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1. Introduction

Nanomaterials are expected to be the key-motivation for new technologies
emerging at the dawn of the 21st century, where the prefix nano classifies sizes
of a billionth meter. The properties of thin films or wires with small diameters,
as well as miniaturized particles vary compared to bulk-materials, because the
surface to volume ratio O/V is greatly increased. This case is depicted for
the example of a sphere in Fig. 1.1. The extremely high surface to volume
ratio causes surface effects, which have a minor influence in bulk materials, to
determine the behavior of the material. Thus the mechanical, optical, electronic
and magnetic characteristics of the material are altered [1, 2].
Particles with diameters of less than 100 nm are referred to as nanoparticles.
They have already be used unknowingly since the middle ages. Nanoparticles
of gold or silver are the source of the metallic glaze on lusterware dating back
to the 9th and 10th century in Mesopotamia [3]. In 1676 Andreas Cassius
invented a heat-stable pigment, which was used to color glass [4]. Its red color
is caused by gold nanoparticles suspended in the glass matrix.1 The existence
of nanoparticles remained unknown for a long time, because there were no
adequate visualization methods. This changed when the electron microscope
was invented in 1935 by Ruska and Knoll [6]. Subsequent improvements made
the display of structures below the resolution limit of a light-microscope possible.
The invention of scanning probe microscopy methods by Binning and Rohrer
in the 1980s [7, 8] provided an additional method with similar resolution.
Nanoparticles can be manufactured from a variety of materials, including metals
[9], their alloys [10] and oxides [11] and it is possible to form nanoparticles
of several different shapes and sizes [12] depending on material and synthe-
sis process [13], for example, titan-oxide nanoparticles are an inherent part
of wallpaint, toothpaste (as pigments) or sunscreen [2, 14]. Nanoparticles
made of a ferromagnetic material [15] are of special interest. Embedded in
a conducting matrix they can show a giant magnetoresistance effect, where
1The size of the gold particle determines which part of the electromagnetic spectrum is
absorbed. Particles with a diameter below 20nm lead to a deep red coloring, which
changes to blue with increasing particle size [5].
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1. Introduction

O
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4 π r2

4 /3 π r 3 =
3
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Fig. 1.1: Surface O to volume V ratio of a sphere. The surface to volume ratio O/V increases
with decreasing volume V and therefore radius r. The increase in surface area causes surface
effects to dominate over volume effects.

the conductivity of the sample is changed by applying an external magnetic
field [16, 17]. Further promising applications can be found in cancer-treatment.
Cancer cells can directly be treated by magnetic nanoparticles. In magnetic
hyperthermia nanoparticles are injected into a tumor. An alternating magnetic
field, which changes the magnetization of the particles at rates up to 100 kHz,
is applied and the surrounding tissue is heated up [18]. This weakens the
cancer cells and makes them more susceptible for chemo- or radiation-therapy
or destroys them completely2. Usually nanoparticles of iron oxide are used for
this application, because they are biocompatible and possess stable magnetic
properties. However, it is possible to increase the effectiveness of the therapy
by choosing a material with a higher saturation magnetization. The saturation
magnetization values of iron oxide particles are around MS = 400 emu

cm3 . This is
small compared to the value of pure cobalt 1400 emu

cm3 or Fe50Co50 1900 emu
cm3 [16].

2This method received approval in the European Union for treatment of glioblastoma
multiforme [19].
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Oxidation represents a major problem in nanoparticle systems, since it alters
the properties of the particles. While cobalt is ferromagnetic, cobalt oxide
behaves anti-ferromagnetic [20]. The oxidation properties of cobalt nanoparti-
cles have been investigated in detail by Vogel [21]. Cobalt is cytotoxic, which
further complicates the application on biological samples. A solution to avoid
these problems was found in synthesizing a precious metal shell around the
functional magnetic core, for which a patent has been issued by Cheon and
Park [22] in 2004 followed by a synthesis route by Lee et al. [23], who reported
a synthesis route for gold coated cobalt particles. The gold surface stabilizes
the core against oxidation, renders the cobalt particle biocompatible and makes
it possible to attach a large number of different molecules via thiol-groups to
its surface [24]. Other groups also published syntheses for so-called core-shell
particles with a variety of different material combinations [25–30]. However,
core-shell type particles are not yet commercially available, fourteen years after
the synthesis routes were first published, indicating that there are problems
producing such nanoparticles or yielding acceptable amounts of core-shell type
particles. There has not been a study on why the synthesis of core-shell type
particles can fail, yet.
This thesis revises two syntheses reported by Bao et al. [31] in 2005 and Bao
et al. [32] in 2007. The aim is to clarify, if core-shell type particles can be
generated by these syntheses and if not, what particles are generated and
what exactly prevents a successful synthesis. Chapter 2 of this thesis gives a
summary on the classical nucleation theory by LaMer and Dinegar [33] and
covers the particulars of magnetism in nanoscale materials. The devices used
to characterize the micro-structural, magnetic and elemental properties of the
nanoparticles are listed and explained in chapter 3. The chosen syntheses and
the authors’ characterization results are introduced in chapter 4. Chapter 5
is dedicated to simulations of diffraction data for different modifications of
cobalt [34] to identify the correct crystal structure of the polymorphic material.
The results of the synthesis reproduction of Bao et al. [31] 2005 are listed in
chapter 6, while the results of the synthesis by Bao et al. [32] 2007 are listed
in chapter 7. The knowledge gained by the investigation of both syntheses is
summarized in chapter 8 and an outlook on possible future projects is given in
chapter 9.
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2. Theory
This chapter covers the basic nucleation and growth theory for bottom-up
nanoparticle synthesis and an introduction to magnetism in bulk and nanosized
materials.

2.1. Nanoparticle synthesis

Nanoparticles can be obtained either by "top-down methods" like grinding
or milling a bulk-size material until the fragments are small enough or by
"bottom-up methods", where the particles are built up from their smallest
subunits, called monomers, which can be molecules or atoms. Although huge
amounts of the particles can easily be produced via a top-down method, they
are often arbitrary shaped and show a wide size-distribution. This presents
itself as a problem, because of size-dependent properties [35]. It is possible
to obtain ensembles of nanoparticles, which are uniform in size and shape,
from bottom-up methods. Unfortunately, these syntheses cannot always be
up-scaled; only milliliter amounts of nanoparticle suspensions or a few grams
are often yielded from a single approach. This thesis is limited to wet chemical
synthesis approaches and neglects alternative processes from e.g. gaseous phases.
Wet chemical methods include the reduction of metallic precursors, inverse
micelle processes or the rapid ultrasonic or thermal decomposition of metallic
carbonyls [15, 36]. The latter is used in this thesis and details on the reaction
can be found in chapter 4. The next section gives a comprehensive summary
on nucleation and growth of nanoparticles from wet chemical processes. The
terms homogeneous and heterogeneous in context with nucleation events
are defined. In this thesis the term homogeneous nucleation refers to
a nucleation taking place in an environment, which does not contain any
preformed crystals or other deliberately added nucleation centers. In the case
that the reaction solution contains crystals, which serve as nucleation centers,
the nucleation is considered to be a heterogeneous nucleation. It is almost
impossible to have an environment free of impurities like dust or cavities in
the reaction vessels, which serve as nucleation centers. A nucleation event can
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2.1. Nanoparticle synthesis

be triggered by the presence of these impurities [37], however this effect is not
considered in this work.

2.1.1. Homogeneous nucleation described by the
LaMer-model

The LaMer-model was originally used to describe the formation of hydrosols
[33], but can be applied to the nucleation of nanoparticles in a liquid solution,
too [38]. The course of the nucleation is depicted in Fig. 2.1 and qualitatively
described. In phase I the injected precursors are thermally decomposed and
release monomers into the reaction environment and their concentration in-
creases beyond the saturation limit (S=1) of the system, without the formation
of any particles. The monomers are released from the injected precursor, which
is thermally decomposed in the reaction solution. At the beginning of phase II
the solution’s oversaturation reaches a critical limit SC . Beyond this limit the
oversaturation is high enough that stable nuclei, which can grow into particles,
are formed in the solution. Nuclei are always formed and as fast dissolved in
the solution, due to local variations of the Gibbs free energy ∆G. Only above
the critical nucleation limit the nuclei are faster formed than dissolved and ac-
cumulate in the solution. A nucleus developed at the beginning of phase II has
more time to grow than one formed at the end of phase II. The time the system
remains in phase II defines the size-distribution of later obtained nanoparticles.
A stable nucleus formed at the beginning of phase II starts to grow, while
other nuclei are still formed. The longer the system forms nuclei, the more the
resulting nanoparticles differ in diameter. Ideally all nuclei are formed at the
same time, which can be achieved by a fast injection of the precursor. After the
nucleation event is triggered the free monomer concentration decreases rapidly,
because the monomers are consumed by the nucleation process and particle
growth. The oversaturation drops below the critical limit and the nucleation is
disrupted. The monomer concentration continues to drop in phase III. Now
the monomers are consumed through growth of the nuclei into solid particles.
The previously qualitatively explained LaMer-model can be quantified through
thermodynamic considerations [37, 38]. The Gibbs free energy ∆G for the
formation of a spherical crystal with radius r from the monomers in solution is
given by the sum of the surface excess free energy ∆GS, which is the difference
between the excess free energy of a monomer at the surface and in the bulk of
a particle and the volume free excess energy ∆GV , which gives the difference
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2. Theory

Injection point

Increasing 
monomer 
concentration

Nucleation

Particle growth consumes 
monomers fast

Particle from early formed 
nucleus

Smaller particle from nucleus 
formed at the end of nucleation

Fig. 2.1: The LaMer diagram. In phase I the monomer concentration increases until the critical
oversaturation SC is exceeded and the nucleation event is triggered. In phase II nuclei are formed,
which grow into particles, if they exceed a critical radius rc. A stable nucleus formed at the
beginning of the nucleation event immediately starts to grow and will reach a larger diameter
than a particle grown from a nucleus formed at the end of the nucleation event. Nucleation and
particle growth decrease the oversaturation S and below SC no new nuclei are formed. During
phase III the monomer concentration decreases further, because particle growth processes use
remaining free monomers. [33, 38]
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2.1. Nanoparticle synthesis

between the free excess energy of a very large particle and the solute in solution

∆G = ∆GS + ∆GV = 4πr2γ + 4
3πr

3∆gv . (eq. 2.1)

∆GS is the product between the surface area of a sphere 4πr2 and the constant
interfacial tension γ between the crystal and the surrounding solution. ∆GV is
the product between the volume of a sphere 4

3πr
3 and the parameter ∆gv =

−RT lnS
Vm

, with gas constant R, temperature T , degree of oversaturation S and
the molar volume of the bulk crystal Vm. The contribution ∆GV , although
∆G is written as a sum, has a negative sign caused by the parameter ∆gv. It
gives the energy difference per unit volume between a solvated monomer and a
monomer in a bulk crystal. ∆G, ∆GS and ∆GV are plotted against the radius
in Fig. 2.2. The maximum value of the Gibbs free energy ∆GC and the critical
radius for a stable nucleus rc can be calculated from d∆G

dr = 0.

rc = 2γVm
RT lnS (eq. 2.2)

The maximum is located at the critical radius rc. This is the smallest radius a
stable nuclei can have. The corresponding critical free energy is given by [38]

∆Gc = 16πγ3

3 (∆GV )2 = 16πγ3V 2
m

3 (RT lnS)2 = 4
3πγr

2
c . (eq. 2.3)

During nucleation the increasing number N of stable nuclei per time t can be
noted as an Arrhenius equation

dN
dt = A exp

[
−∆Gc

kT

]
= A exp

[
16πγ3V 2

m

3k3T 3N2
A (lnS)2

]
. (eq. 2.4)

This equation can be rewritten to deliver a value for S

lnS =
√√√√ 16πγ3V 2

m

3k3T 3 ln
[
A/dNdt

] , (eq. 2.5)

which defines the point of oversaturation at which the number of nuclei increases,
even if smaller unstable nuclei are dissolved [38].
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Fig. 2.2: Dependence of the surface ∆GS and volume ∆GV free excess energy ∆G for the
formation of a spherical crystal. ∆GS minimizes with decreasing radius, while ∆GV minimizes
with increasing radius. This leads to a maximum of ∆G located at a critical radius rc. The
corresponding critical energy ∆GC needs to be overcome to form a stable nucleus with r > rc,
which will continue to grow, while smaller nuclei are dissolved. [37, 38]

2.1.2. Heterogeneous nucleation and shell formation

The heterogeneous nucleation can be qualitatively described within the LaMer
model, as depicted in Fig. 2.3. Spherical seed particles, e.g. produced through
homogeneous nucleation, act as nuclei in the second step. Added monomers
are consumed by deposition on the seeds. Subsequent monomer additions
grow shells of decreasing thickness around a seed particle considering a purely
heterogeneous nucleation. Ideally, the monomer addition does not trigger a
second homogeneous nucleation event. This would produce competing nuclei,
which deplete the monomers and prevent their deposition on the seed particles.
The critical energy needed for a nucleation on an already formed spherical seed
is lower, than the energy needed for a homogeneous nucleation [37, 40, 41]

∆G′c = φ ·∆Gc . (eq. 2.6)
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ov
er

sa
tu

ra
tio

n 
S

S=Sc

S=1

time t

Homogeneous nucleation Heterogeneous nucleation

Fig. 2.3: A homogeneously nucleated spherical particle is used as nucleation center during
a heterogeneous nucleation. Small amounts of monomers are added, without triggering a
homogeneous nucleation event. The monomers are deposited on the present seed particles,
which decreases their concentration. On this way it is possible to increase the size of a particle,
if monomers of the same material are added. Monomers from a second material grow a
distinguishable shell around the seed particle. The thickness of these shell(s) decreases with every
monomer addition, if the same amount of monomers is added. [39]

The parameter φ lies between 0 and 1 and is given by [37, 40]

φ = (2 + cos Θ) (1− cos Θ)2

4 . (eq. 2.7)

It determines by how much the energy barrier is lowered in comparison to a
homogeneous nucleation event. The parameter Θ is the contact-angle between
the two material phases, as depicted in Fig. 2.4. Three different interfacial
tensions occur at the contact area1: one between the two different crystalline
materials γ1,2 and two between the materials and the surrounding liquid2, γ`,1
and γ2,`. The contact angle Θ is

cos Θ = γ`,1 − γ2,1
γ2,`

. (eq. 2.8)

Three different cases can occur depending on the contact-angle Θ, which is
dependent on the interfacial energies of the materials [37, 40].
1This ansatz is not valid for Θ = 180°, because the two crystalline phases are not in contact.
2The liquid is the solvent-surfactant mixture, in which the synthesis is executed and it is
noted with the index `. A more familiar example for such an interfacial energy diagram
is a droplet wetting a solid surface under its own vapor.
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2. Theory
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Fig. 2.4: Left: Interfacial energies and the contact angle between two crystalline phases and one
liquid phase [37, 40]. The schematic is inspired by a droplet wetting a flat surface under its own
vapor. Right: The energy barrier ∆G′c, that a heterogeneous system needs to overcome is much
smaller compared to the energy barrier of a homogeneous nucleation (this figure is an expansion
of Fig. 2.2).

deposit seed

Fig. 2.5: Contact angle Θ =
180°

No contact The second material is not wetting the
seed-particle. The contact angle is Θ = 180° and
φ = 1. Forming an interface between the deposit and
seed is energetically more unfavorable than to form an
interface between the liquid and the two solid phases.
Because the second material and the seed are not
in contact, the system needs to overcome the same
energy-barrier as in case of a spontaneous nucleation

∆G′c = ∆Gc . (eq. 2.9)

deposit 

seed

interface

Fig. 2.6: Contact angle 0° <
Θ < 180°

Partial affinity The contact-angle Θ is between 0°
and 180°, which results in φ < 1. The seed particles
provide suitable nucleation sites, but are not entirely
covered by the second material. Therefore, at one
point during the synthesis it is unfavorable to increase
the interface between the two crystals and the seed
particle is only partial covered. The critical energy
is in this case less than needed for a homogeneous
nucleation

∆G′c < ∆Gc . (eq. 2.10)
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2.1. Nanoparticle synthesis

seed

deposit

interface
Fig. 2.7: Contact angle Θ =
0°

Complete coverage The second material is com-
pletely covering the seed. Forming an interface with
the seed and the surrounding liquid is energetically
more favorable, than maintaining the interface be-
tween the seed and the surrounding liquid. The con-
tact angle is Θ = 0° and φ = 0. The material de-
posited on the seed particles increases the diameter
of each particle and the free energy of nucleation
therefore is

∆G′c = 0 . (eq. 2.11)

In case of complete coverage, the whole seed particle is seen as nucleus for
the heterogeneous nucleation of the second material and it is expected, that a
homogeneous shell of the second material is formed around the seed particle.
The successive addition of monomers from the same material the seeds are
composed of has been reported to form a homogeneous shell and leads to
nanoparticles with increased diameter [39]. If monomers of a different material
are added and a heterogeneous nucleation takes place a shell of the second
material can be grown around the seed particle obtaining a core-shell particle.
This is also referred to in literature as "heterogeneous seeded growth" [42]. In
case of partial affinity, only small parts of the surface area of the seed become
covered with the second material. The area, where the deposit attaches to
the surface is called a nucleation site. It is possible, that one seed particle has
several nucleation sites.

2.1.3. Particle growth

The growth of the nuclei into solid particles with uniform size can be described
by a model first proposed by Reiss [43] and summarized by Park et al. [38]. The
increase of the particle radius r is described by the monomer flow J through a
spherical shell 4πr2 around the nucleus

J = 4πr2

Vm

dr
dt , (eq. 2.12)

with Vm, the molar volume and r the radius of the crystal and dr
dt the particle

growth per time. An isolated particle is surrounded by a spatial concentration

11



2. Theory

r h

C(r)=CS

C(r+h)=Cbulk 
for h>r

x

dC/dx

Fig. 2.8: A growing particle with radius r is sur-
rounded by a spatial monomer concentration gra-
dient dC/dx. The concentration at the particle’s
surface equals C (r) = CS , while the concentra-
tion at r + h away from the particle center is
C (r + h) = Cbulk, which equals the bulk monomer
concentration of the solution.

gradient dC
dx . The flow of monomers towards the particle can be described by

Fick’s law and the equation is expanded to

J = −4πx2D
dC
dx , (eq. 2.13)

whereas D is the diffusion coefficient of the monomers and x the distance to
the center of the particle. Integration over x from the particle surface at r,
with the corresponding concentration C (r) = CS to a position away from the
particle center at r+ h, where the monomer concentration is C (r + h) changes
(eq. 2.13) to

J = 4πDr (r + h)
h

[C (r + h)− C (r)] . (eq. 2.14)

If the distance from the particle surface h is large compared to the particle
radius r, the corresponding monomer concentration at h matches the bulk-
concentration Cbulk of the surrounding solution. This is depicted in Fig. 2.8.
The equation can be further simplified to

J = 4πrD (Cbulk − Cs) . (eq. 2.15)

The rate of growth dr
dt therefore is reciprocally dependent on the particle radius

r, if (eq. 2.12) and (eq. 2.15) are combined

dr
dt = VmD

r
(Cbulk − Cs) . (eq. 2.16)
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2.1. Nanoparticle synthesis

This means that the speed of growth decreases with increasing particle diameter.
The particle stops to grow, when all monomers are consumed. Afterwards it is
possible that ripening processes alter the size of the particles.

2.1.4. Ostwald ripening and form of the size-distribution

After the growth process the particles are described by a particle size-distribution.
The shorter the time the system stayed above the nucleation limit, the narrower
is the size-distribution of the resulting particles [33, 38]. A particle batch
with a standard deviation of less than 10% is considered mono-disperse, while
distributions with a standard deviation of 20% are called "narrow" [44, 45].
After the particle growth stops the diameter distribution can be fit with a
Gaussian function, which is illustrated by

F (d)Gauss = y0 + A · exp
−(d− 〈d〉√

2σ

)2
 . (eq. 2.17)

A is the amplitude of the curve at its maximum. The maximums position
equals the mean diameter3 〈d〉 and describes the calculated number of particles
having this diameter. y0 gives the y-axis offset4 and σ is the standard deviation
of diameters around the mean diameter, containing 68.3% of all measured
values [46, 47]. The full width at half maximum (FWHM) can be calculated for
a Gaussian distribution from the standard deviation via FWHM = 2, 3548 · σ.
An example is depicted in Fig. 2.9, left side.
It is possible, that the size distribution of a particle batch changes after the
growth process is completed. Smaller particles are dissolved, because they
have a high surface energy. The particle system minimizes its surface energy
by dissolving smaller particles and adding the crystal monomers to larger
particles [48]. This process is called Ostwald ripening [49, 50] and continues
until the surface energy reaches a minimum [51]. The number of smaller
particles decreases during Ostwald ripening and the resulting size-distribution
is asymmetric. The mean particle diameter shifts to larger values, the number
of particles present in the solution decreases and the distribution develops a
"tail" towards larger diameters. The size distribution’s form is that of a log-
normal distribution and this and the "tailing effect" is an indication for Ostwald
ripening processes occurring during the particle synthesis [52]. A log-normal
3The mean, mode and median are located at the same position in a Gauss distribution,
which is symmetric.

4y0 does not have a physical meaning in this case.
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2. Theory

distribution plotted against the logarithm of the diameter ln (d) again gives
a Gaussian function. The fit function used for a log-normal distribution is
described by

F (x)log-normal = y0 + A · exp
−( ln (d)− ln (d0)√

2 ln (σ′)

)2
 , (eq. 2.18)

with A the maximum amplitude at the position of the mode d0 and σ′ the
(multiplicative) standard deviation [46]. The median, separating the distribution
into two equal halves5, is calculated by d̄ = d0 exp [σ′2] [53, 54]. The mean
diameter is also calculated from the mode by 〈d〉 = d0 exp

[
3
2σ
′2
]
. The standard

deviation of a log-normal distribution cannot be added simply to the mean
or median6, respectively. The first confidence interval is calculated using the
multiplicative standard deviation d ± σ = d̄ · exp± [σ′]. Again this leads to
dissimilar x-axis intercepts left and right of the median, corresponding to the
first confidence interval. Both cases are depicted in Fig. 2.9.

y0

σ

FWHM

˂d˃

A

y0

A

σ

d0 ˂d˃

d/σ+d∙σ

d

Fig. 2.9: Left: Example of a size-distribution in gaussian form, with y0 the y-offset of the curve,
the amplitude A of the most frequently occurring diameter d, the mean diameter 〈d〉, the standard
deviation σ and the full width at half maximum FWHM. Right: Example of a log-normal size
distribution, with the mode d0, median d̄ and mean 〈d〉 located at separate positions due to the
asymmetric shape of the distribution. The first confidence interval of the multiplicative standard
deviation d ± σ = d̄ · exp± [σ′] is located at the median and also asymmetrically shaped. A
log-normal distribution is an indication for Ostwald ripening during particle synthesis.

5The number of distributed elements with values below the median equals the number of
elements above the median.

6The mean, median and mode of a Gaussian distribution have the same value, because the
distribution is symmetrical. In case of a log-normal distribution the value of the median
exceeds the value of the mode and the mean exceeds both values.
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2.1. Nanoparticle synthesis

2.1.5. Stabilization

2δ

δ

Fig. 2.10: Steric stabilization is achieved by surfactants covering the particle surface. For example,
non-polar alkyl-chains are connected to the surface via polar head groups. The surfactants of two
particles (depicted in red and blue) interlace when the distance of the two particles is below the
double surfactant layer thickness 2δ. The interlaced surfactants are less mobile, which increases
the free energy of the system and they push aside solvent molecules in the interlaced areas
(depicted through the color gradient of the background). The resulting osmotic pressure pushes
the solvent molecules in between the particles (yellow arrows) and separates the nanoparticles
again. The repulsing force is depicted through red arrows.

The particles need to be stabilized against agglomeration7. This can be done
by either forming an electrical double layer around the particles or coating
them with surfactants [44]. In an aqueous environment adsorbed ions at the
particle surface will attract their corresponding counter ions and an electrical
double layer will be formed, separating the particles. This is not an option,
if the synthesis is carried out in a water- and air-free environment. Here
the steric stabilization through surfactants or a polymer is used, which is
depicted in Fig. 2.10. Amphiphilic molecules like oleic acid, bind with their
hydrophilic heads to the surface of the particle, while their hydrophobic tails
point outwards into the surrounding non-polar solvent [44]. If two surfactant-
covered particles move towards each other and are separated by a distance less
than twice the thickness of their surfactant layer the steric interactions between
their surfactants cause a repulsive force. Two effects are responsible for this
repulsive force. First the interlaced surfactants are less mobile, which decreases
the entropy of the system. Second the solvent is pressed from the areas of
interlaced surfactants. The resulting osmotic pressure causes a solvent-flow
to the areas of previously low solvent concentration. This forces the particles
apart and prevents the agglomeration [21, 55].

7Van-der-Waals and magnetic dipole forces attract single nanoparticles, which form three
dimensional clusters. These cluster do not show the large surface to volume ratios of
nanosized materials and do not benefit from their changed properties [44].
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d d
C

δ

L

coresurfactant shell

Fig. 2.11: Distances in a TEM-image of
nanoparticles. The diameter of the individ-
ual particles is denoted as d. The center-to-
center distance C is not measured, but the
inter-particle distance δ is used to determine
the thickness L = δ

2 of the surfactant layer
around the particles.

Spherical nanoparticles are able to form monolayers with a hexagonal order
on e.g. carbon coated TEM-grids [44]. The distance between two adjacent
particles is determined by the thickness of the surfactant layer L. This is
displayed in Fig. 2.11. Sterical repulsion balancing attractive forces lead to
minimal distance between the nanoparticles. The interparticle distance δ can
be used to some extend to estimate the thickness of the surfactant shell and
therefore the length of the surfactants [21]

L = δ

2 . (eq. 2.19)

Besides the stabilization against agglomeration surfactant molecules also influ-
ence the shape and size of a particle. Ostwald ripening process can be prevented
by surfactants covering the surface of a particle [56]. Furthermore the selective
attachment of surfactants to certain crystal faces alters the form of the resulting
nanoparticles [12]. The size of particles can be influenced by the choice of
surfactants and their concentration, too. The higher the binding affinity of the
surfactant, the smaller the resulting particles become [55]. However this has
not been investigated in detail yet and is a topic of ongoing discourse.

2.2. Magnetism

Magnetism is a widely used effect in everyday life, for example in data-storage
on hard-drives and electric motors. The microscopic cause of a material’s
magnetic behavior are its atom’s electrons and nucleus. The contribution of the
nucleus to the overall magnetic moment of the atom can be neglected compared
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2.2. Magnetism

to the contribution of the electrons. Every electron’s magnetic moment arises
from its orbital angular moment ~L and its spin angular moment ~S,

~mL = −1
~
µB~L and ~mS = −gs

1
~
µB ~S , (eq. 2.20)

with ~ = h
2π with the Planck constant h, µB = e~

2me = 9.27 · 10−24 J
T as the

Bohr-magneton and gs = 2.002 32 as the Landé-factor8[57–59].
The sum of both contributions is the magnetic moment ~m of the atom

~m =
∑

~mL + ~mS . (eq. 2.21)

The magnetization ~M of a material with volume V is the sum over all its
magnetic moments ~m

~M =

N∑
i=1

~mi

N∑
i=1

Vi

. (eq. 2.22)

An external magnetic field ~H causes the magnetic induction ~B in the material
and is described by

~B = µ0
(
~H + ~M

)
, (eq. 2.23)

with the magnetic vacuum permeability µ0 = 4π · 10−7 N
A2 . The magnetization

~M in a material and the external field are connected through the relation

~M = χ · ~H (eq. 2.24)

where the susceptibility χ measures the influence of ~H on the material. It is
connected to the relative permeability µr and the permeability of a specific
medium µ through

µr = 1 + χ = µ

µ0
. (eq. 2.25)

8This factor gives the difference between the classical anticipated magnetic moment, which
only takes the orbital angular momentum into account, and neglects the spin. In case of
~mL the Landé-factor equals 1.
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2.2.1. Forms of magnetism in bulk materials

In bulk materials different forms of magnetism occur and magnetization curves
of dia-, para- and ferromagnetism9 are depicted in Fig. 2.12. The magnetic
spin moments ~mS align parallel and the orbital moments ~mL anti-parallel to
an applied the external field. If the spin moments are the dominating part
of a material’s magnetic moments, their parallel alignment to the external
field increases the magnetization ~M within the material, which is then called
paramagnetic [59]. Paramagnetic materials have permanent magnetic dipole
moments, which can be aligned to a certain degree by an external magnetic
field. Without an external field they are randomly orientated due to thermal
motion, which opposes the alignment of the dipoles even under the influence of
an external field [58, 59].
If the orbital moments ~mL, anti-parallel aligned to the external field, are
dominating the magnetic moments of material, than the magnetization in the
material is decreased in an external field and the material is called diamagnetic
[59]. It does not have any permanent magnetic moments, but will form induced
dipole moments, when placed in an external field ~H. Those dipole moments
align anti-parallel to the external field according to Lenz’s law and decrease
the magnetic induction ~B in the material. The effect exists in all materials,
however effects like para- or ferromagnetism superimpose it, because induced
magnetic dipole moments are a lot smaller and weaker than permanent magnetic
moments [58].
A ferromagnetic material has permanent magnetic moments, that align sponta-
neously in microscopic, limited areas without the presence of an external field.
These areas are called domains and their orientation towards each other always
tends to keep the magnetic flux within the material [61]. Hence the material
does not show any net-magnetization. The domains aligned parallel to an ex-
ternal field start to grow, when the field is increased, at expense of those, which
are more unfavorably aligned. The magnetization ~M in the material increases
strongly, even if only weak external fields are applied. If only one domain with
magnetic moments parallel aligned to the external field remains in the material
[62, 63], it reaches its saturation magnetization value MS. Further increasing
the applied magnetic field does not increase the material’s magnetization value.
If the external field is turned off the magnetization of the saturated material
9Other forms of collective magnetism, anti-ferromagnetism and ferrimagnetism are not
considered here. An anti-ferromagnetic sample does not show a net-magnetization in an
external field, while ferrimagnetism is a weaker form of ferromagnetism. Details on both
cases can be found in Nolting and Ramakanth [59].
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Fig. 2.12: Dependences between external magnetic field ~H and the magnetization ~M for dia- and
para- and ferromagnetic materials. The magnetization shows a linear dependence on the external
field for dia- and paramagnetic materials. Ferromagnetic materials show increasing magnetization
even for small external fields and the magnetization increases until the material reachs saturation
at MS . After the external field is turn off the material keeps a net-magnetization of MR. An
external field in the opposite direction needs to be applied to de-magnetize the sample again at
HC . This more complex behavior causes the hysteresis form of the magnetization curve [58, 60].

does not drop to zero; usually a net-magnetization remains; this value is called
the remanence ~MR. A state of zero magnetization can only be achieved by
applying an external field in the opposite direction. At a certain external field
value, the coercivity HC , the material’s magnetization equals zero again. If the
external field is increased the material will reach its saturation magnetization
again, but with all magnetic moments aligned in the opposite direction. This
behavior leads to a hysteresis curve for the magnetization plotted against the
external magnetic field (see Fig. 2.12).

2.2.2. Magnetism in nanoscale materials

If the structure size of a ferromagnetic material decreases, some of its charac-
terizing parameters change. The saturation magnetization is not affected by
the size changes, but remanence MR and coercivity HC are. The development
of the coercivity with decreasing particle size is depicted in Fig. 2.13. HC

increases and reaches its maximum value at the critical particle diameter dSD,
where only a single magnetic domain remains in the particle. It is energetically
more unfavorable to form a domain wall to reduce the stray field of the particle,
than to accept the stray field itself. If the particle size is further reduced
the coercivity’s value vanishes completely. This happens when the particle’s
diameter reaches the superparamagnetic limit dSP [64].
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Fig. 2.13: Behavior of the coercivity if the specimen’s structure size is reduced. Below a critical
diameter dSD the specimen consists of a single domain and HC reaches its maximum value.
Afterwards HC drops until no coercivity is present in the specimen. At this point the diameter
reaches another critical value dSP, the superparamagnetic limit. [64]

Ferromagnetic materials keep a remanent magnetization and therefore the
orientation of their magnetic moments, without the influence of an external
magnetic field. In contrast to that the orientation of the magnetic moment of
a superparamagnetic particle is easily altered through thermal energy. The
necessary amount of energy kBT for that can easily be provided by temperatures
above the blocking temperature TB for small particles [65]. The energy necessary
to change the direction of its magnetic moment is dependent on the volume of
the particle V and the effective magnetic anisotropy constant Keff, which gives
the anisotropy energy per volume unit. Its main contribution is the crystal
anisotropy, which is intrinsic to the material. Shape, surface, magnetoelastic
and induced anisotropy can further contribute to its value [66].

∆E ∼ Keff · V ≤ kBT , (eq. 2.26)

Without the influence of an external magnetic field the magnetic moment of
a single domain particle is disarranged faster by thermal fluctuations than
remanence or coercivity can be measured. This causes a hysteresis free magne-
tization curve, as depicted in Fig. 2.14 [64]. Its form can be best described for
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Fig. 2.14: Hysteresis free magnetization
curve of a superparamagnetic material in
an external field.

non-interacting particles by (eq. 2.27) using a Langevin function and taking
into account the particles’ size distributions [16], if they are not equally sized.

M(Hext)
MS

=
∞∫
0

1√
2πσ

exp
[
−(d− 〈d〉)2

2σ2

]
· (eq. 2.27)

coth

4/3π
(
d
2

)3
MSHext

kBT

− kBT

4/3π
(
d
2

)3
MSHext

 dD .

The function describes the magnetization process with the normalized magnetic
moment M(Hext)

MS
, the size distribution with mean diameter 〈d〉 and its standard

deviation σ and the thermal energy kBT provided by room temperature. The
size distribution of the nanoparticles’ over all diameters leads to an integration
over different Langevin functions. The base for the calculations in this case is
the particles’ mean diameter and a size distribution taking a 5σ interval on both
sides of the mean diameter into account. The superparamagnetic limit dSP is a
material constant, which is also dependent on the material’s crystal-structure.
It is possible to asses this critical diameter with the Neel-Arrhenius equation
[21, 64]

ln (τ · f0) = KeffV

kBT
≈ 25 . (eq. 2.28)
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It gives a relation for the time τ the magnetic moment of the domain is stable
after an external field is turned off, the particle’s volume, effective anisotropy
constant of the material and its temperature T . τ needs to exceed or equal
the time a complete measurement takes to record ferromagnetic behavior. The
measurement time is usually given with tmess = 100 s ≤ τ [16, 21]. The value
f0 = 109 1

s is field-independent and called the frequency factor [64]. In case of
a spherical particle (eq. 2.28) can be written as

rSP = dSP
2 = 3

√√√√25 · kBT
Keff · 4

3π
. (eq. 2.29)

The temperature T is another critical factor for the value of the superparamag-
netic limit. The lowest temperature, for which superparamagnetic behavior is
expected, is the blocking-temperature TB. It marks the critical value, at which
the behavior of a samples changes from ferromagnetic to superparamagnetic.
The sample will show ferromagnetic behavior for temperatures below, because
the thermal fluctuations are too weak to change the alignment of magnetic
moments before the measurement is completed. The anisotropy constant used
to calculate the limit is often the bulk anisotropy constant, although its value
may differ greatly for nanosized structures of the same material. A list of
anisotropy constants for different cobalt configurations and their calculated
critical diameters is given in Tab. 2.1.

Tab. 2.1: List of effective anisotropy constants Keff of different configurations of cobalt [67, 68]
and the corresponding superparamagnetic limits dSP for spherical particles calculated from (eq.
2.29) at the temperature T .

configuration T/K Keff/
J
m3 dSP/nm

fcc-Co-bulk RT 2.7 · 105 8.9
fcc-Co-nano 92 2.1 · 103 15.4
hcp-Co-bulk RT 4.1 · 105 7.8
ε-Co-nano RT 1.5 · 105 10.9
ε-Co-nano 47 8.0 · 104 7.3
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3. Characterization methods

The synthesized nanoparticles are investigated with a variety of methods.
Different electron microscopy techniques (TEM/STEM/HRTEM) are used
to record images of the nanoparticles and analyze their micro- and crystal
structure, which is also examined by X-Ray Diffractometery (XRD). The
elemental composition is determined by Energy-dispersive X-ray Spectroscopy
(EDX). Finally the magnetic properties of the samples are investigated with an
Alternating Gradient Magnetometer (AGM). This chapter explains the working
principles of all used methods and describes the sample preparation techniques
for the corresponding analyses.

3.1. Transmission Electron Microscopy (TEM)

The first transmission electron microscope (TEM) exceeding the resolution
of conventional light-microscopy was constructed by Erik Ruska in 1933 [6].
It made the observation of particles and structures in the nanoscale possible,
which were not observable before. A schematic overview of a TEM, similar to
the used Philips CM100 Transmission Electron Microscope, is displayed in Fig.
3.1. At the top electrons are generated by thermionic emission from a small
tungsten wire-filament. Electrons overcome the work-function of tungsten,
when the filament is heated to 2000 ◦C. Afterwards they are focused into a
convergent beam by the Wehnelt cylinder and accelerated due to a potential
difference U between the negatively charged cylinder and a grounded anode
(see Fig. 3.2). An acceleration voltage of U = 80 kV is used to record the
images in this work.
The electron’s masses need relativistic corrections after acceleration through U
and their relativistic impulse is given by [69]

p =
√
E2 − E2

0
c2 =

√
(eU)2 + 2eUm0c2

c2 , (eq. 3.1)
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Fig. 3.1: Cross-section view of a transmission-electron-microscope, similar to the used Phillips
CM-100 (reprinted from B. Fultz, J. Howe, Transmission Electron Microscopy and Diffractometry
of Materials, Graduate Texts in Physics, ©Springer-Verlag Berlin Heidelberg 2013, p. 59, TEM-
Querschnitt, with kind permission of Springer Science+Business Media).
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with E the electron’s total energy, c the speed of light, e elementary charge
and m0 the electron’s rest mass and E0 its rest energy. This leads to eq. 3.2
for the electron’s de-Broglie wavelength, whereas h is planck’s constant

λe = h

p
= hc√

(eU)2 + 2eUm0c2
. (eq. 3.2)

The matter-wavelength limits the theoretical possible resolution of the TEM,
but the resolution is further limited by lens aberrations. Those aberrations
occur at all lenses in the TEM and a list of possibly occurring aberrations
is given by Reimer [70], Reimer and Pfefferkorn [71]. After acceleration the
electrons pass a set of condensor lenses, which focus the electrons on parallel
tracks and onto the specimen. The electron-beam interacts with the sample
and the incident electrons are scattered. Next they pass the objective lens,
which forms a diffraction pattern in the back focal plane. For a bright-field
(BF) image only the primary electron beam is selected by the objective aperture
and used to generate the primary image. Other modes, like dark-field (DF)
imaging [72, 73] are not used in this work. The intermediate and projector
lens further magnify the primary image generated in the image plane and it is
focused on the viewing screen or camera chip. This is depicted in Fig. 3.3.

Wehnelt
cylinder

anode

electron
beamU

wire-
filament

Fig. 3.2: Schematic view of the Wehnelt cylin-
der. The cup-like structure encloses the wire-
filament. Through an aperture at the bottom of
the cylinder thermionic emitted electrons leave
the negatively charged cylinder. The electrons
are focused crossover and accelerated towards
a grounded anode. The potential difference U
between the cylinder and the anode determines
the electrons matter-wavelength [73].
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Fig. 3.3: Path of electron beams for bright-
field imaging. Behind the aperture a diffraction
pattern is formed in the back focal plane. The
primary beam forms the image in the image
plane, which is afterwards enlarged and focused
on the screen. Rays blocked by the aperture
are continued in light gray. They can be used
for alternative imaging modes [73].

3.2. High-Resolution Transmission Electron
Microscopy (HRTEM)

The crystal structure of materials can be displayed using high-resolution trans-
mission electron microscopy (HRTEM). The electrons are accelerated by a
higher voltage, which results in a smaller matter-wavelength, which thereby
increases the maximum resolution. It is possible to directly image atomic lattice
planes this way. The general setup of a HRTEM is similar to a conventional
TEM. Electrons passing the sample are scattered by it. Those, which are
scattered elasticaly are used to form final image. Its contrast is thereby a phase
contrast, formed through interference of diffracted beams with the transmit-
ted one. The relation between sample thickness, defocussing conditions and
crystal orientation is non-trivial and affects the quality of the image. Detailed
descriptions are given by Reimer [70], Reimer and Pfefferkorn [71], Fultz and
Howe [73], Smith [74]. A Phillips CM-200 HRTEM, equipped with a LaB6
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cathode, is used for all the high resolution microscopy. The acceleration voltage
is U = 200 kV. The more complex power up and alignment procedure for this
device is done by Dr. Wiebke Hachmann, who supervises the Transmission
Electron Microscopes.

3.2.1. Indexing of electron diffraction patterns from single
crystallites

It is possible to determine the crystal structure of a sample by indexing its
diffraction pattern. Electrons form a diffraction pattern in the back focal
plane of a HRTEM after interacting with the sample. The intermediate and
projector lenses of a TEM form a real image from the diffraction pattern. The
diffraction data can later be extracted from the HRTEM-image by taking fast-
fourier-transformation (FFT) of selected areas in the HRTEM-image. These
areas are single crystalline regions, which generate a clear diffraction pattern.
Different crystal grains in the selected area produce a superimposed diffraction
pattern, which cannot be correctly indexed. In this thesis the FFT’s are taken
of HRTEM-images by using the software "Digital Micrograph" from Gatan, Inc.
It includes a feature called "live-FFT". A rectangular region of interest can be
moved over the HRTEM-image and the FFT of the selected area is immediately
calculated. Areas promising for indexing are easily selected on this way. The
diffraction patterns need to be indexed to identify the crystal structure. This
can be done manually1 or the diffraction pattern can be compared to electron
diffraction patterns simulated with software packages like CrystalMaker™. It is
possible, that patterns appear, which do not fit any of the possible structures.
In this case the electron beam does not hit the crystal along one of its zone
axis and the pattern cannot be used for identification of the crystal lattice
structure.

3.3. Scanning Transmission Electron Microscopy
(STEM)

In scanning transmission electron microscopy (STEM) an electron beam is
scanned line-by-line over the sample, instead of illuminating it at once. At every
scan-point only transmitted electrons reach the detector, which is located below
1A step-by-step instruction is given by Brent Fultz, James Howe [75].
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Fig. 3.4: STEM Setup.
The electrons are focused
by the condensor and ob-
jective lenses into the inci-
dent electron beam, which
is scanned line by line
over the sample by a pair
of deflector coils. After
the beam passes the speci-
men different detectors can
record different image. [76,
77].

the sample. A schematic overview over the STEM is depicted in Fig. 3.4. The
specimen needs to be thin (less than 100 nm [78]) to be observable. Otherwise
all electrons are absorbed by the sample and do not reach the detector. The
electron source is usually a field emission gun (FEG), providing an electron
beam with a small diameter. The beam is focused by a system of electrostatic
and electromagnetic lenses. It passes a set of coils, which are used to deflect the
beam and therefore move it over the sample line-by-line. The detector collects
the transmitted electrons at every point and forms a picture. This can be done
in different modes. Every imaging mode, bright-field (BF), annular dark-field
(ADF) or high angle annular dark field (HAADF) uses its own detector. It is
possible to record images in different modes by selecting one of three detectors
without any realignment procedures. The scattering angle between the optical
axis and the incident electron beam determines which detector collects the
electrons [76, 77], as is depicted in Fig. 3.5.

Bright-field imaging (STEM-BF) The detector collects transmitted elec-
trons, which are scattered less than 10mrad from the optical axis. Features on
the sample, which scatter or block incident electrons appear dark in the image
[76, 77].
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Fig. 3.5: STEM detectors and their location around the incident beam [76, 77, 79].

Annular dark-field imaging (STEM-ADF) The detector for this imaging
mode is located around the bright-field detector. It detects electrons, which
are scattered 10mrad to 50mrad away from the optical axis. The scattering is
due to elastic interaction between the incident electrons and the electron cloud
of atoms located in the sample. The image formed from this electrons is the
inverse image to the BF-image [76, 77].

High angle annular dark-field imaging (STEM-HAADF) In this mode elec-
trons scattered farther (more than 50mrad) from the optical axis are recorded.
The scattering from incident electrons to such high angles is caused by inco-
herent scattering of incident electrons at the nulceii of the specimen atoms
(Rutherford scattering). The chance that an electron is scattered to such a
high angle increases with the atomic number of the investigated material. The
contrast is directly proportional to the square of the atomic number (∼ Z2)
[78, 80]. Because of this dependence, the imaging-mode is also called Z-contrast
imaging. Thicker areas of the specimen still show an enhanced contrast, which
is linear dependent on the sample thickness [81]. Since the Z-contrast is domi-
nant thin features made of a heavy element are expected to appear with more
contrast than thicker samples of lighter materials in the final image. This
method enables the determination between high Z and low Z areas, which can
afterwards be investigated by element sensitive methods [76, 77].
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BF DF HAADF

Fig. 3.6: Contrast differences due to detector choice. The same area is recorded using the
different STEM-imaging modes. The relatively poor material contrast in the bright and dark field
images is exceeded by the contrast rich image taken with the HAADF-detector. The sample is
synthesized following the instructions of Bao2005dir.

Electrons scattered by other mechanisms do not reach the detector [76–78].
The contrast differences of all three imaging modes are illustrated in Fig. 3.6
using a sample, which contains two elements of different atomic numbers2.
Structures appearing homogeneously bright in the dark-field image, light up if
the HAADF-detector is used. This makes the determination between different
elements in the sample possible. All STEM-images were recorded with a Helios
Nanolab 600 (FEI) dual3 beam device. Only the SEM/STEM mode of the
device is used to investigate the particles. An acceleration voltage of 20 kV
and a beam current of 86 pA are used, if nothing else is noted. The device is
operated by Annalena Wolff, if nothing else is noted.

3.4. Energy-dispersive X-ray spectroscopy (EDX)

Incident electrons hitting the specimen are not only diffracted or transmitted,
but can interact with the specimen’s atoms. The incident electrons can eject
an electron from the atom, which was bound near the nucleus. This ionizes the
atom and the vacancy is subsequently filled by an electron from a higher state

2The element distribution within the sample (Bao2005dir) is investigated in more detail
later on. This only serves as an example for the different imaging-modes.

3The device combines a Scanning Electron Microscope with a Focused Ion Beam system.
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Fig. 3.7: Left: Schematic of
electron ejection from the K-
shell and the subsequent filling
of the vacancy from the L-shell
[81].

of potential energy. The excess potential energy is emitted as a photon4. This
process is depicted in Fig. 3.7.
The energy differences between two specific states in an atom are unique for
every element, making it possible to identify a material by detecting photons
with an energy corresponding to potential energy differences between the states.
The two innermost electrons occupying the lowest state in an atom are located
in the 1s-orbital, which is the K-shell. The next states are part of the L-shell.
This includes the 2s, 2p1/2 and 2p3/2 orbitals, which are noted as L1, L2 and
L3 [58]. It is possible for an electron from the L2- or L3-state to fill a vacancy
in the K-shell, but not for the electrons in the L1-state. The latter transition
is forbidden quantum mechanically and the selection rules determine, whether
or not a transition is allowed [83]. A known obstacle in EDX-analysis is peak
overlapping. Some transitions in different elements occur at similar energies,
which makes peak identification difficult. This often occurs between the Kα-
and Kβ-peaks in transition metals [81]. The three ferromagnetic metals iron,
cobalt and nickel (Z=26,27,28) are a good example. The Kβ from iron interferes
with the Kα-peak from cobalt, whose Kβ-peak, on the other hand, interferes
with the Kα-peak from nickel.
The acceleration voltage, which determines the kinetic energy of the incident
electrons also limits which transitions can be observed. The ionization energy
of an electron bound near the nucleus can easily exceed the kinetic energy of

4There are also alternative ways the energy difference can be ejected, e.g. Auger electrons
(see [81, 82] for details).
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the electron beam. For example, the ionization energy of an electron from the
K-state in gold estimates approximately 80 keV [84] and any incident electron
needs more kinetic energy to eject this electron. At lower acceleration voltages
gold is only detected by transitions occurring in between higher states. An
example is gold’s Kα-peak, which is caused by the transition of electrons from
the M4- or M5-state to the L3-state. It is located at an energy of 9.712 keV
[81].

3.4.1. Measurements

The composition of a sample can be determined by recording an element map.
First an overview spectrum of the selected area is recorded and present elements
are identified using literature [81, 85] or inbuilt software features. The elemental
mapping is done by recording a spectrum at every point of the area of interest.
If an selected element is detected in the spectrum its presence is noted in the
map by taking the relative peak intensities for different materials into account.
An electron microscopy image of the same area can be overlaid with the pattern
formed in the map and the elemental composition can be allocated to features in
the image. In case of cobalt-gold core-shell particles a cobalt signal in the center
and gold-signal in the shell area of a particle is expected. The schematic of the
expected elemental map is shown in Fig. 3.8. The intensity of the shell material
is expected to be weaker than the intensity caused by the core material, due to
the compact core and the comparably thin shell. This is displayed schematically
in Fig. 3.8. The first image shows a STEM-HAADF-image of core-shell type
particles, as well as single-phase particles consisting of only the shell- or the
core-material. The next picture shows the elemental map of the shell-material.
The solid particle causes a stronger signal than the thin shells, because more
material is present at the points, where the EDX-spectra are recorded. The
third picture, showing the elemental map of the core material, is picture next.
The intensity of the signal is equal for all cores and the equally sized single
phase particle. If both elemental maps are overlain with the STEM-image the
elemental composition of the sample can be attributed to certain features in
the image.
Recording an elemental map can fail, if the detectable volume is very small.
Background noise can prevent the correct detection of weak peaks in the
spectrum. A counter measure is increasing the measurement time at every
point of the region of interest. This dramatically increases the time necessary
to record the elemental map. The increased measurement time (>15 h) leads to
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3.4. Energy-dispersive X-ray spectroscopy (EDX)

STEM-HAADF EDX: shell-material (1) EDX: core-material (2)

(2)(1)

Fig. 3.8: Expected patterns for an element mapping of core-shell and single-phase particles.
Areas consisting of materials with different atomic numbers are identified in the STEM-HAADF
image. Next, single elemental maps for the shell- (1) and core-materials (2) are recorded. The
intensity of the signal creating the elemental maps is dependent on the amount of material
detectable in every point of the measurement. The shell material causes weaker signals, than an
equally sizes single-phase particle or the compact cores.

particle melting or the destruction of the TEM-grid rendering the measurement
useless. An alternative method, which can overcome the issues that arise from
an increased measurement time is the selection of features in the SEM mode of
the dual beam device. Different compositions can be identified by Z-contrast
imaging and are selected by the SEM area selection tool. It is possible to control
the position of the scanned area visually and actively counteracted drifting
effects5. Two EDX systems are used in this work to evaluate the composition.
The Oxford ISIS 300, which is part of the ZEISS Leo1530 SEM, is used to
estimate the elemental composition of samples prior to XRD-measurements.
The EDAX Apollo 10/300mm system, which is part of the Helios Nanolab 600
dual beam device, is used for more detailed analyses of single particles. It is
operated with the Genesis 6.02 software.

Sample preparation The same samples were used for TEM-, STEM-imaging
and for EDX-analysis. In general copper TEM-grids coated with carbon [Plano,
Nr. S160-4] or silicon oxide [Plano, Nr. S165] are used. Carbon grids are used
for conventional TEM- and HRTEM-imaging. Silicon oxide coated grids were
primarily used for STEM-images and EDX-analysis. The carbon coating of
TEM-grids contaminated the samples during STEM-imaging and EDX-analysis
and affected the image-quality. The particle suspensions were all drop-casted
onto the grid’s shiny side. A volume of V = 1 µL was used. The excess
5Drifting can move the investigated features out of the scanned area during the measurement.
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suspension was drained from the surface with filter paper. This ensures that
only a single layer of particles remains on the grid. Multi-layers of particles
block all electrons and images cannot be recorded. Moreover the grid can be
damaged if to much material is deposited onto it. The dried samples were
stored in individual boxes and kept under argon-atmosphere to keep them from
oxidizing.

3.5. Alternating Gradient Magnetometer (AGM)

An alternating gradient magnetometer is used to measure the magnetic proper-
ties of the samples. The device consists of two pairs of coils, a hall-probe, a
piezo-electrical transducer probe and an amplifier set, as is shown in Fig. 3.9.
The field coils generate a static magnetic field that magnetizes the sample and
aligns its magnetic moments to form a dipole. The gradient coils generate an
alternating sinusodial field, causing an inhomogeneous time-dependent gradient-
force, which deflects the sample [86]. A change in the external homogeneous
field will change the magnetization of the sample and will therefore alter the
force-influence of the gradient field. This changes the deflection-amplitude,
which is detected by a piezo electric element generating a voltage if deformed.
The bending of the piezo and therefore the generated voltage, are monitored
and plotted against the homogeneous field [21, 87]. The device used is a com-
mercially available Model 2900™MicroMag Alternating Gradient Magnetometer
(AGM) from Princeton Measurements Corporation6.
There are two different types of transducer-probes for in-plane and perpendicular
measurements. The in-plane case is shown in Fig. 3.9 and the perpendicular
holder is rotated at an angle of 90°. All measurements were executed with the
in-plane sample holder, because for spherical nanoparticles the orientation of
the sample holder should not lead to different results [87].

Sample preparation and measurement The sample is a small piece (maxi-
mum edge-length 4mm) of a silicon-wafer [Crystek, 100 nm native oxide layer],
onto which 2 µL of the particle suspension is drop-casted and dried. The sam-
ples are all handled with non-magnetic titan-tweezers to prevent ferromagnetic
contamination of the sample by a normal stainless-steel tweezer.

6Princeton Measurements Corporation was acquired by LakeShore in 2013.
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gradient-coils

hall-probe
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gradient-coils
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nickel-foil 
calibration-sample

extension rod 
of transducer-
probe

field-coils

Fig. 3.9: Left and middle: Schematic [86] and photograph of the coil array of the AGM. Right:
Complete setup, the arrow locates the sample and surrounding coils.

In general the magnetization of a sample is noted in relation to the sample’s
magnetic volume or its mass

Mvol/mass = MS

Vsample or msample
. (eq. 3.3)

These values cannot be determined for particle samples, because the magneti-
cally active sample volume is not known. Both the number of applied particles
and the amount of oxidized material within them is unknown. Moreover a
very small volume of particles is applied, whose mass can hardly be measured
correctly. Therefore, in this work only the magnetic moment m of a sample is
measured. The applied field maximum during the measurement is 14 kOe and
the measurement starts, when the sample is saturated. The bidirectional mea-
surement is carried out in steps of dH = 112Oe and at every measuring-point
the signal is average for 100ms.

3.6. X-Ray Diffraction (XRD)

X-ray diffractometry is used to gain access to the microscopic composition
and structure of a material. If the material is crystalline, a monochromatic
X-ray-beam of wavelength λ focused on the material is diffracted at the lattice
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g

θ θ

g sinθ

θ θ

Fig. 3.10: Geometry of Bragg’s law [73]. Lattice planes with the distance g reflect X-rays with
wavelength λ, which hit the material at the angle θ.

planes with distance g7. Two beams diffracted under the same angle θ at two
different lattice planes interfere positively if Bragg’s law is fulfilled

nλ = 2g sin θ , (eq. 3.4)

whereas the integer n gives the diffraction order.
The sample is mounted on a rotating disk and illuminated by the X-ray-source
under different angles θ. The detector also moves around the sample, but with
twice the speed as the sample rotates, so that the diffracted beam always meets
the detector. This measurement geometry is called Bragg-Brentano-geometry
[88]. It is possible to record spectra with good resolutions and intensities in
this configuration. The recorded spectrum is usually displayed logarithmically
against the rotation-angle of the detector 2θ and compared to literature data
[89, 90] or simulated patterns generated with the software-package "Crystal
Maker™", to identify the existing crystal configurations in the material. Prior
to XRD-measurements the samples are investigated by EDX-analysis to exclude
the presence of foreign materials. Since a doped single-crystal silicon-wafer is
used as the substrate, it is recommended to turn the sample out of position of
about 3°. This is called ω-offset and is achieved by tilting the x-ray source and
the detector against the sample. This will suppress the otherwise prominent
silicon-[400] reflection at 2θ = 69.2° and also forbidden reflections caused by
the doping of the silicon-substrate will be prevented [91].

7Conventionally this parameter is called d, but this letter is used for the particle diameter
in this thesis.
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Fig. 3.11: Bragg-Brentano-geometry [73]. If an ω-offset is used during the measurement the
angle θ between the sample and X-ray source is increased by the offset. The incoming X-rays hit
the sample under a different angle now, but still reach the also tilted detector.

It is possible to estimate the diameter for particles smaller than 1 µm from the
peak-broadening in a XRD-spectrum. The particle diameter can be quantified
by Scherrer’s equation

D′ = Cform · λ · 57.29
FWHM · cos θ , (eq. 3.5)

whereas D′ is the measured diameter of a grain perpendicular to the diffracting
lattice plane, Cform is a form-constant, which takes values between 0.89 and
1.39, λ is the wavelength of the X-rays, FWHM gives the peak’s full width
at its half height and the factor 57.29 = 2π

360° is used to convert the FWHM-
parameter to radian measure. It can be left out, if FWHM is given in radian.
Small corrections of ∆FWHM = 0.01° are subtracted from the FWHM-value.
This removes peak-broadening due to effects caused by the device itself [10].
The used XRD device is a Philips Analytical X´Pert Pro MPD Diffractometer
and is operated by Christian Sterwerf. A copper cathode is used to generate
the X-rays, using its Kα-radiation with a wavelength of λ = 154 pm . The
scans were executed from 20° to 140°, taking a measurement every 0.04° and
integrating the signal for 20 s. Measurements with this values delivered good
results before [10, 16].

Sample preparation Silicon wafer substrates [Crystek, 100 nm native oxide
layer] with an edge-length 1 cm are covered with 100 µL of the particle suspen-
sion and the solvent is evaporated under vacuum. This is repeated five times
until the substrate is thickly covered by the particles.
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4. Syntheses

This chapter presents the syntheses published by Bao et al. in 2005 [31] and
2007 [32], which are revised in this thesis. The analyses by Bao et al. of the
particles and their results are reported as well.
Both syntheses are based on the hot-injection method. A metallic precursor, in
this case dicobalt octacarbonyl, is injected into a boiling mixture of solvent and
surfactants. The carbonyl is decomposed in the boiling solvent and releases
cobalt atoms into the reaction-mixture. This causes a nucleation event and
the subsequent growth of nuclei into particle. In a second reaction step the
gold-precursor and a surfactant are injected into a boiling solution containing
the preformed cobalt seed particle. This forms a shell around the cobalt seed
particles via heterogeneous nucleation. A schematic of the reaction is depicted
in Fig. 4.1.

Co

Bao2005
+ oleic acid
+ dioctylamine
in ODCB@195°C

Bao2007
+ oleic acid
+ trioctylamine
in ODCB@195°C

Co2(CO)8
solvated 
in ODCB

Co

solvated in 
toluene@85°C

Bao2005
+ oleylamine
+ HAuCl4

Bao2007
+ oleylamine
+[(C6H5)3P]AuCl

Co

AuSTEP 1 STEP 2

Fig. 4.1: Schematic of the two-step reactions. Both recipes, Bao2005 and Bao2007 follow the
same reaction, but use different surfactants and gold sources.

Both syntheses were conducted under argon atmosphere to prevent oxidation.
Chemicals, used in the syntheses, were obtained from commercial sources and
used without further purification, according to Bao et al. [31].
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4.1. Synthesis by Bao et al. 2005

4.1. Synthesis by Bao et al. 2005

(a)

(b) (f)

(e)

(d)

(c)

Fig. 4.2: Results of particle analysis conducted by Bao et al. (a) TEM-DF-image of 10nm cobalt
seed-particles. (b) HRTEM-image of a single cobalt particle. (c) XRD-measurement showing
peaks attributed to ε-cobalt. (d) Blocking peak at 220K of a ZFC-measurement. (e) TEM-image
of cobalt-gold particle after the second reaction step. (f) XRD-measurement of the cobalt-gold
particles showed only peaks corresponding to fcc-gold; peaks from ε-cobalt, as shown in the inset
or in (c) have not been detected. Reprinted at original resolution with kind permission from [31],
Copyright ©2005, American Institute of Physics.

In the first reaction step 0.54 g dicobalt octacarbonyl are solvated in 3mL
ortho-dichlorbenzene (ODCB). They are injected into an unknown volume of
boiling (182 ◦C) ODCB containing 0.34mL dioctylamine (DOA) and 0.2mL
oleic acid as surfactants and the mixture is kept in reflux for 15min. Spherical,
multi grained, cobalt-particles with a diameter of d = 10 nm were obtained.
A TEM-image (Fig. 4.2, (a)) depicts the particles and in a corresponding
HRTEM-image (Fig. 4.2, (b)) the multi-grain structure of a single particle is
visible. The publication does not show a size-distribution, but the authors
claim it is narrow. XRD-analysis, based on peak position and relative peak
height, shows that the particles are composed of ε-cobalt (Fig. 4.2, (c)). A
zero-field-cooling measurement1 of the cobalt particles shows a narrow blocking
peak at 220K (Fig. 4.2, (d)). All particles are superparamagnetic at room
temperature. The temperature at which a particle shows superparamagnetic
1Details on this method can be found in appendix A.3.1.
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characteristics is dependent on its diameter. The width of the peak is therefore
dependent on the sample’s size-distribution. A narrow blocking peak suggests
a narrow size distribution.
In the second reaction step 0.5mL of the particle suspension are mixed with
5mL toluene and heated to 85 ◦C. The gold precursor solution of 0.01 g gold(III)
chloride hydrate (HAuCl4) and 0.25mL oleylamine solvated in 3mL toluene
is injected and the mixture is kept at 85 ◦C for one hour.The particles are
obtained with 6 nm core-diameter and a shell-thickness of 1.5 nm. The sizes
were measured from a BF-TEM-image shown in Fig. 4.2, (e). The XRD-
measurement of these particles shows only peaks corresponding to fcc-gold
(seeFig. 4.2, (f)). The absence of cobalt peaks in the spectrum is attributed
to peak broadening and the difficulty to distinguish cobalt from gold. A ZFC-
measurements shows a narrow blocking peak at 55K, which is used to indicate
a cobalt core size of 5 nm to 6 nm. This corresponds well with sizes measured
in the TEM-images.

4.2. Synthesis by Bao et al. 2007

The second synthesis route was also published by Bao et al. [32] in 2007, the
same group, and is quite similar to the first one. In contrast to the first synthesis
a different surfactant and a different gold source is used in the shell synthesis
step. This synthesis also uses 0.54 g dicobalt octa carbonyl solvated in 3mL
ortho-dichlorbenzene (ODCB) as cobalt precursor solution. It is injected into an
unknown volume of boiling (180 ◦C) ODCB containing 0.34mL trioctylamine
(TOA) and 0.2mL oleic acid as surfactants. The reaction mixture is refluxed
for 15min. The resulting cobalt particle are spherical single crystals with
a diameter of d = 5 nm to 6 nm, as depicted in Fig. 4.3, (a). Their crystal
structure corresponds to ε-cobalt, because the three distinct peaks attributed
to ε-cobalt are found in the XRD-spectrum.
For the second reaction step 2mg of precipitated cobalt seed particles are redis-
persed in toluene and the solution is heated to 95 ◦C. The injected gold precursor
solution consists of 0.01 g chloro(triphenylphosphine)gold(I) ([(C6H5)3P][AuCl])
and 0.5mL oleylamine solvated in 3mL toluene. The mixture is stirred and
kept at the temperature of 95 ◦C for one hour after the gold precursor solution
is injected.
The cobalt-gold particles are investigated with TEM-, HRTEM- and Z-contrast
imaging (see Fig. 4.3). The diameter of the spherical particles is given with 9 nm,
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(a) (b)

(c) (d)

(e)

(f)

(e)

(f)

(g) (h)

Fig. 4.3: (a) TEM-BF-image from the 5 nm to 6nm cobalt seed-particles. (b) TEM-BF-, (c)
HRTEM- and (d) Z-contrast-image of the cobalt-gold core-shell nanoparticle with a total diameter
of 9nm. (e) XRD-measurement of the core-shell particle. The inset shows a more detailed scan
between 2Θ = 40° and 2Θ = 50°. (f) shows a diffractogram of the pure cobalt seeds. (g) EELS
measurements through core and shell and (h) through the shell only. Reprinted with permission
from [32], Copyright ©2007, American Chemical Society.

while the core is of 5 nm to 6 nm diameter, which results in a shell thickness
of 1.5 nm to 2 nm. The core-shell structure is shown in the BF-TEM-image in
Fig. 4.3, (b). The HRTEM-image (Fig. 4.3, (c)) shows the multi-grain structure
of the shell in more detail. The Z-contrast image (Fig. 4.3, (d)) shows particles
with varying contrast and the more detailed image of a single particle in the
inset shows a contrast-rich shell surrounding a core with less contrast. Bao
et al. [32] attributed this to the higher contrast caused by gold (Z=79) and the
comparably lower Z-contrast of cobalt (Z=27).
XRD-analysis (Fig. 4.3, (f)) of the cobalt seed particles shows three distinct
peaks at 2Θ = 45°, 2Θ = 47° and 2Θ = 49°, which are the three peaks of
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Fig. 4.4: SQUID-measurements of assumed core-shell type particles after Bao et al. [32]. UV-
VIS-spectroscopy of pure cobalt seeds, equally large gold particles and the assumed cobalt-gold
core-shell type ones. Reprinted with permission from [32], Copyright ©2007, American Chemical
Society.

ε-cobalt with highest intensity. Fig. 4.3, (e) shows the diffractogram of the
bimetallic particles and at first only peaks attributed to gold can be seen at
approximately 2Θ = 39°, 2Θ = 44°, 2Θ = 65° and 2Θ = 78°. A more detailed
scan between 2Θ = 40° to 50° reveals the gold (200)-peak at 2Θ = 44° to have
a shoulder and two smaller peaks in its right slope. Those peaks have the
same position as the three main peaks of ε-cobalt and they are assumed to be
overlapping with the broadened gold (200)-peak.
EELS spectra are taken from the middle of a particle and its edge. EELS is
an element sensitive method, that detects the loss of kinetic energy electrons
undergo after passing the sample. Details on this method are summarized
by Egerton [92]. The spectrum recorded at the particle center (Fig. 4.3, (g))
includes a peak caused by cobalt, while this feature is missing in the spectrum
taken at the particle’s edge. This is taken as proof, that cobalt is only located
in the core.
The particles show a narrow blocking peak at 55K in a ZFC-measurement
(see Fig. 4.4, (a)). Details on this technique are given in appendix A.3.1. The
blocking temperature is used to estimates the magnetic volume of the core and
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therefore the mean core diameter via the Neel-Arrhenius equation (eq. 2.28).
The value of the used effective anisotropy constant is not mentioned, but the
mean diameter is calculated to d = 6 nm with a measurement time of 100 s.
One additional measurement was carried out to further characterize the formed
gold-shell. UV/VIS-spectra of pure cobalt-particles, pure gold-particles and the
cobalt-gold particles were recorded (Fig. 4.4, (b)). The curve from pure gold-
particles shows an absorption peak around 525 nm due to plasmon resonance, the
pure cobalt particles show an decreasing absorption towards longer wavelength.
The cobalt-gold particle produced a flat absorption peak around 680 nm. The
red-shift of the absorption-peak in case of the core-shell particle is said to
be attributed to the enhanced absorption of the gold-shell. This behavior
was reported for a gold-coated dielectric core and is highly dependent on
the diameter-ratio between the core and the shell [93]. Details on UV-VIS
spectroscopy and the shift of the resonance peak are given in the appendix A.3.2.
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5. Diffraction data simulations
with CrystalMaker™

This chapter presents the results of crystal diffraction data generated by the
program CrystalMaker™ and its accompanying programs SingleCrystal™ and
CrystalDiffract™. The main program is used to generate a crystal structure
file, which is used for the simulation of X-ray diffraction spectra and electron
diffraction patterns. X-ray powder diffraction spectra are simulated and in-
dexed for comparison with XRD-measurements via CrystalDiffract™. Single
crystal electron diffraction patterns are generated and also indexed with Single-
Crystal™ for comparison with electron diffraction patterns generated through
FFT of selected areas in a HRTEM-image. The results of all simulations are
summarized in this chapter. They serve as reference for the crystal structure
evaluation of all investigated particles.

5.1. Powder spectra of cobalt

Cobalt shows two different crystal-phases in bulk-material, a hexagonal-closed
packed (hcp) and a face-centered cubic (fcc) structure. The lattice parameters
of the hexagonal structure are a = b = 2.5071Å, while the distance between
two atomic layers is c = 4.069Å. The fcc structure has an edge length of
a = 3.548Å. Both forms are also found in nanoparticles. A third structure,
ε-cobalt, was found only in nanosized cobalt particles, which are prepared
by a thermal decomposition process, similar to the one used in this work
[94]. This new modification of cobalt has a cubic unit cell with edge length
a = 6.097Å. The unit cell contains 20 cobalt atoms and is arranged similar to
a high-temperature phase of manganese [95]. It shows a threefold symmetry
along its [111]-axis (see Fig. 5.1, bottom).
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fcc

epsilon

hcp

Fig. 5.1: Simulated powder diffraction pattern for all possible cobalt modifications indexed with
the corresponding Miller indexes. The visualizations of the unit cells from fcc- and hcp-cobalt
are arbitrarily oriented to allow a better three dimensional view of the unit cell. The unit cell of
ε-cobalt is viewed along its [111]-axis to show its threefold symmetry.
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The fractional atomic coordinates used for the fcc- and hcp-structure of cobalt
are taken from [96] provided by the "American Mineralogist Crystal Structure
Database" (AMCSD) [89]. The visualizer software of the program FindIt1 is
used to produce a structure file, which is imported into CrystalMaker™. The
fractional atomic coordinates of ε-cobalt are taken from [94] and manually
entered into the visualizer of FindIt to obtain a structure-file. X-ray powder
patterns for an x-ray wavelength of 154.18 pm and a particle size of 10 nm are
simulated using the program CrystalDiffract™ with the structure files created
in CrystalMaker™.
Fcc-cobalt displays two peaks with high intensities at 2θ = 44.21° and 2θ =
51.52°, while hcp-cobalt displays a high intensity peak at 2θ = 47.46° preceded
by two peaks with less intensity at 2θ = 41.59° and 2θ = 44.54°. ε-cobalt
displays many small peaks throughout the whole spectrum. A specific region
is found between 2θ = 40° and 2θ = 50°. Three consecutive peaks with
comparably high intensity, which is decreasing every peak, can be found at
2θ = 44.54°, 2θ = 47.1° and 2θ = 49.54°. The number of peaks and the different
peak-intensities help with the identification of the crystal phase.
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Fig. 5.2: Simulated X-ray powder diffraction spectra for regular fcc-cobalt (g=3.548Å, gray) and
fcc-cobalt with a compressed (g=3Å, red) and an expanded unit cell (g=4Å, blue). If the unit
cell is compressed all XRD-peaks are shifted to bigger angles 2θ and moved farther apart, while
their intensity is enhanced compared to the regular fcc unit cell. If the unit cell is compressed all
peaks are shifted two smaller angles and move closer together, while their intensity is reduced.
This can be observed especially well in case of the fcc(111) peak.

1Program, which uses the "Inorganic Crystal Structure Database" (ICSD)[90].
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5.2. Electron diffraction patterns

The regular lattice of a crystal can be disturbed by defects, which can alter the
unit cell of the material. This also effects the powder spectrum obtained in
XRD-measurements. A uniform unit cell expansion, which increases the lattice
constant, usually lowers the intensity of all peaks in a XRD-spectrum, shifts
them to smaller angles and moves them closer together. A compression of the
unit cell, decreasing the lattice constant, increases the intensity of all peaks,
shifts them to higher angles and moves them farther apart. These cases are
depicted in Fig. 5.2 for fcc-cobalt (grey) and for cases with smaller (3Å, red)
or larger (4Å, blue) lattice parameters, respectively.
If the unit cell is distorted as well and additional peaks appear through peak-
splitting2, it is very difficult to identify the crystal structure from X-ray diffrac-
tion measurements alone.

5.2. Electron diffraction patterns

Simulated single crystal diffraction patterns for all three cobalt modifications
and several viewing directions have been generated with SingleCrystal™ . The
calculated reflexes are dependent on the matter-wavelength of the incident
electrons and the thickness of the crystal. These three parameters are set
to λh = 2.51 pm for electrons at an acceleration voltage of 200 kV and 10 nm,
which corresponds to the diameter of the cobalt seed particle.
The electron diffraction patterns observation along low order zone axes for
all three possible modifications are given on the next pages and they can be
distinguished by their reflex patterns and the special aspect ratios between the
reflexes. The distinct aspect ratios of fcc-cobalt are measured and depicted in
Fig. 5.3. ε-cobalt shows many diffraction spots of low intensity dominated by
major spots forming an octagonal pattern, in contrast to the patterns caused
by hcp and fcc cobalt. The octagonal patterns are caused by lattice planes of
the {310}-family for the [001]-direction. All lattices can generate an array of
reflexes, which form ideal hexagons ([111]epsilon, [001]hcp, [100]hcp, [110]hcp
and [111]fcc). Diamond shaped patterns can be generated by all different lattice
modifications, too ([211]epsilon, [131]hcp, [210]hcp, [211]hcp, [212]hcp, and
[211]fcc). It is hard to determine which crystal structure causes the diffraction
pattern, if only two reflexions besides the transmitted beam are shown, as is
the case for e.g. [310]hcp and [221]fcc. Non-ideal hexagonal patterns from
hcp and fcc structures can be distinguished by different aspect ratios. The
2Different lattice planes from the same family {hkl} produce individual peaks.
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5. Diffraction data simulations with CrystalMaker™

diffraction spots of the fcc crystal structure form an oblated hexagon, if the
incident electrons hit along the [110]fcc axis. It has a distinct aspect-ratio of
2:1 between the dissections a and b and the distance a is always longer than c,
as depicted in Fig. 5.3. The hcp crystal generates hexagonal patterns, that look
vertically stretched compared to the [110]fcc diffraction-pattern. The distance
a is always shorter than c. Fcc-cobalt also forms a unique squared diffraction
pattern, if the incident electrons enter the crystal along the [100]-axis.

[100]fcc
a:b 1:1, angle (ab) 90°

ba

b

[110]fcc
a:b 2:1, b:c 1:1.375

[111]fcc
a:b:c 1:1:1, angle (ab) 60°

[211]fcc
a:b 1:1.6, angle (ab) 90°

a

c

b

a

           c

              b    
    

    
 a

Fig. 5.3: Electron diffraction patterns generated from a fcc-crystal by Crystal-
Maker™SingleCrystal™. Ratios and angles used to identify the fcc crystal structure are sketched
into the patterns.
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5.2. Electron diffraction patterns

[100]epsilon

[001]epsilon

[010]epsilon

[110]epsilon

[101]epsilon

[011]epsilon

Fig. 5.4: Electron diffraction patterns for the [001], [110], [010], [101], [100] and [011] direction
of ε-cobalt.
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5. Diffraction data simulations with CrystalMaker™

[111]epsilon [211]epsilon

Fig. 5.5: Electron diffraction patterns for the [111] and [211] direction of ε-cobalt.

[101]hcp [310]hcp

Fig. 5.6: Electron diffraction patterns for the [101] and [310] direction of hcp-cobalt.
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5.2. Electron diffraction patterns

[011]hcp

[100]hcp [110]hcp

[131]hcp

[001]hcp

[111]hcp

Fig. 5.7: Electron diffraction patterns for the [011], [001], [100], [110], [111] and [131] direction
of hcp-cobalt.
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5. Diffraction data simulations with CrystalMaker™

[021]hcp [210]hcp

[212]hcp[211]hcp

Fig. 5.8: Electron diffraction patterns for the [021], [210], [211] and [212] direction of hcp-cobalt.
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5.2. Electron diffraction patterns

[100]fcc

[110]fcc

[111]fcc

[221]fcc

[211]fcc [210]fcc

Fig. 5.9: Electron diffraction patterns for the [100], [111], [110], [221], [211] and [210] direction
of fcc-cobalt.
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6. Results and discussion of the
nanoparticle synthesis following
instructions of Bao et al. 2005

This chapter discusses the results of the adapted synthesis route, which has
been originally published by Bao et al. in 2005. Details on the publication and
the authors’ results are given in section 4.1. The adaption of the synthesis can
be separated into two parts; first the synthesis of the seed particles, which are
used during the second reaction step as heterogeneous nucleation centers for
the shell synthesis. The cobalt seed particles synthesized by the first reaction
step are studied using transmission electron microscopy (TEM) from which
particles’ size and inter-particle distance distributions are determined. The
crystal structure of the particles is determined by XRD-measurements as well as
HRTEM-imaging and finally, the magnetic properties are investigated by AGM-
measurements. A control experiment, to investigate, if the shell synthesis step is
able to homogeneously nucleate gold nanoparticles is executed as well. The shell
synthesis step is investigated, to determine if it is able to homogeneous nucleate
nanoparticles. The results of the second synthesis step are discussed afterwards
including size and growth determinations by TEM. The elemental composition
of the particles is investigated by Z-contrast imaging and EDX-analysis. Finally,
all results are discussed.

6.1. Adaption of the synthesis

The synthesis published by Bao et al. [31] in 2005 (see section 4.1) does not
list all necessary volumes to exactly reproduce the synthesis. The volume of
the boiling solvent containing the surfactants to which the precursor solution
is added to synthesize the cobalt seed particle is not given. This parameter
is crucial, because it determines the total volume of the synthesis mixture
and therefore defines the particle concentration in the suspension. Since a
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6.1. Adaption of the synthesis

certain volume of the seed particle suspension is used for the second reaction
step, the amount of seed particles present in the second synthesis step depends
on the particle concentration. The surfactant concentration is also defined
by the initial solvent volume. Although, no reports are found on how the
surfactant concentration influences the synthesis of cobalt particles through
thermal decomposition of a metallic carbonyl, a different concentration may
have an influence on the stabilization of particles and their growth. For example,
the binding affinity of the surfactant seems to influence the size of resulting
nanoparticles (see Fig. 2.10).
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Fig. 6.1: Schematic of a synthesis setup.

At first, the synthesis is executed with
an initial solvent volume of 5mL. This
value is chosen, because the resulting to-
tal reaction volume (8mL, after injecting
3mL cobalt precursor solution, see sec-
tion 4.1) is easy to handle with the lab-
oratory equipment. This adaption of the
synthesis is referred to as Bao2005red.
The synthesis route published by Puntes
et al. [97], which is referenced by the arti-
cle, is a standard method to obtain cobalt
nanoparticles through thermal decompo-
sition of a metal carbonyl. The synthesis
is carried out by injecting the precursor
solution into 12mL of boiling solvent con-
taining surfactants. Hence the seed parti-
cle synthesis is conducted with an initial
solvent volume of 12mL and seen as a
direct reproduction of the original synthe-
sis. The synthesis is later on referred to
as Bao2005dir. The amount of particles
used for the second reaction step is given
with 0.5mL in case of Bao2005dir. This
volume is extracted from the seed parti-
cle suspension and added to the second
reaction mixture. In case of the synthesis
with reduced solvent volume Bao2005red
half of the synthesized particles are precip-
itated and added to the second reaction
mixture without solvent.
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6. Results and discussion of Bao et al. 2005

All chemicals are purchased commercially (Sigma Aldrich, Chemielager Uni-
versität Bielefeld) and used without further purification. The syntheses are
conducted in reflux under argon-atmosphere in baked-out glass vessels (see
appendix A.1.1 for more details). Weighting of all solids is done under argon
atmosphere in a glove-box. The used liquids are all distilled to ensure that
they are free from residual water. These measures are taken to prevent the
oxidation of any reactants prior and during the nanoparticle synthesis. The
reaction setup consists of a two-neck vessel containing the solvent-surfactant
mixture. The metallic precursor solution is added through a septum sealing
one neck using a syringe. The other neck contains the reflux condenser with
water-cooling. The argon inlet is connected at the top of the condenser. The
reaction solution is heated by a heating mantle or a silicon oil bath on a hotplate.
The setup is depicted in Fig. 6.1. The nanoparticle suspensions are cleaned
after the syntheses by precipitation; the method is described in appendix A.1.2.
All nanoparticle suspensions are stored under argon atmosphere at 4 ◦C in
eppendorf tubes sealed with parafilm. All syntheses discussed in this thesis are
executed by Nadine Mill.
These instructions are used for both syntheses Bao2005red and Bao2005dir :

• 0.34mL dioctylamine (DOA) and 0.2mL oleic acid are added to 5mL
(Bao2005red) or 12mL (Bao2005dir) ODCB. The mixture is heated to
190 ◦C1.

• The cobalt precursor solution consisting of 0.54 g dicobalt octa carbonyl
is solvated in 3mL ODCB and quickly injected into the boiling solvent-
surfactant mixture.

• The reaction solution is kept at reflux temperature for 15min and given
30min time to cool down to room-temperature. Afterwards the particle
suspensions are cleaned by precipitation.

• In case of Bao2005dir 0.5mL seed particles in ODCB are added to 5mL
of toluene for the second reaction step. In case of Bao2005red particles
precipitated from 4ml seed particle suspension are used and redispersed
in 5mL toluene.

• The toluene suspension containing the cobalt seed particle is heated to
85 ◦C2 by a silicon oil bath and stirred at 750 rpm.

1The boiling point of ODCB is 179 ◦C. The temperature is measured between the reaction
vessel and the heating mantle. The reaction is started, when the targeted temperature is
reached.

2The temperature is measured in the silicon oil bath.
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6.2. Cobalt seed particles

• The gold precursor solution containing 0.01 g gold(III) chloride hydrate
(HAuCl4) and 0.25mL oleylamine solvated in 3mL toluene is injected
at once and the mixture is kept at 85 ◦C for one hour and subsequently
given time to cool down.

• Samples (100 µL) are collected from the reaction mixture after 5min,
20min, 45min and 60min to monitor the shell’s development.

The second reaction step is investigated further to determine, whether the
reaction mixture is able to homogeneously nucleate gold particles. The second
step of the above described synthesis is repeated, but without any seed particles
present in the boiling toluene. All following steps are executed according to
the synthesis instructions. This synthesis is referred to as Bao2005-gold and
its results are discussed in section 6.3.

6.2. Cobalt seed particles

TEM-BF-imaging is used to visualize the synthesized cobalt seed particle. Size-
distributions, giving a mean diameter for the particle batches are obtained by
manual measuring the seed particles’ diameters. Additionally, the interparticle
distance is measured, which can be used to identify the surfactant covering
the particle’s surface for surfactants with different sizes. XRD and HRTEM-
images are used to investigate the crystal structure of the cobalt seed particles,
since the different modifications of cobalt have a great effect on the magnetic
properties of a nanosized particle. AGM-measurements are used to determine
the behavior of the nanoparticles in an external magnetic field including the
coercivity, remanence and the saturation moment.

6.2.1. TEM-analysis

TEM-images and size distributions of the particle batches Bao2005red and
Bao2005dir are given in Fig. 6.2 and Fig. 6.3, respectively. The mean diameter
〈d〉 is determined statistically from the TEM-images for both particle batches.
Diameters of several hundred particles are measured with ImageJ and displayed
as a histogram with a bin-width of 1 nm. The histograms are fitted with the
internal fit-routines of IGOR Pro 6, WaveMetrics, depending on their shape3,
3A symmetric size-distribution is fitted with gauss distribution, while a distribution with
tailing and a maximum shifted to higher values is fitted with a log-normal distribution
(see section 2.1.4).
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6. Results and discussion of Bao et al. 2005

20 nm

Fig. 6.2: TEM-image and size-distribution of the cobalt seed-particles obtained by the synthesis
Bao2005red. The particle’s mean diameter and standard deviation is 〈d〉 = 8.3 nm± 1.2 nm for
a total number of N = 976 measured particles.

to obtain the mean diameter and its standard deviation. The particles of both
syntheses are present in clusters of 200 nm to 500 nm length. In the areas near
the edges of the clusters the particles form a monolayer, while the particles are
arrange in multilayers in the cluster center. The particles measured for the
size- and distance-distribution are from the monolayered edge areas, since the
outlines of different particles in the multi-layered areas cannot be distinguished.
Additionally, areas, which are only covered by a single particle layer are also
evaluated for size distributions. The synthesis Bao2005red yields spherical
nanoparticles with a mean diameter of 〈d〉 = 8.3 nm± 1.2 nm and has a narrow
size-distribution with a standard deviation of 15%. The size-distribution of
the particles is of gaussian form and therefore fitted with (eq. 2.17).
The synthesis Bao2005dir yields spherical nanoparticles, as shown in Fig. 6.3.
Their mean diameter is 〈d〉 = 9.8 nm± 1 nm and the batch is almost monodis-
perse with σ = 10%. The diameter distribution is of gaussian form. The
mean diameter is in good correspondence with the value given in the publi-
cation (see section 4.1). It is not possible to decide, if both particle batches,
Bao2005red and Bao2005dir, are multi-grain or single crystals. The TEM-image
of Bao2005dir (Fig. 6.3) shows particles with homogeneous contrast. This has
been seen as an indication for the single crystal nature of the particles [16].
The particles Bao2005red show an thin oxide shell around an unoxidized core,
which looks like a lighter shell surrounding a darker core (see Fig. 6.2). This is
caused by insufficient protection from oxygen for this particular TEM-sample.
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6.2. Cobalt seed particles

50 nm

Fig. 6.3: TEM-image and size-distribution of the cobalt seed-particles obtained by the synthesis
Bao2005dir. The particle’s mean diameter and standard deviation is 〈d〉 = 9.8nm± 1 nm for a
total number of N = 885 measured particles.

The particles produced through the instruction Bao2005red have a 1.5 nm
smaller mean diameter, than those of the reproduction Bao2005dir, but both
size distributions have a considerable overlap. The mean diameter’s divergence
from the synthesis Bao2005red is outside the first confidence interval, but not
very far, since the standard deviation equates to σBao2005red = 1.2 nm. How the
amount of solvent changes the reaction conditions resulting in different size
distributions cannot be determined entirely. A larger amount of solvent results
in a lower surfactant concentration, as well as the decreased cobalt carbonyl
concentration after the precursor injection. However, the ratio between metallic
precursor and surfactants has been preserved. The results are in agreement
with the few reports found in literature. Farrell et al. [98] report, that the
surfactant to precursor ratio mostly influence the final size of their homoge-
neously nucleated iron-nanoparticles. [97] reported, that the diameter of cobalt
nanoparticles increases if a bigger amount of metallic precursor used, while the
same volume of solvent and surfactants are used. However, the influence of
the concentration of surfactants and metal source has not been investigated in
detail and is still a topic of discussion at present.
The mean inter-particle distance 〈δ〉 is also determined by manually measuring
the distances between particles in the TEM-images and afterwards fitting
the results. Both interparticle distributions are display in section 6.2.1. The
interparticle distance for the sample Bao2005red corresponds to 〈δ〉 = 4.6 nm±
1 nm and for Bao2005dir a mean interparticle distance of 〈δ〉 = 4.2 nm± 1 nm
has been found. The thickness of the particles’ surfactant shell corresponds to
L = δ

2 , according to (eq. 2.19). L is around 2 nm to 2.3 nm for both synthesis
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6. Results and discussion of Bao et al. 2005
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Fig. 6.4: Inter particle distance distributions for the syntheses Bao2005red (left) and Bao2005dir
(right). The mean inter-particle distance for Bao2005red is 〈δ〉 = 4.6 nm ± 1nm and for
Bao2005dir it amounts to 〈δ〉 = 4.2 nm± 1 nm.

batches, which can be compared to know values for oleic acid, dioctylamine and
tri-octylamine [21]. Two different surfactants, depicted in Fig. 6.5 (including
oleylamine, which is used in the second reaction step), are used during the
synthesis and it is possible, that both functionalized the particles’ surface.
The surfactant shell thickness L corresponds to the calculated length of oleic
acid (OA) LOA = 2.4 nm [21]. Oleic acid has a chain-length of 18 carbon
atoms and is therefore longer than dioctylamine. DOA attaches itself via its
amine-group4 to the particle surface. The length of the amine is determined by
its two alkyl-chains, which consist of 8 carbon atoms. Its length is expected to
be around 1 nm [21]. If DOA is the only surfactant present on the particles’
surface, it would lead to a significantly smaller mean interparticle distance. The
measured values indicate that oleic acid is present on the particle surface and
defines the interparticle distance. The amine group is believed to bind weaker
to the nanoparticles’ surface, than a carboxyl-group [21, 55], therefore DOA
must be superseded by oleic acid on the particle surface. The role DOA plays in
the syntheses and how it interacts with the other reactants is not known. Bao
et al. [99] proposed, that DOA causes the formation of many nuclei that grow
into small particles, which afterwards aggregate to the final particles. This
results are compared to a trioctylphosphine oxide (TOPO) related synthesis,
that produces single crystal particles of the same diameter. However, the role
surfactants play during nanoparticle synthesis is a topic of ongoing discussion.

4The amine-group is more polar than the alkyl-chains and therefore it is energetically
favorable to turn the head-group towards the nanoparticle.
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6.2. Cobalt seed particles

oleic acid

oleylamine

O
O

N

dioctylamine
N

N O NO

Fig. 6.5: Skeletal formulas generated with Accelrys Draw 4.0 (Symyx Solutions Inc.) of all
surfactants, dioctylamine, oleic acid and oleylamine, used in the syntheses Bao2005red and
Bao2005dir. The polar head groups binding with the nanoparticles’ surface are highlighted by
gray ovals. The inset schematically shows the behavior of the unploar tails, if the head group is
in contact with a nanoparticle.

6.2.2. Crystal structure

The crystal structure has a great influence on the magnetic properties of
the cobalt nanoparticles. Two methods are applied to determine the crystal
structure of the cobalt seed particles. First the results of XRD-analysis are
discussed and later compared to powder spectra simulated for all modifications
of cobalt (see section 5.1). The crystallite sizes are determined via Scherrer’s
equation from peak broadening due to the particle sizes determined before.
The results are compared to the grain sizes visible in the HRTEM-images. The
results obtained through indexing of the FFTs generated from HRTEM-images
and simulated single crystal electron diffraction pattern for different cobalt
structures are compared. Both methods should indicate the crystal structure
of the cobalt seed particle.
Chemical impurities represent a problem during for the crystal structure analy-
sis, which can cause crystal defects altering the final X-ray powder spectrum.
EDX-analyses are preformed on the same samples to ensure, that pure cobalt
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Fig. 6.6: EDX-analyses of the seed particles from syntheses Bao2005red (left) and Bao2005dir
(right). All elements found in the samples are either from residual air or the surfactant coating of
the particles (carbon and oxygen), the silicon substrate or the pure cobalt particles. The sample
Bao2005red shows an small peak at 2.8 keV attributed to chlorine, which is caused by residues
of the solvent ODCB. The measurement shows, that pure cobalt seed particles are obtained by
the syntheses.

particles have been produced. The measurements are displayed in Fig. 6.6. The
spectra only show peaks corresponding to cobalt and silicon, besides oxygen
and carbon. The latter can be caused by residual air or surfactants on the
particles, while silicon is used as substrate. The small chlorine peak is caused
by residues of the solvent ODCB. The measurements verify, that pure cobalt
seed particles are obtained by both syntheses.
The XRD-measurements of both particle batches are conducted with an omega
offset of 3° in the range of θ = 20° to 120° and the resulting XRD-spectra are
displayed in Fig. 6.7 and 6.8 for Bao2005red and Bao2005dir, respecitvely. The
spectra of both samples show peaks at θ = 44.4°, θ = 92° and θ = 98°, which
correspond very well with the (111)-, (311)- and (222)-peaks of the simulated
powder pattern of fcc-cobalt. In both cases the (200)- and (220)-peak is not
clearly resolved and overlapped by the broadened cobalt fcc (111)-peak and
the silicon (400)-peak, respectively. The sample Bao2005dir shows additional
peaks at θ = 33° and θ = 61°. The position of the former coincides with the
(210)-peak of ε-cobalt, but since this peak is of weak intensity and stronger ε-
cobalt peaks are missing in the spectrum it is most likely not caused by ε-cobalt.
The peak at θ = 61° cannot be attributed to any possible modification of
cobalt. However, the measurements show, that the seed particles are composed
of fcc-cobalt in case of both syntheses Bao2005red and Bao2005dir.
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Fig. 6.7: X-ray powder diffraction spectrum of Bao2005red. The peaks at θ = 44°, θ = 92°
and θ = 97° correspond to the (111)-, (311)- and (222)-peaks of fcc-cobalt. The (200)- and
(220)-peaks are not clearly resolved in the spectrum and superimposed by the broadened fcc-cobalt
(111)- and the silicon (400)-peak, respectively. The peaks indicate an fcc-structure.
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Fig. 6.8: X-ray powder diffraction spectrum of Bao2005dir. The peaks at θ = 44°, θ = 92°
and θ = 97° correspond to the (111)-, (311)- and (222)-peaks of fcc-cobalt. The (200)- and
(220)-peaks are not clearly resolved in the spectrum and superimposed by the broadened fcc-cobalt
(111)- and the silicon (400)-peak, respectively. The peaks also indicate an fcc-structure.
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Fig. 6.9: Determination of peak FWHM values for grain size determinations from XRD-
measurements. Left: The width of the fcc-cobalt (111)-peak of Bao2005dir at 2θ = 44.28° is
determined to a broadening corrected FWHM value of 3.41°. Right: The fcc-cobalt (111)-peak of
sample Bao2005red is located at 2θ = 43.62° and its width is determined to a corrected FWHM
value of 3.63°.

The Scherrer equation (eq. 3.5) is used to determine the grain size of crystallites
within the particles, which are oriented perpendicular to the incident X-rays.
The form-factor Cform is set to a value of 0.9, which is empirically recommended
for cubic crystals [10, 100]. The (111)-peak of the spectra from samples
Bao2005red and Bao2005dir is used, because of its high intensity. The FWHM-
value of the peaks are measured with the "X’Pert data viewer" and displayed
in Fig. 6.9. The values are corrected to remove peak broadening caused by
the diffractometer. This leads to an FWHM-value of 3.41° for Bao2005red and
3.63° for Bao2005dir. The resulting crystallite sizes D′ therefore are 2.5 nm for
Bao2005red and 2.4 nm for Bao2005dir. The crystallite sizes are smaller than
the mean particle diameter of 9.8 nm for Bao2005dir and 8.3 nm for Bao2005red.
Hence, the particles produced by both syntheses have a multi-grain composition,
because the grain size is expected to equate to the particle diameter for a single-
crystal nanoparticle and smaller values for multi grain particles. The multi
grain nature for cobalt nanoparticles produced in presence of oleic acid and
DOA has also been reported in the previously referenced article of Bao et al. [99].
The article compared two syntheses; one uses a surfactant mixture of TOPO
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6.2. Cobalt seed particles

and oleic acid, while the other uses oleic acid and DOA5. The TOPO-related
synthesis produced 10 nm single crystals, while multi grain particles of the same
diameter are produced by the DOA-related synthesis. This result is explained
by Bao et. al. with the shape of the surfactants TOPO and DOA. TOPO,
which is assumed to be a strong surfactant, limits the reactivity of all available
monomers, resulting in the production of few nuclei and a high excess monomer
concentration, which leaves the solution with a high chemical potential. This
would favor, according to Bao et. al., the growth of single crystals. In contrast,
DOA is a compact surfactant, which leads to a high monomer reactivity and
the formation of many nuclei growing into small particles leaving the amount of
excess monomers small. The final 10 nm particles are agglomerations of these
small particles. However, the assumption that TOPO is a strong surfactant
compared to DOA was disproven by Vogel [21]. DOA supersedes TOPO on a
cobalt nanoparticle, hence DOA has a higher binding affinity. Therefore the
basis of the proposed formation mechanism is not valid and leaves doubt about
the model’s correctness.
Further investigations of the cobalt particles’ crystal structure are done by
HRTEM-imaging. The higher resolution of a HRTEM compared to the con-
ventional TEM allows further analysis of the crystal lattice. It is helpful to
investigate the reciprocal lattice of the crystallites to identify the modification
of the material. Therefore, FFTs of selected areas of the HRTEM-images are
generated, which yield the same information as electron diffraction images of
the crystals. FFTs, inverted and contrast enhanced for better visibility, and the
corresponding HRTEM-images of the samples Bao2005red and Bao2005dir are
given in Fig. 6.10 and 6.11. The crystallites visible in the HRTEM-images have
sizes of 2 nm to 3 nm, which correspond to the crystallite sizes calculated via
Scherrer’s equation. The crystallites have a continuous lattice structure and are
separated by grain boundaries. The FFTs are compared to simulated electron
diffraction patterns, present in section 5.2 to determine the crystal structure
via a process of elimination. All FFTs show the reflexion patterns of an oblated
hexagon with the distinct aspect ratio of 2:1 between the dissections a and b
and a is always longer than c. This pattern is unique for an fcc-crystal structure
and is generated by electrons diffracted along the [110]fcc axis. The aspect
ratios of different reflexion patterns generated by an fcc-crystal are given in
Fig. 5.3. A hcp-cobalt crystal can also cause hexagonal reflexion patterns, but
they have a different aspect ration, than the oblated hexagon of an fcc-crystal
(see section 5.2). The ε-cobalt structure generates a multitude of reflexions

5The synthesis corresponds to the seed particle synthesis of Bao2005dir and uses the same
reactants and reaction parameters.
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6. Results and discussion of Bao et al. 2005

dominated by octagonal arrangements of intensive reflexes for directions with
low Miller indices, which are not found in the FFTs, either. Investigation of
the reciprocal lattice confirms together with the XRD-measurements, that the
cobalt seed particles are composed of fcc-cobalt. The results deviate from the
original publication by Bao et al. [31], which reported an ε-cobalt structure for
the cobalt seed particles.

#1 #2 #3

Fig. 6.10: HRTEM-image from Bao2005red. Areas investigated for the reciprocal lattice by
FFTs are outline in the image and the FFTs are displayed inverted and with enhanced contrast for
better visibility.. The FFTs correspond to electron diffraction patterns indicating an fcc-structure,
because only oblated hexagons with a distance ration of 2:1 between the magenta and yellow
section are found.
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6.2. Cobalt seed particles

#1

#2

Fig. 6.11: HRTEM-image from Bao2005dir. Areas investigated for the reciprocal lattice by FFTs
are outline in the image and the FFTs are displayed inverted and with enhanced contrast for
better visibility. The FFTs correspond to electron diffraction patterns indicating an fcc-structure,
because only oblated hexagons with a distance ration of 2:1 between the magenta and yellow
section are found.

The parameters, which define the cobalt modification during a synthesis have
not yet been determined. Early publications on the ε-cobalt structure associated
the concentration of the surfactant TOPO with the formation of the specific
structure [94, 101]. Later studies concerning the formation of ε-cobalt reported
the synthesis of ε-cobalt nanoparticles using different surfactants [102]. The
synthesis Bao2005dir reproduces the synthesis of Bao et al. [31] as accurately
as possible, but the obtained particles still have a different crystal modification.
This shows, that the reactants do not necessarily produce a certain crystal
structure. It is likely, that environmental factors like reaction temperature,
duration of precursor injection or the presence of magnetic fields through e.g.
magnetic stir bars in the reaction solution influence the crystal structure of the
cobalt nanoparticles, instead.
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6.2.3. Magnetic properties

Fig. 6.12: Magnetization curves of Bao2005red (left) and Bao2005dir (right), which display the
superparamagnetic behavior of the samples. The inset in the right diagram shows a more detailed
measurement between −1 kOe to 1 kOe, in which no coercivity is visible, either. Both samples
reach saturation before an external field of 5 kOe is applied.

Both syntheses yielded cobalt-particles with an fcc crystal structure. All
diameters measured for the size-distributions are below the calculated super-
paramagnetic limit of dSP = 15.4 nm, therefore superparamagnetic behavior
is expected. Hysteresis loops of Bao2005red and Bao2005dir are recorded
with a field maximum of 14 kOe and the resulting magnetization curves are
displayed in Fig. 6.12 with an inset in the top diagram showing a more detailed
measurement around the origin of sample Bao2005dir. The samples display
superparamagnetic behavior during the measurement. Values for the parame-
ters mS, mR and HC are summarized in Tab. 6.1. Both samples are saturated
before an external field of 5 kOe is applied. It is not possible to determine the
volume or mass magnetization from the saturation moments, because of the
unknown amount of particles in the sample volumes. Furthermore, oxidation
can decrease the magnetically active volume of the particles.
Magnetization curves with the samples’ respective size distributions are calcu-
lated using (eq. 2.27). The mean diameters and standard deviations are also
listed in Tab. 6.1. The calculations are done only for maximum external field
values of Hext = ±5 kOe, due to the limited data storage within the MathCAD
program. The diagrams are displayed in Fig. 6.13 and show three different
curves for each sample. The circles depict the progression of the measured
AGM-curve, while the solid and dotted lines depict calculated curves for the
noted mean diameters and standard deviations. The dotted lines are calculated
based on the mean diameters determined through the size distribution, but
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6.2. Cobalt seed particles

they do not reproduce the progression of the measured curves entirely. The
solid lines are a better match and they are calculated for particle batches
with a decreased mean diameter and the same standard deviation. The mean
diameter of Bao2005red is determined to 8.3 nm, but the magnetization curve
calculated for a mean diameter of 6.8 nm corresponds better to the measured
magnetization curve. The same can be observed in case of sample Bao2005dir.
The determined mean diameter is 9.8 nm, but the curve calculated for a mean
diameter of 8.3 nm better fits the measured results. This can be explained
by simple oxidation of the cobalt nanoparticles. The preparation and the
measurement of an AGM-sample usually takes a few minutes and the other-
wise protected particles are exposed to oxygen during this time. The high
surface area of the particles can lead to surface oxidation, as is visible in the
TEM-image of sample Bao2005red (Fig. 6.2). This oxidation process decreases
the magnetically active volume of a particle sample, because cobalt oxide is
anti-ferromagnetic and does not contribute to the overall magnetization of
the sample. The oxidized sample acts like an unoxidized sample consisting of
smaller nanoparticles. The formation of an oxide shell is assumed for both
samples and it is approximately 0.75 nm thick in both cases. The standard
deviations are not changed by the surface oxidation, if a constant oxide shell
thickness is assumed for all nanoparticles. To conclude, the shape of the mea-
sured AGM-curves of samples Bao2005red and Bao2005dir can be attributed to
the samples’ size distributions with regard to their decreased magnetic volume.

-1.0

-0.5

0.0

0.5

1.0

 m
/m

S

-6 -4 -2 0 2 4 6

 external Field H/kOe

 Bao2005red
 8.3nm ± 14.5%
 6.8nm ± 14.5%

-1.0

-0.5

0.0

0.5

1.0

 m
/m

S

-6 -4 -2 0 2 4 6

 external Field H/kOe

 Bao2005dir
 9.8nm ± 10%
 8.3nm ± 10%

Fig. 6.13: Left: The size distribution of Bao2005red is used to calculate the dashed curve,
which does not follow the progression of the measured curve (circles). The solid curve calculated
with 〈d〉 = 6.8 nm ± 14.5% fits the AGM-results better. Right: The same applies to sample
Bao2005dir. The dashed line calculated does not follow the progression of the measured curve,
while the solid curve calculated for a decreased diameter of 〈d〉 = 8.3 nm ± 10% is a better
match.
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Tab. 6.1: Magnetic saturation moment mS, remanence mR and coercivity HC of the samples
Bao2005red and Bao2005dir. The respective mean diameters 〈d〉 and standard deviations σ are
determined as explained in section 6.2.1.

sample mS/µemu mR/µemu HC/Oe 〈d〉/nm σ /nm

Bao2005red 448.0 1.2 1.5 8.3 1.2 =̂ 10%
Bao2005dir 1273.4 8.1 0.8 9.8 1.0 =̂ 14.5%

6.3. Control experiment Bao2005-gold

20 nm

Fig. 6.14: TEM-image and size-distribution of gold particles yielded by a homogeneously nucle-
ation process of the reaction mixture Bao2005-gold. The nanoparticles have a mean diameter of
〈d〉 = 3.5 nm± 0.9 nm.

The control experiment Bao2005-gold is executed to evaluated, if the shell
synthesis step can homogeneously nucleate gold nanoparticles. If gold nanopar-
ticles are formed during the control experiment, it is possible, that this happens
during the shell synthesis, when cobalt seeds are present. In this case the
gold nuclei would serve as competing nucleation centers to the seeds, which
affects the actual intended synthesis. HAuCl4 is used as gold source in this
control experiment and only the gold precursor and surfactant are injected
into boiling toluene and the mixture is refluxed for one hour. Fig. 6.14 dis-
plays round, but arbitrary shaped gold particles. Their mean diameter is
about 〈d〉 = 3.5 nm ± 0.9 nm with a standard deviation of σ = 25%. The
nanoparticles can not be precipitated from the toluene suspension, therefore
an alternative purification method is used, in which the uncleaned particle
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6.4. Bimetallic cobalt-gold particles Bao2005

suspension is drop-casted onto a TEM-grid, as described in section 3.4.1. After
the excess suspension is drained and the grid is dried, a drop of ODCB is
applied and also removed. This is repeated three times. The residues covering
the particles are removed on this way, which makes TEM-imaging possible.
The experiment shows, that the system nucleates homogeneously, without any
cobalt-seeds present.

6.4. Bimetallic cobalt-gold particles Bao2005

The previously characterized superparamagnetic cobalt seed particles are used
as nucleation centers for the gold shell in the second reaction step. A gold-
precursor solution containing another surfactant oleylamine, which should
stabilize the gold-shell and reduce the gold source, are added to a boiling sus-
pension containing the cobalt-seeds. Samples are collected after 5min, 20min,
45min and 60min to monitor the shell growth. First TEM-imaging is used to
visualize the particles and to determine their size distribution. Furthermore,
Z-contrast imaging and EDX-analyses are used to determine the elemental
composition in the particles. First the results of the synthesis Bao2005red are
listed and discussed followed by the same analyses by Bao2005dir.

6.4.1. TEM-imaging

The TEM-images of all samples collected during the synthesis Bao2005red are
displayed in Fig. 6.15 to 6.18. All TEM-images show two different types of
nanoparticles, the cobalt seed particles, appearing light gray in the images and
a new kind of nanoparticles with higher contrast, appearing black. Example are
highlighted in Fig. 6.18. Separate size-distributions for both particle types are
shown together with the TEM-images. The gray hatched histograms represent
the size distributions of the low contrast seed particles, while the blue framed
histograms represents the size distributions for the high-contrast particles.
The change in diameter for both particle types of the synthesis Bao2005red
is displayed in Fig. 6.19. The mean diameter of the cobalt seed particles
has been determined to 8.3 nm during analysis of the seed particles and the
mean diameter remains constant within the standard deviation during the
synthesis with values between 8.3 nm and 9 nm. The mean diameter of the
higher contrast particles stays constant within the standard deviation as well.
It deviates between 3.8 nm and 4.4 nm. The results show, that second synthesis
step is not influencing the size and shape of the seed particles.
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20 nm

Fig. 6.15: TEM-image and size-distribution the particle batch Bao2005red. The sample is taken
5min after the gold-precursor is injected. Two types of nanoparticles are visible, the low contrast
seed particles and a second type of particles with higher contrast, which are interconnected with
the seed particles. The mean diameter of the seed particles is determined to 〈d〉 = 9 nm± 1 nm,
while the mean diameter of the high-contrast particles is determined to 〈d〉 = 4.1 nm± 1.8 nm.

20 nm

Fig. 6.16: TEM-image and size-distribution the particle batch Bao2005red. The sample is taken
20min after the gold-precursor is injected and two particle types are visible as before. The mean
diameter of the seed particles is 〈d〉 = 8.3 nm±1 nm and the high-contrast particles have a mean
diameter of 〈d〉 = 3.8 nm± 1.4nm.
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6.4. Bimetallic cobalt-gold particles Bao2005

20 nm

Fig. 6.17: TEM-image and size-distribution the particle batch Bao2005red. The sample is taken
45min after the gold-precursor is injected. The mean diameter of the seed particles is 〈d〉 =
8.8 nm± 1 nm and the high-contrast particles have a mean diameter of 〈d〉 = 4.2 nm± 1.2nm.

20 nm

Fig. 6.18: TEM-image and size-distribution the particle batch Bao2005red. The sample is taken
60min after the gold-precursor is injected. The mean diameter of the seed particles is 〈d〉 =
8.6 nm± 1.1nm and the high-contrast particles have a mean diameter of 〈d〉 = 4.4 nm± 1.7nm.
Structures of interconnected seed and high-contrast particles are highlighted in this image
(turquoise frames).

73



6. Results and discussion of Bao et al. 2005

12

10

8

6

4

2

m
e
a
n
 d

ia
m

e
te

r 
<

d
>

/n
m

6050403020100

time t/min

 seed particles 
 high-contrast particles

Fig. 6.19: Change in mean diameter of both high-contrast (blue curve) and seed particles (red
curve) during the synthesis of Bao2005red. The error bars corresponds to the standard deviation
and the line connecting the points only serves as a guide to the eye.

The formation process of the high-contrast particles appears to be already
completed, when the first sample is collected 5min after the precursor injection,
because their mean diameter does not change significantly afterwards. The
high-contrast particles are always in contact with a seed particle, as can be
seen in all TEM-images. This is first evidence, that a heterogeneous nucleation
took place, since a complete shell has not been formed, but single spherical
particles emanated from the nucleation site on the seed particles.
TEM-images and size distributions of the synthesis approach Bao2005dir are
displayed in Fig. 6.20 to 6.23. The seed particles are heavily covered with
high-contrast particles and some seeds are deformed. Examples of tripod or
cap-like structures can be found in all TEM-images of the sample Bao2005dir,
highlighted by turquoise arrows. Additionally, high-contrast particles, which are
not in contact with a seed particle, are found in the TEM-images highlighted by
yellow arrows. The change in mean diameters for both particle types at different
times during the synthesis is displayed in Fig. 6.24. The mean diameters of the
cobalt seeds remained constant after dropping to values around 7 nm.

74



6.4. Bimetallic cobalt-gold particles Bao2005

20 nm

Fig. 6.20: TEM-image and size-distribution of the particle batch Bao2005dir containing two
types of particles. The sample is taken 5min after the gold-precursor is injected. The cobalt
seed particles (gray particles) have a mean diameter of 〈d〉 = 7.6 nm ± 1 nm and the high-
contrast particles have a mean diameter of 〈d〉 = 5.2 nm± 1.5nm. Turquoise arrows point to
interconnected seed and high-contrast particles forming e.g. tripod structures and the yellow
arrows point out high-contrast particles, which are not in contact with any seeds.

20 nm

Fig. 6.21: TEM-image and size-distribution the particle batch Bao2005dir. The sample is taken
20min after the gold-precursor is injected. The seed particles’ mean diameter is determined
to 〈d〉 = 7.3 nm ± 1.1nm from N = 625 measured particles and the mean diameter of the
high-contrast particles is determined to 〈d〉 = 5.7nm± 1.6 nm from N = 660 measured particles.
The turquoise arrows point to tripod structures, while the yellow arrows point out high-contrast
particles, which are not in contact with a seed particle.
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20 nm

Fig. 6.22: TEM-image and size-distribution the particle batch Bao2005dir. The sample is taken
45min after the gold-precursor is injected. Cobalt particles have a mean diameter and standard
deviation of 〈d〉 = 7.3 nm ± 1 nm measured from N = 373 particles and the high-contrast
particles have a mean diameter of 〈d〉 = 5.9 nm ± 1.4 nm measured from N = 607 particles.
Turquoise arrows point out interconnected high-contrast and seed particles, while the yellow arrow
points out a high-contrast particle not in contact with a seed.

20 nm

Fig. 6.23: TEM-image and size-distribution the particle batch Bao2005dir. The sample is taken
60min after the gold-precursor is injected. N = 571 cobalt seed particles are evaluated for the
mean diameter of 〈d〉 = 7.0 nm± 1.2 nm, while N = 604 high-contrast particles are evaluated
for the mean diameter 〈d〉 = 5.6nm ± 1.2 nm. The turquoise arrows point to examples of a
cap-like structures and an elongated seed particle with two high-contrast particles located at
opposite ends. The yellow arrows point out high-contrast particle, which are not in contact with
a seed particle.
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6.4. Bimetallic cobalt-gold particles Bao2005

This significant decrease in the mean diameter can be explained by the de-
formation of seed particles through attached high-contrast particles. Three
high-contrast particles located on a single seed stretched it into a tripod (see
Fig. 6.21) or two high-contrast particles located at opposite ends of a seed (see
Fig. 6.23) elongate it until it loses its spherical form. The smallest diameter
of these deformed particles is measured for the size distributions, which ex-
plains the drop in the mean diameter. The mean diameter of the high-contrast
particles remains constant within the standard deviation and changes between
5.2 nm and 5.9 nm. Therefore the growth of the high-contrast particles seems
to be completed at least 5min after the gold precursor is injected, which
corresponds to Bao2005red.
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Fig. 6.24: Change in mean particle diameter for both the high-contrast (blue curve) and seed
particles (red curve) through the shell synthesis step of Bao2005dir. The error bars represent
the standard deviation of the mean diameter and the line connecting the points only serves as a
guide to the eye.
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50 nm 50 nm

#1

#3

#2

Fig. 6.25: STEM-BF- (left) and -HAADF-image (right) of the sample Bao2005red, taken at
the end of the synthesis. Both image show the cobalt seed particle in more detail. An oxide
shell formed around the cobalt core, which has an even weaker contrast than the core (arrow
#1). Furthermore, seed particles, which seem to be a hollow shell can be seen (arrow #2). This
is indicated by the negligible contrast of the center area of some particles. The high-contrast
particles show a stronger contrast than the seed particles, although they are smaller (arrow
#3). The intensified contrast for elements with high atomic numbers is very well shown in the
HAADF-image.

6.4.2. STEM-imaging and EDX-analysis

The contrast in the TEM-images of the different particles provides a first insight
into the element distribution within the particles. The low contrast particles
are the seed-particles appearing gray in both the BF- and HAADF-image and
they show a lighter oxide shell around the cobalt core (compare to Fig. 6.3).
Additionally, seed particles, which appear to be a hollow shell, indicated by the
vanishing contrast in the center of the particles can be seen in the STEM-images
shown in Fig. 6.25. This is caused by improper protection from oxygen, first
leading to an oxide shell around the cobalt core and afterwards to entirely
oxidized hollow shells, which can be directly synthesized by processes reported
in [103, 104]. A second kind of particle with higher contrast is formed in the
suspension during the shell synthesis step. These particles appear black in the
BF- and bright in the HAADF-images. The HAADF-image in Fig. 6.25 shows
a high difference in contrast between the two particle types. The particles
have a higher contrast in the images than the seeds, although they are of a
smaller diameter. Since the contrast in the HAADF-image is element sensitive,
where materials with a higher atomic number have a higher contrast it can be
assumed that the newly formed particles are have a higher atomic number. The
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6.4. Bimetallic cobalt-gold particles Bao2005

hypothesis, that the high-contrast particles are of gold and the low-contrast
seed-particles are unaffected by the synthesis and hence of cobalt needs to be
further confirmed.
EDX-analysis is used to determine the composition of both particle types. An
elemental mapping, as introduced in section 3.4, did not yield any usable results.
The background noise prevented a successful allocation between particles and
the elements present in the sample. Because the sample contains two different
types of particles they are analyzed individually. Individual or small groups of
particles are selected via the "reduced area selection tool" and a spectrum of the
selected area is recorded. The scanned areas are shown in Fig. 6.26 and insets
show the sample after the measurement. The focused electron beam melted the
seed particles. The high-contrast particle is only deformed under the influence
of the electron beam, while surrounding cobalt particles are melted as well.

#1#2
#3

50 nm 40 nm

Fig. 6.26: Areas selected for EDX-analysis of the background without particles (#1), assumed
pure cobalt seed particles (#2) and an isolated high-contrast particle (#3). The magenta-marked
insets in both images show the areas after the EDX-scan. The low-contrast particles (left image)
melt away during the scan, while the contrast-rich particle (right image) stayed intact and
other near by low-contrast particles partially melt. The background-measurement taken from a
particle-free area does not alter the appearance of that area.

At position #1 an EDX-spectrum of the background is recorded and displayed
in Fig. 6.27. Only elements caused by the environment, like carbon and oxygen
from residual air or the particles’ surfactant coating, copper and silicon from the
TEM-grid and aluminum from the sample chamber are found, hence the analysis
of both particle types is not interfered by reaction residues, as should be the
case after purifying the particle batches. The appearance of the investigated
area does not visibly change after the measurement, because no particles,
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which can undergo melting or deformation are present. The EDX-spectrum
recorded at position #2 is shown in Fig. 6.28. It shows all peaks caused by
the background and small cobalt peaks. Peaks corresponding to gold are not
found in the spectrum, hence the cobalt seed particles did not incorporate
gold atoms and do not form a composite. The investigated area #3 is limited
to a single high-contrast particle, as shown in Fig. 6.26, with several cobalt
seed particles present in the local environment. The measurement deforms
the analyzed particle and partially melts the surrounding seed particles, as
can be seen in the inset of Fig. 6.26, right image. The EDX-spectrum shows,
besides all environmental elements, strong peaks corresponding to gold and
some weaker peaks from cobalt. The electron beam affected the surrounding
seed particle, which explains the detection of cobalt in the spectrum. The seed
particle are not altered by the shell synthesis step, e.g. their diameter stays
constant. Accordingly, it is unlikely that cobalt is incorporated into the newly
formed gold-particles. The Z-contrast images show particles with homogeneous
contrast and literature on alloyed cobalt-gold particles show that they appear
with contrast differences in TEM- and STEM-images due to locally different
compositions, see Girgis et al. [105].
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Fig. 6.27: EDX-spectrum of the position #1 marked in Fig. 6.26 from the particle batch
Bao2005red. Only peaks from carbon and oxygen from residual air or the surfactant-coating
of the particles, aluminum, from which the sample chamber and all holders are composed and
copper and silicon from the TEM-grid used as substrate are found.
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Fig. 6.28: EDX-spectrum of the position #2 marked in Fig. 6.26 from the particle batch
Bao2005red. Only small peaks corresponding to cobalt are found besides elements present in the
environment.
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Fig. 6.29: EDX-spectrum of the position #3 marked in Fig. 6.26 of the particle batch Bao2005red.
Besides environmental peaks strong peaks corresponding to gold are found. Also, weak peaks
attributed to cobalt are found. They are caused by the surrounding and partially melted seed
particles.
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#1
#2

Fig. 6.30: Z-contrast image of Bao2005dir. High- and low-contrast particles in contact are visible
as is the case for Bao2005red. A low-contrast particle, most likely a pure cobalt seed (#1) and a
smaller particle of equal contrast (#2) are selected for EDX-analysis. The results are displayed in
Fig. 6.31 and 6.32.
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The second synthesis Bao2005dir is also investigated by EDX-analysis. The
STEM-images presented in Fig. 6.30 show the same mixture of low- and
high-contrast particles as seen in the images of sample Bao2005red before.
The concentration of high-contrast particles is higher compared to the other
synthesis, as is already addressed during TEM-image analysis. One low-contrast
particle is selected for EDX-analysis #1 and a smaller particle with identical
contrast but smaller diameter is chosen for the second analysis #2. The EDX-
spectrum of the first particle shows the presence of gold and cobalt in the
selected area, but only cobalt is expected for the seed particle. The additional
gold signal can be attributed to neighboring gold particles, which are arranged
around the seed in a circular manner. The second analyzed particle shows a
high gold signal, but cobalt is also detected in the spectrum. Cobalt seeds are
arranged around the particle, which explains the cobalt peaks. The assumptions
for pure particles of gold or cobalt are made on the experience gained during the
analysis of the particle batch Bao2005red. Z-contrast images on both samples
appear equivalent and no composites are found.
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Fig. 6.31: EDX-spectrum of position #1 marked in Fig. 6.30 of the particle batch Bao2005dir.
Cobalt and gold are both detected, the former from the seed particle and the latter through
neighboring gold deposits.
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Fig. 6.32: EDX-spectrum of position #2 marked in Fig. 6.30 of the particle batch Bao2005dir
shows a strong gold-signal, but also traces of cobalt, which can be explained by cobalt seed
particles around the isolated gold particle.

The formation of individual interconnected nanoparticles of pristine materials
can be reported. The elemental composition has been investigated and the high-
contrast particles consist of gold, while the low contrast cobalt seed particles
have not change their initial composition of pure cobalt. The results show,
that the cobalt seeds of both syntheses Bao2005red and Bao2005dir provide
nucleation sites for heterogeneous nucleated gold particles. The seed particles
of the synthesis Bao2005dir are more densely covered with gold deposits, than
the seed particles of the synthesis Bao2005red. This is due to the different
amount of seed particles used in the syntheses and how this takes an influence
on the resulting bimetallic particles is discussed in the next section, which
primarily addresses the question why the shell synthesis is unsuccessful.

6.5. Heterogeneous nucleation on seed particles

The TEM- and STEM-images of both syntheses presented earlier clearly show,
that the cobalt seed particles serve as nucleation centers, but they are not
entirely surrounded by a gold shell. Furthermore, a single seed particle can
serve as nucleation center for several gold particles. Partial encasing of the
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cobalt seeds by one or more gold particles has been observed, as well as the
deformation of seed particles by attached gold particles (see Fig. 6.20 to 6.23,
highlighted by turquoise arrows). In case of the synthesis Bao2005red all gold
particles are in contact with a cobalt seed, with a small interface area. The
gold particles grow from the cobalt surface and form spheres, hence the contact
area is minimized. The gold particles cover more of the seeds in case of the
synthesis Bao2005dir, but the cobalt seed particles are not entirely covered
either. The gold particles form mostly spheres, but caps covering one third
of a seed are also found. The different coverage rates between the syntheses
Bao2005red and Bao2005dir can be explained by the different amounts of seed
particles used during the respective shell synthesis step. Half of the seed particle
suspension (seeds from 4mL seed particle suspension) produced through the
first reaction step is used in case of Bao2005red, thus many particles providing
nucleation sites are present during the reaction. The synthesis Bao2005dir
only uses cobalt particles from 0.5mL of the seed particle suspension using
an initial total solvent volume of 15mL and therefore fewer seed particles
are used. The reduced number of seed particles also reduces the amount of
possible heterogeneous nucleation sites. The same amount of gold precursor
is used in both syntheses, but is distributed between fewer nucleation sites
in case of Bao2005dir than it is in case of Bao2005red. This explains the
denser coverage with gold particles in case of Bao2005dir, because of the
reduced number of possible nucleation sites. In addition the gold particles of
Bao2005dir are larger in comparison to the gold particles of Bao2005red, as
observed in the TEM-images and size distributions. The gold particles of the
synthesis Bao2005red have a mean diameter around 4 nm and are therefore
smaller than the gold particles of Bao2005dir, with a mean diameter around
6 nm. An increase in the amount of gold monomers per seed particle into
the suspension should, according to the theory, lead to completely covered
seed particles. However, a different behavior can be observed in the TEM-
images of sample Bao2005dir. Several gold particles exist, which have not
nucleated at the surface of a seed particle. These gold particles with diameters
around 10 nm are highlighted in Fig. 6.20 to 6.23 with yellow arrows. It is
unlikely, that these particles nucleated heterogeneously on the seed particles
and afterwards detached from the cobalt surface. The heterogeneous nucleation
decreases the energy necessary to form the gold particles in comparison to
homogeneous nucleation. Relinquishing the interface between the materials
afterwards is energetically unfavorable, because this increases the surface area
of both particles and would lead to the formation of new interfaces between
the solid gold and cobalt and the surrounding liquid medium. This leaves only
the possibility of a homogeneous nucleation event happening at the same time
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as the heterogeneous nucleation. When the gold precursor is added to the
reaction mixture, heterogeneous nucleation instantaneously begins to decrease
the oversaturation S. An additional homogeneous nucleation process occurs, if
the oversaturation remains above the homogeneous nucleation limit S > SC
after all heterogeneous nucleation sites are saturated (compare to section 2.1.1).
This processes are illustrated in Fig. 6.33. The fact, that the shell synthesis
step allow the homogeneous nucleation of gold particles is shown in the control
experiment Bao2005-gold (see section 6.3). Heterogeneous nucleation does not
consume as many monomers as does homogeneous nucleation at the beginning,
because the heterogeneous nuclei are already present and do not need to be
formed by consuming monomers. The results suggest that, increasing the
amount of gold precursor will lead to the formation of more isolated gold
particles instead of a complete coverage of the seed particles. The TEM-images
showing the interconnected particles (see Fig. 6.15 to 6.18 and 6.20 to 6.23)
show, that the gold particles only attach at some areas on the seed particle,
raising the question why single areas of a seed particle get in contact with the
gold and allow a heterogeneous nucleation, while other areas are not suited for
the deposition of gold? A possible explanation of this observed effect concerns
the interfacial energies between cobalt and gold and is discussed in the next
section.

Co Co CoCo

(A) (B) (C) (D)

heterogeneous
nucleation sites

gold deposition at
nucleation site

homogeneously 
formed nuclei

particle growth

Fig. 6.33: Schematic of a dual nucleation event for gold monomers in presence of cobalt seed
particles. (A) The cobalt seed particles in the reaction mixture provide suitable nucleation sites
for a heterogeneous nucleation. (B) If gold monomers are added, they are deposited at the
nucleation sites and grow into particles connected with the seeds. (C) If the concentration of gold
monomers in the solution still exceeds the homogeneous nucleation limit S > SC after the gold
deposits on the seed particles start to grow, then new homogeneous gold nuclei are produced. (D)
Gold nanoparticles grow interconnected with the seed particles or isolated in solution depending
on the nucleus.
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6.5. Heterogeneous nucleation on seed particles

Considerations based on interfacial energies

All images of the bimetallic particles from particle batches Bao2005red and
Bao2005dir show gold particles, which are deposited on the cobalt seed particles.
The gold particles are in contact with the seeds, but do not cover them
completely, which indicates a partial affinity of the gold to the cobalt surface
(compare to Fig. 2.6). The gold particles always have a contact angle between
0° and 180°. In the further course of this thesis the term interfacial energy is
used for the free surface energy of two different crystals in contact, while the term
surface energy refers to a bare surface. The surface and interfacial energies
are the predominate influenced in a nanoparticular system and regarding the
investigated nanoparticle syntheses of Bao2005red and Bao2005dir the total
energy of both systems is best minimized by the formation of heterodimeric
particles, instead of the intended core-shell type. The formation of a core-shell
particle needs a contact angle equal to Θ = 0° between the core material and
deposit forming the shell, which simplifies (eq. 2.8) to

γ`,1 = γ2,1 + γ2,` . (eq. 6.1)

The result of (eq. 6.1) shows, that the interface between two crystalline
phases with the interfacial energy γ2,1 and the interface energy γ2,` between
the deposited phase and the surrounding liquid need to be completed with the
initial interfacial energy γ`,1 between the seed particle and the surrounding
liquid medium6. This requirement must be met for the formation of a core-shell
type particle. To determine promising material combinations for core-shell
type particles, the interfacial energies γ between all participating phases must
be known. There are reports in literature on measured and calculated surface
energies for different materials in their own liquid environment or vacuum
(see Vitos et al. [106], W.R. Tyson and W.A. Miller [107], Vinet et al. [108]).
However values for interfacial energies between two solid crystallite phases have
not yet been reported.
In addition to the lack of literature reports for the interfacial energies, the
proposed model does not consider curved nucleation sites. The crystal phase
providing the nucleation sites for the deposited material is assumed to be planar
in the model (compare Fig. 2.4), however nanoparticles serving as nucleation
sites posses heavily curved surfaces. Their surface energy is dependent on the
6In this special case γ2,1 describes the interfacial energy between the cobalt seeds and the
gold particles, γ`,1 between the cobalt seeds and the surrounding reaction solution and
γ2,` between the gold particles and the reaction solution.
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curvature and therefore the particle diameter, which also affects the interfacial
energy. The diameter dependence of the surface energies is studied in [109–114]
and it can be assumed that a diameter dependence of the interfacial energies
also exists. Hence, it is not possible to derive a quantitative explanation on why
the syntheses for cobalt-gold core-shell type particles failed. Qualitatively, the
interfacial energy γ`,1 between the core material and the surrounding liquid must
accommodate the interfacial energies between the core and shell material γ2,1
and between the shell and the surrounding liquid γ2,` to allow the formation of
a core-shell particle. Therefore the core-liquid interface must have a rather high
interfacial energy, while the interfaces occurring in the core-shell particles need
low interfacial energies to accommodate the formation of a core-shell structure.
Otherwise the system’s energy is not minimized by forming core-shell particles.

Considerations on interface appearances

A better understanding of why core-shell type particles are not formed can be
obtained by looking at the interface between seed particle and deposit. Porter
et al. [40] gives a comprehensive summary on possible occurring interfaces
between two different crystal phases, where the atom lattices of both materials
meet.
The interface with lowest interfacial energy is a coherent one as depicted in
Fig. 6.35. The interplanar atomic spacings of adjacent lattice planes on both
sides of the interface match and the atomic configurations of both faces is
identical. An example for the atomic configuration for the most dense planes
occurring in fcc-lattices gives Fig. 6.34. The atomic configuration of the fcc

fcc 111 fcc 100 fcc 110

Fig. 6.34: Atomic configurations of the most dense lattice planes and their orientation of an
fcc unit cell. The fcc {111} plane shows a hexagonal, the fcc {100} plane the expected face
centered cubic and the fcc {110} plane a linear arrangement of the atoms [40].
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Fig. 6.35: Coherent interfaces. If the atomic configuration of a certain plane and the interatomical
distances gα/β of two different crystal phases α and β are identical a fully coherent interface
is established between the phases. If the atomic distances do not fully correspond a coherent
interface can still be maintained by straining the crystal lattice of one or both phases. The formed
coherency strains add to the interfacial energy [40].

{111} planes is of hexagonal order, while the {100} shows the expected face
centered cubic arrangement and the {110} shows a linear order. The only
contribution to the interfacial energy arises for a fully coherent interface through
the different chemical species α and β on both sides of the interface

γ (coherent) = γchemical = 1 mJ
m2 to 200 mJ

m2 . (eq. 6.2)

A coherent interface can still be maintained, if the interplanar spacings of the
two phases differ a little. Coherency strains on one or both sides of the interface
are formed and the lattice is distorted. This adds to the interfacial energy.
If the interface area or the misfit η between both phases exceeds a certain
value it is energetically more favorable to form a semi-coherent interface with
periodical dislocations along the interface instead of coherency strains. This
case is depicted on Fig. 6.36. The misfit η between the lattice planes of equal
atomic configuration at the interface can be calculated by

η = gβ − gα
gα

, (eq. 6.3)
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α

β

gα

gβ

G

Fig. 6.36: Semi-coherent interface between the different phases α and β with different inter-
atomical distances gα and gβ . Periodical dislocations with distance G relieve coherency strains
along the interface. Except for the dislocations, where one or both lattices are heavily disordered
an almost coherent interface can be formed [40].

for gα,β the respective unstressed interplanar lattice spacings. The dislocations
limited to one of the phases for a one dimensional lattice misfit are separated
by the distance G = gβ

η
. The interfacial energy is in this case increased by a

contribution from the misfit dislocations, which is dependent on the mismatch
η, if it is small enough

γ (semi-coherent) = γchemical + γmissfit = 200 mJ
m2 to 500 mJ

m2 . (eq. 6.4)

If the atomic configurations of two adjacent phases do not match or their misfit
exceeds η > 0.257 an incoherent interface results, which has a higher interfacial
energy

γ (incoherent) = 500 mJ
m2 to 1000 mJ

m2 , (eq. 6.5)

that is not dependent on the orientation of the two joined crystal planes. The
atomic appearance of an incoherent interface is hardly known, but is believe to
lack the long range order of (semi-)coherent interfaces [40].
7The planes next to the dislocation shown in Fig. 6.36 are distorted. A misfit equal to
η > 0.25 means a dislocation every four interplanar spacings, which leads to overlapping
regions of poor fit around the dislocations.
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6.5. Heterogeneous nucleation on seed particles

Both crystal phases in the bimetallic heterodimeric particles are of an fcc
configuration. The lattice parameters of gold and fcc-cobalt are gAu = 407.8 pm
and gfcc-Co = 354.4 pm and have a misfit of

ηfcc-Au,fcc-Co = 407.8 pm− 354.4 pm
354.4 pm = 0.15 (eq. 6.6)

therefore semi-coherent interfaces can be formed between fcc-cobalt and fcc-
gold. The atomic configurations between corresponding lattice planes are
identical, but the different lattice parameters lead to different atomic spacings
and hence interfaces of the lowest energy cannot be formed. Accommodating
the interfacial energy of semi-coherent interface can make the formation of
large interface areas energetically unfavorable and so the interface is limited
to small parts of the seed particles, as has been observed for both syntheses
Bao2005red and Bao2005dir. The contact-angle between the cobalt surface
and the gold deposits is therefore θ > 0°. This decreases, according to (eq.
2.8) the interfacial energy γ2,` between the deposit and the reaction solution
and therefore makes the interface formation between the gold deposits and
the cobalt seeds possible. The formation of core-shell type particles between
fcc-cobalt and fcc-gold is therefore not expected and not found.
The original synthesis by Bao et al. [31] 2005 has been reported to produce
ε-cobalt seed particles, instead of fcc-cobalt. Whether the ε-cobalt structure can
be linked to the successful formation of core-shell type particles, as observed in
the synthesis of Bao et al. [31], can be determined by the interfacial energies
and is discussed in the next paragraph.
ε-cobalt has a more complex unit cell than an fcc-crystal with a larger lattice
parameter gε-Co = 609.7 pm. The misfit between ε-cobalt and fcc-gold for
unstrained lattices is determined to

ηε- Co,fcc-Au = 609.7 pm− 407.8 pm
407.8 pm = 0.5 , (eq. 6.7)

which only allows the formation of incoherent interfaces. Furthermore, the
atoms in the unit cell are arranged less symmetrical than in an fcc unit cell,
as shown in Fig. 5.1. The atoms’ positions lead to unsymmetrical atomic
configurations for all lattice planes in the ε-cobalt crystal. Fig. 6.37 shows
the ε-cobalt unit cell sliced along the (200), (220) and (111) planes to show
the atomic configurations of the respective plane. The atoms’ arrangement
for the planes in case of ε-cobalt lack the symmetry and order of the atomic
configurations of fcc-cobalt. These facts contradict, that interfaces with lower
interfacial energy are formed between ε-cobalt and fcc-gold than are formed
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between fcc-cobalt and fcc-gold. Therefore, the formation of core-shell type
particles with an ε-cobalt core is as unlikely as it is for an fcc-cobalt core. The
ε-cobalt structure cannot be linked to the successful formation of cobalt-gold
core-shell type particles.
An example for the successful synthesis of core-shell type particles is given by
Yang et al. [29]. They showed the formation of silver-gold core-shell nanopar-
ticles in TEM-images and supported their findings with elemental sensitive
analyses. The successful formation of a core-shell structure between silver
(gAg = 408.53 pm) and gold (gAu = 407.82 pm) is not unexpected, since the lat-
tice parameters of both materials are almost the same and they both crystallize
in an fcc-lattice. Hence, the formation of large interfaces with low interfacial
energy is possible, which would also allows the formation of core-shell structures.

ε-cobalt 200 ε-cobalt 111 ε-cobalt 220

Fig. 6.37: Ball-and-stick model of the ε-cobalt unit cell generated by CrystalMaker™. The model
is sliced along the (200)-, (111)- and (220)-plane to allow a view on the atomic configuration of
the respective plane.

6.6. Conclusion

The bimetallic nanoparticles, which are synthesized through a reproduced syn-
thesis approach reported by Bao et al. [31] 2005, are not core-shell type particles.
Instead, heterodimeric particles consisting of interconnected cobalt and gold
particles have been obtained. Two syntheses, Bao2005red and Bao2005dir are
executed with different amounts of solvent. The first synthesis step produces
seed particles, which have a mean diameter of 8.3 nm in case of Bao2005red
and 9.8 nm in case of Bao2005dir. The interparticle distance is dominated by
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oleic acid present on the seed particles surface in case of both syntheses. DOA
is most likely not present on the seed particles surface, because of its weaker
binding affinity. However, its role during the synthesis is not yet determined.
The cobalt seed particles behave superparamagnetically at room temperature.
The nanoparticles’ crystal structure is determined to fcc for both syntheses
Bao2005red and Bao2005dir. The publication both syntheses are based on, how-
ever reports the formation of ε-cobalt particles. The reactants are therefore not
determining the crystal structure of the cobalt nanoparticles. The cobalt seed
particles serve as heterogeneous nucleation centers during the shell synthesis
step. The seeds are covered with gold particles emanating from the cobalt sur-
face, but the gold does not form a closed shell. These results are found for both
syntheses Bao2005red and Bao2005dir. Both syntheses differ in the amount
of seed particles used during the shell synthesis step. In case of Bao2005red
cobalt particles precipitated from 4mL of the seed particle suspension are used,
while the synthesis Bao2005dir with a larger initial solvent volume only uses
seeds from 0.5mL. The seed particles of Bao2005red are only in contact with
single gold particles, whereas the seed particles of Bao2005dir are covered with
more gold nanoparticles, partly deforming the seeds. Furthermore, isolated
gold particles, which are not in contact with a cobalt seed are found in the
synthesis Bao2005dir. This indicates, that the available nucleation sites on the
seed particles are saturated with monomers and the remaining oversaturation
of gold monomers causes a homogeneous nucleation event, forming the indepen-
dent gold particles. The reaction mixture of the shell synthesis step is able to
homogeneously nucleate gold nanoparticles, as has been shown in the control
experiment Bao2005-gold. Therefore, increasing the amount of gold monomers
in the reaction solution does not complete the coverage of the seed particles,
but only forms additional gold nanoparticles. A closer look at the TEM-images
provided in the original report by Bao et al. [31], depicted in Fig. 4.2 indicates
that, there are only single bimetallic particles found, which look like core-shell
particles. In addition, heterodimeric particles, as have been observed during
the syntheses Bao2005red and Bao2005dir and seed particles, which are not
in contact with any gold particles are also visible. This leaves doubt about
the correct interpretation of the analysis results. The cobalt gold interface is
investigated to find an explanation, why core-shell type particles do not form.
Fcc-cobalt and gold are able to form semi-coherent interfaces, which is not a
low energy interface. The heterogeneous nucleation needs to overcome a smaller
energy barrier than homogeneous nucleation, because heterogeneous nucleation
sites provided by the cobalt seed particles are used as nuclei. However, the
formation of interfaces between gold and cobalt increases the energy of the
system. This limits the interface areas to small parts of a seed particle and
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results in gold deposits, which have a contact angle θ > 0° against the seed
particles surface. The requirement stated by (eq. 6.1) cannot be fulfilled,
because the interfacial energy γ2,` between the deposits and seed particles needs
to be reduced to make the interface formation possible. All these consideration
completely neglect how the used surfactants and solvents affect the syntheses.
It is mostly unknown, how they influence the results of the syntheses.
Literature is checked for a successful reproduction of the synthesis by Bao
et al. [31], 2005, because no core-shell type particles have been yielded. The
report Bao et al. [31] is cited 41-times8 and while most of these publications
[32, 50, 115–131] quoted Bao et al. [31] as an example for the synthesis of cobalt
nanoparticles and their magnetic properties and the possibility and advantages
of core-shell type particles structure, only two of all reports are concerned with
the synthesis of cobalt-gold core-shell type particles, Johnson et al. [132], 2010
and Mandal and Krishnan [133], 2007. Both articles only report a modified
synthesis process. Johnson et al. [132] conducted the core-particle synthesis
in pure trioctylamine (TOA) in the presence of oleic acid instead of using
ODCB containing both surfactants. The final particle analysis does not include
element sensitive analyses. TEM-images are presented, which show particles
with a barely perceptible core of lower contrast. The magnification of the
image is too low, to see any details. HRTEM-image are given to show moire
patterns caused by the superimposition of the gold and cobalt crystal lattice,
however which are not visible in the images. Mandal and Krishnan [133] use
a different surfactant (TOPO) and another gold source, but conducted the
synthesis otherwise similar to Bao et al. [31]. During the shell synthesis step
a replacement reaction between cobalt surface atoms of the seeds and gold
atoms from solution is assumed. TEM-images of the nanoparticles show a
core-shell structure, but the particles have a low-contrast shell surrounding a
core with slightly more contrast. According to basic TEM-image formation
theory and as has been shown during TEM- and STEM-imaging gold causes
high-contrast features in a TEM-images compared to cobalt. The contrast
differences indicate, that the shell consists of a lighter material than the core.
A more likely explanation for the contrast differences is surface oxidation of the
cobalt particles, as has been also seen in Fig. 6.2. Element sensitive analyses
able to determine the composition of the particles correctly are not conducted.
In both cases the analyses of the assumed bimetallic particles does not prove,
that core-shell type particles are formed.

8Google Scholar, November 2013
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Hence, considering the above mentioned publications, there are no literature
reports on a successful reproduction of the synthesis by Bao et al. [31] 2005. A
definite production of cobalt gold core-shell type particles can neither be found
in literature nor in the reproduced syntheses. The considerations on interfacial
energies and the interface appearance contradict the successful formation of
core-shell type particles. The TEM-images given in the original publication do
not show the core-shell structure of the particles, either.
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7. Results and discussion of the
nanoparticle synthesis following
instructions of Bao et al. 2007

The results of a second synthesis approach to produce cobalt-gold core-shell
nanoparticles reported by Bao et al. [32] 2007 are presented. The nanoparticle
synthesis is similar to previously investigated synthesis. Thermal decomposition
is used to synthesized cobalt seed particles, which are employed as heterogeneous
nucleation sites in the second reaction step to synthesize the gold shell. Details
on the author’s methods and particle analyses are given in section 4.2. The
recipe of the reproduced synthesis is explained in the next section. A detailed
analysis of the cobalt seed particles produced through the first reaction step
is discussed afterwards. A control experiment showing if the reaction mixture
of the shell synthesis step is able to homogeneously nucleate gold particles is
described. The final bimetallic particles synthesized afterwards by the shell
synthesis step are analyzed and all results are discussed in the last part of this
chapter.

7.1. Adaption of the synthesis

The synthesis published by Bao et al. [32] in 2007 lacks the same specifications
as the previously investigated synthesis Bao et al. [31], 2005. All volumes are
noted, but the amount of boiling solvent, to which the cobalt precursor solution
is added during synthesis of the seed particles is not given. Again, two different
syntheses are carried out, one with a solvent volume of 5mL called Bao2007red
and the other synthesis with a solvent volume of 12mL called Bao2007dir.
They are performed on the basis of Puntes et al. [97] approach (Bao2007dir)
and an approach with handable solvent volumes (Bao2007red). During the
synthesis of the cobalt seed particles tri-octylamine (TOA) is used as the second
surfactant besides oleic acid. It substitutes the same amount of DOA, which is
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used during the syntheses adapted from Bao et al. [31] in 2005. In the shell
synthesis step the double amount, 0.5mL of oleylamine are used, compared to
the amount use during the syntheses Bao2005red and Bao2005dir.
The amount of seed particles used for the shell-synthesis step is given with
2mg 1. The shell synthesis step of Bao2007red is done with seed particles
precipitated from 4mL of the seed particle suspension. After purification the
cobalt seeds are redispersed in 5mL toluene and afterwards heated up to reflux
temperature for the shell synthesis. Less seed particle are used during the
synthesis Bao2007dir. 0.5mL of the seed particle suspension are dried after
purification in an eppendorf tube, which yields approximately 10mg of dried
cobalt seeds. They are redispersed in 5mL toluene and used for the shell
synthesis step.
The general annotations on the experimental details made in section 6.1 apply
to these syntheses, as well including temperature measurements and the prepa-
ration of chemicals and laboratory equipment. The final recipes for Bao2007red
and Bao2007dir are given in the following paragraph.

• 0.34mL tri-octylamine (TOA) and 0.2mL oleic acid are added to 5mL
(Bao2007red) or 12mL (Bao2007dir) of ODCB. The mixture is heated
to 190 ◦C.

• The cobalt precursor solution consisting of 0.54 g dicobalt octacarbonyl
(Co2(CO)8) is solvated in 3mL ODCB and is quickly injected into the
boiling solvent-surfactant mixture.

• The reaction solution is kept at reflux temperature for 15min and given
subsequently 30min time to cool down to room-temperature. Afterwards
the particle suspensions are cleaned by precipitation.

• In case of Bao2007dir 0.5mL of seed particles suspension in ODCB
is precipitated, yielding approximately 10mg cobalt seeds. They are
redispersed in 5mL of toluene for the second reaction step. In case of
Bao2007red particles precipitated from 4ml of the seed particle suspension
are used and redispersed in 5mL toluene.

• The toluene solution containing the cobalt seed particles is heated to
85 ◦C by a silicon oil bath and stirred at 750 rpm with a magnetic stirrer.

• The gold precursor solution containing 0.01 g chloro (triphenylphos-
phine) gold(I) ([(C6H5)3P][AuCl]) and 0.5mL oleylamine solvated in

1A small error for the extracted mass is expected, because the dryed seed nanoparticles
form a thick oily residue, making an exact extraction difficult.
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3mL toluene is injected at once and the mixture is kept at 85 ◦C for one
hour and subsequently given time to cool down.

• Samples of 100 µL are collected from the reaction mixture after 5min,
20min, 45min and 60min to monitor the shell development.

The shell synthesis step is again further investigated individually to determine,
if the reaction mixture is able to homogeneously nucleate gold particles. This
synthesis is referred to as Bao2007-gold and is carried out equivalently to
Bao2005-gold.

7.2. Cobalt seed particles

The cobalt seed particles of both syntheses Bao2007red and Bao2007dir are
analyzed by TEM-imaging and the mean diameter and mean interparticle
distance are determined statistically. Subsequent, the crystal structure of the
seed particles is investigated by XRD-measurements and HRTEM-imaging.
Finally, their magnetic properties are determined via AGM-measurements and
the characteristics of the curves compared to calculated magnetization curves.

7.2.1. TEM-imaging

20 nm

Fig. 7.1: TEM-image and size-distribution of the cobalt seed-particles obtained by the synthesis
Bao2007red. The particles’ mean diameter is 〈d〉 = 6.5 nm±0.9 nm. A total number of N = 814
particles are measured. The red curve represents the gaussian fit of the histogram.
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20 nm

Fig. 7.2: TEM-image and size-distribution of the cobalt seed-particles obtained by the synthesis
Bao2007dir. The particle’s mean diameter is 〈d〉 = 5.3 nm ± 0.75nm. A total number of
N = 1201 particles are measured. The red curve represents the gaussian fit of the histogram.

The synthesis Bao2007red yields spherical nanoparticles with a mean diameter
of 〈d〉 = 6.5 nm± 0.9 nm, which corresponds to a standard deviation of 14%.
A TEM-image and the size-distribution are shown in Fig. 7.1. The particles
align in a monolayer with hexagonal order and cover areas of several µm2.
The formation of undisturbed, large-area monolayers with a distinct hexagonal
order is only possible if all particles are of similar sizes [44] as is the case for
a narrow size distribution. The synthesis Bao2007dir yields smaller particles
with a mean diameter of 〈d〉 = 5.3 nm ± 0.75 nm, depicted in Fig. 7.2. The
batch has a narrow size-distribution, too, with σ = 14% and forms a hexagonal
ordered monolayer.
The order is not as perfect as in the case of Bao2007red, but is disturbed by
particles with smaller or bigger diameters. The areas of highly ordered particle
monolayers are smaller (only a few hundred nanometer squared), than in case
of the adapted synthesis Bao2007red. Both mean diameters correspond well
with the diameter of 6 nm given by Bao et al. [32], 2007. The values deviate less
than the first confidence interval from the reported mean diameter and both
size-distributions are overlapping. The different amounts of solvent used for
the syntheses Bao2007red and Bao2007dir have an influence on the synthesis
and alter the reaction conditions, but the ratio between metallic precursor
and surfactants remains unchanged. This ratio is already identified to have
a great influence on the final size of nanoparticles in a few literature reports
[97, 98, 102]. it can therefore be assumed that the change in reaction conditions
has only a minor influence of the mean particle diameter.
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Fig. 7.3: Inter particle distance distributions. The mean inter-particle distance for Bao2007red is
〈δ〉 = 4.7nm ± 0.8nm and the distances between N = 445 particles are measured, while the
distances between N = 507 cobalt nanoparticles are measured to determine the interparticle
distance of 〈δ〉 = 3.8 nm± 0.8 nm for Bao2007dir.

The mean interparticle distances measured in the TEM-images is determined to
〈δ〉 = 4.7 nm±0.8 nm for Bao2007red and 〈δ〉 = 3.8 nm±0.8 nm for Bao2007dir.
This equates to a surfactant shell thickness of L = 2.35 nm and L = 1.9 nm,
respectively. Both values again correspond well with the calculated length of
oleic acid [21]. Following the same considerations as in case of Bao2005red
and Bao2005dir oleic acid is present on the particle surface, as it governs the
interparticle distance. The length of tri-octylamine is calculated to 1 nm [21]
as well, because it also attaches the particles’ surface via its amine group,
similar to DOA. If TOA governs the interparticle distance, it results in a
smaller interparticle distance, than is measured. It is still possible, however
unlikely, that the amine is present on the cobalt surface besides oleic acid.
Since the amine group has a weaker affinity to the nanoparticle surface than
the carboxyl group of oleic acid [55], the amine is superseded on the cobalt
surface. The syntheses Bao2005red and Bao2005dir differ only at one point
from the syntheses Bao2007red and Bao2007dir. The second surfactant DOA
is exchanged for TOA. This influences the size of the cobalt seed particles
greatly. Compared to the cobalt seed particles produced through the syntheses
Bao2005red and Bao2005dir, the seed particle from Bao2007red and Bao2007dir
have approximately only half the diameter.
All surfactants used during the syntheses Bao2007red and Bao2007dir are
depicted in Fig. 7.4 and the inset shows how the molecules attach to the surface
of a nanoparticle. The affinity of a surfactant to the surface of a nanoparticle
can influence its final size, e.g. oleic acid is believed to inhibit growth and
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Fig. 7.4: Skeletal formulas generated with Accelrys Draw 4.0 (Symyx Solutions Inc.) of all
surfactants, dioctylamine, oleic acid and oleylamine, used in the syntheses Bao2007red and
Bao2007dir. The polar head groups binding with the nanoparticles’ surface are highlighted by
gray ovals. The inset schematically shows the behavior of the non-polar tails, if the head group is
in contact with a nanoparticle.

ripening processes [55, 99, 101]. The two different amines are most likely not
present on the surface of the cobalt nanoparticles at the end of the syntheses.
The difference between the amines is, that TOA with its third alkyl chain is
much bulkier than DOA, which only has two non-polar tails. It may be possible
that TOA limits the monomer mobility in the solution, which would favor
the formation of smaller nanoparticles, because many stationary nuclei are
formed, which final diameters are limited by the maximum amount of cobalt in
the reaction solution. The exact mechanism cannot be fully determined from
the data. Further measurements need to be conducted to fully evaluate the
influence of the amine.

7.2.2. Crystal structure

EDX-spectra of both samples Bao2007red and Bao2007dir are recorded to
determine the seed particles composition prior to the crystal structure analysis.
The spectra are depicted in Fig. 7.5 and show peaks corresponding to carbon,
oxygen, silicon, chlorine and cobalt. The peak attributed to chlorine is caused
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Fig. 7.5: EDX-analyses of the seed particles from syntheses Bao2007red (left) and Bao2007dir
(right). All elements found in the samples are either from residual air or the surfactant coating of
the particles (carbon and oxygen), the silicon substrate or the pure cobalt particles. Both samples
show an additional peak attributed to chlorine, which is caused by residues of the solvent ODCB.

by residues of the solvent ODCB. The origin of all other peaks is given in detail
in section 6.2.2. The cobalt peaks caused by the nanoparticles can clearly be
seen in the EDX-spectra. The XRD-measurements of the samples Bao2007red
and Bao2007dir are executed for angles 2θ = 20° to 120° with an ω-offset of 3°
suppressing peaks caused by the silicon substrate. Fig. 7.7 and Fig. 7.6 show
the recorded spectra for Bao2007dir and Bao2007red, respectively, and the
peak positions for all three cobalt modifications are noted as stick-spectra2 in
the images. The spectra of both samples unfortunately cannot be attributed to
any modification of cobalt. Both spectra show a distinct peak around 2θ = 60°,
which is not present in any of the simulated diffraction spectra of cobalt (see
section 5.1 or compare to stick spectra). Another distinct peak visible in both
measured XRD-spectra is positioned at θ = 33°. Its position corresponds to
the position of the ε-cobalt (210)-peak. However, the (210)-peak of ε-cobalt
is of weak intensity and therefore it is unlikely, that the peak is caused by
ε-cobalt. Furthermore, there are no other peaks corresponding to peaks of
ε-cobalt found in the spectra (compare to Fig. 5.1). The two mayor peaks in
the XRD-spectrum of Bao2007dir shown in Fig. 7.7 have an interesting feature.
Their left slopes are comparably steep, resulting in two asymmetrical peaks.
This peak form is a sign of lattice straining, which is not unexpected in case of
nanoparticles [91]. Thus, it is not possible to determine the crystal structure of
these two samples by X-ray diffraction. Neither the observed peak broadening
nor possible peak overlaps can explain these spectra.
2The stick spectrum of ε-cobalt only shows peaks with an intensity of at least 10% from the
(221)-peak with highest intensity. This is done to keep the overview over the otherwise
overcrowded spectrum clear and concise.
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Fig. 7.6: X-ray powder diffraction spectrum of Bao2007red. The peak spectrum cannot be
matched to one of the three possible cobalt modifications. For example, the major peak at
2θ = 60° is not present in any of the stick spectra displayed above the XRD-spectrum. The stick
spectrum does not show different peak intensities, but only gives possible locations for peaks.
The complete powder spectra shown in Fig. 5.1 need to be consulted to identify a peak correctly.
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Fig. 7.7: X-ray powder diffraction spectrum of Bao2007dir. The peak spectrum cannot be
matched to one of the three possible cobalt modifications. For example, the major peak at
2θ = 60° is not present in any of the stick spectra displayed above the XRD-spectrum. The stick
spectrum does not show different peak intensities, but only gives possible locations for peaks.
The complete powder spectra shown in Fig. 5.1 need to be consulted to identify a peak correctly.
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HRTEM imaging is further applied to determine the crystal structure of the
cobalt nanoparticles (see section 6.2.2). FFTs of selected areas of HRTEM-
images and the HRTEM-images are shown in Fig. 7.8 for the particle batch
Bao2007red and in Fig. 7.9 for the particle batch Bao2007dir. The FFTs
showing the reciprocal lattice of the investigated crystallites are shown inverted
and with enhanced contrast for better visibility of the patterns. The FFTs
in Fig. 7.8 show the unique squared and oblated hexagonal patterns of fcc-
cobalt. This indicates an fcc-crystal structure for the investigated crystallites.
The HRTEM-images and enhanced FFTs of the Bao2007dir seed particles are
displayed in Fig. 7.9. The found squared and oblated hexagonal patterns are
generated by an fcc-crystal lattice (Fig. 5.3). Both other possible modifications,
hcp and ε-cobalt are ruled out as before, since neither can generate patterns
with aspect ratios unique to the fcc-lattice. The results do not correspond to
the ε-cobalt crystal structure reported in Bao et al. [32] 2007. However, the
fcc-crystal structure for the cobalt seed particles has also been found for the
nanoparticles of the syntheses Bao2005red and Bao2005dir. The results of
these syntheses show, that the reactants do not determine the crystal structure,
which is in good agreement with the syntheses Bao2005red and Bao2005dir.
Again, environmental influences may play a decisive role in the determination
of the crystal modification. What factors determine the crystal structure of a
nanoparticle in the end is still under discourse (see section 6.2.2).
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#1

#2

#3

Fig. 7.8: FFTs of selected areas from Bao2007red indicating an fcc-structure. The oblated
hexagons show a distance ration of 2:1 between the magenta and yellow section and the squared
pattern only occurs during electron diffraction of a fcc-crystal. The diffraction patterns are
displayed inverted with enhanced contrast for better visibility.
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Fig. 7.9: FFTs of selected areas from Bao2007dir displayed inverted and contrast enhanced for
better visibility. Both hexagons show the right 2:1 ratio for the magenta and yellow cross-section
of [110]fcc and the squared pattern of [100]fcc.
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7.2. Cobalt seed particles

7.2.3. Magnetic properties

Fig. 7.10: The left diagram shows the magnetization curves of Bao2007red and the right diagram
belongs to the batch, synthesized using Bao2007dir. Both samples show superparamagentic behav-
ior. The inset in the right diagram shows a more detailed measurement between −1 kOe to 1 kOe
with a small hysteresis, displaying a coercivity of approximately 27Oe. Both samples reach
saturation, when an external field of 10 kOe is applied.

Superparamagnetic behavior is expected for both samples, Bao2007red and
Bao2007dir. The crystal structure analysis shows, that both particle batches
consist of fcc-cobalt, for which a superparamagnetic limit of 15.4 nm for the
particle diameter has been calculated by (eq. 2.29). The size distributions
given in Fig. 7.1 and Fig. 7.2, respectively, do not include particles exceeding the
superparamagnetic limit and therefore ferromagnetic effects are not expected.
The hysteresis curves are recorded with an applied field maximum of 14 kOe
and displayed in Fig. 7.10. The parameters mS, mR and HC are listed in
Tab. 7.1, together with samples’ the mean diameters and standard deviations.
Both samples Bao2007red and Bao2007dir reach saturation around 10 kOe
in contrast to the samples Bao2005red and Bao2005dir, which reach their
saturation moment after an external field of 5 kOe is applied. The particles of
Bao2007red and Bao2007dir need a stronger external field to saturate.
The magnetization curves of Bao2007red and Bao2007dir do not display co-
ercivity. Only a more detailed measurement around the origin of sample
Bao2007dir shows a small hysteresis with HC = 27.6Oe and mR = 1.39 µemu.
Although the hysteresis is visible in the measurement, the absolute value is
still comparably small.
Both measured AGM-curves are compared to calculated curves derived from
(eq. 2.27) for external field values of Hext = ±5 kOe with MathCAD. The
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7. Results and discussion of Bao et al. 2007

Tab. 7.1: Magnetic saturation moment mS , remanence mR and coercivity HC of all investigated
samples. The mean diameters 〈d〉 and their standard deviations σ are determined in section 7.2.1.

sample mS/µemu mR/µemu HC/Oe 〈d〉/nm σ/nm

Bao2007red 398.3 0.54 2.76 6.5 0.9 =̂ 13.8%
Bao2007dir 239.5 1.39 27.6 5.3 0.75 =̂ 14.2%

calculated curves and the AGM-measurements are displayed together for the
both samples in Fig. 7.11. The dotted lines represent the calculation based
on the mean diameters and standard deviations determined in section 7.2.1.
The curves, calculated for 〈d〉 = 6.5 nm ± 13.8% and 〈d〉 = 5.3 nm ± 14.2%
are similarly shaped, but do not follow the progression of the measured curves.
Curves calculated from decreased mean diameters of 4.5 nm and 4.2 nm follow
the progression better, but not as well as in case of the samples Bao2005red and
Bao2005dir (see section 6.2.3). Inevitable oxidation during sample preparation
and measurements decreases the magnetic volume of the cobalt particles,
explaining the better fit of the calculated curves from smaller diameters. The
oxidation does not influence the standard deviation of the mean diameter, if a
constant oxide shell thickness is assumed.
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Fig. 7.11: Left: The size distribution of Bao2007red is used to calculate the dashed curve,
which does not follow the progression of the measured curve (circles). The solid curve calculated
with 〈d〉 = 4.5 nm ± 13.8% fits the AGM-results better. Right: The same applies to sample
Bao2007dir. The dashed line calculated does not follow the progression of the measured curve,
while the solid curve calculated for a decreased diameter of 〈d〉 = 4.2 nm± 14.2% is a better
match.
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7.3. Control experiment Bao2007-gold

7.3. Control experiment Bao2007-gold

20 nm

Fig. 7.12: TEM-image and size distribution of the sample Bao2007-gold. The image shows
spherical gold nanoparticles with a mean diameter of 〈d〉 = 10.7 nm± 1.15nm. The red curve
represents the gaussian fit of the size distribution.

This control experiment, referred to as Bao2007-gold, is performed to study,
if the gold shell synthesis step is able to produce homogeneously nucleated
gold nanoparticles, which can act as competing nucleation centers to the seed
particles, as has been determined for Bao2005-gold. The shell synthesis step
of the syntheses Bao2007red and Bao2007dir is similar to the shell synthesis
step of Bao2007red and Bao2007dir. However, [(C6H5)3P]AuCl is used as
gold source and a different amount of oleylamine as reported by the original
article from Bao et al. [32] 2007. Almost monodisperse, spherical nanoparticles
with a mean diameter of 〈d〉 = 10.7 nm± 1.15 nm and a standard deviation of
σ = 10.7% are produced. This system also nucleates homogeneously and is
able to produce competing nucleation centers.

7.4. Bimetallic cobalt-gold particles Bao2007

The cobalt seed particles are employed as heterogeneous nucleation centers in
the shell synthesis step. The resulting particles are investigated by TEM- and
STEM-imaging, as well as EDX-analysis to determine the elemental distribution
within the particles.
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7. Results and discussion of Bao et al. 2007

7.4.1. TEM-imaging

50 nm

Fig. 7.13: TEM-image and size distribution of Bao2007red 5min after the gold precursor is
injected. The arrows point out high-contrast particles among the seed particles. The red curve is
the gaussian fit of the seed particles’ size distribution and their mean diameter is determined to
〈d〉 = 4.9 nm± 0.7 nm. The mean diameter of the high-contrast particles is determined by an
arithmetic mean to 〈d〉 = 5.1 nm± 1nm.

Representative TEM-images and size-distributions of all samples taken from
Bao2007red are displayed in Fig. 7.13 to 7.16. Instead of a core-shell type
particle only high- and low-contrast seed particles are found. The high-contrast
particles are not in contact with any seed particles, as is expected for a hetero-
geneous nucleation event and has been observed in the syntheses Bao2005red
and Bao2005dir. The gray hatched histograms represent the size-distribution
of the seed particles, while the blue framed represent the high-contrast particles.
The number of high-contrast particles in the images of the first three samples
is remarkably low and there are too few (N ≤ 100) particles to obtain a decent
size-distribution. A simple arithmetic mean and the standard deviation for a
discrete random variable are used for the evaluation instead.
No high-contrast particles are found in images of the sample taken after 45min,
therefore it is not considered for the evaluation of diameter changes during the
synthesis. The sample taken after 60min however, shows many high-contrast
particles and a size distribution is acquired, but the low-contrast particles are
hardly recognizable against the background and their mean diameter cannot
be determined. The gray hatched histograms represent the size distributions of
the low contrast seed particles, while the blue framed histogram represents the
size distributions for the high-contrast particles.
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7.4. Bimetallic cobalt-gold particles Bao2007

50 nm

Fig. 7.14: TEM-image and size distribution of Bao2007red 20min after the gold precursor is
injected. The arrows point out high-contrast particles among the seed particles. The red curve is
the gaussian fit of the seed particles’ size distribution and their mean diameter is determined to
〈d〉 = 5.6 nm± 0.9 nm. The mean diameter of the high-contrast particles is determined by an
arithmetic mean to 〈d〉 = 5.1 nm± 1 nm.

50 nm

Fig. 7.15: TEM-image and size distribution of Bao2007red 45min after the gold precursor
is injected. There are no high-contrast particles found in the sample. The red curve is the
gaussian fit of the seed particles’ size distribution and their mean diameter is determined to
〈d〉 = 5.3 nm± 0.75nm.
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7. Results and discussion of Bao et al. 2007

50 nm

Fig. 7.16: TEM-image and size distribution of Bao2007red 60min after the gold precursor is
injected. The arrows point out high-contrast particles among the seed particles. The mean
diameter of the high-contrast particles is determined to 〈d〉 = 5.2 nm ± 1nm. The red curve
represents the gaussian fits of the histograms. The outlines of the seed particles cannot be
distinguished against the background.
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Fig. 7.17: Development of the mean diameter during the shell synthesis step of Bao2007red for
the low-contrast seed particles (red curve) and high-contrast particles (blue curve). The error
bars represent the standard deviation of the mean diameter and the line connecting the points
only serves as a guide to the eye.
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7.4. Bimetallic cobalt-gold particles Bao2007

The mean diameter of the seed particles stays constant at approximately 5.5 nm
during the synthesis as long as it is monitored after an initial drop from 6.5 nm.
The same behavior can be observed for the high-contrast particle, which mean
diameter slightly varies around 5 nm. The development of the mean diameter
for both kinds of particles is depicted in Fig. 7.17.
TEM-images of all samples taken from Bao2007dir and size-distributions are
given in Fig. 7.18 to 7.21. High- and low contrast particle are observed in all
TEM-images. The high-contrast particles are not in contact with any seed
particles. The mean diameter of the high-contrast particles, which are pointed
out in the TEM-images by arrows, is determined by a simple arithmetic average,
because of the small number of countable particles. The seed particles start
out with a mean diameter of 5.3 nm, which varies between 5.1 nm and 5.5 nm
during the shell synthesis. The mean diameter of the high-contrast particles
varies between 5.8 nm and 6.7 nm. The number of sampled diameters is very
small (N < 50), explaining the large standard deviations. The development of
the mean diameters during the synthesis is shown in Fig. 7.22 with the standard
deviations noted in the error bars. The synthesis does not yield core-shell type
particles, either. The mean diameter of both high- and low-contrast particles
stays constant during the synthesis and varies only within the limits of the
standard deviation. The particles undergo no visible changes after the first
5min, it is therefore possible to reduce the duration of the syntheses. Both
syntheses are similar in results, but differ in the amount of seed particles used
during the shell synthesis step. The amount of seed particles used during
the shell synthesis step is higher in case of Bao2007red, which uses seeds
precipitated from 4mL particle suspension. In case of Bao2007dir cobalt seed
particles from 0.5mL are precipitated and used for the shell synthesis step.
The particle suspension volume yields approximately 10mg seed particles. The
concentration of cobalt seeds in the particle suspension is lower, because the
synthesis Bao2007dir is conducted with a larger initial solvent volume than the
synthesis Bao2007red. However, an influence of the seed particle concentration
on the syntheses can not be concluded from the data. The 1 nm difference in
diameter of the high-contrast particles between the syntheses Bao2007red and
Bao2007dir falls within the standard deviation. The syntheses are intended to
deposit gold at the surface of a preformed cobalt seed particle. The core-shell
structure has not been observed on any TEM-image. Possible gold depositions
on the seed particles are studied in elemental composition measurements in the
next section.
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7. Results and discussion of Bao et al. 2007

50 nm

Fig. 7.18: TEM-image of Bao2007dir 5min after the gold precursor is injected. The mean
diameter of the low contrast-particle is 〈d〉 = 5.1nm± 0.8 nm, while the arithmetically estimated
mean diameter of the high-contrast particles (see arrow) is 〈d〉 = 6.3 nm± 1.1 nm. The red curve
represents the gaussian fit of the histogram.

20 nm

Fig. 7.19: TEM-image of Bao2007dir 20min after the precursor injection. The sample looks
unchanged and the mean diameters of low- and high-contrast particles are 〈d〉 = 5.1 nm± 0.6nm
and 〈d〉 = 5.8nm±0.5 nm, repsecively. The red curve represents the gaussian fit of the histogram.

114



7.4. Bimetallic cobalt-gold particles Bao2007

50 nm

Fig. 7.20: TEM-image of Bao2007dir 45min after the gold precursor is injected. The mean
diameter of the low-contrast particles is 〈d〉 = 5.1nm± 0.8 nm and the high-contrast particles
have a mean diameter of 〈d〉 = 5.9nm± 1.5 nm. The red curve represents the gaussian fit of
the histogram.

50 nm

Fig. 7.21: TEM-image of Bao2007dir 60min after the gold precursor is injected. The mean
diameter of the low-contrast particles is 〈d〉 = 5.5 nm± 0.8 nm and the mean diameter of the
high-contrast particles is 〈d〉 = 6.7 nm± 1 nm. The red curve represents the gaussian fit of the
histogram.
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Fig. 7.22: Change in the mean diameter of the seed particles (red curve) and the high-contrast
particles (blue curve) during the shell synthesis step. The standard deviation is noted as error bar
for each value and the line connecting the points only serves as a guide to the eye.
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Fig. 7.23: BF- (left) and HAADF-image (right) of nanoparticles from Bao2007red, showing a
multilayered arrangement of seed particles with single incorporated high-contrast particles. The
frames show the locations of the EDX-analyses.
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7.4.2. STEM-imaging and EDX-analysis

STEM-images (BF and HAADF) of the sample taken at the end of the synthesis
Bao2007red are shown in Fig. 7.23. Isolated high-contrast particles are present
in a multilayered arrangement of low-contrast seed particles. Areas, in which
EDX-analyses are preformed are highlighted by blue frames and labeled. Only
seed particles are located at position #1 in the STEM-images and the respective
EDX-spectrum shown in Fig. 7.24 shows only peaks corresponding to cobalt,
besides environmental elements3. This shows, that gold is not deposited at the
seed particles, or at least not in detectable amounts. The second EDX-analysis
is of a high-contrast particle, which is surrounded by cobalt seed particles at
position #2 in Fig. 7.23. Small peaks for both gold and cobalt are found in
the EDX-spectrum shown in Fig. 7.25. Only a single high-contrast particle is
analyzed, explaining the weak signal of the gold peaks. The gold particle is
surrounded by several cobalt seeds. It is possible that the high-contrast particle
is of pristine gold, but this cannot be confirmed by EDX-measurements, because
cobalt seed particles are always present in the background and therefore show
up in the resulting EDX-spectrum.
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Fig. 7.24: EDX-analysis from position #1 in Fig. 7.23. Only low-contrast particles, presumably
from pure cobalt are located in the selection frame. The EDX-spectrum only shows peaks
corresponding to cobalt besides environmental elements, like carbon, oxygen, silicon, aluminum
and copper.

3These are carbon, oxygen, copper, silicon and aluminum from air residues, the nanoparticles’
surfactant coating, the TEM-grid and the aluminum chamber of the instrument.
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Fig. 7.25: An isolated high-contrast particle with several neighboring cobalt seeds is analyzed.
The spectrum shows peaks corresponding to gold, totally absent in the analysis of the first
selection frame. The cobalt seeds near by account for a weak cobalt signal, too. It is not
possible to decide, whether or not the high-contrast particle consists of pure gold, based on this
measurement.

STEM-images of the synthesis Bao2007dir are displayed in Fig. 7.26. An area
thickly covered with low-contrast particles can be seen, which incorporates
isolated high-contrast particles. The selection frames are shown in the STEM-
image and the inset (Fig. 7.26, right image) shows the areas after the EDX-
spectra are recorded. All nanoparticles in the area #1 melted away under the
influence of the incident electron beam, while the EDX-spectrum is recorded,
which has also been observed in Fig. 6.26. The spectrum, shown in Fig. 7.27
shows only peaks corresponding to cobalt or the environment. Gold is not
deposited on the seed particles. The EDX-spectrum recorded at position #2,
shown in Fig. 7.28, shows gold peaks, which are very weak and barely rise
above the background. The comparably strong cobalt signal can be explained
considering that the gold particle is incorporated in a cluster of cobalt seed
particles. The cobalt particles in area #2 melt during the measurement, while
the high-contrast particle stays intact during the measurement.
The seed particles of the syntheses Bao2007red and Bao2007dir are not altered
by the shell synthesis step and no measurable amounts of gold are found at
the seed particles. Heterogeneous nucleation has therefore not taken place.
Gold is only found at isolated high-contrast particles in case of both synthe-
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#1
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100 nm 100 nm200 nm

Fig. 7.26: BF- (left) and HAADF-image (right) of the sample Bao2007dir taken after the
synthesis has been concluded. Position of the performed EDX-analyses are noted by the selection
frames. It is not as easy as before to distinguish between high- and low-contrast particles. The
arrows point to identified high-contrast particles. After the measurement the seed particles melted
away, while the isolated high-contrast particle stayed intact, as can be seen in the inset.

ses Bao2007red and Bao2007dir. The results of the shell synthesis step of
Bao2007red and Bao2007dir are different compared to the bimetallic parti-
cles obtained through the syntheses Bao2005red and Bao2005dir. Instead of
interconnected gold and cobalt particles clearly indicating a heterogeneous
nucleation event, the syntheses Bao2007red and Bao2007dir produced indi-
vidual gold particles, which seem to have formed independently from the seed
particles. This suggests, that the gold particles nucleated homogeneously.
In this case, the results should be equal to those of the control experiment
Bao2007-gold (see section 7.3). The control experiment has yielded homoge-
neously nucleated, almost monodisperse, gold particles with a mean diameter of
〈d〉 = 10.7 nm±1.15 nm, but the isolated gold particles found in both syntheses
have only diameters around 6 nm. The difference in mean diameter exceeds the
standard deviation, which cannot be explained by experimental fluctuations.
Hence, the seed particles must have an influence on the gold particle formation
during the syntheses.
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Fig. 7.27: EDX-spectrum of sample Bao2007dir taken at position #1 in Fig. 7.26. Only cobalt
is found besides environmental elements.
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Fig. 7.28: EDX-spectrum of sample Bao2007dir taken at position #2 in Fig. 7.26. Besides
environmental elements both cobalt and gold are found. The peaks corresponding to gold are very
weak, because only a single particle has been analyzed, while several cobalt seeds are scanned
(compare with inset of the STEM-image).
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7.5. Conclusion

The nanoparticles synthesized in a reproduction of the synthesis route reported
by Bao et al. [32] are not core-shell type particles. The cobalt nanoparticles
produced by the syntheses Bao2007red and Bao2007dir do not serve as hetero-
geneous nucleation centers. The second reaction step conducted to cover the
pre-formed cobalt seed particles with a gold shell produced only isolated gold
particles. This result is achieved for both syntheses and therefore independent
on the amount of used seed particles. The elemental distribution in the sample
is determined by EDX-analyses. EDX-spectra recorded at areas where only
cobalt seed particles are present show that gold is not deposited at the seed
particles. Only EDX-spectra recorded at areas where high-contrast particles
are present show peaks corresponding to gold. These results also differ from
bimetallic nanoparticles reported in Bao et al. [32] in 2007. Both synthesis
approaches, Bao2007red and Bao2007dir, conducted with different amounts of
solvent produce cobalt seed particles with mean diameters of 6.5 nm and 5.3 nm,
respectively, which corresponds to the sizes given in the report. Oleic acid,
which is used as a surfactant during the syntheses is present on the nanoparti-
cles’ surface, as it dominates the interparticle distance. The role of the second
surfactant, trioctylamine, in the synthesis is not yet determined, however it
is unlikely that the amine is present on the particles’ surface, because of the
weaker binding affinity of the amine group compared to the carboxyl-group of
oleic acid [21]. The cobalt nanoparticles behave superparamagnetically at room
temperature and the shape of their magnetization curves is mostly determined
by the particles’ sizes. The nanoparticles crystallized during the syntheses in
an fcc configuration and have not nucleated in the ε-cobalt phase, as is reported
by the original publication by Bao et al. [32]. The reactants of the cobalt
seed particle synthesis do not influence the crystal structure, as an alternative
crystal configuration has been achieved with the same synthesis recipe.
Because core-shell type particles have not been obtained by any of the syntheses,
literature is researched for successful reproductions of the recipe by Bao et al.
[32]. The original article Bao et al. [32] 2007 is cited 63 times and the majority
of these articles refers to it as an example for hybrid-structures in nanoparticles,
the method of thermal decomposition for nanoparticle synthesis and mention the
benefits of core-shell particles for bio-medical applications and their enhanced
magnetic and optical properties [105, 117, 122, 129, 132, 134–152, 152–164]. All
publications concerned with the production of cobalt-gold core-shell particles
report syntheses, which are not similar to the article by Bao et al. [32]. Lu
et al. [165] reports the production of large (100 nm) cobalt-gold core-shell
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nanoparticles by a replacement reaction and analyzed the element distribution
within the particles with convincing results. Peréz et al. [166] followed a
completely different approach and prepared cobalt-core gold-shell nanoparticles
by sputtering a target of cobalt and gold in a Nanocluster Deposition Source
(Oxford Applied Research, Model NC200U-B) and rapidly cooling the formed
clusters. TEM-images do not display a core-shell structure, but it is established
by STEM-imaging and EDX-analysis. Song et. al. reported the synthesis [167]
and investigated the particles [168] for fine-structure transitions in the core-
region. TEM-images show particles with a mean diameter of 5 nm and a visible
core-shell structure. The gold shells are depicted with less contrast than the
cores in the TEM-images, which are blurry and details are barely visible. These
results leave doubt, that core-shell type particles have actually been produced,
because a shell around a cobalt particle with less contrast seen in a TEM-image
is usually caused by an oxide shell. Gold, as has been thoroughly shown during
TEM- and STEM-imaging in this thesis, causes high-contrast features and
therefore does not cause this shell. Calderon et al. [169] further investigated
particles4 produced in the synthesis reported by Bao et al. [32] in 2007 using
a combination of STEM-imaging and EDX-analysis in an element mapping.
STEM- and HRTEM-images show multi-grain particles with a contrast-rich,
multi grained shell, similar to the results in [32]. Fig. 7.29 shows an overview
STEM-HAADF-image (taken from [169]), where two regions of interest are
selected. The STEM-image and elemental maps of the left selected area are
enlarged and shown in Fig. 7.29, too. The signals from the Au-L and Au-M
maps recreate the STEM image. The elemental map of cobalt is expected
to show the same features as the STEM-image, because the core-material is
located within the gold-shell (see section 3.4 for comparison). Unfortunately the
cobalt map does not resemble any structures from the STEM-image. A possible
explanation can be the presence of residual cobalt-compounds formed during
the synthesis in the background, which can cover up any distinct patterns.
Possibly, the Co-K elemental map is recorded from the second selected area
shown in the overview STEM-image, because features in both images show a
slight resemblance. The core-shell structure is neither proven by the elemental
mapping nor visible in the corresponding STEM-image.
Considering these publications there are no reports of a successful reproduction
of the recipe published by Bao et al. [32], other than follow up investigations
by the same group [169]. Furthermore, the core-shell structure is not clearly
resolved in Z-contrast-images shown in Bao et al. [32] 2007 (see Fig. 4.3, (d)).

4H. Calderon is co-author of Bao et al. [32] and it can be assumed that the same particles
are used for these analyses.
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7.5. Conclusion

Fig. 7.29: EDX-mapping of cobalt-gold nanoparticle synthesized after Bao et al. [32]. Reprinted
with permission from [169], Copyright ©2011, Cambridge University Press.

A definite production of cobalt gold core-shell type particles can neither be
found in literature nor in the reproduced syntheses.
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8. Summary

This thesis is concerned with the reproduction of two nanoparticle synthesis
routes reported to yield cobalt-gold core-shell type nanoparticles. The goal
of investigating these syntheses is to find out whether they can be used to
produce core-shell type particles or to identify problems preventing a successful
synthesis. The investigated syntheses are both conducted in a two step process
first producing cobalt seed particles, which are afterwards used as heterogeneous
nucleation centers in the second step used to synthesize the gold shell. Key
parameters of all syntheses are summarized in Tab. 8.1.
The results of the syntheses Bao2005red and Bao2005dir based on Bao et al.
[31] 2005 show, that the cobalt seed particles serve as heterogeneous nucleation
centers. However, core-shell type particles have not been produced, because
the gold is deposited only on limited areas on the seed particles. The gold is
located in isolated nanoparticles attached to the surface and does not form a
closed shell. The elemental distribution in the different nanoparticles has been
determined by EDX-analyses. How many gold particles are attached to one
seed particle is dependent on the seed concentration during the shell synthesis
step. The seed particles used in the synthesis Bao2005red are interconnected
with single gold particles. In contrast, the fewer seed particles used during the
synthesis Bao2005dir are heavily covered and additional gold particles have
been found, which are not in contact with any seed particles. The isolated
gold particles are formed through a homogeneous nucleation event, which
is happening simultaneously to the heterogeneous nucleation. The reaction
mixture used for the shell synthesis step is able to homogeneously nucleate
gold particles, as has been shown by the control experiment Bao2005-gold.
This indicates, that the heterogeneous nucleation sites are saturated and only
slowly reduce the gold monomer concentration. The remaining oversaturation
in the solution still exceeds the homogeneous nucleation limit and nucleates
the isolated gold particles. Hence, adding more monomers to the solution will
result in the nucleation of more isolated gold particles and will not complete the
shell growth. The reason for this behavior is found considering the interfacial
energies between the participating materials. A low energy interface between
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the core and the shell material is required to successfully form a core-shell type
particle. The interface between the fcc-cobalt seed and the deposited fcc-gold
particles is characterized as semi-coherent with a mismatch of 15%, therefore
interfaces of lowest energy cannot be formed. The interfacial energies only
allow the formation of deposits with contact angles θ > 0°, which decreases
the interfacial energy γ2,` and makes the gold deposition possible. If ε-cobalt
is considered, which is reported by Bao et al. [31] 2005 to compose the cobalt
seed particles, it has been determined, that core-shell type particles between
ε-cobalt and fcc-gold cannot be formed, either. The mismatch between both
phases is 50% and only incoherent interfaces can be formed, which have even
higher interfacial energies than semi-coherent interfaces.
The syntheses Bao2007red and Bao2007dir based on Bao et al. [32] 2007
show different results, however a heterogeneous nucleation event has not been
observed, either. Gold has not been detected at the seed particles during EDX-
analyses. It is only found at isolated high-contrast particles, which are not in
contact with any seeds, which at first indicates a homogeneous nucleation event.
However, the mean diameter of these gold particles greatly differs from the
mean diameter of particles produced by the control experiment Bao2007-gold.
Therefore it is certain, that the seed particles influence the formation of the gold
particles, but how they affect the gold particle synthesis cannot be determined
from the data.
Core-shell type particles have not been produced from any synthesis approach
discussed in this thesis. The semi-compatible crystal structures of fcc-cobalt and
fcc-gold are found to prevent the formation of large interface areas, as needed
for the successful production of core-shell type particles. ε-cobalt and fcc-gold
only form incoherent interfaces, which likewise indicates that the formation of
core-shell type particles is unlikely. The particle analyses of both published
syntheses do not show the assumed core-shell nature of the nanoparticles, either.
These results and the lack of literature reports on successful reproductions of
any of the syntheses suggest, that the syntheses routes are at least unstable
and cannot be used to produce core-shell type particles.
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9. Outlook
Although several problems preventing the synthesis of core-shell type particles
for cobalt and gold have been identified, there are further topics, which could
not be addressed in the course of this thesis. First of all, it is not determined yet,
what defines the crystal structure of a cobalt nanoparticle. This thesis shows,
that the used reactants do not determine the seed particles crystal structure.
Hence, identifying the environmental factors influencing the synthesis may lead
to stable synthesis routes for different modifications of cobalt. Furthermore,
the amines used as a second surfactant besides oleic acid in the seed particle
synthesis have a decisive influence on the particles’ size. The difference between
the amines is, that TOA with its third alkyl chain is much bulkier than DOA,
which only has two non-polar tails. TOA possibly limits the monomer mobility
in the solution, which would favor the formation of smaller nanoparticles. If
the physical structure of the amine has an influence on the monomer mobility,
than this can be tested, for example, by repeating the cobalt seed particle
synthesis with octylamine instead of TOA or DOA. Octylamine has only a
single alkyl chain and is therefore more compact than TOA or DOA. The
resulting cobalt seed particles are expected to have a larger mean diameter,
than the cobalt particles produced with DOA during the syntheses Bao2005red
and Bao2005dir.
Binding affinities of different surfactants have not been systematically inves-
tigated, yet. Superseding experiments1, investigating which surfactant can
replace another with lower binding affinity, can be used to classify how strong
different surfactants are attached to the surface of cobalt nanoparticles.
Considerations regarding the gold cobalt interfaces completely neglect surfactant
and solvent effects, but surfactants and solvents can change the interfacial or
surface energy of a surface they are attached to. This way, it may be possible
to change the interfacial energies of participating crystal materials by using
different solvents and surfactants for the synthesis step producing the cobalt
seed particles and during the shell synthesis step, which probably allows the
gold deposits to cover more of the seed particles.
1This was already done by Vogel [21] for TOPO with several stronger surfactants.
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A. Appendix

A.1. Standardprocedures

A.1.1. Preparation of laboratory glass ware

All laboratory glassware used during the syntheses is prepared before to ensure
a water-free environment. All used reaction flasks are connected to the Schlenk
line and evacuated. Afterwards they are heated with a heat gun evaporating
residual water, which is removed by the Schlenk line. When all residues are
gone the containers are filled with inert gas, in this case argon. They are only
open when connected to argon flow or inside a glove box, filled with inert gas.

A.1.2. Precipitation of nanoparticles

The nanoparticle suspensions need cleaning from reaction residues to be used
for electron microscopy samples. Therefore the reaction solution is mixed
with the double amount of dried acetonitrile. It is a non-solvent and disables
steric stabilization through surfactant molecules. The nanoparticle suspension
becomes unstable and the particles precipitate, especially after centrifugation.
The supernatant containing the reaction residues is removed and the particle
pellet is redispersed in the original volume of fresh solvent. This is repeated
three times.
It is possible that particles hardly precipitate. In this case the amount of added
acetonitrile needs to be increased. The maximum dimension of containers
fitting in the centrifuge usually limits the added amounts. It is also possible to
dilute the particle suspension with extra solvent before acetonitrile is added, if
the particles cannot be precipitated otherwise.
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A.2. Siegbahn- and IUPAC-notations of X-ray photons

A.2. Siegbahn- and IUPAC-notations of X-ray
photons

IUPAC-notation Siegbahn-notation

K-L3 Kα1

K-L2 Kα2

K-M3 Kβ1

K-M2 Kβ3

L3-M5 Lα1

L3-M4 Lα2

M5-N7 Mα1

M5-N6 Mα2

Tab. 1.1: List of selected transitions between two electron states noted in Siegbahn- and IUPAC-
notation [170]. In case two transitions in one element occurre at approximately the same energy
the notations are reduced. For example the transitions K-L2 and K-L3 are noted as K-L2,3
following the IUPAC recommendation and as Kα following the Siegbahn-notation.

A.3. Additional measurement techniques

A.3.1. ZFC-measurements

ZFC-measurements to determine the blocking temperature of a nanoparticle
sample were conducted by Bao et al. [32] 2007 and therefore a short introduction
to the measurement technique is given, but this method is not used to investigate
the nanoparticles synthesized for this thesis.
A nanoparticle sample is cooled down to 5K and an external magnetic field is
applied during unfreezing of the sample and its magnetic moment is recorded
against its temperature. The magnetic moment shows a maximum value at the
blocking temperature. The width of the peak is dependent on the width of the
size-distribution. A narrow blocking peak indicates, that all particles switch
from ferromagnetic to superparamagnetic behavior at the same temperature,
which means, according to (eq. 2.28), that all particles have the same volume
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A. Appendix

and therefore the same diameter. Further details on ZFC-measurements are
found for example in the thesis of Ennen [16].

A.3.2. UV-VIS spectroscopy

This technique has not been used during the nanoparticle characterization in
this work. However it has been employed by several groups and was used to
confirm the core-shell structure by Bao et al. [32]. Therefore a short introduction
is given.

I0 I1

mono-
chromator

detector

sample

L

Fig. 1.1: Schematic of a UV-VIS spectrometer setup.

A monochromator selects single wavelengths from a light source emitting in
the range between 200 nm and 1100 nm. The light is passed through a sample
with thickness l1. The intensity I1 measured behind the sample is compared
to the initial intensity I0. First a background spectrum from pure solvent is
recorded, which is afterwards subtracted from the sample’s spectrum. This
ensures, that absorption effects from the solvent do not influence the results.
The Lambert-Beer-law

Aλ = log10

(
I0

I1

)
= ελ · c · l (eq. 1.1)

1The sample thickness is usually also denoted as d. Since this letter is used for the
nanoparticle diameter, l was chosen for the sample thickness in this case.
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A.3. Additional measurement techniques

gives an expression for absorbance at a certain wavelength Aλ depending on the
sample thickness l, the concentration c of the absorbing species and extinction
coefficient ελ, which is a material constant. It is used for evaluation of UV-VIS
spectroscopy measurements.
The method employed by Bao et al. [32] to confirm the formation of a closed
gold shell is based on the work of Oldenburg et al. [93]. The group found,
that the plasmon frequency of a metallic shell covering a dielectric core shifts
through the spectrum, depending on the thickness ratios between core radius
and shell thickness. This effect is based on the general Mie scattering theory
for a particle consisting of concentric shells and the special solution for a
particle with dielectric core and metallic shell predicts a particle with a variable
optical resonance [171]. This was realized with 120 nm silica beads, which
were gradually covered by growing gold clusters, which eventually resulted in
a closed gold shell. The resonance peak in the spectrum shifted from initial
550 nm to over 800 nm during cluster growth and underwent a blue-shift back
to 700 nm, once the shell was completed and only its thickness increased. The
peak-shift is even more pronounced if bigger silica beads are used.
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