing nickel nanoparticles. (a) Low resolution image

of nickel cubes using 5 bar hydrogen pressure and a new batch of TOP. (b) High

resolution image of nickel cubes using 3 bar hydrogen pressure and a new batch

of TOP (c) High resolution image of nickel cubes using 5 bar hydrogen pressure

and a new batch of TOP

As different batches of trioctylphosphine were used in this reaction, this chemical was further

investigated. NMR spectra of the two different batches of trioctylphosphine were recorded

and are shown in Figure 38. Experiments with the chemical labelled as old yielded hourglass-

shaped nanoparticles while new trioctylphosphine lead to the formation of cubic structures.

The 1H spectras shown in Figure 38a both show chemical shifts at δ 0.91 ppm (s) and 1.26-

1.57 ppm (m). The signal at 0.91 ppm corresponds to the terminal methyl groups while
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the multiplet at 1.26-1.57 ppm relates to CH2 chains. The recorded 31P spectra shown in

Figure 38b reveals differences in the chemical composition. The signal in both spectra at δ

-32.23 ppm (s) corresponds to the phosphorous in trioctylphosphine while in the older batch

signals at 41.93 ppm (s) and 53.63 ppm (s) are also visible.

(a) (b)

Figure 38: NMR spectra of different batches of trioctylphosphine in C6D6. (a) 1H spectra;

upper spectra of a freshly opened TOP and lower spectra of used TOP. (b) 31P

spectra; upper spectra of a freshly opened TOP and lower spectra of used TOP.

While the signal at δ = 53.63 ppm could not be identified the signal at δ 41.93 ppm corresponds

to trioctylphosphine oxide as the signal position matches reported values in literature and

a white precipitate could be seen within the trioctylphosphine container.176 It is therefore

plausible that small quantities of trioctylphosphine (TOP) oxidised to form trioctylphosphine

oxide (TOPO). The oxygen group might facilitate formation of hcp nickel by preferential

stabilisation of hcp nickel facets. Oxygen containing groups were reported to be involved in

a variety of synthesis reporting the formation of hcp nickel.26,155,157,177

A reaction where trioctylphosphine is replaced by trioctylphosphine oxide yielded small, spher-

ical nanoparticles similar to ones reported by La Grow et al. for the reaction with varying

content of TOP.172 It is possible that a mixture of three co-surfactants is leading to the for-

mation of hcp nickel. It was shown by Evans et al. that pure tertiary phosphines showed no

reaction in the formation of quantum dots while small quantities of impurities in phosphine

were responsible for the nucleation of quantum dots.178 However, as the synthesis of hcp nickel

was published during the scope of this research,108 the process of platinum coating of nickel

hourglass nanoparticles is given more room and explored below.
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4.3 Platinum Coating of Hourglass Shaped Nanoparticles

To further enhance the properties of these hourglass particles and see how the hcp mod-

ification influences crystal growth, these nanoparticles were used in seeded growth experi-

ments with platinum acetylacetonate. Platinum was chosen based on its inherent catalytic

behaviour in electrochemical oxygen reduction and methanol oxidation reactions.47,166 Also,

platinum shows a high selectivity in the hydrogenation of various organic compounds such

as benzene121 or the isomerization of olefins between their cis and trans states.121 Studies

show that the presence of nickel enhances the efficiency in these platinum mediated reactions

based on synergistic effects.47,166 The subsequent experiments investigate the necessary re-

action conditions for heterogeneous growth of platinum onto the preformed nickel hourglass

nanoparticles.

4.3.1 Experiments 5-6 | Effect of Temperature

Organometallic precursors are commonly labile at elevated temperatures, decomposing to

release the metal centre into solution. The kinetics of the decomposition reaction can be

influenced by the reaction temperature. For example, a higher decomposition rate commonly

leads to an increase in particle size.179,180 Furthermore, these particles possess a higher ki-

netic energy and therefore are more dynamic in solution. The higher mobility increases the

probability to encounter other particles in solution and therefore enhances growth of the

nanoparticles.35,180 The following section investigates the impact of reaction temperature

upon the deposition of platinum onto nickel hourglass particles. This set of experiments uses

different batches of nickel seed particles with varying sizes. In early stages of the synthesis of

hcp nickel particles, the size and shape were not yet readily controlled. These batches were

used to screen the reaction conditions. Hourglass particles with a higher degree of control

are used in subsequent experiments.

0.065 mmol platinum acetylacetonate (25.6 mg, Aldrich, 97%) and 0.650 mmol of

hexadecylamine (157.0 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99%

HPLC grade) in a 11 mL sample vial. To this solution 0.007 mmol of preformed

nickel nanoparticles dissolved in 0.1 mL toluene were added. The vessel was fitted

with a valve and purged three times with vacuum and 1 bar hydrogen gas. The
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vessel was then filled with 1 bar hydrogen gas before sealing and placing it in

an oven. The temperature of the oven was set to either 40°C or 100°C. After

4 hours, the vessel was removed from the oven and cooled to room temperature

to give a black solution. The gas was released and the solution was washed twice

in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene and

methanol. The particles were redispersed in 1 mL toluene.

40°C Nanoparticles obtained at 40°C show a mixture of hourglass shaped nanoparticles

and irregular shaped particles. The irregular shaped nanoparticles have an average size of

16.9 ± 3.1 nm while hourglass shaped nanoparticles vary with 85.8 ± 35.6 nm in size (Fig-

ure 39a). The overall hourglass content is 14.7% for the reaction occuring at 40°C. A high-

resolution TEM image of an hourglass shaped nanoparticle is shown in Figure 39b. Dark lines

of higher contrast are regularly appearing throughout the hourglass-shaped nickel nanoparti-

cles. The hourglass morphology is unchanged compared to the used seed particles.

100°C The reaction at 100°C yields a mixture of different nanoparticle morphologies. As

well as hourglasses, cubic particles, highly branched and branched materials are also visible

(Figure 39c). Hourglass shaped particles are present with 9.7% while 90.3% of the sample

shows a mixture of the previously mentioned morphologies such as cubic (66.7%) or branched

(23.6%). The size of the cubes is 21.8 ± 3.8 nm. A high resolution image of a cube next to

a under-focussed hourglass-shaped particle is shown in Figure 39d. The cubic particle shows

protrusions at the corners while its faces appear curved. These cubes will be further referred

to as octapods.

Discussion Contrast in TEM arises due to differences in the electron density or thick-

ness.53,71 As platinum has a higher electron density compared to nickel, these particles appear

generally darker in TEM. The observed octapods, branched particles and highly branched

particles in Figure 39c can therefore be attributed to platinum, while the hourglass particles

appear lighter due to a lower electron density of nickel. The reaction at 40°C shows a sim-

ilar contrast for both irregular shaped and hourglass-shaped nanoparticles (cf. Figure 39a).

These particles are unchanged from seed particles, hence no platinum deposition is observed.
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The dark lines within the hourglasses are due to diffraction of the electrons at the interface

between fcc and hcp nickel.

The platinum particles resemble homogeneously nucleated structures observed by Cheong et

al. under similar conditions.62 Concave octapods have been commonly observed in the organic

solution phase synthesis of platinum acetylacetonate using amine-functionalised surfactants.

Rather than growth onto the nickel nanoparticles and subsequent coating, platinum atoms

joined together to form bare platinum particles.

(a) (b)

(c) (d)

Figure 39: TEM images of NiPt nanoparticles using different reaction temperatures. The

reaction was stopped after 4 hours. (a) Low and (b) High resolution TEM image

of NiPt nanoparticles using a reaction temperature of 40°C. (c) Low and (d)

High resolution TEM image of NiPt nanoparticles using a reaction temperature

of 100°C.
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According to LaMer theory (cf. Figure 40), homogeneous nucleation occurs in the second

stage, where a high concentration of zero-valent atoms is present. As higher temperatures

increase the decomposition rate of platinum acetylacetonate, a greater number of platinum

atoms are therefore present in solution. These platinum atoms subsequently meet to form

nuclei and continue growing into different shapes. The observed morphologies such as octapod,

branched and highly branched can also be explained with growth kinetics and concentration-

dependence of zero-valent platinum atoms. Liz-Marzan et al. reported the formation of

cubes when the concentration of zero-valent platinum atoms exceeds 5 mM and trigonal

plates or multiply twinned decahedron if the concentration drops below 5 mM.117 While the

cubes can further evolve into an octapodal morphology, trigonal plates and decahedron can

grow into branched nanoparticles. Also, it has been reported that the presence of platinum

nanoparticles catalyses the decomposition of platinum acetylacetonate.62 This leads to a high

concentration of zero-valent atoms in close proximity to these branched particles. As a result,

the newly formed platinum atoms can deposit onto the branched particles and further promote

their growth.

The nickel nanoparticles remain uncoated as both nickel and platinum have a lattice mismatch

of approximately 10%47,75 which makes platinum-platinum contact preferably.

Figure 40: Typical LaMer-plot of monomer concentration with time. Phase I describes the

ongoing supersaturation while in phase II nucleation occurs followed by growth in

phase III. Reprinted with permission from reference .33 Copyright 2014 American

Chemical Society.
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The observed platinum octapods are larger in size compared to particles reported by Cheong

et al. at lower temperatures62 The higher temperature increases the kinetic energy of the

particles, therefore they also have a higher probability to combine and grow. This increase in

size for higher temperatures is consistent with reports in literature.180 Ideally, heterogeneous

growth would take place in the first stage as described by LaMer theory. Freshly formed

platinum atoms would then be deposited onto the nickel surface, keeping the concentration

of zero-valent platinum atoms at a low level in order to avoid homogeneous nucleation.

4.3.2 Experiments 7-8 | Effect of Hydrogen Pressure

The organic solution phase synthesis relies on the thermal decomposition and subsequent

reduction of organometallic compounds to metal atoms. These atoms are further used to

form nanoparticles. Thermal decomposition generally produces metal ions, which have to

be subsequently reduced to metal atoms in the zero-valent state. A common reducing agent

is hydrogen gas.26,62,64 A higher pressure of hydrogen gas impacts the formation kinetics of

zero-valent metal atoms and hence the emergence of nanoparticles. If the feed of zero-valent

metal atoms is slow, monomers can adhere to the nuclei surface and subsequently diffuse over

the nanoparticle surface to its energetically favoured position.35 A greater feed of zero-valent

metal atoms commonly leads to increased adsorption rates, preventing relocation of adatoms

to their energetically favoured sites. Based on these underlying mechanism, the impact of a

higher hydrogen pressure upon seeded growth of platinum onto hcp nickel will be investigated.

This set of experiments uses different batches of nickel seed particles with varying sizes. In

early stages of the synthesis of hcp nickel particles, the size and shape were not yet readily

controlled. These batches were used to screen the reaction conditions. Hourglass particles

with a higher degree of control are used in subsequent experiments.

0.065 mmol platinum acetylacetonate (25.6 mg, Aldrich, 97%) and 0.650 mmol of

hexadecylamine (157.0 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99%

HPLC grade) in a 11 mL sample vial. To this solution 0.007 mmol of preformed

nickel nanoparticles dissolved in 0.1 mL toluene were added. The vessel was fitted

with a valve and purged three times with vacuum and 1 bar hydrogen gas. The

vessel was then filled with 1 bar to 3 bar of hydrogen gas before sealing and placing

it in an oven at 40°C. After 4 hours, the vessel was removed from the oven and
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cooled to give a black solution. The gas was released and the solution was washed

twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene

and methanol. The particles were redispersed in 1 mL toluene.

Reactions of 1 bar hydrogen pressure show an hourglass content of 14.7% while the remaining

85.3% are attributed to irregular shaped nanoparticles (Figure 41a). The hourglasses have a

size of 85.8 ± 35.6 nm while the irregular particles have an average diameter of 16.9 ± 3.1 nm.

No areas with higher contrast or intrinsic shapes unique to platinum nanoparticles are ob-

served for reactions occuring at 1 bar hydrogen pressure. Using 3 bar hydrogen pressure,

the appearance of cubic nanoparticles can be observed as shown in Figure 41b. These cubic

particles have an average size of 8.8 ± 1.8 nm and show a frequency of 71.4%.

(a) (b)

Figure 41: TEM images of NiPt nanoparticles using a different hydrogen pressure. The reac-

tion was stopped after 4 hours. Low resultion TEM image of NiPt nanoparticles

using a hydrogen pressure of (a) 1 bar and (b) 3 bar.

Similar to reactions performed at 100°C, increasing the hydrogen pressure to 3 bar leads to

the formation of cubic and branched nanoparticles. Likewise, these particles represent ho-

mogeneously nucleated platinum particles.62 The nickel particles seem unchanged as seen in

Figure 41b. Given these results, homogeneous growth of platinum particles occurred rather

than coating of the pre-formed nickel seed particles. As hydrogen plays a role in the forma-

tion of zero-valent platinum atoms, increasing the pressure also increases the concentration

of the platinum atoms. Therefore, the concentration of platinum atoms exceeds the nucle-

ation threshold leading to formation of platinum particles. As mainly octapod structures

are observed, thermodynamic growth conditions can be assumed.117 A slower growth process

with less zero-valent platinum atoms present is also confirmed by a smaller size of the octa-
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pod morphology. Likewise, in order to achieve heterogeneous growth of platinum onto nickel

nanoparticles and to overcome the intrinsic lattice mismatch of 10%47 an even slower feed of

zero-valent adatoms is required.

4.3.3 Experiments 9-11 | Change of Surfactants

Nanoparticles are metastable in solution and need to be stabilised by surfactants in order

to prevent aggregation. Other functions of surfactants are the stabilisation of zero-valent

metal atoms and to mediate growth onto nanoparticles. While certain functional groups

can preferentially bind to different crystallographic facets and hence impact the geometry

of the formed nanoparticle,16,63 the chain length is known to alter growth rates.16,40 This

section will investigate if heterogeneous growth can be achieved by varying the chain length

or saturation level of the used alkylamine. This set of experiments uses different batches of

nickel seed particles with varying sizes. In early stages of the synthesis of hcp nickel particles,

the size and shape were not yet readily controlled. These batches were used to screen the

reaction conditions. Hourglass particles with a higher degree of control are used in subsequent

experiments.

0.065 mmol platinum acetylacetonate (25.6 mg, Aldrich, 97%) and 0.650 mmol

of the respective surfactant (hexadecylamine, 157.0 mg, Aldrich, 90%; 120.5 do-

decylamine, mg, Aldrich, 98%; oleylamine, 214 µL, Acros, 90%) were dissolved

in 1 mL toluene (>99% HPLC grade) in a 11 mL sample vial. To this solution

0.007 mmol of preformed nickel nanoparticles dissolved in 0.1 mL toluene were

added. The vessel was fitted with a valve and purged three times with vacuum

and 1 bar hydrogen gas. The vessel was then filled with 1 bar hydrogen gas before

sealing and placing it in an oven at 40°C. After 4 hours, the vessel was removed

from the oven and cooled to give a black solution. The gas was released and the

solution was washed twice in a microcentrifuge for 10 min at 14000 rpm using

a 1:1 mixture of toluene and methanol. The particles were redispersed in 1 mL

toluene.

Reactions with dodecylamine and hexaceylamine show similar results with an average hour-

glass content of 16.7% or 14.7% respectively. Both samples show irregular nanoparticles

and hourglass shaped nanoparticles. For dodecylamine the size of irregular particles is
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15.3 ±2.5 nm (Figure 42a) while hexadecylamine shows an average size of 16.9 ±3.1 nm

(Figure 42b). The hourglass shaped particles are 42.2 ± 16.7 nm in size for dodecylamine

and 85.8 ± 35.6 nm for hexadecylamine. Oleylamine as surfactant yields additional cubic and

branched structures (Figure 42c). The hourglass content is 7.7%, while cubic nanoparticles

show a frequency of 79.1%. The size of these cubic shapes is given with 8.0 ± 1.5 nm.

The particles were also investigated using energy dispersive X-ray spectroscopy (EDS). Apart

from copper, carbon, oxygen and nickel also signals relating to platinum could be identified.

As copper, carbon and oxygen are elements related to the TEM grid only signals of nickel and

platinum were compared. Si signals indicate a slight contamination of the TEM with grease.

EDS allows the quantities of either nickel or platinum present in the investigated sample to

be calculated. Pt Mα and Ni Kα transitions were used for determining the overall platinum

content within the investigated area. Dodecylamine showed the lowest platinum content with

0.2 ± 0.2 at.% while hexadecylamine has a platinum content of 1.4 ± 1.2 at.%. Samples made

with oleylamine exhibit a platinum content of 6.4 ± 3.5 at.% (cf. Figure 43).

(a) (b) (c)

Figure 42: TEM images of NiPt nanoparticles using different amine-based surfactants. The

reaction was stopped after 4 hours. (a) Dodecylamine, (b) Hexadecylamine and

(c) Oleylamine were used as surfactants.
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(a)

(b)

Figure 43: EDS spectra of NiPt nanoparticles using different amine-based surfactants. (a)

Hexadecylamine and (b) Oleylamine were used as surfactants.

No changes in nanoparticle morphology are observed for samples made with either dodecy-

lamine or hexadecylamine. Differences in hourglass morphology amongst the samples are

related to initial limited control in the synthesis of the seed particles.

The reaction using oleylamine as surfactant shows particles with an hexagonal outline as

well as branched and cubic structures. While hexagonal structures correspond to upright

standing hourglass particles, octapods and branched particles correlate to homogeneously

nucleated platinum. Hence, EDS detects a higher yield platinum content compared to the

other samples. The larger error related to the EDS data also shows that the platinum atoms

are inconsistently distributed over the TEM grid.

Dodecylamine shows only a platinum content within the range of its error, giving doubt to

any substantial presence of platinum. No shapes corresponding to homogeneous nucleation

of platinum are observed. Likewise, no morphologies relating to bare platinum particles are

observed when hexadecylamine is used as surfactant (Figure 42b). However, a small plat-
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inum content of 1.4 ± 1.2 at.% is present throughout the sample. Therefore, a thin coating

of platinum might have occured during these 4 hours of reaction. Further time would be

required to develop a visible coating.

As only the chain length and saturation level of the surfactant was varied throughout the

reaction, homogeneous nucleation occurring for oleylamine is contributed to the presence of

the double bond. The unsaturated electron pair further might cause reduction of the metal

ions to their zero-valent metal state,117 increasing the overall concentration of zero-valent

platinum atoms leading to the formation of mainly octapodal structures. Similar to the

heavy branched structures obtained at 100°C (cf. Figure 39c), the formation of certain mor-

phologies for platinum nanoparticles is concentration dependent. Another possibility is the

stabilisation of platinum atoms in solution by forming an oleylamine - platinum intermediate.

This intermediate structure might be slowing down the deposition of platinum onto nickel

and hence increasing the concentration of zero-valent platinum in solution which then leads

to homogeneous nucleation events. Cubic, branched and trigonal structures were readily ob-

tained for the reaction with oleylamine, as shown in Figure 42c.

As oleylamine possesses a double bond, it’s ordering onto the nanoparticle surface is in-

terrupted leading to a less dense packing. Therefore, it is easier for platinum to displace

oleylamine or to deposit adatoms onto free sites between the surfactant molecules. However,

as homogeneous nucleation of platinum occurs overlaying any signal for adsorbed platinum

onto the nickel nanoparticles.

Nanoparticles made with dodecylamine as a surfactant show a lower platinum content com-

pared to those made using hexadecylamine. This difference is attributed to a higher bind-

ing strength of dodecylamine compared to hexadecylamine.40,130,181,182 A longer chain-length

commonly favours dissolution of the surfactant from the particle surface into organic solvent

as more hydrophobic CH2 groups are present and higher solvating energies can be achieved.130

4.3.4 Experiments 12-13 | Effect of Time

The previous experiments showed no visible signs of platinum coating under the transmission

electron microscope. However, EDS detected traces of platinum in a sample made using

hexadecylamine. To further promote the growth of platinum to a visible layer, the impact of

reaction time is investigated. A longer reaction time extends the period where platinum pre-
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cursor can get decomposed and adatoms get incorporated onto the seed material. Variations

of the reaction time can lead to insight in the growth process, as the kinetics of particle deposi-

tion can be monitored and the bimetallic composition therefore tailored.4 These experiments

investigate the impact of time on the coating of hcp nickel nanoparticles.

0.065 mmol platinum acetylacetonate (25.6 mg, Aldrich, 97%) and 0.650 mmol of

hexadecylamine (157.0 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99%

HPLC grade) in a 11 mL sample vial. To this solution 0.007 mmol of preformed

nickel nanoparticles dissolved in 0.1 mL toluene were added. The vessel was fitted

with a valve and purged three times with vacuum and 1 bar hydrogen gas. The

vessel was then filled with 1 bar hydrogen gas before sealing and placing it in an

oven at 40°C. After 4 to 72 hours, the vessel was removed from the oven and

cooled to give a black solution. The gas was released and the solution was washed

twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene

and methanol. The particles were redispersed in 1 mL toluene.

The shorter reaction time of 4 hours yielded both irregular shaped nanoparticles with 16.9± 3.1 nm

in size and hourglass shaped nanoparticles of 85.8 ± 35.6 nm. The overall hourglass content

after 4 hours was 14.7%. In contrast, reactions after 72 hours show additional shapes such

as cubic or branched morphologies. The hourglass content after 72 hours is 6.2% while cubic

morphologies have a content of 41.5%. Cubic structures have an average size of 21.5 ± 4.4 nm.

The size of hourglasses is 45.4 ± 4.7 nm. Unlike previously observed hourglasses (cf. Fig-

ure 44b), a darker layer at the ends of the hourglasses is visible after 72 hours (cf. Figure

44d). This layer is 10.1 ± 1.1 nm in size and appears to be tetragonal in shape.

Similar to previous experiments, no platinum coating or formation of bare platinum nanopar-

ticles is visible after 4 hours. After 72 hours reaction time, cubic and branched nanoparticles

are obtained. Further, viewing the hourglass shaped nanoparticles from the top, it is no-

ticeable that they have localised areas of high contrast, corresponding to a higher electron

density or increased thickness (cf. Figure 44c). Figure 44d shows such a coated hourglass

particle. The morphology has changed, with darker areas at each end of the hourglass parti-

cles. Contrast in TEM arises by scattering of the electrons, which is promoted by elements

with higher electron density, materials with a greater thickness or if electrons are diffracted

at defect sites.53,71 The streaks in the hourglass shown in Figures 44b and 44d are interpreted
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as defects due to the crystal system of nickel alternates between face-centred cubic and hexag-

onal close packed.

Dark tetragonal shapes at each end of the hourglass particles are visible, viewing the nickel

particles from the side (cf. Figure44d). These shapes represent platinum particles which nu-

cleated at the {001} facets of hcp nickel. As these hourglasses-shaped nickel particles have a

hexagonal structure facing in c-direction, multiple particles of platinum are superimposed in

this view.

(a) (b)

(c) (d)

Figure 44: TEM images of NiPt nanoparticles after coating reactions with different reaction

times. (a) Low and (b) high resolution TEM images after 4 hours. (c) Low and

(d) high resolution TEM images after 72 hours.

Further, platinum selectively coats the ends of the hourglass on the {001} facet but no coating

of the hourglass sides along the hcp {101} facets is visible. The lack of coating is attributed to

a higher lattice mismatch or lower enthalpy gains for platinum depositing onto {101} facets.



91

Another possibility for selective coating of the nickel nanoparticles might be the highly de-

fected structure itself, which is alternating between a face-centred cubic and a hexagonal close

packed crystal system. The recurring disruption in the crystal lattice may impede the growth

of platinum onto the sides of the hourglasses.

Besides the selective coating of the nickel hourglass particles on their {001} surface, also ho-

mogeneous nucleation occurs within 72 hours. These bare platinum nanoparticles are larger

in size compared to particles obtained with 3 bar hydrogen pressure. As the reaction time is

longer, a greater amount of platinum acetylacetonate precursor can be thermally decomposed

and subsequently reduced, providing a higher amount of zero-valent platinum atoms.

As both heterogeneous and homogeneous nucleation are observed, the rate of platinum de-

composition and hence formation of zero-valent platinum atoms is faster than the adsorption

of platinum atoms onto the nickel surface. Once the nucleation threshold is exceeded, com-

petitive reactions between coated nickel nanoparticles and bare platinum nanoparticles arise.

As no formation of a platinum layer onto nickel was observed after 4 hours, longer time-

periods are required to overcome the lattice mismatch of both systems. Further experiments

stopped at different reaction times will be necessary to gain insight into the growth process

of platinum onto the nickel hourglasses.

4.4 Suppressing Homogeneous Nucleation

4.4.1 Experiments 14-16 | Change of Pt:Ni ratio

For longer reaction times such as 72 hours, selective coating of the ends of the hourglass struc-

ture was observed in previous experiments. However, homogeneous nucleation also occurred

leading to a mixture of different morphologies (cf. Figures 44c and 44d). To suppress homoge-

neous nucleation and obtain coated nickel nanoparticles, the nickel content is increased. This

increase provides a higher nickel surface area for heterogeneous nucleation. Varying ratios of

platinum precursor to nickel nanoparticles are going to be investigated in this section.

0.065 mmol platinum acetylacetonate (25.6 mg, Aldrich, 97%) and 0.650 mmol of

hexadecylamine (157.0 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99%

HPLC grade) in a 11 mL sample vial. To this solution 0.007 mmol, 0.013 mmol

or 0.065 mmol of preformed nickel nanoparticles dissolved in 1 mL toluene were
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added. The vessel was fitted with a valve and purged three times with vacuum

and 1 bar hydrogen gas. The vessel was then filled with 1 bar hydrogen gas before

sealing and placing it in an oven at 40°C. After 72 hours, the vessel was removed

from the oven and cooled to give a black solution. The gas was released and the

solution was washed twice in a microcentrifuge for 10 min at 14000 rpm using

a 1:1 mixture of toluene and methanol. The particles were redispersed in 1 mL

toluene.

Figures 45a and 45b correspond to particles from a 10:1 ratio of platinum to nickel; Figures

45c and 45d depict particles synthesized using a 5:1 ratio of platinum to nickel while particles

shown in Figures 45e and 45f resulted from a reaction with a platinum to nickel ratio of

1:1. Regardless of the stoichiometry nickel nanoparticles retain their hourglass morphology

with darker layers surrounding the {001} facets. For lower platinum to nickel ratios the

thickness of the terminating platinum layer decreases from 14.0 ± 3.8 nm for a ratio of 10:1,

to 10.9 ± 2.4 nm for a ratio of 5:1. A platinum to nickel ratio of 1:1 only yields a thickness

of 6.2 ± 1.3 nm for the platinum layer growing from the {001} facets. Only reactions with a

ratio of 10:1 or 5:1 platinum to nickel show cubic or branched structures.

The absence of cubic or branched platinum nanoparticles in the 1:1 platinum to nickel reac-

tion clearly indicated that homogeneous nucleation was suppressed under these conditions.

With rising nickel content the surface area for heterogeneous growth increases, which leads to

a reduction of the zero-valent platinum atom concentration in solution. Hence, the concen-

tration of platinum atoms is below the nucleation threshold preventing the formation of bare

platinum nanoparticles. Reactions with a 1:1 ratio were repeated and reproducible results

obtained.

The decreasing availability of platinum also limits the thickness of the terminating platinum

layer of hourglass shaped particles. As platinum selectively grows from the {001} facets of

hcp nickel, bimetallic nanoparticles with discreet and distinctive surfaces are formed. Plat-

inum structures located at the end of hourglass particles are overlapping and signals acquired

via TEM therefore superimposed with features below. This inhibits a clear analysis of the

resulting platinum morphology on nickel .

As less non-magnetic platinum particles are present to interrupt ordering, the magnetic hcp

nickel hourglasses show a tendency to self-assemble and form lines, similar to bare nickel

nanoparticles. A possible reason for the formation of lines is based on the orientation of the
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magnetic momentum of the hourglass shaped nickel nanoparticles.

(a) (b)

(c) (d)

(e) (f)

Figure 45: TEM images of NiPt nanoparticles after coating reactions with different platinum

to nickel ratios. (a) and (b) using a molar ratio of 10:1 Pt:Ni. (c) and (d) are

images acquired of a 5:1 Pt:Ni molar ratio. (e) and (f) were recorded of samples

using a 1:1 molar ratio of Pt:Ni.
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To obtain more details about the structural composition of these materials X-ray diffrac-

tion and electron diffraction experiments were performed. The investigated area for electron

diffraction is depicted in Figure 46a while the corresponding diffraction pattern is shown in

Figure 46b. As the particles are magnetic mainly aggregates of several particles are observed.

Also, the smallest selection aperture of the microscope still covers several nanoparticles in

random orientations. Hence, the resulting diffraction pattern shows a multitude of signals.

As the diffraction camera is situated above the beam stopper, the central signal relating to

the undiffracted electron beam is overwhelming; this results in limited contrast. Nanobeam

diffraction might be used to yield better results and selectively obtain information about sin-

gle nanoparticles.

(a) (b)

Figure 46: TEM results of selected hcp bimetallic hourglass in combination with irregular

shaped fcc nickel nanoparticles surrounding the platinum-coated hourglasses. A

platinum to nickel ratio of 1:1 was utilised. (a) Selective area investigated using

electron diffraction and (b) resulting electron diffraction pattern.

The XRD spectrum of the bulk sample was also acquired (Figure 47). The observed signals

can be indexed to face-centred cubic platinum, face-centred cubic nickel and hexagonal close

packed nickel. Utilising Scherrer-equation, the domain sizes were calculated with 10.8 nm

(Pt {111}), 38.2 nm (Ni hcp {001}) and 19.7 nm (Ni fcc {200}). Comparing the area below

the signals and correlating it to their respective line intensities, a platinum to nickel ratio of

0.68:1 was obtained. This suggests that even after 72 hours reaction time some unreacted

platinum acetylacetonate precursor remains in solution.
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Utilising scanning transmission electron microscopy (STEM), region-selective EDS spectra

were acquired to determine the element distribution within a TEM image. However, the

penetration depth of the electron beam is limited with this technique.53,70 Therefore both

EDS spectra and recorded STEM maps show a bias towards the elements present at the

surface. Figure 48 shows a bright field image of the sample, as commonly obtained by regular

TEM imaging. Further, element specific maps and an overlay of both nickel and platinum

phases are also depicted. Shapes resembling either hourglasses or hexagons are clearly visible

in blue. Several regions with platinum can also be seen in the image. Heavily branched

platinum particles as well as random fcc nickel particles coated in platinum are distributed

over the image.

Only hourglass particles on their sides adequately illustrate the bimetallic phase with plat-

inum. A possible reason for this might be that scanning transmission electron microscopy

mainly probes the surface. The electron beam cannot penetrate deep enough to excite the

underlying nickel and obtain signal from the hourglass particle itself. This is why upright

standing hourglasses (hexagons) only show a platinum signal.

Figure 47: XRD spectra of NiPt nanoparticles obtained using a 1:1 molar ratio of platinum

to nickel. Indexed are reflexed for fcc nickel, hcp nickel and fcc platinum.



96

Figure 48: Bright field image of the investigated sample, element specific STEM-EDS maps

and an overlay of both nickel (blue) and platinum (red) STEM-EDS maps. The

nanoparticles were formed using a 5:1 ratio of platinum to nickel.

Figure 49 shows two nickel hourglass particles with platinum coating in close proximity.

These hourglasses are still separated between the terminating platinum structures, hence

showing that platinum coats the ends of the nanoparticles rather than aggregating between

the interface of two adjacent nickel hourglass nanoparticles.

A low resolution image of NiPt nanoparticles with an atomic ratio of 1:1 is shown in Figure

50. Pillars of nanoparticles with alternating sections of nickel and platinum can be seen.

Only a few hourglasses stand upright in the sample but signals of superimposing hexagonal

nickel outlines and patches of platinum can be identified. The STEM-EDS images are in

good agreement with STEM images acquired under bright field imaging conditions, where

the thickness of the platinum layer decreases with increasing nickel content.

Alternating nickel-platinum-nickel structures are formed by self assembly of the hourglass

nanoparticles. As hcp nickel is magnetic,145,148 the particles tend to align themselves along

their c-axis which is possibly caused by lining up of their magnetic momentum.
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Figure 49: Bright field image of the investigated sample, element specific STEM-EDS maps

and an overlay of both nickel (blue) and platinum (red) STEM-EDS maps. The

nanoparticles were formed using a 5:1 ratio of platinum to nickel.

Figure 50: Bright field image of the investigated sample, element specific STEM-EDS maps

and an overlay of both nickel (blue) and platinum (red) STEM-EDS maps. The

nanoparticles were formed using a 1:1 ratio of platinum to nickel.
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4.5 Conclusion and Outlook

This chapter described the synthesis of hourglass shaped nickel nanoparticles and the subse-

quent coating of these particles with platinum. The synthesis of nickel seed particles yields a

mixture of particles in both face-centred cubic and hexagonal close packed modification. De-

spite efforts in magnetic separation and size-selective precipitation no protocol to selectively

obtain hourglass-shaped nanoparticles could be developed. Further, NMR experiments show

the presence of impurities in the trioctylphosphine reagent that may be responsible for changes

in nanoparticle morphology. Control reactions with freshly received trioctylphosphine yielded

cubic nickel particles regardless of the used hydrogen pressure and in contrast to findings by

La Grow et al.54,133 A mixture of trioctylphosphine oxide with trioctylphosphine and hex-

adecylamine might lead to an increased content of hourglass-shaped nanoparticles. Due to a

mixture of different nickel systems no study of the magnetic properties was conducted.

The obtained nickel nanoparticles were used as seed particles to yield bimetallic nickel-

platinum systems. The control of reaction conditions such as temperature, hydrogen pressure

and surfactant is crucial to manipulate the decomposition kinetics and prevent the homoge-

neous nucleation and formation of bare platinum nanoparticles. It was observed that the

addition and growth of platinum adatoms onto the nickel seeds is slower than the decomposi-

tion rate of the platinum precursor, leading to both heterogeneous growth of platinum onto

nickel and homogeneous nucleation of platinum nanoparticles. With increasing surface area

the homogeneous nucleation was suppressed leading to bimetallic nickel-platinum structures.

In addition, samples with a low content of irregular shaped fcc nickel nanoparticles show self-

assembly of the hourglass particles along their c-axis. This self-assembly might be attributed

to alignment of the magnetic dipoles of the nickel particles.

Platinum grows only selectively from hcp nickel {001} facets which terminate the hourglass

along the c-axis. The sides of the hourglass are terminated by hcp {101} facets are left un-

covered, leading to exposure of both platinum and nickel surfaces. Nickel and platinum were

successfully combined in a novel nanomaterial. Resulting nanoparticles still exhibit magnetic

features, indicated by their self-assembly into pillars; suggesting use of this bimetallic system

as recoverable catalysts.

Future experiments with varying reaction times will provide further insight in the coating

process and the underlying growth mechanism.
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5 Tin & Platinum

5.1 Introduction

Platinum is involved in a variety of processes like hydrogen storage,90,91 as cathode material

for fuel cells94 or catalytic reactions such as the oxidation of methanol.93 Despite the versatile

and widespread use of platinum in industry, the element only occurs with a relatively low

concentration of 5 parts per billion in the earth’s crust.163 The high demand can therefore just

be met by a low supply. In addition, platinum is prone to poisoning with carbon monoxide,

which irreversibly adsorbs onto its surface.95,96 Carbon monoxide is a common side product

in the oxidation of C1 or C2 compounds such as methanol, ethanol or formic acid.183 Also,

carbon monoxide is the main impurity in hydrogen gas, as it is a residue in the reformation

process of hydrocarbons.183,184 Showing up pathways to both increase the chemical resistance

of platinum and decrease its consumption are essential.

As tin shows a higher natural abundance of 6000 parts per billion in the earth’s crust,163

it can be readily used to enhance the properties of bare platinum nanoparticles. Also, tin

enhances the resistance of platinum towards carbon monoxide poisoning.185 In an electro-

chemical setup, tin promotes the H2O dissociation by preferentially forming Sn-OH bonds.

The water dissociation potential for tin is 0.44 V compared to 0.67 V for platinum.186 Vicinal

Sn-OH groups near Pt-CO then lead to oxidation and subsequent desorption of CO2 from the

platinum site.185 While oxophilic elements such as Ru or Mo show a CO oxidation potential

of 0.3-0.5 V, Sn has a lower potential of 0.2-0.3 V.187 Experimental and theoretical findings

further suggest that Sn prevents carbon-carbon cleavage or decomposition of oxygenated hy-

drocarbons and hence hinders the formation of CO.188

Besides the increased chemical resistance, bimetallic tin-platinum complexes also show an

increased electrochemical efficiency compared to bare platinum.189 For example, Pt1Sn1/C,

Pt3Sn2/C or Pt2Sn1/C show a high efficiency for the anode reaction in ethanol fuel cells.

This efficiency is strongly dependent on the elemental composition, as higher platinum values

such as Pt3Sn1/C or Pt4Sn1/C exhibit a decreased efficiency.185 Tin-platinum compounds

have superior efficiency in ethanol fuel cells compared to other bimetallic structures such as

ruthenium-platinum, tungsten-platinum or palladium-platinum.185 However, for alloys with

a tin content greater than 50% the efficiency drastically decreases for the above mentioned
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ethanol oxidation reaction.190

The increased electrochemical efficiency is mainly governed by the bifunctional effect, an

ensemble effect and modification of the electronic structure.187,193 The bifunctional effect as-

sumes that two different metal atoms are in close vicinity to each other and assume different

stages in the overall reaction. For example, carbon monoxide strongly binds to platinum

while neighbouring tin atoms can supply hydroxyl groups necessary for the overall oxidation

reaction.

The ensemble effect describes a limited number of atoms within a confined geometric orienta-

tion.191 The ensemble effect utilises the energy difference for certain reaction steps on either

a vicinal platinum or tin surface.192 For instance, water dissociates at a lower potential on a

tin surface compared to platinum.186

Platinum shows a higher electro-negativity and hence donation of electrons by tin into the

d-band of platinum occurs.185,193,194 This partial filling of Pt d-band vacancies is accompa-

nied by an increase in platinum-platinum bond distance. This increased distance further

effects the chemical properties of platinum, as a longer Pt-Pt bond inhibits the adsorption

of methanol.184,189,193 By combining a noble and a non-noble metal with each other, Kolny-

Olesiak et al. showed that the electronic structure and geometric morphologies forming from

these bimetallic compounds can be tailored.196

Figure 51 shows a ternary phase diagram of platinum, tin and antimony forming in the bulk

state depending on their relative ratios. Only discrete phases such as Pt3Sn, PtSn, Pt2Sn3

and PtSn4 have been isolated. Also their crystallographic phases differ, as PtSn crystallises

in the hexagonal phase, while Pt3Sn preferentially forms the cubic phase.196 Yet, further alloy

structures such as Pt3Sn2 or Pt4Sn have been observed for nanoparticles,185 given rise to the

study of further elemental composition and their impact on the physiochemical properties.

As tin is a non-noble element, it is prone to oxidation in air. Shih et al. conducted studies

on the formation of tin oxide from tin, reporting SnO layers of less than 1 nm under humid

conditions.197 If this thin SnO layer is exposed to air and elevated temperatures for longer

than 24 hours, a thin layer of SnO2 is forming instead.197 These findings suggest the formation

of a diffusion barrier preventing further oxidation.

There is a variety of applications for bimetallic tin-platinum nanoparticles. For instance,

particles with the composition PtSn2 have been used in hydrogenation reactions of cyclodo-
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Figure 51: Ternary phase diagram showing the possible alloy formations of Pt and Sn in the

bulk state. Reprinted from reference 195 with permission from Elsevier.

decatriene to cyclododecene. The use of tin increased the selectivity towards the final product,

cyclododecene.198 The elemental composition of these nanoparticles is rather important for

hydrogenation and dehydrogenation reactions. An alloy of PtSn3 acts as an active site for

the dehydrogenation of propane while a PtSn alloy shows only low activity.188,194 The de-

hydrogenation of alkanes to unsaturated compounds is especially of interest for their use in

polymer synthesis.

For the oxdation of formic acid it was found that the molecule preferentially adsorbs onto

platinum sites. These platinum sites carry out the dehydrogenation while vicinal tin sites

supply hydroxyl groups for the subsequent oxidation.183

PtSn alloys in varying composition have also been used in electrocatalysis, specifically in

ethanol oxidation reactions.185,189 These particles yield a stable power output as monitored

over 3 days.185 In the ethanol oxidation reaction, ethanol is selectively formed to acetaldehyde

via ethoxy species.183,188 The impact of the presence of tin has been studied in detail, as tin

itself is metallic below potentials of 0.15 V and oxidised above potentials of 0.28 V.187 How-

ever, alloys are only prone to electrochemical oxidation of Sn0 to Sn4+ above 0.50 V.187,199

Studies showed that tin penetrates into the platinum lattice, donating electrons in the vacant

d-band and hence increasing the Pt-Pt distance further.189,193 However, bimetallic nanopar-

ticles exposed to potential cycling show surface enrichment of platinum with progressive
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cycles.184 This indicates either rearrangement and phase-separation or dissolution of tin from

the system. It was also found that core-shell morphologies are less efficient compared to their

random alloyed counterparts.183

(a) (b) (c)

Figure 52: Selection of different synthesised tin-platinum nanoparticles. (a) High resolution

TEM image of a twinned PtSn nanoparticle. Reprinted from reference 189 with

permission from Elsevier. (b) High resolution TEM image of a Pt3Sn nanoparticle.

Reproduced from reference 201 with permission of The Royal Society of Chemistry.

(c) TEM image with a high resolution inset of PtSn@Pt core-shell nanoparticles.

Reproduced from reference 184 with permission, © 2010 Wiley-VCH.

Xin et al. reported the synthesis of faceted bimetallic nanoparticles enclosed in {111} and

{200} facets.189 A high resolution image of these particles is shown in Figure 52a. Their

synthesis was carried out in an ethylene glycol solution at 190°C, where SnCl2 decomposes

and forms nanoparticles. These particles were further used in a seeded growth step at 160°C

in basic conditions for two hours with H2PtCl6. The resulting nanoparticles were then tested

upon their properties in ethanol oxidation reactions.

Phani et al. also reported the synthesis of bimetallic platinum-tin nanoparticles in an ethylene

glycol solution, yielding only polydisperse and irregular shapes. SnCl2· 2 H2O, H2PtCl6· 6

H2O and ethylene glycol were added simultaneously and heated up to 85°C for four hours.

The Pt75Sn25 alloy is forming in its fcc modification while a metal ratio of Pt50Sn50 leads to

packing in the hexagonal crystal system.200 These tin-platinum particles lost their efficiency

for the methanol oxidation reaction after heat treatment. Clustering of the particles to ag-

gregates of approximately 20 nm was observed under these conditions.

Further, Thieuleux et al. carried out reactions at room temperature involving tributyltin hy-

dride, platinum bis(dibenzylideneacetone) and hydrogen gas.201 Regardless of the supplied
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platinum to tin ratio, only nanoparticles with the elemental composition of Pt3Sn formed.

Figure 52b shows a high resolution TEM image of this Pt3Sn phase.

Random alloys, ordered intermetallic systems and core-shell structures were obtained by re-

duction of platinum acetylacetonate and tin tetrachloride with sodium borotriethyl hydride

in octadecene.184 Oleylamine and oleic acid were used as surfactants in the reduction yield-

ing an intermetallic structure while ethylene glycol and polyvinylpyrrolidone were used in

the formation of random tin-platinum nanoparticles. Potential cycling of the intermetallic

species leads to the formation of a core-shell structure composed of a platinum shell and an

intermetallic PtSn core. An image of such a core-shell nanoparticle is shown in Figure 52c.

These particles were used as catalysts in the electrochemical oxidation of hydrogen. While

the intermetallic species showed the best efficiency it also shows a decreased stability as it

undergoes restructuring to form PtSn core-shell nanoparticles.

Exploiting the hot injection technique, Nikles and co-workers obtained bimetallic nanoparti-

cles with narrow size distributions.202 The reaction was carried out in hexane with hexadecane-

diol as reducing agent and platinum acetylacetonate or tin acetylacetonate as organometallic

precursor. Surfactants were used to limit the size of the formed particles, whereby oleylamine

was limiting the size of the platinum component while oleic acid was the limiting factor for

tin. However, reflux at temperatures higher than 300°C yielded polydisperse particles.202

Moreover, reports in the literature state that temperatures above 250°C are required in the

hot injection synthesis of shaped intermetallic platinum-tin nanoparticles.196

Apart from bimetallic nanoparticles, organometallic complexes containing tin-platinum bonds

have been reported in literature. Generally, three pathways to obtain these structures are

identified. Tin can insert itself into platinum bonds with other groups such as halides.203–205

Besides insertion into these bonds, neutral ligands can also be replaced.206 Hereby, tin bonds

form adducts with soft Lewis acids and transition metals via its lone electron pair.207 This

bond lowers the electron density of tin and further decreases the energy of its empty p-orbitals.

π back-bonding of platinum into the empty p-orbitals of tin stabilises the compound and alters

the electronic structure of both metals.206,207 As the platinum precursor often offers halide

bonds, the insertion reaction will be commonly favoured over the displacement of neutral

ligands. Stannylenes, being able to act as both Lewis acids and bases, have been used to

form Sn-Pt bonds with varying tin to platinum ratios ranging from 1:1 up to 4:1.206 The last

pathway to form organometallic compounds containing tin-platinum bonds is via oxidative



104

addition of tin(VI) compounds to platinum(0) containing groups.208 Hereby, neutral ligands

are being displaced in favour of tin. In this reaction, the oxidation state of platinum increases

from (0) to (II) while tin is getting reduced from (IV) to (II).

Most organometallic compounds containing the tin-platinum motif show a ratio of 1:1 or 2:1.

Only 6 compounds with a ratio of 3:1, seven with a 4:1 ratio and three with a 5:1 ratio have

been reported according to Jurkschat et al.209 In general, these tin atoms are located in a

distorted trigonal-bipyramidal environment.209 Also, organometallic tin-platinum compounds

have been further used as hydrogenation198 or hydroformylation206 catalysts.

This chapter describes the synthesis of bimetallic tin-platinum nanopaticles using the organic

solution phase synthesis. Both, the formation of tin nanoparticles for subsequent coating

reactions and the co-reduction of two single source precursors will be investigated.

5.2 Synthesis of Tin Seed Particles

As part of a student research project under the supervision of Ch. Hasenöhrl and M. Coles,

tin nanoparticles were synthesised by Maximilian Thoma. The aim of this project was to

scout possible reactions for the formation of bare tin nanoparticles which might then be used

in subsequent coating reactions.

For this, tin precursor and hexadecylamine as surfactant were dissolved in either toluene or

mesitylene and placed in a sealable Fisher-Porter bottle. The Fisher-Porter bottle was ex-

posed to hydrogen gas and put in an oven for up to 24 hours.

The tin precursors tetraphenyltin or triphenyltin hydride showed no nanoparticle formation

at elevated temperatures up to 140°C. These phenyl-containing tin precursors have a higher

thermal stability210,211 similar to benzene or toluene and do not decompose to release tin

under these reaction conditions. The use of tin(II) chloride as precursor showed the forma-

tion of nanoparticles. A TEM image of these particles is shown in Figure 53a. The formed

nanoparticles are with 2.2 ± 0.4 nm small in size. The resulting sample was further charac-

terised with XRD upon its elemental composition. A XRD spectra is shown in Figure 53b.

The signals could be indexed to both γ-tin and tin oxide. Correlation of the area under the

signals with their tabulated signal intensity showed a tin content of 33% while tin oxide was

present with 67%. Due to the small size of these nanoparticles, they tend to readily oxidise

to form tin oxide. Similar behaviour has been observed for iron nanoparticles.212 As tin ox-
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ide isolates tin from a potential platinum coating and hence inhibits synergistic effects, the

co-reduction of tin and platinum precursors are investigated in more detail below. Eichhorn

et al. also observed a greater stability of alloyed particles184 and Jovanovic et al. reported a

greater efficiency of platinum-tin alloys compared to core-shell structures.183
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Figure 53: Data from a student research project involving the synthesis of Sn nanoparticles.

Tin(II) chloride and dodecylamine were decomposed in a 3 bar hydrogen atmo-

sphere at 100°C for 24 hours. (a) Low resolution TEM image. (b) XRD spectrum

of synthesised nanoparticles.

5.3 Co-reduction of Tin and Platinum Precursors

5.3.1 Experiment 1-4 | Impact of Tin Precursor

In this section a one-step synthesis was used to obtain bimetallic nanoparticles. This is in

contrast to previous reactions described in Chapters 3 and 4, where first a seed nanoparticle is

formed and then the metal seed is exposed to the precursor solution of another metal to yield

coated or alloyed structures. As mentioned above, alloyed tin-platinum structures showed a

greater stability184 and improved efficiency183 compared to their core-shell counterparts.

Alterations of the precursor molecule affects the kinetics of the system as these compounds

possess different decomposition pathways,59 decomposition temperatures and varying decay

rates.60,61 As tin and platinum metal precursors are decomposed simultaneously in solution,

matching decomposition kinetics are required to form bimetallic structures rather than ho-

mogeneously nucleated tin and platinum nanoparticles. These experiments investigate and
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compare the decomposition of four different tin precursors while the platinum precursor is

kept constant.

0.050 mmol tin precursor (tetraphenyltin, 21.4 mg, ABCR, 97%; triphenyltin hy-

dride, 12.8 mg, Aldrich, 99%; tin(IV) chloride, 9 µL, Aldrich, 99.995%; tin(II)

chloride, 9.5 mg, Aldrich, 98%; ), 0.050 mmol (1,5-cyclooctadiene) dimethylplat-

inum (16.7 mg, Aldrich, 98%) and 1.000 mmol of hexadecylamine (239.5 mg,

Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC grade) in a 11 ml

sample vial. The sample vial was placed in a Fischer-Porter bottle. The vessel was

then fitted with a valve and purged three times with vacuum and 1 bar hydrogen

gas. The vessel was then filled with 1 bar hydrogen gas before sealing and placing

it in an oven at 100°C. After 24 hours, the vessel was removed from the oven and

cooled to give a black solution. the gas was released and the solution was washed

twice in a microcentrifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene

and ethanol. The particles were redispersed in 1 mL toluene. A yield between 15

to 25 mg was obtained, depending on the surfactant ratio.

SnPh4 The co-reduction with tetraphenyltin and (1,5-cyclooctadiene) dimethylplatinum

shows the formation of octapods and branched nanoparticles (Figure 54a). These particles

resemble homogeneously nucleated structures of platinum observed by Cheong et al.62 15%

of the nanoparticles are branched with an average branch length of 20.1 ± 4.7 nm. The

number of arms commonly vary between 2 to 4. A high resolution TEM image of the center

of a branched particle is shown in Figure 54c. The content of octapodal nanoparticles is

given with 85% while they are 14.7 ± 2.2 nm in size. A histogram of the size distrubtion for

octapod particles is shown in Figure 54b. Liz-Marzan et al. reported the formation of cubes

when the concentration of zero-valent platinum atoms exceeds 5 mM and trigonal plates or

multiply twinned decahedron if the concentration drops below 5 mM.117 While the cubes can

further evolve into an octapodal morphology, trigonal plates and decahedron can grow into

branched nanoparticles.

EDS gives an average tin content of 6.8 ± 6.0%. In contrast to reactions without platinum

precursor the decomposition of tetraphenyltin is occurring even at 100°C. Platinum nanopar-

ticles are known to catalyse the decomposition of certain precursor materials62 favouring the

release of tin atoms into solution. However, the tin content varies strongly throughout the
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sample, giving limited control of the elemental composition.

A typical XRD spectra for samples with low tin content and morphologies similar to these

shown in Figure 54a is depicted in Figure 54d. The observed peaks are not shifted from

their theoretical values. However, Vegard’s Law is not applicable as tin and platinum possess

different crystal systems.118
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Figure 54: Data of SnPt nanoparticles using tetraphenyltin and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) Histogram

of octapod nanoparticle sizes. (c) High resolution TEM image. (d) X-Ray diffrac-

tioin spectra.

SnPh3H Mixing of triphenyltin hydride with (1,5-cyclooctadiene) dimethylplatinum yielded

a vibrant orange-brown solution prior to sealing the 11 mL vial within the Fisher-Porter bot-

tle. The change in colour might indicate the formation of a bimetallic platinum-tin com-

plex. An NMR scale reaction with excess triphenyltin hydride and (1,5-cyclooctadiene)

dimethylplatinum in deuterated benzene is shown in Figure 55. NMR data supports the
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release of 1,5-cyclooctadiene with chemical shifts arising at δ 5.63 ppm and 2.20 ppm. Un-

reacted triphenyltin hydride and (1,5-cyclooctadiene) dimethylplatinum are also detectable

via NMR. The solvent peak overlaps with signals from ortho and para situated hydrogen of

the phenyl functionality. Methane (δ 0.14 ppm) and hydrogen gas (δ 4.45 ppm) are other

products of this reaction.

Figure 56a shows irregular spherical nanoparticles with an average size of 5.5 ± 1.2 nm. Their

size distribution is displayed in Figure 56b while a higher resolution TEM image is shown

in Figure 56c. Observed nanoparticles show a spherical outline and varying particle diame-

ter. The coalescence of two nanoparticles to an elongated rod is also visible. The presence

of triphenyltin hydride impacts the formation of nanoparticles as different morphologies are

observed compared to tetraphenyltin (Figure 54a). Similar to tetraphenyltin the presence

of platinum tends to catalyse the decomposition and incorporation of tin into the formed

nanostructures, as reactions without triphenyltin hydride yielded no nanoparticles. The tin

content at 2.6 ± 1.3% is rather low. Despite the low tin content, a signal corresponding to

γ-tin was observed via XRD (Figure 56d).

Figure 55: 1H-NMR spectrum of triphenyltin hydride and (1,5-cyclooctadiene) dimethylplat-

inum in deuterated benzene. Assigned peaks are marked with an asteriks.
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Figure 56: Data of SnPt nanoparticles using triphenyltin hydride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) Histogram

of nanoparticle sizes. (c) High resolution TEM image. (d) X-Ray diffractioin

spectra.

SnCl4 The reaction using tin(IV) chloride and (1,5-cyclooctadiene) dimethylplatinum was

carried out under inert conditions. No colour change upon mixing of the two metallic com-

pounds was visible. Figure 57a shows the formation of octapods and branched nanostructures

similar to the reaction using tetraphenyltin. A high resolution TEM image of branches spread-

ing from a center-particle is shown in Figure 57b. Approximately 45% of the nanoparticles

show a branched structure with commonly 2 to 4 arms branching off. The angles between

these arms vary, however frequent structures resemble chromosomal or trigonal architectures.

The size of the arms varies with 19.9 ± 3.7 nm.

Octapod structures have a size of 13.9 ± 3.6 nm and occur with a frequency of 55% through-

out the sample. A histogram of the octapod size distribution is shown in Figure 57c. While



110

the size is similar to structures observed from the reaction involving tetraphenyltin, a lower

octapod content is obtained. As cubes and octapods commonly form when a threshold of

5 mM is surpassed, the presence of tin(IV) chloride alters the decomposition kinetics of the

investigated system. As more nanoparticle with branched structures form, the release of zero-

valent platinum atoms into solution has to be inhibited compared to tetraphenyltin.

EDS indicates a tin content of 4.0 ± 1.7% and XRD shows only the presence of platinum

peaks, similar to Figure 54d.
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Figure 57: Data of SnPt nanoparticles using tin(IV) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) High reso-

lution TEM image. (c) Histogram of nanoparticle sizes.

SnCl2 Another investigated tin precursor was tin(II) chloride. In contrast to other tin

precursors, the oxidation state of tin is changed from IV to II. The colour of the solu-

tion changes from colourless to a vibrant orange-brown upon mixing of tin(II) chloride and

(1,5-cyclooctadiene) dimethylplatinum in toluene. Resulting nanoparticles appear to have
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a spherical morphology (Figure 58a) and a size distribution of 8.0 ± 1.2 nm (Figure 58c).

Particles shown in Figure 58b appear to have a darker centre. EDS-mapping in STEM was

performed to investigate if formed nanoparticles show a core-shell structure or if alloying

takes place. Figure 59 shows a bright field image of the sample. Streaks occasionally arise in

these bright field images as probe tracking moves the sample slightly to maintain a constant

signal of the sample and to minimise the effect of movements of the sample, e.g. occurring

due to thermal expansion of the TEM grid. Element-specific maps and an overlay of tin and

platinum signals are also shown in Figure 59. Individual particles are visible with relative

low background noise. Tin seems to be evenly spread throughout the particles, hence the

darker centre in Figure 58b might be attributed to thickness effects instead of the formation

of core-shell nanoparticles.
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Figure 58: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) High reso-

lution TEM image. (c) Histogram of nanoparticle sizes.
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Figure 59: Bright field image of the investigated sample, element specific STEM-EDS maps

and an overlay of both tin (blue) and platinum (red) STEM-EDS maps.

A typical EDS spectrum for the tin-platinum systems is shown in Figure 60. The Mβ signal

is used for platinum and Lα for tin to calculate the tin ratio within the sample. In the case

of tin(II) chloride a tin content of 22.7 ± 2.5% is observed. Carbon, oxygen and copper sig-

nals relate to the carbon-coated TEM grid while Si indicates slight contamination of grease

within the microscope. Grease is commonly used around the O-rings for the holder to im-

prove the vacuum within the microscope. Slight chromium contaminations are attributed to

background noise from the TEM holder and from materials used within the microscope.

Figure 60: EDS spectra of SnPt nanoparticles. Signals highlighted in green are used in the

calculation of the bimetallic ratio.

Due to the vibrant orange colour upon mixing a NMR spectrum was recorded to explore the

reactions occurring in solution. Deuterated benzene was used instead of toluene. A part of

the recorded 1H spectrum is shown in Figure 61. The spectrum focuses on the area of interest
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with δ ranging from 0.0 ppm to 5.6 ppm. The solvent signal at δ = 7.16 ppm was omitted

for better visibility of the spectrum. Observed chemical shifts are summarised in Table 7.

Benzene, acetone, water and grease impurities were assigned based on matching chemical

shifts with reported literature values.213 These impurities are marked with orange asterisks.

Unchanged signal positions from (1,5-cyclooctadiene) dimethylplatinum are marked with red

asterisks in Figure 61. The signal at 1.27 ppm correlates with the Pt-CH3 group as a singlet

with two satellite signals is observed. The satellites arise as 1H interacts with 195Pt. The

multiplet around 1.79 ppm is assigned to CH2 functionalities in 1,5-cyclooctadiene while the

signal at 4.58 ppm arises from H1,2,5,6 in 1,5-cyclooctadiene.

Table 7: Chemical shifts in the NMR 1H spectra of tin(II) chloride with (1,5-cyclooctadiene)

dimethylplatinum in deuterated benzene.

δ / ppm Signal Integral Remarks

7.16 s n/a Benzene

5.58 s 0.69 H1,2,5,6 free COD

5.41 m 3.48 H5,6 COD trans CH3 Product 1

5.36 m 3.48 H5,6 COD trans CH3 Product 2

4.58 t 4.00 H1,2,5,6 COD Starting Material

3.76 m 3.05 H1,2 COD trans Cl Product 1/2

2.21 s 1.14 CH2 free COD

1.79 m n/a CH2 COD Starting Material

1.7-1.3 m n/a Not Assigned

1.55 s n/a Acetone

1.27 s 4.21 CH3 Pt-Me Starting Material, 2 Satellites

1.03 s 2.71 CH3 Pt-Me Product 1/2, 2 Satellites

0.52 s n/a Water

0.15 s n/a Grease

A spectra of 1,5-cyclooctadiene in deuterated dichloromethane shows chemical shifts at 5.60 ppm

(s) and 2.39 ppm (s). The signal at 5.6 ppm can be assigned to H1,2,5,6 while 2.39 ppm repre-
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sents the CH2 groups in 1,5-cyclooctadiene. Based on these data, similar chemical shifts have

been observed for the reaction of tin(II) chloride with (1,5-cyclooctadiene) dimethylplatinum

at 5.58 ppm (s) and 2.21 ppm (s). The integral below these signals matches with 0.69 to 1.14

roughly the 1 to 2 ratio in cyclooctadiene. Signals at 5.58 ppm and 2.21 ppm are assigned

to free 1,5-cyclooctadiene and are marked with blue asterisks in Figure 61.

Remaining signals at δ 5.41 ppm, 5.36 ppm, 3.76 ppm and 1.03 ppm are related to formed

products. Chemical shifts around 5.4 ppm show two signals arising which might be attributed

to two different products. As the chemical shifts are overlapping, the integral of 5.41 ppm

and 5.36 ppm represents the area underneath both signals. Possible products relate to the

insertion of tin(II) chloride into the platinum-methyl bond. This reaction would make the

molecule asymmetric leading to splitting of the H1,2,5,6 signal into a H1,2 and H5,6 signal.

Figure 61: 1H-NMR spectrum of tin(II) chloride and (1,5-cyclooctadiene) dimethylplatinum

in deuterated benzene. Assigned peaks are marked with an asteriks. The solvent

signal at 7.16 was cut off to enlarge the area of interest.

A mixture of tin(II) chloride and (1,5-cyclooctadiene) dimethylplatinum in deuterated dichloromethane

was allowed to evaporate slowly under cooled conditions. The resulting crystals were investi-

gated by M. Coles using single crystal X-Ray Diffraction. The resulting data matches a crys-

tal structure of (1,5-cyclooctadiene) chloromethylplatinum published by Elmas et al. (Figure

62).214 The formed crystals show a square planar symmetry with chlorine, methyl and COD
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ligand surrounding the platinum. NMR spectra of (1,5-cyclooctadiene) chloromethylplatinum

in deuterated acetone were reported by Elmas et al.214 Based on these data, the signal at

5.41 ppm/5.36 ppm was assigned to H5,6 trans-CH3. 3.76 ppm was assigned to H1,2 COD

trans-Cl and the chemical shift at 1.03 ppm to the platinum-bound methyl group. As signals

in NMR are not broadened, these bonds are not rotating but stay locked in conformation.

The team around Elmas observed crystals with a pale yellow colour while the solution of

tin(II) chloride and (1,5-cyclooctadiene) dimethylplatinum shows a vibrant orange. This

might indicate the formation of further products. A possible explanation for the second sig-

nal at 5.36 ppm/5.41 ppm is the insertion product Pt-SnCl2Me. However, as crystals slowly

precipitate, (1,5-cyclooctadiene) chloromethylplatinum is removed from the solution which

shifts the equilibrium to form further (1,5-cyclooctadiene) chloromethylplatinum. Further

NMR experiments investigating the chemical shifts of 117Sn, 119Sn and 195Pt might give more

insight into the formed products.

Figure 62: Crystal structure of [(COD)Pt(Me)Cl] depicted in thermal ellipsoids. Hydrogen

atoms are omitted for clarity. Reprinted from reference 214 with permission from

Elsevier.
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Summary The observed tin content for any used tin precursor is given in Table 8. Tetraphenyltin

and triphenyltin hydride tend to decompose in the presence of platinum, while reactions with-

out (1,5-cyclooctadiene) dimethylplatinum lacked the formation of nanoparticles. While triph-

enyltin hydride forms a vibrant orange colour if mixed with (1,5-cyclooctadiene) dimethylplat-

inum, tetraphenyltin and tin(IV) chloride remain colourless. However, all three precur-

sors with an oxidation state of IV for tin show a poor tin content after a reaction time

of 24 hours. Only tin(II) chloride shows a tin content of 23 ± 2% and the formation

of spherical, alloyed nanoparticles. An orange solution upon mixing of tin(II) chloride

with (1,5-cyclooctadiene) dimethylplatinum indicates a reaction of both precursor molecules.

NMR spectra indicate the presence of several reaction products but only crystals of (1,5-

cyclooctadiene) chloromethylplatinum were able to be isolated. No NMR spectra of tin or

platinum were recorded as no suitable standards were present to calibrate the NMR spec-

trometer. Tin(II) chloride will be used in further experiments due to its high tin content in

formed nanoparticles.

Table 8: Elemental composition of SnPt nanoparticles synthesised using differing tin precur-

sors.

Sn content / %

SnPh4 7 ± 6

SnPh3H 3 ± 1

SnCl4 4 ± 2

SnCl2 23 ± 2



117

5.3.2 Experiment 5-7 | Impact of Platinum Precursor

As the reaction with tin(II) chloride showed the highest incorporation of tin into the formed

nanoparticles, the role of the platinum precursor was investigated. Changes to the precursor

molecule can impact kinetics and decomposition routes or temperatures.60,61 As tin and plat-

inum metal precursors are decomposed simultaneously in solution, matching decomposition

kinetics are required to form bimetallic structures rather than homogeneously nucleated tin

and platinum nanoparticles. The reaction of platinum acetylactonate, platinum(IV) chloride

and (1,5-cyclooctadiene) dimethylplatinum with tin(II) chloride is described below.

0.050 mmol tin(II) chloride (9.5 mg, Aldrich, 98%), 0.050 mmol platinum pre-

cursor (platinum acetylacetonate, 19.7 mg, Aldrich, 97%; platinum(IV) chloride,

16.9 mg, Aldrich, 98%;(1,5-cyclooctadiene) dimethylplatinum, 16.7 mg, Aldrich,

98%) and 1.000 mmol of hexadecylamine (239.5 mg, Aldrich, 90%) were dissolved

in 1 mL toluene (>99% HPLC grade) in a 11 ml sample vial. The sample vial

was placed in a Fischer-Porter bottle. The vessel was then fitted with a valve and

purged three times with vacuum and 1 bar hydrogen gas. The vessel was then

filled with 1 bar hydrogen gas before sealing and placing it in an oven at 100°C.

After 24 hours, the vessel was removed from the oven and cooled to give a black

solution. the gas was released and the solution was washed twice in a microcen-

trifuge for 10 min at 14000 rpm using a 1:1 mixture of toluene and ethanol. The

particles were redispersed in 1 mL toluene. A yield between 15 to 25 mg was

obtained, depending on the surfactant ratio.
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Platinum acetylacetonate The reaction with platinum acetylacetonate leads to formation

of irregular shaped, spherical nanoparticles (Figure 63a). The size of these particles varies

with 9.6 ± 1.8 nm. A histogram of the size distribution is shown in Figure 63c. Observed

nanoparticles occur in two different morphologies - either as isolated nanoparticles or as an

aggregate of 3 to 4 nanoparticles. A high tin content of 26.0 ± 1.6% was recorded via

EDS.
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Figure 63: TEM images of SnPt nanoparticles using tin(II) chloride and platinum acetylace-

tonate after 24 hours. (a) Low resolution TEM image. (b) High resolutin TEM

image. (c) Histogram of nanoparticle sizes.
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PtCl4 Upon mixing the reaction solution turns from brown to orange, indicating the possible

formation of a bimetallic complex. However, no 119Sn or 195Pt NMR facilities were available

to characterise the compound in solution. The reaction with platinum(IV) chloride and tin(II)

chloride yields spherical nanoparticles, whereby 24% coalesced into larger aggregates (Figure

64a). The size of individual particles is given with 8.0 ± 1.4 nm. An overview of the size

distribution is shown in Figure 64c. EDS spectra give a tin content of 28.1 ± 1.0 %.
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Figure 64: Data of SnPt nanoparticles using tin(II) chloride and platinum(IV) chloride after

24 hours. (a) Low resolution TEM image. (b) High resolutin TEM image. (c)

Histogram of nanoparticle sizes.
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PtMe2COD The third investigated platinum precursor is (1,5-cyclooctadiene) dimethylplat-

inum. Mixing with tin(II) chloride yields a vibrant orange solution. Obtained nanoparticles

have a spherical morphology (Figure 65a) and a size distribution of 8.0 ± 1.2 nm (Figure

65c). EDS shows a tin content of 22.7 ± 2.5%.
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Figure 65: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) High reso-

lution TEM image. (c) Histogram of nanoparticle sizes.

Summary Table 9 summarises the results for reactions with different platinum precursors.

All three investigated platinum precursor show the formation of irregular shaped, spherical

nanoparticles with a tin content ranging between 23% to 28%. No shapes intrinsic for bare

platinum nanoparticles were observed, such as octapods or branched particles. Similar sized

nanoparticles with narrow size distributions were obtained for reactions of tin(II) chloride with

platinum acetylacetonate, platinum(IV) chloride and (1,5-cyclooctadiene) dimethylplatinum.

However, the reaction with platinum acetylacetonate and platinum(IV) chloride showed the
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occurrence of two different nanoparticle morphologies; isolated nanoparticles and aggregates.

Therefore (1,5-cyclooctadiene) dimethylplatinum was used as platinum source for further

reactions due to improved control over the nanoparticle morphology.

Table 9: Elemental composition and morphology of SnPt nanoparticles synthesised using dif-

ferent platinum precursors.

Sn content / % Morphology

Pt(acac)2 26 ± 2 multiple

PtCl4 28 ± 1 multiple

Pt(CH3)2COD 23 ± 3 single

5.3.3 Experiment 8-11 | Impact of Temperature

The impact of reaction temperature upon the formation of bimetallic SnPt nanoparticles was

investigated. These metal precursors have different thermal stability and decompose prefer-

ably in the presence of platinum, as reactions with tetraphenyltin or triphenyltin hydride

demonstrated (Chapter 5.2). A higher temperature usually leads to a faster thermal decom-

position of the used metal precursors and hence altered reaction kinetics.179,180 The effect of

different reaction tempratures on SnPt particle size and morphology is investigated below.

0.050 mmol tin(II) chloride (9.5 mg, Aldrich, 98%), 0.050 mmol (1,5-cyclooctadiene)

dimethylplatinum (16.7 mg, Aldrich, 98%) and 1.000 mmol of hexadecylamine

(239.5 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC grade) in

a 11 ml sample vial. The sample vial was placed in a Fischer-Porter bottle. The

vessel was then fitted with a valve and purged three times with vacuum and 1 bar

hydrogen gas. The vessel was then filled with 1 bar hydrogen gas before sealing

and placing it in an oven at 25°C to 100°C. After 24 h the vessel was removed

from the oven and cooled to give a black solution. the gas was released and the

solution was washed twice in a microcentrifuge for 10 min at 14000 rpm using

a 1:1 mixture of toluene and ethanol. The particles were redispersed in 1 mL

toluene. A yield between 15 to 25 mg was obtained for reactions ranging from
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50°C to 100°C, depending on the surfactant ratio.

100°C A reaction temperature of 100°C shows the formation of spherical nanoparticles

(Figure 66a). While largely spherical, 65% of the particles have an irregular outline. Their

size is given with 8.0 ± 1.2 nm and a histogram of their size distribution is displayed in Figure

66c. EDS indicates a tin content of 22.7 ± 2.5%. EDS-mapping in STEM mode shows the

formation of an alloy as reported prior in Figure 59.
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Figure 66: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours at 100°C. (a) Low resolution TEM image. (b)

High resolution TEM image. (c) Histogram of nanoparticle size.

75°C The reaction with 75°C reaction temperature leads to the formation of spherical,

faceted nanoparticles as shown in Figure 67a. These nanoparticles are 8.7 ± 1.2 nm and have

a tin content of 18.5 ± 0.4%.
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Figure 67: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours at 75°C. (a) Low resolution TEM image. (b)

High resolution TEM image. (c) Histogram of nanoparticle size.

50°C The reaction with 50°C yields faceted nanoparticles with a size of 6.4 ± 0.9 nm. An

overview of the sample morphology is shown in Figure 68a. Faceted nanoparticles with a

clear outline can be seen. Figure 68b shows a higher resolution TEM image with a typical

twinning defect within the nanoparticle. The defect arises as two nanoparticles with different

orientation joined together. The disruption of Bragg planes leads to destructive interference,

enhancing the contrast at their interface.70 A histogram of the size distribution is displayed

in Figure 68c. The tin content is given with 24.8 ± 5.3% according to EDS.
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Figure 68: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours at 50°C. (a) Low resolution TEM image. (b)

High resolution TEM image. (c) Histogram of nanoparticle size.

25°C The reaction at 25°C yields faceted nanoparticles with an average size of 9.0 ± 1.3 nm.

Nanoparticles are displayed in Figures 69a and 69b while their size distribution is shown in

Figure 69c. The observed structures resemble more closely to bare platinum structures,

observed previously (Section 5.3.1). The tin content is given with 12.4 ± 6.6%.
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Figure 69: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours at 25°C. (a) Low resolution TEM image. (b)

High resolution TEM image. (c) Histogram of nanoparticle size.

Summary The results of experiments with varying temperature are summarised in Table 10.

The size is constant for formed nanoparticles with a slight trend towards smaller nanoparticles

for 50°C reaction temperature. The overall tin content is constant for reactions performed at

50°C to 100°C while the tin content varies greatly at 25°C and is reduced compared to higher

reaction temperatures. A possible reason for the reduced tin content might be insufficient

decomposition and release of tin ions into solution at 25°C. Nanoparticle morphology seems

to be dependent on reaction temperature. The degree of faceting increases with decreasing

temperature; starting with spherical nanoparticles without any visible facets at 100°C while

sharper outlines and facets get clearer visible via transmission electron microscopy at lower

temperatures. The formation of faceted particles might be due to a slower decomposition

rate of the precursor molecules, favouring thermodynamically controlled growth. Hereby, the
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metal monomers adhere to the nuclei and diffuse on the surface to energetically favoured

positions leading to the formation of crystallographic facets.16,35 Further experiments were

therefore performed at 50°C to obtain faceted nanoparticles with sufficiently high tin con-

tent.

Table 10: Size, elemental composition and morphology of SnPt nanoparticles synthesised us-

ing different reaction temperatures.

Size / nm Sn content / % Shape

100°C 8.0 ± 1.2 23 ± 3 spherical

75°C 8.7 ± 1.2 19 ± 1 spherical

50°C 6.4 ± 0.9 25 ± 5 faceted

25°C 9.0 ± 1.3 12 ± 7 faceted

5.3.4 Experiment 12-18 | Impact of Time

To further investigate the growth process of co-reduced SnPt nanoparticles, the reaction was

stopped at certain periods of time. Tin and platinum precursors might have different decompo-

sition rates, impacting the growth process of the nanoparticles. To obtain further control over

the system, the impact of time on the shape, size and elemental composition was investigated.

0.050 mmol tin(II) chloride (9.5 mg, Aldrich, 98%), 0.050 mmol (1,5-cyclooctadiene)

dimethylplatinum (16.7 mg, Aldrich, 98%) and 1.000 mmol of hexadecylamine

(239.5 mg, Aldrich, 90%) were dissolved in 1 mL toluene (>99% HPLC grade)

in a 11 ml sample vial. The sample vial was placed in a Fischer-Porter bottle.

The vessel was then fitted with a valve and purged three times with vacuum and

1 bar hydrogen gas. The vessel was then filled with 1 bar hydrogen gas before

sealing and placing it in an oven at 100°C. After 1 h, 2 h, 4 h, 8 h, 24 h, 48 h

or 72 h the vessel was removed from the oven and cooled to give a black solution.

the gas was released and the solution was washed twice in a microcentrifuge for

10 min at 14000 rpm using a 1:1 mixture of toluene and ethanol. The particles

were redispersed in 1 mL toluene.
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1 Hour After 1 hour reaction time, only small nanoparticles are visible in HRTEM. Figure

70a shows a 600.000 times magnification of the sample. Mainly the carbon film is visible in

this image. However, small areas with higher electron density of around 0.3 ± 0.1 nm can be

identified as well. These areas represent small clusters of atoms, which might then further

evolve into nanoparticles. No clear shapes or facets can be identified yet. A histogram of

the size distribution is displayed in Figure 70b. EDS gives a tin content of 76.8 ± 11.2%.

The large standard deviation indicates an inhomogeneous nanoparticle distribution and areas

enriched with either tin or platinum. However, predominantly tin(II) chloride is decomposed

to zerovalent tin atoms within a reaction time of 1 hour.
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Figure 70: Data of nanoparticles obtained by co-reduction of SnCl2 and (1,5-cyclooctadiene)

dimethylplatinum for 1 hour at 50°C. (a) TEM image. (b) Histogram of nanopar-

ticle sizes.

2 Hours Two hours reaction time yields small nanoparticles. Figure 71a shows aggregates

of nanoparticles on a carbon film background. Figure 71c shows an image in higher reso-

lution, where the nanoparticles are dispersed on the carbon film. Their size distribution is

displayed in Figure 71b and nanoparticles tend to have an average size of 0.6 ± 0.2 nm. EDS

analysis shows a tin content of 81.5 ± 0.4%. A recorded XRD spectra shows a broader amor-

phous signal around a diffraction angle of 30°. Broad peaks are expected based on the small

nanoparticle size.80 The spectra mainly matches with the diffraction pattern of platinum while

the signals for tin appear to be shifted. The recorded spectra is not in agreement with the

spectra observed for bare tin nanoparticles in Section 5.2 (Figure 53b). While the spectrum

is reproducible and similar spectra are observed for the early stages of SnPt nanoparticles,
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no matching reference patterns were identified. The best match yielded cubic tin, which is

a crystal system similar to platinum. The formation of γ-Sn seems to be inhibited. The

presence of platinum and its precursor molecules might impact the crystal structure of tin

and its formation to tin oxide.
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Figure 71: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 2 hours. (a) Low resolution TEM image. (b) Histogram

of nanoparticle sizes. (c) High resolution TEM image. (d) XRD spectra.

4 Hours Polydisperse nanoparticles are obtained after a reaction time of 4 hours. Figure

72a shows a low resolution TEM image of the resulting nanoparticles. The particles appear

to be spherical in shape (Figure 72b) and have varying sizes. Their average size is given

with 9.5 ± 5.2 nm as shown in Figure 72c. The nanoparticles have a high tin content with

97.8 ± 1.6% and a XRD spectra similar to a reaction time of 2 hours (Figure 71d).
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Figure 72: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 4 hours. (a) Low resolution TEM image. (b) High resolu-

tion TEM image. (c) Histogram of nanoparticle sizes.

8 Hours Nanoparticles forming after 8 hours reaction time are highly faceted and show a

variation of morphologies. An overview of the sample is given in Figure 73a. The majority are

faceted spherical nanoparticles (96%), with only few branched and elongated particles (4%)

are observed. Figure 73c shows a five-fold twinned nanoparticle which can be a decahedron

viewed from above. Morphologies match those reported by Xia et al. for possible shapes of

face-centred cubic metals shown in Figure 5.13 The inset shows a FFT of the an area on the

nanoparticle. The signals can be indexed as {0,0,2}, {1,1,1} , {1,1,1} , {0,0,2} , {1,1,1} and

{1,1,1} viewed along a 〈110〉 zone axis. The angles match with 71.1 ± 0.7° between {1,1,1}

and {1,1,1} or {1,1,1} and {1,1,1} the theoretical value of 70.53°. The other angles are with

55.0 ± 1.4° corresponding to the theoretical value of 54.73°. EDS only shows a tin content

of 14.7 ± 15.5%. The tin content seems to have no impact on the formation of structures.
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However, the large standard deviation indicates a rather inhomogeneous sample with varying

domains of either platinum or tin nanoparticles. The average nanoparticle size is 9.3 ± 1.4 nm

and XRD diffraction spectra shows a pattern matching with fcc platinum (Figure 73d).
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Figure 73: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 8 hours. (a) Low resolution TEM image. (b) Histogram

of nanoparticle sizes and FFT as an inset. (c) High resolution TEM image. (d)

X-Ray diffraction spectra.

24 Hours The reaction yields faceted nanoparticles with a size of 6.4 ± 0.9 after 24 h reac-

tion time. An overview of the sample morphology is shown in Figure 74a. Faceted nanoparti-

cles with a clear outline can be seen. Figure 74b shows a higher resolution TEM image with a

typical twinning defect within the nanoparticle. The defect arises as two nanoparticles with

different orientation joined together. The disruption of Bragg planes leads to destructive

interference, enhancing the contrast at their interface.70 As the FFT of this particle shows

several signals due to the twinning defect and multiple orientations of the crystal no in-depth
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assignment of observed reflections was performed. A histogram of the size distribution is

displayed in Figure 74c. The tin content is given with 24.8 ± 5.3% according to EDS.
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Figure 74: Data of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 24 hours. (a) Low resolution TEM image. (b) High reso-

lution TEM image and FFT as an inset. (c) Histogram of nanoparticle sizes.

48 Hours Highly faceted and uniform nanoparticles are formed after a reaction time of

48 hours. Figure 75a shows an overview of the sample and Figure 75b an higher magnification

image of a single nanoparticle. Nanoparticle shapes resemble icosahedral and decahedral

morphology, as observed for AuPt nanoparticles in Chapter 3. The inset shows a FFT of the

an area on the nanoparticle. The signals can be indexed as {2,0,0}, {1,1,1}, {1,1,1}, {2,0,0},

{1,1,1} and {1,1,1} viewed along a 〈011〉 zone axis. The angles match with 69.6 ± 1.7° between

{1,1,1} and {1,1,1} or {1,1,1} and {1,1,1} the theoretical value of 70.53°. The other angles

are with 55.0 ± 1.3° corresponding to the theoretical value of 54.74°. No iconic platinum

shapes such as octapods or highly branched nanoparticles62 have been observed. The average
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nanoparticle size is given with 8.2 ± 1.0 nm and a histogram of the size distribution is

shown in Figure 75c. EDS shows an average tin content of 34.9 ± 8.5%. Despite the large

standard deviation, a high content of tin is commonly found within the investigated area.

XRD spectra are similar to those shown for 8 hour reaction time and show a match with fcc

platinum.

(a) (b)

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0
0

1 0

2 0

3 0

4 0

5 0

Re
lat

ive
 Fr

eq
ue

nc
y /

 %

s i z e  /  n m

 4 8 h

(c)

Figure 75: TEM images of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 4 hours. (a) Low resolution TEM image. (b) High resolu-

tion TEM image and FFT as an inset. (c) Histogram of nanoparticle sizes.

72 Hours 72 h reaction time shows the formation of branched nanoparticles. The formerly

faceted and tightly packed nanoparticles have evolved into both branched particles and irreg-

ular shaped nanoparticles. An overview over the sample is shown in Figure 76a and an image

of a branched nanoparticle in higher magnification in Figure 76b. No fast fourier transforma-

tion of these particles are shown as only two signals arise, impeding the clear assignment of

facets and determination of the zone axis. It is assumed that these signals relate to {0,0,2}

and {0,0,2} viewed along a 〈210〉 zone axis.
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These particles have a size of 5.6 ± 1.0 nm and an average tin content of 28.5 ± 2.2%.
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Figure 76: TEM images of SnPt nanoparticles using tin(II) chloride and (1,5-cyclooctadiene)

dimethylplatinum after 72 hours. (a) Low resolution TEM image. (b) High reso-

lution TEM image. (c) Histogram of nanoparticle sizes.

Figure 77 shows an EDS image of a branched sample. While the observed structures mainly

consist of platinum-tin alloy, tin signals are also recorded for the area surrounding the visible

branched structures. This might indicate the formation of smaller tin clusters which aggregate

around the nanoparticles.
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Figure 77: Bright field image of the investigated sample, element specific STEM-EDS maps

and an overlay of both tin (blue) and platinum (red) STEM-EDS maps.

Discussion The change of tin content and nanoparticle size over time is displayed in Figure

78 and summarised in Table 11. Nucleation of small tin clusters occurs within the first two

hours. Mainly tin particles are forming while the platinum precursor is more stable and

decomposes at a slower rate. Between 2 and 4 hours, the growth and aggregation of these tin

clusters occurs to form polydisperse, irregular shaped nanoparticles. XRD spectra for these

samples show a pattern matching platinum as well as broader signals (cf. Figure 71d). A

broad, amorphous signal around a diffraction angle of 30° is commonly seen for early stages of

the SnPt nanoparticle formation. These broad peaks correlate to the small nanoparticle size,

however these broad signals impede the clear identification of the material. No exact matches

for either tin or tin oxide were found. The crystal phase for tin could not be clearly identified.

The best result to the diffraction signals was obtained for cubic tin. The presence of platinum

might impact the peak position further, however as Vegard’s Law118 is only applicable for

materials with the same crystal system no conclusions can be drawn.
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Figure 78: Evolution of nanoparticle size and tin content over time.

Table 11: Size, elemental composition and morphology of SnPt nanoparticles after different

reaction times.

Size / nm Sn content / % Shape

1h 0.3 ± 0.1 77 ± 11 irregular

2h 0.6 ± 0.2 82 ± 1 irregular

4h 8.7 ± 2.3 98 ± 2 irregular

8h 9.3 ± 1.4 15 ± 15 faceted

24h 6.4 ± 0.9 25 ± 5 faceted

48h 8.2 ± 1.0 35 ± 9 faceted

72h 5.6 ± 1.0 29 ± 2 branched

After 8 hours faceted nanoparticles can be observed. Sufficient elemental platinum seems

to have formed to further catalyse the decomposition of platinum precursor,62 leading to an

rapid increase of the platinum content. A potential electron source for the reduction of plat-

inum atoms are the formed tin nanoparticles. As tin is non-noble material it might oxidise

in the process of platinum nanoparticle formation. This process might further increase the

platinum content observed via EDS. For the reaction at 8 hours, a large standard deviation
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for the tin content can be observed. This indicates an inhomogeneous sample composition

with areas consisting largely of either platinum or tin.

The presence of tin impacts the formation of platinum morphology - as no octapods or

branched particles are observed but multiply twinned icosahedral and decahedral nanoparti-

cles. No change in shape can be observed for 8 to 48 hours of reaction time. Clearly faceted

nanoparticles are obtained. After 72 hours, overgrowth and branching occurs altering shape

and size of the nanoparticles. The tin content remains constant after 24 hours indicating the

formation of an equilibrium or the lack of further reducing agent.

5.4 Conclusion and Outlook

Synthesis of bare tin nanoparticles showed the formation of small structures with a large

content of tin oxide, similar to other non-noble metal nanoparticles.212 As the observed tin

nanoparticles are small in size, the formation of a thin oxide layer will impact its composition

tremendously. The resulting tin oxide shell might isolate the tin centre from any potential

coating layers. Due to the oxidation of tin, the formation of small nanoparticles and reports

that SnPt alloy show a higher catalytic efficiency,183 SnPt nanoparticles were synthesised by

co-reduction instead of seed mediated growth.

The co-reduction showed the significance of the tin and platinum source. The tin oxida-

tion state +II is crucial in the formation of PtSn nanoparticles with a high content of tin.

Tin(II) chloride had the highest rate of dissociation and incorporation into the nanoparticles

compared to other used sources for tin. The choice of platinum precursor impacts the mor-

phology of the formed particles, as either isolated nanoparticles or aggregated structures were

observed. Platinum precursors decompose at a similar rate and to the same extent as the

bimetallic ratio was constant. EDS-mapping in STEM mode showed the formation of SnPt

alloy nanoparticles.

The reaction temperature governs the decomposition kinetics and the rate of nanoparticle

growth. Faceted nanoparticles were obtained for a reaction temperature of 50°C and below,

however lower temperatures impeded decomposition of tin(II) chloride. A time-resolved study

was undertaken to elucidate the impact of nanoparticle formation. In the early stages pre-

dominantly tin(II) chloride is decomposed leading to the formation of nanoparticles with a

high content of tin. After 8 hours reaction time, sufficient platinum is formed to facilitate
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the further decomposition of platinum precursor,62 increasing the platinum ratio within the

nanoparticles. The size of the formed bimetallic species increases rapidly up to 4 hours reac-

tion time, after which the size remains stable with platinum migrating within the nanoparticle

to form alloys. Elemental tin might also oxidise in the formation process of a zero-valent plat-

inum species, keeping the size of the nanoparticles stable. After a few days, nanoparticles

kept at 50°C rearrange and form branched structures.

These SnPt nanoparticles might further be adsorbed onto carbon for subsequent electrochem-

ical characterisation of the formed structures. A valuable future study would be investigating

their resistance to CO poisoning or their electrochemical efficiency for the oxidation of alco-

hols.

Further, those branched nanoparticles might be used as seed particles to grow other metal-

lic structures from their terminating facets and form interconnected networks and mem-

branes.

Apart from these formed nanoparticles, the reaction products causing a vibrant orange

colour in solution are also of interest. While crystals for the reaction of tin(II) chloride

with (1,5-cyclooctadiene) dimethylplatinum were obtained, showing the formation of (1,5-

cyclooctadiene) chloromethylplatinum as a product, 1,5-cyclooctadiene is also released into

solution, giving room for the addition of tin(chloride) to platinum. 119Sn and 195Pt NMR

might provide further insight in the product formation. These NMR techniques would also

proof useful in the identification of the product when tin(II) chloride is mixed with plat-

inum(IV) chloride. Bimetallic compounds with a tin-platinum bond might be isolated and

reduced within Fisher-Porter bottles to investigate the difference between reduction of a

bimetallic precursor and co-reduction of separate tin and platinum metal precursors.
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6 Conclusion and Future Perspectives

Shape and size-controlled nanoparticles of bimetallic platinum-gold, platinum-nickel and

platinum-tin compounds were obtained using organic solution phase synthesis. These bimetal-

lic materials were formed by either utilising seeded growth or the co-reduction of two individ-

ual metal precursors. Seed mediated growth both lead to phase-segregated nanoparticles and

alloyed structures while the co-reduction of metal-containing precursor molecules lead to a

formation of alloys or the synthesis of largely monometallic nanoparticles, depending on the

chosen reaction conditions.

For the gold-platinum system, gold nanoparticles were used as seed particles, which were fur-

ther exposed to platinum atoms. Decahedral and icosahedral nanoparticles, terminated by

face-centred cubic {111} facets, were synthesised. Also raspberry-like shapes were obtained.

The size and bimetallic ratio could be tailored with reaction time.

Nanoparticles consisting of hexagonal close packed nickel were synthesised using organic solu-

tion phase synthesis. Similar to hcp ruthenium nanoparticles, an hourglass-shaped morphol-

ogy is favoured66 by this crystal structure. These hourglass-shaped particles were then used

in a seeded growth synthesis for further encapsulation with platinum. The thickness of the

terminating platinum layer was controlled by adjusting the bimetallic ratio.

As tin-platinum particles show a higher catalytic efficiency in an alloyed state rather than core-

shell structure,183,184 random alloys were formed utilising co-reduction of tin and platinum

precursors. Faceted nanoparticles were obtained which undergo overgrowth after sufficient

time passes.

The reaction time proved to be the most crucial condition for controlling both shape and size

of bimetallic AuPt, NiPt and SnPt nanoparticles. By adjusting the length of the reaction,

the increase in size and bimetallic ratio could be tailored for the AuPt system. Also, the

reaction time is able to influence the shape of the particles. Overgrowth and alteration of the

structure occurs if the reaction is not stopped in time. This has been observed in the transi-

tion of faceted to branched SnPt nanoparticles or change of the nanoparticle morphology and

the formation of a rough raspberry-like surface for the AuPt system. Further, a sufficiently

long reaction time was required to observe a bimetallic structure for the NiPt system.
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Apart from the reaction time, the choice of surfactant plays an important role in obtaining

shape and size control over the nanoparticle systems. Functional groups can preferentially

bind to certain facets and therefore influence the shape of the nanomaterial. Shape-controlled

icosahedra and decahedra were formed using amine-based surfactants. Other surfactants pref-

erentially stabilised a certain element leading to an inhomogeneous elemental distribution.

The hydrophobic chain impacted the size of the nanoparticles. Saturated amines first need

to desorb from the nanoparticle surface to enable adatoms to adsorb onto the nanoparticle

surface. Oleylamine, an unsaturated amine, provides less sterical hindrance and therefore

promotes growth onto the nanoparticle. The unsaturated bond also enables stabilisation of

zero-valent atoms in solution, hence homogeneous nuclation was observed in the NiPt system.

Both temperature and the presence of hydrogen are essential to release metal ions into solution

and subsequently reduce them to their zero-valent state. Reactions at lower temperature or

without the presence of hydrogen showed no signs of nanoparticle formation. However, once

these criteria are met, adjusting these parameters mainly impacts the decomposition rate of

the metal precursor and the concentration of metal atoms in solution. Hence, homogeneous

nucleation commonly occurs for higher temperatures or increased hydrogen pressure. A higher

temperature also impacts the shape, commonly leading to a faster addition of adatoms. This

increased growth rate limits the time adatoms have to diffuse over the particle surface to

thermodynamically favoured position. This has been observed for the SnPt system where a

lower temperature lead to the formation of faceted structures while increasing the tempera-

ture yielded spherical nanoparticles without clear faceting.

Also the choice of metal precursor has an impact on the nanoparticle morphology. A slow

decomposition of the platinum precursor was necessary to suppress the formation of bare

platinum particles for any seed mediated growth experiment. The feed of platinum atoms

has to be similar with the adsorption rate of adatoms in order to prevent homogeneous

nucleation. Mismatches in these kinetics were addressed by tailoring the bimetallic ratio and

offering further surface areas for the emerging platinum atoms. Homogeneous nucleation was

suppressed in the NiPt system using this technique.



140

Future research involves the investigation of properties of the formed nanoparticles and how

these properties are influenced by the elemental composition. For example, gold-platinum

nanoparticles show high promise to replace current platinum cathodes in fuel cells, as reported

gold-platinum nanoparticles exhibit a higher efficiency in the oxygen reduction reaction and

an increased chemical stability.49,57,60,99,101 By tailoring the amount of platinum surrounding

the gold seed and hence the gold to platinum ratio, studies relating the elemental composition

to the electrocatalytic efficiency can be conducted. To investigate the chemical stability of

these nanoparticles cyclic amperometry can be used. Electron microscopy can be utilised to

observe changes in nanoparticle morphology after exposure to the acidic conditions involved

in the ORR or the impact of oxidation and reduction cycles onto the nanoparticle size and

shape. To further correlate the catalytic properties with the elemental composition, the elec-

tronic structure can be also investigated using X-ray absorption near-edge spectroscopy or

bremsstrahlung isochromat spectroscopy.

Further research is required to fully understand the formation process of hcp nickel nanoparti-

cles and selectively form hourglass-shaped nanoparticles with a high yield. These phase-pure

particles can then undergo selective coating of hcp {001} facets with platinum followed by

testing of the catalytic and magnetic properties of this bimetallic compound. As both nickel

and platinum surfaces are accessible, cascade reactions are possible where a compound first

undergoes a catalytic reaction at the nickel surface and then another reaction at the platinum

surface.

The electrochemical properties of tin-platinum compounds towards the methanol oxidation

reaction can be tested. Stable compounds with a tin-platinum bond might be isolated and

compared to both the co-reduction of separate platinum and tin precursors and the reduc-

tion of in-situ tin-platinum bimetallic compounds. The shape and size dependency of the

reduction process and precursor type might be further investigated to tailor these properties

for catalytic reactions.

These experiments will further improve the understanding of bimetallic systems in general

and reveal opportunities where these novel materials can be used in industry to the merit of

others.
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