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1.1 Metal nanoparticles: small is different

In this thesis we discuss the thermal, catalytic and optical properties of tiny metal na-
noparticles. These nanoparticles typically have dimensions of 1 - 100 nanometres (nm).
For comparison, a nanometer is approximately 100 000 times smaller than the width of
a human hair (∼100 µm). Nanoparticles are exciting to work with as their properties
deviate from those of their bulk counterparts [1]. Gold is a nice example of a metal where
the bulk properties are greatly altered at the nanoscale [2]. Bulk gold is a noble metal,
which means that it does not have the tendency to react with molecules in its surround-
ings, e.g. oxygen molecules from the air. Its non-reactive nature makes gold a desirable
material in the fabrication of jewellery for which a long-term chemical stability is required.
However, because of its chemical inertness, gold was incorrectly assumed to be unsuitable
for catalysis. Herein, a catalyst is a compound that can accelerate a chemical reaction
by lowering the activation energy of the reaction without being consumed itself. In 1989
Haruta was one of the first to show that gold can catalyse chemical reactions, when using
sufficiently small particles [3]. Gold nanoparticles with a diameter below 10 nm dispersed
on a metal oxide support, showed remarkably high catalytic activities in the oxidation of
hydrogen and CO, even at temperatures as low as -70 °C. This finding formed the starting
point for many gold-based catalysis studies. Nowadays, the number of publications on
gold catalysis is approaching 2000 papers per year, showing the great interests in- and
potential of gold nanoparticles in catalysis.

Not only the catalytic properties of metal particles change when working at the
nanoscale, also other physiochemical properties start to deviate significantly from bulk
behavior. For instance the rather high melting point of bulk gold (1064 °C) shifts to
temperatures below 300 °C as the particle size is decreased to a few nanometers [4, 5].
Such deviations in physiochemical properties arise due to size-dependent effects. Herein,
roughly two classes of size-dependent effects can be distinguished: surface- and quantum
size related effects [1]. Surface effects arise due to an increased number of surface atoms
which are less stable than bulk atoms due to a lower number of neighbouring atoms and
therefore more reactive. Surface effects typically scale with the surface to volume ratio of
the nanoparticles. Quantum size effects are related to changes in the electronic structure
of the metal nanoparticles as a function of their size. For example, the optical properties
of semiconductor nanoparticles vary as a function of the particle size due to quantum size
effects [6].

Apart from the particle size, there are several other parameters influencing the phys-
iochemical properties of metal nanoparticles. Also the shape and exact composition of
the particles are crucial. For example, the colour of gold nanoparticles strongly depends
on the particle shape. In Figure 1.1 dispersions of single-crystalline gold nanorods with
different aspect ratios (length/diameter) in ethanol are shown. As the gold nanorods
become more elongated the colour of the dispersion changes from purple, blue, green to
brown. Understanding and designing the physiochemical properties of nanoparticles be-
comes more complicated when introducing a second metal. In the resulting bimetallic
nanoparticles, not only the overall metal composition, but also the distribution of the
metals within the nanoparticles becomes crucial (e.g. core-shell versus alloyed) as we will
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Figure 1.1: The colour of gold nanoparticles is shape dependent. Electron microscopy
images of (silica coated) gold nanorods with aspect ratio (length/diameter) 1.7 (purple), 2.2
(blue), 2.7 (green) and 4.5 (brown), and digital photograph of the corresponding coloured dis-
persions.

see in Chapter 4 and 6, where we discuss the optical and catalytic properties of differently
structured bimetallic nanoparticles.

When nanoparticles are dispersed in a liquid, like the gold nanorods in ethanol, we can
also refer to the particles as "colloids". A colloid is a particle with dimensions between 1 nm
and 1 µm [7]. Particles in this size range are on one hand much larger than the molecules
of the medium that they are suspended in. On the other hand, they are small enough to
experience Brownian motion and not directly sediment to the bottom due to gravity, such
as sand grains in water. Brownian motion is a phenomenon named after Robert Brown
and refers to the diffusive motion of a colloid caused by the collisions of the surrounding
solvent molecules with the colloid [8–10]. The resulting diffusive motion, or "random-
walk", of the colloids makes that particles can homogeneously distribute themselves in
a medium without any external assistance. However, if there are attractions between
the colloidal particles they can start to stick together and aggregate, which makes that
the colloidal suspension becomes unstable. To prevent aggregation, colloidal particles are
typically stabilized with ligands, e.g. large polymer molecules adsorbed on the colloid
surface, or via surface charges.

Colloidal particles are of interest to both industry and fundamental science. In food
industry and in cosmetics colloidal systems are present in many products such as may-
onnaise, milk, toothpaste, creams and paint. As colloidal particles experience Brownian
motion, they are also suitable model systems to study the phase behavior of atoms and
molecules. With phase behavior we mean the different phase transitions that can occur
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such as melting, freezing, nucleation, crystallization etc. Since colloidal particles are much
larger than molecules and atoms, and diffuse much slower, it is easier to study these phase
transitions with microscopy techniques. The organization of colloidal particles into larger
structures is called self-assembly and can be used to build functional materials with new
optical, catalytic or magnetic properties [11], as we will see in Chapter 8.

Our continuously advancing ability to control the particle size, shape and metal com-
position of nanoparticles and their assemblies has enabled a wide variety of applications
in the fields of biology, health care, physics and chemistry. In this introductory chapter
we will restrict ourselves to gold based nanoparticles. First, we will discuss wet chemistry
based colloid synthesis as a suitable route to well-defined gold based particles of which
the size, shape and composition can be tuned precisely. Next, we will discus the opti-
cal properties of gold based nanoparticles and explain how the plasmonic properties of
these particles can be used in Raman spectroscopy. Thereafter, the catalytic properties
of gold based mono- and bimetallic particles will be discussed. Finally, we will finish the
introduction with an outline of the work and the corresponding chapters described in this
thesis.

1.2 Synthesis of colloidal gold nanoparticles
In this thesis we will make use of wet chemistry based colloid synthesis methods to make
gold nanorods with a controllable shape and size, and a well-defined crystal structure. In
wet colloid synthesis, metal nanoparticles are grown in solution. Generally, the growth
mixture contains metal ions and ligands, which are for instance organic molecules. By
adding a reducing agent the metal ions are reduced to the metallic state and small metal
particles are formed. During this process the ligands form a protective layer around
the metal particles and prevent the particles from clustering together. Apart from their
stabilizing function, ligands can also act as shape directing agents and induce specific
particle shapes. When the ligands bind more strongly to a specific surface facet of the
metal nanoparticles, additional metal growth will predominately occur at the less shielded,
more accessible facets. This can lead to the formation of non-spherical particles such as
cubes [12], rods [13] or triangles [14]. Many colloid syntheses rely on a seeded growth ap-
proach. In this, the nucleation of small metal nanoparticles, called seeds, and subsequent
growth of these seeds to larger particles are separated in two processes. By separating the
nucleation and growth stage more monodisperse metal nanoparticles can be formed [15].

Synthesis of gold nanorods
Nowadays, monodisperse gold nanorods of the same size and shape can be synthesized, and
the rod length and diameter can controllably be tuned between ∼40-120 nm and ∼10-40
nm. Although there are many reports of robust synthesis protocols for gold nanorods, only
limited methods have been reported for the synthesis of nanorods composed of different
metals [16, 17]. A reason for the specific interest in gold nanorods, compared to e.g.
Ag and Pd nanorods, is possibly the good chemical stability of the gold combined with
excellent plasmonic properties.
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The synthesis of gold nanorods is relativity new and originates from the first report
by Jana et al. in 2001 [18]. In this protocol, a seed mediated growth method was
employed in which citrate capped gold seeds were grown, which were then added to an
aqueous growth solution containing cetyltrimethylammonium bromide (CTAB) molecules
as ligands. The CTAB molecules bind more strongly to the specific surface facets, in this
case the {100} and {110} facets, leading to symmetry breaking and the formation of rods
instead of spheres. The resulting rods had face centred cubic crystals (FCC) and were
pentatwinned, meaning that they have a five-fold symmetry along the long axis of the rod
(Figure 1.2a).

Two years later, the first report appeared in which CTAB capped instead of citrate
capped seeds were used [20]. Important advantages of using CTAB capped seeds are that
single-crystalline [21] (FCC) instead of pentatwinned rods are formed and that a higher
yield of rods can be obtained. The difference in crystal structure of the nanorods is caused
by a difference in crystallinity of the gold seeds. CTAB capped seeds are single-crystalline,
whereas citrate capped seeds often have a pentatwinned structure [19, 21]. In 2017, the
group of Liz-Marzán demonstrated that the quality of the seeds determines the quality
of the final gold nanorods [19]. The conventional citrate method typically leads to a
relatively large shape polydispersity, but this can be significantly improved by improving
the quality of the Au-seeds via thermal treatment.

In Figure 1.2a and b examples of rods synthesized with citrate and CTAB capped
seeds are shown, respectively. Note that the contrast of the pentatwinned and single-
crystalline rods is not the same in the transmission electron microscopy (TEM) images.
The single-crystalline rods have an inhomogeneous contrast within one rod and some rods

Pentatwinned nanorods

side view

top view

100 nm

Single crystalline nanorods

side view

top view

100 nm

Citrate capped seeds

CTAB capped seeds

a

b

Figure 1.2: Schematic representation of the two main routes to synthesize gold
nanorods. a) Citrate capped gold seeds lead to the formation of pentatwinned nanorods. The
TEM image was taken from ref [19]. b) CTAB capped gold seeds lead to the formation of
single-crystalline rods. Both types of nanorods have an FCC crystal structure.
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appear more dark than others. This is due to the diffraction of the electron beam by the
nanorods and is called diffraction contrast. When the crystal planes of the nanorod are in
the correct orientation to diffract the electron beam, the number of transmitted electrons
going to the detector is diminished and the rods will appear dark. If the rod is not
diffracting the electron beam, the contrast in the TEM image is only based absorption
of the electrons, resulting in more bright nanorods. Thus, the contrast of the single-
crystalline rods depends on the orientation of the rods with respect to the electron beam.
Contrarily, the contrast of the pentatwinned nanorods is not sensitive to the orientation
of the rods due to the polycrystalline structure of the nanorods.

In 2013 a significant improvement of the CTAB-seeded nanorod synthesis was made
by the Murray group, who synthesized very monodisperse nanorods (polydispersity below
10%) with almost no shape impurities by making use of a growth solution containing
a binary surfactant mixture consisting of CTAB and sodium oleate. [13] This method
enabled the synthesis of gold nanorods with aspect ratios from about 2 to 8 and particle
volumes between 1 × 104 nm3 and ∼2 × 105 nm3. The good reproducibility and large
control over the nanorod size formed the main reasons for using the method of Murray et
al. for synthesizing the gold nanorods described in this thesis.

It is important to mention that in the CTAB seeded syntheses silver nitride is added
to the growth mixture. The presence of silver ions is crucial in forming rod shaped
particles, where higher silver to gold precursor ratios typically lead to higher aspect ratio
rods [13, 22, 23]. Why and how silver plays a role in the synthesis is still a matter of
debate. The silver content in CTAB-capped gold nanorods is between 1-4 atm% and
increases with the aspect ratio and surface-to-volume ratio of the nanorods [23]. 3D
electron microscopy measurements revealed that the silver is probably located at the
particle surface [24]. There are two main mechanisms that would coincide with these
findings and explain the role of the silver in the rod growth. The first mechanism is based
on the underpotential deposition of Ag at the high index surface facets of the nanorods,
leading to the stabilization of more open surface facets along the sides of the rods [25].
Alternatively, the silver ions were reported to form a complex with CTAB molecules
which preferentially attach to the facets at the long sides of the rods. The existence of
CTA-AgBr complexes has been verified with nuclear magnetic resonance measurements
(NMR) [26].

It is good to realize that the gold nanorods have an out-of-equilibrium shape, meaning
that they have a shape which is not the thermodynamically most favourable one for a given
particle volume. The equilibrium shape for bulk crystals is given by the Wulff theorem,
which states that the equilibrium structure is the crystal with minimal surface Gibbs free
energy [27]. For FCC crystals the Wulff equilibrium shape is a truncated octahedron with
{100} and {111} facets [28]. At the nanoscale the equilibrium shape will deviate from the
Wulff structure and start to depend on the size of the nanocrystal [29, 30]. In any case,
a rod-like particle shape is not the equilibrium structure as a rod has a higher fraction
of surface atoms compared to a sphere of the same volume. Nanorods therefore have the
tendency to deform to a more spherical shape when they are heated. Such deformations
can already occur at temperatures as low as 200 °C, as we will see in Chapter 2.
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1.3 Optical properties of gold nanoparticles
The dispersions in Figure 1 show that colloidal gold particles can give beautiful colours.
Unknowingly, the Romans already used gold nanoparticles to make coloured glass, an
art which was rediscovered in the 16th century during the Renaissance. In particular,
colloidal Au, Ag and Cu nanoparticles and their alloys dispersed in glass are suitable
metals in making glass with intense colours. Red coloured Gold Ruby glass is a well-
known example of this. Although metal particles were being applied as colourants, the
origin of the strong interaction between the metal and visible light was not known. In 1857
Faraday ascribed the colour to a "finely divided metallic state" [31]. About 50 years later,
Mie was the first to quantitatively describe the interaction between light and spherical
metal nanoparticles [32].

Herein, the colour of metal nanoparticles originates from the interaction between the
electromagnetic waves of the incident light and the free electrons in the metal particle.
Light induces collective oscillations of these free electrons, called plasmons. Bulk- and
surface plasmons exist in bulk metals and at the interface between a metal and dielectric,
respectively. For metal nanoparticles, the particle size is often smaller than the wavelength
of the light that excites a surface plasmon, which gives rise to so-called localized surface
plasmon resoncances (LSPR). For Au, Ag, Cu the LSPR lies in the visible range of the
electromangetic spectrum resulting in visible colours [33].

When the particle size is smaller than the wavelength of the incident light, the extinc-
tion cross section (Cext) of a spherical particle can be described by the following relation:

Cext = 24π2r3ε3/2
m

λinc

εi

(εr + 2εm)2 + ε2
i

(1.1)

where r is the radius of the particle, εm is the dielectric constant of the surrounding
medium, εi and εr the imaginary and real part of the particle’s dielectric constant and λinc

the wavelength of the incident light. From this relationship it follows that the particle
size, the dielectric constant of the metal nanoparticles and the dielectric constant of the
surrounding medium determine the extinction cross section as a function of λinc, and
thus the position and intensity of the LSPR peak. The LSPR position of monometallic,
spherical particles can relatively easily be calculated since the dielectric constants of bulk
metals are well known [34, 35] and also hold for nanoparticles. Only for particle sizes
below ∼10 nm the bulk dielectric constants can no longer be used [36].

Predicting the optical response of plasmonic nanoparticles becomes more complicated
when considering anisotropic nanoparticles. Nowadays, many different particle shapes
can be synthesized. Here, we will restrict ourselves to rod shaped particles since nanorods
are the main focus of this thesis. Due to their anisotropy, gold nanorods have two LSPR
modes: one along the long axis of the nanorods and one along the width of the rods. This
results in a longitudinal and transverse LSPR, respectively (Figure 1.3a). A theoretical
description of the plasmonic properties of rod-like particles was first reported by Gans
in 1915 [37]. He extended the Mie theory to ellipsoidal particles, where the particle’s
anisotropy is taken into account via shape factors Lx,y,z with the x-axis running along the
longest dimension of the ellipsoid. The extinction cross-section of such particles can be
calculated as follows:
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Figure 1.3: Gold nanorods have a transverse and longitudinal plasmon resonance
mode (a). The longitudinal plamon peak can be tuned via the aspect ratio of the nanorods. b)
The purple, blue, green, golden and brown lines show the extinction spectra of gold nanorods
with aspect ratio (length/diameter) 1.7, 2.2, 2.7, 4.5 and 6.0 in ethanol, respectively.

Cext = 2πV ε3/2
m

3λinc

∑
J

(1/L2
J)εi

(εr + [(1− LJ)/LJ ]εm)2 + ε2
i

(1.2)

where V is the particle volume and the shape factors LJ with J = x, y, z can be
derived from equation 1.3 and 1.4:

Lx = 1− e2

e2

( 1
2eln

(1 + e

1− e

)
− 1

)
(1.3)

Ly = Lz = 1− Lx

2 (1.4)

Lx,y,z depend on the aspect ratio (AR) of the rod via e =
√

1− AR2. Ly and Lz are
equal, since nanorods are rotationally symmetric along the long the x axis. From these
equations it follows that especially the longitudinal LSPR mode, which depends on Lx is
sensitive to the aspect ratio of the rods. This is in accordance with experiments where
the longitudinal LSPR can indeed easily be tuned via the aspect ratio from the visible
into the infrared. To demonstrate this we show the extinction spectra of the nanorod
dispersions from Figure 1.1 in Figure 1.3b.

The exact plasmonic response of non-ellipsoidal rods and more complex nanoparticle
shapes can only be computed numerically. Since the computation of plasmonic properties
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is not the focus of this thesis, we refer to a review by Myroshnychenko et al., which gives
a good overview of the different numerical methods to compute the plasmonic properties
of variously shaped nanoparticles [38].

Surface enhanced Raman spectroscopy
In Chapter 8 of this thesis we describe how one can make use of the plasmonic properties
of gold nanorods in Raman spectroscopy. This spectroscopic technique is named after its
inventor Raman. In 1928 Raman and Krishnan were the first to report Raman scattering,
which is the inelastic scattering of light by molecules [39]. We schematically explain
Raman spectroscopy in Figure 1.4. When irradiating a molecule with laser light most
of the light is scattered elastically, which is called Rayleigh scattering. A small fraction
of the light is scattered inelastically, meaning that the scattered light has an different
energy compared to the incident light. When the scattered light has an energy smaller
than the incident light, it is called Stokes Raman Scattering. Alternatively, in the case
of Anti-Stokes Raman scattering, the scattered laser light has an energy higher than the
incident laser light. In most Raman spectroscopy measurements only Stokes scattering is
considered, since Anti-Stokes scattering would require the molecules to be in an excited
vibrational state. At room temperature most molecules are in the ground state and
Anti-Stokes scattering is thus less likely to occur.

The intensity of the Raman signal depends on the type of molecule that is being
probed. Herein, the Raman signal scales with the polarizability of a molecule. The
ease with which a molecule is polarized depends on the response of its electron cloud
to an electric field. Easily polarizable molecules, e.g. with conjugated π-systems such
as benzene, are generally strong Raman scatterers while small inorganic molecules with
single bonds tend to be weak Raman scatterers. Typical Raman probe molecules therefore
contain one or more benzene rings. A nice overview of suitable Raman probe molecules
is given in ref. [40].

Probe molecule Scattering Raman spectrum

e.g. crystal violet
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Figure 1.4: Schematic representation of Raman spectroscopy: a probe molecule is
irradiated with laser light, which is scattered elastically (Rayleigh scattering) or inelastically
(Anti- and Stokes Raman scattering). The inelastic scattering is used to obtain a Raman
spectrum.
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The Raman signal of most molecules is generally very weak (about 1 out of 104 scat-
tered photons is Raman active) [41], but can significantly be enhanced when a molecule
is brought to a metal surface. In the 1970s anomalously high (∼105-106 × enhanced)
Raman signals were reported for molecules close to rough silver surfaces [42–44]. This
finding formed the starting point of a technique which we now know as Surface Enhanced
Raman spectroscopy (SERS). When a metal particle is irradiated with light, ideally of a
wavelength close to the plasmon resonance frequency of the particle, strong local electro-
magnetic fields are induced at the particle surface. This local electromagnetic field leads
to an enhancement in the intensity of the Raman scattering of molecules close to the
metal surface. In turn, the Raman scattered light excites the localized surface plasmon
and generates an enhanced field at the Raman Stokes frequency. The total field enhance-
ment GSERS is given in equation 1.5 and is proportional to the square of the product of
the local field Eloc(ωexc) at the incident frequency ωexc and the local field Eloc(ωRS) at the
scattered Raman Stokes frequency ωRS [45–47]:

GSERS ∝ |Eloc(ωexc)Eloc(ωRS)|2 (1.5)

Equation 1.5 is often approximated with GSERS ∝ |Eloc(ωexc)|4, when assuming that
Eloc(ωexc) and Eloc(ωRS) are the same. Thus, the Raman signal scales with about the
fourth power of the local electromagnetic field. A small increase in the electromagnetic
field can therefore lead to a strong enhancement in Raman scattering.

There are several approaches to obtain high local field enhancements with plasmonic
nanoparticles. One can change the particles’ morphology, where especially particles with
sharp metal tips can lead to high enhancements [48, 49]. Alternatively, one can synthesize
bimetallic nanoparticles. In particular particles containing silver are desirable here [49–
53], as silver has superior plasmonic properties compared to e.g. Au [54–57]. Finally, one
can also assemble plasmonic nanoparticles into larger super-structures such as colloidal
crystals. When the distance between the particles is small, the surface plasmons of the
individual particles will couple and larger field enhancements can be induced in between
the particles, leading to so-called plasmonic hotspots. The intensity of these hotspots
depends on the interparticle spacing, the geometric arrangement and number of particles
in the assembly [46, 58, 59]. Recent publications on this topic have shown that large
enhancements can be obtained when assembling gold nanorods in large particle assem-
blies [53, 59–62]. Those reports formed an important motivation for the work presented
in Chapter 8 of this thesis, where we performed SERS measurements with spherical as-
semblies of gold nanorods. In general, such spherical assemblies are called supraparticles
and can be composed out of many different building blocks leading to a wide variety of
functional properties [63].

To date, the development of suitable SERS substrates has enabled the detection of
trace amounts of molecules, which is useful in a wide variety of applications such as
single-molecule spectroscopy [64], in situ monitoring of chemical reactions [65], biomedical
applications [64], forensic research [41] and even art history [66].
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1.4 Catalytic properties of gold based nanoparticles

Gold nanoparticles fall in the class of heterogeneous catalysts, where reactants from the
gas or liquid phase adsorb on the metal surface, are converted into products, and desorb
into the gas or liquid phase again. The rate of these adsorption and desorption processes
depends on the adsorption energies of the reactants and products on the catalysts. In 1911
Sabatier postulated a relationship between the reaction rate in a catalytic process and
the adsorption energies of the molecules involved [67]. A more precise relation between
the catalytic activity and the adsorption energies was given by Balandin in 1969, who
plotted the catalytic activity as function of the heat of adsorption, revealing a volcano
like plot [68]. Herein, the catalytic activity is maximized for a binding energy where
the adsorption of the molecules involved is not too strong nor too weak. The adsorption
energies can be measured experimentally on single-crystalline metal or metaloxide surfaces
with calorimetry measurements [69] or computed theoretically with Density Functional
Theory (DFT) calculations [70, 71].

The adsorption energy of a molecule on a metal nanoparticles depends on many factors
such as the type of metal, the exposed surface facets and coordination numbers of the
individual surface atoms. These factors are mainly determined by size, shape and metal
composition of the nanoparticles. It is good to realize here that the coordination number
of the surface atoms varies within a particle, i.e. atoms at steps and kinks have a lower
coordination number than atoms at facets. This means that each metal nanoparticle
has different surface sites with different adsorption energies [72, 73]. The surface site
which exhibits the highest catalytic activity, is often referred to as the "active site". In
literature many observations of size dependent and/or facet dependent catalysis have been
reported [74–78], indicating importance of controlling the size, shape of- and number of
defects in the metal particles precisely.

To obtain stable catalysts, metal nanoparticles are typically supported on metaloxide
or carbon supports. These supports prevent the nanoparticles from sintering at elevated
temperatures and/or under reaction conditions, as the high support surface area provides
anchoring sides for the metal particles and allows for large spacings in between the nano-
particles. In addition, the support material can be used to alter the catalytic activity of
the metal nanoparticles [79], especially when using reducible supports [80, 81]. The exact
metal-support contact area is therefore an important parameter and the catalyst activity
can be directly related to metal-support interface [82, 83]. The influence of the support
can be ascribed to indirect effects such as charge transfer to the metal [79], but also to
direct effects where the support plays an active role in the catalytic process [84, 85].

To properly understand the catalytic behavior of metal nanoparticles, well-defined
model systems are indispensable, where not only the particle size and morphology but
also the contact area with the support can be controlled precisely. Via colloid synthesis
routes such a high control over the catalysts design is feasible. Herein, metal particles
with narrow size distributions, fixed particle shapes, well-defined crystal structures and
bimetallics with controlled metal compositions can be obtained [15, 86]. Moreover, a
particularly elegant way of achieving control over the exact metal-support contact area
is via the self-assembly of colloidal metal and support particles into binary superstruc-
tures [11, 83, 87, 88].
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Nowadays, beautiful colloidal particles and particle assemblies can be synthesized,
but an important challenge is freeing the metal surface from the ligands, which were
used in the colloid synthesis. An easy way to do this is via a thermal treatment in
an oxygen rich environment, where the carbon-containing ligands are simply burned off.
However, relatively high temperatures above 300 °C are required to completely remove
the ligands [89]. Such temperatures often lead to loss of the initial particle shape and can
lead to sintering of the metal particles, resulting in a less-defined system. An innovative
way to prevent these processes from happening is by protecting each colloidal particle
with a porous coating [89–91]. Such coatings significantly increase the nanoparticles
stability, as we will demonstrate in Chapter 2 of this thesis. Alternatives for thermal
ligand removal for research purposes are more mild washing approaches. The catalysts
can be washed with solvents in which the ligands are well-solvable and/or make use of
additives which (temporarily) remove the ligands from the surface such that they can be
washed away [92, 93]. The advantage of these washing approaches is that they can be
carried out at room temperature. In this thesis we will use a combination of washing and
low temperature thermal pretreatment before catalysis.

Bimetallic catalysts

To date, many different types of supported gold nanoparticles are being applied as cata-
lysts in a wide range of chemical reactions [2, 94]. Although gold tends to be less active
than e.g. Pt or Pd based catalysts, it can outperform these metals in terms of selectiv-
ity towards the desired product. This characteristic has resulted in the investigation of
gold catalysts for chemical reactions varying from selective hydrogenation and oxidation
reactions to the water-gas shift reaction and hydro-chlorination reactions [2, 93–97].

The catalytic properties of gold nanoparticles can be tuned and optimized further
by introducing a second metal. When bringing two metals together at the nanoscale,
enhanced and even completely new catalytic properties can arise. So-called synergistic
effects occur when the catalytic properties of the bimetallic nanoparticles exceed those of
the single components. This is for example the case in CO oxidation, where gold-silver
particles are more active than their monometallic counterparts [98]. Generally, two metals
are brought together to combine specific properties of each metal. For instance, Pd tends
to be a very active hydrogenation catalyst, whereas gold is considerably less active but
more selective to the desired product(s) [99]. Ideally, a combination of these metals leads
to a catalyst in which the best of both metals are retained.

In bimetallic nanoparticles the composition and the distribution of the metal atoms
are crucial [97, 100–103]. Herein, colloid synthesis does not only offer control over the
metal composition, but also on the arrangement of the metal atoms. As we will shown
in Chapter 4 and 5, the initial arrangement of the atoms can be altered when going to
elevated temperatures and under catalytic reaction conditions [97, 100–105]. Such metal
redistribution alters the metal surface composition and therefore the catalytic activity of
the bimetallic nanoparticles.

Although it is generally assumed that the atoms at the particle surface govern the
catalytic behavior of metal nanoparticles, the influence of the sub-surface layers should
not be neglected [76, 86]. The effect of the sub-surface layer on the reactivity of the surface
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atoms is best investigated by making use of core-shell particles of which the number of
atomic shell layers can be controlled. Herein, a non negligible influence of the core-
metal is expected up to at least 6 atomic shell layers [86]. For higher shell thickness the
catalytic properties will start to mainly be governed by the shell metal. The influence of
the sub-surface layers can be of a geometric and/or electronic nature. An example of a
geometric effect is the strain induced in the lattice of the shell metal when it has a different
lattice constant than the underlying core-metal. Electronic effects occur when the core
and shell metal have different electronegativities. The subsurface layers can change the
position of d-band center of the shell metal and therefore alter the adsorption energy of
the reactants/products, and thus the catalytic activity [106]. A detailed investigation of
the effect of the sub-surface layers on the catalytic properties is given in Chapter 6.

Finally, both mono- and bimetallic, gold-containing nanoparticles are being used for
light enhanced catalysis. Herein, one irradiates the nanoparticles at the surface plasmon
resonance and uses the resulting "hot electrons" to participate in the catalysis [107]. Al-
though this is an interesting and novel field of research, it is not within the scope of this
thesis. For good reviews we refer to [108, 109].
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1.5 Scope of the thesis
In Figure 1.5 we present a graphical abstract of this thesis. We start off with monometallic
gold nanorods. In Chapter 2 the synthesis of gold nanorods with different volumes and
aspect ratios, and the coating of gold nanorods with a protective mesoporous silica shell
is described. We investigated the thermal stability of these mesoporous silica coated gold
nanorods and show that both the particle volume and aspect ratio play an important role
in the thermally induced deformation of the gold nanorods to a more spherical shape. In
Chapter 3 the gold nanorod synthesis is extended to bimetallic nanorods. We describe a
stepwise approach for the synthesis of well-defined core-shell nanorods in which Ag, Pd and
Pt shells of controllable thickness and morphology were grown around the Au nanorods. In
Chapter 4 these core-shell nanorods were used as a starting material for the formation of
alloyed bimetallic nanorods, which was successfully done via thermal treatment. Herein,
the mesoporous silica shell was crucial in preserving the anisotropic rod shape at the
high temperatures required for the alloying process. In Chapter 5 the alloying of Au-Ag
core-shell nanorods is described in more detail. We employed advanced characterization
techniques such as in situ heating electron microscopy and in situ X-ray spectroscopy to
study the alloying process in situ on a single particle and ensemble averaged level. We
found that the particle composition and volume strongly influenced the alloying process
and developed a theoretical model that successfully predicts the alloying temperatures of
bimetallic nanoparticles. For the work presented in Chapter 6 we used the knowledge of
the previous chapters and synthesized differently structured Au-Pd nanorods, which were
used as catalysts in the selective hydrogenation of butadiene. We precisely correlated
the structure and catalytic properties of the bimetallic nanorods and showed that their
catalytic behavior critically depends on both the metal distribution and Pd-shell thickness.
Uniquely, our relatively large Au-core Pd-shell nanorods outperformed conventional Pd
and Au-Pd catalysts which contain much smaller nanoparticles. In Chapter 7 we move
to spherical assemblies of gold nanorods and their characterization in 3D. We show that
FIB-SEM tomography is ideal for the analysis of particle ensembles too large for electron
microscopy containing particles too small to be resolved with confocal microscopy. By
making use of advanced tracking algorithms both the positions and orientations of the
individual nanoparticles in the assemblies were obtained. In Chapter 8 we describe the
usage of gold nanorod ensembles for surface enhanced Raman spectroscopy. By assembling
gold nanorods with a thick and thin silica shell, structures with and without plasmonic
hotspots between the nanorods were obtained, respectively. Structures with plasmonic
hotspots in between the particles exhibited large enhancements of the Raman signal, if
the porosity of the ensemble was sufficient for the probe molecules to diffuse into the
structure.

All together this thesis shows that well-defined gold-based nanorods are valuable model
systems to precisely correlate structural and functional properties of mono- and bimetallic
nanoparticles and their assemblies.
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Figure 1.5: Graphical outline of the chapters in this thesis.
The image for Chapter 1 was taken from shutterstock.com





Synthesis and thermal stability of

silica coated gold nanorods

Abstract

 2

Gold nanorods have successfully been applied in many light based applications ranging
from photo-thermal cancer treatment to plasmon enhanced catalysis and optical data
storage. These applications all make use of the plasmonic properties of the gold nanorods,
which largely depend on the shape and in particular the aspect ratio (length over diameter)
of the rod. However, at elevated temperatures the out of equilibrium rod shape has the
tendency to deform to a thermodynamically more favourable, spherical shape. In this
chapter, we investigated the parameters influencing the synthesis and deformation of
mesoporous silica coated, single-crystalline gold nanorods (Au@SiO2 NRs). In particular,
we studied the relationship between the deformation behaviour and the particle volume
(V= 3 - 60 × 103 nm3) and aspect ratio (AR= 2.8 - 6.0) of the nanorods. By changing the
seed concentration and the reaction rate in the seed mediated rod synthesis, the particle
volume and aspect ratio of the nanorods were adjusted, respectively. Next, we employed
a multi-technique approach comprising ex situ transmission electron microscopy (TEM),
in situ and ex situ Fourier transform visible infrared (VIS-IR) spectroscopy to monitor
the thermal stability of the differently sized Au@SiO2 NRs in a temperature range from
100 to 500 °C. The deformation of all Au@SiO2 NRs occurred well below the melting
point of bulk gold and the deformation behavior depended on both the particle volume
and aspect ratio, where lower particle volumes and higher aspect ratios led to more severe
deformation, already at temperatures below 200 °C. At higher temperatures (≥ 300 °C)
the particle deformation was slowed down for all sizes studied, possibly due to restrictions
imposed by the silica shell.
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2.1 Introduction

Gold nanorods have well-defined plasmonic properties, which can be adjusted by tuning
the particle shape as described in Chapter 1. In particular the longitudinal surface plas-
mon (LSPR) is highly particle shape dependent and can easily be changed via the aspect
ratio (AR) of the NRs [13, 110]; low and high AR rods have resonance frequencies in the
visible and near-infrared region of the spectrum, respectively. Generally, gold nanorods
have superior plasmonic properties, i.e. higher extinction cross sections and higher local
electric field enhancements, compared to spheres. These properties, in combination with
a good chemical stability, make gold nanorods suitable materials for optical applications
such as optical data storage [111–113], biomedical applications [114–116] and plasmon
enhanced catalysis [117, 118].

However, during oven- [91, 119–121] or laser induced heating [119, 122, 123], the out-
of-equilibrium rod-shape becomes unstable and deformation to a more spherical shape can
occur, leading to a blue shift and lower intensity of the LSPR. Some applications make
use of this deformation and altered optical properties to store information [111–113], but
in most cases thermally induced deformation is undesirable.

There are several parameters influencing the deformation behaviour of AuNRs. Firstly,
the aspect ratio has a large impact on the thermal stability. High AR rods deform
more severely and at lower temperatures/laser powers compared to low AR rods [91,
112, 122]. Secondly, the presence of a coating around the nanorods strongly influences
the deformation behaviour. Inorganic coatings such as thin carbon shells [121, 124],
silica coatings [91, 120, 125] and zirconia matrices [126] can stabilize the nanorod shape
to hundreds of degrees higher temperatures compared to uncoated NRs, which already
deform fully below 200 °C [119, 121, 127, 128]. Coating induced stabilization has been
observed both in laser induced heating [112, 125] and oven heating [91, 120, 125]. The
stabilizing effect of the surface coatings is probably a combination of a kinetic effect
originating from retardation of the Au atom surface migration, and a thermodynamic
effect coming from the lowering of the surface energy of the AuNRs when applying a
surface coating. For many applications, porous coatings are usually favoured over closed
shells as the porosity keeps the Au surface accessible, which is crucial in e.g. catalysis [129,
130]. Thirdly, the crystallinity and the type of surface facets are expected to affect
the deformation behaviour of AuNRs as well, as was demonstrated in computational
studies [131, 132], although rarely studied in experiments [133] as far as we are aware of.
The orientation of the FCC lattice planes and surface facets of the AuNR generally depend
on the colloid synthesis method and can be tuned by varying the type of surfactant; e.g.
use of citrate, CTAB and gemini surfactants results in pentatwinned {100} [19, 134],
single-crystalline {110} and {100} [21], and single-crystalline {520}, {110} and {100}
surface faceted AuNRs [21], respectively.

Although many studies have been carried out to understand the key parameters gov-
erning the deformation of AuNRs better, there are unstudied parameters left. As men-
tioned above, the influence of the surface facets and crystallinity on the deformation of
AuNRs has not been investigated experimentally. More surprisingly, the influence of the
particle volume has rarely been studied [135]. It is well known that the physicochemical
properties of gold nanoparticles (AuNPs) strongly depend on the particle size [4, 5, 136].
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For instance, the melting temperature of AuNPs changes drastically from 900 to 300 °C
when decreasing the particle diameter from 20 to 1.5 nm. Recently, the thermal stability
of small gold nanorods embedded in polymer matrices was indeed found to be size depen-
dent, where small (V= 10 × 103 nm3) NRs deformed more severely than large (V= 18
× 103 nm3) NRs when heated at 120-220 °C. Finally, the influence of the aspect ratio on
thermally induced deformation of silica coated AuNRs was only studied for silica coated
AuNRs with a relatively small variation in aspect ratio (AR= 2.5 - 4.3) and small, non-
equal particle volumes (V= 1.7 - 3.8 × 103 nm3) [91], or only for low temperatures (≤
220 °C) [135]. However, studying purely the volume and aspect ratio dependency while
keeping all other parameters the same is not trivial since this would require simultaneous
control over the AR and particle volume in the colloidal synthesis.

In this chapter we systematically studied the particle volume and aspect ratio depen-
dency on the thermal stability of mesoporous silica coated gold nanorods (Au@SiO2NRs)
over a large temperature range from 100 to 500°C. We synthesized two series of well-
defined, CTAB stabilized AuNRs, coated with a ∼18 nm thick mesoporous silica coating.
The AuNRs had either a varying particle volume and fixed aspect ratio (V= 0.2 - 6 ×104

nm3, AR= 4), or a varying aspect ratio but fixed particle volume (AR= 2.8 - 6.0, V= 1.0
×104 nm3). All NRs had the same single-crystalline structure with predominantly {110}
and {100} FCC surface facets [21]. We studied the thermally induced deformation of
these rods ex- and in situ , both on a single particle and ensemble averaged level by using
TEM imaging and VIS-IR spectroscopy, respectively. We specifically chose to investigate
silica coated AuNRs because the deformation of the AuNRs is slowed down compared
to uncoated AuNRs, which makes it easier to compare the thermal stability of different
samples and because plasmonic coupling between the AuNRs is prevented which enables
studying of the deformation of the rods with VIS-IR spectroscopy. Our thermal stability
studies show that the particle volume indeed had a large impact on the deformation be-
haviour of Au@SiO2NRs, where smaller particle volumes led to more severe deformation.
In line with previous reports, we also find a clear dependency on the aspect ratio of the
NRs, where higher aspect ratios (AR= 6) led to more severe deformation, occurring at
temperatures as low as 200 °C. The results described in this chapter contribute to the fun-
damental understanding of the deformation behaviour of AuNRs and will help to improve
AuNR based (photo)thermal applications.

2.2 Experimental
Chemicals

All chemicals were used as received without further purification. Hexadecyltrimethylam-
monium bromide (cetyltrimethylammonium bromide, CTAB, >98.0%) and sodium oleate
(NaOL, >97.0%) were purchased from TCI America. Hydrogen tetrachloroaurate trihy-
drate (HAuCl4.3H2O), sodium hydroxide (98%), and polyvinylpyrrolidone (PVP, average
molecular weight 58 kg/mol, K29-32) were purchased from Acros Organics. L-Ascorbic
Acid (BioXtra, ≥99%), silver nitrate (AgNO3,≥99%), sodium borohydride (NaBH4, 99%),
hydrochloric acid (HCl, 37wt% in water, 12.1 M) and tetraethyl orthosilicate (TEOS,
98%) were purchased from Sigma-Aldrich. Ultrapure water (Millipore Milli-Q grade)
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with a resistivity of 18.2MΩ was used in all of the experiments. All glassware for the
AuNR synthesis was cleaned with fresh aqua regia (HCl/HNO3 in a 3:1 volume ratio),
rinsed with large amounts of water and dried at 100 °C before usage.

Synthesis of AuNRs of varying particle volume

To obtain smaller AuNRs, we modified the seed mediated growth protocol of Ye et al. and
increased the Au-seed concentration to decrease the nanorod particle volume. Here, we
varied the seed concentration over a larger range than described in the original protocol.
To exclude any other differences in the synthesis mixture apart from the seed concentra-
tion, we prepared one 125 mL growth solution, which we split up in 5 × 25 mL batches,
just before adding the seeds. To each 25 mL growth solution 4.0, 8.0, 40, 200 or 400 µL
seed solution was added.

For the rods presented in Figure 2.1 we first prepared an aqueous solution containing
1.75 g CTAB, 0.307 g NaOL and 62.5 mL MQ H2O, which was stirred at 350 rpm for
30 min in a 50 °C waterbath. Next, the waterbath was cooled to 30 °C, and 2.40 mL 10
mM AgNO3 was added. After 30 s 62.5 mL 1.0 mM HAuCl4 was added and the mixture
was left for 90 min while stirring at 350 rpm (revolutions per minute). Meanwhile, a seed
solution containing 10 mL 0.10 M CTAB and 51 µL 50 mM HAuCl4 was prepared. By
adding 1.00 mL 6.0 mM icecold NaBH4, while vigorously stirring for 2 min, small Au-seeds
were formed. After 90 minutes, 1.05 mL concentrated HCl (37 wt%, 12.1 M) was added
to the growth solution, followed by the addition of 0.313 mL 0.064 M ascorbic acid 15
min later. Thereafter the growth mixture was divided in 5 separate batches of 25 mL. To
each batch 4.0, 8.0, 40, 200 or 400 µL seed solution was added. After ∼2 min of stirring,
the growth mixtures were left unstirred at 30 °C overnight. The next morning, extinction
spectra were recorded of the AuNRs before washing the rods (Figure 2.1e). To this end,
250 µL rod dispersion was diluted with 750 µL H2O. The rods grown with 4.0, 8.0 and
40 µL seeds were washed using centrifugation at 7000 rcf (relative centrifugal force) for
40 min (Rotina 380R Hettich centrifuge). The rods grown with 200 or 400 µL seeds were
washed using centrifugation at 12000 rcf for 60 min. All rods were washed once with 10
mL of MQ H2O and stored in 10 mL 5.0 mM CTAB H2O.

Preparation of the AuNRs for the thermal stability measurements

For the synthesis of the AuNRs with different volumes but similar aspect ratio, and for
the AuNRs with a different aspect ratio but similar volume, the method by Ye et al. was
used, as described above. Generally, the synthesis was performed on a 500 mL scale with
a growth solution containing 7.0 g CTAB, 1.24 g NaOL, 25 mL MQ H2O and 250 mL
1.00 mM HAuCl4, x mL AgNO3 (10 mM), y mL concentrated HCl (12.1 M), 64 mM
ascorbic acid and z mL seed solution. The x, y, z values are given in Table 2.1. The
seeds were prepared from a 10 mL 0.10 M CTAB, 51 µL HAuCl4 and 1.0 mL NaBH4.
The subsequent rod growth was performed under static conditions in a 30 °C water bath
overnight. Thereafter, the rods were centrifuged at 8000 rcf for 30 min, washed with H2O
and redispersed in 5.0 mM CTAB H2O.
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Table 2.1: Synthesis parameters of the Au@SiO2 NRs used for the particle vol-
ume dependent thermal stability measurements. The concentration of the AgNO3
solution and HCl were 10 mM and 12.1 M, respectively.

Volume (×103 nm3) AgNO3 (mL) HCl (mL) Seeds (mL)
2.7 ± 1.5 9.60 2.10 4.00
10 ± 3.7 9.60 2.50 1.60
21 ± 6.4 9.60 2.10 0.80
60 ± 30 9.60 3.0 0.40

Table 2.2: Synthesis parameters of the Au@SiO2 NRs used for the aspect ratio
dependent thermal stability measurements.

Aspect ratio AgNO3 (mL) HCl (mL) Seeds (mL)
2.8 ± 0.45 7.20 2.10 2.40
3.8 ± 0.51 7.20 2.10 2.40
4.1 ± 0.56 9.60 2.10 1.0
6.0 ± 1.0 9.60 4.20 0.80

Silica coating

The CTAB stabilized AuNRs were coated with a 18 nm mesoporous silica shell via the
method of Gorelikov et al. [90]. The coating was performed in 1.5 mM CTAB aqueous
solution containing 1.0 mM NaOH and an AuNR concentration corresponding to an ex-
tinction maximum of 1.0 when diluting 10× in H2O. To 100 mL reaction mixture 3 times
300 µL of a 0.90 M TEOS in EtOH was added with a 30 min time interval in between the
additions, while magnetically stirring at 300 rpm in a 30 °C water bath. The Au@SiO2
NRs were centrifuged at 8000 rcf for 30 min, washed with water and ethanol, and stored
in ethanol.

Electron microscopy

The Au@SiO2 NR samples before and after thermal treatment were imaged with a Tec-
nai12 microscope operating at 120 keV and a Tecnai20FEG microscope operating at 200
keV. Prior to the transmission electron microscopy (TEM) measurements the Au@SiO2
NRs were dispersed in EtOH and dropcasted on a copper TEM grid (200 mesh copper
(100), Formvar/carbon film).

Thermal stability experiments

The thermal stability experiments were carried out in a Linkam temperature stage,
mounted on a Bruker Hyperion 2000 IR microscope connected to a Bruker Vertex 70
FTIR/VIS spectrophotometer. All measurements were carried out in N2 flow. For the
thermal stability experiments, the AuNRs were first dropcasted on a circular glass slide.
In the in situ measurements the temperature was increased with 1 °C/min from 20 to 500
°C. Every 25 °C an extinction spectrum was recorded. For the ex situ heating experiments
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the sample was heated with 30 °C/min to 100, 200, 300, 400 or 500 °C and kept at this
temperature for 2 h. After the sample had cooled down to room temperature a drop of
85 wt% glycerol in water (refractive index n21

D = 1.45)[137] was put on top to refractive
index match the silica shell and an extinction spectrum was recorded.

Nitrogen physisorption

The pore size distribution of the mesoporous shells around the AuNRs was determined
with nitrogen physisorption. The analysis was performed on only one Au@SiO2 NR sample
since a relatively large amount of sample was needed (13.7 mg dried sample, LAu = 83 nm,
DAu = 27 nm, DSiO2 = 17 nm). Prior to the measurements the CTAB was removed by
washing the NRs with a 0.10 M HCl in EtOH solution [49]. Thereafter the rods were dried
from 15 mL EtOH dispersion at 100°C in static air overnight. The nitrogen physisorption
measurements were done at -196 °C (77 K) (Micromeritics, TriStar 3000). Before the
measurement an additional drying step at 200 °C in N2 was performed overnight.

2.3 Results and Discussion
Controlling the particle volume of CTAB stabilized AuNRs

In Figure 2.1 the transmission electron microscopy (TEM) images and corresponding op-
tical spectra of the AuNRs grown with 4.0, 40 and 400 µL are shown (Figure 2.1a,b,c).
The TEM images are displayed at the same magnification to clearly show the decrease in
particle volume with increasing seed concentration. From these TEM images we deter-
mined the full set of size parameters (volume, length, diameter, aspect ratio) per particle.
The average size parameters and corresponding standard deviations are given in Table
2.3. In Figure 2.1d we plot the particle volume versus the amount of seed solution added
during the synthesis. The corresponding extinction spectra of the AuNRs, 4× diluted in
water compared to the original synthesis mixture, are shown in Figure 2.1e.

The TEM images and corresponding analysis in Figure 2.1a-d clearly show that the
amount of seed solution (4.0-400 µL) added to the same volume of growth solution (25
mL) influenced the particle volume. As expected the AuNRs grown in the solution with
the lowest amount of seeds were much larger. When adding 4.0 µL seeds the particle
volume was 8.8 × 104 nm3, whereas the addition of 400 µL seed solution led to a 40 times
smaller particle volume of 2.2 × 103 nm3. Thus, by increasing the amount of seeds the
particle volume was successfully decreased and the particle diameter decreased below 10
nm.

We noticed that when using higher seed concentrations the polydispersity of the re-
sulting NRs increased and more non-rod like particles were formed such as cubes and
spheres, as can be seen in Figure 2.1c. An increase in polydispersity is most clearly visi-
ble from the VIS-IR spectra (Figure 2.1e), where the width of the LSPR peak is increased,
which is related to the polydispersity in the aspect ratio of the NRs. From the TEM size
measurements we determined the polydispersity in size for all the different batches of
nanorods. The polydispersity in length and diameter was only 6% for the rods with the
largest volume (V= 8.8 × 104 nm3), whereas it exceeded 16% for the sample containing
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Figure 2.1: CTAB stabilized AuNR with different particle volumes, synthesized by
adding different amounts of seed solution. TEM images of AuNRs grown in a 25 mL
growth solution to which 4.0 (a), 40 (b) and 400 µL (c) was added, resulting V= 2.22, 10.3
and 87.6 × 103 nm3, respectively. d) Plot of the particle volume determined from TEM versus
the amount of seed solution added. The line is an exponential fit to the experimental data. e)
Extinction spectra of the AuNRs recorded directly after synthesis, 4× diluted in water.

the smallest NRs (V= 2.2 × 103 nm3). In addition it should be noted that not only the
particle volume changed upon increasing the amount of seeds, but also the aspect ratio
of the rods. When decreasing the particle volume from 8.8 × 104 nm3 to 2.2 × 103 nm3

nm3, the aspect ratio of the rods increased from 3.3 to 5.1. Thus, the synthesize of rods

Table 2.3: Dimensions of CTAB stabilized AuNRs synthesized with different seed
concentrations. The AuNRs were synthesized on a 25 mL scale to which x µL seed solution
was added. The particle sizes were determined from TEM analysis. The volume length, diameter
and aspect ratio were determined per particle and then averaged over 80 particles. The ±-values
are the corresponding standard deviations.

Seeds (µL) Volume (×103 nm3) Length (nm) Diameter (nm) Aspect ratio
4.0 87.6 ± 12.4 110 ± 9.5 33.5 ± 2.1 3.30 ± 0.36
8.0 46.5 ± 7.60 98.6 ± 6.8 25.6 ± 2.0 3.88 ± 0.42
40 10.3 ± 3.1 71.4 ± 8.7 13.8 ± 1.5 5.19 ± 0.60
200 3.56 ± 1.3 50.4 ± 8.66 9.61 ± 1.2 5.25 ± 0.70
400 2.22 ± 0.73 42.4 ± 6.83 8.31 ± 0.86 5.11 ± 0.70
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with different particle volumes but the same aspect ratio requires adjustment of multiple
parameters in the synthesis.

The plot in Figure 2.1d shows that the particle volume as a function of the amount
of seeds flattens around 2 × 103 nm3, meaning that lower particle volumes can not be
achieved via this method. So far, only via seedless synthesis methods one can go to
particle volumes below 1 × 103 nm3 and obtain rods with a particle diameter as small as
2.5 nm [138]. However, these seedless growth methods are known to be very sensitive to
the exact synthesis conditions, such as the pH [138] and the AgNO3 concentration [139],
but also the stirring rate and stirring time [140], making seedless syntheses more difficult
to reproduce. We therefore preferred adjusting the seed mediated growth of Ye et al. to
synthesize the differently sized Au@SiO2 NRs used for the thermal stability measurements
described in the remainder of this chapter.

Tuning the dimensions of mesoporous silica coated gold nanorods

For the thermal stability measurements we synthesized two series of four batches of meso-
porous silica coated AuNRs (see Table 2.5 and 2.4). Within a series the Au@SiO2NRs
had either a fixed aspect ratio and varying particle volume or a fixed particle volume
and varying aspect ratio. To achieve this, we first synthesized uncoated, CTAB stabilized
AuNRs and modified 3 parameters in the synthesis: the AgNO3, HCl and seed concen-
tration. As described in the previous section the seed concentration can be used to vary
the particle volume. The AgNO3 and HCl concentration are important in modifying the
aspect ratio of the rods [13]. Both a higher HCl and AgNO3 concentration lead to higher
aspect ratio rods. As discussed in the introduction of this thesis, the role of the Ag+ ions
in the gold nanorod synthesis is rather complex and largely debated. It is therefore not
clear as to why higher silver concentrations are needed to obtain higher AR rods, but it

Figure 2.2: Nitrogen physisorption analysis of mesoporous silica coated Au NRs
(LAu = 83 nm, DAu = 27 nm, DSiO2 = 17 nm). a) Adsorption (red) and desorption (blue)
isotherms where the amount of adsorbed N2 is plotted against the relative pressure with p0 as
the standard pressure. b) Plot of the pore diameter versus the pore volume, derived from the
adsorption isotherm in a. CTAB was removed from the mesopores prior to the measurement
(see Experimental section).
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Figure 2.3: TEM images and optical extinction spectra of the samples used for
the particle volume thermal stability measurements. a-d) Au@SiO2 NRs with the same
aspect ratio but increasing particle volume: a) V= 2.7 × 103 nm3 / AR= 4.1, b) 1.0 × 104

nm3 / AR= 4.0, c) 2.1 × 104 nm3 / AR= 4.2, d) 6.0 × 104 nm3 / AR= 4.1. e) Corresponding
normalized extinction spectra of the Au@SiO2 NRs with V= 2.7 × 103 (blue), 1.0 × 104 (green),
2.0 × 104 (orange), 6.0 × 104 nm3 (red) recorded in EtOH. The full set of particle dimensions
are given in Table 2.4.

could be related to the blockage of surface facets along the length of the rods leading to
preferential growth of the tips. By adding HCl the pH of the growth solution is lowered
and the fraction of reactive, deprotonated ascorbic acid molecules is reduced (see Chap-
ter 3), leading to a slower nanorod growth and more elongated nanorods. The synthesis
details such as the seed, AgNO3 and HCl concentration that we used to obtain differently
sized AuNRs can be found in Table 2.1 and 2.2 in the Experimental section.

After the rod synthesis, the AuNRs were coated with a ∼18 nm mesoporous silica
coating [90]. The silica coating was grown in an aqueous, basic solution (pH∼11) con-
taining CTAB micelles, which served as a template for the formation of a MCM-41 like
mesoporous structure [141]. We analysed the pore size of the mesopores in the silica shells
with nitrogen physisorption. In Figure 2.2a and b the nitrogen physisorption isotherm
upon adsorption (red) and desorption (blue), and the pore volume versus the pore diame-
ter derived from the adsorption isotherm are shown, respectively. The plot in Figure 2.2b
shows that the pore diameter distribution was bimodal with a sharp peak at around a pore
diameter of 2.5 nm and a more broad peak around 42 nm, resulting from the pores in and
between the mesoporous silica shells, respectively. The BET (Brunauer–Emmett–Teller)
surface area was 235 m2/g and the BJH (Barrett, Joyner, and Halenda) cumulative pore
volume 0.334 cm3/g for pores with a diameter between 1 and 300 nm (based on the
adsorption isotherm).

In Figure 2.3 we show the TEM images of the Au@SiO2NRs with V= 2.7 × 103 nm3

to 6.0 × 104 nm3 and AR= 4.0 - 4.2, and in Figure 2.4 we show the Au@SiO2NRs with
AR= 2.8 to 6.0 and V∼ 1 × 104 nm3. The full sets of size parameters of the AuNRs are
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Figure 2.4: TEM images of the samples used for the aspect ratio dependent thermal
stability measurements. a-d) Au@SiO2 NRs with the same particle volume, but increasing
aspect ratio: a) AR= 2.8 / V= 9.3 × 103 nm3, b) AR= 3.8 / V= 11 × 103 nm3, c) AR= 4.1
/ V= 11 × 103 nm3, d) AR= 6.0 / V= 9.5 × 103 nm3. e) Corresponding extinction spectra
of the Au@SiO2 NRs with AR= 2.8 (red), 3.8 (orange), 4.3 (blue) and 6.0 (green) recorded in
EtOH. The full set of particle dimensions are given in Table 2.5.

listed in Table 2.4 and 2.5. In Figure 2.3e and 2.4e the extinction spectra of the samples
with V= 0.27 to 6.0 × 104 nm3 and AR= 2.8 to 6.0 are shown, respectively. The LSPR
peaks of the Au@SiO2 NRs in Figure 2.3e are less than 80 nm apart indicating that the
AR of the NRs matched closely, as is also clear from the particle sized derived from the
TEM measurements listed in Table 2.4. Only the LSPR peak position of the Au@SiO2
NRs with the largest particle volume (V= 6.0 × 104 nm3) is red-shifted, whereas its AR is
similar to the other samples according to the TEM measurements. This red-shift is most
likely caused by so-called retardation effects which are known to occur at larger particle
volumes [142]. The optical spectra in Figure 2.4e show that the LSPR peak positions of
the Au@SiO2 NRs shift from the VIS to IR when increasing the AR from 2.8 to 6.0, as
expected.

Table 2.4: Dimensions of the Au@SiO2 NRs used for the particle volume dependent
thermal stability measurements. The average particle sizes and corresponding standard
deviations were determined from TEM analysis and are an average of 100 particles. The surface
to volume ratio is abbreviated with S/V.

Volume (×103 nm3) Length (nm) Diameter (nm) Aspect ratio S/V (nm−1)
2.7 ± 1.5 40 ± 10 9.4 ± 1.6 4.1 ± 0.88 0.48 ± 0.090
10 ± 3.7 60 ± 12 15 ± 2.0 4.0 ± 0.85 0.30 ± 0.043
21 ± 6.4 79 ± 8.2 19 ± 2.5 4.2 ± 0.61 0.23 ± 0.029
60 ± 30 107 ± 19 27 ± 5.6 4.1 ± 0.67 0.17 ± 0.040
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Table 2.5: Dimensions of the Au@SiO2 NRs used for the aspect ratio dependent
thermal stability measurements. The average particle sizes and corresponding standard
deviations were determined from TEM analysis and are an average of 100 particles. The surface
to volume ratio is abbreviated with S/V.

Aspect ratio Length (nm) Diameter (nm) Volume (×103 nm3) S/V (nm−1)
2.8 ± 0.45 47 ± 9.6 17 ± 1.7 9.3 ± 3.6 0.28 ± 0.031
3.8 ± 0.51 60 ± 10 16 ± 1.8 11 ± 3.9 0.28 ± 0.034
4.1 ± 0.56 64 ± 7.1 15 ± 1.6 11 ± 2.9 0.29 ± 0.030
6.0 ± 1.0 77 ± 13 13 ± 1.5 9.5 ± 3.1 0.34 ± 0.041

Volume dependent thermal stability of mesoporous silica coated AuNRs

First, we investigated the thermal stability of mesoporous silica coated AuNRs as a func-
tion of particle volume. The rods were heated at a temperature between 100-500 °C for
2 h in static air on a microscope slide. Next, TEM imaging was used to investigate the
degree of deformation in each sample. In Figure 2.5a-d we show the Au@SiO2 NRs with
V= 2.7 × 103 nm3 to 6.0 × 104 nm3 after thermal treatment at 100, 300 and 500 °C. From
these TEM images the particle dimensions and aspect ratio were obtained. In Figure 2.5e
we plot the aspect ratio of the various samples as a function of heating temperature.
For all samples the AR decreased as a function of heating temperature, but the extent
of deformation was different. The smaller the nanorod, the stronger the deformation to
a more spherical shape. To show this more clearly, we plot the degree of deformation,
expressed in the shift in AR, as a function of particle volume for various heating tem-
peratures in Figure 2.5f. Especially when the particle volume was decreased below V= 2
× 104 nm3 and the particle diameter below D= 20 nm, the influence of particle volume
on the thermal stability became more apparent, where significant deformation occurred
already between 100 and 200 °C which is many hundreds of degrees below the melting
point of bulk Au (1064 °C).

Although the measurement of the particle deformation with ex situ TEM measure-
ments is a robust method, it is rather time consuming and does not allow for an in situ
study of the deformation of a larger amount of rods. Hence, we also used in situ visible-
infrared spectroscopy measurements (VIS-IR) next to the ex situ TEM measurements. In
Figure 2.6 we show the in situ VIS-IR measurements when heating the same particles as
in Figure 2.5 with 1 °C/min in N2. Extinction spectra were recorded every 25 °C between
25 and 400 °C. In Figure 2.6a and b we show the extinction spectra upon heating for
the sample with the lowest and highest particle volume, respectively. The LSPR peak
postions of both samples blue shifted for both samples, which indicates deformation of the
AuNRs to a more spherical, lower AR shape. The LSPR peak position of the Au@SiO2
NRs with V= 2.7 × 103 nm3 shifted from 890 to 641 nm when heating to 400 °C, whereas
the LSPR peak of the Au@SiO2 NRs with V= 6.0 × 104 shifted only from 922 to 781
nm. This indicates, that similarly to our ex situ TEM measurements, smaller Au@SiO2
NRs deform more strongly. To compare all 4 samples, we plotted the LSPR peak of each
sample as a function of heating temperature in Figure 2.6. Despite the fact that the
NRs all have a similar AR, the LSPR peak positions do not overlap for the 4 samples
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Figure 2.5: Volume dependent thermal stability of mesoporous silica coated AuNRs
investigated with ex situ TEM measurements. TEM images of Au@SiO2 NRs with V=
2.7 × 103 nm3 (a, blue), 1.0 × 104 nm3 (b, green), 2.1 × 104 nm3 (c, orange) and 6.0 × 104 nm3

(d, red) after thermal treatment at 100 (left), 300 (middle) and 500 °C (right). e) Plot of the
aspect ratio (AR) versus the heating temperature. f) Plot of the change in aspect ratio versus
the particle volume at 200 (blue), 300 (green), 400 (orange) and 500 (red) °C. The curves in
e) are best (exponential) fits to the experimental data. The aspect ratios and particle volumes
were determined from TEM and are an average of 100 particles.

before heating. As discussed in the previous section, the red-shift for the larger AuNR
samples can be explained by so-called retardation effects which are known to occur at
larger particle volumes. In addition, the dielectric constant of the surrounding medium
influences the position of the LSPR peak as well. For instance, the dielectric constant of
the mesoporous silica shell depends on the degree of condensation of the silica and the
amount of physisorbed water in its mesopores. For these reasons, we also plot the relative
change in the LSPR peak position as a function of temperature in Figure 2.6d.

We specifically chose not to perform the in situ VIS-IR measurements in air since the
LSPR peak had the tendency to change with time in air, without heating the sample.
In Figure 2.7a the extinction spectra of the same Au@SiO2 NR sample measured in air
directly after drying them on a glass slide and after storage for 2 days at RT are shown
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Figure 2.6: In situ VIS-IR measurements of thermally induced deformation of dif-
ferently sized mesoporous silica coated AuNRs. Extinction spectra of Au@SiO2 NRs
with V= 2.7 × 103 nm3 (a) and V= 6.0 × 103 nm3 (b) acquired every 25 °C from 25 to 400
°. The AR of the rods was similar and varied from 4 to 4.2. c) plot of the LSPR peak position
and d) shift in LSPR peak position as a function of heating temperature for particles with V=
2.7 × 103 nm3 (blue), 1.0 × 104 nm3 (green), 2.1 × 104 nm3 (orange) and 6.0 × 104 nm3 (red).
The heating was carried out under a N2 flow.

(red curves). The LSPR peak position red-shifted 60 nm in 2 days. Such instabilities in
the LSPR peak position were not observed in N2. The changes in LSPR peak position at
RT in air are likely due to an increasing amount of water being physisorbed in the pores of
the mesoporous silica shell when exposing the Au@SiO2 NRs to air. The physisorption of
water increases the dielectric constant of the medium around the AuNR and caused a red
shift in the LSPR peak position (Figure 2.7b). To test our hypothesis, we diminished the
dielectric constant changes in the porous silica shell by adding a drop of glycerol-water
(85:15 w%, n21

D = 1.45) [137], which is known to refractive index match silica [143]. In
Figure 2.7a and b we show that the LSPR peak position indeed stayed considerably more
constant when refractive index matching the silica with glycerol-water (blue curves).
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Figure 2.7: Changes in the LSPR peak position of Au@SiO2 NRs in air at RT. a)
Extinction spectra of Au@SiO2 NRs (L= 72 nm, D= 19 nm, AR= 3.8) dried on glass directly
after sample preparation (solid lines) and after storarge for 2 days (dotted lines) in air (red) and
glycerol-water (blue, 85:15 w%, n21

D = 1.45). b) Plot of the LSPR peak position of Au@SiO2
NRs in air (red), water (orange) and glycerol-water (blue) over time.

To exclude the influence of dielectric constant changes due to variation in the degree
of condensation and adsorption of water in the porous silica shell on the LSPR peak
position as described above, we also performed ex situ VIS-IR measurements. Herein,
we heated the Au@SiO2 NRs at 100-500 °C in a Linkam cell under a N2 flow. The rods
were heated at a constant temperature for 2 h. Afterwards, a drop of glycerol-water
was added and the VIS-IR spectra were recorded. From these spectra the LSPR peak
position was determined. In Figure 2.8a we plot the LSPR peak position at different
heating temperatures for the refractive index matched Au@SiO2 NRs with V= 0.27 to 6.0
× 104 nm3. Clearly, the deformation of the Au@SiO2 NRs depended on particle volume,
where particles with a smaller particle volume deformed more strongly. The ex situ VIS-
IR measurements were therefore in accordance with the trend measured with ex situ TEM
and in situ VIS-IR.

In Figure 2.8b we compare the thermally induced deformation as measured by the 3
different techniques for Au@SiO2 with V= 2.7 × 103 nm3. The plot shows the LSPR
peak position as a function of heating temperature determined via in/ex situ VIS-IR (left
y-axis) and via ex situ TEM (right y-axis). Although there are some absolute differences
there is a good qualitative agreement between the 3 techniques. All three techniques show
that the rods with V= 2.7 × 103 nm3 strongly deform when heating them above 100 °C
and did not deform significantly above 300 °C anymore.
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Figure 2.8: Comparison of different techniques to study the thermal stability of
Au@SiO2 NRs. a) Ex situ VIS-IR measurements Au@SiO2 NRs with V= 2.7 × 103 nm3

(blue), 1.0 × 104 nm3 (green), 2.1 × 104 nm3 (orange) and 6.0 × 104 nm3 (red). The NRs were
heated with 30 °C/min to 100-500 °C and kept at the desired temperature for 2 h. Afterwards
the extinction spectra were acquired in 85 wt % glycerol in water mixture at RT. b) Comparison
of the LSPR peak position (red, left axis) and aspect ratio (blue, right axis) as determined with
in/ex situ VIS-IR spectroscopy and TEM, respectively, for Au@SiO2NRs with V= 2.7 × 103

nm3.

Aspect ratio dependent thermal stability of mesoporous silica coated AuNRs

Apart from the particle volume the aspect ratio is known to be important in the thermal
deformation behaviour of Au@SiO2 NRs [119]. We investigated the influence of the aspect
ratio of mesoporous silica coated AuNRs on their thermal stablity in a similar way as the
volume dependent measurements described above, but now using Au@SiO2 NRs with the
same volume but a different aspect ratio (see Figure 2.4 and Table 2.5). In Figure 2.9
we show the in situ and ex situ VIS-IR measurements for the Au@SiO2NRs with AR=
2.8, 3.8, 4.2 and 6.0 and V= 1 × 104 nm3 in N2. In the in situ measurements, every 25
°C a spectrum was recorded while heating with 1 °C/min to 400 °C. In Figure 2.9a and
Figure 2.9b the resulting in situ VIS-IR data for the AuNRs with AR= 2.8 and AR= 6.0
are shown. The spectra below 800 nm were rather noisy due to the limited sensitivity of
the detector in the VIS(-UV) range. For this reason, the spectra obtained via the in situ
VIS-IR measurements are only shown up to 400 °C. The spectra in Figure 2.9a show that
the peak position of the Au@SiO2 NRs with AR= 2.8 shifted only 36 nm from 668 to 632
nm when heating from RT to 400 °C. The LSPR peak of the Au@SiO2 NRs with AR=
6.0 shifted considerably more (Figure 2.4b); 298 nm, from 1069 to 771 nm, indicating a
more severe deformation.

In Figure 2.9c and d the LSPR peak positions obtained in N2 (in situ VIS-IR) and
in glycerol water (ex situ VIS-IR) as a function of the heating temperature are shown.
The in and ex situ measurements are in good agreement and both show that thermally
induced deformation becomes more severe when starting with more elongated, higher AR,
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Figure 2.9: Aspect ratio dependent thermal stability of mesoporous silica coated
Au NRs investigated with in situ VIS-IR spectroscopy. Extinction spectra of Au@SiO2
NRs with AR= 2.8, V= 9.5 × 103 nm3 (a, red) and AR= 6.0, V= 9.3 × 103 nm3 (b, green)
acquired every 25 °C from 25 to 400 °C. c) Plot of the LSPR peak position of Au@SiO2 NRs
determined with in situ and ex situ VIS-IR measurements during and after heating from RT to
500 °C, respectively. The ex situ extinction spectra were recorded in a 85 wt% glycerol in water
mixture at RT after thermal treatment.

nanorods. The rods with AR= 3.8, 4.3 and 6.0 deform most strongly between 100 and
300 °C after which they stabilize and deform more slowly.
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Interpretation of volume and aspect ratio dependent thermal stability

The thermal stability measurements show two clear trends: the deformation of AuNRs
increases with decreasing particle volume (1) and increasing aspect ratio (2). In both
cases, we observed that the nanorods deformed far below the bulk melting point of gold,
which is 1064 °C, pointing at a nanosize effect. The thermodynamic driving force for
such deformation is the reduction in the fraction of surface atoms when going from a
high surface area, elongated rod to a lower surface area spherical particle, leading to a
minimization of the surface free energy.

Regarding the particle volume dependent deformation, we observed that the particle
volume became increasingly important at small particle volumes (and high S/V), which is
most clearly visualized in the graph in Figure 2.5f. When decreasing V below 2 × 104 nm3

the thermal stability decreased drastically, whereas an increase of the particle volume to
V= 6× 10 4 nm3 did not lead to any significant changes in the NRs deformation behaviour.
Previous studies on particle size dependent melting of silica coated gold nanoparticles
showed that the melting temperature of AuNPs started to significantly deviate from the
bulk melting point when the particle diameter was decreased below ∼15 nm [4, 5, 136],
which is in the same size range as the diameter of the smallest nanorods in this study,
being 15 and 9.4 nm for the Au@SiO2 NRs with V= 10 and 2.7 × 103 nm3. A lowering of
the melting point and overall increased atom mobility could therefore (partially) explain
the decrease in thermal stability with decreasing nanorod size.

However, a particle size dependent change in melting temperature and overall increase
in the mobility of the Au atoms cannot explain the observed aspect ratio dependency in
the deformation behaviour. Figure 2.9c and d show that the deformation for the rods
with AR= 2.6 - 6.0 was very different whereas all NRs had the same particle volume (V=
104 nm3). This aspect ratio dependency is in line with previous findings by Gergely-Fülöp
et al. [91]. However, in that study gold nanorods with different aspect ratios (AR= 2.5 -
4.3) and non-equal particle volumes (V= 1.7 - 3.8 × 103 nm3) were used [91]. Especially,
when using such small NRs, deviations in particle volume become increasingly important
as we show in Figure 2.5f. To solely study the influence of the aspect ratio on the thermal
stability it is therefore preferable to work at larger particle volumes (≥104 nm3) where
small deviations in particle volume play a less important role.

Aspect ratio dependent deformation was also observed in laser-induced heating by Tay-
lor et al., where high AR AuNRs deformed more severely compared to low AR rods. Cur-
vature driven surface diffusion was used to explain the observed deformation behaviour.
Herein, the deformation of the AuNRs occurs through mobility of surface atoms, which
move from the high curvature ends of the rod to lower curvature sides along the length
of the NRs. In this model the activation energy of surface atom diffusion decreased from
1.5 to 0.6 eV with an increase in aspect ratio from 2.7 to 5.0, leading to the deforma-
tion of high AR NRs at lower temperatures. Note that in our case the curvature of the
nanorods does not only change as a function of the aspect ratio, but also when changing
the particle volume. Work is in progress to model the volume and aspect ratio dependent
deformation of silica coated AuNRs as described in this chapter with the curvature driven
surface diffusion model of ref [122].
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It is important to stress that not only the particle volume and aspect ratio, but also
the degree of encapsulation is an important parameter in the deformation of AuNRs.
Uncoated CTAB stabilized NRs already fully deform below ∼200 °C [119, 121, 127, 128]
regardless of their volume and aspect ratio, whereas encapsulation in inorganic coatings
can shape stabilize AuNRs up to 600 °C [126]. The stabilizing effect of an inorganic,
e.g. silica coating, is most likely a combination of retardation of the Au atomic surface
diffusion as well as an increased mechanical stability provided by the surrounding shell
acting against deformation of the rods. Retardation of the surface diffusion was for
example observed when coating the AuNRs with a thin carbon shell, leading to a strongly
increased thermal stability in in situ heating electron microscopy measurements [121, 124].

Also the rigidity of the surrounding shell is important in understanding the measure-
ments presented in this chapter. AuNRs coated with a thick zirconia [126] or Stöber
silica shell were observed to be more stable than AuNRs coated with a more open and
flexible mesoporous silica shell [120]. In our measurements, the stiffness of the silica shell
is therefore likely to influence the deformation behaviour as well. In Figure 2.9c and d we
observed that after an initial drop in the LSPR peak position, the deformation at higher
temperatures slowed down. This could be related to strengthening of the silica shell at
higher temperatures since the degree of condensation is known to increase from a mixture
of Q3 and Q4 at RT, to predominantly Q4 above 400 °C in MCM-41 like materials [144]
and silica microcapsules [145]. Note that the pore structure of the mesoporous silica shell
is not expected to change below ∼750 °C [129, 146], which is also clear from our TEM
images in Figure 2.5 where the pore structure is still visible.

2.4 Conclusions
In this chapter we discussed the thermal stability of mesoporous silica coated AuNRs
as a function of particle volume and aspect ratio for temperatures between 100-500 °C.
First, we described the seed mediated synthesis of small AuNRs and synthesized two
well defined series of AuNRs where either the particle volume or the aspect ratio of the
rods were changed. We employed a multi technique approach comprising ex situ TEM
measurements, in situ and ex situ VIS-IR measurements to study the thermal stability
of these particles on a single and ensemble averaged level, respectively. We showed that
the deformation of Au@SiO2NRs is strongly influenced by the particle volume and the
aspect ratio, where a lower volume and higher aspect ratio lead to more severe deforma-
tion. For all Au@SiO2NRs the deformation occurred well below the bulk melting point.
Curvature driven atomic surface diffusion is a likely mechanism in explaining such low
temperature deformation. Moreover, we found that the mesoporous silica shell prevents
significant deformations above about 300 °C. Our results on the relationship between par-
ticle volume and aspect ratio with respect to the thermal stability are important to many
(photo)thermal applications and will be important in the rest of this thesis as well, where
we will discuss thermally induced alloying of bimallic nanorods (Chapter 4 and 5) and gas
phase catalysis with mono- and bimetallic nanorods at elevated temperatures (Chapter
6).
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Abstract
Bimetallic nanorods are particularly interesting for optical applications and light enhanced
catalysis due to their strong and tunable plasmonic resonances. However, synthesiz-
ing bimetallic nanorods with good control over composition, morphology and at a large
enough scale for self-assembly and/or catalysis, while maintaining their anisotropic, out-
of-equilibrium shape is challenging. Here, we present a robust approach for the synthesis of
bimetallic core-shell nanorods at a large scale. As a starting material we used mesoporous
silica coated gold nanorods and tuned the Au core size precisely via oxidative etching.
Subsequent metal overgrowth led to the formation of an Ag, Pt or Pd metal shell around
the Au core. We demonstrate that the thickness of the metal shell can be precisely tuned
by varying the precursor concentration. The kinetics of the metal overgrowth were con-
trolled via the pH, which allowed scaling up of the synthesis from micro- to milligrams.
Furthermore, we demonstrate that the rough morphology of non-epitaxially grown Pd
shells can be changed from dendritic to smooth epitaxial shells via thermal treatment
without changing the aspect ratio of the nanorods. Our synthesis approach can be ex-
tended to different or/and more than two metals, leading to rod-shaped metal particles
with tunable material properties, synthesized in the quantities needed for self-assembly,
plasmonics and catalysis.



38 Chapter 3

3.1 Introduction

Gold nanorods (AuNRs) exhibit a shape-induced longitudinal Localized Surface Plas-
mon Resonance (LSPR) in the direction of the length of the rods at low energies, which
can easily be tuned by changing the aspect ratio of the rods and extended from visible
wavelengths into the near-infrared region of the electromagnetic spectrum [13] (see also
Chapter 1, Figure 1.3). This makes AuNRs valuable plasmonic nanoparticles for e.g.
biological applications [115, 147], as biological cells and tissues show significantly less
absorption in this region of the spectrum. Compared to single-component Au nanorods,
bimetallic nanorods offer enhanced physiochemical properties [55, 148]. For example, Ag
has superior plasmonic properties with respect to Au, due to less strong damping of the
plasmonic resonance [55–57]. Coating the AuNRs with an Ag layer therefore significantly
improves their plasmonic properties and their performance in Surface Enhanced Raman
Spectroscopy (SERS) [50]. For catalytic applications, the addition of Pd or Pt can be
beneficial, since these metals are known to be highly active in catalysis [149, 150]. Coat-
ing an Au core with a thin Pd (or Pt) layer can therefore lead to strongly enhanced
catalytic properties as we will demonstrate in Chapter 6, while maintaining part of the
plasmonic properties [151]. Such bimetallic rods are for example useful for in situ moni-
toring of chemical reactions by using SERS [152, 153], for hydrogen sensing [153, 154] or
for plasmon-enhanced catalysis [108, 117, 118, 151, 155, 156].

The exact composition and particle morphology, especially of the surface and sub-
surface layers, strongly influence the optical and catalytic properties of bimetallic nanorods
[57, 76, 86, 118, 148, 155, 157]. However, precise tuning of the number of atomic shell
layers and the shell morphology is challenging. So far, the overgrowth of a second metal
is typically performed on bare AuNRs [50, 153, 158, 159]. Herein, the final shell thickness
and shape of the bimetallic rods are difficult to tune, and the particle shape can easily
transform from a spherocylinder to a brick-like particle [159, 160], which can only be pre-
vented by the addition of shape directing additives [53, 153]. Uncoated AuNRs are also
prone to aggregation during the metal overgrowth and secondary nucleation can occur in
the presence of the surfactants needed for the stabilization of the AuNRs. In addition, it
should be noted that the current syntheses of uncoated core-shell structures are generally
performed on a relatively small, mL scale, which yields an insufficient amount of particles
for e.g. self-assembly and/or catalysis applications.

Metal deposition is not straightforward for all metals either. The morphology and
crystal structure of the metal shell largely depend on the interaction between the core
and shell metal, their surface energies and structural characteristics, such as the lattice
spacings [86, 158, 161, 162]. Additionally, the reduction potentials of the metals are im-
portant for successful core-shell growth, as galvanic replacement can occur when the core
material is oxidized upon reduction of the shell metal, resulting in hollow and partially
alloyed metal structures [86, 163, 164]. Metal overgrowth with a metal that has a simi-
lar crystal structure, lattice constant and lower surface energy such as Ag compared to
Au typically results in smooth, epitaxially grown metal shells. Contrarily, the lattice
mismatch and high surface energy of Pd and Pt compared to Au, can lead to dendritic,
non-epitaxial Pd/Pt shell growth onto Au [54, 157, 158, 165, 166]. Herein, small Pt/Pd
nanoparticles form on the surface of AuNRs, resulting in ill-defined surface structures and
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Figure 3.1: Schematic representation of the synthesis steps towards mesoporous
silica coated Au core Ag/Pt/Pd shell nanorods. From left to right: 1) Synthesis of
surfactant stabilized AuNRs, 2) Mesoporous silica coating of the AuNRs, 3) Removal of part of
the Au by oxidative etching, 4) Overgrowth of the Au core with Ag, Pt or Pd.

inhomogenous shell thickness’s. This is particularly problematic when using such particles
in catalysis, where the exact surface morphology and composition are crucial.

In this chapter, we present a systematic and quantitative study on the synthesis of
well-defined bimetallic Au core Ag/Pt/Pd shell nanorods and describe how one can pre-
cisely tune the metal composition and surface morphology. To do so, a multiple step
synthesis route (Figure 3.1) was used in which colloidal AuNRs are grown (1), protected
with a mesoporous silica coating (2), oxidatively etched to tune the size of the Au core
(3) and overgrown with a second metal (4). In the metal overgrowth, the mesoporous
silica coating was crucial in preventing aggregation and functioned as a shape preserving
template to retain the spherocylindrical shape of the nanorods. By varying the metal
precursor concentration the metal composition was tuned. The growth kinetics of the
metal overgrowth reaction were slowed down by lowering the pH, which allowed for a
longer mixing time of the reagents and therefore enabled scaling up of the synthesis. Fur-
thermore, it was possible to change the morphology of non-epitaxially grown Pd shells
from dendritic to smooth via a thermal treatment, yielding well-defined, single-crystalline
Pd shell Au core nanorods. Finally, the key parameters governing the metal shell growth
mechanism and thus the shell morphology and crystal structure are discussed.

3.2 Experimental

Chemicals
All chemicals were used as received without further purification. Hexadecyltrimethylam-
monium bromide (CTAB, >98.0%) and sodium oleate (NaOL, >97.0%) were purchased
from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O) and sodium
hydroxide (NaOH, 98%) were purchased from Acros Organics. L-Ascorbic Acid (BioX-
tra, ≥99%), hydrogen peroxide (H2O2, 30 wt% in H2O), hydrochloric acid (HCl, 37 wt%
in water), silver nitrate (AgNO3,≥99%), sodium borohydride (NaBH4, 99%), sodium
tetrachloropalladate-(II) (Na2PdCl4, 98%), potassium tetrachloroplatinate-(II) (K2PtCl4,
98%) and tetraethyl orthosilicate (TEOS, 98%) were purchased from Sigma-Aldrich. Ul-
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trapure water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ was used in all of
the experiments. Methanol was purchased from Interchema (≥99.85%.) All glassware for
the AuNR synthesis was cleaned with fresh aqua regia (HCl/HNO3 in a 3:1 volume ratio),
rinsed with large amounts of water and dried at 100 °C before usage.

Synthesis of the core-shell nanorods
Step 1: Gold nanorod synthesis

Monodisperse AuNRs were synthesized according to the protocol of Ye et al. [13]. The
synthesis was performed on a 500 mL scale with a growth solution containing 7.0 g CTAB,
1.24 g NaOL, 250 mL MQ H2O and 250 mL 1.0 mM HAuCl4, 7.2 mL AgNO3, 2.10 mL
concentrated HCl (37 wt%, 12.1 M), 64 mM ascorbic acid and 1.0 mL seed solution. The
seeds were prepared from a 10 mL 0.10 M CTAB, 51 µL 50 mM HAuCl4 and 1.0 mL 6.0
mM NaBH4. The subsequent rod growth was performed under static conditions in a 30 °C
water bath overnight. The resulting AuNR suspensions had a longitudinal LSPR (λLSP R)
of 892 nm and a maximum extinction (Ext) of 1.0 when diluted 4× in H2O. The rods
were centrifuged at 8000 rcf (relative centrifugal force) for 30 min (Rotina 380R Hettich
centrifuge), washed with H2O and redispersed in about 40 mL 5.0 mM CTAB H2O.

Step 2: Mesoporous silica coating

The CTAB stabilized AuNRs were coated with a 18 nm mesoporous silica shell via the
method of Gorelikov et al. [90]. The coating was performed in 170 mL 1.5 mM CTAB
aqueous solution containing 1.0 mM NaOH and an AuNR concentration corresponding to
an extinction maximum of 1.0 when diluted 10× in H2O. While magnetically stirring at
300 rpm in a 30 °C waterbath, 3 times 0.510 mL 0.90 M TEOS in EtOH was added with
a 30 min time interval. The silica coated gold nanorods (Au@SiO2 NRs) were centrifuged
at 8000 rcf for 30 min, washed with water and ethanol.

Step 3: Oxidative etching

200 µL HCl (37 wt%, 12.1 M) and 200 µL 50 mM H2O2 in MeOH (containing 0.19 M
H2O) were added to 10 mL silica coated AuNRs (λLSP R= 838 nm, Ext= 1.6 when 2×
diluted in MeOH) in MeOH, resulting in a final HCl and H2O2 concentration of 0.24 M
and 1.0 mM, respectively. Thereafter, the reaction was immediately heated in a 60 °C oil
bath while magnetically stirring at 400 rpm. After 12 minutes the reaction was quenched
with 10 mL fresh MeOH. The longitudinal LSPR peak position of the etched AuNRs in
MeOH had shifted to 748 nm. An additional 20 mL fresh MeOH was added and the
particles were centrifuged at 8000 rcf for 25 min. Next, the particles were washed with 9
mL MeOH, 9 mL H2O and redispersed in ∼7 mL H2O (λLSP R= 748 nm, Ext= 2.2).

Step 4: Metal overgrowth

For the metal overgrowth 0.300 mL etched AuNRs@meso-SiO2 (λLSP R= 746-748 nm,
Ext= 2.2) in H2O was used, to which AgNO3, Na2PdCl4 or K2PtCl4 (1-100 mM, 0.030
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mL) was added. Next, ascorbic acid (4×[metal-precursor] mM, 0.030 mL) was added
and the mixture was gently shaken for 20 min at room temperature (for Ag and Pd) or
overnight (for Pt). The complete set of experimental parameters for the Ag, Pd and Pt
overgrowth are listed in Table 3.1, 3.2 and 3.3, respectively. In the tables the concentration
and volume of the added metal precursor and ascorbic acid solutions are given and the
final metal precursor and ascorbic acid concentration in the reaction mixture. Next, the
reaction mixtures were diluted to 1.0 mL H2O to study their plasmonic properties by
recording VIS-IR spectra. Afterwards, the core-shell nanorods were washed with 4 mL
H2O, 2 mL EtOH and redispersed in 1.0 mL absolute EtOH (centrifugation at 7000-9000
rcf for 10-15 min). TEM analysis was used to determine the size of the Ag@Au@SiO2
NRs. Due to the dendritic nature of the Pd and Pt shell this could not reliably be done
for the Au@Pd@SiO2 and Au@Pt@SiO2 NRs.

Table 3.1: Ag-overgrowth: reaction conditions used for the Au@Ag@SiO2 NRs presented
in Figure 3.3. For the overgrowth 0.300 mL etched AuNRs@meso-SiO2 (length (L)= 61.7 nm;
diameter (D)= 18.2 nm, λLSP R= 748 nm, Ext= 2.2) in H2O were used. Reaction time = 20
min. AgNO3/Ascorbic acid (added) and AgNO3/Ascorbic acid (final) refer to the amount and
concentration of the AgNO3/Ascorbic acid solution added to the reaction mixture, and the final
AgNO3/Ascorbic acid concentration in the reaction mixture, respectively.

XAg AgNO3 (added) Ascorbic acid (added) AgNO3 (final) Ascorbic acid (final)
0 0 0 0 0

0.18 0.015 mL 1.0 mM 0.015 mL 4.0 mM 0.045 mM 0.18 mM
0.35 0.030 mL 1.0 mM 0.030 mL 4.0 mM 0.083 mM 0.33 mM
0.41 0.023 mL 2.0 mM 0.023 mL 8.0 mM 0.13 mM 0.53 mM
0.50 0.030 mL 2.0 mM 0.030 mL 8.0 mM 0.17 mM 0.67 mM
0.57 0.019 mL 4.0 mM 0.019 mL 16 mM 0.22 mM 0.90 mM
0.57 0.023 mL 4.0 mM 0.023 mL 16 mM 0.27 mM 1.1 mM
0.61 0.026 mL 4.0 mM 0.026 mL 16 mM 0.30 mM 1.2 mM
0.63 0.030 mL 4.0 mM 0.030 mL 16 mM 0.33 mM 1.3 mM

Table 3.2: Pd-overgrowth: reaction conditions used for the Au@Pd@SiO2 NRs pre-
sented in Figure 3.5. For the overgrowth 0.300 mL etched AuNRs@meso-SiO2 (L= 60.8 nm,
D= 19.5 nm, λLSP R= 746 nm, Ext= 2.2) in H2O were used. Reaction time = 20 min.
Na2PdCl4/Ascorbic acid (added) and Na2PdCl4/Ascorbic acid (final) refer to the amount and
concentration of the Na2PdCl4/Ascorbic acid solution added to the reaction mixture, and the
final Na2PdCl4/Ascorbic acid concentration in the reaction mixture, respectively.

XP d Na2PdCl4 (added) Ascorbic acid (added) Na2PdCl4 (final) Ascorbic Acid (final)
0 0 0 0 0

0.03 0.030 mL 1.0 mM 0.030 mL 4.0 mM 0.083 mM 0.33 mM
0.14 0.030 mL 2.0 mM 0.030 mL 8.0 mM 0.17 mM 0.67 mM
0.34 0.030 mL 5.0 mM 0.030 mL 20 mM 0.42 mM 1.7 mM
0.39 0.030 mL 10 mM 0.030 mL 40 mM 0.83 mM 3.3 mM
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Table 3.3: Pt-overgrowth: reaction conditions used for the Au@Pt@SiO2 NRs presented in
Figure 3.6. For the overgrowth 0.300 mL etched AuNRs@meso-SiO2 (L= 61.7 nm, D= 18.2
nm, λLSP R= 748 nm, Ext= 2.2) in H2O were used. The reaction mixture was left overnight.
K2PtCl4/Ascorbic acid (added) and K2PtCl4/Ascorbic acid (final) refer to the amount and
concentration of the K2PtCl4/Ascorbic acid solution added to the reaction mixture, and the
final K2PtCl4/Ascorbic acid concentration in the reaction mixture, respectively.

XP t K2PtCl4 (added) Ascorbic acid (added) K2PtCl4 (final) Ascorbic acid (final)
0 0 0 0 0

0.030 mL 1.0 mM 0.030 mL 4.0 mM 0.083 mM 0.33 mM
0.030 mL 10 mM 0.030 mL 40 mM 0.83 mM 3.3 mM
0.030 mL 50 mM 0.030 mL 200 mM 4.2 mM 17 mM
0.030 mL 100 mM 0.030 mL 400 mM 8.3 mM 33 mM

Thermal treatment

Thermal treatment was performed in a tubular oven (Thermolyne 79300 tube furnace)
under a constant N2, H2 or air flow (∼100 mL/min). The core-shell NRs were first dried
in a glass vial and then heated in a quartz tube oven. The heating rate was 2 °C/min and
the particles were heated to 300 °C for 1 h and cooled down under N2, H2 or air flow to RT
before taking them out of the oven. After heating the NRs were redispersed in 1 mL EtOH.
The shell morphology of the rods was analysed in a transmission electron microscope
(TEM) and the optical properties by recording extinction spectra (see "Characterization"
section for details).

Controlling the growth kinetics

To follow the growth kinetics, in situ Fourier transform visible infrared spectroscopy (VIS-
IR) measurements were performed (see details below). The Au@SiO2 cores were dispersed
in 1.0 mL H2O such that λLSP R= 744 nm and Ext= 1.0. To this solution 20-80 µL 0.10
M HCl was added. The 0.10 M HCl solution was prepared mixing 83 µL concentrated
HCl (37 wt%, 12.1 M) with 9.92 mL H2O. Next, 10 µL 15 mM AgNO3 was added and an
extinction spectrum was recorded before addition of 10 µL 60 mM ascorbic acid. The final
HCl, AgNO3 and ascorbic acid concentrations in the growth solution were 2-8 mM, 0.15
mM and 0.60 mM, respectively. Every minute for 25 minutes a spectrum was recorded
between 400 and 1200 nm with a step size of 1 nm.

Scaling up

For the small and large scale Au@Ag@SiO2 NR synthesis unetched Au@SiO2 NRs with
LAu= 107, DAu= 35 nm were used. Prior to the metal overgrowth, the Au@SiO2 NRs
were washed with a 0.10 M HCl in EtOH solution (30 mL absolute EtOH with 246 µL
concentrated HCl (37 wt%, HCl)), followed by 3× washing with EtOH and re-dispersion
in H2O (λLSP R= 819 nm and Ext= 2.8). The HCl washing was performed to remove
most of the remaining CTAB molecules from the pores of the mesoporous silica shell (see
Chapter 6) [49]. It is necessary to do this step when performing metal overgrowth directly
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on unetched Au@SiO2 NRs. For the etched Au@SiO2 NRs this step is not required,
since (part of) the CTAB is removed during the etching process. The small scale metal
overgrowth was carried out in a disposable cuvette containing 1.0 mL Au@SiO2 NRs in
H2O (λLSP R= 744 nm and Ext= 1.0), 20 µL 5.0 mM AgNO3 and 20 µL 20 mM ascorbic
acid. The large scale metal overgrowth was performed in a 500 mL erlenmeyer with 400
mL Au@SiO2 NRs in H2O, 8.0 mL 5.0 mM AgNO3 and 8.0 mL 20 mM ascorbic acid. The
reaction time for both experiments was 30 minutes, during which the large scale reaction
mixture was magnetically stirred at 400 rpm. Afterwards, the rods were washed with
ethanol twice and re-dispersed in 2 mL (small-scale) and 25 mL (large-scale) EtOH for
storage. The λLSP R for the Au@Ag@SiO2 NR synthesized at small and large scale was
783 and 794 nm, respectively.

Long-term storage of core-shell NRs

The storage of Au@Ag@SiO2 NRs in EtOH should always be done in the dark and at
low temperature to prevent oxidation and subsequent dissolution of the Ag shell. In the
fridge (4 °C) the rods can be stored >1 year. We advice to also store the Au@Pd@SiO2
NRs in the fridge. Storage at RT does not lead to dissolution of the Pd shell, but due to
partial oxidation of the Pd shell the plasmonic properties of the Au@Pd@SiO2 NRs will
be lost in time. We observed that the Au@Pt@SiO2 NRs can be stored well at RT.

Characterization
Extinction spectra were measured using a vertex 70 FTIR Spectrometer (BRUKER) and
1.0 cm cuvettes. The optical spectra were recorded over a spectral range from 400-1200
nm with a step size of 1 nm and averaged over 60 spectra. Bright field transmission
electron microscopy images, HAADF-STEM images and EDX maps were recorded with
a FEI Talos F200X operated at 200 kV, which is part of the Electron Microscopy facility
EM Square at Utrecht University. The particle sizes were measured from TEM images.
Per sample the size of 100 particles was determined. The obtained EDX intensity maps
were quantified using the Cliff-Lorimer method. The metal compositions determined via
EDX are an average of 10 particles.
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3.3 Results

Tuning the Au core size with oxidative etching
Tuning of the AuNR size within the mesoporous silica shells was performed by oxidative
etching in methanol (MeOH). Employing H2O2 as an oxidant instead of O2 from the air
as used previously [54], allows etching in a more reproducible and controlled way. We
monitored the etching process by measuring the LSPR peak shift during the etching. In
Figure 3.2b we show the extinction spectra of Au@SiO2 NRs (L= 72 nm, D= 19 nm,
aspect ratio (AR)= 3.8, λLSP R= 844 nm) during etching at 60 °C with 50 mM H2O2.
Upon etching the LSPR peak position shifted to shorter wavelengths, indicating that the
aspect ratio of the NRs was lowered and that etching predominately took place at the tips
of the nanorods. The lowering of the LSPR peak intensity is explained by the decrease in
AR combined with a loss in particle volume upon etching.

In Figure 3.2c-d and Figure 3.2e-f we show that by varying the H2O2 concentration
and temperature, the etching rate could be controlled and varied from minutes to hours.
We noticed that by increasing the H2O2 concentration the etching could also take place
at room temperature. However, this makes the etching reaction more difficult to stop at a
specific Au core size. It is therefore desirable to make the etching process sufficiently slow
at elevated temperatures such that the reaction can easily be quenched at any desired
LSPR peak position and Au core dimension. The quenching was typically done by diluting
the reaction mixture by a factor 2 with cold (∼4 °C) methanol. The etching process can
be carried out on a millilitre scale, but also on a litre scale.

For the metal overgrowth presented in the rest of this chapter we quenched the etching
at λLSP R= 844 nm, which corresponded to Au@SiO2 NRs with L= 62 nm, D= 18 nm,
AR= 3.4. Compared to the initial Au@SiO2 NRs, 20% of the particle volume had been
removed.

Metal overgrowth
Silver overgrowth

Next, the Au cores were overgrown with an Ag shell by using AgNO3 as a silver precursor
and ascorbic acid as a reducing agent. Figure 3.3 shows the Au@Ag@SiO2 NRs grown with
0.045-0.33 mM AgNO3 and 0.18-1.3 mM ascorbic acid in water. Due to the difference in
Z-contrast the Ag shell appeared as a light shell around a bright Au core in the HAADF-
STEM images. The EDX maps show the Au core, Ag shell, SiO2 shell in red, green and
blue, respectively. Both the HAADF-STEM images in Figure 3.3b as well as the EDX
maps in Figure 3.3c-d clearly show that the Ag shell thickness increased with increasing
AgNO3 concentration.

From the electron microscopy images, we analysed the dimensions of the Au@Ag@SiO2
NRs before and after Ag deposition and listed them in Table 3.4. For the Au@Ag@SiO2
NRs grown with 0-0.33 mM AgNO3 the particle volume increased from 1.4 to 4.0×103

nm3, which is a factor 2.2 larger than the initial volume of the non-etched Au@SiO2 NRs.
This shows that the silica shell is rather flexible and can accommodate a larger particle
volume than that of the initial, unetched Au NR. The flexibility of the SiO2 shell should
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Figure 3.2: Oxidative etching of Au@SiO2NRs in MeOH. a) Schematic representation
of the etching process of the Au@SiO2NRs. b) Extinction spectra of the Au@SiO2NRs in MeOH
during etching with 50 mM H2O2 and 0.24 M HCl. c) LSPR peak shift as a function of etching
time when etching with 0 mM HCl and 0 mM H2O2 (brown), and 0, 20, 50 and 100 mM H2O2
with 0.24 M HCl in MeOH at 60 °C. The lines are best fits to the linear part of the LSPR peak
position change in time. d) Same data as in c, but now the LSPR shift is plotted versus the
H2O2 concentration. e) LSPR peak position vs etching time at 50, 60 and 70 °C with [H2O2]=
50 mM. f) Same data as in e, but now the LSPR shift is plotted versus temperature.
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Table 3.4: Dimensions of the Au@Ag@SiO2 NRs. For the overgrowth 0.300 mL etched
AuNRs@meso-SiO2 (L = 61.7 nm, D = 18.2 nm, LSPR = 748 nm, Ext= 2.2) in H2O were used.
The full set of reaction conditions used in the synthesis of the Au@Ag@SiO2 NRs are presented
in Table 3.1.

XAg AgNO3 (mM) Length (nm) Diameter (nm) AR
0 0 61.7 18.2 3.4

0.18 0.05 64.5 19.7 3.3
0.35 0.08 64.3 22.2 2.9
0.41 0.13 68.4 22.7 3.0
0.50 0.17 72.9 23.9 3.0
0.57 0.22 75.5 25.3 3.0
0.57 0.27 75.6 25.3 3.0
0.61 0.30 76.7 26.6 2.9
0.63 0.33 75.7 27.4 2.8

therefore allow direct growth of Ag on unetched AuNRs. Figure 3.9 illustrates that one
can indeed perform direct metal overgrowth on Au@SiO2 NRs without performing the
etching step beforehand.

The size parameters from Table 3.1 and EDX maps from Figure 3.3d were used to
quantify the metal composition of the Au@Ag@SiO2 NRs. The plot in Figure 3.3e shows
the atomic Ag-fraction, XAg, versus the AgNO3 concentration. XAg determined from the
TEM based size measurements (100 particle average) and EDX quantification (10 particle
average) are displayed in red and blue, respectively. XAg increased with the [AgNO3] from
0 to 0.62. However, at higher Ag-concentrations the increase in XAg flattens, which might
be due to the limited space in the silica shell and capability of the silica network to stretch.
To obtain even higher XAg fractions smaller Au cores should be used [104].

The increase in XAg strongly affected the optical properties of the Au@Ag@SiO2 NRs.
In Figure 3.3f we show the extinction spectra corresponding to the Au@Ag@SiO2 NRs
grown with 0-0.33 mM AgNO3 and XAg= 0-0.62. The intensity of the LSPR peak in-
creased by a factor 2.4 for the NRs with the largest Ag shell thickness. The enhanced
plasmonic properties are due to an increase in Ag-content and particle volume. The LSPR
peak also blue shifted from 748 to 710 nm, which is due to a decrease in AR from 3.4 to
2.8.
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Figure 3.3: Controlled Ag-overgrowth of the Au@SiO2 cores. a) Schematic represen-
tation of the Ag-overgrowth with increasing AgNO3 concentration, leading to an increased Ag
shell thickness. From left to right: b) HAADF-STEM and c) EDX maps of single and d) multiple
Au@Ag@SiO2 core-shell nanorods grown with 0.05, 0.13, 0.22 and 0.30 mM AgNO3. e) Atomic
Ag fraction (XAg) of the core-shell nanorods synthesized with 0-0.33 mM AgNO3 as determined
from TEM size measurements (red) and EDX quantification (blue). f) Extinction spectra of the
Au@Ag@SiO2 NRs grown with various 0-0.33 mM AgNO3.
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Figure 3.4: High resolution bright field TEM images of Au@Ag@SiO2 NRs. a)
HRTEM image and b) corresponding zoom-in of the Au@Ag@SiO2 NR with dAu

lattice= dAg
lattice=

0.205 nm, corresponding to the (200) lattice planes.

To investigate the orientation of the lattice planes in the Ag shell with respect to the
Au core, High Resolution Transmission Electron Microscopy (HRTEM) measurements
were performed. The resulting bright field images are shown in Figure 3.4. The HRTEM
images show that the Ag shell had grown on the AuNR surface with its (200) lattice
planes oriented in the same direction as the (200) lattice planes of the Au core.

Palladium overgrowth

For the Pd-overgrowth a similar approach was employed as described for the Ag-overgrowth,
but now using Na2PdCl4 as a metal precursor. The Au@Pd@SiO2 NRs were grown
with 0.083-0.83 mM Na2PdCl4 and 0.33-3.3 mM ascorbic acid in water. In Figure 3.5 a
schematic representation, HAADF-STEM images, EDX maps and extinction spectra of
the resulting Au@Pd@SiO2 NRs are shown. In the EDX maps Au, Pd and Si are depicted
in red, green and blue, respectively. From the EDX map in Figure 3.5b it can be seen
that at low Na2PdCl4 concentrations a thin Pd shell was formed on the Au rod surface.
With increasing Pd-concentration the shell became more irregular and dendritic, which
is most clearly visible in the HAADF-STEM images presented in Figure 3.5d and e.

The atomic Pd fraction (XP d) was quantified for the different Au@Pd@SiO2 NRs with
EDX, averaged over at least 10 particles. In Figure 3.5f the XP d is plotted against the
Na2PdCl4 concentration. The Pd fraction increased with increasing Na2PdCl4, from to
0.03 to 0.39. The plots of the Ag- and Pd metal content versus metal salt concentra-
tion as plotted in Figure 3.3e and Figure 3.5f, show the same trend: the XAg and XP d

concentration flatten at higher AgNO3 and Na2PdCl4 concentrations, respectively.
In Figure 3.5g the extinction spectra of the Au@Pd@SiO2 NRs are plotted, showing

the change in plasmonic properties upon Pd shell growth. The LSPR peak decreases in
intensity and broadens upon adding Pd. These changes can partially be explained by
the strong plasmonic damping of Pd compared to Au or Ag. In addition, the increased
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Figure 3.5: Pd-overgrowth: from smooth to spiky Pd shells. a) Schematic represen-
tation of the Pd-overgrowth with increasing Na2PdCl4 concentration, leading to an increase
in roughness of the Pd shell. b-e) HAADF-SEM images and corresponding EDX maps of
Au@Pd@SiO2 NRs grown with 0.18 mM (b,c) and 3.3 mM (d,e). f) Atomic Pd fraction (XP d)
versus the Na2PdCl4 concentration. g) Extinction spectra of the Au@Pd@SiO2 NRs grown with
0-3.3 mM Na2PdCl4 and XP d= 0-0.39.

roughness of the Pd shell causes further broadening of the LSPR peak. Optically, this
resulted in a black coloured particle dispersion.
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Figure 3.6: Pt-overgrowth of AuNR cores in mesoporous silica shell. a) Schematic
representation of the Pt-overgrowth with increasing K2PtCl4 concentration, leading to filling of
the mesopores of the silica shell. b-g) HAADF-STEM images and corresponding EDX maps of
Au@Pt@SiO2 NRs synthesized with 0.33 (b,c), 3.3 (d,e) and 17 mM (f,g) K2PtCl4.

Platinum overgrowth

For the Pt-overgrowth K2PtCl4 was used as a metal precursor. The K2PtCl4 concentration
of the aqueous solution was varied from 0.083-3.3 mM in a similar way as described above.
In Figure 3.6 the HAADF-STEM images and corresponding EDX maps of the resulting
Au@Pt@SiO2 NRs are shown. The EDX maps in Figure 3.6b,d,f display Au, Pt and Si
in red, green and blue, respectively. At low Pt concentrations a thin Pt shell had grown
around the Au core (Figure 3.6b,c). At higher Pt concentrations, additional Pt spikes
started to extend into the pores of the silica coating and revealed the ordered nature of the
local pore structure around the AuNRs (Figure 3.6d,e). Once the spikes extended outside
the silica shell, the metal structure became more disordered (Figure 3.6f,g). Such dendritic
plasmonic nanostructures are very interesting materials for SERS, where especially at the
sharp tips high field enhancements can be obtained.

We observed that the growth rate of Pt was much lower than for Ag or Pd. The
reaction mixture was therefore left overnight instead of the usual reaction time of 20
min. The Pt content could therefore also be controlled by varying the reaction time.
Furthermore we would like to note that the Pt spikes filled the pores of the surrounding
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Figure 3.7: High resolution bright field TEM images of Au@Pt@SiO2 NRs. a)
HRTEM image and b) corresponding zoom-in of the Au@Pt@SiO2 NR with dAu

lattice= 0.237 nm
and dP t

lattice= 0.22 nm, corresponding to the (111) lattice planes.

silica shell without destroying it. Contrarily, when growing thick Pd or Ag shells, the
silica shell would crack. The Pt spike diameter was approximately 3 nm which is in
good correspondence to the pore diameter of MCM-41 like materials [141, 167] (see also
Chapter 2). Thus, Pt-overgrowth can successfully be used to visualize the local pore
structure around AuNRs.

We also studied the orientation of the lattice planes in the Pt shell with respect to the
Au core. In Figure 3.7 a High Resolution Transmission Electron Microscopy (HRTEM)
image of Au@Pt@SiO2 NRs recorded in bright field mode is shown. The HRTEM image
shows that a thin crystalline Pt layer had grown on the AuNR surface, but that the
(111) lattice planes of the Pt layer were oriented in a different direction compared to the
underlying Au (111) lattice planes.

Controlling the growth kinetics
In the small scale reactions, carried out in ultrapure water (Milli-Q), the Ag and Pd metal
overgrowth generally took place in less than 10 s. Due to these short reaction times only
small scale syntheses with growth solutions below 1 mL resulted in homogeneously coated
Au@Ag@SiO2NRs and Au@Pd@SiO2NRs without secondary nucleation. To prevent inho-
mogeneous shell growth and secondary nucleation, the reaction time should be longer than
the time needed to fully mix all reagents. To slow down the reaction kinetics we lowered
the pH of the reaction mixture by adding HCl. Below a pH of 4.1, part of the ascorbic
acid is transformed into its fully protonated, non-reactive form (Figure 3.8a). Via the
equilibrium between the deprotonated and protonated ascorbic acid, new deprotonated
ascorbic is formed as the metal overgrowth takes place and the reactive, deprotonated
ascorbic acid is consumed. Therefore, the kinetics of the metal growth can be tuned via
the pH and the reaction time could be varied from seconds to minutes. In Figure 3.8 we
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Figure 3.8: Tuning the reaction rate of the Ag metal overgrowth. a) Structural
formulas of the non-reactive, fully protonated (top) and reactive, deprotonated form of ascorbic
acid (bottom). The pKa is 4.1. b) The extinction spectra of the Ag-overgrowth performed in
an acidified solution with 6 mM HCl, recorded over 15 min with an interval between the spectra
of 1 min. c) The LSPR peak intensity vs the reaction time when 2-8 mM HCl was present. d)
Plot of the reaction time versus the HCl concentration (mM).

show the influence of the pH on the reaction time, where the latter is defined as the time
needed for completion of the Ag-overgrowth. By varying the HCl concentration from 0 to
8 mM the reaction time could be tuned from a few seconds to 25 minutes. TEM analysis
of the resulting samples did not show any difference in the structure and composition of
the Au@Ag@SiO2 NRs grown at different pH. Regardless of the reaction kinetics identical
Au@Ag@SiO2 NRs were obtained.

The slow reaction rate at low pH enabled us to scale up the Ag- and Pd-overgrowth
drastically. In Figure 3.9a we show the extinction spectra of Au@Ag@SiO2 NRs synthe-
sized at a 1 mL and 400 mL scale. The spectra match closely; λsmallscale

LSP R = 783 nm and
λlargescale

LSP R = 794 nm. The EDX map in Figure 3.9b shows that also at large (400 mL) scale
uniform Au@Ag@SiO2 NRs can be synthesized. The yield of Au@Ag@SiO2 NRs was 26
mg with a metal loading of 85 wt%. Such large quantities enabled studies of these well
defined colloidal particles in e.g. in in situ X-ray absorption spectroscopy (Chapter 5),
gas phase catalysis (Chapter 6) and self-assembly for Raman spectroscopy (Chapter 8).
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Figure 3.9: Scaling up of the core-shell synthesis. a) Extinction spectra of the
Au@Ag@SiO2 NRs synthesized at a 1 mL (blue) and 400 mL (red) scale. b) EDX map of
the Au@Ag@SiO2 NRs synthesized at a 400 mL scale; XAg= 0.24, sample weight= 26 mg,
metal loading= 85 wt%.

Changing the morphology of non-epitaxially grown metal shells

To obtain very thin but smooth Pd shells around the AuNRs, and thus retain the sphe-
rocylindrical particle shape with most of the plasmonic properties, we first grew the Pd
shells at room temperature. Next, we thermally treated the Au@Pd@SiO2 NRs in air, N2
and H2 for 1 h at 300 °C, which is below the alloying temperature of Au-Pd [57]. Herein,
the protective mesoporous silica shell was not only crucial in preventing the NRs from
aggregating and in retaining the spherocylindrical shape, but also made it possible to redis-
perse the Au@Pd@SiO2 NRs in polar solvents after the thermal treatment. In Figure 3.10
the Au@Pd@SiO2 as synthesized and after heating to 300 °C are shown. For clarity, we
specifically picked Au@Pd@SiO2 NRs which had a very inhomogeneous Pd shell prior to
thermal treatment (Figure 3.5c-d). After heating them to 300 °C the Pd coating was suc-
cessfully transformed in a smooth, epitaxial shell (Figure 3.5f-h). HRTEM revealed that
the as synthesized, polycrystalline Au@Pd@SiO2 NRs transformed into single-crystalline
particles during thermal treatment (Figure 3.10e,h).

Another clear indication for the change in Pd shell morphology, is the change in
plasmonic properties upon heat treatment. In Figure 3.10b the extinction spectra of the
Au@Pd@SiO2 NRs before and after thermal treatment in 300 °C in H2, N2 and air are
shown. The optical properties of the thermally treated Au@Pd@SiO2 strongly depended
on the gas atmosphere in which they were heated. In nitrogen, the LSPR peak only
slightly red-shifted and barely broadened, whereas the air and H2 heated sample blue-
shifted. In addition, the LSPR peak of the air treated sample broadened severely. From
TEM analysis, the differently treated samples appear to have the same morphology: the
surface morphology of all Au@Pd@SiO2 NRs transformed from dendritic, non-epitaxial to
smooth, epitaxial upon thermal treatment. The difference in optical properties is therefore
most likely related to a difference in the oxidation state of the Pd-atoms after thermal
treatment in air (e.g. partial Pd-oxide formation).
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Figure 3.10: Changing the morphology of the Pd shell from dendritic to smooth via
thermal treatment. a) Schematic representation of the morphology change of Au@Pd@SiO2
NRs upon thermal treatment. b) Normalized extinction spectra of the Au@Pd@SiO2 NRs before
(black) and after heating at 300 °C in N2 (red), H2 (blue) and air (orange). c) HAADF-STEM,
d) EDX map and e) high resolution bright field image of Au@Pd@SiO2 as synthesized at RT. The
Pd shell is inhomogeneous and dendritic. The lattice spacings, dP d

lattice= 0.228 nm and dAu
lattice=

0.237 nm correspond to the (111) lattice planes. f) HAADF-STEM, g) EDX map and h) high
resolution bright field image of Au@Pd@SiO2 with a smooth, homogeneous Pd shell, obtained
after heating for 1 h at 300 °C in H2. The lattice spacing, dAuP d

lattice= 0.202 nm corresponds to
(200) lattice plane.
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3.4 Discussion
In the result section we described the overgrowth of Ag, Pd and Pt on Au nanorods.
Depending on the type of metal, different shell morphologies, crystal lattice orientations
and efficiencies of metal deposition were observed. In this section we will identify the
physiochemical properties known for bulk metals that play an important role in the shell
growth behavior. Based on these parameters one can predict the metal structures that
should form when working under thermodynamic equilibrium conditions. In addition, the
role of the mesoporous silica shell in the metal overgrowth process will be discussed.

Different shell morphologies

For the Au@Ag@SiO2 and Au@Pd@SiO2/Au@Pt@SiO2 NRs smooth, continuous and
rough, discontinuous shell growth were observed, respectively. The morphology of the
metal shell depends on the dominating growth mechanism during the metal deposition.
According to crystal growth theory for gas phase deposition, three growth modes can be
distinguished: (1) a layered growth mode (Frank van der Merwe, FM), (2) an intermediate
growth mode (Stranski Krastanov, SK) and (3) an island growth mode (Volmer Weber,
VW) [161, 162]. Herein, FM growth leads to smooth continuous shells, whereas rough,
discontinuous shells are being formed in VW growth. Which of the growth modes occurs
depends on the surface tensions of- and interactions between the core and shell metal and
can be estimated based on Equation 3.1 [162].

∆γn = γshelln + γinterface − γcore (3.1)

where ∆γn is the difference in surface tension between a core-shell structure consisting
of n atomic shell layers and core particle. γshelln , γinterface and γcore are the surface tensions
of the shell, core-shell interface and core material, respectively. When ∆γn ≤ 0 and > 0,
continuous (FM) and island (VW) growth are expected, respectively. When γshelln < γcore,
but the γinterface increases with the number of layers, SK growth occurs where initially
a smooth shell is formed followed by discontinuous growth. This can happen when the
strain energy increases with an increasing number of atomic shell layers, for example due
to a lattice mismatch between the core and the shell crystal structure.

In Table 3.5 we listed the solid-vapour surface free energy (ES) for Au, Ag, Pd and
Pt (determined at 0 K). When ES(shell) is smaller than ES(core), wetting of the core by
the shell metal is favourable and continuous growth can occur, given that the interfacial
energy is small. As the interfacial surface tensions and energies between the metals are
not known we listed the bond dissociation energies between two atoms of the same metal
ED(M-M) and the bond dissociation energies between a metal atom with a Au atom
ED(Au-M) in Table 3.5 as well. These bond dissociation energies indicate whether the
interaction between the shell and core materials is favourable compared to the shell-shell
interaction. Herein, continuous shell growth is likely when ED(Au-M) > ED(M-M).

From the ES and ED values in Table 3.5 it follows that ES(Ag) < ES(Au) and ED(Ag-
Au) > ED(Ag-Ag), meaning that continuous growth of a smooth Ag shell around a gold
core is thermodynamically favourable. This is in good agreement with our experimental
results as presented in Figure 3.3. We observed smooth, continuous Ag shell growth,
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Table 3.5: Summary of key parameters of bulk Au, Ag, Pd, and Pt. The FCC lattice
constant, solid-vapour surface free energy at 0 K, the bond dissociation energy of the 2 equal
metal atoms (M-M) and between Au and a different metal atom (Au-M), and the standard
reduction potentials [168–172].

Au Ag Pd Pt
FCC lattice constant (Å) [168] 4.08 4.09 3.89 3.92
Surface energy (J/m2) [168, 169] 1.50 1.24 2.00 2.49
Bond dissociation energy (M-M, kJ/mol) [171] 226 160 100 307
Bond dissociation energy (Au-M, kJ/mol) [171] 226 203 155 -
Standard reduction potentials (V) [172] +1.00 (AuCl−4 ) +0.80 (Ag+) +0.59 (PdCl−4 ) +0.76 (PtCl−4 )

where we could precisely control the shell thickness and thus the number of atomic layers
via the metal precursor concentration (AgNO3). It should be noted that regardless of the
reaction rate, which we varied in Figure 3.8, continuous Ag shell growth was observed.
Smooth Ag growth on differently shaped AuNPs has also been observed in literature,
both for uncoated and partially coated NPs [49, 54–56, 159, 161, 165]. To the best of our
knowledge there are no reports of rough, discontinuous Ag shell growth on Au.

The growth behavior of Pt shells on Au cores, presented in Figure 3.6, can be ex-
plained in a similar way. ES(Pt) > ES(Au) and ED(Pt-Pt) > ED(Au-Au), meaning
that discontinuous, rough shell growth is indeed expected. Note that ED(Au-Pt) is not
known since Au and Pt do not form an alloy. Our experimental findings are in line with
previous reports of metal overgrowth on uncoated and partially coated Au NPs, where
always rough shell growth was observed regardless of the presence of a (porous) surface
coating [54, 161, 165, 166].

Predicting the type of metal growth for Pd on Au is more complex than for Ag or
Pt shell growth. The surface energy of Pd is higher than Au, whereas the bond dissoci-
ation energy ED(Au-Pd) is larger than ED(Pd-Pd). The latter indicates that continuous
Pd shell growth is in principle favourable. However, when overgrowing Au with Pd we
observed that Pd, like Pt, tends to grow a rough shell extending into the mesopores of
the silica shell. For uncoated Au-Pd NRs both continuous and discontinuous shell growth
have been observed [157, 161]. In the case of uncoated AuNRs, the growth behavior could
be tuned from continuous to discrete when growing the Pd shell in the presence of Br−
and Cl− ions, respectively [157]. This difference in growth behavior is probably due to a
variation in the reduction potential and thus in the reduction rate of Pd-ions when adding
Br− and Cl− which are known to strongly coordinate with the Pd ions [86, 173]. In our
case the growth occurred in the presence of Cl− ions coming from the Na2PdCl4 precursor,
resulting in discontinuous shell growth. By thermally treating the Au@Pd@SO2 NRs we
could transform the rough Pd shells into a smooth, continuous Pd shells (Figure 3.10).
The latter result shows that continuous Pd shell Au core NRs are thermodynamically the
most favourable structures.
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The role of the silica shell

In general, metal-overgrowth within a mesoporous silica shell has several advantages. By
making use of a protective silica shell additional stabilizing surfactants were not needed
and/or could be removed, such that secondary nucleation of individual metal NPs was
suppressed. The second metal was therefore always preferentially deposited on the Au
cores and secondary nucleation of individual was only observed at very high (Pt) precursor
concentrations (>3.3 mM). Herein, usage of a relatively mild reducing agent, like ascorbic
acid, also contributed to preferential metal-overgrowth on the Au core. In the case of Ag,
the silica shell helped to retain the sphereocylindrical rod shape, even when growing thick
Ag shells. Ag-overgrowth on uncoated NRs on the other hand, can lead to loss of the
spherocylindrical shape and the formation of nano-"bar" or "brick" like particles [159, 160].

The presence of porous shells, such as the mesoporous silica shell in this study, can
alter the growth behavior and lead to the shell morphologies different those grown on
uncoated nanoparticles. In the metal overgrowth of mesoporous silica coated AuNRs,
spiky Au shells were grown [49], whereas this does not happen when performing the
overgrowth on partially, non-porous silica coated [165] or uncoated AuNRs [174]. In our
case, the discontinuous Pd shell growth could therefore also be ascribed to the presence of
the mesoporous silica template. Rough Pt growth, on the other hand, is not necessarily
caused by the presence of the mesoporous silica shell template, as rough shell growth
always occurs on Au regardless of type of ligands or shells around the NPs.

We noticed that in particular for Pd, metal growth appeared more clearly at the tips of
the NRs (Figure 3.5d and 3.10c). Such preferential coating at the tips rather than the sides
of the NRs was also observed in previous reports where bare AuNRs were used [152, 157].
This could be related to the different surface facets at the tips compared to the sides [21],
as the surface energy is known to be surface facet dependent [168].

Finally, it should be noted that the silica shell allowed the thermal treatment of the
bimetallic rods. The shell prevents the rods from sintering and helps to retain the particle
shape. This enabled the synthesis of smooth, epitaxial Pd shell Au core NRs (Figure 3.10),
but also allows alloying of the core-shell structures for which thermal treatment at elevated
temperatures is needed [57, 104, 175] (see Chapters 4-6).

Crystal orientation of the metal shell

When considering the crystal orientation of the shell material with respect to the core,
either epitaxial or non-epitaxial growth can occur. Epitaxial growth means that the second
metal forms a crystalline shell with one well-defined orientation with respect to the core
crystal structure, whereas non-epitaxial growth indicates the formation of a metal shell
having a random orientation with respect to the core, or a completely disordered crystal
structure.

Whether epitaxial growth occurs (partially) depends on the lattice parameters of the
core and shell metal. In Table 1 we give the lattice constants given for FCC Au, Ag, Pd
and Pt crystals. Ag and Au have very similar lattice constants with a discrepancy of only
0.2 %, explaining why we observed epitaxial growth of Ag on Au. The HRTEM images
in Figure 3.4 show a crystalline Ag shell had formed and that the lattice planes of the Ag
shell adopted the same crystallographic orientation as the underlying Au core. For Pd
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and Pt, the lattice mismatch with Au is larger, about 4%. Typically within 5% mismatch,
epitaxial growth still possible [176]. The HRTEM image in Figure 3.7 shows that a thin
crystalline Pt layer with different orientation to Au was indeed formed. Also for thin Pd
such growth can be observed [54, 161]. However, at larger Pd shell thickness’s, separate
Pd nanocrystals were grown with random orientations compared to the underlying AuNR
(Figure 3.10e). In Figure 3.10h we show that these non-epitaxial shells can successfully
be transformed into epitaxial Pd shells via thermal treatment.

Efficiency of the metal overgrowth

The amount of metal deposited upon metal overgrowth was not the same for all metals
either, meaning that the efficiency of metal overgrowth was different. The EDX quantifi-
cation in Figure 3.3 and 3.5 show that more Na2PdCl4 was needed to increase the XP d

compared to the amount of AgNO3 to obtain the same increase in XAg. Thus, a smaller
fraction of the PdCl2−4 ions compared to Ag+ ions was reduced. This could be related to
the difference in standard reduction potential of PdCl2−4 and Ag+, which is +0.591 and
+0.800 V (25 °C, 1 atm), respectively (see Table 3.5). For Pt, it was not possible perform
a reliable quantification of XP t determine well as secondary nucleation occurred at higher
Pt concentrations.

We found that the efficiency of metal overgrowth is also related to the space available
in the silica shell. Limited space in- and the flexibility of the silica shell is most likely the
reason for the flattening of the XAg and XP d at higher metal precursor concentrations.
We observed that this flattening occurs at lower Ag contents when performing Ag growth
on unetched Au@SiO2 NRs, where the available space in the silica shell is smaller.

3.5 Conclusions

In this chapter we demonstrated the controlled synthesis of mesoporous silica coated Au
core Au/Pd/Pt shell nanorods with precisely adjustable metal compositions and shell-
morphologies. First, the Au core size was tuned via oxidative etching with H2O2, which
is a more robust method compared to using oxygen from the air that we used previ-
ously [54]. In the subsequent metal overgrowth, the metal composition was tuned via the
metal precursor, where higher metal precursor concentrations led to thicker Ag- and more
dendritic Pt/Pd shells. Next, the growth kinetics of the metal overgrowth were controlled
by varying the pH of the reaction mixture. This allowed us to dramatically scale the syn-
thesis up to the quantities needed for e.g. catalysis. Finally, smooth, epitaxial Pd shell
Au core NRs were obtained, by thermally treating dendritic Pd shell Au core NRs below
the alloying temperature. Such bimetallic core-shell structures are likely to be of great
interest for light-based applications such as plasmon enhanced catalysis, self-assembly of
the rod-like particles and the in situ monitoring of chemical reactions with SERS, allowing
interesting comparisons between core-shell versus alloyed nanorods.
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 4
Alloyed metal nanorods with

tunable properties

Abstract
In this chapter, we show that alloyed anisotropic nanoparticles can be obtained from
core-shell nanorods with complete retention of the particle shape via thermal treatment
at temperatures far below the bulk melting temperature. By coating Au-Ag, Au-Pd and
Au-Pt core-shell nanorods with a protective mesoporous silica shell the transformation
of the rod to a more stable spherical shape was successfully prevented during alloying.
The chemical stability of the Au-Ag core-shell nanorods was drastically increased after
alloying. From finite-difference time-domain (FDTD) calculations it followed that alloyed
AuAg rods also exhibit better plasmonic properties than their spherical counterparts
and that their optical properties can be tuned via the metal composition. Finally, the
generality of our method is demonstrated by alloying Au-Pd and Au-Pt core-shell NRs,
where the AuPd and AuPt alloyed nanorods showed a large increase in thermal stability
of several hundred degrees compared to monometallic silica coated Au nanorods.
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4.1 Introduction

Gold nanorods (AuNRs) exhibit strong and easily tunable plasmonic properties combined
with a good chemical stability [177]. Compared to gold, silver has even better plasmonic
properties. In Chapter 3 we showed that by growing a silver shell around AuNRs, the
plasmonic properties can be significantly enhanced [54, 56]. However, the applicability of
these core-shell NRs is hampered by the relatively poor chemical stability of the Ag-shell,
which is prone to oxidation and dissolution. For spherical nanoparticles (NPs) it has been
shown that by alloying the chemical stability of Ag-based nanoparticles can significantly
be improved [56].

Such alloyed metal NPs are not only interesting for optical applications, but also for
heterogeneous catalysis [178, 179], a topic which will be discussed in detail in Chapter 6.
By combining two metals in a nanoparticle so-called synergistic effects can arise, where
the catalytic properties of the bimetallic catalyst exceed those of the single-component
systems [180, 181]. Furthermore, alloying can lead to an increased thermal stability of the
NPs [182, 183]. This is relevant in for example thermal, photo- and plasmon enhanced
catalysis where heating or light irradiation is used to enhance the catalytic performance
of metal catalysts [108, 156].

For many light based applications, rod-shaped alloyed nanoparticles would be ideal
since they offer a combination of good plasmonic properties with a high chemical and
thermal stability. However, there is no facile way of making rod-shaped alloys while si-
multaneously controlling their composition and shape. Most studies to date have focused
on spherical alloyed NPs only. Few examples were reported on the synthesis of alloyed
NRs, such as template-directed electro-chemical or wet-chemical co-deposition and low-
temperature decomposition of bimetallic precursors [184–188]. However, these synthesis
routes yield NRs with only one fixed composition and/or are highly laborious with small
amounts of sample obtained. Alternatively, alloying of spherical core-shell nanoparticles
via thermal treatment is a simple and scalable method with precise control over composi-
tion and size [56, 189]. Unfortunately, at the elevated temperatures required for alloying,
the rod-shape is unstable and the rod deforms to a spherical shape [190]. We showed in
Chapter 2 that a protective silica coating can significantly improve the stability during
heat treatment. By using a silica coating, spherical Au-Ag NPs could for example suc-
cessfully be alloyed [56]. However, it has not been shown yet that this method can be
extended to anisotropic particles without changing the particle shape after alloying and
how an out-of equilibrium NR shape influences this process.

In this chapter, we show that alloyed nanorods can be made via thermal treatment
without losing the anisotropic particle shape. To this end, the nanorods were coated with a
protective mesoporous-silica layer, which enhances their thermal stability, prevents sinter-
ing of NRs during thermal treatment and allows mass transport to the metal surface, which
is crucial for catalytic applications. The metal composition of the NRs could be tuned pre-
cisely by varying the core-to-shell size ratio [54] (see Chapter 3). We followed the alloying
of mesoporous-silica coated Au(core)-Ag(shell) nanorods (Au@Ag@SiO2 NRs), Au(core)-
Pd(shell) nanorods (Au@Pd@SiO2 NRs) and Au(core)-Pt(shell) nanorods (Au@Pt@SiO2
NRs) in situ with high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX). We compared the
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experimentally measured extinction spectra of AuAg alloyed NRs to extinction spectra
computed with FDTD calculations. The latter showed that alloyed NRs exhibit enhanced
plasmonic properties compared to their spherical counterparts. Furthermore, we observed
that the thermal stability of the alloyed AuPd and AuPt NRs was greatly improved. The
methodology presented in this chapter is not limited to the metals chosen here or to rod-
shaped nanoparticles only, but can be applied to different metals and different anisotropic
particle shapes as well as long as mixing of the metals is thermodynamically favourable.

4.2 Experimental

Chemicals

All chemicals were used as received without further purification. Hexadecyltrimethy-
lammonium bromide (CTAB, >98.0%) and sodium oleate (NaOL, >97.0%) were pur-
chased from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4 H2O), sodium
hydroxide (98%), and polyvinylpyrrolidone (PVP, average molecular weight 58 kg/mol,
K29-32) were purchased from Acros Organics. L-Ascorbic Acid (BioXtra, ≥99%), sil-
ver nitrate (AgNO3,≥99%), sodium borohydride (NaBH4, 99%), hydrochloric acid (HCl,
37wt% in water), tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide solution
(≥25 wt% in water), sodium tetrachloropalladate-(II) (Na2PdCl4, 98%) and potassium
tetrachloroplatinate-(II) (K2PtCl4, 98%) were purchased from Sigma-Aldrich. Ultrapure
water (Millipore Milli-Q grade) with a resistivity of 18.2MΩ was used in all of the ex-
periments. All glassware for the AuNR synthesis was cleaned with fresh aqua regia
(HCl/HNO3 in a 3:1 volume ratio), rinsed with large amounts of water and dried at
100 °C before usage.

Synthesis of bimetallic core-shell NRs in a mesoporous silica shell

Synthesis of mesoporous silica coated AuNRs

The synthesis of the uncoated AuNRs was done according to the procedure described by
Ye et al. [13], making use of a binary surfactant mixuture of hexadecyltrimethylammo-
nium bromide (CTAB) and sodium oleate (NaOL). For the silica coating the procedure
described by I. Gorelikov and N. Matsuura [90] was followed. Herein, the rods were dis-
persed in an aqueous solution of 1.5mM CTAB and 1.0mM NaOH, to which 3 times
0.33 vol% of a 0.90 M TEOS in ethanol solution was added with a 45minutes time in-
terval between the additons. After 2 days of ageing at 30 °C, while magnetically stirring
at 400 rpm, the rods were washed with water and ethanol, and redispersed in methanol
(LSPR peak postion, λLSP R=778 nm, and maximum extinction, Ext= 1.7 when diluted
2× in H2O). In all washing steps we typically used a centrifugation speed of 7000-9000 rcf
for 30-10min. The average silica shell thickness was 18 nm.
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Oxidative etching

The oxidative etching of Au@SiO2 NRs was done with H2O2 as oxidizing agent. The
H2O2 concentration and reaction temperature can be varied to tune the reaction rate of
the oxidative etching (see Chapter 3). Here, 12mL of Au@SiO2 NRs (λLSP R= 778 nm,
Ext= 3.5) and 240µL concentrated HCl (37 vol%, 12.1 M) were mixed in a 40mL glass
vial while magnetically stirring at room temperature. 240 µL H2O2 in MeOH (20 mM)
was added and the reaction mixture was placed in a 70 °C oil bath. After 15min the
reaction mixture was removed from the oil bath and cooled down to room temperature by
adding 18 mL fresh MeOH. The etched particles were washed with 20mL and redispersed
in 12mL of a 1.1wt% PVP (K29-32) in H2O solution, respectively. The resulting LSPR
peak position of the etched Au@SiO2 NRs in PVP/H2O was 745 nm with an extinction
of 2.2.

Metal overgrowth

The etched Au@SiO2 NRs were overgrown with Ag, Pd or Pt according to the procedure
of Deng et al. [54]. 0.30 mL of etched Au@SiO2 NRs in PVP/H2O (λLSP R=745 nm, Ext=
2.2) and 30µL 2mM AgNO3, 5mM Na2PdCl4 or 10mM K2PtCl4 in water were added to
a 4mL glass vial. Next, 30µL of 8, 20 and 40 mM ascorbic acid (AA) were added for the
Ag-, Pd- and Pt-shell growth, respectively, and the vial was directly placed into a Vortex
Shaker and shaken for 20min. The samples were washed with H2O and redispersed in
1.0mL EtOH (100%).

The dimensions and aspect ratios of the NRs before and after oxidative etching and
metal overgrowth were determined by TEM analysis and are summarized in Table 4.1. We
used the same batch of silica coated AuNRs for Ag and Pd overgrowth and a comparable
batch of AuNRs for Pt overgrowth. The silica shell thickness is the same for the batches
in Table 4.1 (∼18 nm). It should be noted that an accurate size determination of the Pd
and Pt shell is difficult since it exhibits a dendritic structure.

Table 4.1: Dimensions and aspect ratios (AR) of Au@SiO2 NRs before and after etching,
Au@Ag@SiO2, Au@Pd@SiO2 and Au@Pt@SiO2 NRs after metal overgrowth, as determined
from TEM analysis.

Sample ID Length (nm) Diameter (nm) AR
Au@SiO2 NRs before etching 71 20 3.6
Au@SiO2 NRs after etching 61 20 3.1
Au@Ag@SiO2 NRs used for in situ heating 74 27 2.7
Au@Ag@SiO2 NRs used for N2 heating 73 27 2.7
Au@Ag@SiO2 NRs used for air heating 73 27 2.7
Au@Pd@SiO2 NRs used for in situ heating 73 22 3.3
Au@Pt@SiO2 NRs used for in situ heating 57 18 3.2
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In situ heating experiments
The in situ heating measurements were performed on a FEI Talos F200X operated at
200 kV using a heating holder from DENSsolutions. The Au@Ag@SiO2 NR solution was
dropcasted on a heating chip consisting of several SiN windows. Once a suitable spot was
chosen the chip was heated to 600 °C or 800 °C for the Au@Ag@SiO2 and Au@Pd@SiO2,
Au@Pt@SiO2 samples, respectively. The temperature was changed in steps of 50 °C and
kept for about 5min. The temperature increase per step was almost instantaneous (<1 s).
However, since EDX maps were taken for 15min the chip was kept at specific temperatures
for a longer time. For example, EDX maps were taken of the spot from Figure 1 and a
spot on a different window for the Au@Ag@SiO2 sample at 400 °C (Figure 1). Thus, the
sample was effectively heated for 40min at that temperature. The influence of heating
time is further analysed in Figure 4.3.

The Au@Pd@SiO2 and Au@Pt@SiO2 NRs were heated in a similar way. EDX mea-
surements were performed at 600 °C, 700 °C and 800 °C and thus at these temperatures
the particles were heated for 20min instead of 5min. Complete alloying was observed
after keeping the temperature at 800 °C for 10min more, thus 30min in total. The EDX
measurement at 800 °C shown in Figure 4.8 was taken after these 30min. This was done
because 800 °C was the maximal heating temperature. The heating time at 800 °C was
therefore increased until alloying was observed.

EDX measurements and analysis
All EDX measurements were performed at a FEI Talos F200X. Each map was taken for
15min to get a good signal-to-noise ratio. The obtained intensity maps were quantified by
using the Cliff-Lorimer method. Only Au and Ag or Pd were used for the quantification
while the other elements were used for deconvolution only. For clarity only the Au and
Ag or Pd maps are shown and not the Si or O maps although the mesoporous-silica shell
is always present. All EDX maps in this chapter are presented in atomic percent except
for Figure 4.5, 4.6 and 4.9 which show the intensity maps.

Oven heating experiments
For the oven heating experiments in N2 and air, the Au@Ag@SiO2 NRs were dropcasted on
microscope glass slides (76×26mm, Thermo scientific, Menzel-Gläser). The oven heating
in N2 was done in a tube oven (Thermolyne 79300 tube furnace). The sample was placed
in a quartz tube and flushed with N2 for 1 h at room temperature. Thereafter the sample
was heated to 300 °C with a rate of 15 °C/ min under a constant N2-flow. After keeping the
temperature at 300 °C for 10min, the sample was heated to 400 °C with a rate of 10 °C/min
and kept at 400 °C for 60min. For the oven heating experiments in air we used a static
air oven (Carbolite). After preheating the oven the glass slide was inserted and heated at
400 °C for 30min. As a control experiment, we also heated the Au@Ag@SiO2 in air with
a similar temperature program as used for the N2 experiments, but this did not lead to
a different result. The extinction spectra before and after heating were measured with
Fourier transform visible infrared spectroscopy (VIS-IR) on the particles on a microscope
slide in an air environment.
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The dimensions of the Au@Ag@SiO2 NRs before and after heating in N2 and air are
summarized in Table 4.2. It can be seen that the particles heated under N2 barely changed
their aspect ratio, although they seem to slightly have decreased in volume. However, a
smaller amount of particles was available for TEM analysis after heating compared to
before heating. As the volume and ratio of Au and Ag did not change during the in situ
measurements, we believe that the apparent volume loss is due to limited statistics. A
clear difference can be seen, however, for particles heated in air where a drastic change in
volume and aspect ratio occurred. We observed that the porous silica shell structure was
preserved during heat treatment at 500 °C in N2. The mesopores in the silica shell were
always still present and are expected to be stable up to ∼800°C [191].

Chemical stability experiments

To check the chemical stability, the Au@Ag@SiO2 core-shell and AuAg@SiO2 alloyed
particles on the microscope slide were exposed to an aqueous mixture of 1.7 vol% H2O2 and
0.9 vol% NH3·H2O for 15min and 2 h, respectively. Before and after etching the extinction
spectra of the Au@Ag@SiO2 core-shell and AuAg@SiO2 alloyed NRs were measured with
Fourier transform visible infrared spectroscopy (VIS-IR). This was done on the microscope
slide in an air environment.

FDTD calculations

The FDTD calculations were performed with the software package Lumerical FDTD
Solutions 8.15. A total field scattered field source was used and the longitudinal localized
surface plasmon resonance was monitored at 200 points in a wavelength range from 500 nm
to 1200 nm by aligning the polarization with the long axis of the NRs. A three-dimensional
non-uniform mesh was used with a grid size of 0.5 nm for the NRs themselves and in their
vicinity. The particles were modelled as cylinders using the experimentally determined

Table 4.2: Dimensions and aspect ratios (AR) of Au@Ag@SiO2, Au@Pd@SiO2 and
Au@Pt@SiO2 NRs before and after heating in situ , in N2 air at 400 °C of 1 h, as determined
from TEM analysis.

Sample ID Length (nm) Diameter (nm) AR
Au@Ag@SiO2 NRs before in situ heating 76 25 3.0
Au@Ag@SiO2 NRs after in situ heating 74 27 2.7
Au@Ag@SiO2 NRs before N2 heating 73 27 2.7
Au@Ag@SiO2 NRs after N2 heating 65 26 2.5
Au@Ag@SiO2 NRs before air heating 73 27 2.7
Au@Ag@SiO2 NRs after air heating 42 25 1.7
Au@Pd@SiO2 NRs before in situ heating 73 22 3.3
Au@Pd@SiO2 NRs after in situ heating 71 22 3.2
Au@Pt@SiO2 NRs before in situ heating 57 18 3.2
Au@Pt@SiO2 NRs after in situ heating 53 18 2.9
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sizes as presented in Table 4.2. The atomic Ag silver fraction, XAg, was varied between 0
and 1 in 0.1 steps.

We took the dielectric functions from an analytical model derived from measurements
of the dielectric function of certain alloy compositions which allows for extrapolation of
the dielectric function to any composition [192]. It is important to use dielectric functions
obtained for alloys as it was demonstrated that measured extinction spectra of spherical
AuAg alloyed NPs could not be reproduced by a linear combination of the dielectric
functions of Au and Ag, but only by using the dielectric data of alloys [192, 193]. We
furthermore size-corrected the dielectric functions to account for the influence of the
particle size confinement on the electron mean free path [194].

4.3 Results and Discussion

Alloying Au-core Ag-shell nanorods
To study the thermally induced alloying of nanorods we first synthesized Au@Ag NRs
in a mesoporous silica shell [54]. The average length (L) of the Au@Ag rods was 73 nm
and the diameter (D) 27 nm, while the Au core length and diameter were 61 nm and
20 nm, respectively. The atomic silver fraction (XAg) was determined from EDX and was
approximately 0.43. In order to find the required heating temperature for alloying, which
can deviate substantially from bulk values [189, 195], the core-shell NRs were heated
in situ in a high-resolution electron microscope operated in HAADF-STEM mode. The
temperature was increased in 50 °C steps and kept constant for 5min at each temperature
(Figure 4.1).

Below 400 °C the Au core and Ag shell can clearly be distinguished by the Z-contrast
inherent to STEM. At 400 °C this contrast difference became less apparent and vanished
at 450 °C indicating that an alloy was formed. The EDX measurements in Figure 4.1b
show that alloying started at the Au-Ag interface at 400 °C and confirm the transition
of the core-shell structure to a homogeneous alloy at 450 °C. After cooling back to room
temperature, the alloyed structure was preserved (Figure 4.1b) and the FCC crystallinity
of the rod retained (Figure 4.2), as expected for AuAg alloys. The (111) lattice spacing
of a formed AuAg alloy NR was 0.235 nm, which is in good agreement with the known
values of 0.2355 nm and 0.2358 nm for Au and Ag FCC crystals, respectively. The particles
preserved their anisotropic shape during heat treatment due to the stabilizing silica-shell.
The Au-Ag ratio did not change upon alloying.

Next to the heating temperature, the heating time is an important parameter in the
alloying process. Figure 4.3a shows the influence of heating time for a temperature of
400 °C. Right after changing the temperature to 400 °C the core-shell structure was still
clearly visible (upper left image in Figure 4.3a). After 5 min the shell started to disappear
and after 20min heating at 400 °C the core-shell structure had vanished (lower left image in
Figure 4.3a). This was confirmed by EDX measurements of particles lying on a different
SiN window shown in Figure 4.3b as most of the particles had formed an alloy. After
40min no core-shell structure could be seen from the STEM contrast, indicating that the
alloying was completed.
To make sure that alloying was not induced by the electron beam, we checked different
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Figure 4.1: In situ heating of silica coated Au@Ag core-shell nanorods with L= 73nm
and D= 27nm, XAg= 0.43. a) HAADF-STEM images recorded before, during and after heating
to 450 °C. The scale bars are 50 nm. b) EDX maps showing the metal distribution of Ag (green)
and Au (red) in the core-shell and alloyed metal nanorods before and after heating, respectively.
The average aspect ratio (AR) of the four particles shown here changed from 3.0 to 2.7 when
heated to 450 °C. All scale bars are 40 nm. c) EDX line scans perpendicular and along the long
axis of the top left nanorod at 20 °C and d) 450 °C. It should be mentioned that the SiO2 shell is
always present although the Si or O EDX maps are not shown here and the SiO2-STEM contrast
is weak compared to the metals.

spots that had not been exposed to the electron beam prior to heating and concluded
that the alloying was not modified by the electron beam. The EDX maps in Figure 4.3b
confirm that the electron beam had a negligible influence on the alloying process as the
particles in 4.3b were not exposed to the electron beam before and still showed the same
behaviour as the illuminated spot in Figure 4.1. Figure 4.3c shows STEM images of
particles in different SiN windows after the in situ heating process without prior electron
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Figure 4.2: High-resolution electron microscopy of an alloyed NR. a) High resolution
TEM image, b) the corresponding FFT and c) zoom in of an AuAg@SiO2 alloyed nanorod (L=
73nm, D= 27nm, AR= 2.7) after in situ heating showing the lattice planes in the (111) direction
with a lattice spacing of 0.235 nm.

beam exposure. The particles showed a smooth contrast, which indicates that alloying
had taken place.

The alloying occurred at temperatures well below the bulk melting temperature of
Au and Ag. This is in contrast to the alloying temperatures reported for spherical Au-
Ag NPs by Gao et al., which were as high as 930 °C [56]. However, is to be expected
that nanoparticles will alloy below the bulk melting temperature when decreasing their
particle size, similar to the volume dependent thermal stability and particle size dependent

Figure 4.3: Influence of time and electron beam on the in situ alloying of
Au@Ag@SiO2 NRs. a) Spot of Figure 1 after different times: directly after changing the
temperature to 400 °C (0min), after 5min, after 20min and after 40min. b) EDX of a different
spot on a different SiN window heated at 400 °C for 20min without prior exposure to the electron
beam. c) HAADF-STEM images of different spots on different SiN windows and thus without
prior electron beam exposure after the heating process.
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Figure 4.4: Alloying of silica coated Au@Ag core-shell nanorods in different gas
atmospheres. a) Extinction spectra of AuAg nanorods before (black) and after heat treatment
(red) in N2 at 400 °C. The LSPR peak shifted from 740 to 667 nm upon treatment in N2. b)
HAADF-STEM image and EDX maps of alloyed Au(red)-Ag(green) nanorods after heating in
N2. c) Extinction spectra of AuAg nanorods before (black) and after (red) heating at 400 °C
in air. The LSPR peak shifted from 745 to 586 nm upon thermal treatment in air. The average
aspect ratio of the four particles shown in b and d are 2.4 and 2.1, respectively. After heat
treatment in N2 XAg was 0.44, whereas heating in air caused a loss in Ag; XAg decreased to
0.21. All scale bars are 40 nm.

melting point of nanoparticles [4, 5, 196–198]. For very small (< 5 nm) Au-Ag particles
even spontaneous alloying at room temperature can occur [199]. In Chapter 5 we will
investigate the influence of the particle size and composition on the alloying temperature
in detail [104].

Alloying of larger quantities of Au@Ag@SiO2 NRs was successfully achieved outside
the electron microscope in an oven. We observed a strong effect of the surrounding
atmosphere on the alloying process when heating the NRs to 400 °C. The EDX maps in
Figure 4.4a demonstrate that alloyed NRs were formed during heating in nitrogen. The
blue-shift in the extinction spectrum after alloying is mainly due to a slight decrease in
aspect ratio. Identically to the in situ experiments, the particles heated externally kept
their rod shape, which would not be possible without the protecting silica shell [123, 190,
200]. We demonstrate this in Figure 4.5 where we show results of heated Au@Ag core-shell
NRs (L= 84nm, D= 24nm, AR= 3.5) that were not protected by a mesoporous silica
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Figure 4.5: Alloying uncoated Au@Ag@SiO2 NRs: STEM image and EDX intensity
maps of initial Au@Ag core-shell NRs without a mesoporous silica shell after heating them for
1 h at 400 °C in N2.

shell. As expected, the nanorod shape could not be preserved and the particles deformed
and sintered together.

The alloying process of Au@Ag@SiO2 NRs in air is very different from alloying in N2.
The larger blue-shift in the extinction spectrum in Figure 4.4b upon heating, compared
to heating under nitrogen flow shows that the rods deformed to a more spherical shape.
The EDX and STEM images indeed show that the particles heated in air deformed. The
average aspect ratio dropped from 2.7 (73 nm × 27 nm) to 1.7 (42 nm × 25 nm) with an
average volume loss of almost 50%. The EDX measurements revealed that most of the
Ag vanished after heating which explains the observed volume loss, leaving a void for the
Au to deform towards the thermodynamically more stable spherical shape. The difference
in the behaviour of the Ag shell during inert and oxygen rich heat treatment is probably
linked to the oxidation state of the silver. Heating of Ag NPs on silica supports in air was
reported to give similar losses of silver and was ascribed to the dissolution of silver ions
in the silica support [201].

We furthermore demonstrate enhanced chemical stability of the obtained alloyed NRs.
We exposed both the silica-coated core-shell and alloyed NRs to a mixture of hydrogen
peroxide (H2O2) and ammonia (NH3), which is known to oxidize and dissolve Ag [56]. The
longitudinal LSPR peak of the core-shell particles dropped to about 40% of the original
value and red-shifted after only 15min (Figure 4.6)a. This indicates that the Ag shell
was dissolved as confirmed by our EDX measurements (Figure 4.6)b. Indeed a similar
but reverse shift and increase in intensity were observed when Ag was grown onto the Au
rod. Contrarily, the peak position and Au-Ag ratio of the alloyed NRs did not change
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Figure 4.6: Chemical stability of AuAg core-shell and alloyed NRs upon etching.
a) EDX map of Au@Ag@SiO2 NRs after etching. The Ag-shell disappeared after exposing the
NRs to an aqueous mixture of 0.9 vol% NH3 and 1.7 vol% H2O2 for 15min. Here, a not so
representative spot was chosen where one particle still contained a small amount of Ag shell
to make the difference clear. b) Extinction spectra of core-shell (red) before (solid) and after
(dotted) exposure to the etching solution for 15 minutes. c) EDX maps of alloyed nanorods after
2 h of etching. d) Extinction spectra of alloyed nanorods (blue) before (solid) and after (dotted)
2 h of etching.

after keeping the particles in the etch solution for 2 h (Figure 4.6c). This shows that the
chemical stability of Au@Ag@SiO2 NRs was significantly increased upon alloying.

Calculations on the optical properties of Au-Ag nano-alloys

To compare the experimental results to theoretical predictions and to explore a larger
parameter space in composition and aspect ratio, we performed FDTD simulations. As
displayed in Figure 4.7a, the LSPR can be tuned by changing the composition of the
alloyed NR, similarly as for spherical particles. Most compositions show comparable
extinction intensities to those of a pure Au NR, although around a Ag composition of
XAg = 0.5 the intensities are slightly decreased, caused by the dielectric functions of
the alloys exhibiting higher losses close to 50% composition than the pure metals. The
plasmonic properties improve when more Ag is added and exceed those of pure gold at
XAg = 0.7. As a comparison we added the calculated extinction spectra for alloyed spher-
ical particles of the same volume in Figure 4.7b. Note that the plasmon wavelengths of
the pure Ag and Au spherical NP are slightly blue-shifted as known from measurements
done in water since our used surrounding medium dielectric constant is lower (1.65) than



Alloyed metal nanorods with tunable properties 73

Figure 4.7: Comparison of calculated extinction spectra of AuAg alloyed rods and
spheres of the same volume. a) FDTD calculations for AuAg alloyed NRs with a cylindrical
shape (L=65nm, D=26nm) and varying composition (XAg =0 - 1). b) FDTD calculations for
spherical AuAg alloyed particles of the same volume as the NRs in a. The inset compares the
extinction intensities of the rods (red) with the spheres (black) normalized to the extinction
intensity of the Ag NR.

that of water (1.77) to mimick our experimental conditions. The alloyed NRs show im-
proved plasmonic properties compared to spherical particles with up to 9 times higher
extinction coefficients. The enhancement can even be increased up to 14 times when in-
creasing the AR to 6. Thus, alloyed AuAg NRs have significantly better plasmonic and
hence photothermal properties than their spherical counterparts.

Extending the alloying method to Au-Pd and Au-Pt nanorods

Our method for the alloying of core-shell rods can in principle be applied to any com-
bination of metals that mix in the bulk phase. As a proof of principle in situ heating
measurements of Au@Pd@SiO2 NRs with an average length of 73 nm, diameter of 22 nm
and atomic Pd fraction (XP d) of 0.31 (Figure 4.8) and of Au@Pt@SiO2 NRs with an aver-
age length of 57 nm, diameter of 18 nm and atomic Pt fraction (XP t) of 0.15 (Figure 4.9),
were carried out. Figure 4.8 shows that the initially dendritic Pd shell first smoothened
around 500 °C, then started to mix with the Au core at 700 °C and finally formed a ho-
mogeneous alloy when heated for about 30min at 800 °C. We found indications that the
alloying temperature depends on the metal ratio as for a lower Pd content alloying was
achieved at 600 °C. We will study the alloying of lower Pd content Au@Pd@SiO2 NRs in
more detail in Chapter 6. The HAADF-STEM image and EDX intensity maps in Figure
4.9 show the AuPt nanorods before, during and after heating to 800 °C. At 700 °C the
core-shell structure vanished and an alloy was formed. In a similar way, AuPt nanorods
were heated to 800 °C (Au/Pt=0.85/0.15 and L= 53.3, D= 18.1 nm, AR= 2.9). Like the
Au@Ag@SiO2 NRs the observed alloying temperatures for AuPd and AuPt NRs are far
below the bulk melting temperatures of Au, Pd and Pt as well.
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Figure 4.8: In situ heating of silica coated Au@Pd core-shell nanorods with L= 73nm,
D= 22nm and XP d= 0.31 a) HAADF-STEM image and EDX maps showing the Au (red) and
Pd (green) metal distribution before and during heating to 800 °C, respectively. The average
aspect ratio of the five particles shown here changed from 3.3 to 3.2 when heating to 800 °C. The
scale bars are 40 nm. b) EDX line scan of the most right AuPd nanorod at 20 °C and 800 °C.

Figure 4.9: In situ heating of Au@Pt@SiO2 core-shell rods with L= 57.2, D= 17.6 nm
and XP t= 0.15. a) HAADF-STEM image and EDX intensity maps showing the Au (red) and Pt
(green) metal distribution before, during and after heating to 800 °C. The average aspect ratio
of the 9 particles shown here changed from 3.2 to 2.9 when heating to 800 °C. The scale bars
are 40 nm. b) EDX line scan of the upper right AuPt nanorod at 20 °C and c) after heating to
800 °C and cooling to room temperature.

The dimensions before and after heating the AuPd and AuPt NRs are listed in Table
4.2. From these size measurements it follows that the NRs did not lose any anisotropy
during the heating process. This is in contrast to pure Au NRs, which deform at such high
temperatures, even with a silica-coating [200]. Hence, alloying Au with a relatively small
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amount of Pd or Pt can drastically increase the thermal stability of the rod. The combi-
nation of good optical properties of Au and enhanced thermal and catalytic properties of
Pd/Pt make alloyed AuPd/Pt rods interesting materials for e.g. photocatalysis [156, 202],
optical laser writing [112] or other applications where the dynamic range is limited by the
thermal stability of the NRs [114, 203].

4.4 Conclusions
In conclusion, we introduced a general approach to obtain alloyed metallic NRs in a meso-
porous silica shell of which the metal composition and optical properties can be tuned.
The silica coating provides both thermal and colloidal stability, whereas its mesoporos-
ity enables mass transport to the NR surface. Alloying was achieved at temperatures
considerably lower than the melting point of the metals. We showed that the plasmonic
properties of the resulting NRs were enhanced compared to spherical particles of the same
volume, and that the thermal stability can be improved by alloying with higher melting
point metals. We expect that our method can be employed to any combination of metals
that mix in the bulk phase. Furthermore, it is possible to extend the method to more than
two metals or to different anisotropic particle shapes. Thus, the method presented here
opens the way to a wide variety of anisotropic nano-alloys with variable compositions,
tunable properties and different particle shapes which would be difficult to achieve via
direct synthesis routes.
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Abstract
The catalytic performance and optical properties of bimetallic nanoparticles critically de-
pend on the atomic distribution of the two metals in the nanoparticles. However, at
elevated temperatures, during light induced heating or during catalysis atomic redistri-
bution can occur. Measuring such metal redistribution in situ is challenging and a single
experimental technique does not suffice. Furthermore, the availability of a well-defined
nanoparticle system has been an obstacle for a systematic investigation of the key factors
governing the atomic redistribution. In this chapter, we continue the work described in
Chapter 4 and study in more detail the metal redistribution of in single-crystalline Au-
core Ag-shell nanorods in situ, both at a single particle and ensemble averaged level, by
combining in situ TEM with in situ EXAFS validated by ex situ measurements. We show
that the kinetics of atomic redistribution in Au-Ag nanoparticles depend on the metal
composition and particle volume, where a higher Ag-content or a larger particle size lead
to significantly slower metal redistribution. We developed a simple theoretical model
based on Fick’s first law which can correctly predict the composition and size dependent
alloying behaviour in Au-Ag nanoparticles as observed experimentally.
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5.1 Introduction

As explained in Chapter 1, bimetallic nanoparticles (NPs) offer new and enhanced optical
and catalytic properties, which can lead to applications in e.g. sensing, biomedicine, data
storage and catalysis [54, 56, 57, 86, 149, 150, 204–207]. The physicochemical properties of
these bimetallic particles can be tuned by varying the metal composition and by changing
the atomic distribution of the two metals within the nanoparticles at a fixed composition,
for example from core-shell to alloyed NPs [56, 57, 208–212]. The exact atomic distri-
bution of the metals is particularly important in catalysis where the atoms close to the
surface play a dominant role in the catalytic performance [97, 102, 103, 150, 213], as we
will demonstrate in Chapter 6. Furthermore, when exposing bimetallic nanoparticles to
various gas atmospheres and heating them to elevated temperatures atomic redistribution
can occur [101–103, 105, 208, 214–218]. This alters the optical [57, 210, 218] and catalytic
properties [97, 100–103], and can even lead to severe deactivation of the catalyst. There-
fore, understanding atomic restructuring is crucial in the design of new catalytic and
optical bimetallic materials.

Various techniques have been employed to follow metal redistribution in situ, each pro-
viding information on a different length scale [214]. Single-particle studies often make use
of in situ Transmission Electron Microscopy (TEM). With this technique sub-nanometer
or even atomic resolution can be obtained while heating the sample [102, 215, 216]. This
technique, however, is limited to samples that are very stable under electron irradiation, in
order to avoid electron beam induced artefacts [219–221]. Therefore, to verify the influence
of the electron beam, it is important to also perform ex situ heating measurements [221].
Alternatively, X-ray based techniques, such as X-ray Photoelectron Spectroscopy (XPS)
and X-ray Absorption Fine Structure (XAFS), also offer atomic information, but averaged
over a much larger number of particles [103, 217, 222]. XPS allows to specifically study
the surface composition of the NPs and it is thus particularly suitable to measure surface
segregation effects [101, 102, 105]. On the other hand, XAFS measurements give insight
in the degree of mixing and oxidation state of the atoms within the nanoparticles, and
can be carried out in different gas atmospheres [103, 217, 222]. Thus, to follow the metal
redistribution in bimetallic nanoparticles at multiple length scales - on an atomic, single-
particle and ensemble-averaged level - one technique does not suffice and a multi-technique
approach is required.

In addition, a systematic, quantitative and reproducible study of atomic restructuring
requires a well-defined model system. The use of rather heterogeneous bimetallic cata-
lysts, obtained via standard catalyst preparation methods, is especially problematic when
using techniques like XAFS and XPS, where the measured signal is an ensemble average.
Therefore, the influence of fundamental parameters such as the metal composition and
particle volume on the atomic redistribution process in bimetallic nanoparticles are largely
unexplored.

In this study, we investigated the thermally driven atomic redistribution in single-
crystalline Au-Ag core-shell nanorods in situ , both on a single particle and ensemble av-
eraged level. We employed colloidally synthesized Au-core Ag-shell nanorods of which the
composition, size and shape was tuned precisely [54], as demonstrated in Chapter 3. By
coating the metal nanorods with a protective mesoporous silica coating [90] preservation
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of the particle shape during atomic redistribution was ensured [57] (see also Chapter 4).
We specifically chose a Au-Ag based system, since alloy formation is thermodynamically
favourable at all compositions and the lattice spacings of Au and Ag closely match [198].
As the nanorods are single-crystalline, this model system is well suited to specifically
study the kinetics of metal redistribution during alloying. To this end, we performed
both in situ TEM and in situ EXAFS measurements, yielding sub-nm, single particle
and atomic, ensemble averaged information, respectively. In addition, we validated the in
situ measurements with ex situ measurements carried out in the absence of an electron or
X-ray beam. In particular, we addressed the influence of the metal composition (Au-Ag
ratio) on the alloying temperature of the Au-core Ag-shell nanorods. We unambiguously
showed the influence of the metal composition on the kinetics of the alloying process.
An increasing Ag-content led to slower metal redistribution, a trend which is opposite to
the dependence of the melting temperature on the Au-Ag ratio. In addition, indications
for size dependent alloying were found, where a decrease in particle volume led to lower
alloying temperatures. We developed a simple theoretical model that correctly predicts
the temperatures and time scales for metal redistribution as a function of particle volume
and composition. Our study does not only demonstrate a general, multi-scale approach
to monitor metal redistribution in bimetallic nanoparticles, but also reveals the influ-
ence of fundamental parameters governing metal redistribution which is of importance in
bimetallic nanoparticles applications.

5.2 Experimental

Chemicals
All chemicals were used as received without further purification. Hexadecyltrimethylam-
monium bromide (CTAB, >98.0%) and sodium oleate (NaOL, >97.0%) were purchased
from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4.H2O) and sodium hy-
droxide (98%) were purchased from Acros Organics. L-Ascorbic Acid (BioXtra, ≥99%),
silver nitrate (AgNO3,≥99%), sodium borohydride (NaBH4, 99%), hydrochloric acid (HCl,
37 wt% in water), tetraethyl orthosilicate (TEOS, 98%) and ammonium hydroxide solu-
tion (≥25 wt% in water) were purchased from Sigma-Aldrich. Ultrapure water (Millipore
Milli-Q grade) with a resistivity of 18.2 MΩ was used in all of the experiments. All
glassware for the AuNR synthesis was cleaned with fresh aqua regia (HCl/HNO3 in a 3:1
volume ratio), rinsed with large amounts of water and dried at 100 °C before usage.

Synthesis of the Au-Ag nanorods
Three batches of Au@Ag@SiO2 NRs with average Ag atomic fractions of 0.20, 0.46 and
0.70 were prepared by changing both the Au core size and the Ag-shell thickness. The
synthesis of the AuAg core-shell rods was based on the method described in Chapter 3 and
consisted of 4 steps: AuNR synthesis (I), mesoporous silica coating (II), partial etching
of AuNRs within their mesoporous silica shells (III) and Ag-shell growth on the etched
AuNRs (IV).
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In the first step, monodisperse AuNRs were synthesized according to the protocol
of Ye et al. [13]. Two 500 mL scale syntheses were carried out with growth solutions
containing 7.0 g CTAB, 1.24 g NaOL, 25 mL MQ H2O and 250 mL 1.0 mM HAuCl4, 7.2
mL AgNO3, 2.1 mL concentrated HCl, 64 mM ascorbic acid and 1.0 mL seed solution.
The seeds were prepared from a 10 mL 0.10 M CTAB, 51 µL HAuCl4 and 1.0 mL NaBH4.
The subsequent rod growth was performed under static conditions in a 30 °C water bath
overnight. The resulting AuNR suspensions had an extinction maximum (Ext) of 1.0 at
LSPR peak postion (λLSP R) of 866 and 853 nm when diluted 4× in H2O. The rods were
centrifuged at 8000 rcf for 30 min (Rotina 380R Hettich centrifuge), washed with H2O
and redispersed in 5.0 mM CTAB H2O.

In the second step, the CTAB stabilized AuNRs were coated with a 18 nm mesoporous
silica shell via the method of Gorelikov et al. [90]. The coating was performed in 350 mL
1.5 mM CTAB aqueous solution containing 1.0 mM NaOH and an AuNR concentration
corresponding to an extinction maximum of 1.0 when diluted 10× in H2O. While magnet-
ically stirring at 300 rpm in a 30 °C waterbath, 3 times 1.05 mL 0.90 M TEOS in EtOH
were added with a 30 min time interval. The Au@SiO2 NRs were centrifuged at 8000 rcf
for 30 min, washed with water and ethanol.

The third step, oxidative etching of the Au@SiO2 NRs, was performed by following
the procedure described in Chapter 3 with H2O2 as an oxidant instead of O2 from air as
in ref. [54]. Different core sizes were obtained by varying the etching time. For the rods
with XAg = 0.20, 240 mL AuNRs in MeOH (Ext= 6.0) were heated to 60 °C in an oil bath
while magnetically stirring at 400 rpm. 4.8 mL HCl (37 wt%, 12.1 M) and 4.8 mL H2O2
(0.2 wt%). The LSPR peak position changed from 838 nm to 822 nm after etching for
10 minutes. The reaction was quenched by putting the mixture in a 4 °C waterbath and
diluting it with 200 mL icecold MeOH before centrifugation at 10000 rcf for 20 min. The
etched rods were washed with and redispersed in EtOH. For batches with XAg = 0.46 and
XAg = 0.70 210 mL AuNRs in MeOH 4.8 mL HCl (37 wt%, 12.1 M) and 4.8 mL H2O2
(0.2 wt%) were added. After 13 and 26 minutes, 100 mL reaction mixture was quenched
with 100 mL icecold MeOH and was as described above. The LSPR peak postion of the
rods were 750 nm and 694 nm.

Finally, the procedure by Deng et al. was modified to do the Ag-overgrowth in large
reaction volumes (� 1 mL) (see also Chapter 3). HCl was added to lower the Ag reduction
rate by ascorbic acid and allows for a homogeneous shell growth on all particles. The rods
with XAg= 0.20 were prepared by adding 2.0 mL 0.1 M HCl, 3.0 mL 5.0 mM AgNO3 and
3.0 mL 20 mM ascorbic acid were added to 200 mL aqueous AuNR suspension (Ext=
4.5, λLSP R= 780nm) while stirring vigorously. The rods with XAg= 0.70 were prepared
in 2 steps. To 120 mL rod suspension, 1.2 mL 0.10 M HCl, 6.6 mL 5.0 mM AgNO3, 6.6
mL 20 mM ascorbic acid. After washing with MQ H2O a second Ag-overgrowth step was
performed to increase the Ag-content. To 100 mL aqeous Au@Ag@SiO2 NRs suspension
(Ext= 1.2 , λLSP R= 701 nm), 1.0 mL 0.10 M HCl, 4.0 mL 5.0 mM AgNO3 and 4.0 mL
20 mM ascorbic acid were added. The XAg= 0.46 sample was prepared on a smaller scale
since it was only used for the ex situ and in situ TEM measurements. To 1.0 mL aqeous
Au@SiO2 NRs suspension (Ext= 2.5, λLSP R= 745 nm), 10 µL 0.1 M HCl, 40 µL 5.0 mM
AgNO3, 40 µL 20 mM ascorbic acid were added.
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All Au@Ag@SiO2 NRs were washed with MQ H2O, ethanol, redispersed in EtOH and
stored at 4 °C to prevent oxidation and dissolution of the Ag-shell. The centrifugation
speed varied between 6000 and 8000 rcf depending on the volume of the rods. The samples
were dried at 60 °C in air. All samples were characterized with VIS-NIR spectroscopy
and TEM.

In situ TEM
The in situ heating measurements were carried out on a FEI Talos F200X operated at
200 kV using a heating holder from DENSsolutions. A mix of 4 different batches of
Au@Ag@SiO2 NRs was dropcasted on a heating chip (Wildfire Nano-chip) with silicon
nitride windows. The overall heating ramp was set to 3 °C/min. EDX maps were acquired
at 25, 250, 300, 350 and from 400 to 650 °C with a 25 °C temperature interval. The
acquisition time per EDX map was 5 min and the probe current 700 pA. In the intervals
between the EDX acquisitions the beam was blanked to minimize the influence of the
electron beam on the alloying process. Different SiN windows were checked during heating
that where not illuminated prior to heating. No significant differences in alloying kinetics
were observed between the illuminated and non-illuminated spots. The SiN chip was
plasma cleaned for 10 s in a 20 % O2 in Ar atmosphere before the TEM experiment.

In situ EXAFS
The in situ EXAFS measurements were performed at the ROCK beamline of the SOLEIL
synchrotron. At this beamline, continuous switching between the Au L3-edge (11919 eV)
and the Ag K-edge (25514 eV) is possible (time to switch ∼1 min) using two Quick-XAS
monochromators equipped with Si(111) and Si(220) channel-cut crystals, respectively.
The operation parameters of the monochromators were set to record two EXAFS spectra
per second. The powdered samples were loaded in a stainless steel sample holder (with
a depth of 1 mm) allowing temperature control and gas flow. The XAg = 0.20 and
XAg = 0.70 Au@Ag@SiO2 NRs samples were diluted with boron nitride. The heating
was done in a He flow of 25 mL/min and with a heating rate of 3 °C/min. Before and
after heating, EXAFS spectra were collected for 500 s at each edge at RT and averaged.
During the temperature ramps, alternate measurements at both edges were performed
continuously: spectra were collected and averaged for 35 s at the Au edge and 60 to 120
s at the Ag edge, depending on the quality of the Ag-signal. Measurements were done
in transmission mode, using ionization chambers as detectors. Energy calibration was
ensured by the simultaneous measurement of the absorption spectra of metallic Au and
Ag foils.

Spectra analysis was conducted with the IFEFFIT library using the GUI Athena and
Artemis [223]. All spectra were energy calibrated to the first inflection point of the Ag or
Au foil at 25514 eV and 11919 eV respectively. EXAFS signal was extracted in Athena
with a R = 1.0 cut-off and k weight = 2 and Fourier transformed using a Hanning window
in k = 3 and dk = 1. EXAFS analysis was conducted in Artemis with the normalized
spectra exported from Athena. The amplitude reduction factor (S2

0) of 0.83 for Ag and
0.79 for Au was obtained by fitting the EXAFS data of the respective metal foils. The
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simulation of scattering paths for the bimetallic samples was performed with the ATOMS
algorithm with a custom input file created by substituting Au atoms by Ag in the first
shell, to obtain the closest rational fraction of atoms. A correction factor was introduced
to S2

0 to obtain the actual sample composition. Structural parameters were determined by
multiple k-weight least-square fitting and the quality of fit was determined by observing
the reduced χ2 and R2 statistical parameters. The full set of fitting parameters is listed
in Table 5.1, 5.3, 5.2 and 5.4.

The linear combination fitting was carried out in Athena on the normalized µ(E)-
spectra in the region between -20 eV to 120 eV from the absorption edge.

Table 5.1: EXAFS fitting parameters for the sample XAg = 0.20 before heating

Fitting parameter Ag K-edge Au L3-edge
Ag-Ag path / Ag-Au path Au-Au path / Au-Ag path

N 10.1 (1.8) / 1.1 (1.3) 11.0 (0.2) / 0.3 (0.2)
R(Å) 2.882 (0.007) / 2.95 (0.08) 2.863 (0.001) / 3.04 (0.06)
σ(Å2)× 103 10.3 (1.8) 8.2 (0.2)
∆E0 (eV) -9.7 (0.8) 4.4 (0.2)
∆S2

0 (fixed) 0.83 0.79
Quality of the fit (R2) 0.022 0.00061
Quality of the fit (red. χ2) 330 82
∆k (Å−1) 3.2 - 12.0 3.3 - 14.0
∆R (Å) 1.7 - 3.3 1.7 - 3.3
E0 (eV) 25514 11919

Table 5.2: EXAFS fitting parameters for the sample XAg = 0.70 before heating

Fitting parameter Ag K-edge Au L3-edge
Ag-Ag path / Ag-Au path Au-Au path / Au-Ag path

N 11.0 (0.3) / 0.6 (0.3) 9.8 (0.2) / 0.3 (0.2)
R(Å) 2.871 (0.001) / 2.88 (0.03) 2.865 (0.001) / 3.01 (0.04)
σ(Å2)× 103 9.6 (0.3) 8.2 (0.1)
∆E0 (eV) 2.3 (0.2) 3.9 (0.2)
∆S2

0 (fixed) 0.83 0.79
Quality of the fit (R2) 0.00061 0.00061
Quality of the fit (red. χ2) 92 56
∆k (Å−1) 3.2 - 12 3.3 - 14.0
∆R (Å) 1.7 - 3.3 1.7 - 3.3
E0 (eV) 25514 11919

Ex situ heating
The ex situ heating experiments were performed in a tubular oven (Thermolyne 79300
tube furnace) under a constant N2 flow. The three different samples were each dropcasted
on a copper TEM grid (200 mesh copper (100), Formvar/carbon film) and heated in a
ceramic cup placed in a quartz oven tube. The heating rate was always 3 °C/min and
the particles were heated to 250, 300, 325, 350, 375 and 400 °C and cooled down under
N2 to RT before taking them out of the oven. After heating all samples were analysed
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Table 5.3: EXAFS fitting parameters for the sample XAg = 0.20 after heating

Fitting parameter Ag K-edge Au L3-edge
Ag-Ag path / Ag-Au path Au-Au path / Au-Ag path

N 2.5 (0.6) / 6.8 (1.6) 9.6 (0.2) / 1.8 (0.1)
R(Å) 2.90 (0.03) / 2.892 (0.007) 2.863 (0.001) / 2.862 (0.004)
σ(Å2)× 103 7.2 (2.5) 8.4 (0.2)
∆E0 (eV) -9.7 (0.8) 4.4 (0.2)
∆S2

0 (fixed) 0.83 0.79
Quality of the fit (R2) 0.023 0.00065
Quality of the fit (red. χ2) 338 105
∆k (Å−1) 3.2 - 12 3.3 - 14.0
∆R (Å) 1.7 - 3.3 1.7 - 3.3
E0 (eV) 25514 11919

Table 5.4: EXAFS fitting parameters for the sample XAg = 0.70 after heating

Fitting parameter Ag K-edge Au L3-edge
Ag-Ag path / Ag-Au path Au-Au path / Au-Ag path

N 7.7 (0.4) / 3.5 (0.2) 3.1 (0.3) / 8.3 (0.5)
R(Å) 2.873 (0.002) / 2.875 (0.006) 2.862 (0.006) / 2.862 (0.002)
σ(Å2)× 103 9.1 (0.5) 8.2 (0.4)
∆E0 (eV) 2.3 (0.2) 3.9 (0.2)
∆S2

0 (fixed) 0.83 0.79
Quality of the fit (R2) 0.0014 0.0028
Quality of the fit (red. χ2) 135 187
∆k (Å−1) 3.2 - 12 3.3 - 14.0
∆R (Å) 1.7 - 3.3 1.7 - 3.3
E0 (eV) 25514 11919

with HAADF and EDX on a FEI Talos F200X, operated under the same conditions as
described above.

Diffusion model

To predict the rate of alloying in Au-Ag nanoparticles, we numerically calculated Fick’s
first law. The number of Au nAu and Ag atoms nAg diffusing through the static Au-Ag
interface per time step was calculated with equation 5.4. After each step the Au-Ag ratio
of the core and the shell was updated, affecting D0, Q, Ccore and Cshell in Equation 5.4.
The values for D0 and Q for silver and gold diffusing into various Au-Ag compositions
were taken from the work of Mallard et al. [224]. These bulk values of D0 and Q were
corrected for NP size effects according to the model of Guisbiers [225, 226], in which the
change in activation energy for a NP compared to the activation energy in the bulk can
be described as

QNP

Qbulk

= 1− αshape

D
(5.1)

where the shape factor αshape is given by [225]

αshape = D(γs − γl)
∆Hm,∞

× S

V
(5.2)
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Here, D is the diameter of the NP, γs,l are the surface energies in the solid and liquid
phase, respectively, S the surface area of the NP, V the volume of the NP and ∆Hm,∞
the bulk melting enthalpy.

Lastly, the temperature was updated every time step according to the temperature
ramp used in the experiments. Usually one time step was one second, which ensured
small changes in the Au-Ag content per time step for the temperatures used in this work.
Subsequent time steps were evaluated until the core and shell consist of the same Au-Ag
composition, when a full alloy composition is reached. Only geometric input parameters
determined from TEM such as the core-shell volume, the interface surface area and the
radius of the NP were needed for the calculations.

5.3 Results and Discussion

Preparation of core-shell nanorods
Mesoporous silica coated Au-core Ag-shell nanorods (Au@Ag@SiO2 NRs) with similar
volumes, but with 3 different Au-Ag ratios were colloidally synthesized. The colloidal
synthesis was performed on a relatively large, milligram scale in order to obtain the
required amount of sample needed for the EXAFS measurements. To this end, the Ag-
shell growth as described by Deng et al., comprising the reduction of Ag+ ions on the
Au nanorods by ascorbic acid, was performed in an acidified, instead of neutral, aqueous
solution [54] (see Chapter 3). The presence of H+ ions slowed the Ag-shell growth down
considerably (from seconds to minutes), resulting in sufficiently long mixing times for the
reagents and homogeneous Ag-shell growth. To limit the variation in particle volume
when changing the Au-Ag ratios of the particles, both the core and the shell size of the
Au-core and Ag-shell were varied. In this way, 3 batches of mesoporous silica coated
Au-core Ag-shell NRs with an average atomic Ag fraction XAg of 0.20, 0.46 and 0.70 and
an average particle volume V of 2.2, 4.1 and 5.6·104 nm3 were obtained, respectively. To
also investigate the influence of the particle volume on the atomic redistribution, a batch
of considerably smaller Au@Ag@SiO2 NRs with average XAg =0.46 and V =0.7·104 nm3

was prepared.
In Table 5.5 we report a summary of the sample details and in Figure 5.1 we show

the corresponding High Annular Dark-Field Scanning Transmission Electron Microscopy

Table 5.5: Sample details for the Au@Ag@SiO2 NRs depicted in Figure 5.1. The
average and corresponding standard deviations of the atomic Ag fraction, length, diameter
and volume are indicated with XAg, L, D and V , respectively. The values were based on 50
measurements per sample.

XAg L (nm) D (nm) V (·104 nm3)
0.20 67±10 21±2.1 2.2±0.58
0.46 74±8.7 28±1.9 4.1±0.77
0.70 80±9.2 32±3.8 5.6±1.6
0.46 48±9.2 14±1.8 0.7±0.3
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Figure 5.1: Electron microscopy images of mesoporous silica coated Au-core
Ag-shell nanorods (Au@Ag@SiO2 NRs) with different XAg ratios and particle
volumes. Top: HAADF-STEM images. Bottom: EDX maps with Au and Ag in red
and green, respectively. Au@Ag@SiO2 NRs with XAg =0.20; V =2.2·104 nm3 (a, red),
XAg =0.46; V =4.1·104 nm3 (b, black), XAg =0.70; V =5.6·104 nm3 (c, blue) and XAg =0.46;
V =0.7·104 nm3 (d, orange). The Si signal is not shown in the EDX maps.

(HAADF-STEM) images and Energy Dispersive X-ray spectroscopy (EDX) maps. Due
to the large Z-contrast difference between Au and Ag atoms, the core-shell structure of
the nanorods is readily visible in the HAADF-STEM images. The different Ag-contents
are most clearly seen in the EDX maps, where Au and Ag are depicted in red and green,
respectively. The Si signal of the silica shell is not shown in Figure 5.1 to see the difference
between the Au-core and Ag-shell more clearly.

Direct visualization of metal redistribution in individual particles
with in situ TEM
In situ TEM was used to visualize the atomic redistribution in individual NRs with differ-
ent Au-Ag ratios and volumes. To avoid variations between in situ TEM measurements
on different samples due to e.g. inequalities in the heating temperature or differences in
electron dose which are known to be important in in situ electron microscopy [219–221],
we chose to compare 4 different samples in one measurement under exactly the same
conditions. To achieve this, a mixture of the 4 samples with different Au-Ag ratios and
particle volumes was deposited on a single SiNx chip. The heating experiment was carried
out in high vacuum with a ramp of 3 °C/min. EDX analysis was used to map the Au and
Ag metal distribution as a function of temperature.

Figure 5.2a shows the EDX maps of the mixture of Au@Ag@SiO2 NRs at various
temperatures. The EDX maps of the orange, red, grey and blue highlighted NRs in Figure
5.2a are enlarged in Figure 5.2b. We determined the Ag-fractions and particle volumes of
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Figure 5.2: Direct visualization of atomic redistribution in individual Au@Ag@SiO2
NRs with in situ heating TEM. (a, b) EDX maps acquired at 25, 400, 450 and
475 °C. (c) Particle volume dependence of the degree of alloying for Au@Ag@SiO2 NRs with
V =0.45·104 nm3 (XAg =0.44, orange) and V =5.0·104 nm3 (XAg =0.45, black). (d) The degree
of alloying as a function of Ag-content with Au@Ag@SiO2 NRs of XAg =0.24 (V =3.0·104 nm3,
red), XAg 0.45 (V =5.0·104 nm3, black) and XAg =0.68 (V =2.7·104 nm3, blue). Curves are best
fit to the experimental data. The heating ramp was set to 3 °C/min.

these individual nanorods, which were slightly different from the average values in Table
5.5: XAg =0.44 V =0.45·104 nm3 (orange), XAg=0.45 V =5.0·104 nm3 (black) XAg =0.24
V =3.0·104 nm3 (red) and XAg =0.68 V =2.7·104 nm3 (blue). To precisely track the metal
redistribution in these individual nanorods during the heating process, we determined the
core-to-shell ratio from the core and shell diameter for each particle at each temperature
(Figure 5.3). Herein, a linescan of the EDX map was taken over the length of the rod,
yielding a core- and shell intensity profile. From these intensity profile we determined
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Figure 5.3: Analysis method of the EDX data. (a) Schematic representation of the
analysis method, from left to right: 1) line scan of the EDX map taken over the length of the
rod (dotted area), 2) smoothening of the line scan, adjacent-averaging of 10 data points, 3)
normalization of maximum counts to 1, 4) determination of the core and shell diameter at a
normalized count value of 0.5. (b) Normalized line scans of an Au@Ag@SiO2 NR with XAg =
0.45 at 25, 425, 450 and 475 °C.

the core-to-shell diameter, at each temperature and for each particle. From the core-to-
shell ratios we derived the degree of alloying at the different heating temperatures, which
increases from 0 to 1 when going from a core-shell to an alloyed nanorod. In Figure
5.2c we plot the alloying curves of the black and orange highlighted single particles as a
function of temperature for the 2 particles with the same Au-Ag ratio, but a factor 10
difference in particle volume. The plot in Figure 5.2d shows the individual alloying curves



88 Chapter 5

Figure 5.4: In situ heating of Au@Ag@SiO2 NRs in the electron microscope. Com-
parison of rods with different particle volumes, but similar Au-Ag ratios: V = 1.3 (brown), 2.0
(green) and 3.0·104 nm3 (red) with XAg = 0.30, 0.25 and 0.24, respectively. The corresponding
alloying temperatures are 401, 396 and 392 °C, showing that a volume difference of a factor 2-3
did not significantly influence the alloying temperature for Au@Ag@SiO2 NRs with V ≥ 1·104

nm3.

of the particles in red, black and blue, which have a similar volume but different Au-Ag
ratios. We defined the alloying temperature TAlloy as the temperature where the degree
of alloying reached 0.5 and was 392, 394, 436 and 451 °C for the rods with XAg =0.24,
XAg =0.44, XAg =0.45 and XAg =0.68, respectively.

These in situ TEM measurements clearly show the impact of the particle volume and
the metal composition on the atomic redistribution, where a decrease in particle volume
and Ag-content led to significantly lower alloying temperatures. Lowering of the particle
volume by a factor 10 (from V =0.45·104 nm3 to 5.0·104 nm3) resulted in a decrease in
alloying temperature of 42 °C, whereas the influence of the particle volume for larger NRs
with V =1.3 to 3.0·104 nm3 was negligible (Figure 5.4). The considerable drop in the
alloying temperature when decreasing the particle volume to V =0.45·104 nm3 and the
diameter of the nanorod below 20 nm indicates an increased atom mobility at smaller
particle dimensions. Such a size effect is in line with the previously reported particle
size dependent melting of silica encapsulated AuNPs, where the melting point decreased
drastically from ∼900 to 300 °C, when decreasing the (spherical) particle diameter from
20 to 1.5 nm [5].

From EDX maps and corresponding alloying curves in Figure 5.2b and d it is clear that
the atomic redistribution is also strongly influenced by the Au-Ag ratio: the Au@Ag@SiO2
NR with the XAg =0.68 alloyed at almost 50 °C higher than the one with XAg =0.24.
Despite the fact that the rod with XAg =0.68 had a 2 times smaller volume than the
rod with XAg =0.45, the increase in Ag-content led to a significantly higher alloying
temperature.
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Ensemble averaged atomic redistribution from in situ EXAFS
To investigate the impact of the metal composition on the atomic redistribution for a larger
number of particles, we moved from in situ TEM to in situ EXAFS and extended our study
from a femtogram to milligram scale, and from single to 1019 particles. Additionally, in
situ EXAFS measurements allowed dosing of gases combined with a reliable temperature
control. The unconventionally fast switching between the metal absorption edges (<
1min) at the ROCK beamline of the SOLEIL synchrotron made it possible to follow
the atomic redistribution at the Au and Ag absorption edges in the same experiment.
The alloying experiments were carried out under inert conditions in a He-flow, since the
presence of oxygen is known to significantly change the alloying process [57].

The in situ EXAFS data of the atomic redistribution in the Au@Ag@SiO2 NRs with
lowest and highest Ag-content, XAg =0.20 and 0.70 are shown in Figure 5.5. Figure 5.5a-
d shows the normalized µ(E) spectra and χ(k) spectra acquired at the Au L3 and Ag
K absorption edges of the NRs with XAg =0.70. The oxidation state of the Au and Ag
atoms in the core and in the shell of the NRs before heating was determined from the
XAFS spectra at room temperature (RT) and found to be predominately metallic.

The in situ EXAFS spectra show a clear change when heating the NRs from 30 to 500
°C. To verify if metal redistribution took place, we used the EXAFS spectra before and
after thermal treatment to calculate the coordination numbers between the Au and Ag
atoms: NAu−Au, NAu−Ag, NAg−Ag and NAg−Au. Table 5.6 lists the coordination numbers
for both samples. Due to the core-shell structure of the NRs the coordination numbers
between unlike atoms are low before heating. As expected, NAg−Au is lowest for core-shell
particles with the highest XAg. After heating the core-shell NRs to 500 °C, NAg−Au and
NAu−Ag increased by a factor ≥ 6, indicating that mixing of the two elements took place
in both samples. A full overview of the EXAFS fitting parameters is given in Table 1-4.

To estimate if the NRs were fully alloyed, meaning that the Au and Ag atoms were
randomly dispersed within the particles, the extent of alloying (J) was calculated following
the approach developed by Hwang et al. [211]:

JAu = Pobserved

Prandom

= [NAu−Ag/(NAu−Ag +NAu−Au)]observed

[NAu−Ag/(NAu−Ag +NAu−Au)]random

× 100% (5.3)

The J-values of the two components (Au and Ag) give information on the internal
distribution of the two components [211]. To calculate Prandom the Au-Ag ratios as de-

Table 5.6: Coordination number N before and after heating the NRs to 500 °C in a
25mL/min He-flow with a 3 °C/min ramp. Based on the coordination numbers the corresponding
J-values were calculated.

NAg−Ag NAg−Au NAu−Au NAu−Ag JAg JAu

XAg =0.20 before heating 10.1±1.8 1.1±1.3 11.0±0.2 0.3±0.2 12 13
XAg =0.20 after heating 2.5±0.7 6.8±1.7 9.6±0.2 1.8±0.1 91 79

XAg =0.70 before heating 11.0±0.3 0.6±0.3 9.8±0.2 0.3±0.2 17 4
XAg =0.70 after heating 7.7±0.4 3.5±0.2 3.1±0.3 8.3±0.4 104 104
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Figure 5.5: Double edge in situ EXAFS measurements of Au@Ag@SiO2 NRs upon
heating. Normalized µ(E)-spectra and FT[k2χ(k)] spectra at the Au L3-edge (a,b, ∆k = 3.3-
14.0 Å−1) and Ag K-edge (c,d, ∆k = 3.2-12.0 Å−1) of the nanorods with XAg =0.70, recorded
every ∼50 °C when heating from 30 to 500 °C. The plots in e and f show the degree of alloying
and the derivative thereof as a function of temperature and were obtained by performing linear
combination fitting on the normalized µ(E)-spectra at the Ag K-edge (XAg =0.20, red) and Au
L3-edge (XAg =0.70, blue). The EXAFS spectra were acquired during heating to 500 °C with
3 °C/min in a 25mL/min He-flow.

termined by EDX were used. In Table 5.6 the J-values for the two different NR samples
before and after heating to 500 °C are given. For both alloyed samples the calculated JAu

and JAg-values are close to 100, indicating that the NRs are likely to have a fully alloyed
structure when heating them to 500 °C.

To deduce the evolution of the alloying process from all the spectra acquired between
30 and 500 °C, we performed linear combination fitting on the normalized µ(E) spectra.
In (E)XAFS analysis, linear combination fitting is typically used to determine and/or
follow changes in the oxidation state of metal nanoparticles, but not common for following
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Figure 5.6: In situ EXAFS results for Au@Ag@SiO2 NRs with XAg = 0.20 (a, red),
0.43 (b, black) and 0.70 (c, blue) alloying at the Ag K-edge and Au L3-edge. The degree of
alloying curves versus temperature were obtained via linear combination fitting of the XAFS-
spectra. The gap in the data for the sample with XAg =0.43 was caused by loss of the X-ray
beam during that part of the measurement.

metal redistribution. Note that a linear combination fitting based analysis is considerably
faster than calculation of the coordination numbers, which is especially important when
analysing a large number of EXAFS spectra.

In our analysis, each EXAFS spectrum at a given temperature was compared to the
spectrum of the initial core-shell and final alloyed state for which the spectra at 30 °C
and 500 °C were taken, respectively. As shown in Figure 5.5e, the analysis was success-
fully applied to obtain the degree of alloying as a function of temperature. Figure 5.5e
specifically shows the linear combination fitting results determined from the Ag K-edge
for the XAg =0.20 sample and Au L3-edge for the XAg =0.70 sample, since the change
from core-shell to alloyed state is most apparent on the edge of the least abundant metal
(see Figure 5.6). In addition, it is important to note that the linear combination fitting
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analysis is also sensitive to changes which are not due to metal redistribution, such as
damping of the EXAFS spectra due to thermal disorder with increasing temperature.
This temperature contribution predominately plays a role when the change upon alloying
is small, as is the case for the absorption edge of the metal which is in the majority. To
demonstrate this we plot the alloying curves determined on the Au L3 edge and the Ag
K edge for the samples with XAg =0.20, 0.43 and 0.70 in Figure 5.6.

From Figure 5.5e the alloying temperature determined at a degree of alloying of 0.5,
was 287 and 334 °C for the sample with XAg =0.20 and 0.70, respectively. The EXAFS
measurements thus confirmed the increase in alloying temperature with increasing Ag-
content as observed in the in situ TEM, but now for a large ensemble of particles. However,
it should be noted that there is a discrepancy in alloying temperatures: from the in situ
EXAFS we obtained ∼100 °C lower alloying temperatures compared to the in situ TEM
data. This discrepancy demonstrates the need for ex situ measurements to establish
the absolute temperature at which the metal redistribution occurs in the absence of an
electron or X-ray beam.

Validation of the in situ data
Although electron microscopy and X-ray absorption spectroscopy enable the in situ obser-
vation of structural changes in metal nanoparticles, it is crucial to validate these techniques
with ex situ measurements. In particular electron beam irradiation has been reported to
induce anomalous behaviour in nanostructured materials and significantly alter the de-
formation behaviour, growth kinetics and structure of the nanoparticles during in situ
studies [219–221]. To verify the dependence of the alloying temperature on the Au-Ag
ratio as observed in in situ TEM and in situ EXAFS, ex situ measurements were carried
out, heating the NRs in a furnace. Herein, we used the same heating ramp of 3 °C/min
to heat to 250, 300, 325, 350, 375 and 400 °C in N2 after which each sample was analysed
with HAADF-STEM and EDX (Figure 5.7).

In every sample and for each temperature, 4 representative rods were analysed with
EDX to determine their core-to-shell ratios and their compositions, which were close to the
average sample compositions as given in Table 5.5. From the core-to-shell ratio the degree
of alloying was calculated in the same way as described for the in situ TEM measurements
and the degree of alloying is shown as a function of the heating temperature in Figure 5.8a.
It shows that the Au@Ag@SiO2 NRs with average XAg =0.17, 0.46 and 0.72 alloy at 305,
345 and 375 °C, respectively. The EDX maps in Figure 5.7 show that all Au@Ag@SiO2
NRs of the same composition simultaneously convert from a core-shell to alloyed state.

In Figure 5.8b an overview of the alloying temperatures versus the Ag-content for all
three techniques is shown. The ex situ data nicely support the trends observed in the in
situ TEM and in situ EXAFS measurements. In all three techniques the alloying temper-
ature increases with an increasing Ag-content, only the absolute temperatures vary. The
ex situ TEM measurements match the EXAFS results, but the alloying temperatures de-
termined by in situ TEM are 75-90 °C too high. The relatively high alloying temperatures
from the in situ TEM measurements could be related to an altered heat conductivity in
the SiNX chip after depositing the nanorods combined with possible carbon contamina-
tion, leading to inaccurate temperatures in the heating chip. Alternatively, the strongly
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Figure 5.7: Ex situ TEM measurements on the alloying of Au@Ag@SiO2 NRs. The
EDX maps were acquired after heating the Au@Ag@SiO2 NRs with XAg = 0.17 (top), 0.46
(middle) and 0.72 (bottom) to 250 - 400 °C.

reducing electron beam could have influenced the kinetics of the alloying process, but we
did not observe significant differences in the alloying process between areas that were or
were not not illuminated with the electron beam prior to the heating. Thus, although
care should be taken in deducing quantitative data from in situ TEM, it is a powerful
technique in providing a qualitative insight in the metal redistribution for single nano-
particles and correctly shows the dependency of the metal redistribution on the metal
composition for different nanoparticles.

For all Au-Ag compositions the observed alloying temperatures are far below the bulk
melting point of Au and Ag, which points at a nanosize effect on the alloying process and
enhanced atom mobilities compared to the bulk. Size effects have been observed for the
melting temperatures of nanoparticles, where the melting point was significantly lowered
when decreasing the nanostructure size [4, 5, 136]. Analogously, the observed lowering
of the alloying temperature can be explained by a lowering in cohesive energy, which is
the binding strength of the atom with its neighbours, with increasing particle surface to
volume ratio [227, 228]. Since the cohesive energy is proportional to the vacancy formation
energy and activation energy of diffusion, it is to be expected that the mobility of atoms
and the rate of alloying increases for smaller nanostructures, leading to lower alloying
temperatures. When decreasing the particle diameter below 5 nm even spontaneous
alloying of bimetallic Au-Ag nanoparticles at room temperature can occur [199].

It should be noted that the observed trend between the alloying temperature and metal
composition in the Au-Ag nanoparticles varies oppositely to the composition dependency
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Figure 5.8: Ex situ TEM measurements on the alloying of Au@Ag@SiO2 NRs.
a) the degree of alloying after heating Au@Ag@SiO2 NRs in a furnace as a function of the
heating temperature. Each point is an average of 4 particles. The alloying temperatures for
the Au@Ag@SiO2 NRs with XAg =0.17 (red), 0.46 (black) and 0.72 (blue) was 305, 345 and
375 °C, respectively. The samples were heated in a N2 flow with a heating ramp of 3 °C/min.
b) summary of the alloying temperature as a function of Ag fraction determined with in situ
TEM (dark blue), ex situ TEM (orange) and in situ EXAFS (green). Curves are best fit to the
experimental data.

in the melting point temperature, where Tmelting,Ag =962 and Tmelting,Au =1064 °C. A sim-
ilar trend for atomic diffusion was measured in bulk Au-Ag crystals.[224] The activation
energy of diffusion for both Au and Ag atoms in Au-Ag alloys was reported to increase
with increasing Ag fraction going from 1.74 to 1.93 eV for Ag atoms in pure Au and Ag,
and 1.81 to 2.09 eV for Au atoms in pure Au and Ag [224]. From these activation energies
it follows that Ag atoms are more mobile than Au atoms, but that the diffusion of both
Au and Ag atoms is slower in high Ag-content Au-Ag alloys. A possible explanation for
this phenomenon can be derived from the energy of vacancy formation and atom migra-
tion, which are known to be higher in Ag compared to Au: E(vacancy formation)Ag=
1.10 eV, E(vacancy formation)Au=0.97 eV, E(atom migration)Ag(in)Ag= 0.83 eV, E(atom
migration)Ag(in)Au= 0.77 eV [224, 229, 230]. Since atomic diffusion in Au-Ag crystals is
known to go via vacancy hopping, a lower number of vacancies and a higher energy cost
for hopping into the vacancies with increasing Ag-content could explain the observed re-
tardation of Au and Ag in high content Ag alloys. In addition to Au-Ag, similar trends
of self-diffusion dependency opposite to melting temperature have been reported for e.g.
Ag-Mn [231], TiCr [232, 233] and Tl-Pb bulk crystals [234]. In this study, we show
experimental proof of this trend at the nanoscale.
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Modelling atomic redistribution
We devised a simple model that can correctly describe the diffusion in Au-Ag nanoparticles
as a function of temperature and composition. We numerically calculate the diffusion of
Au atoms nAu and Ag atoms nAg passing through a static Au-Ag interface per time step
∆t according to Fick’s first law:

nAg/∆t = (A/r) ·DAg
0 e−QAg/(RT ) · |CAg

core − C
Ag
shell| (5.4)

where A is the interface area, r the radius of the NP, DAg
0 the frequency factor, QAg the

activation energy, R the gas constant, T the temperature, CAg
core the silver concentration of

the core and CAg
shell the silver concentration of the shell (expressed in atoms per m3). An

analogous formula holds for the Au atoms. The rate of diffusion was calculated iteratively,
where D0, Q and the concentration difference Ccore−Cshell were updated every time step.
The frequency factor D0 and activation energy for diffusion Q depend on the Au-Ag
composition and have been measured experimentally in bulk crystals [224]. We corrected
these composition dependent bulk D0 and Q values for the NP size according to the model
of Guisbiers et al. [225, 226]. Herein, the activation energy of diffusion in NPs QNP was
derived from the activation energy of diffusion in the bulk QBulk by using a so-called
shape factor αshape which amongst others depends on the surface-to-volume ratio of the
NPs. More details on the calculation of the αshape factor can be found in the experimental
section. For the Au-Ag NRs used in this study, the correction of QBulk to QNP , resulted
∼50 °C lower alloy temperatures.

The resulting theoretical predictions for the alloying curves of the in situ EXAFS
measurements are shown in Figure 5.9a. The theoretical predictions are in very good
agreement with the experimental in situ EXAFS data and the alloying temperatures as

Figure 5.9: Theoretical prediction of the change in the degree of alloying as a
function of heating temperature and atomic Ag fraction. (a) The theoretical prediction
for the in situ EXAFS experiment give an alloying temperature of 286 and 346 °C for the samples
with XAg =0.20 and 0.70. The plot in b shows the theoretical prediction of the alloying curves
for Au-Ag NRs of V =4·104 nm3 and XAg =0.2-0.8 (red-blue) heated with 3 °C/min.
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predicted by the model, 286 and 346 °C for the XAg =0.20 and 0.70, match the experi-
mental values of 287 and 334 °C closely. In Figure 5.9b we show the theoretical prediction
for the alloying curves of Au-Ag NRs with V =4·104 nm3 and XAg =0.2-0.8. In the calcu-
lation of these curves a heating ramp of 3 °C/min was considered, as in the experimental
studies. The theoretical predictions clearly demonstrate the importance of including the
dependency of the diffusion on the metal composition. We would like to stress that it
is remarkable that the metal composition still plays such a crucial role in the diffusion
kinetics in nanoparticles, where size and shape have generally been considered to play
the most important role [198, 209, 225] and the influence of the particle composition has
therefore been neglected so far.

5.4 Conclusions
We have used a multi-technique approach to precisely follow metal redistribution, a pro-
cess crucial in catalysis, in situ and at different length scales. A combination of in situ
TEM with in situ EXAFS validated with ex situ measurements, provided both a single
particle and ensemble averaged characterization. Our well-defined model system, consist-
ing of mesoporous silica coated, single-crystalline Au-core Ag-shell nanorods of tunable
size and composition, allowed a systematic study of the nanoparticle composition on the
atomic redistribution kinetics. We unambiguously showed that the atomic diffusion in
Au-Ag nanoparticles strongly depends on the composition, a trend which has been ob-
served in bulk crystals, but which has, to the best of our knowledge, not been reported
for nanomaterials. Additionally, we find indications for a nanoscale effect on the alloying
process, leading to lower alloying temperatures when decreasing the nanoparticle size.
Finally, we show that to correctly model metal redistribution in metallic nanoparticles
not only the nanoscale dimensions, but also the metal composition should be taken into
account. Both our experimental approach and theoretical model are likely to apply to a
wide range of bimetallic nanoparticle based materials.

Acknowledgements
The work presented in this chapter was performed in collaboration with Tom Welling
(modelling), Tiago Silva (EXAFS), Jeroen van den Reijen (modelling), Camille La Fontaine
(EXAFS), Xavier Carrier (EXAFS) and Catherine Louis (EXAFS). We thank Marijn van
Huis for providing the in situ electron microscopy heating equipment, Maarten Bransen
for useful discussion on the nanorod synthesis and Simone Dussi for critically reading this
chapter.



Tuning the metal distribution of

gold-palladium catalysts for

bimetallic synergy in the selective

hydrogenation of  butadiene

 6

Abstract

H2

In the polymer industry, alkadiene and alkyn impurities in alkene feedstocks are problem-
atic as they can poison polymerization catalysts. To remove these impurities, active and
highly selective hydrogenation catalysts have to be used as undesired over-hydrogenation
to alkanes can easily occur. Bimetallic catalysts are promising candidates to comply to
these requirements and offer the opportunity to combine one selective and one active
metal into one bimetallic nanoparticle (NP). Despite the numerous investigations on al-
loyed bimetallic catalysts, little is known about the influence of the metal distribution
within the bimetallic NPs on the catalytic performance. As it is difficult to vary the
metal distribution without changing other parameters in the system that influence the
catalytic performance, a systematic study correlating the atomic distribution and catalytic
properties of bimetallic hydrogenation catalysts is difficult to design. Here, we achieve
such a study by making use of a well-defined model system consisting of colloidally syn-
thesized mesoporous silica coated Au-core Pd-shell nanorods (NRs) of which the metal
distribution was easily tuned via thermal treatment without changing the size, shape,
composition and single-crystalline structure of the NRs. We used this model system to
investigate the impact of the metal distribution of AuPd catalysts in the selective hydro-
genation of butadiene impurities in propene. We show that core-shell structured AuPd
catalyst are about 45 times more active in hydrogenating butadiene than their fully al-
loyed counterparts, while maintaining an exceptionally high selectivity. Moreover, when
varying the Pd-shell thickness from 1-8 atomic layers, a non-monotonic dependence of
the catalytic activity on the shell thickness was observed, where the core-shell structure
with 2 atomic Pd layers was most active. The results presented in this chapter show that
precise tuning of the metal distribution can lead to bimetallic synergy and that it opens
up an enormous, additional parameter space to tune the catalytic activity and selectivity
of bimetallic catalysts.
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6.1 Introduction

Light alkenes are important building blocks in the production of polymers. However,
alkenes feedstocks are usually contaminated with alkadiene and alkyne impurities [235].
Trace amounts of these impurities can affect the polymerization process and poison the
polymerization catalysts [236]. It is therefore essential to remove these impurities be-
fore the polymerization takes place. This is typically done by selectively hydrogenating
alkynes and alkadienes to alkenes [235, 237]. Industrially relevant examples of such reac-
tions are the selective hydrogenation of acetylene impurities in ethylene and the selective
hydrogenation of 1,3-butadiene molecules in butene. In these processes the main challenge
is to selectively convert the 1,3-butadiene (or acetylene) without hydrogenating the large
excess of butene (or ethylene) present in the gas feed. Thus, these processes require a cat-
alyst with an exceptionally hight selectivity towards the hydrogenation of the impurities,
while leaving the alkenes untouched. A selective hydrogenation catalysts should therefore
preferentially adsorb the alkadiene and alkyne impurities compared to the alkenes. In
addition, the hydrogenation should stop after hydrogenating the impurity to an alkene
and not hydrogenate it further to an alkane. This condition is met when the catalyst has
a larger activation barrier for alkene hydrogenation compared to alkene desorption [71].
Finally, the catalyst should not only be highly selective but also have a sufficiently high
activity.

Pd-based materials are typically active hydrogenation catalysts as hydrogen is eas-
ily dissociated on the Pd-surface [238]. When the impurity concentration is high, Pd
catalysts can be highly selective [239]. However, the unfavourable hydrogenation of alke-
nens becomes increasingly important when the impurity concentration is low [240], as
the activation barrier for alkene hydrogenation and desorption are comparable [71]. By
combining Pd with a poorly active material like Ag this problem can be suppressed [241],
but not without compromising for a lower catalytic activity. Au-based catalysts on the
other hand are much less active but exhibit a high selectivity even if the impurity con-
centration is very low, allowing full conversion of the impurities at an alkene conversion
as low as 0.3 % [97, 242–245]. Considering the high activity of Pd and exceptional selec-
tivity of Au, bimetallic Au-Pd catalysts hold great promise to combine the best of both.
High Au content AuPd alloys indeed exhibit an improved activity compared to Au and
improved selectivity compared to Pd [246], but the final catalytic properties are still a
compromise between the monometallic catalysts, meaning that they are less active and
selective compared to pure Pd and pure Au, respectively.

Although the composition, size and support effects of bimetallic hydrogenation cat-
alysts have been investigated [99, 246, 247], the impact of the atom distribution is still
largely unexplored. The ability to tune the metal distribution would offer a new way to
control and optimize the catalytic performance and could lead to new catalytic properties
inaccessible to alloyed and monometallic systems. For instance, the properties of core-
shell NPs can be very different from their alloyed counterparts due to electronic and strain
induced effects [76, 106, 248, 249]. To systematically investigate the impact of the metal
distribution on the catalytic behaviour, a well-defined model system is crucial. However,
a precisely tunable model system in which the metal distribution can be varied without
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altering any other parameter in the system is not easily accessible via standard catalyst
preparation methods.

In this work, we employ colloidally synthesized, mesoporous silica coated Au-core Pd-
shell nanorods (Au@Pd@SiO2 NRs) with a well-defined, single-crystalline atomic structure
as a model system to investigate the impact of the metal distribution on the catalytic per-
formance of selective hydrogenation catalysts. The composition, shape and size of these
core-shell nanorods could be tuned precisely [54, 104], where the typical length and diam-
eter of the rods was around 70 and 20 nm, respectively. Via thermal treatment the metal
distribution was changed from core-shell to alloy while retaining exactly the same size,
shape, crystal structure and composition [57, 104]. We investigated the performance of the
differently structured catalysts in the selective hydrogenation of 1,3-butadiene to butene in
the excess of propene. This reaction mimics the industrial selective hydrogenation process
of butadiene in excess butene, but simplifies the analysis of the reaction products [243].
First, we show that Pd-shell Au-core structures outperform the alloyed structures with
the same composition by a factor 45 in activity while running at high hydrogen selec-
tivity and less than 0.3 % propene conversion. Next, we further explored the core-shell
structured catalysts and varied the Pd-shell thickness between 0 and 8 atomic layers. The
core-shell structures all outperformed their monometallic counterparts and their activity
exhibited a non-monotonic dependence on the Pd-shell thickness. We identified 2 atomic
Pd layers as the optimal shell thickness for the core-shell structured catalysts. The work
in this chapter shows the importance of tuning the atomic distribution, which opens up a
large, additional parameter space in optimizing the performance of bimetallic catalysts.

6.2 Experimental

Chemicals

Chemicals used in the synthesis

All chemicals were used as received without further purification. Hexadecyltrimethylam-
monium bromide (CTAB, >98.0 %) and sodium oleate (NaOL, >97.0 %) were purchased
from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O) and sodium
hydroxide (NaOH, 98 %) were purchased from Acros Organics. L-Ascorbic Acid (BioX-
tra, ≥99 %), hydrogen peroxide (H2O2, 30 wt% in H2O), hydrochloric acid (HCl, 37 wt%
in water), silver nitrate (AgNO3,≥99 %), sodium borohydride (NaBH4, 99 %), sodium
tetrachloropalladate-(II) (Na2PdCl4, 98 %) and tetraethyl orthosilicate (TEOS, 98 %)
were purchased from Sigma-Aldrich. Ultrapure water (Millipore Milli-Q grade, MQ H2O)
with a resistivity of 18.2 MΩ was used in all of the experiments. Methanol (MeOH) was
purchased from Interchema (≥99.85 %.) All glassware for the AuNR synthesis was cleaned
with fresh aqua regia (HCl/HNO3 in a 3:1 volume ratio), rinsed with large amounts of
water and dried at 100 °C before usage.
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Synthesis

Gold nanorod synthesis

Monodisperse AuNRs were synthesized according to the protocol of Ye et al. [13]. The
synthesis was performed on a 500 mL scale with a growth solution containing 7.0 g CTAB,
1.24 g NaOL, 250 mL MQ H2O and 250 mL 1.0 mM HAuCl4, 4.8 mL AgNO3, 2.10 mL
concentrated HCl (37 wt%), 1.25 mL 64 mM ascorbic acid and 0.8 mL seed solution. The
seeds were prepared from a 10 mL 0.10 M CTAB, 51 µL 50 mM HAuCl4 and 1.0 mL
6.0 mM NaBH4. The subsequent rod growth was performed under static conditions in a
30 °C water bath overnight. The resulting AuNR suspensions had a longitudinal surface
plasmon resonance at at λ(LSPR)= 742-794 nm with an extinction maximum (Ext) of
1.0 (4× diluted in H2O). The rods were centrifuged at 9000 rcf (relative centrifugal force)
for 45 min (Rotina 380R Hettich centrifuge), washed with H2O and redispersed in 40 mL
5.0 mM CTAB H2O.

Note: the use of AgNO3 in the AuNR synthesis resulted in about 1 atom percent
(atm%) Ag in the Au NRs which could not be removed by washing with etching solutions
such as the H2O2/NH3 in H2O mixture used in Chapter 4.

Mesoporous silica coating

The CTAB stabilized AuNRs were coated with a 18 nm mesoporous silica shell following
the method of Gorelikov et al. [90]. The coating was performed by diluting the as syn-
thesized 40 mL dispersion of AuNRs in 5.0 mM CTAB H2O to a 200 mL 1.5 mM CTAB
aqueous solution to which 2.0 mL 0.10 M NaOH was added. While magnetically stirring
at 300 rpm (revolutions per minute) in a 30 °C waterbath, 3 times 0.60 mL 0.90 M TEOS
in ethanol (EtOH) were added with a 30 min time interval. Thereafter, the reaction
mixture was left for 2 days, while stirring at 300 rpm in a 30 °C waterbath. Finally, the
Au@SiO2 NRs were centrifuged at 8000 rcf for 50 min, washed with 100 mL water, 40 mL
EtOH and redispersed in 31 mL EtOH.

Etching of the silica coated AuNRs

Only for the synthesis of the high content Au@Pd@SiO2NRs (atomic Pd fraction, XP d=
0.32) the Au@SiO2 NRs were etched prior to the metal overgrowth, to create more space
in the silica shell to accommodate the Pd shell. To this end, the Au@SiO2 NRs (LAu=
70 and DAu= 22 nm) were dispersed in 50 mL MeOH (λLSP R= 737 nm, Ext= 1.2, 2×
diluted in MeOH) and heated in a 60 °C water bath, while stirring at 400 rpm. Next,
1.0 mL HCl (12.1 M) and 1.0 mL H2O2 (20 mM in MeOH) were added. After 20 min,
the reaction was quenched by adding 50 mL cold methanol and by cooling the reaction
mixture in 4 °C water bath (λLSP R= 667 nm, Ext= 0.77, 2× diluted in MeOH). The
etched Au@SiO2 NRs were washed once with 20 mL MeOH and twice with 20 mL EtOH
(centrifugation at 8500 rcf for 20 min) and were redispersed in 3.2 mL EtOH for storage.
The etched Au-cores had a length of 61±8 nm and a diameter of 22±2 nm.
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Table 6.1: Reaction parameters used in the Pd overgrowth of Au@SiO2 NRs resulting in the
Au@Pd@SiO2 NR shown in Figure 6.1.

XP d Au@SiO2 NRs in EtOH (mL) x H2O (mL) y Na2PdCl4 (mM) z AA (mM)
0.042 5.0 250 1.5 6.0
0.083 5.0 200 2.25 9.0
0.21 5.0 240 5.5 22
0.34 2.9 145 8.0 32

CTAB removal

To remove the CTAB and open the mesopores of the silica coated AuNRs, we washed the
NRs with 0.10 M HCl in EtOH. To 31 mL dispersion of Au@SiO2 NRs in EtOH, 260 µL of
concentrated HCl (12.1 M) was added such that the HCl concentration in EtOH was 0.10
M. The acidified dispersion was sonicated for 30 min at room temperature (RT). Next,
the Au@SiO2 NRs were centrifuged at 8000 rcf for 35 min, washed with 20 mL EtOH and
twice with 10 mL EtOH to remove the HCl. Thereafter, the rods were redispersed in 10
mL EtOH.

Thermogravimetric analysis (TGA) measurements were performed to quantify the
CTAB content in the Au@SiO2 NRs before and after the HCl-washing (see Characteriza-
tion). The TGA measurements presented in Figure 6.2 were done with Au@SiO2 NRs with
LAu= 95 ± 8 nm, DAu= 26 ± 2 nm (λLSP R= 795 nm) and a ∼18 nm thick mesoporous
silica shell.

Palladium overgrowth

The Pd overgrowth was performed on a large scale similar to the procedures in Chapter 3
and 5 as large quantities of Au@Pd@SiO2 NRs were needed for the catalysis experiments.
For the synthesis of the Pd@Au@SiO2 NRs with XP d= 0.04, 0.08 and 0.21 Au@SiO2 NRs
from different batches with comparable sizes and an average AR of 3.1 were used. For
the Pd@Au@SiO2 NRs with XP d= 0.32 the batch of etched Au@SiO2 NRs was used.

Typically, 5.0 mL dispersion of Au@SiO2 NRs in EtOH were centrifuged for 20 min
at 10.000 rcf and redispersed in x H2O, such that the absorption maximum of the LSPR
peak was 2.0. Next, 1.0 vol% 0.10M HCl and 1.0 vol% ymM Na2PdCl4 were added while
stirring magnetically at high speed (800 rpm). Thereafter, 1.0 vol% of zmM ascorbic acid
in H2O was added while still stirring. The used values for x, y and z can be found in
Table 6.1. The mixture was left to react for 30min while stirring at 400 rpm. Afterwards,
the Au@Pd@SiO2 NRs were separated from the reaction mixture by centrifugation for
30min at 4000 rcf. Next, the rods were washed with H2O and EtOH and redispersed in
5,0 mL ethanol. The core-shell samples were always stored in the dark at 4 °C to prevent
oxidation of the Pd-shell.

Deposition on silica support

For the catalysis experiments the Au@Pd@SiO2 NRs were deposited on a commercial
silica support: Aerosil50 (Evonik, BET surface area of 50 m2/g). Prior to the deposition
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the concentration of the Au@Pd@SiO2 NRs in ethanol dispersions was determined with
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, see Characteriza-
tion). Depending on the concentration, a given amount of AuPd@SiO2 NRs in ethanol
were added to 1.0 g of SiO2 support in a 20 mL glass vial, such that the total metal loading
on the SiO2 was 0.20 wt% for the Au@Pd@SiO2 NRs and 1.0 wt% for the Au NRs@SiO2.
The resulting mixture was sonicated for about an hour to ensure a homogeneous distri-
bution of the NRs over the silica support. Next, 14.0 mL of toluene was added followed
by a few minutes of sonication. The addition of toluene as an apolar, antisolvent ensured
aggregation of the NRs onto the silica support. Thereafter, the mixture was centrifuged
at 500 rcf for 5 min, resulting in a colourless supernatant and a homogeneously coloured
sediment of the NRs on Aerosil50. After removal of the supernatant, the supported NRs
were dried in a N2-flow for several minutes and dried overnight at 60 °C in air. Thereafter,
the samples were sieved to obtained catalysts with a grain size of 90-212 µm.

Ex situ heating
The ex situ heating experiments were performed in a tubular oven (Thermolyne 79300
tube furnace) under a constant H2 flow of 100 mL/min. The dispersion of Au@Pd@SiO2
NRs with XP d= 0.08 was dropcasted on a copper TEM grid (200 mesh copper (100),
Formvar/carbon film), which was placed in a ceramic cup and transferred to a quartz
tube. The tube wash flushed with Argon for 1 h. Thereafter, the sample was heated with
a ramp of 2 °C/min to the desired temperature, which was 250, 300, 325, 350, 375, 400
or 450 °C, where the temperature was kept constant for 60 min. The sample was cooled
down in H2. After the thermal treatment the TEM grids were analysed in the electron
microscope (see Characterization).

Catalysis
The catalytic properties of the Au@Pd@SiO2 NRs were tested for the selective hydrogena-
tion of butadiene to butene in the presence of excess propene. Typically, 10-50 mg of the
Au@Pd@SiO2 on Aerosil50 (0.02-0.2 wt%, sieve fraction of 90-212 µm) were loaded into
a Pyrex plug flow reactor (internal diameter of 4 mm). As the catalytic activity of the
Au@Pd@SiO2 NRs strongly depends on the atomic structure (core-shell or alloyed) and
Pd content, the amount of metal loaded was varied such that all catalysts were active in
the same temperature range. To achieve this, the catalysts (0.2 wt% metal on Aerosil50)
were diluted with Aerosil50 (sieve fraction of 90-212 µm). In Table 6.2 the amount of
catalyst and metal loading of the catalysts used for the metal distribution (Figure 6.5 and
6.6) and core-shell (Figure 6.7 and 6.9) experiments are listed.

Prior to the reaction, the catalysts were thermally treated in H2 at ≥250 °C to ensure
that the Au-Pd NRs were fully reduced to the metallic state and had smooth particle
surface (see Chapter 3). The metal distribution of the Au@Pd@SiO2 NRs was changed by
reducing the Au@Pd@SiO2 NRs at different temperatures (250-500 °C). The pretreatment
was always done in 50 mL/min pure H2, a heating ramp of 2 °C/min and kept at a constant
temperature (250-500 °C) for 60 min. The pretreated catalysts were cooled down in H2
to 30 °C. Thereafter, the gas atmosphere was changed from H2 to a pre-mixed reaction
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Table 6.2: Overview of the catalyst loadings used in the metal redistribution and
core-shell catalysis experiments. Different metal loadings were obtained by diluting the
Au@Pd@SiO2 NRs on Aerosil50 (0.2 wt% metal loading) with Aerosil50 (90-212 µm).

TP retreatment (°C) Atomic Pd fraction Catalyst loaded (mg) Metal loading (wt%)
250 0.083 20 0.020
300 0.083 20 0.020
325 0.083 20 0.020
350 0.083 20 0.040
375 0.083 20 0.070
400 0.083 20 0.17
450 0.083 40 0.20
250 0 50 1.0
250 0.042 30 0.20
250 0.083 30 0.040
250 0.21 30 0.020
250 0.32 30 0.020
250 1.0 30 0.0065

mixture consisting of 0.3 % butadiene, 30 % propene and 20 % H2 balanced with He to
a total flow rate of 50 mL/min. The catalyst was slowly heated with 1 °C/min to 300
°C. Meanwhile, the composition of the reaction gas was analysed every 15 min with an
on-line gas chromatograph.

The turnover frequencies (TOFs) were expressed in number of converted butadi-
ene molecules per second per metal surface atom. The number of converted butadiene
molecules per second were calculated from the reactant and product concentrations mea-
sured by the GC at a given temperature. The number of metallic surface atoms was
calculated from the size parameters of the Au@Pd@SiO2 NRs obtained via TEM anal-
ysis. Herein, the nanorods were approximated to have a spherocylindrical shape with a
surface area of π ×D × L and a volume of 1/12 ×D2 × (3L −D). The density (ρ) and
van der Waals radius (rvdW ) of the metal atoms were corrected for the metal composition
of the different AuPd@SiO2 NRs samples as follows: ρAuP d = ρAu×XAu + ρP d×XP d and
rvdW = rvdW Au×XAu + rvdW P d×XP d. For the core-shell structures we assumed that the
surface layer was only composed of Pd atoms. For the alloyed structures we assumed a
mix of Au and Pd surface atoms with a ratio equal to the overall XP d and XAu content.

Note: all data presented in this chapter were measured by using the same propylene
gas bottle with purity of ≥99.5 % (grade 2.5, Linde, product code 4290105). We noticed
that the Au@Pd@SiO2 NRs were more active when using higher purity propylene (≥99.95
%, grade 3.5, Airliquide, product code P1717S10R0A001), which is possibly related to the
higher H2O and O2 content in the lower purity propylene feed. To make a fair comparison
between different samples, it is therefore important to perform all measurements with the
same quality of propylene. To avoid that impurities in the gas feed affect the catalytic
activity usage of a high purity gasses is recommended.
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Characterization
Characterization of the size, composition and metal distribution of Au@Pd@SiO2 NRs and
Pd@SiO2 NPs was done on a FEI Talos F200X electron microscope operated at 200 kV
in High-angle annular dark-field (HAADF-STEM) imaging mode combined with Energy
Dispersive X-ray Spectroscopy (EDX). The optical properties of the nanorods in solution
(H2O, MeOH or EtOH) were analysed with Visible Near Infrared (VIS-NIR) spectroscopy
on a Bruker Vertex 70 FTIR/VIS spectrophotometer. The CTAB content of the unwashed
and washed MCM-48 and Au@SiO2 NRs samples was determined with TGA analysis. The
TGA measurements were performed on a PerkinElmer balance (Pyris 1). The samples
(typically 10 mg) were heated in 20 mL/min O2 to 100 °C with 5 °C and kept at 100 °C
for 30 min. Thereafter, the sample was heated with 5 °C to 600 °C. Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) analysis was carried out to determine
the metal concentration and composition of the Au@Pd@SiO2 NRs dispersions. The ICP-
AES experiments were carried out on PerkinElmer Optical emission Spectrometer Optima
8300 equipped with a PerkinElmer S10 Autosampler. Prior to the ICP analysis 10 µL
Au@Pd@SiO2 NRs in EtOH were centrifuged at 8000 rcf for 5 min, dissolved in 500 µL
aqua regia (HNO3, Sigma Aldrich, ≥99.999 trace metal basis and HCl, Fluka, for trace
analysis) and diluted with 4.50 mL MQ H2O to 10 % aqua regia in H2O. Thereafter, the
solution was centrifuged for 5 min at 15000 rcf (to remove remainders of the silica shell).
The top 4.50 mL was then used for the ICP analysis.

6.3 Results

Preparation of the Au-Pd nanorod catalysts
The Au-Pd core-shell nanorods were prepared via colloidal synthesis, which enabled a pre-
cise control over the size, shape and composition. The colloidal synthesis was carried out
on a relatively large, milligram scale to obtain a sufficient amount of Au@Pd@SiO2 NRs
for the catalytic testing. To this end, the metal overgrowth was carried out in an acidified
aqueous solution in which the metal overgrowth was sufficiently slow to allow a homo-
geneous mixing of all reagents (see Chapter 3, Figure 3.8). By varying the Pd-precursor
concentration, the Pd-shell thickness of the resulting Au@Pd@SiO2 NRs was tuned. We
minimized the differences in volume between the different batches of Au@Pd@SiO2 by
performing the metal overgrowth for the low Pd content samples directly on the Au-core.
For the highest Pd content Au@Pd@SiO2 NRs, we first etched the AuNRs to a smaller
core-size prior to the metal overgrowth.

In Figure 6.1 the HAADF-STEM images and EDX maps of the resulting Au@Pd@SiO2
NRs are shown. The atomic Pd fraction (XP d) and the number of atomic Pd-shell layers
were 0.04, 0.08, 0.21 and 0.32, and 1, 2, 5 and 8, respectively. The HAADF-STEM
images show that the NRs were homogeneous in size and shape. The EDX maps show
a 2D projection of the elemental distribution of Au, Pd and Si in red, green and blue,
respectively and clearly reveal the core-shell structure of the Au-Pd nanorods. Note that
there is a slightly higher Pd content at the NR tips, which could be homogenized via
mild thermal treatment at 250 °C in H2 (see Figure 6.5a). The Si signal in the EDX



Tuning the metal distribution of gold-palladium catalysts for
bimetallic synergy in the selective hydrogenation of butadiene 105

Figure 6.1: Monodisperse Au@Pd@SiO2 NRs with increasing Pd content and Pd-
shell thickness: XP d= 0.04, 0.08, 0.21 and 0.32 with 1, 2, 5, 8 atomic Pd shell layers (a-d).
The left column of images are HAADF-STEM images. The middle and right column of images
are EDX maps showing Au, Pd and Si in red, green and blue, respectively.

maps shows that each NR was encapsulated with a 18 nm thick mesoporous silica shell.
The mesoporous silica shell protected the particles from deformation and sintering at the
elevated temperatures needed in the subsequent catalytic and alloying experiments, whilst
the mesopores ensured mass transport to the metal surface. We removed the organic
template molecules from the mesopores by washing with an acidified ethanol solution,
which removed most of the CTAB as shown in Figure 6.2. The size parameters and metal
composition of the Au@Pd@SiO2 NRs are listed in Table 6.3 and were obtained from
TEM and ICP analysis. In Figure 6.3 we plotted the atomic Pd fraction as determined
with ICP against the the Pd-precursor (Na2PdCl4) concentration present in the reaction
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Figure 6.2: CTAB removal from the mesopores of silica coated AuNRs analyzed
with TGA. a) Weight loss of untreated and 0.10 M HCl in EtOH washed Au@SiO2 NRs. b)
Derivative of the weight loss curves presented in a).

mixture during the metal overgrowth. The plot clearly shows that our colloidal synthesis
approach enabled a precise control over the composition of the Au@Pd@SiO2 NRs, and
thus over the exact number of atomic shell layers.

Table 6.3: Sample details for the Au@Pd@SiO2 NRs depicted in Figure 6.1. The
average and corresponding standard deviations of the atomic Pd fraction determined with ICP,
length, diameter and volume are indicated with XP d, L, D and V , respectively. The values were
based on 50 measurements per sample. The XP d=1.00 sample is a reference sample containing
spherical Pd NPs supported on silica (Aerosil300).

XP d (ICP) Number of Pd-layers L (nm) D (nm) V (·104 nm3)
0.00 0 68 ±11 21±2 2.1 ± 0.50
0.04 1 71±8 22±2 2.4 ± 0.5
0.08 2 69±7 21±3 2.1 ± 0.6
0.21 5 66±6 18±4 1.5 ± 0.4
0.32 8 72±8 24±3 3.0 ± 1.0
1.00 - - 6.1±2.5 0.016±0.025
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Figure 6.3: Synthesis of Au@Pd@SiO2 NRs with a controllable atomic Pd fraction
(XP d). XP d is plotted as a function of the Na2PdCl4 concentration present in the reaction
mixture during the metal overgrowth. The Au and Pd content were determined with ICP. The
brown, red, orange, green and blue points correspond to the Au@Pd@SiO2 NRs with XP d= 0,
0.04, 0.08, 0.21 and 0.32, respectively, and are shown in Figure 6.1. Note that for the sample
with XP d= 0.32 the metal overgrowth was performed on etched Au@SiO2 NRs. For all other
samples unetched Au@SiO2 NRs were used.

Alloying and thermal stability of the Au-Pd nanorods
Next, we investigated the alloying behaviour of the Au@Pd@SiO2 NRs and identified the
temperature range in which the metal structure changed form core-shell to alloyed. To
this end, Au@Pd@SiO2 NRs with a fixed Pd content of XP d= 0.08 were heated ex situ in
H2. In Figure 6.4a the EDX maps of the Au@Pd@SiO2 NRs after thermal treatment are
shown. From these EDX maps we analysed the core and shell diameter of 4 particles at
each temperature and determined the degree of alloying (Figure 6.4b). Herein, the initial
core-shell structure at 250 °C and fully alloyed structure at 450 °C had a degree of alloying
of 0 and 1, respectively, where a degree of 1 corresponds to a equal core and shell diameter
(see Chapter 5 for details on the data analysis). The alloying temperature was defined
at a degree of alloying of 0.5 and was 382 °C for Au@Pd@SiO2 NRs with XP d= 0.08,
which is about 100 °C higher than the alloying temperature of Au@Ag@SiO2 NRs with
a similar composition [104]. The relatively high alloying temperature Au@Pd@SiO2 NRs
is likely due to the higher melting temperature of Pd compared to Au and Ag, which is
1555, 1064 and 962 °C for bulk crystals, respectively. The observed difference in alloying
temperature between Au@Pd@SiO2 NRs and Au@Ag@SiO2 NRs is also in line with our
in situ electron microscopy measurements reported in Chapter 4.

We observe in Figure 6.4c in which the aspect ratio (length/diameter) of the NRs
is plotted versus the heating temperature that the Au@Pd@SiO2 NRs did not deform
upon thermal treatment. The excellent thermal stability of the Au@Pd@SiO2 NRs is a
combined effect of the stabilization by the silica shell, the relatively large particle volume,
the low aspect ratio of the NRs (see Chapter 2) and the higher melting point of Pd. The
high thermal stability of the AuPd@SiO2 NRs made it therefore possible to change the
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Figure 6.4: Ex situ TEM measurements on the alloying behaviour of Au@Pd@SiO2
NRs with XP d= 0.08. a) EDX maps of the AuPd@SiO2 NRs after they were heated at 250-
450 °C for 1 h in hydrogen. The heating ramp was 2 °C/min. b) The degree of alloying deduced
from the EDX maps plotted against the reduction temperature. The alloying temperature was
estimated to be 382 °C at a degree of alloying of 0.5. c) The aspect ratio of the AuPd@SiO2
NRs plotted versus the heating temperature.

metal distribution from core-shell to alloyed with full retention of the particle shape, even
at temperatures as high as 450 °C.

Catalytic properties as a function of the metal distribution

We used the differently structured Au@Pd@SiO2 NRs as displayed in Figure 6.4 to probe
the catalytic activity as a function of the metal distribution in the selective hydrogenation
of butadiene to butene in the presence of excess propene. To make the Au@Pd@SiO2 NRs
suitable for gas phase catalysis, the NRs were supported on a commercial silica support
(Aerosil50). We used Au@Pd@SiO2 NRs with an overall composition of XP d= 0.08 and
a Pd-shell of 2 atomic layers.

In Figure 6.5a the EDX maps of single particles treated at 250, 350 and 450 °C are
shown. Note that the treatment at 250 °C led to the formation of a Pd-shell with a ho-
mogeneous thickness over the whole particle, while the as-synthesized Au@Pd@SiO2 NRs
had a slightly higher Pd-content at the tips of the rod (Figure 6.1b). The yellow and red
highlighted EDX maps were taken after treatment at 350 and 450 °C and show partial and
full alloying, respectively. In Figure 6.5b we show the catalytic activity of the differently
pretreated Au-Pd NRs as a function of the reaction temperature. The catalytic activity
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Figure 6.5: Catalytic activity of differently structured AuPd@SiO2 NRs with XP d=
0.08 in the selective hydrogenation of butadiene. a) EDX maps showing the core-shell
(250 °C), partially alloyed (350 °C) and alloyed (450 °C) metal distribution. b) Turnover fre-
quency (TOF) expressed in the number of butadiene molecules converted per metal surface
atom per second, of the differently structured AuPd@SiO2 NRs as a function of the reaction
temperature (30-225 °C). c) TOF and selectivity at a reaction temperature of 150 °C plotted
versus the pretreatment temperature of the catalysts. For the catalytic tests 20-40 mg catalysts
with a metal weight loading of 0.02-0.2 wt% was loaded (see Table 6.2). The reaction mixture
consisted of 0.3 % butadiene, 30 % propene, 20 % H2 and He to balance the flow rate to 50
mL/min.

is given as a turnover frequency (TOF) which is expressed as the number of butadiene
molecules converted per second per metal surface atom. The TOFs of the Au@Pd@SiO2
NRs pretreated below the alloying temperature (250-325 °C) are significantly higher than
the NRs pretreated at and above the alloying temperature (375-450 °C). This difference
in activity is more clearly visualized in Figure 6.5c where the TOF at a fixed reaction
temperature of 150 °C is plotted as a function of the pretreatment temperature. The blue,
yellow and red encircled points correspond to the likewise coloured EDX maps in Figure
6.5a. The TOF frequency of the core-shell structure was exceptionally high (TOF= 26
s−1) and 45× higher than the alloyed structure (TOF= 0.58 s−1) with the same metal
composition (XP d= 0.08), showing the large impact of the atomic metal distribution on
the catalytic activity. For the partially alloyed samples treated below the alloying temper-
ature (TAlloy= 382 °C, Figure 6.4) at 325-375 °C, partial mixing of Au into the Pd-shell
already resulted in a strong activity drop.

The red data points in Figure 6.5c show the selectivity of the catalysts at 75 % conver-
sion of butadiene. Herein, the selectivity was defined as the number of hydrogen molecules
used for the conversion of butadiene to butene divided by the total number of consumed
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Table 6.4: Summary of the catalytic activity and selectivity of AuPd@SiO2 NRs
(XP d= 0.08) with a core-shell, partially alloyed and fully alloyed metal structure.
The TOF is given at a reaction temperature of 150 °C. The propane conversion and selectivity
are given at a butadiene conversion of 75 %.

TP retreatment Structure TOF at 150 °C (s−1) Propane conversion (%) Selectivity (%)
250 core-shell 26 0.12 87
300 core-shell 24 0.024 98
325 partially alloyed 18 0.028 97
350 partially alloyed 10 0.032 97
375 partially alloyed 0.87 0.026 97
400 fully alloyed 0.31 0.085 91
450 fully alloyed 0.58 0.13 87

hydrogen molecules. In Table 6.4 we list both the propene conversion and selectivity at a
butadiene conversion of 75%. Ideally, one would give the values at a butadiene conversion
closer to 100% as more significant differences are expected at high conversion. However,
under the conditions that we measured not all Au-Pd structures reached 100% conversion,
which is why the selectivities are given at 75% conversion. Both the core-shell and (par-
tially) alloyed structures had a very high selectivity towards butenes (87-98%), meaning
that almost all the hydrogen was used to covert butadiene to butene. For all samples, less
than 0.15% propene was converted to propane and no butane was observed in the prod-
uct stream. The partially alloyed NRs exhibited the highest selectivity (≥97%), whereas
the selectivity dropped slightly below 90% upon alloying. Thus, in terms of selectivity
and activity the core-shell structure heated at 250 and 300 °C had the most favourable
properties: a TOF of 24 and 26 s−1 with a selectivity of 98 and 87%, respectively.

We further investigated the selectivity of the differently structured Au-Pd@SiO2 to
the different C4-products: 1-butene, trans-2-butene, cis-2-butene and n-butane. The plot
in Figure 6.6a shows the C4-product selectivity at a fixed reaction temperature of 225
°C as function of the pretreatment temperature. In Figure 6.6b-h the concentration of
the C4-molecules over a reaction temperature from 30-300 °C are plotted for the Au-Pd
NRs pretreated at 250-450 °C. For the core-shell structures 1-butene is the most formed
product. Upon alloying an increase in the trans-2-butene and cis-butene fraction was
observed. It is important to point out that for none of the AuPd NR catalysts butane
formation was observed. Note that the butadiene signal goes up again above 250 °C,
meaning that the catalyst deactivated, which could be due to metal redistribution or
coking of the catalyst surface.

Dependence on the Pd shell thickness
From Figure 6.5 it is clear that the core-shell structure had superior catalytic properties
and combined both a high selectivity and activity. We therefore further investigated
the core-shell structures, and studied the influence of the shell thickness on the catalytic
behaviour. Herein, NRs with 0, 1, 2, 5, 8 Pd shell layers and XP d= 0, 0.04, 0.08, 0.21, 0.32
were used and compared to a Pd reference catalyst (Figure 6.1). As it was not feasible
to synthesize well-defined monometallic Pd rods, we prepared a catalyst consisting of
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Figure 6.6: C4 product selectivity of differently structured AuPd@SiO2 NRs with
XP d= 0.08 in the selective hydrogenation of butadiene. a) Fraction of trans-2-butene,
1-butene and cis-2-butene at a fixed reaction temperature of 225 °C versus the pretreatment
temperature of the Au@Pd@SiO2 NRs. The lines are best fits to the experimental data. a-h)
Concentration of C4 products as a function of the reaction temperature for Au@Pd@SiO2 NRs
pretreated at 250 (b), 300 (c), 325 (d), 350 (e), 375 (f), 400 (g) and 450 (h) °C in H2. To
make sure that the catalysts had similar conversions in the same temperature range the amount
of AuPd@SiO2 NRs loaded per run was varied as listed in Table 6.2. The reaction mixture
consisted of 0.3 % butadiene, 30 % propene, 20 % H2 and He to balance the flow rate to 50
mL/min.
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Figure 6.7: Catalytic activity and selectivity of core-shell Au@Pd@SiO2 NRs with
different Pd-shell thickness in the selective hydrogenation of butadiene. a) TOFs at
a reaction temperature of 150 °C plotted versus the number of Pd-shell layers of Au@Pd@SiO2
NRs with XP d= 0.04 (red), 0.08 (orange), 0.21 (green), 0.32 (blue) and a XP d= 1.0 Pd@SiO2
reference catalyst (black). b) Butadiene conversion and c) TOF as a function of the reaction
temperature. d) Selectivity at 97% butadiene conversion as a function of the Pd-shell thickness.
e) Propene conversion plotted versus the butadiene conversion. The reaction mixture consisted
of 0.3 % butadiene, 30 % propene, 20 % H2 and He to balance the flow rate to 50 mL/min.

spherical Pd NPs with an average diameter of 6.1 nm on a silica support instead. A TEM
image and XRD spectrum of the Pd reference catalyst are shown in Figure 6.8.

The catalytic performance of the bimetallic core-shell and monometallic Au and Pd
catalysts are shown in Figure 6.7. In Figure 6.7a the catalytic activity (expressed as
TOF) at a reaction temperature of 150 °C is plotted as a function of the number of
atomic Pd-shell layers. All core-shell structures outperformed the monometallic AuNR
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Figure 6.8: Palladium reference catalyst containing 4.8 wt% of 6.1 nm Pd nano-
particles on silica. a) HAADF-STEM image and b) XRD of the Pd@SiO2 NP catalyst. The
silica support was Aerosil300.

and Pd NPs considerably. The activity of the Au@Pd@SiO2 NRs showed a non-monotonic
dependence on the shell thickness, with an optimum at a Pd shell thickness of 2 atomic
layers. Increasing the Pd thickness further caused a decrease in activity and the catalytic
behaviour of the Au@Pd@SiO2 NRs started to resemble those of pure Pd. The data in
Figure 6.7a are based on the conversion plots and corresponding TOFs plotted in Figure
6.7b and c. Note that we diluted the catalysts such that they were all active in the
same temperature range and had similar conversions (Figure 6.7b), which enabled a good
comparison between the different catalysts. The corresponding TOFs were deliberately
only calculated up to 180 °C before any of the samples had reached full conversion. From
Figure 6.7c it is clear that the core-shell structures with 2, 5 and 8 layers had higher TOFs
over the full temperature range compared to the NRs with only one or no Pd-shell layers,
and compared to the pure Pd reference catalyst.

In Figure 6.7d the selectivity at high (97 %) butadiene conversion is plotted versus
the number of Pd shell layers. We specifically chose to compare the catalysts at high
conversion as selectivity of the different samples started to deviate significantly from
each other (Figure 6.7e). Note that the AuNR sample is not shown as it did not reach
97 % conversion. The plot in Figure 6.7d clearly shows that all the core-shell structures
exhibited a high selectivity and outperformed the pure Pd sample. Especially the core-
shell NRs with 1 Pd layer had an exceptionally high selectivity of about 98 % and a
propene conversion of 0.02 % at 97 % butadiene conversion. In Figure 6.7e the propene
versus butadiene conversion is shown and in Table 6.5 the TOFs, propene conversion and
selectivities are listed. The plot in Figure 6.7e shows that at high butadiene conversions
(above 95 %) the undesired conversion of propene to propane steeply increased for the
pure Pd sample, whereas the core-shell NRs reached up to full conversion without a
strong increase in the propene conversion. Thus, the core-shell structures (especially with
2-8 layers) combined very high activities and selectivities, which enabled high butadiene
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Table 6.5: Summary of the catalytic activity and selectivity of core-shell
Au@Pd@SiO2 NRs with XP d= 0.04 - 0.32, pure AuNRs and a pure Pd reference catalyst.
The TOF is given at a reaction temperature of 150 °C. The propane conversion and selectivity
are given at a butadiene conversion of 97 %.

XP d # Pd-layers TOF at 150 °C (s−1) Propane conversion (%) Selectivity (%)
0.0 0 0.016 - -
0.04 1 1.3 0.021 98
0.08 2 16 0.15 87
0.16 5 13 0.12 90
0.32 8 9.3 0.22 84
1.0 - 1.3 1.3 45

conversions while having an very low (<0.3 %) propene conversion, which was not possible
with their monometallic counterparts.

In Figure 6.9b-f we show the full overview of the catalytic data of the core-shell struc-
tures and the Pd-reference, where the butadiene, trans-2-butene, 1-butene, cis-2-butene
and butane concentration are plotted as a function of the reaction temperature. In Figure
6.9a the fraction of the C4 products at a fixed reaction temperature of 225 °C is plotted
versus the Pd composition of the catalyst. We chose to compare the catalysts at 225 °C
as the concentrations of the reactants is high and the error in the fraction of C4 products
small. The plot in Figure 6.9a shows a clear trend. For catalysts consisting of only Au
or ≤ 2 Pd shell layers, 1-butene was the product which was formed the most. When in-
creasing the shell thickness above 2 atomic Pd layers, trans-2-butene was the most formed
product and its concentration increased with increasing Pd-shell thickness/content. Thus,
the shell thickness also influenced the C4-selectivity.

6.4 Discussion
Particle size independent catalytic activity

The bimetallic NRs used in this study are quite large compared to the NPs in typical
selective hydrogenation catalysts, containing NPs with diameter of 1-10 nm. However,
when comparing the activity per surface atom of our NR based catalysts to much smaller
AuPd and Au NPs as reported in literature, there are no significant differences. For
instance, the TOF (at 60 °C) of spherical, alloyed AuPd NPs (XP d= 0.05) with a size of
2-3 nm is in the range of 0.001 to 0.1 s−1 depending on the preparation method [99]. The
TOF of our alloyed NRs (XP d= 0.08) at 60 °C is comparable: 0.04 s−1. Likewise, the
TOF (at 120 °C) of 3 nm Au NPs on silica is about 0.004 s−1 [97, 245] and comparable
to the the TOF of our AuNRs, which was 0.002 s−1 at 120 °C. This indicates that the
particle size is not a critical parameter, which is supported by earlier observations for
pure Au [243] and Pd systems [240], where the catalytic activity was also particle size
independent. Only when going to particle sizes below 2.5 nm the activity per surface
atom decreases [250]. Thus, even though the NRs are much larger than the metal NPs
in typical hydrogenation catalysts, the activity per surface atom is similar, which makes
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Figure 6.9: C4 product selectivity of core-shell Au@Pd@SiO2 NRs with differ-
ent Pd-shell thickness in the selective hydrogenation of butadiene. a) Fraction of
trans-2-butene, 1-butene and cis-2-butene at a fixed reaction temperature of 225 °C versus the
composition of the Au@Pd@SiO2 NRs. The lines are best fits to the experimental data. b-f)
Concentration of C4 products as a function of the reaction temperature for Au@Pd@SiO2 NRs
with XP d= 0.04 (b), 0.08 (c), 0.21 (d), 0.32 (e) and Pd@SiO2 NPs with XP d= 1.0 (f). All
samples were pretreated at 250 °C in H2. The reaction mixture consisted of 0.3 % butadiene,
30 % propene, 20 % H2 and He to balance the flow rate to 50 mL/min.

the NR based catalysts ideal model systems to bridge the gap between surface science
studies performed on large, single-crystalline surfaces and more industrial, less defined
nanoparticles systems.
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Although the activity of Pd catalysts is not size dependent, it was reported to be very
sensitive to the orientation of the surface facets [240]. Pd(110) is about one order of mag-
nitude more active compared to Pd(111) [240, 250]. Interestingly, our NRs predominately
have (110) and (100) facets, running along the length of the rods [21]. As the Pd-shell
is epitaxially grown onto the Au-core (Chapter 2), the Pd-surface is mostly composed of
Pd(110) and (100) facets, which could partially explain the exceptionally high activity of
the Pd-shell Au-core nanorods.

The impact of the metal distribution

The plots in Figure 6.7c shows that the activity of core-shell NRs was much higher
compared to the alloyed NRs of the same size and composition. When comparing the
Au@Pd@SiO2 NRs to the highest TOF reported for spherical AuPd NPs by Kolli et al.
(0.11 s−1 at 60 °C), the core-shell NRs have a ∼50× higher TOF of 5 s−1 at the same
temperature. This shows that the metal distribution is a very important parameter vary
as well and the core-shell structure is a promising alternative to alloys. It would therefore
be worthwhile to realize core-shell structures in small, more spherical NPs as well.

The metal distribution also affected the selectivity (Figure 6.5c). Surprisingly, the
partially alloyed structures had a higher selectivity compared to fully alloyed NRs; 97
versus 87 %, respectively. For fully mixed AuPd alloy NPs the selectivity typically in-
creases with a decreasing Pd fraction [246, 247], which is ascribed to the absence of atomic
Pd surface clusters [99]. Our data, however, show that a Pd surface diluted with a few
Au atoms on an Au-core is more selective than a fully alloyed particle with 92 % of Au
surface atoms. This means that it is too simplistic to only consider the outer surface
layer of bimetallic nanoparticles. To understand and ultimately predict the behaviour of
bimetallic catalysts, the sub-surface layers and thus the atomic structure of the entire
particle, should be taken into account as well.

The C4 selectivity of Au and AuPd NRs was both structure and composition depen-
dent. The influence of the structure is most clear from Figure 6.6a, where core-shell and
alloyed structures with a fixed Pd-content make 1-butene and trans-2-butene as the main
product, respectively. The composition dependence is clear from the plot in Figure 6.9a.
A thick Pd shell and/or Pd content >8 % leads to preferential production of trans-2-
butene, whereas pure AuNRs and core-shell structures with ≤8 % predomentely make
1-butene. Such composition dependent behaviour was also observed for spherical, 3 nm
Au and AuPd NPs [97, 99, 245, 246], where trans-2-butene and 1-butene are the main
products for bimetallic AuPd and monometallic Au NPs, respectively.

Shell thickness dependent catalytic behaviour

The activity of the core-shell structures showed a non-monotonic dependence on the shell-
thickness (Figure 6.7a), suggesting that not only the surface atoms but also the sub-
surface layers determine the catalytic properties. The difference in catalytic behaviour
of Pd surface atoms on Au compared to Pd surface atoms of pure Pd NPs could be
related to quantum mechanical effects [106, 248] and/or due to lattice strain [249]. In
this case, the latter is probably less important as the lattice mismatch between Au and
Pd is only 4 %. It is more likely that the electronic properties of the shell material
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are changed, as the underlying Au will cause an up-shift of the d-band centre of the
Pd atoms [106]. Changes in the electronic structure of the surface atoms typically lead
to different adsorption energies and thus to an altered catalytic activity as well [251].
Indirect evidence for such electronic effects can be deduced from the product selectivity
as a function of the Pd content as plotted in Figure 6.9a. With increasing Pd shell
thickness the product selectivity changed from 1-butene to trans-2-butene. It is known
that product selectivity is related to the electronegativity of the metal, where the fraction
of 1-butene increases with increasing electronegativity [252]. As thin Pd layer on Au is
likely to be more electronegative, this explains why thin, ≤2 atomic Pd layered core-
shell NRs preferentially produced 1-butene and the fraction of trans-2-butene increased
with increasing shell thickness. Currently, Density Functional Theory (DFT) calculations
are undoing to study the electronic coupling between the Pd-shell and Au-core atoms in
detail.

Recommendations for future work

It would be worthwhile to repeat the alloy experiments presented in section 6.3.3 with
higher wt% catalysts such that 100 % conversion is reached. In this way, the selectivity
at full butadiene conversion can be determined since larger differences in selectivity are
expected close to and at full conversion. The influence of the Pd-content on the catalytic
activity and selectivity of alloyed AuPd NRs should also be investigated, despite the fact
that alloyed NRs are less promising catalysts compared to the core-shell structures. We
expect to see an increase in activity and decrease in selectivity when increasing the Pd
content of the alloyed NRs, as observed for spherical AuPd NPs [99, 246]. Finally, the
catalytic activity of the Pd-core shell and alloyed structures could be probed as a function
of the partial and butadiene pressure to learn more about the reaction mechanism and the
rate determining step in the selective hydrogenation of butadiene. A similar study was
carried out for Au NPs by the group of C. Louis [244], but, to the best of our knowledge,
it has not been carried out for bimetallic AuPd catalysts.

6.5 Conclusions
In this chapter we showed that the metal distribution of bimetallic AuPd NPs has a
large impact on the catalytic properties of selective hydrogenation catalysts. By making
use of a well-defined, colloidal synthesized model system consisting of precisely tunable
single-crystalline AuPd core-shell and alloyed NRs, we correlate the catalysts’ structural
and catalytic properties in the selective hydrogenation of 1,3-butadiene to butene in the
presence of excess propene. We showed that core-shell AuPd NRs are about 45 times more
active compared to their alloyed counterparts, while maintaining an excellent selectivity.
In addition, we demonstrated that the catalytic activity and selectivity of Au-core Pd-
shell NRs is sensitive to the exact thickness of the metal shell, where a shell thickness
of 2 atomic layers was found to be optimal. The observed shell-thickness dependent
behaviour is most likely due to electronic effects, where a shift of the d-band center of the
Pd shell-atoms could lead to altered adsorption energies of butadiene.
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3D real-space characterization 

of  colloidal assemblies

Abstract

7

Insight in the structure of nanoparticle assemblies up to a single particle level is key to
understand the collective properties of these assemblies, which critically depend on the
individual particle positions and orientations. However, the characterization of large, mi-
cron sized assemblies containing small, 10-500 nanometer, sized colloids is highly challeng-
ing and cannot easily be done with the conventional light, electron or X-ray microscopy
techniques. Here, we demonstrate that focused ion beam-scanning electron microscopy
(FIB-SEM) tomography in combination with image processing enables quantitative real-
space studies of ordered and disordered particle assemblies too large for conventional
transmission electron tomography, containing particles too small for confocal microscopy.
First, we demonstrate the high resolution structural analysis of spherical nanoparticle as-
semblies, containing small anisotropic gold nanoparticles. Herein, FIB-SEM tomography
allows the characterization of assembly dimensions which are inaccessible to conventional
transmission electron microscopy. Next, we show that FIB-SEM tomography is capable
of characterizing much larger ordered and disordered assemblies containing silica colloids
with a diameter close to the resolution limit of confocal microscopes. We determined
both the position and the orientation of each individual (nano)particle in the assemblies
by using recently developed particle tracking routines. Such high precision structural in-
formation is essential in the understanding and design of the collective properties of new
nanoparticle based materials and processes.
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7.1 Introduction

The collective properties of particle ensembles are highly structure sensitive and can devi-
ate significantly from the properties of the single nanoparticles [11, 253, 254]. Depending
on the interparticle spacing, and local and global symmetry, the plasmonic, magnetic or
electronic coupling between the particles can be tuned, giving rise to altered optical, cat-
alytic and magnetic behavior [11, 62, 83, 255, 256]. The final 3D structures of colloidal
assemblies also provide insight in the assembly process and the interactions between the
colloidal particles. For example, assembled structures formed in or out of equilibrium
contain information on the phase behaviour or on the glass transition or aggregation,
respectively, of the colloidal particles during the assembly [257–261].

Various scattering- and microscopy techniques have been used to access the struc-
tural properties of these particle assemblies. While scattering techniques can directly
probe long-range periodic order averaged over macroscopic volumes [262], microscopy
techniques can reveal local structures at a single particle level in real-space [263–265].
Microscopy studies therefore provide insight in the presence of defects [266, 267], which
strongly influence the material properties and which are generally very hard to determine
by scattering techniques, as these usually average over large numbers of particles and have
a strong bias in detecting order over local disorder.

Depending on the applied radiation source - X-rays, electrons or visible light - particle
assemblies can be studied at different length scales, ranging from ångströms to microme-
ters. X-ray microscopy techniques enable real-space imaging of the material’s local struc-
ture [268, 269], where the large penetration length of X-rays makes it possible to study
thick and opaque colloidal assemblies in 3D [270]. Nowadays, the spatial resolution of
X-ray microscopy can be as precise as 10-30 nm with a sample thickness of 0.05-20 µm
depending on the X-ray energy and the material properties of the sample [271]. However,
the image acquisition can only be carried out at synchrotron facilities and irradiation
damage can occur, especially in soft polymer based systems [272].

For a significantly higher resolution (0.1-0.5 nm) electron microscopy can be used
to obtain real-space structural information. Scanning electron microscopy (SEM) allows
imaging of the assembly’s exterior and provides information on the surface structure,
whereas transmission electron microscopy (TEM) and, in particular, transmission electron
tomography in combination with particle fitting algorithms can reveal the positions and
orientations of the particles in the interior of colloidal assemblies [265, 273–276]. Most
materials science systems analysed by transmission electron tomography are investigated
in STEM-HAADF imaging mode (scanning transmission electron microscopy - high angle
annular dark field), where the so-called Z-contrast stems from the difference in (high-
angle) scattering power of the elements constituting the sample. When there is a sufficient
difference in Z-contrast between two types of colloidal particles, 3D characterization of
binary systems becomes feasible as well [265]. An important limitation in the quantitative
interpretation of tomography data is the fact that it is not possible to image the object
of interest over the full 180° range. This so-called missing wedge problem causes artefacts
in the reconstruction. In addition, the limited penetration depth of the electron beam in
larger assemblies and high Z-contrast materials limits the maximum assembly size that
can be quantitatively characterized to about 500 nm [274, 275, 277].
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Light microscopy techniques, on the other hand, can have larger penetration depths [278].
When the sample is refractive index matched and a dye is incorporated in the parti-
cles, confocal microscopy is capable of resolving large assemblies of >500 nm colloids in
3D [264, 279, 280]. The sample thickness can be up to 300 µm for high numerical aperture
(NA) objectives [281]. The particle positions of both spherical and anisotropic particles
can be extracted using multiple particle fitting and tracking algorithms [282–284]. In order
to improve the resolvability of the particles, image restoration techniques using the point
spread function (PSF) of the microscope can be used [285]. The advent of super-resolution
techniques, such as stimulated emission depletion (STED), have made it possible to image
colloidal assemblies at even higher resolutions. The axial (Z -direction) resolution is still
limiting but has been brought down recently below 100 nm, allowing particles sizes of 200
nm to be resolved in 3D [263, 286, 287]. However, STED microscopy requires better dyes
and is sensitive to refractive index mismatch. In practice, large confocal-like volumes are
not easily imaged with STED either. This means that neither X-ray nor conventional elec-
tron nor light microscopy are able to image large sample volumes of (non-index matched)
materials at a nanometer resolution.

Focused ion beam - scanning electron microscopy (FIB-SEM) tomography does offer
the unique opportunity for high resolution 3D real-space imaging of hundreds to thou-
sands of cubic microns with a resolution down to a few nanometers [288]. FIB-SEM relies
on a dual beam approach, using both a focused ion and electron beam. Herein, both
beams usually have their own column and lens system, allowing them to operate inde-
pendently. The FIB scans a focused beam of gallium ions onto the sample surface. The
momentum transfer of the gallium ions results in a sputtering process called milling. Pre-
cision milling results in trenches at predetermined locations, allowing the SEM to record
high resolution images of sections of the material of interest. Consecutive slices as thin
as 3 nm can be milled away by the FIB, while the SEM records images in between the
milling. This process is called FIB-SEM tomography. Successful examples of FIB-SEM
tomography are found in many disciplines and it has been applied to e.g. inorganic nano-
materials [62, 289, 290], photonic crystals [291], biological tissue [292, 293] and porous
geological materials [293, 294].

In this work, we demonstrate the use of FIB-SEM tomography in the 3D characteri-
zation of colloidal assemblies with nano- to micrometer sized colloidal particles. We show
that for assemblies of gold nanorods, TEM tomography is limited to assemblies composed
of less than 100 particles, whereas FIB-SEM tomography can be used to characterize
assemblies of more than 1000 particles. In addition, we show the use of FIB-SEM tomog-
raphy in the structural analysis of disordered and ordered assemblies composed of single
and binary species of ∼0.5 µm sized silica particles. We compare this to confocal mi-
croscopy in combination with image restoration and discuss the advantages of FIB-SEM
tomography.
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7.2 Experimental

All chemicals were used as received without further purification. Hexadecyltrimethy-
lammonium bromide (CTAB, >98.0%) and sodium oleate (NaOL, >97.0%) were pur-
chased from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) and
sodium hydroxide (98%) were purchased from Acros Organics. Butylamine (99.5%),
L-Ascorbic Acid (BioXtra, ≥99%), cyclohexane (≥99.8%), dextran (average molecular
weight 1,500,000–2,800,000), hydrochloric acid (HCl, 37 wt% in water), octadecyltrimethoxysi-
lane (OTMS, 90%), silver nitrate (AgNO3, ≥99%), sodium borohydride (NaBH4, 99%),
sodium silicate solution (≥27% SiO2 basis, Purum ≥10% NaOH), tetraethyl orthosilicate
(TEOS, 98%), sodium dodecyl sulfate (SDS ≥99%), sodium citrate tribasic dehydrate,
polyvinylpyrrolidone (PVP, Mw=10,000 g mol−1), rhodamine B isothiocyanate (RITC,
mixed isomers), (3-aminopropyl)triethoxysilane (APTES, 99%), Igepal CO-520, ammo-
nium hydroxide solution (ACS reagent, 28.0-30.0% NH3 basis) andN ,N -dimethylformamide
(DMF) were purchased from Sigma-Aldrich. Absolute ethanol was purchased from Merck.
Ultrapure water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ was used in all of
the experiments. All glassware for the AuNR and gold core synthesis was cleaned with
fresh aqua regia (HCl/HNO3 in a 3:1 volume ratio), rinsed with large amounts of water
and dried at 100 °C before use.

Synthesis of silica coated gold nanorod assemblies

The preparation of the gold nanorod based assemblies consisted of four steps: colloidal
synthesis of high aspect ratio AuNRs (I), silica coating (II), OTMS coating (III) and
self-assembly into spherical ensembles (IV).

The synthesis of high aspect ratio AuNRs was done according to the procedure by Ye
et al. [13]. The growth mixture consisted of CTAB (7.0 g), sodium oleate (1.23 g), Milli-Q
(MQ) H2O (250 mL), AgNO3 (9.6 mL, 10 mM), HAuCl4 (250 mL, 1.0 mM), HCl (37 wt%,
4.8 mL), ascorbic acid (1.25 mL, 0.064 M) and gold seeds (0.40 mL). The seed solution
was prepared by adding an icecold NaBH4 in H2O solution (1.0 mL, 0.0060 M) to a mix
of CTAB (10 mL, 0.10 M) and HAuCl4 aqueous solution (51 µL, 50 mM). The resulting
rods were centrifuged for 25 min at 8,000 g, washed with water and re-dispersed in 30 mL
5.0 mM CTAB water (λLSP R = 1250 nm, Ext = 4.8, ∼40 mg L−1). The resulting AuNRs
had a length of 119 nm (11% PDI, TEM) and diameter of 16 nm (13% PDI, TEM).

The thin silica coating was carried out as follows: to the AuNRs (1.0 mL, λLSP R = 1250
nm, Ext = 4.8) sodium silicate (0.15 mL, 0.54 wt% SiO2, 0.12 M) was added while stirring
vigorously. The mixture was stirred for 45 minutes at room temperature after which the
rods were washed with water and ethanol, and re-dispersed in ethanol (200 µL, [Au] ≈ 200
mg L−1).

To disperse the rods in an apolar solvent like cyclohexane the silica shell was made
hydrophobic by coating it with octadecyltrimethoxysilane (OTMS). To this end, the silica-
coated AuNR dispersion (750 µL) was diluted with ethanol (1.75 mL) to which OTMS
(250 µL) and butylamine (125 µL) were added. The mixture was sonicated for 2 h at 30-
40 °C. Thereafter, the reaction mixture was centrifuged at low speed (100 rcf for 5 min),
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washed with toluene, centrifuged at 7,000 rcf for 10 min, washed twice with cyclohexane
(2.0 mL) and redispersed in cyclohexane (250 µL, [Au] ≈ 600 mg L−1).

The spherical SiO2@AuNR supraparticles were made via emulsification of an apolar
particle dispersion in a larger polar phase [283]. The polar phase consisted of dextran (400
mg) and sodium dodecyl sulfate (SDS) (50 mg) dissolved in H2O (10 mL). The apolar
phase consisted of cyclohexane (200 µL) containing OTMS-functionalised silica-coated
AuNRs ([Au] ≈ 600 mg L−1). The emulsification was done by shortly pre-mixing the
apolar and polar phase in a vortex shaker after which it was placed in a sonication bath
for 1 minute. Afterwards, the vial was covered with parafilm containing several small holes
and the cyclohexane droplets in the emulsion were slowly dried overnight by shaking in
an orbital shaker (IKA KS260 basic). The resulting particles assemblies were collected
with centrifugation (500 rcf for 15 min), washed with H2O (8 and 2 mL), and redispersed
in H2O (500 µL).

Synthesis of colloidal silica assemblies
Monodisperse 531 nm core-shell silica colloids with gold and fluorescent cores were synthe-
sized. 15 nm gold cores were grown using the inverse sodium citrate reduction method [295,
296]: HAuCl4 (3.4 mL, 25 mM) was added to a boiling solution of sodium citrate in water
(345 mL, 1.0 mM) under constant vigorous stirring. After 15 minutes, water (155 mL)
and sodium citrate solution (5 mL, 2.2 mM) were added to the obtained deep red solu-
tion. After reheating and boiling for an additional 10 minutes the solution was cooled
down to 90 °C. Growth of the seeds to 30 nm was performed in four steps using a ki-
netically controlled seeded growth procedure [297]: for every growth step sodium citrate
(1.7 mL, 120 mM) and HAuCl4 (1.7 mL, 50 mM) were added followed by 60 minutes
stirring at 90 °C. 100 mL of the obtained solution of gold nanoparticles was functional-
ized with polyvinylpyrrolidone (PVP) [296, 298] by the addition of PVP (5 mL, 10 mM,
Mw = 10, 000 g mol−1) and 16 hours stirring. The functionalized particles were trans-
ferred to ethanol by centrifugation (10 min, 15,000 g) followed by redispersion in ethanol
(100 mL).

Fluorescent rhodamine B labeled cores with a diameter of ∼45 nm were synthesized us-
ing a reverse micro-emulsion method [299]. Rhodamine B isothiocyanate (RITC) was cou-
pled to (3-aminopropyl)triethoxysilane (APTES) prior to the synthesis by mixing RITC
(6.0 mg), absolute ethanol (500 µL) and APTES (12.0 µL) and stirring for 5 hours. The
reverse micro emulsion was prepared by mixing cyclohexane (50 mL), Igepal CO-520 (6.5
mL), tetraethyl orthosilicate (TEOS, 400 µL) and fluorophore-APTES complex (50 µL).
Particle growth was initiated by the addition of ammonia (750 µL) and after homoge-
nization the solution was stored for 24 hours. The cyclohexane was removed by rotary
evaporation under reduced pressure and the obtained pink viscous liquid was diluted in
dimethylformamide (10 mL) and ethanol (10 mL) to obtain a clear pink solution.

Next, in two separate reactions, the gold and fluorescent cores were coated with a
non-fluorescent silica to obtain a total diameter of ∼200 nm using a seeded growth pro-
cedure based on the Stöber method [300]. After cleaning via repeated centrifugation and
redispersion in ethanol, the weight fractions of both solutions were determined, which
were used to prepare a 1 to 100 (gold to fluorescent core) mixture in ethanol. Further
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silica growth was performed to obtain particles with a total diameter 531 nm (<2% poly-
dispersity index (PDI), 100 particles, transmission electron microscopy), after cleaning by
repeated centrifugation and redispersion in ethanol to remove small silica spheres caused
by secondary nucleation.

396 nm monodisperse core-shell silica colloids with a fluorescent core were synthesized
in the following way. First, using a reverse microemulsion method, a silica core of about
∼50 nm was synthesized [299]. Next, using the seeded Stöber growth method [300], a
fluorescein isothiocyanate doped silica shell was grown around the core to a diameter of
∼200 nm, followed by two silica shells without dye, arriving at a total diameter of 396
nm (1% PDI, static light scattering).

For the assembly of a colloidal crystal of the 531 nm silica particles, an adaption
at elevated temperature of the method by Jiang et al. [301] was used to speed up the
evaporation process. A cover glass (#1.5H) was placed under a small angle of ∼5° in a
particle in ethanol dispersion (8 mL, 1 v%) inside a 20 mL vial. Together with a 100
mL beaker filled with ethanol the vial was placed in a 50 °C preheated oven (RS-IF-203
Incufridge, Revolutionary Science) and covered with a large beaker placed upside down.
After 16 hours the cover glass was removed from the dispersion and a crystal had formed
on the cover glass. Any particles sticking to the back of the cover glass were removed by
wiping it with an ethanol soaked tissue.

Transmission electron tomography
The transmission electron microscopy (TEM) tomography was performed on a FEI Talos
F200X operated at 200 kV in STEM-HAADF (scanning transmission electron microscopy
- high angle annular dark field) imaging mode. A droplet of aqueous dispersion containing
the AuNR assemblies was dried on a special tomography copper grid with parallel bars
and a R2/2 Quantifoil film (Electron Microscopy Sciences). The tomography grid was
placed in a high tilt holder (Fischione, FP90997/19 tomography holder). The sample
was tilted from -70 to +70° with a tilt step of 2°. The tilt images were recorded with
2048 × 2048 pixels per image, 0.24 nm per pixel, a dwell time per pixel of 1.40 µs and
a total frame time of 6.37 s. The camera length of the HAADF-STEM detector was set
to 160 mm. The probe current was 40 pA. Data processing, comprising alignment of
the tilt-images via cross-correlation and subsequent reconstruction using a simultaneous
iterative reconstruction technique (SIRT) algorithm (100 iterations), was carried out in
TomoJ (version 2.31) [302].

FIB-SEM tomography
The AuNR assemblies dispersion was drop casted on silicon wafer, which was placed
on top of an aluminium SEM stub and connected with a conductive carbon tape. The
colloidal crystal and binary glass were first infiltrated with a resin to fill the air pockets
between the particles. To this end, the colloidal crystal and binary glass were embedded
in resin (Lowicryl HM20) and cured overnight in an oven at 65°C. The cover glasses with
the colloidal crystal and the binary glass were attached on an aluminum SEM stub with
carbon tape. To prevent charging of the samples under the electron beam, a conductive
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pathway was created by bridging the top of the cover glass and the stub with a strip of
carbon tape. Additionally, the colloidal crystal and binary glass were coated with a 5 nm
thick layer of platinum, using a Cressington HQ280 sputter coater.

The FIB-SEM tomography of the AuNR assembly was performed in a Helios Nanolab
G3 UC FIB-SEM (Thermo Fisher Scientific) under high-vacuum conditions (10−6 mbar).
In situ Pt deposition (∼100 nm thick) was accomplished across an AuNR supraparticle
by ion beam induced deposition prior to the tomography routine. Subsequently, the FIB
(30 kV, 7.7 pA) milled 160 consecutive slices with a width of 2.5 µm and a nominal slice
thickness of 3 nm. The SEM (2 kV, 100 pA) recorded images in SE and BSE mode
(Ultra-High Resolution mode) with a scan resolution of 2304 × 2048 pixels per image,
0.324 × 0.411 nm per pixel and dwell time 3 µs per pixel.

FIB-SEM tomography of the colloidal crystal was performed in a Scios FIB-SEM
(Thermo Fisher Scientific). Standard preparation procedures (Pt deposition, milling of
trenches and polishing of the cross section to be imaged) were performed manually prior to
the execution of the tomography routine. The FIB (30 kV, 300 pA) milled 212 consecutive
slices with a width of 22 µm, a calculated depth of 20 µm and a nominal slice thickness
of 50 nm. The SEM (3.5 kV, 100 pA) recorded images (3072 × 2048 pixels, pixel size 10
nm, dwell time 6 µs) with the T1 detector in BSE mode.

FIB-SEM tomography of the binary glass was also performed in a Scios FIB-SEM
(Thermo Fisher Scientific). Again, standard preparation procedures were performed man-
ually. Following, the FIB (30 kV, 300 pA) milled 100 consecutive slices with a width of
35 µm, a calculated depth of 15 µm and a nominal slice thickness of 50 nm. The SEM
(3.5 kV, 100 pA) recorded images (3072 × 2048 pixels, pixel size 9.4 nm, dwell time 6 µs)
with the T1 detector in BSE mode.

Confocal microscopy

For confocal microscopy imaging, the binary glass was index matched with a glycerol/n-
butanol mixture (n23

D = 1.44). A Leica TCS SP8 confocal microscope equipped with
a super continuum white light laser (SuperK, NKT Photonics), a HyD detector and a
100×/1.4 NA confocal objective was used to image the glass. The sample was sequentially
scanned with the pinhole set to 1 airy unit to, first, image the rhodamine B dyed particles
with the excitation laser set to 550 nm and the detection range from 565 to 687 nm and,
second, the FITC dyed particles with the excitation laser set to 488 nm and the detection
range from 498 to 590 nm. The voxel size was 31 × 31 × 50 nm3 (X × Y × Z).

Deconvolution

The confocal image stack was deconvoluted with a theoretical point spread function using
the classic maximum likelihood estimation restoration method in the Huygens software
(17.04, Scientific Volume Imaging) to a final signal-to-noise ratio of 20.



126 Chapter 7

Particle identification
To find the positions and orientations of the rods we used the algorithm as described by
Besseling et al. [283] We coloured the rods depending on their orientation with cred = |nx|,
cgreen = 1/2−ny/2 and cblue = 1/2−nz/2 where nx, ny and nz are the components of the
normalized orientation vector n along the length of the rod.

To determine the positions of the spherical particles in the FIB-SEM datasets we used
a new algorithm of which we will give short description here. A schematic overview of
the main steps in the gradient based tracking method is given in ref [303].

After alignment and an initial filtering step the images were blurred with a Gaussian
blur (typically with d = 1.0 pixels) to remove noise. Next, the gradients of the image
were calculated in the x, y and z directions resulting in 3 bitmaps (Gx, Gy, Gz) containing
both negative as well as positive values. We also produced a kernel from an ideal image
containing a single particle with the same dimensions as the particles that we want to
locate and blurred this by the same amount. We then calculated its gradients in 3D
(Kx, Ky, Kz) and the convolution (by FFT) of the gradient images with the kernel Gx ∗
Kx+Gy∗Ky +Gz∗Kz, this final image can be seen as Hough transform [304] and produces
a sharp peak at the location of each particle. We then found all local maxima in this image
brighter than a predetermined threshold and fitted their position with a quadratic function
to obtain sub-pixel accuracy. For the binary sample we used several (typically 10) kernels
for particles with an increasing diameter and searched for a maximum in the resulting 4D
dataset (x, y, z and diameter). The distribution of sizes was fitted with two Gaussians
and the intersection of the two (475 nm) was chosen to distinguish the small and large
particles in the assembly.

The positions of the particles in the confocal data sets were determined after image
restoration using an extension to 3D [264] of a classic 2D tracking algorithm [282].

7.3 Results

FIB-SEM tomography for particle assemblies
We applied FIB-SEM tomography to three 3D assemblies: a <1 µm3 sized nanoparticle
(NP) assembly, consisting of silica coated gold nanorods (AuNRs, LAu= 119 nm (11%
PDI), DAu= 16 nm (13% PDI)), a much larger ∼1000 µm3 sized assembly composed of
large spherical silica colloids (d = 531 nm, <2% PDI) and a similarly sized assembly
composed of a binary glass of the same spheres mixed with smaller silica spheres (d= 396
nm, 1% PDI). In Figure 7.1 we depict the general approach in which FIB-SEM tomography
is used in the 3D characterization of particle assemblies. The characterization can be
divided in three stages: (1) acquisition of the tomography series, (2) alignment of the 2D
image stack and (3) fitting of the positions and orientations of the particles in 3D.

We used two different ways of sample preparation depending on the type and size of
the particle assembly. For the large colloidal assemblies consisting of the 531 nm silica
spheres, the assembly was embedded in a resin, to preserve the assembly structure during
the milling process by the FIB. This is essential to correctly determine the initial particle
coordinates and orientations. Thereafter, a conductive platinum layer was sputter coated
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Figure 7.1: 3D characterization of colloidal assemblies with FIB-SEM tomography.
Left: the tomography data acquisition, obtained by iteratively removing a slice of the assem-
bly with the FIB beam (yellow) and imaging of the assembly with the electron beam (dark
blue). Middle: the obtained stack of 2D images acquired at different Z-depths. Right: 3D
reconstruction of the particle coordinates from the 2D image stack.

on top of the ensemble at the region of interest to prevent charging during FIB-milling
and/or SEM-imaging. The small spherical AuNR nanoparticle assemblies, called supra-
particles, were not embedded in a resin, but the selected supraparticle was only covered
with a Pt-coating, which prevented both charging and deformation of the spherical as-
sembly shape during the milling process. In the tomography data acquisition the slice
thickness was varied for the different colloidal particle sizes and was chosen such that at
least 6 slices through each individual particle were obtained. Thereafter, the SEM images
were aligned and the coordinates and orientation of the individual particles determined.
For particle identification of the nanorod assemblies we used the rod-tracking code de-
veloped by Besseling et al. [283]. For the micron sized colloidal assemblies we used a
more recent analysis method in which the particles are identified with gradient tracking.
The gradient based tracking approach is a more general method in comparison to the
rod-tracking code which can only be applied to rod-like particles [283].

High resolution 3D imaging of gold nanorod assemblies

For the FIB-SEM tomography on nanoparticle based assemblies, we prepared ∼200 nm
to 2 µm large spherical supraparticles of silica coated gold nanorods (LAu = 119 nm
(11% PDI), DAu = 16 nm (13% PDI)). This type of nanoparticle system is particularly
interesting for Raman spectroscopy (see Chapter 8), where the Raman enhancement de-
pends on the overlap between the surface plasmons of the individual gold particles and
thus on the precise position and orientation of the nanorods [62]. To obtain the AuNR
assemblies, we first synthesized colloidal gold nanorods [13] coated with a 3 nm thin sil-
ica shell, functionalized with a hydrophobic coating [305]. Subsequently, the rods were
assembled in spherical clusters by using a solvent evaporation method [273] that we re-
cently also applied to rod-like particles [283] (see Experimental section for more synthesis
details).
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Figure 7.2: 3D characterization of differently sized silica coated gold nanorod as-
semblies with transmission electron and FIB-SEM tomography. Left: transmission
electron tomography of a small AuNRs@SiO2 (LAu = 119 nm (11% PDI), DAu = 16 nm (13%
PDI)) assembly with d= 230 nm, consisting of 96 nanorods: a) Single HAADF-STEM image,
acquired at 0° tilt, b) XY , Y Z and XZ orthoslices of the assembly’s interior, after reconstruc-
tion of the tilt series, c) tracking of the position and orientation of the nanorods in 3D, where
the rods are coloured according to their orientation. Right: FIB-SEM tomography of a larger
AuNRs@SiO2 assembly with d = 500 nm, consisting of 1279 nanorods: d) SE-image of the
exterior of the AuNRs@SiO2 assembly, e) SE images acquired while milling into the interior of
the assembly with the FIB, f) 3D representation of the tracked AuNRs in the assembly.
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We applied both transmission electron tomography and FIB-SEM tomography to ob-
tain the 3D structure of the AuNR assemblies. In Figure 7.2 we show the transmission
electron and FIB-SEM tomography results for the characterization of a small and a larger
AuNR supraparticle, of which the spherical shape is usually well suited for transmission
electron tomography [273, 275, 276]. Figure 7.2a-c shows the tilt series, reconstruction
and 3D model of a 230 nm assembly obtained via transmission electron tomography. In
the 3D model the rods are colour-coded based on their orientation, showing that the
rods are preferentially ordered in the same direction. For this relatively small assembly
the positions and orientations of all 96 rods could successfully be obtained from the 3D
reconstruction. The transmission electron tomography tilt series, reconstruction and 3D
model of the tracked AuNR assembly can be viewed in Movie S1-S3, respectively.

Due to the limited penetration depth of the electron beam caused by the high Z-
contrast of the Au atoms, transmission electron tomography can only be applied to small
particle assemblies for this type of systems. To illustrate this we performed transmission
electron tomography on a larger, 340 nm ensemble composed of the same AuNRs as the
assembly shown in Figure 7.2a-c. In Figure 7.3 we show that the 340 nm assembly was
too large to obtain a high quality reconstruction. To access the full structural properties
of larger and/or denser assemblies, we applied FIB-SEM tomography. In Figure 7.2d-f we
show the secondary electron (SE) image of the exterior, part of the FIB-SEM tomography
series of the interior and the 3D reconstruction of a 500 nm AuNR supraparticle, consisting
of the same AuNRs as the assembly in Figure 7.2a-c. In order to reliably distinguish the
individual NRs, the lowest possible Z step size of 3 nm had to be used, such that at
least 6 slices per rod were obtained. The tomography series consisted of 160 XY -slices
(2304 × 2048 pixels), spaced 3 nm apart resulting in a voxel size X × Y ×Z of 0.3244 ×
0.411 × 3 nm3. The total imaged volume was 0.300 µm3. The particles coordinates and
orientations were determined by making use of a rod fitting algorithm [283]. From the
FIB-SEM tomography data set in Figure 7.2e we obtained the positions and orientations
of 1279 rods. The complete FIB-SEM tomography series and 3D model of the tracked
AuNR assembly can be found in Movie S4 and S5, respectively.

FIB-SEM tomography of a colloidal crystal
To demonstrate the feasibility of FIB-SEM tomography to also analyze much larger col-
loidal assemblies containing micron sized particles, we prepared a colloidal crystal of
monodisperse silica spheres (d = 531 nm, <2% PDI). About one percent of the particles
had a 30 nm gold core, whereas the other 99 percent had a 45 nm fluorescently (rhodamine
B isothiocyanate, RITC) labeled core to also enable characterization with confocal mi-
croscopy. The crystal was grown by controlled vertical deposition at elevated temperature
onto a glass slide [301], resulting in a thickness of ∼11 µm (which corresponds to ∼25
layers).

In Figure 7.4a we show a slice from the FIB-SEM tomogram with a pixel size in
X and Y of 10.5 nm, recorded with a milling step size in Z of 50.0 nm. The total
sampled volume was 2610 µm3. The inset in Figure 7.4a shows a gold core in one of
the silica particles, demonstrating the possibility of investigating multiple length scales in
hierarchical assemblies using FIB-SEM tomography. From the full data stack we cropped
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Figure 7.3: Transmission electron tomography result for AuNR assembly with
d =340 nm, which is too large for a reliable reconstruction. a) 0° tilt image, ac-
quired in HAADF-STEM mode. b) XY , XZ and Y Z views of the 3D reconstruction. The tilt
series was acquired from -70 to +70 °with a tilt step of 2°.

a volume of 1000 µm3 (dashed cyan rectangle in Figure 7.4a) for reconstruction, see
Figure 7.4b. Using a gradient tracking algorithm the particle coordinates were obtained,
as we show in Figure 7.4c where the particles positions are depicted by the cyan circles.
In Movie S6 and S7 the full FIB-SEM tomography series and corresponding 3D model,
respectively, are shown.

To obtain insight into the structure of the crystal, we calculated the local bond ori-
entational order of every particle in the assembly [303, 306]. In Figure 7.4d we show a
computer rendering of the particle assembly, where the particles are coloured according
to their local symmetry (see ref. [303] for details). Although the majority of the parti-
cles have local face-centered cubic (FCC) symmetry, the particles at the bottom of the
reconstructed volume are packed locally with hexagonal close-packed (HCP) symmetry.
Moreover, a slanted stacking fault runs through the crystal, also with local HCP sym-
metry. When the radial distribution function g(r) is calculated from the reconstructed
coordinates (8912 particles), a good agreement with the FCC structure is found (see Fig-
ure 7.4e). There is however a double peak at r/d ≈ 1, which is absent in close packed
crystals grown in bulk or by gravity [307]. From the ratio of the r/d values of the two
peaks in Figure 7.4e it follows that the difference is close to 4%. This is in good agree-
ment with previous work on colloidal crystals grown using the vertical deposition method,
where the same ∼4% of shrinkage in the growth direction in the hexagonal (111 ) planes
has been measured with X-ray diffraction and confocal microscopy [308].

Characterization of a binary colloidal glass

FIB-SEM tomography can also be used to obtain real-space information of binary particle
systems. Here we intentionally made a binary glassy sample as it is more difficult to
retrieve the particle coordinates from the microscopy data in comparison to a crystalline
structure. To demonstrate this, we mixed the previously used 531 nm RITC labeled
silica colloids with smaller 396 nm (1% PDI) silica particles, which had a fluorescently
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Figure 7.4: FIB-SEM tomography on a crystal of silica colloids (d = 531 nm, <2%
PDI). a) Slice from FIB-SEM tomogram with a total volume of 2610 µm3. Arrow in inset
points at the gold core of a particle. b) Zoom-in of the dashed cyan rectangle in the (a). c)
Overlay of (b) with cyan circles indicating identified particles. d) Cut-through of computer
rendering of coordinates from the reconstruction in (c) with colours of particles assigned to local
symmetry of particles as calculated with bond orientational order parameters showing that the
crystal structure is majorly FCC (magenta) with a horizontal stacking fault at the bottom and
a slanted stacking fault running through the structure, both with HCP symmetry (cyan). The
reconstructed volume is 1000 µm3, with 8891 particles. e) Radial distribution function g(r)
calculated from coordinates of the rendering partly shown in (d) (black), compared to the peaks
of an ideal FCC crystal (magenta). The inset shows the double peak in the g(r) at r/d ≈ 1, due
to the shrinkage in the growth direction of the crystal. The scale bars are 2 µm.

(fluorescein isothiocyanate, FITC) labeled core of ∼200 nm. For comparison, the particles
were imaged with both confocal laser scanning microscopy and FIB-SEM tomography.

For confocal microscopy, the particles were drop casted from an ethanol dispersion
on a cover glass and refractive index matched with a mixture of glycerol and n-butanol
(n23

D = 1.44). Image stacks of the two differently labelled particles were imaged sequen-
tially, as shown in Figure 7.5a, spanning a volume of ∼1200 µm3. Figure 7.5b shows
the stacks after image restoration, which involves deconvolution of the data with the
microscope point spread function using the Huygens (SVI) deconvolution software. The
deconvoluted confocal data stack of the binary glass can be viewed in Movie S8. Using a
classical particle tracking routine [282] extended to 3D data sets [264], we identified the
coordinates of both species in the assembly. A fragment of a computer rendering of the
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Figure 7.5: Binary glass characterized by confocal microscopy, in combination with
image restoration, and FIB-SEM tomography. a) XY and YZ slices from a two channel
confocal microscopy image stack of a binary glass of 396 nm (1% PDI) fluorescein (cyan, S)
and 531 nm (<2% PDI) rhodamine (magenta, L) labeled core-shell silica colloids, with a total
volume of ∼1200 µm3. b) Same slices after deconvolution of the image stack. c) Fragment of
computer rendering of coordinates identified from the image stack in b). The arrow points at
two overlapping particles, where the particle tracking algorithm misidentified two particles with
a small separation in the axial direction. d) Fragment of FIB-SEM tomogram of the same binary
glass with a total volume of ∼500 µm3. e) Overlay of d) with cyan circles indicating identified
particles. Partial radial distribution functions gLL(r) (f) and gSS(r) (g) from the coordinates
obtained through confocal microscopy and image restoration, and FIB-SEM tomography. The
scale bars are 1 µm.

coordinates is shown in Figure 7.5c (the full set of coordinates can be viewed in Movie S9),
from which the partial radial distribution functions of the large (gLL(r), 4192 particles)
and small particles (gSS(r), 6544 particles) were calculated (Figure 7.5f,g).

For FIB-SEM tomography, the particles were embedded in a resin after dropcasting.
A stack with a total volume of ∼1000 µm3 was recorded with a FIB milling step size of
50 nm. From this stack, a volume of ∼500 µm3 was cropped for particle identification
(Figure 7.5d). The coordinates of the particles were obtained using a gradient tracking
algorithm, where the particle sizes were fitted for every particle (Figure 7.5e). This
resulted in a distribution of sizes with two peaks where the population was divided into
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small and large species using a threshold diameter of 475 nm. From the coordinates of
the different particles, the partial radial distribution functions gLL(r) (2448 particles) and
gSS(r) (2817 particles) were calculated, as shown in Figure 7.5f and g, respectively. Movie
S10 and S11 show the FIB-SEM tomography series and the corresponding 3D model of
the binary glass.

When comparing the partial radial distribution functions of the large (gLL(r)) and
small spheres (gSS(r)) acquired using the two techniques, an agreement was found for
the peak positions in the gLL(r), although the gLL(r) from FIB-SEM had a broader first
peak (Figure 7.5f). The functions of the smaller particles gSS(r), however, disagreed
to a higher extend (Figure 7.5g). The radial distribution function calculated from the
coordinates obtained by confocal microscopy had a lower first peak and was non-zero
at values smaller than the smallest distance the particles can be apart (∼390 nm). This
points at overlapping particles due to mis-identification of the smaller particles positioned
relatively close to each other in the axial direction of the confocal microscope, as reported
in Ref. [309]. An example of such overlapping particles in the computer rendering of the
coordinates is shown in Figure 7.5c. These types of errors were absent in the confocal
gLL(r), indicating that for the small particles, the limit of the (axial) resolving power of
the confocal microscope was approached. FIB-SEM tomography, on the other hand, does
have sufficient resolving power to identify the positions of the smaller particles correctly.

7.4 Discussion

Data acquisition
During the FIB-SEM data acquisition it is crucial that the colloidal particles are imaged
in their original positions and orientations within the ensemble. Depending on the type
of assembly various changes in the ensemble structure can occur during the tomography.
Supraparticles, especially composed of NPs, are prone to deform to a more flat, non-
spherical structure during FIB exposure and should therefore be encapsulated in a Pt
coating before tomography. On the other hand, in the image acquisition of the assemblies
composed of the micron sized colloids we noticed that particles could "fall off" during
the milling process, when the particles are no longer supported by their neighbors. This
can cause a shift in the apparent position of the particles in the 3D reconstruction. To
prevent this, it is advisable to embed the particle assembly in a resin prior to the image
acquisition.

When imaging porous assemblies with FIB-SEM, so-called curtaining effects are likely
to arise due to the different (material) densities. Curtaining occurs when the milling
speed in the region of interest is inhomogeneous, resulting in different slice thicknesses in
the milling direction. Such inhomogeneities in slice thickness complicate or even prohibit
a quantitative reconstruction of the correct assembly structure in 3D. We observed these
curtaining effects when milling the relatively porous and thick colloidal crystal and binary
glass, but not for the densely packed and thin AuNR assemblies. The curtaining during
the data acquisition can successfully be suppressed by embedding the colloidal assemblies
in a resin beforehand. In this way, the pores in between the particles are filled, making the
milling speeds more homogeneous. The remaining curtaining "stripes" can be filtered out
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Figure 7.6: The FFT filtering procedure to remove curtaining stripes. a) Unfiltered
image of colloidal crystal consisting of silica spheres (d = 531 nm). b) FFT of the image in a.
c) Filtered FFT. d) The filtered image without curtaining stripes, after preforming an inverse
FFT of c.

during the data processing by using fast Fourier transform (FFT) filtering. Herein, one
calculates the FFT of the acquired image, removes the lines in the FFT patterns caused
by the curtaining and performs an inverse FFT to obtain the filtered image (Figure 7.6).
The curtaining effect can also be suppressed using advanced acquisition methods and
image processing [310].

Another difficulty encountered during acquisition is the accumulation of charge in the
sample due to the scanning electron beam, resulting in white areas in the SEM images.
Although the samples were connected to the SEM stub with conductive carbon tape and
sputter coated with Pt to prevent the build-up of charge, charging still occurred. One
way to reduce this effect was to acquire the SEM images at a lower beam current, and
compensate for the signal reduction by integrating multiple images. Instead of modify-
ing the acquisition parameters, the effects of charging can also be suppressed by image
processing [310].

Determining particle coordinates and orientations
There are several advantages in using the gradient based particle tracking algorithm used
in this work. First, it is not limited to the recognition of spherical particles only, but can
also be applied to different (anisotropic) shapes [276], and therefore to a wide variety of
particle assemblies. Second, it enables the determination of the particle orientation for
each individual particle. The ability to exactly determine the orientation and position
of each NP and all interparticle distances is crucial in, for instance, calculating the as-
sembly’s collective plasmonic properties. Previously, only average orientations of several
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particles per assembly volume could be obtained [62]. With our particle specific analysis
method it now becomes feasible to directly compare the theoretical and experimental be-
havior of plasmonic particle assemblies and to predict their performance for e.g. Raman
spectroscopy, which is strongly influenced by the exact particle locations and the presence
of so-called hot-spots, where locally electromagnetic fields can non-linearly enhance each
other (see Chapter 8).

When the contrast between the particles and their surroundings is low, tracking is
more difficult. For the spherical AuNR assembly in Figure 7.2, the contrast between the
Au of the NRs and the Pt of the protective coating was very low. Particles in or close
to the Pt coating were prone to misidentification and difficult to distinguish from real
particles. Reliable tracking was therefore only possible for the layers below the particle
layer that was closest to the Pt coating.

Comparing the real-space microscopy techniques
We studied the AuNRs assemblies with both transmission electron tomography and FIB-
SEM tomography. Which method is to be preferred predominately depends on the size and
Z-contrast of the individual nanoparticles, and the size of the total ensemble. Generally,
the spatial resolution of the transmission electron microscope is superior to the resolution
of the electron beam used in FIB-SEM tomography. More importantly, the resolution in
the Z-direction for the current generation of high-end Ga-based FIB-SEM microscopes is
limited to 3 nm, which is the minimum slice thickness that can be milled with the FIB.
Since a minimum of about 6 slices per nanoparticle is required to reliably determine its
position and orientation, FIB-SEM tomography is presently only suited for assemblies
consisting of ≥18 nm particles. Although the accuracy of the tracking is generally higher
than the resolution of the FIB-SEM images [282, 283], for now transmission electron
tomography is still the preferred analysis technique for small nanoparticle assemblies.

However, for assemblies with a thickness larger than 300 nm and/or composed of high
Z-contrast materials, transmission electron tomography is no longer applicable. When
imaging such assemblies with transmission electron tomography, the intensity of the par-
ticles in the interior is underestimated with respect to the particles at the exterior of the
assembly. This is caused by partial absorption and scattering of the incoming electron
beam before reaching the inside of the particle ensemble. Likewise, the electrons that
are scattered from the inside of the assembly have to penetrate a considerable amount
of material before reaching the detector. This results in thickness dependent, non-linear
damping of the recorded intensities, which is called a cupping artefact [311]. In the re-
construction the cupping artifact hampers a quantitative 3D structural analysis of the
particle ensembles interior. An example of the cupping artifact is for example already vis-
ible in the reconstruction of the 340 nm AuNR assembly in Figure 7.3. Apart from post
reconstruction methods to correct for the cupping effect, an alternative method to study
the interior of nanoparticle assemblies larger than 300 nm is to perform microtomy prior
to the transmission electron tomography measurement. Herein, one embeds the particle
assemblies in a resin and cuts the sample with a diamond knife to slices as thin as 50
nm, after which electron tomography can be performed on a single slice. However, this
method does not allow the continuous spatial analysis of a full particle assembly. Thus, to
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characterize a complete nanoparticle ensemble larger than 300 nm, FIB-SEM tomography
is indispensable.

We also compared FIB-SEM tomography to confocal microscopy for particle ensem-
bles consisting of particles with a size close to the resolution limit of conventional confocal
microscopy. For the binary glass (Figure 7.5), we observed that the large spheres could
still be resolved with confocal microscopy, but the smaller (d = 396 nm) particles could
not. The overlapping particles shown in Figure 7.5c indicate that the limit of the resolving
power of the confocal microscope was reached. Despite the fact that more advanced par-
ticle fitting algorithms have been developed to increase the accuracy of particles position
determination, these algorithms do not significantly lower the size limit of the smallest
particles that can be imaged with confocal microscopy [280, 309, 312, 313]. By using
STED one could improve both the axial and lateral resolutions significantly (even to be-
low 100 nm), but this technique is complicated in large sample volumes and sensitive to
refractive index mismatches. FIB-SEM tomography, however, is capable of quantitatively
characterizing (binary) assemblies of particles too small for confocal microscopy, without
the need of refractive index matching or the incorporation of dyes in the particles.

Possible future applications of FIB-SEM tomography on colloidal
systems
In this study, the assemblies were composed of particles similar in size and composition.
However, the high resolution of FIB-SEM tomography would also allow the study of
mixed assemblies with particle sizes ranging from 20 to 1000 nm. Either by size or by
the difference in material density, different particles types can be distinguished within a
mixed assembly. For example, in the case of the micron size colloidal crystal, a fraction
of the silica spheres contained a much smaller (30 nm), higher density gold core instead
of a silica core. The gold core could be identified in the FIB-SEM image series due to its
higher Z-contrast and smaller particle size (Figure 7.4a (inset)). In future research, FIB-
SEM could thus be applied to fully characterize heterogeneous assemblies, e.g. photonic
crystals composed of particles with strongly scattering cores.

The imaging method described in this work can also be applied to study low density
colloidal dispersions. To do so, the colloidal dispersions would have to be arrested prior
to the imaging process. This can be done either by cryogenic quenching [314] or chemical
arrest by the polymerization of the continuous fluid phase. The latter technique enables
a controlled timing of the arrest and would therefore allow the study of the different
stages in assembly processes. Structural analysis of particle dispersions is also relevant
in measuring for example the interparticle interactions, through the calculation of the
radial distribution function [315]. The high resolution of the FIB-SEM microscope would
make it possible to start investigating interparticle interactions between nanoparticles,
too small to be imaged with confocal microscopy.

It is worth noting that FIB-SEM tomography also allows the analysis of the porosity
of particle assemblies. Where in previous studies the porosity of geological materials
was analysed by counting the voxels of the pores after a thresholding step, the particle
tracking used here allows for the calculation of the total particle volume from the particle
coordinates and sizes, and therefore the total pore volume. In addition, one could analyse
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the pore size distribution by fitting the largest possible sphere in each pore and plot the
distribution of radii to obtain an estimate of the pore size distribution [316].

7.5 Conclusions
We have demonstrated a general approach using FIB-SEM tomography for the 3D real-
space characterization of colloidal particle assemblies. We showed that this technique
combines high resolution imaging with large sampling volumes, allowing the precise char-
acterization of assemblies too large for conventional electron tomography, and containing
particles too small to resolve with confocal microscopy. To this end, we first demonstrated
the use of FIB-SEM tomography for high resolution imaging of nanorod assemblies. In
contrast to conventional electron tomography, the position and orientation of the individ-
ual nanorods in assemblies larger than 300 nm could still be obtained. Next, we applied
FIB-SEM tomography for the imaging of a colloidal crystal and a binary glass consist-
ing of fluorescently labeled sub-micron silica spheres for large sampling volumes (≥1000
µm3). While FIB-SEM tomography was able to identify all particles in the binary glass,
conventional confocal microscopy could not resolve all particles in the axial direction. Ad-
ditionally, FIB-SEM tomography does not require the incorporation of dye in the particles
or refractive index matching. For the data analysis we used a recently developed gradient
based tracking algorithm, which can be used for different particle shapes and materials.
In combination with such a data analysis methodology, we have shown that FIB-SEM
tomography is applicable to a broad range of materials, and particle sizes and shapes,
bridging and extending several other quantitative imaging techniques.
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Plasmonic nanoparticle ensembles are promising functional materials for sensing, as plas-
monic hotspots can arise between neighbouring particles. The Raman scattering of
molecules close to these hotspots can be more strongly amplified than for single nano-
particles. However, due to the small interparticle distance needed to create the hotspots,
the porosity of the particle assemblies is often limited which hampers the diffusion of the
probe molecules into the structure. Designing suitable particle assemblies is therefore a
delicate balance between the interparticle distance on the one hand and the porosity and
wetting of the assembly on the other hand. In this work, we tune these parameters by
coating gold nanorods (AuNRs) with a silica shell prior to the assembly process. By vary-
ing the silica shell thickness between 3 and 35 nm and the pore size from <1 nm to 5 nm,
the interparticle spacing and porosity of the assembly were tuned. In the subsequent self-
assembly step a solvent evaporation method was employed in which an aqueous dispersion
of silica coated AuNRs was emulsified with a larger volume of an apolar phase. By slowly
drying the water droplets, the AuNRs self-assembled into spherical supraparticles of which
the size was tuned via the droplet size. The supraparticles with 3 nm microporous, 18
nm and 35 nm mesoporous silica coated AuNRs were tested in surface enhanced Raman
spectroscopy (SERS). To correlate the SERS performance to the structural properties of
the supraparticles we developed a method to investigate the same supraparticle in Ra-
man spectroscopy and electron microscopy. We found that all supraparticles amplified
the Raman signal of the analyte molecules (crystal violet). The Raman signal increased
with decreasing shell thickness, provided that the supraparticles had a sufficiently high
porosity. The work in this chapter shows that AuNR based supraparticles are promising
materials for sensing and that there is still a wide parameter space to further optimize
their SERS performance.
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8.1 Introduction

Nowadays surface enhanced Raman spectroscopy (SERS) is used in the detection of trace
amounts of molecules and applied in many fields ranging from in single-molecule spec-
troscopy [64] and catalysis [65, 317, 318], to applications in biomedicine [64], forensic
research [41] and even art history [66]. SERS relies on the use of plasmonic nanopar-
ticles (NPs) which can strongly enhance the Raman signal of scattering molecules close
to the plasmonic NP surface. The SERS performance is very sensitive to the plasmonic
properties of the metal NPs. Small changes in local field enhancements around the NP
surface can already induce a large increase in the Raman signal, as the latter scales with
the field enhancements to the 4th power [45–47]. The SERS performance of a plasmonic
nanoparticle can therefore be tuned via the particle shape, morphology and metal com-
position [49, 50, 52, 53].

Rod shaped particles are particularly promising candidates for sensing applications.
As explained in the introduction of this thesis, gold nanorods (AuNRs) exhibit superior
plasmonic properties compared to spheres as they have enhanced and highly tunable
plasmonic properties due their longitudinal surface plasmon resonance in the visible and
near-infrared. By bringing the NRs in close proximity, the localized surface plasmons
of the individual NRs overlap, which gives rise to plasmonic hotspots in between the
NRs. The strength of the local field enhancement in these hotspots can be tuned via
the interparticle spacing and the orientation of the NRs [58, 319–321]. As the local field
enhancement at the tips of the NRs are largest, a tip-to-tip geometry renders the highest
field enhancements.

There are several ways to create nanostructures with interparticle plasmonic hotspots.
One can connect the NPs particles via molecular linkers [46, 319, 322] or via self-assembly [53,
59–62]. The self-assembly of AuNRs was shown to result in colloidal crystals giving en-
hancements of the Raman signal on the order of 105-106 [59, 62]. However, the problem
with these larger AuNR assemblies is that the Raman signal can become severely ham-
pered by the limited porosity of these colloidal assemblies due to the small interparticle
distances between the NRs. This makes that the probe molecules can only access outer
particle layers, whereas the highest local field enhancements exist in the interior of the
NR assembly [59, 60]. The main problem here is that on the one hand the particles
in the assembly should be as close as possible to ensure strong interparticle hotspots,
whereas on the other hand sufficient porosity is required for the probe molecules to reach
the hotspots in the interior of the assembly. Additionally, a good wetting of the probe
molecules on the assembly surfaces is needed, such that uptake of the probe molecules
into the assembly can occur due to capillary interactions. Infiltrating the structure with
mesoporous silica after the assembly process, was observed to increase the porosity and
the SERS performance [62], which shows that further improvement of plasmonic particle
ensembles for sensing will require a precise tuning of the assembly’s porosity, wetting and
interparticle distances.

Here, we do this by coating the AuNRs with a silica shell of which the thickness
and porosity was controlled, before assembling them into larger ensembles. In the self-
assembly processes we used a solvent evaporation method in which an aqueous dispersion
of silica coated gold nanorods (Au@SiO2 NRs) was emulsified in a larger apolar phase
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(hexadecane). Upon evaporation of the water phase, the silica coated AuNRs assembled
into spherical clusters, called supraparticles. The size of these supraparticles could be
tuned via the droplet size of the water phase. The porosity of the supraparticles and
coupling between the AuNRs was set via the porosity and thickness of the silica shells,
respectively. By assembling thin (3 nm) and thicker mesoporous (18, 35 nm) silica coated
NRs, supraparticles with a different degree of interparticle coupling could be obtained. We
probed the performance of these supraparticles in Raman spectroscopy and demonstrate
a general method to correlate the SERS properties of plasmonic particle assemblies to
their structural properties by performing Raman spectroscopy and FIB-SEM analysis on
the same assemblies. We find that more open structures consisting of 3 nm thin silica
coated AuNRs give significantly higher Raman signals compared to supraparticles of 18
nm and 35 nm thick mesoporous silica coated AuNRs and discuss the parameters to be
tuned in further optimizing AuNR supraparticles for sensing applications.

8.2 Experimental

Synthesis
Chemicals

All chemicals were used as received without further purification. Hexadecyltrimethy-
lammonium bromide (CTAB, >98.0 %) and sodium oleate (NaOL, >97.0 %) were pur-
chased from TCI America. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) and
sodium hydroxide (98 %) were purchased from Acros Organics. L-Ascorbic Acid (BioX-
tra, ≥99 %), hydrochloric acid (HCl, 37 wt% in water), silver nitrate (AgNO3, ≥99 %),
sodium borohydride (NaBH4, 99 %), sodium silicate solution (≥27 % SiO2 basis, Pu-
rum ≥10 % NaOH), tetraethyl orthosilicate (TEOS, 98 %), decane (≥99.5 %), pyridine
(≥99 %) and crystal violet (CV, ≥90 %) were purchased from Sigma-Aldrich. Absolute
ethanol and hexadecane (≥99.0 %) were purchased from Merck. SPAN80 was purchased
from Fluka. Ultrapure water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ was
used in all of the experiments. All glassware for the AuNR synthesis was cleaned with
fresh aqua regia (HCl/HNO3 in a 3:1 volume ratio), rinsed with large amounts of water
and dried at 100 °C before use.

Gold nanorod synthesis

The gold nanorod synthesis was performed according to the procedure of Ye et al. [13].
The seed solution consisted of 10 mL 0.10 M CTAB and 51 µL 50 mM HAuCl4 to which
1.0 mL 0.0060 M NaBH4 was added while stirring vigorously for 2 min. For the growth
solution 7.0 g CTAB and 1.24 g NaOL were dissolved in 250 mL MQ H2O. Next, 250
mL 1.0 mM HAuCl4, 7.2 mL 10 mM AgNO3, 3.0 mL HCl (37 wt%, 12.1 M), 1.25 mL
0.064 M ascorbic acid and 0.80 mL seed solution were added, while stirring at 350 rpm
(revolutions per minute) in a 30 °C waterbath. The reaction mixture was left unstirred
overnight. Thereafter, the rods were washed with 120 mL H2O via centrifugation at 8000
rcf (relative centrifugal force) for 30 min and stored in 36 mL 5.0 mM CTAB water. The
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resulting rods had an average length (LAu) and standard deviation of 95±8 nm, diameter
(DAu) of 17±2 nm and aspect ratio (ARAu) of 5.5±0.76 nm.

Thin silica coating

Tuning the shell thickness via the reaction time: For the thin silica coated AuNRs 2.0
mL AuNRs in 5.0 mM CTAB H2O were used (λLSP R= 964 nm, Ext= 1.42 when diluted
40× in H2O), centrifuged at 9000 rcf for 10 min, redipsersed in 22 mL MQ H2O and
transferred to a 40 mL glass vial. While vigorously stirring at room temperature (RT),
3.5 mL sodium silicate (0.54 wt% SiO2, ∼0.12 M sodium silicate) was added. After 5
minutes stirring, the reaction vial was placed in a 60 °C waterbath. After 15 min, 30 min,
1 h, 2 h and 4 h part of the reaction mixture was removed from the reaction vial, washed
2 times with 6 mL H2O, 2 times with 6 mL EtOH and redispersed in 2.0 mL EtOH for
storage.

Tuning the shell thickness via the reaction temperature: For the thin silica coated
AuNRs 2.0 mL AuNRs in 5.0 mM CTAB H2O were used (λLSP R= 964 nm, Ext= 1.42
when diluted 40× in H2O), centrifuged at 9000 rcf for 10 min and redipsersed in 22 mL
MQ H2O. While vigorously stirring at RT, 3.5 mL sodium silicate (0.54 wt% SiO2, ∼0.12
M sodium silicate) was added. After 5 minutes stirring, the reaction mixture was divided
in 3 batches, which were placed in a 20, 40 or 60 °C waterbath. After 2 h, the reaction
mixtures were removed from the reaction vial, washed 2 times with 6 mL H2O, 2 times
with 6 mL EtOH and redispersed in 2.0 mL EtOH for storage.

Stability of the silica shell: It should be noted that all silica coatings described in this
section and in particular the thin silica shell grown at low temperatures (20-40 °C) were
unstable in water and had the tendency to dissolve [323, 324], leading to aggregation of
the gold nanorods. The silica coated rods should therefore always be stored in ethanol.
To strengthen the thin silica shell, we dispersed 1.0 mL SiO2@AuNRs in 10 mL MeOH
and heated them at 60 °C for 2 h. Thereafter, the Au@SiO2 NRs were washed 2 times
with and redipsersed in 1.0 mL EtOH.

Mesoporous silica coating with 2.5 nm pores

For the mesoporous silica coating we used the procedure of Gorelikov et al.[90], which
typically yields AuNRs with a 15-20 nm coating containing 2.5 nm wide mesopores. The
silica coating was performed on a 10 mL scale. 2.0 mL of the stored AuNRs in 5.0 mM
CTAB water were used, to which 1.0 mL 5.0 mM aqueous CTAB solution, 7.0 mL MQ
H2O and 100 µL 0.10 M NaOH were added. While magnetically stirring at 300 rpm in a
30 °C waterbath, 3 times 30 µL 0.90 M TEOS in EtOH were added with a 45 min time
interval. The Au@SiO2 NRs were centrifuged at 8000 rcf for 30 min, washed with water
and ethanol and redispersed in 2.0 mL EtOH for storage.
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Mesoporous silica coating with increased porosity

The pore size of the mesopores in the silica shells was increased by adding a mixture
of decane and toluene, which swells the CTAB micelles. We modified the protocol of
Gorelikov et al. [90] in the following way. To 2.0 mL of the stored AuNRs in 5.0 mM
CTAB water, 2.0 mL ethylene glycol and 6.0 mL 5.0 mM CTAB water were added. Next,
100 µL 0.10 M NaOH and 101 µL decane were added. The mixture was stirred at ∼300
rpm for 2 h in a 70 °C waterbath. Thereafter, 12.8 µL toluene was added. After 2 h of
stirring, 3 times 30 µL 0.90 M TEOS in EtOH were added with a 45 min time interval
between the additions. The reaction mixture was left overnight at 50 °C. The rods were
washed with 8 mL H2O, 8 mL EtOH and redispersed in 2.0 mL EtOH for storage. Note
that the addition of ethylene glycol is crucial to obtain a homogeneous shell growth [325].

Removal of the CTAB from the mesopores

To remove the CTAB and open the mesopores of the silica coated AuNRs, we washed the
NRs with 0.10 M HCl in EtOH. To 2.0 mL dispersion of Au@SiO2 NRs in EtOH, 17 µL
of concentrated HCl (12.1 M) was added such that the HCl concentration in EtOH was
0.10 M. The acidified dispersion was sonicated for 30 min at RT. Next, the Au@SiO2 NRs
were centrifuged at 8000 rcf for 15 min, washed 3 times with 2 mL EtOH to remove the
HCl. Thereafter, the rods were redispersed in 1.0 mL EtOH and stored in the dark at 4
°C.

Stöber silica coating

To increase the shell thickness of the thin silica coated AuNRs a subsequent growth step
was carried out. To 10 mL dispersion (8 mL EtOH, 2 mL H2O) of 3 nm silica coated
AuNRs (Ext= 4.0 when 4× diluted in EtOH), 40 µL of a 0.10 M NaOH solution was
added, immediately followed by the addition of 100 µL 0.045 mM TEOS in EtOH was
added. The reaction was left overnight and washed twice with 10 mL H2O (7000 rcf ×
15 min) and redispersed in 10 mL EtOH for storage.

Self-assembly

The self-assembly of the silica coated AuNRs into spherical clusters was done via a water
in oil emulsion, which is different from the oil in water method described by de Nijs et
al. used in Chapter 7 [273, 303]. Typically, 300 µL of the silica coated gold nanorods as
stored in ethanol were centrifuged at 8000 rcf for 5 min and redispersed in 100 µL MQ
H2O. This aqueous rod suspension was then added to a 40 mL glass vial containing 5.0
mL hexadacane with 1 wt% SPAN80. The mixture was emulsified by mixing for 2 min
with a Turrax mixer (IKA T25 digital, Ultra Turrax) of which the speed was set to 6000,
10000 or 180000 rpm depending on the desired droplet size. Afterwards, the vial was
covered with teflon tape. With a needle a hole was made in the teflon tape after which
the vial was placed in a vortex shaker (IKA KS 260 basic). The emulsion was left to dry
for 1-1.5 day while shaking at 300 rpm. The resulting supraparticles were centrifuged at
300-1000 rcf for 5 min and redispersed in 1.0 mL toluene or hexane.
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Raman measurements

The sample preparation for the Raman measurements with the supraparicles was done as
schematically shown in Figure 8.6. First, the supraparticles were drop-cased on a silicon
wafer. Next, the silicon wafer was placed in an ethanol solution containing 1.0 µM crystal
violet (CV) in EtOH solution for 1 h. Thereafter, the wafer was dried and placed on a
glass microscope slide. With scotch tape a copper 200 mesh TEM finder grid was placed
on top of the silicon wafer (the copper grid did not contain a polymer film). The glass
slide was mounted on a Renishaw Raman microscope equipped with a RL532C50 and
RL633nm HeNe laser giving 532 and 633 nm light, respectively, with a maximum power
of ∼12.5 mW. For the Raman measurements a 50× air objective with NA= 0.75 and a
laser spot size of about 1 µm was used. Typically, a laser power of 0.5% (∼0.07 mW),
exposure time of 1 s and 1 accumulation were used. The step size in the 2D Raman
mapping experiments was 0.2 µm.

The pyridine Raman measurements were carried out as follows: 10 µL of the Au@SiO2
NRs were dried on a silicon wafer, which was placed on a glass microscope slide. Next, 20
µL of a 10 mM pyridine in H2O solution and a glass slide were put on top. For the mea-
surements, a laser power of 10% (∼0.13 mW), exposure time of 10 s and 1 accumulation
were used.

Characterization

The individual silica coated AuNRs and their assemblies were analysed with TEM (trans-
mission electron microscope) on a FEI Talos F200X or FEI Tecnai 20FEG operated at 200
kV. The Tecnai20FEG microscope was equipped with a secondary electron detector en-
abling the analysis of the surface structure of the supraparticles. The suparaparticles used
for Raman spectroscopy were characterized with SEM (scanning electron microscope) on
a Helios Nanolab G3 UC FIB-SEM (Thermo Fisher Scientific) microscope. The optical
properties of the silica coated AuNRs in ethanol and AuNR supraparticles in toluene were
measured using a Bruker Vertex 70 FTIR/VIS spectrophotometer.

8.3 Results

Tuning the silica shell thickness and porosity

To regulate the degree of coupling between the AuNRs, we tuned the silica shell thickness
of the individual NRs. The synthesis of thin, homogeneous silica shells around AuNRs is
particularly challenging, as the ligand (CTAB) concentration should be very low to prevent
irregular and mesoporous shell growth. Due to the low surfactant concentration the
AuNRs are prone to aggregation. We therefore first developed a suitable synthesis protocol
to tune the shell thickness by modifying the synthesis method of Li et al. [326]. The most
important differences are that we did not use a coupling agent as it is not necessary for
the silica shell growth on CTAB stabilized AuNRs and avoided high temperatures (90 °C)
as this leads to aggregation of the NRs.
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Figure 8.1: Tuning of the silica shell thickness around AuNRs via the reaction time
and temperature. 3 nm (a, red), 5 nm (b, orange) and 7 nm (c, blue) thick silica shells were
obtained when coating the AuNRs for 15 min, 1 h, and 4 hours at 60 °C, respectively. d) The
silica shell thickness plotted as a function of the reaction time at fixed reaction temperature of
60 °C. e) Plot of the silica shell thickness as a function of the reaction temperature with a fixed
reaction time of 2 h.

Figure 8.1 shows that we could control the silica shell thickness via the reaction time
and temperature. In Figure 8.1a, b and c the transmission electron microscopy images of
thin silica coated AuNRs grown at 60 °C for 15 min, 1 h and 4 h with a shell thickness
of 3, 5 and 7 nm are shown, respectively. Note that the electron microscopy images in
Figure 8.1a-c show that the silica shell became more rough when increasing the shell
thickness. In Figure 8.1d, the relation between the silica shell thickness and reaction
time is illustrated more clearly, where the shell thickness could be varied between 3 and
7 nm. The plot in Figure 8.1e shows that the shell thickness could also be adjusted via
the reaction temperature. Herein, the reaction time was kept constant (2 h) and the
temperature varied between 20 and 60 °C. We observed that the silica coatings grown at
higher temperatures (60 °C) were more stable in water and are therefore more suitable
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Figure 8.2: Varying the pore size of silica shells around AuNRs. a) Non-porous, Stöber
silica coated AuNRs with a shell thickness of 16 nm. b) Mesoporous, 18 nm thick silica coated
AuNRs with pores of about 2.5 nm. c) Mesoporous silca coated AuNRs with 4-5 nm wide pores
and a shell thickness of 35 nm.

for the subsequent self-assembly experiments. Probably the same stability could also be
achieved by an increased temperature annealing step [324].

Apart from the silica shell thickness, the porosity of the silica shells could be controlled.
In Figure 8.2 electron microscopy images of AuNRs coated with a non-mesoporous and
mesoporous silica shells with a pore size of 2.5 and 4-5 nm are shown. In the the synthesis
of the non-mesoporous shells (Figure 8.2a), the AuNRs were first coated with a thin silica
layer (Figure 8.1). After washing, an additional growth step was carried out to increase
the thickness of the non-mesoporous shell. To grow mesoporous silica shells CTAB was
added to the reaction mixture. Above the critical micelle concentration (∼1 mM) CTAB
forms micelles, which functioned as template for the mesopore formation in the silica shell
growth [90]. The resulting mesoporous silica coated AuNRs are shown in Figure 8.2b. The
mesopores had a diameter (dpore) of about 2.5 nm (see Chapter 2).

To create larger pores we modified the procedure of ref. [90] and added a mixture of
toluene and decane to swell the CTAB micelles, similar to the method described by Zhang
et al. for the growth of mesoporous shells around iron oxide NPs [327]. The resulting
particles are shown in Figure 8.2c. One can readily see from the electron microscopy
images that the pore size was significantly larger than that of the Au@SiO2 NRs in
Figure 8.2b. From the electron microscopy measurements we estimated the pore size to
be between 4 and 5 nm. To analyse the pore size more precisely one could consider to
perform Raman measurements in which the Au@SiO2 NRs are exposed to differently sized
probe molecules [141] or perform nitrogen physisorption measurements.

Note that although the same amount of silica precursor and the same AuNR concen-
tration were used, the porous silica shells in Figure 8.2c have a thicker shell compared to
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Figure 8.3: Probing the accessibility of silica coated AuNRs with different shell
thickness and porosity. a) Raman spectra of pyridine (10 mM in H2O) recorded in the
presence of Au@SiO2 NRs with a non-mesoporous shell thickness (dshell) of 2 (blue), 5 (orange)
and 7 nm (red). b) Raman spectra of pyridine recorded in the presence of Au@SiO2 NRs with
non-mesoporous and mesoporous shells with a pore size (dpore) of <1 (red), 2.5 (orange) and 4-5
nm (blue) and dshell= 16, 18 and 35 nm, respectively. The Au@SiO2 NRs wer dried on a silicon
wafer before exposing them to the pyridine solution. Each spectrum in the plot is an average
of 5 Raman spectra recorded on different spots in the sample with a 50× air objective (NA=
0.75), laser power of 1.3 mW and measurement time of 10 s.

those in Figure 8.2b. This is most likely due to the higher reaction temperature used for
the Au@SiO2 NRs in Figure 8.2c: 60 instead of 30 °C. Additionally, we noticed that the
pore size could be controlled via the toluene/decane ratio [325, 327].

To remove the CTAB-template from the mesopores, the Au@SiO2 NRs were washed
with an acidified ethanol solution (0.10 M HCl). In Chapter 6 we already showed that this
is an effective way to remove the CTAB from the pores. Here, we verified the accessibility
of the silica coated AuNRs in an additional way. The differently coated nanorods deposited
on a silicon wafer were exposed to a dilute aqueous (10 mM) pyridine solution and analysed
with Raman spectroscopy. A Raman signal should only be visible if the pyridine binds to
the Au surface [326]. Thus, the detection of a Raman signal from pyridine is related to the
accessibility of the Au-surface and therefore to the porosity of the silica shell. In Figure
8.3a the Raman spectra of pyridine recorded on thin silica coated AuNRs synthesized at
20, 40 and 60 °C and shell thickness (dshell) of 2, 4 and 7 nm are shown, respectively.
In Figure 8.3b the Raman spectra of pyridine recorded on silica coatings with different
porosity (Figure 8.2) with pore size (dpore) < 1 nm, 2.5 nm and 4-5 nm after HCl washing
are shown. As significant variations in the signal intensity were observed the average of 5
spectra taken at different places in the sample are shown for each sample. The intensity
differences were probably due an inhomogeneous distribution of the dried NRs on the
silicon wafer. The plots in Figure 8.3 reveal that all Au@SiO2 NRs were accessible for
pyridine, except the Stöber coated (dpore<1nm) shells. Furthermore, some variation in
the intensity of the pyridine signal can be observed. In Figure 8.3a the signal decreased
slightly with an increasing shell thickness, implying a decrease in the accessibly of the Au-
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surface. It should, however, be noted that the measurements presented in Figure 8.3 are
not quantitative. To quantitatively compare the accessible surface area of the differently
coated AuNRs it is better to average over more than 5 spectra and to control the number
of particles in te laser spot in every measurement. Furthermore, one should control
the interparticle distance e.g. via controlled drying to avoid interparticle hotspots [328],
which strongly amplify the Raman signal and make that it is no longer proportional to
the accessible Au surface area.

Self-assembly of silica coated gold nanorods in spherical supra-
particles
Next, we assembled the silica coated AuNRs into spherical supraparticles. To do so, a
solvent evaporation method was used similar to the one of de Nijs et al. (see also Chap-
ter 7) [273, 303], but now with a water in oil instead of an oil in water emulsion. For
the original oil in water method the Au@SiO2 NRs first had to be functionalized with a
hydrophobic coating to be able to disperse them in the oil phase. However, hydropho-
bic coated Au@SiO2 NRs are not compatible with SERS measurements of polar analyte
solutions as the accessibility of the AuNRs for the probe molecules is severely hampered
due to low wetting. Furthermore, when using a water in oil system no additional func-
tionalization step is required and the Au@SiO2 NRs can readily be dispersed in the water
phase. In this study, the oil phase consisted of hexadecane with 1.0 wt% SPAN80. The
latter functioned as a surfactant and prevented the water droplets from coalescence.

In Figure 8.4a the assembly process is schematically depicted. First, an aqueous
dispersion of the Au@SiO2 NRs was dispersed in a larger oil phase. Subsequent drying
of the water phase, caused shrinkage of the water droplets and led to the formation of
spherical supraparticles. In Figure 8.4b and c electron microscopy images of Au@SiO2
NRs (LAu= 95±8 nm, DAu= 17±2 nm, dshell= 18 nm and dpore= 2.5 nm) before and
after self-assembly are shown. The NRs are randomly oriented in the spherical clusters,
which is due to their relatively low aspect ratio (ARAu= 5.5, ARAu+SiO2∼2.5). Higher
aspect ratio rods tend to organize in a more ordered way where the rods have the same
orientation (see Chapter 7) [303].

In Figure 8.4d, we show the plasmonic properties of the single and supraparticles
with different sizes. The average size of the supraparticles was set via the droplet size
of the water droplets in the oil phase, which was varied by emulsifying the water and oil
at different mixing speeds. In Figure 8.4 the size distribution of supraparticles with an
average size of 380, 480 and 960 nm prepared from emulsions mixed at 6000, 10000 and
18000 rpm, respectively, are shown. From the graph it is clear that the size distributions
were rather broad, which allows studying of the SERS perfomance of differently sized
supraparticle in the subsequent Raman measurements.

We used this method to synthesize supraparticles consisting of differently coated
AuNRs. By using Au@SiO2NRs with a small and large shell thickness (3, 18 and 35 nm),
supraparticles with strong and weak interparticle hotspots were synthesized, respectively.
In Figure 8.5 the resulting supraparticles are shown. In Figure 8.5b and c supraparti-
cles synthesized from 3 nm thick silica coated AuNRs (Figure 8.5a) with interparticle
hotspots are shown. The supraparticles in Figure 8.5e-f and Figure 8.5h-i were obtained
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Figure 8.4: Self-assembly of silica coated AuNRs into spherical supraparticles. a)
Schematic representation of the assebly process: an aqueous dispersion of Au@SiO2 NRs was
added to a larger oil phase consisting of hexadecane with 1 wt% SPAN80. After emulsification,
the water droplets were slowly dried at room temperature (RT) for about 1 day. Upon drying,
spherical supraparticles of Au@SiO2 NRs were formed. b) TEM image of 18 nm thick mesoporous
silica coated AuNRs before and c) after self-assembly. d) VIS-NIR spectra of the single Au@SiO2
NRs (black) and self-assembled as supraparticles with an average assembly size of 380, 480 and
960 nm. e) Histogram of the diameters of the supraparticles prepared by using different mixing
speeds in the emulsification process (6000-18000 rpm).

by assembling 18 nm (Figure 8.5d) and 35 nm (Figure 8.5g) thick mesoporous silca coated
AuNRs, respectively. The lower magnification TEM images show that the mesoporous
silica coated AuNRs all assembled into spherical clusters, whereas the assembly of the
thin coated AuNRs also resulted in the formation of non-spherical clusters.
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Figure 8.5: Self-assembly of differently silica coated AuNRs into spherical supra-
particles. Electron microscopy images of a 2 nm thin (a-c), 18 nm mesoporous (d-f) and 35 nm
mesoporous (g-i) silica coated AuNRs before (a,d,g) and after self assembly into supraparticles
(b, c, e, f, h, i). All images were recorded in bright mode in the TEM, except b and c, which were
recorded by making use of the secondary electron detector in the TEM and SEM, respectively.

Correlative Raman spectroscopy and electron microscopy of gold
nanorod supraparticles
The supraparticles presented in Figure 8.5 were studied in Raman spectroscopy to inves-
tigate the influence of interparticle plasmonic hotspots on the SERS performance. To do
so, we developed a method to probe both the SERS performance as well as the struc-
tural properties of the same supraparticle in the electron microscope. The procedure is
schematically outlined in Figure 8.6. Crystal violet (CV) was used as a probe molecule
(Figure 8.6a) to compare our supraparticles to the AuNR colloidal crystals reported by
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Figure 8.6: Experimental approach for Raman and subsequent electron microscopy
measurements on the same supraparticles. a) Structural formula of the probe molecule,
crystal violet, used for the Raman microscopy measurements. b) Schematic overview of the
sample preparation for the Raman measurements. c) Raman signal of crystal violet on a supra-
particle consisting of thin silica coated AuNRs, recorded with a 532 nm and 633 nm laser (0.07
mW). A 50× air objective with NA= 0.75 and a laser spot size of about 1 µm was used. Note
that the scale of the left and right graph is from 0-3000 and from 0-30000.

Marzán et al. [59, 62]. In Figure 8.6b a schematic overview of the sample prepartation is
depicted. First, the supraparticles were dropcasted on a silicon wafer. After drying, the
supraparticles exposed to a 1.0 µM CV in ethanol solution. Next, the silicon wafer was
placed on a microscope glass slide and a TEM finder grid was placed on top, enabling a
correlative Raman and electron microscopy study. For the Raman measurements a 633
nm laser was used, which gave a ∼5× higher Raman signal compared to a 532 nm laser
(Figure 8.6c). The large difference is due to the fact that 633 nm laser light matches an
absorption band of crystal violet and therefore leads to surface enhanced resonant Raman
scattering [59], which is known to increase Raman signals up to a factor 6 [329].

In Figure 8.7 the 2D Raman measurements and corresponding FIB-SEM images of a
1.4 µm large suprapaticle consisting of 18 nm mesoporous silica coated AuNR supraparti-
cle, and a 1.3 and 0.9 µm large suprapaticle consisting of 3 nm microporous Au@SiO2
NRs are shown. The 2D Raman maps were derived by taking the intensity of the Ra-
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Figure 8.7: Raman spectroscopy and FIB-SEM results of supraparticles containing 18
nm thick mesoporous silica (a) and 3 nm thin microporous silica (b-c) coated AuNRs. Top: 2D
Raman measurements showing the intensity of the Raman signal of crystal violet at 1617 cm−1.
Middle: SEM images of the corresponding supraparticles. Bottom: the same supraparticles
as above but now sliced with FIB-SEM showing the interior of the supraparticles. The Raman
measurements were recorded with a 633 nm laser, 0.07 mW laser power, 50× air objective (NA=
0.75, spotsize ∼1 µm). The 2D maps were a collection of spectra recorded as a function of the
x and y position with a stepsize of 0.2 µm.

man signal at a Raman shift of 1617 cm−1 and plotting it as a function of the x and
y sample position. Next, the corresponding supraparicles were imaged in the electron
microscope. The exterior of the particles is shown in the SEM images. The interior was
imaged after embedding the supraparticle in a protective Pt coating and removing part
of the supraparticle with a FIB-beam.

The Raman results in Figure 8.7 show that all structures were Raman active and suc-
cessfully enhanced the Raman signal of crystal violet. The thin microporous silca coated
supraparticle with a disordered structure gave the largest enhancement and a maximum
intensity of 30 000 counts at 1617 cm−1. Despite the smaller assembly size, the less spher-
ical assembly exhibited a better Raman performance compared to the spherical, 1.3 µm
supraparticle composed of the same particles. The FIB-SEM analysis shows that the main
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Figure 8.8: SERS performance of supraparticles containing Au@SiO2 NRs with a
different silica shell thickness. a) Raman spectra of crystal violet on supraparticles consisting
of Au@SiO2 NRs with dshell= 3 (red), 18 (orange) and 35 nm (blue) and dpore= <1, 2.5 and 4-5
nm, respectively. b) The maximum intensity between 1616 and 1618 cm−1 as a function of the
shell thickness. The Raman measurements were recorded with a 633 nm laser, 0.07 mW laser
power, 50× air objective (NA= 0.75, spotsize ∼1 µm).

difference between these supraparticles is the assembly structure, where the assembly in
Figure 8.7c has a more open and disordered structure, whereas the Au@SiO2NRs are
more closely packed in the assembly in Figure 8.7b. The latter structure is less porous,
which could hamper the diffusion of crystal violet into the assembly and thus explain the
relatively low Raman signal. The porosity of the supraparicle in Figure 8.7a consisting of
mesoporous silica coated AuNRs is high, which could explain why this supraparticles still
exhibits a rather high Raman signal, despite the much larger interparticle spacing (∼36
nm).

To further investigate the influence of the interparticle distance on the SERS perfor-
mance of the supraparticles, we compared the the SERS signal of CV on suprapaticles
consisting of Au@SiO2 NRs with a 3, 18 or 35 nm thick mesoporous silica shell. The
resulting Raman spectra are shown in Figure 8.8a. In Figure 8.8b the maximum intensity
between 1616 and 1618 cm−1 is plotted as a function of the silica shell thickness. The shell
thickness clearly influenced the Raman performance of the Au@SiO2NRs, where thinner
silica shells/smaller interparticle distances led to a steep increase of the Raman signal.
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8.4 Discussion

Optimizing the individual nanorods for self-assembly and SERS

In section 8.3.1 we demonstrated a method for the synthesis of 2-7 nm thick shells around
AuNRs in which the shell thickness was controlled via the reaction time and reaction
temperature. The advange of our method is that it is simple and only comprises an
aqueous AuNR dispersion to which a diluted sodium silicate solution is added. It is
likely that this method can be extended to differently shaped CTAB/CTAC stabilized
gold nanoparticles such as triangles [14], bipyramids and decahedra [19] and therefore
enables the coating of differently shaped plasmonic NPs for SERS and self-assembly.
Such thin silica coated plasmonic NPs would also be suitable materials to use for Shell-
Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) in monitoring catalytic
reactions in situ [65, 317, 318, 326]. For this purpose the silica shell should be closed and
made pinhole free, to prevent the gold surface from affecting the catalytic process. The
Raman measurements with pyridine in Figure 8.3a showed that the thin silica coatings
were not completely closed and part of the gold surface was still accessible. In order to
make the particles suitable for SHINERS applications one could grow a thin Stöber layer
as we did in Figure 8.2a, or by giving the silica shell a thermal treatment to condensate
the silica and decrease the porosity of the shell.

For self-assembly applications the stability of the thin shell can be problematic, espe-
cially when doing the self-assembly in water. The high solubility of the silica shell is most
likely related to the limited thickness of the shell and the low degree of condensation of
the silica. It is known that the solubility of small silica nanopartilces synthesized with
sodium silicate in water is particle size dependent, where the solubility increases with
decreasing particle size [323]. In addition, the solubility depends on reaction temperature
used during the synthesis [323]. Silica particles synthesized at 25 °C are considerably less
stable in water compared to those grown at 60 °C, which is ascribed to a lower degree of
condensation [323]. This is in line with our results, as we observed that the silica shell
stability could significantly be improved by coating the AuNRs at 60 instead of 20 °C or
when condensating the silica in MeOH at 60 °C after the synthesis.

To optimize the silica coated AuNRs for SERS, the ability to tune the LSPR via their
aspect ratio (AR) should be exploited. Ideally, the LSPR is tuned to the wavelength
of the laser light used in the Raman measurements [330]. The AuNRs described in this
chapter had a relatively high AR (ARAu= 5.5) with a LSPR at λLSP R= 960 nm (Figure
8.4d), which is much higher compared to the 633 nm laser light used in the Raman
measurements. The wavelength of the laser was optimal for the probe molecule used
(crystal violet, Figure 8.6c), whereas the high AR of the rods was chosen to induce a
more ordered arrangement of the NRs during the self-assembly (see Chapter 7) [303]. To
match the LSPR of the NRs with the laser light one could etch the rods to lower ARs
as demonstrated in Chapter 3 or by synthesizing lower AR rods as shown in Chapter 2.
This will induce an overlap of the LSPR with the laser light and therefore increase the
SERS performance of the Au@SiO2 NRs and their assemblies.
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Controlling the self-assembly of silica coated AuNRs into supra-
particles
In general we found that the thin coated AuNRs were more prone to aggregation during
the assembly, leading to the formation of non-spherical, unordered supraparticles (Figure
8.5c). The tendency of the thin coated AuNRs to aggregate can be ascribed to different
factors. Firstly, the thin silica layer was prone to dissolution in water, resulting in partially
uncoated AuNRs which aggregated during the assembly process. As mentioned previously,
this problem can be solved by growing the thin silica shell at higher temperatures (60 °C)
or giving the silica shell a thermal treatment in methanol to strengthen it. Secondly, the
thin shell allowed the AuNRs to approach each other closely, which can give rise to van
der Waals attractions between the NRs. Such van der Waals attractions were also found
to be important in the self-assembly of much smaller (11 nm, FeO/CoFe2O4) NPs into
supraparticles [331].

Strong attractions between colloidal particles could prevent the self-assembly into
ordered structures. To assess if attractions played a role in our assembly experiments
we estimated the van der Waals interaction between two nanorods. Herein, the Au NRs
were approximated as cylinders with radius R = 8.7 nm and length L = 95.7 nm. The
attraction due to van der Waals forces between two parallel NRs was estimated by using
the following formula [332, 333]:

UvdW (z) = − 3
8πAH

(πR2)2
L

z5

where z is the separation between the two cylinder axis and AH is the Hamaker constant,
for which values between 20 and 73 kBT have been reported for gold in water [332]. We use
the latter value to estimate the upper bound of this interaction when the two NRs are in
contact, that is UvdW (z = 2R+2h) = −7kBT , where h = 3 nm is the silica shell thickness.
The van der Waals attractive interactions can be balanced by the electrostatic repulsion
between the silica shells. The electrostatic repulsion depends on the conductivity of the
solvent and the charge of the silica shells. This means that the effective interaction can be
tuned via the thickness and charge of the silica shells around the Au-cores. Although -7
kBT is significant, it is possible that in our experiments the van der Waals forces between
the gold cores were completely screened and attractions did not play a crucial role in the
self-assembly. This is supported by the lack of clear evidence for a strong preference for
side-to-side arrangement (that is extremely favourable for attractive rods) in the electron
microscopy images.

Not only the interparticle interactions can influence the assembly process, the drying
rate of the water droplets can determine the structure and morphology of the resulting
supraparticles as well. Recently, it was shown that for 244 nm large polystyrene the
drying rate was critical for the final structure [334]. Too fast drying (2-4 h) rendered non-
spherical, unordered ensembles, whereas slow drying rates (1-40 days) resulted in smooth,
crystalline supraparticles [334]. Alternatively, much smaller 6 and 11 nm FeO/CoFe2O4
NPs could be dried at elevated temperature within 5 h and still assemble in crystalline su-
peraprticles [273, 331]. In our case, the particle size is in between the small FeO/CoFe2O4
NPs and the 244 nm polystyrene spheres. This means that the translational and rota-
tional diffusion time of the NRs is shorter than that of the polystyrene spheres and longer
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than that of the FeO/CoFe2O4 NPs. We therefore chose an intermediated drying time of
1-1.5 days at room temperature during the self-assembly of the Au@SiO2 NRs. Drying
for several days could potentially render more ordered assemblies but is not necessarily
better as the silica shell slowly dissolves in water, resulting in unstable AuNRs over time,
which can result in the formation of unordered aggregates.

The emulsion based assembly method described in this chapter has several advan-
tages over template directed methods. Firstly, the emulsion method allows control over
the assembly size via the size of the water droplets in the emulsion and the concentra-
tion of the NRs dispersed in the droplets. We prepared the emulsion via mixing with
a Turrax mixer. Depending on the mixing speed a different average assembly size was
obtained (Figure 8.4e). The size and monodispersity can further be improved by us-
ing microfluidics, which is a promising way to precisely set the droplet size and make
monodisperse supraparticles [334, 335]. Secondly, our emulsion based assembly method
yields well-dispersed supraparitcles in solution, which enables easy deposition and also
allows further modification of the supraparticles via wet chemical methods, e.g. coating
them with a protective layer or specific functionality to make them suitable for biomedical
applications [336].

Towards quantitative Raman measurements
We compared the SERS performance of the supraparticles to previous studies on AuNR
assemblies. The disordered, 0.94 µm supraparicle consisting of thin silica coated AuNRs
amplified the Raman signal of crystal violet to 30 000 counts at 1617 cm−1 (Figure 8.7c),
which is significantly higher compared to assemblies of uncoated AuNRs [59, 61] and
comparable AuNRs crystals infiltrated with mesoporous silica [62], which had a signal
of 700-1300 and 25 000 counts at 1618-1632 cm−1, respectively. It should be noted that
the colloidal crystals in ref [62] contained considerably more AuNRs and had a height of
about 1.4-2.0 µm, which means that more particles were in the laser spot when performing
the Raman measurements compared to the supraparticles depicted in Figure 8.7. The
measurement conditions were slightly different: in refs [59, 61, 62] a 100× objective with
N.A.= 0.85, 633 nm laser, 0.15 mW and 0.1-0.5 s integration time were used, and in
our measurements a 50× objective with N.A.= 0.75, 633 nm laser, 0.07 mW and 1.0 s
integration time. Although this complicates a quantitative comparison, we can conclude
that the supraparicles are able to give similar SERS performance even though they consist
of considerably less particles. In addition, there are still plenty of parameters which can
be tuned to further optimize the SERS performance of the AuNR supraparticles. One
could play with the porosity, aspect ratio and shell thickness of the individual NRs and/or
co-assemble a second particle species with high porosity to create binary structures with
interparticle hotspots and a high enough porosity for the probe molecules.

In Figure 8.8 we showed that the Raman signal of crystal violet decreased with in-
creasing silica shell thickness, and thus with increasing interparticle distance. The fact
that the Au@SiO2 NRs with dshell= 18 nm still enhanced the Raman signal more strongly
compared to the rods with dshell= 35 nm could indicate that the Au@SiO2NRs with
dshell= 18 nm are not fully decoupled and that there is still some overlap of the surface
plasmons of the individual NRs. For dimers of AuNRs, the plasmonic coupling was found
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to exponentially decay for interparticle separations (dgap) of 0.1-1 times the rod length
(L) and complete decoupling of the rods when dgap= 3 L [321]. This means that even for
the 18 nm thick coated NRs with a dgap∼36 nm (0.4 L), plasmonic coupling can still oc-
cur, which could explain why the Raman signal is higher for the supraparticles consisting
of Au@SiO2 NRs with dshell= 18 nm compared to dshell= 35 nm. Previously, a similar
dependence of the SERS performance on the interparticle distance has been observed for
dimers of Ag spheres coated with silica shells of a different thickness. However, in that
case the enhancement factor already dropped drastically at dgap∼10-15 nm [337].

It is worthwhile to point out that the experimental approach described in this chapter
would also allow for a direct comparison between experimental measurements and theo-
retical predictions of the SERS performance of plasmonic particle assemblies. One can
first determine the Raman performance followed by a detailed structural analysis with
FIB-SEM tomography to render all particle coordinates, interparticle distances and pore
volumes (see also Chapter 7) [303]. The particle coordinates can be used as input for cal-
culations to compute the strength of the interparticle hotspots and the theoretical SERS
performance [59].

8.5 Conclusions
In this chapter we demonstrated an alternative approach to obtain gold nanorod based
assemblies suitable for sensing applications. To tune the properties of the assemblies, the
AuNRs were coated with a silica layer prior to the assembly process. By modifying the
silica shell (thickness and pore size) the interparticle distance and porosity in the final
assembly were adjusted. The self-assembly was carried via an emulsion based solvent
evaporation method, yielding spherical assemblies in solution of which the size could be
varied via the droplet size of the water in oil emulsion. To correlate the SERS properties
of the supraparticles to their structural properties we developed a method to analyse the
same particle in Raman spectroscopy and electron microscopy. We showed that both the
silica shell thickness as well as the accessibility of the ensemble for the probe molecules are
important in the SERS performance of AuNR assemblies, where a more open, porous as-
sembly consisting of 3 nm thin silica coated AuNRs showed the best Raman performance.
All together, our work demonstrates that gold nanorod supraparticles are promising ma-
terials for sensing and that there is still a wide parameter space to explore in further
optimizing these assemblies for SERS applications.
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Summary

This thesis is titled Gold based nanorods: tuning the structure for catalysis and sensing and
describes the use of gold nanorods as model systems in addressing fundamental questions
regarding the thermal stability, alloying, catalytic behaviour and self-assembly of mono-
and bimetallic nanoparticles. Gold nanorods are particularly suitable for such model
studies as the size and shape of the nanorods can be tuned precisely and they have a single-
crystalline atomic structure with well-defined surface facets. Furthermore, gold nanorods
exhibit very interesting plasmonic properties resulting in beautiful colours ranging from
purple, blue, green to brown, which makes them valuable materials for optical applications
and sensing. In Chapter 1, we give a general introduction to gold nanoparticles, explain
how the colours of the nanorods are related to their plasmonic properties and discuss
general concepts in colloid synthesis, sensing and catalysis related to the work discussed
in the rest of the thesis.

In Chapter 2 we start with discussing the synthesis of monometallic nanorods using
colloidal synthesis. The rod growth was achieved via a seed mediated growth process in
which small gold seeds were prepared in a separate solution before adding them to a larger
amount of growth solution for subsequent rod growth. By tuning the seed concentration
and the reaction rate, the size and aspect ratio (length over diameter) of the nanorods
were tuned precisely. The nanorods described in this thesis typically had a length of
40-120 nm and a diameter 10-40 nm. After the rod growth, the nanorods were coated
with a protective silica shell containing mesopores of about 2.5 nm. This is large enough
to allow a good mass transport from and to the gold surface which is essential for e.g.
catalysis applications (Chapter 6). We investigated the shape stability of these silica
coated nanorods as a function of their particle volume and aspect ratio and found that the
rods deformed more severely when having a smaller particle volume and/or higher aspect
ratio. For all samples the mesoporous silica coating had a stabilizing effect and helped
to retain the anisotropic rod shape up to higher temperatures compared to uncoated
nanorods. For this reason, silica coated gold nanorods were used for the work described
in the rest of this thesis.

In Chapter 3 we describe how to extend the synthesis from monometallic- to bimetal-
lic core-shell nanorods. To achieve this, we developed a stepwise synthesis protocol to grow
a silver (Ag), palladium (Pd), platinum (Pt) shell around the gold (Au) cores within the
mesoporous silica shells. Via the metal-precursor concentration the shell thickness and
thus the metal composition of the core-shell nanorods was tuned precisely. We observed
a different behaviour depending on the type of shell metal. Whereas Ag always formed a
smooth epitaxial metal shell, Pd and Pt shells were typically rough. By thermally treating
the core-shell rods below the alloying temperature, the rough shell was transformed into
a smooth epitaxial shell. Another important achievement described in Chapter 3 is the
scaling up of the core-shell nanorod synthesis from micro- to milligrams and from millilitre
to litre scale. To achieve this, the reaction speed of the metal overgrowth was decreased
by lowering the pH such that all reactants were homogeneously mixed before they reacted,
enabling a large scale synthesis of monodisperse core-shell nanorods. The scaling up of the
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synthesis was crucial for the work in described in Chapter 5 and 6 where large quantities
of nanorods were needed for the X-ray absorption and catalysis experiments.

In Chapter 4 we present a method to alloy the core-shell nanorods of Chapter 3 via
thermal treatment without losing the anisotropic shape of the nanorods. The mesoporous
silica shell was key in preventing the nanorods from deforming to a more spherical shape.
We demonstrate that the alloyed nanorods have tunable plasmonic properties and an
improved chemical stability compared to their core-shell counterparts, as the Ag-shell of
the latter is prone to oxidation, leading to (partial) loss of the plasmonic properties. We
showed that we can alloy Ag, Pd, Pt shells with Au, but our method should also be
applicable to nanoparticles with different compositions as long as the metals are miscible.

In Chapter 5 we zoom in on the alloying behaviour of Au-core Ag-shell nanorods.
The main objective was to investigate the influence of the particle volume and metal
composition on the alloying temperature. To answer this question we made use of a
combination of advanced characterization techniques to study the alloying on a single
particle level and averaged over many particles. First, we investigated the alloying process
for single particles with in situ electron microscopy, where a mix of particles with different
volumes and compositions was slowly heated in the electron microscope. We observed
that nanorods with a larger particle volume and higher silver content alloyed at higher
temperatures, and we verified this trend for many more particles by carrying out in
situ X-ray microscopy measurements and ex situ oven measurements. All techniques
unanimously showed that the alloying temperature increased as a function of the particle
volume and silver content. Based on our results we devised a theoretical model with which
the alloying temperature of bimetallic nanoparticles of a given size and composition can
be predicted.

In the work described in Chapter 6 we made use of the fact that we can control the
metal distribution of the nanorods varying from core-shell to alloy, and used this to study
the effect of the metal distribution on the catalytic performance of Au-Pd nanorods in
the selective hydrogenation of butadiene to butene in excess propene. This reaction is
analogous to the industrial process for the the removal of trace amounts of butadiene from
butene streams prior to the polymerization. Here, the main challenge is to hydrogenate the
butadiene and not the excess of butene/propene. Gold is a very selective catalyst for this
type of reactions, but not very active, whereas palladium is very active but not selective.
Combining these two metals in a bimetallic nanoparticle renders a catalyst with both a
high activity and selectivity. In chapter 6 we find that not only the ratio in which the 2
metals are mixed matters, but also the way in which the metals are arranged. Core-shell
structures were found to be exceptionally active while maintaining a good selectivity and
outperformed their alloyed and monometallic counterparts. Furthermore, the catalytic
performance of the core-shell nanorods turned out to be very sensitive for the exact shell
thickness, where 2 atomic Pd layers gave the highest activity. The work in this chapter
shows that that precise tuning of the metal distribution can lead to bimetallic synergy
and that it opens up a large, additional parameter space to tune the catalytic activity
and selectivity of bimetallic catalysts.

In the previous chapters we looked at single nanoparticles. For the study described
in Chapter 7 we moved on to assemblies of nanoparticles and used a state of the art
electron microscopy technique called focussed ion beam scanning electron microscopy
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(FIB-SEM) to analyse these nanoparticle ensembles in 3D. In FIB-SEM the high imaging
resolution of the electron beam is combined with the large sampling volume accessible
with the FIB beam. We show that we can obtain the coordinates and orientations of the
individual nanoparticles in the ensemble with FIB-SEM tomography and compare these
results to those of conventional techniques measured on the same particle systems. We
demonstrate that FIB-SEM tomography enabled the analysis of particle assemblies too
thick for conventional electron tomography consisting of particles too small to be resolved
with confocal microscopy, including also particles systems that cannot be index matched.

In Chapter 8 the usage of gold nanorod assemblies for Raman spectroscopy is dis-
cussed. By bringing the nanoparticles in close proximity, hotspots can arise in between
the nanoparticles. These hotspots can be used to enhance the Raman signal of molecules.
In this study, we investigated spherical assemblies of gold nanorods, called supraparticles,
for surface enhanced Raman spectroscopy. By tuning the thickness and porosity of the
silica shell around the nanoparticles, the interparticle distances between the nanorods
and porosity of the supraparticles could be tuned. We found that the Raman signal in-
creased with decreasing interparticle distances, as long as the porosity of the assembly
remains sufficient, and provide recommendations for further optimization of plasmonic
supraparticles for sensing applications.

All together, the work in this thesis shows that we can understand and design the
properties of nanoparticles by playing with their structure in new ways. By first developing
methods to control and characterize the structure of the individual mono- and bimetallic
rods, and their assemblies, we obtained well-defined model systems for catalysis and
plasmonics. A clear example of this is described in Chapter 6, where our ability to tune
the structure of bimetallic nanoparticles enabled us to discover the large impact of metal
distribution on the properties of bimetallic catalysts. Although the work described in this
thesis comprises fundamental research, it also contains important clues for applications,
such as in the design of better catalysts via bimetallics or the assembly of nanoparticles
into larger clusters for sensing. An idea for the future design of metal catalysts would be to
use layered, core-shell structured catalysts as an alternative to conventional monometallic
and alloyed catalysts. By coating a thin layer of an expensive, active metal on top of a
cheap metal, one could for instance make better and more cost-effective catalysts.





Samenvatting voor iedereen

Beste lezer, wat fijn dat je wilt weten waar mijn promotieonderzoek over gaat. In deze
samenvatting ga ik mijn best doen aan de hand van een aantal vragen zo helder mogelijk
uit te leggen waar ik vier jaar aan gewerkt heb en waarom goudnanostaafjes zo fascinerend
zijn.

Waarom zijn nanodeeltjes bijzonder?

Voordat we kunnen begrijpen waarom goudnanostaafjes, de hoofdrolspelers in dit proef-
schrift, interessant zijn, moeten we eerst begrijpen waarom nanodeeltjes in algemene zin
hele speciale materialen zijn. We noemen iets een nanodeeltje als de grootte van het deeltje
in de orde van 1-100 nanometer (nm) is. Hierbij is 1 nm gelijk aan 0.000000001 meter,
wat ongeveer 100 000 keer dunner is dan de dikte van een menselijke haar. Nanodeeltjes
bestaan typisch uit enkele duizenden atomen. Omdat nanodeeltjes zo klein zijn wijken
hun eigenschappen sterk af van de gebruikelijke materiaal eigenschappen. Bijvoorbeeld,
goud is een niet reactief, edel metaal wat om deze reden veel gebruikt wordt voor het
maken van sieraden. Echter, wanneer je goud in hele kleine nanodeeltjes onderverdeelt
gaat het zich heel anders gedragen. De goudnanodeeltjes worden minder edel, veranderen
van kleur en beginnen te smelten bij lagere temperaturen. Wanneer je goudnanodeeltjes
heel klein maakt (≤1 nm) kunnen ze zelfs al smelten bij kamertemperatuur, terwijl hun
smeltpunt normaliter 1064 °C is.

In het algemeen zijn de eigenschappen van nanodeeltjes zeer gevoelig voor het precieze
aantal atomen dat ze bevatten en dus voor de grootte van de nanodeeltjes. Je zou dit
grootteafhankelijke gedrag met het groepsgedrag van mensen kunnen vergelijken. Mensen
gedragen zich immers anders wanneer ze met slechts een paar personen zijn dan wanneer
ze met tientallen of honderden personen samen zijn. Het groepsgedrag verandert niet
alleen met het aantal mensen, maar is ook afhankelijk van het type mens. Dit is bij
nanodeeltjes net zo, naast hun grootte (het aantal atomen waaruit ze bestaan) is ook hun
samenstelling van belang voor de uiteindelijke eigenschappen. Door bijvoorbeeld twee
verschillende typen metaalatomen in één nanodeeltje samen te brengen kun je van een
monometallisch naar een bimetallisch deeltje gaan, welke weer hele andere eigenschappen
kan hebben. Tot slot heeft ook de vorm van het nanodeeltje invloed op de eigenschap-
pen. Tegenwoordig kunnen we nanodeeltjes met allerlei verschillende vormen maken;
kubussen, sterren, driehoeken etc. Afhankelijk van zijn vorm heeft het nanodeeltje an-
dere eigenschappen, zo kan de kleur bijvoorbeeld verschillend zijn. Een goed voorbeeld
hiervan is te zien in de foto in figuur 1.1 van de introductie. Wanneer je van korte naar
lange nanostaafjes gaat, verandert de kleur van de oplossing met staafjes van paars, naar
blauw, groen en bruin.

Kunnen we nanodeeltjes zien?

Een belangrijke stap in het begrijpen van het gedrag van nanodeeltjes is het zichtbaar
maken van deze materialen, zodat we beter kunnen begrijpen hoe de structurele eigen-
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schappen van de deeltjes samenhangen met hun functionele eigenschappen. Omdat nan-
odeeltjes zo klein zijn lukt dit niet met het blote oog en hebben we hier een speciale
microscoop voor nodig. Waar een fotocamera met een macrolens geschikt is voor het fo-
tograferen van millimeter (0.001 m) grote objecten en een lichtmicroscoop wordt gebruikt
voor micrometer (0.000001 m) grote objecten, gebruiken we een elektronenmicroscoop om
nanometer (0.000000001 m) grote deeltjes te "zien". Hiervoor wordt in een elektronen-
microscoop een bundel van elektronen gebruikt in plaats van zichtbaar licht zoals bij een
fotocamera of lichtmicroscoop.

De plaatjes van de nanostaafjes die in deze thesis staan zijn allemaal gemaakt met een
elektronenmicroscoop. Wanneer je door het proefschrift bladert zie je dat de nanostaafjes
soms als een donker staafje op een lichte achtergrond en soms als een licht staafje op een
donkere achtergrond worden weergegeven. In het eerste geval is een detector gebruikt die
de elektronen heeft opgevangen die door het sample zijn doorgelaten (transmissie). Het
staafje houdt hierbij een deel van de elektronen tegen, waardoor er op die plek minder
elektronen op de detector vallen en het staafje te zien is als een donker object. Wanneer
je echter naar de elektronen kijkt die worden afgebogen door het staafje, dan komen er
juist veel ’verstrooide’ elektronen van de plek waar het goudstaafje is. Hierdoor zie je het
staafje als een licht object op een donkere achtergrond. We noemen deze manieren van
beeldvorming ook wel licht- en donkerveldelektronenmicroscopie.

Afgezien van de zwart-wit plaatjes, staan er in deze thesis ook veel gekleurde elek-
tronenmicroscopieplaatjes. Dit soort plaatjes zijn verkregen door de Röntgenstraling die
van het nanodeeltje komt op te vangen. Deze Röntgenstraling ontstaat wanneer het nan-
odeeltje door de elektronenbundel belicht wordt. Omdat iedere atoomsoort Röntgenstral-
ing met een andere energie uitstraalt, kunnen we precies vaststellen waar een bepaald
type atoom zich in het nanodeeltje bevindt en een gekleurd plaatje verkrijgen waarbij
iedere pixel de kleur krijgt van het atoomsoort dat daar voorkomt.

Waar worden goudnanodeeltjes voor gebruikt?

Goud nanodeeltjes worden in een breed scala van toepassingen gebruikt. Een van die
toepassingen is katalyse, waarbij de nanodeeltjes worden gebruikt als katalysator. Een
katalysator is een materiaal dat een chemische reactie versnelt zonder dat het daarbij zelf
wordt opgebruikt. Metaal nanodeeltjes zijn in staat om als katalysator te fungeren, omdat
ze relatief veel oppervlakte atomen hebben ten opzichte van hun volume. Dat betekent
dat er relatief veel atomen zijn die geen naburige metaalatomen hebben en daardoor
meer geneigd zijn om bindingen aan te gaan met moleculen uit hun omgeving. Tijdens
een katalytisch proces wordt hier gebruik van gemaakt: de reactantmoleculen adsorberen
op het oppervlak van het nanodeeltje, reageren met elkaar, waarna de producten het
oppervlak weer verlaten door te desorberen. Zoals hierboven besproken, is goud normaliter
een weinig reactief metaal en derhalve een slechte katalysator. Echter, goudnanodeeltjes
zijn wel in staat om reacties te versnellen vanwege hun hoge oppervlakte tot volume
verhouding. Goud nanodeeltjes zijn bijvoorbeeld heel goed in het omzetten van giftige
CO moleculen naar CO2, in selectieve oxidatie (reacties met zuurstof) en in selectieve
hydrogenatie reacties (reacties met waterstof).
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Naast hun katalytische eigenschappen, hebben goudnanodeeltjes ook hele interessante
optische eigenschappen. Zo werden in de Romeinse tijd en in de Middeleeuwen goud-
nanodeeltjes al gebruikt om glas te kleuren. De rode kleur van glas-in-loodramen in vele
kerken is bijvoorbeeld afkomstig van goudnanodeeltjes. De kleur van goudnanodeeltjes
is afkomstig van hun "surface plasmon resonance", ofwel oppervlakteplasmonresonantie.
Zo’n oppervlakteplasmonresonantie ontstaat wanneer de gouddeeltjes belicht worden met
licht van een golflengte waarop de vrije elektronen in het staafje collectief gaan oscilleren.
Je zou de collectieve oscillatie van de elektronen kunnen vergelijken met een "wave" die
door een stadion met mensen gaat. Gezamenlijk vormen de mensen een golfbeweging,
gelijk aan de elektronen die in een nanodeeltje resoneren. De plasmon eigenschappen van
goudnanodeeltjes kunnen worden gebruikt voor biomedische toepassingen bijvoorbeeld
om selectief via fotothermische therapiënen kankercellen te vernietigen, of voor Raman
spectroscopie. De laatst genoemde is een techniek die onder andere gebruikt wordt in
forensisch onderzoek, omdat er zeer specifiek moleculen gedetecteerd en gekarakteriseerd
mee kunnen worden.

Wat staat er in dit proefschrift?

Mijn proefschrift gaat over goudnanostaafjes. Deze staafjes hebben we gebruikt als mod-
elsystemen voor katalyse, zelfordening en detectie van moleculen ("sensing"). Het proef-
schrift is als volgt opgebouwd: hij begint met het maken van monometallische nanostaaf-
jes (hoofdstuk 2), wat vervolgens uitgebreid wordt naar bimetallische core-shell staafjes
(hoofdstuk 3), gelegeerde staafjes (hoofdstukken 4-6) en tot slot naar verzamelingen van
goudnanostaafjes (hoofdstukken 7, 8). Hieronder leg ik in meer detail uit wat er in de
verschillende hoofstukken te lezen is.

Hoofdstuk 1: Dit hoofdstuk dient als inleiding om de verschillende onderwerpen die
in het proefschrift aan bod komen te bespreken en bevat de benodigde achtergrond kennis
over de synthese en de optische en katalytische eigenschappen van goudnanodeeltjes om
de rest van het proefschrift beter te kunnen begrijpen.

Hoofdstuk 2: In dit hoofdstuk bespreken we het maken, ofwel synthetiseren van de
goud nanostaafjes in een waterige oplossing. Belangrijke ingrediënten in de synthese zijn
een goudzout (HAuCl4), een speciaal soort zeepmoleculen (cetrimoniumbromide, CTAB)
en een molecuul dat het goudzout naar metallisch goud kan omzetten door elektronen af
te staan aan de goudionen. In dit geval gebruiken we daar ascorbinezuur voor, wat beter
bekend is als vitamine C. In het synthese proces binden de CTAB moleculen aan het
oppervlak van de groeiende gouddeeltjes, waardoor voorkomen wordt dat de gouddeeltjes
samenklonteren en ervoor zorgt dat de gouddeeltjes in één richting harder groeien dan in
de andere richting. Dit komt onder andere doordat de CTAB moleculen het oppervlak
langs de lengte van de staaf beter afschermen dan het oppervlak aan de punt van het
staafje. In hoofdstuk 2 beschrijven we de synthese parameters die gevarieerd kunnen
worden om de grootte en verhouding tussen de lengte en diameter (= aspect ratio) in te
stellen, waarbij staafjes verkregen kunnen worden met een en lengte van ∼40-120 nm en
een diameter van ∼10-40 nm. Om de stabiliteit van deze goudstaafjes te vergroten, is
ieder deeltje vervolgens ingepakt in een poreus, beschermend schilletje. Dit schilletje is
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gemaakt van silica, een materiaal wat ook het voornaamste bestandsdeel van glas is. In
dit glazen schilletje bevinden zich poriën van ongeveer 2.5 nm groot, wat groot genoeg is
voor de diffusie van moleculen van en naar het goud oppervlak. Dit is bijvoorbeeld erg
belangrijk wanneer de goudstaafjes voor katalyse gebruikt worden. Vervolgens hebben
we de thermische stabiliteit van de kleine, grote, korte en lange goudstaafjes gecoat met
poreus silica bestudeerd. Dit hebben we gedaan door de staafjes te verhitten in de oven
en te bestuderen hoe de staafjes vervormen. Hierbij bleken kleine en uitgerekte (hoge
aspect ratio) staafjes verreweg het minst stabiel. Dit betekent dat ze bij relatief lage
temperaturen al vervormden naar een bolvormig deeltje en hun staafjesvorm verloren.
We hebben hierbij geobserveerd dat de poreuze silicaschil de stabiliteit van de staafjes
sterk vergroot. De silicaschil voorkomt dat de goudstaafjes samenklonteren en helpt om
de staafvorm te behouden bij hoge temperaturen, hetgeen eigenlijk niet de evenwichtsvorm
is van deze metaalstaafjes. Gezien de sterk verbeterde thermische stabiliteit, hebben we
in de rest van de thesis silica gecoate deeltjes gebruikt.

Hoofdstuk 3: In dit hoofdstuk wordt beschreven hoe er van monometallische bimet-
allische nanostaafjes gemaakt kunnen worden. Dit hebben we gedaan door een zilver,
palladium of platina schil om de goudstaafjes heen te laten groeien waardoor core-shell
(kern-schil) deeltjes ontstaan. De dikte van deze metaalschil en dus de samenstelling van
het staafje konden precies ingesteld worden door de hoeveelheid zilver-, palladium- of
platinazout in de synthese te variëren. Het groeigedrag van zilver, palladium en platina
verschilden van elkaar. Waar zilver als een gladde schil om het goud heen groeide, waren
palladium- en platinaschillen juist ruw. Door de deeltjes te verwarmen, konden de ruwe
schillen glad gemaakt worden. Een belangrijke vooruitgang die we in dit hoofdstuk
beschrijven is hoe de synthese van 1 milliliter naar 1 liter reactiemengsels kon worden
opgeschaald, zodat genoeg staafjes gemaakt konden worden voor de deeltjesversneller- en
katalyse-experimenten die beschreven worden in hoofdstuk 5 en 6. Door de reactiesnelheid
waarmee de metaalschil om het goud groeit te verlengen van enkele seconden naar enkele
minuten, konden de reactanten netjes gemengd worden voordat de reactie plaatsvond,
resulterend in staafjes met allemaal vrijwel dezelfde grootte en samenstelling.

Hoofdstuk 4: In dit hoofdstuk wordt beschreven hoe de core-shell deeltjes uit hoofd-
stuk 3 gelegeerd kunnen worden. Door de staafjes in de oven te verwarmen werden de
atomen in de kern en schil met elkaar vermengd. Het bijzondere is dat het mengen van de
metalen gebeurde zonder dat de staafjes sterk van vorm veranderden. Men zou kunnen
verwachten dat de mobiliteit van de metaalatomen die vereist is voor het legeren er ook
voor zou zorgen dat de deeltjes vervormen naar een bolvormige evenwichtsstructuur. Dit
gebeurt echter niet omdat de deeltjes ingepakt zitten in een extra, poreus schilletje, die
de vorm van de nanostaafjes voldoende stabiliseerde. In dit hoofdstuk laten we zien dat
core-shell deeltjes met een zilver-, palladium- en platinaschil succesvol gelegeerd kunnen
worden met goud, maar in principe is onze methode ook geschikt voor core-shell deeltjes
met andere metaalsamenstellingen.

Hoofdstuk 5: In hoofdstuk 5 zoomen we verder in op het legeringsproces van goud-
kern zilver-schil nanostaafjes. Hierbij staat de vraag centraal wat de invloed van de
deeltjesgrootte en de metaalsamenstelling op het legeringsproces is. Om deze vraag te
beantwoorden maakten we gebruik van verschillende geavanceerde analyse technieken: in
situ elektronenmicroscopie, in situ Röntgenabsorptiespectroscopie en ex situ oven metin-
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gen. In de in situ elektronenmicroscopie metingen hebben we gekeken naar individuele
goud-zilver nanostaafjes met verschillende afmetingen en metaalsamenstellingen. Door
deeltjes langzaam te verwarmen in de elektronenmicroscoop konden we precies waarne-
men bij welke temperatuur de staafjes legeerden. De legeringstemperatuur bleek hierbij
veel hoger voor deeltjes met een groter volume en/of meer zilver. Deze trend hebben we
vervolgens bevestigd voor een heel groot aantal deeltjes (∼1019) die werden bestudeerd
met Röntgenabsorptiespectroscopie. Deze metingen moesten verricht worden in een deelt-
jesversneller, een grote cirkelvormige meetfaciliteit waar hoge energie Röntgenstraling
opgewekt wordt voor Röntgenabsorptiespectroscopie. Tot slot hebben we ook ex situ
oven metingen gedaan, waarbij de staafjes verwarmd werden in de oven en na afloop
bekeken werden in de elektronenmicroscoop. Alle technieken lieten dezelfde trend zien:
hoe meer zilver in het staafje en hoe groter het staafje, hoe hoger de temperatuur waarop
je de staafjes moet verhitten om ze te laten legeren. Met behulp van een theoretisch model
kunnen we nu zelfs de legeringstemperatuur van bimetallische nanodeeltjes voorspellen
als functie van hun grootte en metaalsamenstelling.

Hoofdstuk 6: Met de kennis uit de voorgaande hoofdstukken was het mogelijk om
gecontroleerd de atomen te positioneren in de nanodeeltjes. In hoofdstuk 6 hebben we
uitgezocht wat het effect van de metaaldistributie is op de katalytische eigenschappen
van bimetallische nanodeeltjes. Hierbij hebben we de katalytische eigenschappen van
goud-palladium nanostaafjes in de selectieve hydrogenatie van butadiëen naar buteen
bestudeerd. Butadiëen is een molecuul met 4 koolstofatomen en 2 dubbele bindingen,
waarvan er 1 dubbele binding selectief verwijdert moet worden door de butadiëen met
waterstof te laten reageren. Het molecuul dat daarbij ontstaat, buteen, is een belangrijke
grondstof om polymeren van te maken. Goud is een goede katalysator om zeer selectief
butadiëen naar buteen te hydrogeneren maar is katalytisch weinig actief, terwijl palladium
juist een heel actieve maar onselectieve katalysator is en een deel van het buteen omzet
naar butaan. Door gebruik te maken van een bimetallisch deeltje combineer je de goede
selectiviteit van het goud met de hoge activiteit van het palladium. Wij laten in dit
hoofdstuk zien dat niet alleen de verhouding waarin je de 2 metalen mengt maar vooral
de manier waarop je de goud en palladium atomen in het deeltje rangschikt zeer belangrijk
is voor de uiteindelijke activiteit en selectiviteit. We vinden hierbij dat palladium-schil
goud-kern nanodeeltjes zeer actief zijn terwijl ze een goede selectiviteit behouden en dat
ook de precieze palladium-schil dikte de katalytische eigenschappen sterk beïnvloedt.

Hoofdstuk 7: Waar in voorgaande hoofdstukken naar enkele deeltjes gekeken is,
hebben we in hoofdstuk 7 naar verzamelingen van nanodeeltjes gekeken en bestudeerd
hoe die in 3D gekarakteriseerd kunnen worden. We hebben hierbij gebruik gemaakt van
een relatief nieuwe, geavanceerde elektronenmicroscopie techniek genaamd gefocusseerde-
ionenbundel-scannende-elektronenmicroscopie (FIB-SEM). Hierbij gebruik je een ionen-
bundel om telkens een klein plakje van het sample af te schieten met een gerichte versnelde
atomenbundel, terwijl je tussendoor een elektronenbundel gebruikt om plaatjes te maken
van het sample. Je zou dit kunnen vergelijken met kaasschaven op de nanoschaal, waarbij
je telkens een plakje afschaaft en een foto van de overgebleven kaas neemt. Met behulp
van FIB-SEM tomografie is het gelukt om clusters van nanodeeltjes in 3D te karakteris-
eren en de positie en oriëntatie van ieder individueel nanodeeltje in cluster te bepalen.
Deze resultaten hebben we vergeleken met die van meer conventionele technieken zoals
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elektronentomografie en confocalmicroscopie (= een vorm van lichtmicroscopie). We laten
zien dat FIB-SEM tomografie zeer geschikt is, ook voor samples die te ondoorzichtig zijn
voor conventionele elektronentomografie en te klein voor confocalmicroscopie.

Hoofdstuk 8: In het laatste hoofdstuk, bespreken we het gebruik van verzamelingen
van goudstaafjes voor Ramanspectroscopie. We noemen deze ronde clusters van goud-
staafjes ook wel supradeeltjes ("supraparticles") en gebruiken ze om het Ramansignaal van
moleculen te versterken. Door de nanostaafjes in een cluster dicht bij elkaar te pakken
ontstaan zogeheten hotspots tussen de staafjes. Als een molecuul in zo’n hotspot komt
wordt het Ramansignaal van het molecuul daar drastisch versterkt. Door de goudstaafjes
met silicaschillen van verschillende dikten te coaten konden we de afstand tussen de deel-
tjes instellen en daarmee de sterkte van de hotspots. We vonden hierbij dat supradeeltjes
die bestaan uit goudstaafjes met een dunne silicalaag die elkaar dicht kunnen naderen,
het beste het Ramansignaal van moleculen kunnen versterken, mits het supradeeltje vol-
doende poreus is.

Wat was een heel verassende bevinding?

De bevindingen uit hoofdstuk 6 vind ik heel verassend. In de katalyse wordt vaak
aangenomen dat de oppervlakte atomen van een nanodeeltje bepalend zijn voor de kat-
alytische eigenschappen en dat die alleen bij heel kleine (<5 nm) goud nanodeeltjes kat-
alytisch actief zijn. Onze resultaten laten echter zien dat dit een onjuiste aanname is:
de onderliggende, sub-oppervlakte lagen doen er net zo goed toe en grotere gouddeeltjes
kunnen voor bepaalde reacties nog steeds erg actief zijn. Om het gedrag van een bimet-
allische katalysator te begrijpen, is het beter om naar de metaaldistributie van het gehele
nanodeeltje te kijken en niet alleen naar de oppervlakte atomen. Zo laten we zien dat je
door met de distributie van de verschillende metalen te spelen nieuwe katalytische eigen-
schappen kunt verkrijgen die niet met de afzonderlijke metalen te maken zijn. Hoewel
het onderzoek in hoofdstuk 6 fundamenteel is kan het wel degelijk bijdragen aan de on-
twikkeling van de betere, duurzame industriële katalysatoren. Door bijvoorbeeld een dun
laagje van een duur, maar actief metaal op een goedkoper metaal af te zetten in plaats
van een massief deeltje van het dure metaal te gebruiken, zou je een nieuwe katalysator
kunnen maken die goedkoper en actiever is.
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