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1.1. Raman Spectroscopy for Heterogeneous Catalysis

The search for new and improved catalytic materials to foster a more sustainable 
society has been the focus of extensive research over recent years, and is considered of 
vital importance for the chemical industry. [1,2] By definition, a catalyst is a substance 
that 1) when added to a reaction mixture will speed up the rate of the reaction without 
itself changing permanently and 2) can be recovered at the end of the reaction from 
the reaction mixture. A catalyst finds an alternative reaction pathway for a chemical 
transformation process and by doing so lowers the activation energy for a specific 
reaction, consequently speeding up the overall chemical process. Furthermore, catalyst 
materials may direct the chemical process into the formation of one specific reaction 
product. By tuning the physical and chemical properties of catalyst materials, it is 
possible to alter the activity and selectivity as well as the stability of catalytic process.

When a catalyst is in a different phase to the reactants it is classified as a heterogeneous 
catalyst, the majority of which consists of a finely dispersed active phase on a high surface 
area support, which in turn maximises the surface area of the exposed catalytic sites. The 
support material can play an active role in the catalytic performance of the system, give 
physical stability under pressure as well as anchor the active components to prevent 
sintering at high temperatures. 

Spectroscopic techniques have long been used for the development of catalytic 
materials, and in recent years have been utilised for monitoring reactivity under 
operando (working) conditions. [3–5] The information derived from such measurements 
helps us understand the mechanisms by which catalysts work, which in turn facilitates 
the tuning of their activity, selectivity and stability. The most prominent techniques in 
catalyst characterisation and reaction mechanism investigations are summarised below. 

NMR ESR Microwave Infra-red
Visible and
Ultra-violet X-ray

Wavelength

(λ) 10 m 100 cm 1 cm 100 μm 1 μm 10 nm 100 pm
Frequency

(ν)
3 x 106 3 x 108 3 x 1010 3 x 1012 3 x 1014 3 x 1016 3 x 1018

Figure 1.1 The electromagnetic spectrum and related spectroscopic transitions of molecules and 
atoms, which are associated with the different energy ranges. [6]
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The related spectroscopic transitions and wavelength/frequency ranges of the used 
electromagnetic radiation are illustrated in Figure 1.1. 

These methods include:
•	 NMR (Nuclear Magnetic Resonance): this method is used for structural 

characterization, study of acid-base properties, adsorption of reactants on active 
sites, and the elucidation of reaction mechanisms. NMR is generally applicable to 
each element of the periodic table. Challenges include quenching in the presence 
of paramagnetic nuclei, and maintaining a sufficiently high signal-to-noise ratio 
at higher (reaction) temperatures. [7,8]

•	 ESR/EPR (Electron Spin/Paramagnetic Resonance): a method used for investigating 
structure, location and dispersion of active sites of paramagnetic species, such 
as transition metal ions, radicals, and conduction electrons in metals or organic 
polymers. Complicated data analysis and simulation are often required. [9]

•	 IR (Infra-Red absorption): this spectroscopic technique gives direct chemical 
information on the nature of chemical bonds, enabling the monitoring of 
reactants, intermediates, catalyst surfaces and carbonaceous by-products. The 
spatial resolution is limited by diffraction, but with 3-10 micrometer resolution 
is more suitable for imaging than ESR or NMR Drawbacks include elaborate 
sample preparation and limited applicability in water. [10,11]

•	 Raman: Like IR a vibrational spectroscopy method that gives structural 
information about metal oxides as well as organic species in both liquid and solids. 
It requires little or no sample preparation, and works under most experimental 
conditions. Because it allows the use of visible light for excitation, it can offer 
sub-micrometer resolution for spatially resolved measurements. However, 
instrumentation is expensive, fluorescence may interfere, and signals are most 
often weak, as compared to its natural counterpart IR. [12,13]

•	 UV-Vis absorption: a method that probes electron and charge transfer transitions 
of e.g. transition metal ions and organic molecules with Ultra-Violet (UV-Vis) 
light, although broad and overlapping absorption bands may complicate their 
spectral interpretation. [14,15]

•	 XAFS (X-ray Absorption Fine Structure): a powerful technique that is sensitive 
to the local coordination environment of e.g. metal nanoparticles and occluded 
metal ions, but information is often not site-selective. This method is not (yet) 
available in a standard lab environment as the excitation source needs to be very 
intense and directional. Beam time at synchrotron radiation sources is rather 
expensive and must be requested via proposals, while the analysis of the data is 
often complicated and time consuming. [16,17]
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Intra- and intermolecular interactions on surfaces are the most relevant in 
heterogeneous catalysis, and this makes vibrational spectroscopy a very important 
and useful tool. The term vibrational spectroscopy denotes techniques that probe the 
vibrational states of a molecule or solid, which are IR active (direct absorption leads to 
vibrational excitation), and/or Raman active (energy transfer to the vibration leads to 
vibrational excitation). These complementary techniques are used to meet a wide range 
of ex-situ and in-situ catalyst characterization needs and a series of comprehensive review 
articles of prior applications in the field of catalysis research is available. [10,11,13,18–
21]

The use of IR spectroscopy for catalysis studies has increased over the years, in part 
because of readily available spectrometers, but until 2002 the majority of research was 
not carried out under operando conditions. The gradual shift of focus in research towards 
in-situ and operando conditions has brought Raman spectroscopy to the forefront of 
catalysis research, as its ease of use and negligible sample preparation requirements make 
it a versatile and powerful tool. In particular, the wide range of operational conditions in 
which Raman spectroscopy can be used is of huge benefit to catalysis research.

The early development of Raman spectroscopy [22] could have secured its place as 
an essential tool for heterogeneous catalysis a long time ago, but the lack of suitable high 
intensity collimated light sources for excitation led to the younger field of IR becoming 
the dominant form of vibrational spectroscopy in catalytic research for decades. 
Improvements in technology resulted in an increase in the use of Raman spectroscopy 
for studying catalytic materials. [23] Particularly in the late 1980s or early 1990s, 
simultaneous improvements in detectors, optical filters, lasers and fibre optics made 
Raman spectroscopy nearly as sensitive as IR spectroscopy, while being more suitable 
for performing in-situ or operando measurements. [24–26]

1.2. Fundamentals of Raman Spectroscopy 

In 1921 C.V. Raman’s curiosity about the origin of the deep blue colour of the sea 
inspired him to begin research into light scattering. During the course of his seminal 
investigations he observed that when light traverses a transparent material, some of the 
light that is deflected changes in wavelength (Figure 1.2). This inelastic scattering was 
predicted by several groups [27–30], but the experimental confirmation as outlined in 
the article of C.V. Raman and K.S. Krishnan in 1928 [22] on the Raman effect led to the 
1930 Nobel prize in Physics for C.V. Raman.

C.V. Raman observed that upon the exposure of a low-density sample to monochromatic 
visible light most of the light will be transmitted, a part absorbed, and another part 
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scattered. The scattered light consists of two components. The major part retains its 
initial energy (elastic scattering), while a minor part of the scattered light interacts with 
the sample matter and its energy will be shifted to higher or lower energies (i.e., inelastic 
scattering or Raman scattering). The Raman effect can be described using energy level 
diagrams, as outlined in Figure 1.3. A photon raises the energy level of a molecule from 
the ground state to a virtual state (a distortion of the electron distribution of a covalent 
bond). The molecule immediately relaxes back to the original electronic ground state by 
emitting another photon. If a molecule returns to the vibrational energy from which it 
started the emitted photon has the same energy. This process is called Raleigh scattering. 
[31] Inelastic scattering, i.e. Raman scattering, comes in two flavours, as illustrated 
in Figure 1.3. When the emitted photon has less energy than the incoming photon, it 
has transferred energy to vibrations in the molecule, an effect referred to as Stokes 
scattering. When the photon absorbs energy from a vibrationally excited molecule, this 
is called anti-Stokes scattering. The energy transfer is only possible at specific energies 
that correspond to the energy of a molecular vibration (± νi), which makes the Raman 
spectrum highly characteristic for the chemical composition of the scatterer, and provides 
spectroscopic fingerprints of e.g. molecules.

Classical Raman spectroscopy describes the generation of inelastically scattered 
light from oscillating electric dipoles µ, induced by the electrical field of the incident 
electromagnetic radiation. The vibrations of the molecular bonds change the molecular 
polarizability (α), therefore the molecular vibrations determine the properties of the 
induced dipole and the subsequently scattered radiation. The induced dipole moment 
µ will oscillate at the frequency of the incident light and also at frequencies that are 
linear combinations of the frequency of the incident radiation and the frequencies of the 

Sunlight

Violet �lter Green �lter

Scattering
Sample

Raleigh
Scattered

Light

Raman
Scattered

Light

Figure 1.2 Picture of Sir C.V. Raman (1888-1970) (left); a schematic illustration of one of Raman’s 
famous experiments (right). In this groundbreaking experiment, demonstrating the concept of 
inelastic scattering, he used light from the sun focused using a telescope to obtain a high intensity 
light. This light was passed through a filter, a variety of liquids in which it underwent Raman scat-
tering and finally through a filter that blocked the excitation light.
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normal molecular vibrations (ν0 ± νi) of the scattering material.
From this model the selection rule for Raman scattering can be derived. Any molecular 

vibration that changes the molecular polarizability α will appear in the Raman spectrum. 
This is different from IR spectroscopy, where the selection rule states that only vibrations 
that induce a change in the electric dipole moment of the molecule will show up. This is 
illustrated in Figure 1.4 for CO2 as a showcase molecule. In most cases Raman inactive 
bands will appear in an IR spectrum and vice versa, which makes these techniques highly 
complementary. In general, molecular vibrations symmetric with regard to the centre of 
symmetry are forbidden in the IR spectrum. Molecular vibrations that are anti-symmetric 
to the centre of symmetry are forbidden in the Raman spectrum. This is known as the 
rule of mutual exclusion.

Classical theory of Raman incorrectly predicts, however, that the relative intensities 
of Stokes and anti-Stokes Raman scattering will be equal. It is assumed that a gain or 
loss of energy is equally likely. This is not true for the lowest vibrational energy level 
as vibrational energy levels are quantized. This is a purely non-classical, quantum-
mechanical reality of physics on a molecular scale. Molecules in their lowest vibrational 
energy level are still vibrating, and their polarizability can still be changing. In this state 
only Stokes scattering is possible. When in thermal equilibrium the number of molecules 
at the lower vibrational energy level is always larger than the number of molecules at the 
higher vibrational energy level. Thus, the Stokes Raman intensity will always be larger 
than the anti-Stokes Raman intensity. 

A Raman spectrum is a plot of the intensity of the inelastic scattering versus the shift 
in energy relative to the excitation wavelength. The transferred energy is used to ensure 
that the spectral position of the bands does not change (Equation 1.1). The intensity 

Virtual energy levels

IR Raman Rayleigh Raman Preresonance
Raman

Anti-stokes Stokes

Excited 
electronic
state

Ground 
electronic
state

Resonance
Raman

Fluorescence

Figure 1.3 Energy level diagram showing the origin of Raman, IR and fluorescence bands.
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of Raman scattered light is proportional to concentration, which implies that Raman 
spectroscopy can also be used for quantitative analysis (Equation 1.2). 

A wavenumber is a unit of energy, E:

 (Equation 1.1)    ΔE = Ei - Es

 (Equation 1.2)    E = hν = hc/λ = hcυ̃

Where ΔE is the change in energy (Raman shift), Ei is the incident light energy, Es is 
the scattered light energy, h is Planck’s constant, ν is the frequency of light, c is the speed 
of light, λ is the wavelength of light, and υ̃ is the wavenumber of the light.

1.3. Challenges in Raman Spectroscopy

1.3.1. Raman Signal Intensity
Raman scattering is very informative, but the absorption cross-sections are very 

small. About 99.999% of all incident photons undergo elastic Rayleigh scattering, with 
only 0.001% of the incident light producing an inelastic Raman signal. Methods that can 
enhance the Raman signal are available however. The two predominant approaches in 
use for enhancing the Raman signal are Resonance Raman (RR) and Surface-Enhanced 
Raman Scattering or Surface-Enhanced Raman Spectroscopy (SERS).

Resonance Raman (RR) occurs when the energy of the excitation is near the energy 
involved in an electronic transition of the molecule. [32] The Raman scattering intensity 
from the vibrations associated with the electronic chromophore in a molecule may 
be increased by as much as 108 over non-resonant signals. In principle, resonance 
enhancement can be used to increase the sensitivity of almost any type of Raman process. 
However, RR is experimentally more difficult than non-resonant Raman; the excitation 
wavelength must match the absorption band of the electronic chromophore of interest, 

O OC O OC

A B

Figure 1.4 Illustration of the selection rules of IR and Raman for a linear molecule, such as CO2: 
A) symmetric stretching vibration; change in polarizability, but not in dipole moment (IR inactive, 
Raman active); B) non-symmetric stretching mode, change of dipole moment, but not in polariz-
ability (IR active, Raman inactive).
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and quantitative analysis is complicated. Exciting an absorption band of the sample 
often requires UV excitation and results in an increase in the fluorescence emitted. [33] 
This may mean that material degradation or a low signal-to-background reduces the 
effectiveness and practical nature of this Raman signal enhancing approach.

Surface-Enhanced Raman Scattering (SERS) is a method of signal enhancement that 
relies on the adsorption of the material of interest on structured gold or silver surfaces. 
The basis of the effect is considered to be a combination of chemical enhancement 
of polarisability by bonds formed between the sample and the metal surface, and an 
electromagnetic resonant excitation of the structured gold or silver.  It results in a vast 
increase in the Raman effect, and is therefore useful for the analysis of small amounts 
of material. These enhancements will be discussed in further detail later in this PhD 
Chapter.

1.3.2. Fluorescence 
A major problem of Raman spectroscopy is that the energy of the incident light used 

to induce Raman scattering for one molecule can be sufficient for promoting another 
molecule to an electronically excited state. From this state, it can also relax by emitting 
a fluorescence photon if the conditions are right (Figure 1.3). The subsequent broad 
fluorescence background signal will drastically decrease the Raman signal-to-noise ratio 
for the molecule of interest, and in many cases will prevent the acquisition of a Raman 
spectrum completely. Fluorescence is a major problem particularly in ‘real-life’ samples, 
for example catalytic solids, where there is a large chance that molecules not involved 
in the catalytic process (but present in the sample) will fluoresce. Examples include 
solvents, impurities, side-products or even the support material.

Several possible solutions to the fluorescence interference have been developed, 
including UV Raman and Near-Infrared (NIR) Raman spectroscopy. However, many 
samples are not suitable for measurements within these spectral regions. UV laser 
radiation is energetic, and fragile samples are easily damaged or changed in their nature. 
The NIR region also bypasses much of the fluorescence signal, but the Raman signal is 
extremely weak in this spectral region as the intensity of the Raman effect is dependent 
on 1/λ4. 

Various methods of bypassing fluorescence by modifying the detection methods have 
been developed in recent years as well. Kerr gating uses a timed gate to selectively discard 
long-lived fluorescence from the instantaneous Raman signal. [34] Time-Resolved 
Raman Spectroscopy (TRRS) uses time gating using a pulsed laser and a gated intensified 
CCD camera to achieve a similar effect. [35] Spatially-Offset Raman Spectroscopy (SORS) 
selectively collects the Raman signal from subsurface layers, cutting out the fluorescence 
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contribution from the surface of a sample material. [36]
 

1.4. Surface-Enhanced Raman Spectroscopy 

SERS is an approach that can increase the Raman signal of a material by 1011 or more 
by the proximity of the molecules of interest to metal colloids or a rough metal surface. 
[37,38] The high enhancement factors mean that on occasion the Raman technique 
can even be used to detect single molecules. [39] Silver and gold are the metals most 
often used because enhancement can be observed using visible excitation wavelengths, 
although SERS has also been demonstrated on copper [40,41] and, more recently, even 
on platinum and palladium. [42] Each of these SERS-active metals is of relevance to the 
field of heterogeneous catalysis, offering the prospect of in-situ or operando applications. 

There are two major components to SERS, better known as the electromagnetic effect 
and the chemical effect. The electromagnetic contribution is the result of increased 
electric field strength at the analyte due to the interaction of the metal surface with 
the excitation light. This can lead to the excitation of surface plasmons, i.e. oscillations 
of conduction electron band electrons at a metal surface (Figure 1.5). At the Surface 
Plasmon Resonance (SPR) frequency, conduction band electrons move easily and induce 
a large oscillation in the local electric field intensity. 

The SPR frequency depends on both the electronic structure of the metal and the size 
of the metal surface features. Electromagnetic effects decrease with the cube of distance 
from the metal surface, but extend many nanometers from the metal surface. These 
effects are largely independent of analyte identity as well as the type of metal. 

Chemical effects are due to the overlap of the wave functions of the analyte and the 
metal. These have a shorter range than electromagnetic effects, and depend strongly on 
the identity of the analyte under investigation. 

The major benefits of SERS are greatly enhanced sensitivity, surface specificity, as 
well as a reduction in background fluorescence intensity. This last benefit originates 
from the fact that SERS creates a non-radiative decay route when an analyte is chemically 
adsorbed onto a SERS surface. [44] However, there are several factors that have limited 
the use of SERS in more general chemical research. A major concern is the requirement 
that the analyte needs to be in contact with the SERS substrate. This makes the method 
invasive in comparison to standard Raman spectroscopy. The contact requirement leads 
to other problems, as some materials may adsorb irreversibly onto the metal surface, 
whilst others may have extremely weak adsorption, making quantitative analysis 
extremely challenging. There is also the possibility of the sample reacting chemically 
or photochemically with the SERS substrate. This could be particularly undesirable in 
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dynamic studies. Finally, the stability and reproducibility of SERS substrates can be poor 
due to oxidation and/or unwanted clustering of metal particles during preparation or 
storage. This PhD thesis describes how some of these characteristics can be overcome 
or even used with the aim of utilizing the power of SERS for heterogeneous catalysis 
research.

1.4.1. Surface Plasmon Resonances of Metal Nanoparticles
Metallic nanoparticles are able to interact with light efficiently. Their absorption 

cross section is generally comparable to their physical cross section and several orders 
of magnitude larger than that of commonly used organic dye molecules.

1.4.1.1. Theory
The interaction of light with metallic nanoparticles can be understood as follows: 

the incident electromagnetic radiation induces coherent oscillations of conduction 
band electrons (see Figure 1.5). These induce oscillating dipoles (or multipoles) and the 
result is referred to as Surface Plasmon Resonance (SPR). This is a particle effect, and 
the resonance frequency (i.e. the wavelength range for which the effect is obtained) is 
dependent on size and shape of the particle. 

In 1908 Mie was the first to derive the theory for light scattering of spherical particles 
by solving Maxwell’s equations for this particular problem. [45] The so-called Mie theory 
yields the extinction spectrum, given that the material dielectric function є(ω) - where 
omega is the frequency of the incident light - is known and that the size of the particles 
is smaller than the wavelength of the incident light. The total extinction coefficient is 
then given by the summation over all electric and magnetic multipole oscillations that 
contribute to the absorption and scattering, and increases linearly with the volume of 
the particles. 

For silver or gold particles that are much smaller than the wavelength of the light 

Figure 1.5 Concept of surface plasmon resonance: The incident electromagnetic wave interacts 
with the free electrons in the metallic particle by displacing them and thus inducing an oscillating 
dipole. [43]
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(< 25 nm), only dipole oscillations are assumed to contribute to the absorption. The 
absorption maxima of gold nanoparticles of 9, 15 and 22 nm size, for example, are at 
517, 520 and 521 nm, respectively. For these small metal particles, the mean free path 
of electrons becomes comparable to the particle size. In addition to electron-electron, 
electron-phonon and electron-defect scattering, electron-surface scattering now 
becomes important. This additional dampening of the electron oscillation introduced 
by the size limitation leads to a size dependence of the dielectric function. The plasmon 
bandwidth is then predicted to be inversely proportional to the particle size. 

For larger particles higher order terms, i.e. multipole oscillations, also contribute to 
the absorption. These terms are explicitly dependent on the particle size. The plasmon 
bandwidth for this size regime increases with increasing particle size. As the particle 
size becomes comparable to the wavelength of the light, the particle is polarized 
inhomogeneously. In addition, excitation of many multipole oscillations with different 
resonance frequencies also increases the width of the plasmon resonance.

Similar to gold nanoparticles, the SPR peak only differs slightly for small silver 
nanoparticles. A second peak becomes visible at larger particle sizes (> 60 nm) at 
approximately 400 nm, which can be attributed to a quadrupole resonance in addition 
to the dipole resonance of the primary peak. [46] Aggregation of metal nanoparticles, 
be it in solution or on a surface, will further shift the SPR peak to larger wavelengths (> 
600 nm), as combinations and higher order resonances become increasingly important.

Aside from the parameters discussed so far, SPR is also dependent on the shape 
of the metal nanoparticles. [47] Furthermore, the SPR effect is expected to change 
with temperature, as the previously discussed dielectric function is also a function of 
temperature.

1.4.1.2. Effect of the surrounding medium refractive index
The magnitude of the Raman signal enhancement depends on the match between 

the wavelength of the incident light and the wavelength of the SPR of the gold or silver 
nanostructures present in the system. The wavelength of the SPR is influenced by the 
dielectric properties of the surroundings of the nanostructures. For example, SPR spectra 
are red-shifted when support materials with a higher refractive index are used. [48]

Catalyst materials often consist of small metal particles deposited on a porous 
support. To be able to study catalytic processes using SERS, the effect of the interaction 
between these support materials and the gold or silver nanostructures is important. 
These interactions have an influence on the magnitude of the enhancement, as well as on 
the wavelength at which the enhancement of the Raman signal is the highest. Therefore, 
to be able to analyze SERS signals from heterogeneous catalysts based on supported 
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metal nanoparticles adequately and to choose the best experimental conditions it is 
important to know exactly what effect different support materials have on the intensity 
and the wavelength of the SERS signal.

1.5. Nanoparticles as Substrates for SERS 

In SERS the size, shape and layout of the metallic nanostructures close to the analyte 
affect both the frequency and strength of the enhancement effect. Detailed knowledge of 
the contribution of the various variables is required for effective application of the tool. 

Advances in science and technology over the past fifteen years have allowed the 
development of highly structured SERS substrates, i.e. metallic nanostructures. These 
can be made using various methodologies. (i) Nanolithographic methods, which can 
be considered to be ‘top-down’ synthesis, include Electron-Beam Lithography (EBL), 
optical lithography, nanoparticle arrays, and nano-hole arrays. (ii) Templating methods 
like vapour deposition and electrochemical deposition. (iii) Self-assembly (‘bottom-up’) 
methods, which are the most commonly used for creating SERS substrates. These are 
based on the many forms of self-assembled layers of metal (-coated) nanoparticles on a 
planar surface.

Electron-beam Lithography

Etching

Protector Removal

Au Vapour Deposition

Au Vapour Deposition Au Nanoparticle Deposition

Templating
Electron Beam 

Lithography
Deposition / 

Self Assembly

Substrate Substrate

Substrate

Self-assembled polystyrene balls

Resist

Figure 1.6 Illustration of various methods of creating SERS-active substrates.
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1.5.1. Synthesis of Metal Nanoparticles
Metal nanoparticles are most frequently synthesized in solution (and based on 

colloidal chemistry). The morphology of the nanoparticles formed can be influenced 
at different stages of the growth mechanism. There are three main steps during 
nanoparticle synthesis; 1) the reduction of the metal ions to metal atoms; 2) nucleation; 
and 3) growth of nanoparticles. [49] Controlling the size and especially the shape of metal 
nanoparticles involves a variety of factors, including the precursor metal ion, reducing 
agent, nucleation and growth.

1.5.1.1. Metal ions
Type and concentration of the precursor metal ion affects the rate at which reduction 

and nucleation occur, and can ultimately decide the final shape of the nanoparticles. This 
effect is generally associated with the anions in the metal precursor, and the solvation 
ability of these ionic pairs in solution. Different anions have a specific affinity towards 
crystal surfaces, and thus create different shapes of seed, which then result in different 
shapes of nanoparticles. This has been noted in the case of Pd, Au, Ag, Cu and Ru 
nanoparticles. [50,51]

Nucleation

Stabilization

Growth

Stable particles

Metal Ion

Reducing Agent

Stabilizing 
Agent

Reduction

Figure 1.7 Synthesis of metal nanoparticles for use in SERS applications



Chapter 1

20

1.5.1.2. Reduction
Xia et al. have shown that varying the citric acid and ethylene glycol concentration 

results in different shapes of Pd nanoparticles, and thus that the strength of the reducing 
agent is also an important factor that influences the size and shape of nanoparticles. For 
example, Murphy et al. and Xia and co-workers have shown that stronger reducing agents, 
such as NaBH4, and weak reducing agents, like ascorbic acid, result in the formation of 
various shapes of Au nanoparticles. [52–54]

1.5.1.3. Nucleation
Nucleation occurs only when the super-saturation reaches a certain value above the 

solubility, which corresponds to the energy barrier for the formation of nuclei. For the 
synthesis of nanoparticles with uniform size distribution, it is best if all nuclei form at the 
same time with the same size, for which the requirements are simply sufficient dilution 
and fast homogenisation.

1.5.1.4. Growth
Different growth mechanisms will dominate under different growth conditions, but 

for the formation of mono-sized nanoparticles, diffusion-limited growth is required. 
There are various methods to achieve diffusion-limited growth. When the concentration 
of growth species is kept extremely low, diffusion distance is large and consequently 
diffusion could become the limiting step. The introduction of a diffusion barrier such 
as a monolayer on the surface of a growing particle is another approach. These surface 
monolayers are known as stabilising agents.

Stabilising agents are generally long carbon chain compounds, surfactants and 
organic ligands. Their chain length, nature of association with the counter ion, 
concentration, shape and affinity towards specific crystal surface determine the shape of 
the nanoparticle. Some stabilisers play the role of both stabiliser and structure directing 
agents, such as cetyltrimethylammonium bromide in water and polyvinylpyrrolidone in 
organics. [55,56] The templating effect of the stabiliser decides the final shape of the 
particles; some stabilisers selectively adsorb on one particular crystal surface and allow 
the remaining surface to grow, resulting in different shapes of the nanoparticles. [57–60] 

1.5.3. Regulating Nanoparticle Shape
It has been demonstrated by both experimental and computational studies that the 

shape and structure of gold or silver nanoparticles determine the number, position and 
intensity of SPR modes, as well as the spectral region for effective molecular detection by 
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SERS. In the case of catalysis, the selectivity of a metal nanocrystal is most sensitive to its 
surface chemical composition. Naturally, the facets exposed on a nanoparticle are related 
to the shape of that particle, emphasizing the importance of shape control to the effective 
use of metal nanoparticles across both SERS and catalysis. Figure 1.8 illustrates some of 
the nanoparticle shapes that can be currently synthesised, and the related surfaces that 
are exposed on their different facets.

For simple geometric crystal shapes, both corner sharpness and shape symmetry 
can alter the surface polarization, and thus the SPR peak. Sharp corners increase the 
charge separation across the nanoparticles, leading to the red-shifting of the SPR due 

Figure 1.8 Reaction pathways that lead to fcc metal nanocrystals having different shapes. The 
green, orange and purple colours represent {100}, {111}, and {110} facets, respectively. Twin 
planes are indicated in the drawing with red lines. The parameter R is defined as the ratio between 
the crystal growth rates along the [100] and the [111] direction. [61]
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to surface polarization. Shape symmetry has a two-fold influence; the number of SPR 
peaks observed matches the number of ways in which electron density can be polarised, 
and the intensity of these plasmon peaks increases with increased mirror symmetry. 
Figure 1.9 shows the Transmission Electron Microscopy (TEM) images of some of the 
nanoparticles shapes that can be utilised for performing SERS experiments, all of which 
have differing Raman signal enhancing properties, and which will be further discussed 
in this PhD thesis.

1.5.4. The Chemistry of Metal Nanoparticles as SERS Substrates 
The anions used to stabilise the colloidal particles have a strong effect on the surface 

interaction with the SERS analyte, and therefore the enhancement factor itself. Metal 
nanoparticle surfaces are usually positively charged, so the capping agents that stabilise 
them are negatively charged. This makes it extremely challenging to measure SERS 
spectra of neutral molecules in particular, as they do not interact favourably with the 
nanoparticle-capping agents, and thus do not come in close contact with the surface of 
the Raman signal enhancing particles. This situation is schematically shown in Figure 
1.10.

The challenge of measuring neutral molecules is usually approached by way of 
surface modification. Alkane-thiols have been utilised as substitutes for the anionic 
capping agents, enabling interactions with neutral molecules. However in heterogeneous 
catalysis the introduction of sulphur into the reaction systems is highly undesirable due 
to potential catalyst poisoning and so other solutions to circumvent this problem must 
be found.

1.6. Scope and Outline of the PhD Thesis 

The research undertaken for this PhD Thesis has the overall aim of furthering the 
scope of the use of Raman spectroscopy as a powerful characterization tool for the study 

Figure 1.9 Transmission Electron Microscopy (TEM) images of Ag nanoparticles: a) sphere, b) 
cube, and c) triangular plate. The black scale-bar on each image represents 50 nm.
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of heterogeneous catalysts and related catalytic reactions. In doing so, it is important to 
overcome several clear challenges and limitations inherent to the application of Raman 
spectroscopy to the field of catalysis. The first and perhaps most significant deterrent 
when researchers consider the use of this spectroscopic technique is the inherently low 
signal intensity. Surface-Enhanced Raman Spectroscopy (SERS) is a powerful method to 
enhance weak Raman spectra, the basics of which have been discussed in Chapter 1. 
The use of SERS clearly has the potential to overcome the Raman intensity problems, 
as discussed in the literature review of the use of SERS in the field of heterogeneous 
catalysis in Chapter 2, and is used throughout this PhD thesis in combination with several 
approaches. Chapter 3 looks at methods with which it is possible to quench overbearing 
fluorescence signals from both the surface and subsurface areas of a sample by utilising 
time-resolved Raman spectroscopy in combination with SERS. A much-sought-after 
aspect of measurements in heterogeneous catalysis is the ability to combine the chemical 
information of Raman with nanoscale resolution. In Chapter 4 we showcase an integrated 
AFM-Raman instrument that can simultaneously measure chemical information and 
nanoscale morphology of a sample. To this capability is added the possibility to change 
the gas atmosphere and temperature at which the AFM and Raman measurements are 
conducted, enabling in-situ spatiotemporal measurements of catalytic materials. Chapter 
5 approaches the challenge of modifying the surface chemistry of SERS nanoparticles. A 
thin silica shell is grown around the metal nanoparticles to enhance the thermal and 
chemical stability of these particles, without drastically reducing their Raman signal 
enhancing properties. Such modifications are an essential step to ensure the Raman signal 
enhancement without influencing catalytic behaviour. The PhD Thesis ends with Chapter 
6, which contains a summary of the main findings of the research performed and an 

-+ ve-
-

--

-
-

--

-

-

- -

-
-

-

-+ ve-
-

--
-

-

--

-

-

- -

-
-

-

+
Neutral

Interaction
SERS

Interaction
SERS

Figure 1.10 SERS nanoparticles surface charges and their interactions with analytes.



Chapter 1

24

outlook on the further possibilities of SERS to enhance our fundamental understanding 
of heterogeneous catalysis. 
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Chapter 2

Surface-Enhanced Raman Spectroscopy 
as an Operando Probe for Monitoring and 

Understanding Heterogeneous Catalysis

 Abstract
Surface-Enhanced Raman Scattering or Spectroscopy (SERS) was until recently 

limited in its applicability to the majority of heterogeneous catalytic reactions. Recent 
developments in the field, however, begin to allow the resolution of the conflicting 
requirements for doing valuable and reproducible SERS experiments on the one hand, 
and for performing catalytic reactions under realistic conditions on the other hand. This 
historical review article presents the development of the use of the SERS technique to 
study heterogeneous catalytic reactions, and the exciting possibilities that may now 
become within reach thanks to recent scientific and technological developments in this 
reinvigorated field. 

This work is based on the following manuscript: C. E. Harvey, B. M. Weckhuysen, manuscript in 
preparation



Chapter 2

28

2.1. Introduction

Surface-Enhanced Raman Scattering (SERS) is a phenomenon in which the Raman 
scattering intensity from molecules close to the surface of certain finely divided metals 
is amplified by several orders of magnitude. As with ordinary Raman spectroscopy, SERS 
spectra show the molecular-vibration energies based on the frequency shift between 
incident and scattered light. The sensitivity enhancement of SERS in comparison to 
conventional Raman spectroscopy has resulted in more widespread applications, 
especially in surface chemistry where the environmental sensitivity of vibrational 
spectra reveals precisely how molecules interact with surfaces. [1] The analyte needs 
to be adsorbed onto the surface of the SERS substrate or has to be at least very close to 
it (~ 10 nm), which can be challenging, however this mechanism has the added value of 
quenching the fluorescence from adsorbed molecules. [2]

The unexpected enhancement of the Raman signals of pyridine on Ag electrodes 
was first reported by Fleischmann, Hendra and McQuillan in 1974, as outlined in Figure 
2.1. [3] Surprisingly strong and potential dependent Raman signals from pyridine 
adsorbed on an electrochemically roughened Ag electrode were observed. Subsequent 
investigations by Albrecht and Creighton [4] and Jeanmaire and Van Duyne [5] in 1977 
led to the discovery of SERS and its remarkable enhancement effects. It was proposed 
by Van Duyne and co-workers that the enhancement of the Raman scattering was due 
to an increase in the electromagnetic field at the roughened surface. Creighten et al. 
hypothesised that Resonance Raman (RR) scattering was responsible due to the creation 
of a charge-transfer absorption band between the adsorbate and the surface. These two 
ideas, now known as the electromagnetic and chemical enhancement mechanisms, have 
dominated the mechanistic debate in the SERS community for the past 30 years, and 
most probably will continue to do so for some time, although they fall beyond the scope 
of this review and we refer the interested reader to some review articles and books. 
[6–9]

The recent revival of interest in SERS as an interesting and valuable approach 
to probe heterogeneous catalytic reactions has incited a flurry of publications on the 
subject. Perhaps the most interesting reports now deal with the developments leading 
to the use chemically inert SERS probes [10,11] as well as to methods for anchoring 
SERS-active nanoparticles on the external or internal surface of catalyst supports and 
molecular sieves. [12,13] They represent exciting new steps on the road towards the 
wide-ranging use of SERS as a versatile and powerful operando probe for monitoring and 
understanding heterogeneous catalysis.
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Here we present a comprehensive review of the use, recent developments and 
potential of SERS in the field of heterogeneous catalysis. Special attention will be 
focused on some historic developments, recent applications for e.g. reaction monitoring 
and the requirements to be further explored to make this method a real asset in the 
ever-expanding toolbox of in-situ spectroscopic methods for heterogeneous catalysis 
research. We refer the reader to some older and more recent review papers on this topic 
to put the latest developments in a proper context. [14–16]

2.2. Heterogeneous Catalysis and SERS: A Brief History 

2.2.1. 1981-1986: The First Applications of SERS in the Field of Catalysis
The first steps towards the use of SERS in the field of heterogeneous catalysis were 

taken in the 1980s with the study of adsorbates at catalytically relevant interfaces by 
the Dorain group. Initial work was done on silver powders with a rough surface on the 
nanoscale, on which surface species such as SO3

2- and SO4
2- were observed and identified. 

[17–20] These early forays into kinetic studies utilising SERS were tentative in their 
conclusions, as it was already noted early on that the intensities of spectral peaks in 
SERS are dependent on the metal surface roughness as well as adsorbate concentration. 
The SERS-active phase on the Ag powder was formed in-situ in the case of the reactions 
of NO2/NO2O4 with Ag. Scanning Electron Microscopy (SEM) measurements were 
performed to confirm the theory that Ag microstructures were formed on the surface of 
the Ag powder. It was confirmed that the formation of these microstructures was due to 
the surface layer of Ag2O reacting with the initial pulse of gas to form AgNO3 + Ag + NO. 
The Ag atoms formed then migrated freely due to the thermal energy released by the 
reaction, forming Ag microstructures. These studies demonstrated the potential of SERS 
for studying catalysis, as well as highlighting the challenges of separating the catalytic 
reaction from the SERS analysis.
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Figure 2.1 Timeline of a selection of important events in Raman spectroscopy.
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2.2.2. 1987-1993: Introduction of SERS in the Field of Electrocatalysis
Following the first reported success of SERS for catalysis it could have been expected 

that the field of Ultra-High Vacuum (UHV) surface science would take on the challenge of 
SERS and catalysis, but this was not the case. The early recognition that the SERS effect was 
limited to roughened surfaces of ‘coinage’ metals most probably dampened the interest of 
the UHV surface-science community. The concurrent emergence of Electron Energy Loss 
Spectroscopy (EELS) and Infrared-Reflection Absorption Spectroscopy (IRAS) for UHV-
based systems encouraged this indifference, as unlike SERS these vibrational techniques 
were applicable to the ordered mono-crystalline metal surfaces that were the primary 
focus of the UHV community. The markedly greater interest shown by the electrochemical 
community in SERS was probably due in part to the near-exclusive usage (at the time) 
of polycrystalline metal electrodes, along with the straightforward preparation of SERS-
active surfaces by means of controlled-potential oxidation-reduction cycles.

The group of Weaver took a new approach to SERS substrates in the late 1980’s by 
coating Au electrodes with thin layers (3-4 monolayers) of transition metals, such as 
Ru, Rh and Pt [21]. These thin metal layers provided the catalytic surface, whilst the Au 
electrode beneath enhanced the Raman scattering. The transition metal thin films were 
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Figure 2.2 Potential-dependent sequence of SERS spectra obtained on gold during voltammogram 
at 10 mV s-1 for 0.5 mM methanol in 0.1 M HClO4 from -0.3 to 1.5 V vs Standard Calomel Electrode 
(SCE) and return; (left) intensity of νCO band (arbitrary scale) versus electrode potential extracted 
from SERS spectra on gold in 0.1 M KOH with 0.1 M methanol, during 10 mV s-1 potential sweep 
from -0.8 to 0.6 V and return (The open and filled circles refer to the forward and reverse sweeps, 
respectively); (right) corresponding voltammograms obtained in presence (solid trace) and ab-
sence (dashed trace) of 0.1 M methanol. [25]
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electrodeposited onto an electrochemically roughened gold electrode. The thickness 
of these transition metal layers can be controlled by varying the potential across the 
electrode. By utilising transition metals in this way, a much broader range of catalytic 
reactions were now available for study. The Weaver group investigated various interesting 
systems ranging from CO and SO2 oxidation to methanol and formic acid oxidation. 
[22–25] An early example of these studies is the electro-oxidation of CO over Rh and Ru 
coated Au electrodes, followed by the observation of SERS-bands in the C-O stretching 
region, which disappeared upon voltage increase at the electrode. [26] Corresponding 
cyclic voltammetry measurements show CO electro-oxidation occurring at the same 
voltage at which the SERS bands disappear, confirming the reaction. However, in 1988 it 
still took 10 min to collect these SERS spectra.

A significant discovery enabled through the use of in-situ SERS is exemplified in the 
case of methanol oxidation, SERS spectra and cyclic voltammograms of which are shown 
in Figure 2.2. [25] It was thought that methanol oxidation over Au was not active because 
the intermediates were not formed on the Au surface, thus preventing reaction. However, 
the SERS results clearly showed that the required intermediates were indeed formed on 
the Au surface. This demonstrated that the molecular fragmentation of methanol, though 
necessary, was not in itself sufficient, and that it was in fact the availability of oxygen co-
adsorbates that was the controlling factor in methanol oxidation.

2.2.3. 1992-1999: Moving beyond the Field of Electrocatalysis
A limitation of the transition metal thin films approach used by Weaver and co-

workers in the late 1980s and early 1990s was the presence of residual ‘pinhole’ sites 
that exposed the underlying gold substrate. However, this complication turned out to be 
much less of an impediment to the utilization of the technique in gas-phase environments, 
particularly at the elevated temperatures of catalytic relevance, since gold displays near-
negligible adsorptive properties under these conditions. It was found that these Pt, Rh 
and Ru coated gold surfaces exhibit excellent temporal stability when under ambient 
pressure gas-phase environments, which allowed the exploration of utility of SERS for 
probing adsorption at such catalytically significant interfaces. [27]

The advent of Charge-Coupled Device (CCD) technology enabled Raman spectra 
to be obtained at significantly faster rates (1-2 s). This advance also lead to improved 
sensitivity in Raman measurements, as demonstrated by McCreery and co-workers 
detecting adsorbates at carbon-aqueous interfaces even in the absence of SERS, [28] 
and the Tian group obtaining Raman spectra for diverse adsorbates at transition metal-
solution interfaces in the presence of only mild surface enhancements, ~30-100. [29,30]

The Weaver group built upon their experience in the SERS field to move from 
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electrochemical cells to gas-flow systems. The combination of in-situ SERS and in-line 
quadrupole mass spectrometry (MS) analysis of the gas flow enabled them to investigate 
a range of chemical reactions. The changing intensities of surface species Raman 
bands and analysis of reaction products enabled new insight into reaction kinetics and 
mechanisms over transition metal surfaces.

Systems investigated include the in-situ SERS of adsorbate stability and reactivity of 
a large range of gases, including SO2, NO, CO, H2, O2 and MeOH, and studied the behaviour 
of surface adsorbates at temperatures up to 500 °C. A schematic of the set-up, along with 
SERS spectra obtained from in-situ SERS experiments, are shown in Figure 2.3.

Initial work in the gas flow system established the adsorption spectra of M-NO, M-Co 
and M-O, as well as their stability at temperatures of up to 350 °C. [32] This was followed 
by work in which intermediate cyanide surface species were spectroscopically observed 
at temperatures above 185 °C during the oxidation of CO by NO over Rh-coated Au 
surfaces. [33] The further use of online Mass Spectrometry (MS) to detect the reaction 
products during temperature ramps and gas flow composition elucidated even more 
information. [34] Using their knowledge of these methods, the Weaver group went on to 
study the surface species and products of the NO-H2 reaction on Rh, the CO-NO reaction 
of Pt and Pd, Methanol oxidation on Rh. [31,35–40] Also studied were the metal oxides 
of the Pt group, their formation as a function of temperature, and their reduction kinetics 
and thermal oxidation. [41,42]

Monitoring the transient reactivity of selected adsorbed species at ambient or higher 
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Figure 2.3 SERS gas-flow setup (left) and time-resolved SERS spectra (right) for a reduced rhodi-
um surface exposed to NO. The surface was first treated with CO at room temperature, evacuated, 
and then held in 80 ml/min Ar. NO at 10 ml/min was then added to the feed. The Raman spectra 
shown are for times of (a) 0, (b) 30, (c) 60, (d) 120, and (e) 240 s after the NO flow was initiated.  
[31]
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gas pressures constituted a uniquely valuable, and heretofore underutilized, property of 
SERS.

2.3. Heterogeneous Catalysis and SERS: Developments in the Last Decade

As outlined in Figure 2.1, Single-Molecule SERS (SM-SERS) was first demonstrated in 
1997, garnering new interest in SERS from a much wider scientific audience. Advances 
in nanotechnology as well as the development of more advanced synthesis methods have 
also assisted in this new wave of research, leading to several significant advances in the 
field. 

2.3.1. Revival of SERS in Electrocatalysis
Following a 5-year hiatus, a revival of interest in the use of electrochemical SERS 

around the turn of the millennium led to an expansion of the scientific community 
involved in the study of SERS of catalysis. It is worth noting that many SERS studies have 
been undertaken on surface chemistry and molecules adsorbed at metal electrodes. 
These are often closely related to the catalytic reactions discussed in this review, however 
to discuss these fully is beyond the scope of this work. Some seminal examples include 
the SERS and TERS work of Ertl and Pettinger. [43–46] 

The Weaver group returned to SERS studies of electrocatalysis after several years 
of focussing on utilising SERS for gas-phase reactions, publishing a couple of new 
electrocatalytic SERS articles in the midst of more fundamental electrochemical work. 

Figure 2.4 SERS spectra of CO adsorbed on 55 nm Au@Pt /GC (Glassy Carbon electrode) with dif-
ferent shell thicknesses in CO-saturated 0.1 M HClO4 at 0.0 V; and simulated electric field distribu-
tion for an Au@Pt nanoshell array with 55 nm Au@1.5 nm Pt.[62]
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[47–49] The death of Weaver in 2002 clearly left a vacuum in the fields of electrochemistry 
and SERS that was later on filled by several new research groups. In this respect, it 
is worthwhile to mention that a special edition of The Journal of Electroanalytical 
Chemistry was dedicated to his memory, to which Ertl and co-workers, as well as Koper 
et al., contributed papers on SERS in electrocatalysis. [50,51] 

In 1989 Tian and co-workers started to focus their research on SERS in the field 
of catalysis. For example, the group revisited and made improvements upon the older 
electrocatalytic work of the Weaver group, [52–56] then progressively made their own 
way in the field first with a new electrochemical cell with heating capabilities, [57] and 
then working with silver electrodes. [58,59] In 2006 the method for Pt-shell Au-core 
NPs was developed as an alternative to transition metal-coated electrodes. [60,61] 
This advance allowed researchers to utilise the high SERS intensity formed at hotspots 
between nanoparticles, without exposing the Au nanoparticle surface to the reaction.

In 2005 the Perez group developed a new method for coating SERS-active electrodes 
with a monolayer of small Pt or Pd nanparticles. [63–66] The nanoparticles coating the 
electrode are small enough (4 nm) that the SERS enhancement is maintained, whilst 
the use of a layer of nanoparticles rather than an ultrathin layer of Pt-group metal over 
the electrode gives an improvement in stability. A combined SERS and Atomic Force 
Microscopy (AFM) study was undertaken by Scheijen et al. in 2007, looking at the 
influence of the Pt nanoparticle deposition procedure over gold electrodes on the electro-
oxidation of small organic molecules, and concluded that the method of nanoparticle 
deposition has a strong influence on the size and homogeneity of the nanoparticles, and 
the resulting catalytic and SERS activity. [67]

Studies of the electrochemical reduction of keto-esters over Pt surfaces have been 
undertaken by Attard et al., using the Tian method of coating Au nanoparticles with 
Pt. Mechanistic insight into these reactions show the potential of SERS for measuring 
increasingly complex catalytic systems. [68,69] The electrochemical SERS work of Koper 
and co-workers also utilizes a variety of bare and transition metal-coated electrodes, 
in combination with which SERS is used to gain understanding of systems involved in 
solar fuels. [51,67,70,71] Recent publications of the Bell group also utilise uncoated 
Au electrodes as well as cobalt oxide and nickel oxide-coated Au electrodes to follow 
the electrochemical evolution of O2, once again demonstrating the importance of 
enhancement from both exposed and unexposed Au surfaces. [72–74]

2.3.2. Applications of Anchored SERS Nanoparticles
Moving towards the implementation of SERS in more industrially relevant catalytic 

systems, the SERS substrates employed are required to be physically robust as well as 
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enhancing. Various methodologies for anchoring SERS nanoparticles to support materials 
have been reported, which look promising for future use in heterogeneous catalysis, the 
highlights of which will be discussed in this section.

In 2004 a core-shell Au-Pt nanoparticle film was fabricated by a self-assembly 
method on a silicon wafer, and its application as a catalyst and as SERS substrates was 
investigated. [75] The nanostructured film exhibited high catalytic activity and SERS, 
demonstrating its potential use in heterogeneous catalysis and as a SERS substrate. In 
addition, it should be possible to tune the surface properties of the film by controlling the 
size, composition and surface properties of core-shell nanoparticles. 

Heck et al. reported that sub-monolayer coverage of Pd on Au nano-shells showed 
unexpected high activity for the aqueous-phase hydrodechlorination of trichloroethene. 
[76] Nano-shell SERS sensing geometry was combined with sub-monolayer Pd deposition 
to combine the catalytic and SERS-active functionalities, enabling the in-situ monitoring 

Figure 2.5 (a) UV-Vis spectra of Au nano-shells and Pd/Au nano-shells (10% Pd coverage); (b) 
calculated spectra of Au and Pd/Au nano-shells; (c) spectra of para-mercaptoanaline chemisorbed 
on Au nano-shells (10% Pd coverage) (inset: metal-S stretching region); (d) 1,1-dichloroethene in 
H2O (50.9 µM) on Au nano-shells and Pd/Au nano-shells (10% Pd coverage). [76]
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of catalytic activity. Nanoparticles were immobilised on Si wafers and plasma-cleaned 
prior to adsorption and reaction experiments in aqueous phase. Chemical reactions of 
the adsorbate species were observed as they proceeded on the catalyst surface with time, 
enabling the detection and identification of reaction intermediates. Figure 2.5 shows the 
results of SERS-effectiveness tests performed on the nano-shell particles, and the UV-Vis 
spectra (predicted and measured) that give an indication of the Au shell thickness on a 
silica core. The authors expressed hope that this example of nano-shell enabled SERS 
may lead to new mechanistic insights into other liquid-phase chemical reactions.

Mesoporous silicas are well a well-known class of catalyst supports that have large 
pore sizes and pore volumes and well-ordered nanoscale pore sizes and structures. In 
2011, Silva et al. demonstrated SERS enhancement from Au nanoparticles within the 
mesoporous channel pores of SBA-15. [77] An overview of the ion-exchange synthesis 
method is shown in Figure 2.6. Using 4-mercaptopyridine (4-Mpy) as the SERS 
reporter molecule, SERS enhancement factors as high as 105 were obtained. The high 
SERS enhancement given by the Au/SBA-15 as compared to any other powered SERS 
substrates appears to be the result of the formation of SERS “hot spots” due to the 
side-by-side alignment of Au nanoparticles within the cylindrical channel pores of the 
SBA-15 mesoporous silica host. Because of their powdered forms, longevity and high 
SERS enhancement factors, Au/SBA-15 can be expected to serve as simple substrates 
for SERS based analysis of various analytes, including reactants and reaction products, 
and potentially in gas-phase catalytic processes in the future. The potential for this 
material has already been recognised, with a new, simplified method of preparing Au 
nanoparticles inside the SBA-15 channels recently published. [78]

A recent promising nanomaterial is graphene, and has been recently demonstrated 
as a support to disperse and stabilize various metal and metal oxide nanoparticles. 
Huang et al. describe the formation of Au nanoparticle-Graphene Oxide (Au-GO) and 
Au nanoparticle-Reduced GO (Au-rGO) composites. [79] These composite materials 
were used to demonstrate both SERS of 4-aminothiolphenol (pATP), and the catalytic 
reduction of o-nitroanaline. The impressive results for both applications, due to the 
electronic interaction of the graphene with the Au nanoparticles, show great promise 
for the possible combination of SERS and catalysis over graphene substrates, and 
have already inspired several further investigations into the use of graphene oxide in 
combination with SERS. [80–82]

In 2012, different shapes of Pt nanoparticles were used to enable the monitoring 
of a surface reaction on different surface sites. Spherical and octahedral-tetrahedral Pt 
nanoparticles were used, with the (111) surface orientation of the octahedral-tetrahedral 
nanoparticles exhibiting reduction of acetaldehyde oxime toward ethylamine. Reduction 
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was not observed over spherical nanoparticles, demonstrating the combination of SERS 
active metals and the use of preferentially ordered nanoparticles allows SERS studies of 
structure-sensitive reactions, which in the future could be extended to reactions such 
as low-temperature CO oxidation, ammonia synthesis, and the water-gas shift reaction. 
[83–87]

2.3.3. Monitoring Reactions Directly in Colloidal Suspension
The synthesis of bifunctional Au/Pt/Au nano-raspberries was presented by the 

Schlücker group in 2011. [88] These nanoparticles successfully integrated the SERS 

Figure 2.6 Schematic representation of the synthesis of Au nanoparticles within the pores of 
SBA-15 (Au/SBA-15) (top) by sequential redox and galvanic reactions through an intermediate 
product, Ag/SBA-15; (bottom left) (a) normal Raman (NR) spectrum of 1 × 10–2 M 4-Mpy that 
was drop-casted and dried on a −CH3-capped SBA-15 sample, and (b) SERS spectrum of 1 × 10–5 
M 4-Mpy that was drop-casted and dried on a Au/SBA-15-A sample, which was prepared in the 
presence of CTAB; (bottom right) (a) normal Raman (NR) spectrum of 1 × 10–2 M 4-Mpy dried over 
SBA-15, and (b) SERS spectrum of 1 × 10–5 M 4-Mpy dried over Au/SBA-15.Au/SBA-15 nano-pow-
der material for SERS applications in catalysis as they may serve as substrates to measure various 
reactants as well as reaction products. [77]
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activity of Au nanoparticles with the catalytic activity of the Pt surface, whilst enabling 
the monitoring of reactions directly in colloidal suspension, a demonstration of which is 
displayed in Figure 2.7. Also presented was a multivariate approach for the quantitative 
decomposition of in situ SERS spectra that allows determining the chemical identity of 
the involved molecular species and the quantification of their relative contributions, 
which is a requirement for establishing reaction mechanisms and testing kinetic models. 
Finally, the authors note that the presented approach of using bifunctional Au/Pt/Au 
nano-raspberries for SERS monitoring of Pt-catalyzed reactions is currently limited 
to molecular species containing a surface-seeking group in order to experience the 
necessary SERS enhancement, which indicates one of the current limitations of the 
methodology.

Joseph et al. have also recently used the idea of small catalytic nanoparticles supported 
on large SERS nanoparticles, following the catalytic reduction of para-nitrothiolphenol 
(pNTP) over Pd nanoparticles with a size of ~ 2 nm supported on Au nanoparticles with 
a size of ~ 40 nm. [89]

More recent work by the Schlücker group has built upon the principle of small 
catalytically active nanoparticles supported on larger, SERS active nanoparticles. [90] 
The 80 nm Au core is encapsulated within a thin silica shell (~ 1.5 nm), then thiol groups 
are used to attach 5 nm Au nanoparticles to the surface. These bimetallic particles are 
used to monitor the Au-catalysed reduction of pNTP in colloidal suspension, whilst the 
inert silica shell protects the Au metal core surface from direct contact with the chemical 
species and prevents unwanted photo-catalytic side reactions.

Figure 2.7 SERS spectra recorded during the Pt-catalyzed hydride reduction of an aromatic nitro 
compound, using different amounts of the reducing reagent NaBH4. From bottom to top: increas-
ing volumes of 10 mM NaBH4 solution were added to 4-NTP-functionalized Au/Pt/Au core/shell 
nano-raspberries. [88]
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Other Au and Ag nanostructures have been synthesised and tested for both SERS and 
catalytic activity, though not in combination. One such example is the three-dimensional 
dendritic gold nanostructures developed by Huang et al. [83] The high surface-to-
volume ratio of the dendritic structures led to high catalytic efficiency, and the structure 
provided multiple sharp corners and edges for SERS hotspots. However, the adaption of 
such substrates for use in catalytic conditions could be complicated, and is a challenge 
for the future.

2.3.4. SERS and Plasmon-Driven Catalysis
For over a decade, 4-aminothiolphenol (pATP) has been regarded as a prototypical 

probe for assessing SERS measurements. [91] As pATP interacts strongly with Ag 
and Au, gives strong SERS signals, and has been regarded as a model compound 
for probing the chemical enhancement of SERS due to its potential and wavelength 
dependent spectra. [92] However, difficulties in reproducing the SERS spectra of pATP 
alone led to further investigations, through which two different explanations were 
derived. Sun and co-workers first hypothesised that the catalytic conversion of pATP 
into dimercaptoazobenzene (DMAB) accounted for the unexplained SERS spectra in 
2009. [93] This conclusion was supported by further theoretical and experimental 
work by Sun and co-workers, who then also concluded that DMAB could be produced 
by 4-nitrobenzenethiol (4-NBT). [91,94,95] It has been found that these plasmon-
driven reactions are strongly dependent on substrate, wavelength and timescale. More 

Figure 2.8 (a) Time-dependent Tip-Enhanced Raman Spectroscopy (TERS) data at 633 nm excita-
tion (5 s integration time, 380 µW) shown before (top) and after (below white band) illumina-
tion; (b) two spectra from a are shown: spectrum (i) is taken at 90 s and spectrum (ii) at 265 s. 
Spectrum (iii) is the reference spectrum taken after the time-dependent spectra. Asterisks in (a) 
and (b) indicate the location of the 950 cm−1 band of the SiO2–glass signal of the glass substrate; 
(c) peak areas as a function of time for the pNTP band at 1335 cm−1 (i) and for the band at 1440 
cm−1 (ii), belonging to DMAB. The period of green illumination between 100 and 130 s is indicated 
by the shaded band. [100]

 

 

 

0.2

0.4

0.6

0.8

Raman shift (cm-1) 
1000120014001600

Ti
m

e 
(s

)

100

200

300

a ν N
O

2

ν N
N

β CHν N
N

* b ν N
O

2

ν N
N

β CHν N
N

*

In
te

ns
ity

1000120014001600
Raman shift (cm-1)

i

ii

iii

c

Re
la

tiv
e 

pe
ak

 a
re

a

Time (s)
0 100 200 300 400

i

ii



Chapter 2

40

significantly, these instances of plasmon-driven catalysis have shown that SERS can be 
an invasive technique under certain conditions, and that the species measured may 
not be the original surface species. [96] In contrast, the work of Kim and co-workers 
supports the original hypothesis that the SERS bands under debate are in fact a result of 
the chemical enhancement mechanism. [97–99] The debate regarding the origin of the 
spectral bands is ongoing.

Further research in this field has utilised the high surface-dependency of these 
reactions to measure SERS and plasmon-driven catalysis over a single nanoparticle. 
[101] The ability to use a silver-coated AFM tip to induce the photo-catalytic reduction 
of pNTP at the nanoscale and follow it spectroscopically using Tip-Enhanced Raman 
Spectroscopy (TERS) has been recently demonstrated by van Schrojenstein Lantman 
and co-workers, the results of which are shown in Figure 2.8. [100] Such developments 
demonstrate that mechanistic debates can drive the use of more advanced techniques in 
the field, the use of which will, no doubt, be expanded to other areas of catalysis research.

2.4. Challenges Imposed on SERS for Performing Operando Spectroscopy 
Measurements on Catalytic Solids

The true aim for SERS in catalysis research is of course to perform operando 
measurements, leading to new fundamental insights into catalytic intermediates and 
transition states. In order to achieve this ambitious goal, further advances must be made 
to existing SERS probes, enabling the use of SERS under the often extreme conditions 
encountered inside a catalytic reactor; i.e., at high temperatures and pressures. The most 
important challenges that are yet to be fully overcome are chemical stability, thermal 
stability, spectral reproducibility and data analysis. These challenges will now be 
discussed in more detail below.

  
2.4.1. Chemical Stability

One of the primary considerations in the use of SERS for label-free monitoring of 
catalytic reactions is the exposure of a reaction to an additional metal surface in the form 
of a SERS nanoparticle or a planar SERS substrate. 

For true in-situ spectroscopic measurements that are unlimited by the catalyst surface 
being Au or Ag, SERS surfaces with a high level of chemical stability must be developed, 
or adapted from existing particles/surfaces. One solution would be to use a SERS surface 
that could be coated with e.g. Al2O3, however in reactor conditions it would be preferable 
to have inert particles that could be distributed within the catalyst without causing any 
transport limitations or disruption to gas flow in the catalyst bed.
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Previous work in the field of spectroscopy has seen attempts to modify the surface 
specificity of SERS nanoparticles by various methods. One of the oldest of these is the 
functionalisation of the nanoparticle surface with alkane thiols, for example, to enable 
SERS measurements of neutral molecules that would not usually interact with the 
charged capping of a SERS active nanoparticle.[102] Another method to bring SERS and 
catalysis together is the use of ultra-thin shell of other transition metals, such as Pt and 
Pd.[21] These systems effectively ‘borrow’ the SERS enhancement from the Au core NP, 
whilst presenting a catalytically active transition metal outer surface. Until recently, the 
destabilisation of the nanoparticles upon the removal of the stabilising coating layer 
has prevented these forms of SERS substrates from application beyond electrochemical 
systems, though the work of the Schlücker group has begun to address this topic in some 
detail.[90] 

Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) is a SERS 
method first proposed in 2010 by the group of Tian [10] It works under the premise 
that the formation of an ultrathin (> 5 nm) silica shell around a SERS nanoparticle will 
prevent the direct chemical interaction of an analyte with the nanoparticle, whilst being 
thin enough to still be within range of the electromagnetic enhancement mechanism of 

Figure 2.9 (a) Potential-dependent Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 
(SHINERS) spectra of hydrogen adsorbed on a Pt(111) surface. Curve I, at -1.2 V; curve II, -1.6 V; 
curve III, -1.9 V; curve IV, without Au/SiO2 nanoparticles; curve V, with the thicker shell nanoparti-
cles at -1.9 V; (b) potential-dependent SHINERS spectra of hydrogen adsorbed on a Pt(111) surface 
using Au/Al2O3 nanoparticles. Curve VI, -1.2 V; curve VII, -1.6 V; curve VIII, -1.9 V; (c) SHINERS 
spectra on Si(111) wafer treated with 98% sulphuric acid (curve IX), 30% HF solution (curve X) 
and O2 plasma (curve XI). [10]
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SERS. The silica shell also prevents the nanostructure of the nanoparticle from degrading 
on an atomic level, therefore making the SERS signal more stable. The sensitivity of this 
method to the silica shell thickness is clear in Figure 2.9. 

The challenge of the interference of a SERS substrate in a system is also a hot topic 
within the bio-analysis field, where it has been noted that the exposed metal surface 
of metal nanoparticles can easily adsorb interfering molecules in the biological 
environment, leading to variations of the original SERS signals as well as possible bio-
toxicity. [103] Common solutions include the use of a biomolecule surface-coating, such 
as bovine serum albumin (BVA), non-toxic polymer coatings, liposome coatings and 
silica coatings. 

2.4.2. Thermal Stability
Chemical reactions often run well over 300 °C, so it must be possible to use SERS 

under such conditions. The thermal stability of nanoparticles is a well-known topic in 
catalysis, with the sintering of nanoparticles at high temperatures being a major field of 
study. One commonly used solution in catalysis is the synthesis of active nanoparticles 
within a confined micro- or nano-porous system, which restricts the mobility of the 
nanoparticles under heating, and so prevents sintering. Silvia et al. utilized a similar 
concept for their SBA-15 crystals containing Au nanoparticles, though did not extend the 
study to look at thermal effects. [77] An investigation into heating effects on nanoparticle 
films by Kho et al. confirmed that lateral particle diffusion as a result of heating results in 
a loss of SERS signal. [104] Other studies focussed on roughened metal substrates have 
observed some effect of heating on SERS activity, though the changes are reversible upon 
cooling. [105–107]

As discussed previously, high-temperature SERS has been achieved with the use of 
electrochemically-roughened surfaces as SERS substrates. These surfaces demonstrate 
a much higher degree of thermal stability than the noble metal nanoparticles more 
frequently employed in recent years, though they do not have the extremely high SERS 
enhancement factors often seen with nanoparticles.

The temperature dependence of SERS with metal nanoparticles, while significantly 
influenced by sintering, is also highly dependent on the effect of heating on the Surface 
Plasmon Resonance (SPR) of the nanoparticles, and its response under heating as 
a function of time. Several groups have found that the SPR bands for SERS substrates 
can red-shift upon heating, with the effect being more dramatic upon nanoparticles 
that planar substrates. [108,109] Work in the Van Duyne group discovered that using 
Atomic Layer Deposition (ALD) to apply a thin alumina coating over the SERS substrate 
significantly increases their thermal stability, the impressive results of which are 
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illustrated in Figure 2.10. [11] Naturally, a thicker coating leads to enhanced thermal 
stability, though coatings of as little as 0.2 nm alumina led to an increase in stability. 
SHINERS, which have been discussed in section 2.4.1 of this review, have the potential to 
extend this notion of thermal stability to SERS nanoparticles. [10]

2.4.3. Spectral Reproducibility and Interpretation
The lack of measurement reproducibility is a major factor that must be taken into 

consideration in all measurements, and is in no small way also related to the surface 
chemistry of SERS substrates. A lack of substrate generality is intrinsic to the SERS 
mechanism, as one of the major SERS mechanisms – the chemical enhancement 
mechanism – works via a charge transfer mechanism. Therefore, if an analyte is not 
chemically compatible with the surface charge of the SERS substrate, enhancement is 
unlikely to occur.

Substrates themselves must also be reproducible synthetically for the results to 
be truly reproducible. Highly-ordered planar substrates are known to give the most 
regular SERS spectra, however they sacrifice the high spectral intensity seen when SERS 
nanoparticles form ‘hot-spots’. The use of multivariate data analysis of spectral variance 
in SERS measurements using colloids is one potential method to untangle some of the 
variance seen in SERS measurements. The method takes into account the variation of 
SERS between different batches of colloid, as the synthesis may not have been reproduced 
exactly. [110]

Combination techniques, already employed frequently in catalysis research, may shed 
further light on the interpretation of SERS measurements. For example, an integrated 
AFM—Raman instrument is able to directly correlate single nanoparticles or clusters of 

nanoparticles to Raman spectra, and so give further insight into the chemistry occurring 
on SERS substrates. [111] This will be discussed in more detail in Chapter 4.

 
2.5. Future Perspectives 

With significant advances being made rapidly throughout the SERS community, the 
prospect of performing true operando SERS measurements of a catalytic reaction are 
clearly on the horizon. Already in recent times a couple of preliminary studies for utilizing 
Tip-Enhanced Raman Spectroscopy (TERS) in catalysis have demonstrated its potential. 

Figure 2.10 Surface Plasmon Resonance (LSPR) spectroscopy of bare Ag nanoparticles (A) and Ag 
nanoparticles coated with 1.0 nm Atomic Layer Deposition (ALD) Al2O3 (B) heated at 500 °C over 
time. (C) SPR shift of Ag nanoparticles coated with 0.2 nm), 0.4 nm, and 1.0 nm ALD Al2O3 heated 
at 500 °C as a function of time. All samples were heated under 1 Torr N2. [11]
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[112,113] Van Schrojenstein Lantman and co-workers used TERS to follow a photo-
activated catalytic reaction on the nanoscale, and research is ongoing towards single 
molecule TERS sensitivity and of improving the spatial resolution of this optical technique 
further into the nanometer scale. [100] The advent of Surface-Enhanced Spatially-Offset 
Raman Spectroscopy (SESORS), thus far mainly applied to biological systems, also 
demonstrates great potential for application in catalysis. [114,115] Perhaps the most 
significant single challenge in the full applicability of SERS as a standard spectroscopic tool 
for catalysis research is furthering the work done thus far on the chemical generality or 
SERS, developing either a single method or a whole toolkit of SERS substrates that enable 
the detection of any analyte, irrespective of charge or hydrophobicity/hydrophilicity. 
The first steps have been taken along this promising path, with the initial development 
of transition metal-coated substrates, and more recently the invention of SHINERS, the 
first SERS substrate to truly separate heterogeneous catalysis and spectroscopic analysis 
(reaction monitoring). [23,116] These first showcase examples fully illustrate the real 
potential of the SERS method for shedding new fundamental insights in the intriguing 
phenomena of heterogeneous catalysis.
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Chapter 3

Looking Insode Catalyst Extrudates 
with Enhanced Raman Spectroscopy:       

Comparing Different Approaches

 Abstract
Raman spectroscopy has been frequently utilized over the last few decades as a non-

destructive technique for the study of heterogeneous catalysts and related catalytic 
reactions. However, the promise of practical applicability on catalyst bodies, such as 
extrudates, has not been fulfilled completely, mainly because of the large fluorescence 
signals and the highly scattering nature of such catalyst bodies. In this PhD Chapter, 
three distinct Raman signal enhancement approaches to (partially) overcome this 
problem are examined, namely Time-Resolved Raman Spectroscopy (TRRS), Spatially 
Offset Raman Spectroscopy (SORS), and Surface Enhanced Raman Spectroscopy (SERS). 
It is demonstrated that each of these methods can provide chemical information within 
catalyst bodies, overcoming fluorescence background signals. They even allow the 
visualisation of analytes at different depths. It is also shown that time-resolved SERS can 
be applied to gain insight regarding localized activity within catalyst bodies. With the 
further exploration of these options a wider applicability of Raman spectroscopy in the 
field of practical heterogeneous catalysis comes within reach.
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3.1. Introduction

Catalytic solids used in industrial reactors are often present at high pressures, where 
if the catalyst does not have a high mechanical stability it can compact and lead to 
blockages in the system. For this reason, porous catalyst support materials, such as Al2O3, 
TiO2 and SiO2, are often shaped into extrudates, which present a high surface area for 
catalytic reactivity, whilst retaining high mechanical stability under pressure. [1–3] It is 
of particular interest in catalysis to determine whether reactants and products, as well as 
the catalytic activity and selectivity, are evenly distributed within catalyst bodies or not. 
Equally important is the extent to which the activity of the catalyst bodies is hindered by 
the deposition of by-products within extrudates. [4,5]

A range of invasive and non-invasive techniques, encompassing Ultra-Violet-
Visible-Near-Infrared (UV-Vis-NIR) spectroscopy, Infra-Red (IR) spectroscopy, Raman 
spectroscopy (RS), Magnetic Resonance Imaging (MRI) and others, has been utilised in 
the past to visualise catalyst preparation methods. At the same time, RS, MRI and X-ray 
techniques have been used to gain insight into catalytic processes taking place within 
extrudates. [6–8] These techniques have divulged important information about the 
dispersion of the active sites within an extrudate, enabling studies of catalytic reactions 
on extrudates. However, non-invasive in-situ measurements for single catalyst extrudates, 
allowing the monitoring of a reaction below the surface, have only thus far been done 
by MRI, X-ray based spectroscopic methods and Diagonal Offset Raman Spectroscopy 
(DORS), the latter e.g. to study the preparation of Mo/Al2O3 catalyst bodies. [8,9] 

Raman spectroscopy is especially attractive as it provides valuable structural 
information for the catalyst materials, the reactants as well as the reaction products. In 
rare cases even reaction intermediates can be studied. The technique is non-destructive 
and does not require invasive sampling. It has been used to study chemical reactions 
on the surface of catalyst bodies, [10–12] but a major problem in characterizing real 
extrudates is the large fluorescence background often encountered in catalytic solids. 
This makes Raman spectroscopy analysis inside extrudates extremely challenging, 
especially since the pellet material is normally highly scattering. Surface Enhanced 
Raman Spectroscopy (SERS), Spatially Offset Raman Spectroscopy (SORS), and Time-
Resolved Raman Spectroscopy (TRRS) are all advanced techniques that have been 
introduced, in part, to overcome the problem of fluorescence interference in a wide 
variety of applications. [13–19] Through Raman signal enhancement and selectivity for 
material in the bulk versus the surface, these characterization methods could also help in 
our understanding of what happens inside of catalyst extrudates in more detail. 
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3.1.1. Sub-Surface Raman Spectroscopy
Conventional Raman spectroscopy is often severely hindered in its ability to probe 

beneath the surface of a sample, as the weak sub-surface Raman signal is overwhelmed 
by the much stronger signal from the surface layer. However, the random diffusion of 
photons within scattering material has a positive side-effect: it enables the separation 
of surface and sub-surface signals. The multiple reflections that the excitation light as 
well as the sub-surface Raman signal undergo make it possible to selectively extract this 
signal with either time-resolved or spatially-resolved characterization methods.

3.1.1.1. Time Resolved Raman Spectroscopy
Due to the random walk of photons in a dispersive medium, photons from inside 

the material take longer to arrive at the detector, illustrated in Figure 3.1. With this 
approach the distinction between Raman photons emanating from the surface versus 
those generated inside the sample is made on the basis of their distribution in time. 

Time-Resolved Raman Spectroscopy (TRRS) for sub-surface analysis inside a strongly 
scattering sample was first shown by means of a Kerr gate [15] or an intensified CCD 
camera. [19–21] A tunable picosecond pulsed laser was used (1 picosecond pulses at 1 
kHz), in combination with the optical Kerr gate that opens for 4 ps to permit the detection 
of Raman photons. This method successfully improved the contrast between the surface 
and sub-surface Raman signals by a factor of 5. Unfortunately the complexity and high 
cost of this equipment has prevented its general application.

A more recent and affordable method of temporal signal selection was developed by 
Efremov et al. [18] In this approach the use of a short detector gate selectively collects 
Raman photons from a certain depth within the sample, and eliminates a considerable 

Figure 3.1 Scheme of the photon scattering processes within a dispersive medium. Photons in the 
excitation beam as well as the induced Raman photons are delayed significantly during subsurface 
excitation in a scattering medium.

1st Layer 2nd Layer

Subsurface Signal

Surface Signal
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amount of fluorescent background from the surface as well as from the bulk. The 
principles of this method are shown in Figure 3.2.

3.1.1.2. Spatially Offset Raman Scattering
In an opaque material, such as an extrudate, the scattering of the excitation light 

does not only result in a delay, but also in a change in spatial distribution of the light. 
Scattering causes a diffuse distribution of photons at depth. Thus, the Raman signal from 
the sample surface is much higher in intensity, as it does not need to propagate back to 
the surface. The sub-surface Raman signal is spread out significantly, as shown in Figure 
3.3. Because of this effect, a location offset to the excitation point receives a relatively 
greater proportion of photons that emanate from deeper parts within the sample.

That is why Spatially Offset Raman Spectroscopy (SORS) allows depth measurements 
by applying a spatial offset between the excitation point and Raman collection point. 
18 The spatial offset reduces the relative amount of signal collected from the location 
at which the beam enters the sample, and thereby reduces the interference from 
fluorescence produced at the surface of the sample. Whilst fluorescence from the surface 
is reduced, Raman and fluorescence from the same location are not separated, so sub-
surface fluorescence can still be present in measurements. 

3.1.1.3. Combinations of Techniques
Combinations of SERS, TRRS and SORS are also possible. Previous work in the medical 

field has shown that a slight improvement of the selectivity for photons from the bulk vs. 
the surface can be achieved by combining TR detection with a SORS excitation geometry. 
However, the majority of fluorescence background reduction in TR-SORS is provided by 

Time

Trigger Laser pulse

Raman 1st layer

Raman 2nd layer

Gate

Delay time 1st layer

Delay time 2nd layer

Gate

Figure 3.2 Principle of time-resolved Raman spectroscopy (TRRS) by an intensified CCD camera. 
[18] 
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the time gating rather than by the spatial offset. [20,21] Adding TR detection to SERS 
has the potential to be a selective, sensitive and versatile tool for the study of chemical 
reactions in numerous applications as well. Recently, it has been shown that SERS used in 
combination with SORS can provide selectively enhanced depth measurements through 
diffusive surface layers for biomedical applications. [23,24] In this PhD Chapter, it is 
examined whether this combination can be used to visualise the content in the core of 
an intact extrudate. 
3.1.2. Model System

The model system used is considered representative for a typical catalytic reaction: the 
synthesis of styrene with a γ-Al2O3 catalyst. As outlined in Figure 3.4, 1-phenylethanol is 
added to a γ-Al2O3 catalyst body as it is used for the subsequent production of styrene 

via a catalytic dehydration reaction at an elevated temperature. [25,26] 
The spatial distribution of the starting compound (i.e., 1-phenylethanol) and the 

reaction product (i.e., styrene) within the catalyst body is not known under normal 
catalytic conditions, but is likely to be highly overlapping. To test the strengths of the 
various advanced Raman spectroscopy approaches, we have chosen to distribute these 
two compounds unevenly within the catalyst body in a core-shell distribution model. 
Such systems are realistic in catalytic applications, [6] and in doing so it is possible to 
determine not only the fluorescence suppression efficiency, but also the spatial selectivity 
of the different approaches.

The spectral interference in this reaction normally comes from the formation of 
highly fluorescent polycyclic aromatic hydrocarbons, which are typical reaction by-
products. Here, benzo[a]pyrene (BaP) is chosen as a typical example. The fluorescent 
lifetimes of these by-products are generally such that TRRS can significantly reduce their 
contribution in the Raman spectra, regardless of their distribution within the sample. It 
should be noted that when fluorescent by-products are distributed evenly throughout 
the bulk, SORS will not be as suitable. The weak Raman signal will still be overwhelmed 
by fluorescence if there is no spatial offset between their sources.  Although in this study 
fluorescent interference from BaP only originates from the outer shell of the sample, the 
extrudate gives a significant luminescent background by itself. This creates a realistic 
situation in which multiple sources of fluorescence interference are present. 

To study the positive contribution of SERS enhancement, Ag nanoparticles were 
tested in combination with various Raman spectroscopy methods. Again a core-shell 

Figure 3.3 Principle of Spatially Offset Raman spectroscopy (SORS). [22] Variation of space be-
tween laser and detector varies the contributions from the surface and sub-surface signals from 
A) side view; and B) top view. Total signal intensity does not increase; signal per square micron is 
reduced dramatically further away from the excitation point.
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analyte distribution was used, in which the core of the γ-Al2O3 extrudate was impregnated 
with rhodamine-6G (Rh6G), which is generally known as the golden standard for SERS 
enhancement. [27] It should be noted that for many other compounds, including 
1-phenylethanol (1-P) and styrene, the enhancement factors with Ag nanoparticles are 
often much lower or much more challenging to obtain. [28–30] The shell is saturated 
with 1-phenylethanol.

3.2. Experimental

3.2.1. Materials
Styrene (Acros, 99%); 1-phenylethanol (Aldrich, 97%); benzo[a]pyrene (Acros, 

98%); ethanol (Interchema, 100%); rhodamine-6G (Sigma, 95%); MilliQ ultrapure water 
18.2 MOhm.cm; silver nitrate (Sial, 99+%) and trisodium salt dehydrate (Acros, 99%), 
were used as received.

Ag nanoparticles were synthesized using method c of Lee and Meisel. [31] The 
nanoparticles were centrifuged at 3,300 RCF for 30 min, after which the supernatant 
was discarded and the particles were re-dispersed in demi-water, to 10× the initial 
concentration. 

The γ-Al2O3 extrudate pellets are “Al 3996 R” from Harshaw (bulk density 0.5-0.75 g/
cm3, specific surface 200 m2/g, total pore volume approximately 0.69 cm3/g). The hollow 
extrudate pellet is 3 mm in diameter, with a cavity of 1-mm diameter in the centre. This 
cavity is filled with γ-Al2O3 extrudate spheres of Engelhard. The diameter of the spheres 
is 0.7 mm and their optical diffusivity is that of the pellet. 

3.2.2. Sample Preparation
The case study focused on two model systems, which consist of combinations of the 

impregnated catalytic extrudate pellet and the spheres described above. In model system 
1, a hollow γ-Al2O3 pellet is impregnated with 1-phenylethanol as a first-layer marker, in 
addition to pre-treatment with BaP to provide a realistic fluorescence background, as 
mentioned previously. The hollow cavity of the pellet is filled with γ-Al2O3 spheres that 
are impregnated with styrene as a marker of the internal layer, in order to have distinct 
chemical signals from different layers of the sample. By illuminating the cylindrical pellet 
from the side, we effectively have a 3-layer sample in which the 1st and 3rd layer are the 

Figure 3.4 Dehydration of 1-phenylethanol to styrene using a γ-Al2O3 catalyst extrudate.
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same (1-phenylethanol and BaP), and the core of the pellet gives a different chemical 
signature (styrene). A variation of this system, model system 2, is used in which the 
styrene in the centre is replaced by a minute amount of Rh6G in the presence of SERS-
active Ag nanoparticles.

1) γ-Al2O3 pellet impregnated with 1-phenylethanol and 1 �M solution of BaP, 
packed with styrene impregnated γ-Al2O3 spheres (0.7-mm diameter). 

2) γ-Al2O3 pellet impregnated with 1-phenylethanol and a 1 �M solution of 
BaP, packed with γ-Al2O3 spheres impregnated with Rh6G (10 µM) coated Ag SERS 
nanoparticles (5 �L).

The small alumina spheres impregnated with different compounds are introduced 
into the hollow cavity in the centre of the pellet, as shown in Figure 3.5. 

3.2.3. Methods
3.2.3.1. Time-Resolved Raman Spectroscopy

TRRS experiments were carried out with the system schematically shown in Figure 
3.6. [20] A tuneable Ti:sapphire laser (Coherent Mira 900P) was used in combination 
with a frequency doubler/tripler (TP-2000B, u-Oplaz) to reach non-resonant excitation 
at 460 nm. The pulse width was 3 ps at a 76 MHz repetition rate. The diameter of the 
laser beam at the sample is ~ 120 μm. For TRRS, an intensified CCD camera (La Vision 
Picostar) with a measurement gate width of approximately 250 ps is used. [18] Initial 
gate opening is set to overlap with the laser pulse (to), and for subsurface measurements, 
the 250 ps gate is shifted in time after the laser pulse by increasing the gate delay. In this 
study, 25–50 ps steps were taken to obtain depth profiles. A conventional CCD camera 

A B

460 nm

Al2O3 + 
1-phenylethanol

+ BaP

Al2O3 + 
Styrene

Figure 3.5 A) Enlarged model of the hollow Al2O3 pellets packed with Al2O3 spheres (sliced side 
view); and B) Photo of the hollow Al2O3 pellet and an Al2O3 sphere, where the scale bar in the bot-
tom left corner is equivalent to 1 mm. 
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(DV420-OE, Andor) is mounted to the same spectrograph for Continuous Wave (CW) RS 
and SORS experiments. 

The 250 ps gate is chosen as the best compromise between intensity and resolution for 
this wavelength. The long gate time does mean that this approach cannot be used for sub-
surface analysis of all materials. Small (25 ps) steps were made between measurements, 
first putting the gate opening before the pulse and closing it to < 1s transmission in 75 ps 
after the pulse. That way it is possible to discriminate between the outside and the inside 
with a higher resolution then the gate width. For thin samples with a core-shell structure 
perfect separation is never possible with either TR or SORS because of the limited spatial 
resolution in scattering material.

3.3. Results and Discussion

3.3.1. TRRS versus SORS
Model system 1 was characterized by CW RS, CW SORS and TRRS, and the results 

are compared in Figures 3.7 and 3.8. The CW RS measurements, shown in Figure 3.7, 
provide a Raman spectrum consisting of 1-phenylethanol peaks, most notably at 1450 
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Figure 3.6 Schematic of the optical instrument capable of performing Continuous Wave (CW) RS 
and SORS (CCD1), as well as TRRS and TR-SORS (intensifier + CCD2).
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cm-1, and styrene peaks, most notably at 1415 cm-1, on a fluorescent background. In 
applying a spatial offset of 1 or 2 mm, the absolute intensity of the Raman signal and the 
fluorescence both decrease (see inset for background subtracted spectrum of the 2-mm 
SORS). 

The TRRS data of the same sample, shown in Figure 3.8, are taken at different detector 
delay times and show that only the 1-phenylethanol becomes visible immediately after 
the laser pulse. The signal is initially very low. With a delay of 75 ps the Raman signal from 
styrene appears. While 1-phenylethanol and styrene share many of the strongest Raman 
bands (990 cm-1, 1025 cm-1 and 1596 cm-1), differences in the spectra with increasing 
delay time can be seen on the basis of the weaker peaks. Most notable are a shift from 
738 cm-1 to 748 cm-1, the changing relative intensities of the Raman bands at 1415 cm-1 
and 1450 cm-1, and the appearance of a band at 1624 cm-1. Increasing the delay time 
results in an increased signal intensity of the styrene on a relatively low fluorescence 
background. It can be seen that in the Al2O3 extrudates under investigation the time-
resolved approach is very efficient for reducing fluorescence, while maintaining a good 
signal-to-noise ratio. Side-illumination of a sample with a shell-core structure effectively 
transverses three layers, in which the third layer is the same as the first. This means 
that the contribution from 1-phenylethanol in the spectra with longer delay times will 
contain a signal from both the first and third layer.

Contributions from the third layer must also be taken into consideration for SORS, 
which is also dependent on the longer path length for signal emanating from the deeper 
layers. The relatively low opacity of the γ-Al2O3, and a core-shell configuration with a 

Figure 3.7(Left) CW RS and CW SORS spectra (offsets of 1 and 2 mm) of model system 1: a cata-
lytic pellet impregnated with 1-phenylethanol and BaP as the shell, with Al2O3 spheres impreg-
nated with styrene at the core; (right) SORS with 2-mm offset, after background subtraction. 
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relatively small (3 mm) total diameter of the extrudates explains why no great advantage 
was found for measuring deeper layers using either technique. 

Adding SORS to the TRRS analysis of these materials did not improve the fluorescence 
suppression, but did reduce the signal-to-noise ratio due to the overall lower signal 
collection efficiency. It may be possible in other cases to use SORS as a method to 
determine whether fluorescence is generated at the surface, or throughout the bulk of a 
sample.

As shown in Figure 3.8, TRRS provides the best solution for fluorescence suppression 
in the model sample. To obtain an improved spatial resolution despite the small size and 
optical opacity of catalyst extrudates, TRRS can be combined with SERS to selectively 
enhance the core signal. The combination with SERS will also allow the study of analytes 
at significantly lower concentrations, as would be common in a catalytic system. This 
option is explored with the second model system in which styrene is replaced by a much 
lower concentration of Rh6G in the presence of Ag nanoparticles. 

3.3.2. TR-SERS versus SE-SORS
The results of the measurements of model system 2 using CW SERS and Surface 

Enhanced Spatially Offset Raman Spectroscopy (SE-SORS) are given in Figure 3.9. 
A mixture of Raman peaks from the first and second layers is visible on a fluorescent 
background. Performing background subtractions of these spectra reveals that Raman 
signal from both the 1-phenylethanol in the outer shell and the Rh6G in the core of the 
sample can be seen.  

The addition of SERS particles does more than enhance the Raman signal intensity 

Figure 3.8 Depth profiling of model system 1 by TRRS at different detector delay times. Scaled 
TRRS reference spectra of styrene and 1-phenylethanol (1-P) are shown at the bottom of the 
figure, and were measured for 100 x 500 ms. The TRRS depth profiling spectra were measured for 
100 x 1 s.
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for the location where they have been added. They also absorb light at a broad range 
of wavelengths. This limits the number of photons that can penetrate and escape from 
the catalyst body, especially when they are far below the catalyst surface. [32] This is 
particularly evident in the SE-SORS results with 2-mm offset, which show a significant 
overall reduction of the Raman signal intensity. It is clear that a balance needs to be 
sought between absorption and enhancement, but the availability of both Au and Ag 
SERS-active nanoparticles allows some experimental design flexibility.

In Figure 3.10 we explore the effect of the addition of SERS to TRRS characterization 
of model system 2. The resulting spectra are to be compared with those obtained with 
CW detection (Figure 3.9). In line with the spectroscopic data shown in Figures 3.7 and 

3.8, the results show a considerably improved fluorescence reduction for TR-SERS versus 
SE-SORS.

These results clearly show that with similar fluorescence reduction a more selective 
analysis is possible for the core of the extrudate via the addition of Ag nanoparticles. 
These results are particularly promising for practical applications. Until now TRRS has 
mainly been used for pure compounds with fairly strong Raman signals and relatively 
weak fluorescent backgrounds. [20,21,33] Here it is shown that, via SERS signal 
enhancement, realistic scenarios with lower analyte concentrations can be tackled with 
the same approach. Time-resolved analysis provides fluorescence reduction from the 
surface and bulk, and can be combined with SERS enhancement to selectively enhance 
weaker signals at depth within catalyst extrudates. 

An increase in selectivity for deeper layers is generally expected with a spatially 
offset measurement of diffusely scattering samples. However, in this case the relative 
contributions from each layer remain approximately 2:1. Several factors likely contribute 
to this result, including the relatively low scattering efficiency, the small diameter of the 
extrudate, but the most important factor is the core-shell structure of the sample. 

The extrudate can be considered as a 3-layer system in which layers 1 and 3 are the 
same.  Monte Carlo simulations for 3-layer samples, performed by Matousek and co-
workers, [34] show that the ratio of the 1st layer to 2nd layer in a 3-layer sample does 
not have a linear dependence on spatial offset in the same way that this ratio for a 2-layer 
sample does. They found that the 2nd- to 1st-layer ratio changes very little for all offsets 
in a 3-layer system, as the rate of decay of Raman intensity with spatial offset decreases 
with the depth of the layer. 

Figure 3.9 (Left ) CW SERS and CW SE-SORS spectra (offsets 1 and 2 mm) of model system 2: a 
catalyst pellet impregnated with 1-phenylethanol and BaP, with Al2O3 spheres impregnated with 
Rh6G and Ag nanoparticles; (right) 2-mm offset SE-SORS measurement after background subtrac-
tion
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With TRRS the peaks for model systems 1 and 2 both have a ratio of 1:2 for 175 ps, 
indicating an increase in selectivity for the core of the sample in comparison to SORS, 
and a slight increase in selectivity with increased delay time for model system 2. The 
increase in signal selectivity for the inside of the sample is vital when measuring such 
small samples in which the desired signal may be present at very low concentration. It 
is important to note that the effect of absorption by the SERS particles is found to be not 
very detrimental to the result.

The comparative concentrations of the analytes mean that for the TR-SERS of model 
sample 2, the signal from the inside of the sample is 105 times greater than for model 
sample 1, where SERS was not used. The large increase in the Raman signal intensity 
from the core of a catalyst extrudate when combining both TRRS and SERS will enable
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Figure 3.10  Depth profiling of model system 2 by TR-SERS. This image shows a series of time-
resolved spectra representing different depths in the sample. On the bottom of the figure is a 
scaled reference spectrum of 1-phenylethanol (1-P) and on the top a reference spectrum of a 10 
�M Rh6G solution in the presence of Ag nanoparticles.  Spectra were measured for 50 x 1 s and 
reference spectra for 100 x 500 ms.  

Table 3.1  A rough comparison of ratios of the net Raman intensity of a representative shell peak 
to the net Raman intensity of a representative core peak for both model systems 1 and 2; back-
ground subtracted Raman spectra were used for these comparisons. 
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from the core of a catalyst extrudate when combining both TRRS and SERS will enable 
the detection of low concentration analytes from within real catalyst bodies in future 
studies. 

It is important to keep in mind that catalyst bodies are used in gas as well as in liquid 
phase reactions, and that these conditions can have a significant effect on the core-shell 
signal ratio. In the model systems shown here the extrudate was wet with the reactant 
when measured, resulting in a limited depth selectivity of both the SORS and TRRS due 
to the low optical diffusivity of the extrudate material.[34] For dry samples the depth 
discrimination for both SORS and TRRS is much better. Because of the large difference 
in refractive index of air and 1-phenylethanol the scattering of photons is much more 
efficient and the contrast between photons from within the core to those from the shell 
is higher. 

Observing the TRRS spectra for dry extrudates, the results with a limited delay show 
only the outer layer, while the core is immediately visible for wet samples (Figure 3.11). 
The gradual increase of the contribution of the core of the sample to the spectra for dry 
samples continues with even longer delays, but the effect of the shell as a 3rd layer limits 
the ratio to that found for a wet extrudate. The contrast achieved through time-gating is 
clearly better for the dry extrudate, but it can be concluded that useful data are obtained 
from both dry and wet catalyst extrudates. This opens up the possibility of using this 
TRRS technique for the in-situ study of both liquid and gas phase catalytic reactions in 
extrudate material.

3.4. Conclusions

A new analytical approach for characterizing catalyst extrudates is found in the 

Figure 3.11  Comparison of the ratios of the Raman signal intensities from the core and the shell 
as measured by TRRS of a wet extrudate and a dry extrudate. 
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method of TRRS by means of a basic but fast intensified CCD camera. It overcomes one 
of the major problems in the practical application of Raman spectroscopy in this field 
– the fluorescence background from e.g. reaction products and the scattering nature of 
the extrudate material. Contrary to other advanced Raman spectroscopy approaches 
based on spatial discrimination (e.g. SORS), the short detector gate provides a means 
to eliminate fluorescent backgrounds from the sample surface as well as the bulk of the 
catalyst material under investigation. 

The small size and core-shell nature of many extrudates complicate depth specificity 
of TRRS, but there is potential for 3D characterization of thicker samples. For extrudates 
the combination of TRRS with SERS is an option to selectively characterize a region in the 
material using locally applied SERS nanoparticles. The combination of time-resolution 
and SERS provides additional spatial selectivity within the catalyst body, but the 
performance of this tool depends on a balance between the enhancement factor versus 
the loss of Raman signal due to light absorption by the particles. The flexibility offered by 
of the availability of a multitude of SERS active metal nanoparticles and the flexibility in 
excitation wavelength for Raman make this a realistic option nonetheless. 
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Chapter 4

An Integrated AFM-Raman Instrument for 
Studying Heterogeneous Catalysts: 

A First Showcase

 Abstract
The integration of Atomic Force Microscopy (AFM) and Raman spectroscopy has been 

developed for the study of heterogeneous catalysts. Very well controlled environmental 
conditions are essential for its practical use on the nanoscale, thus the AFM-Raman 
system has been developed in combination with an environmental cell with heating 
capabilities and variable gas atmosphere. The technical capabilities of the measurement 
system are demonstrated for the photo-degradation of rhodamine-6G on Al2O3-supported 
silver nanoparticles. Temperature and gas atmosphere were varied in an in-situ cell to 
show compatibility with more realistic reaction conditions. Surface-Enhanced Raman 
Spectroscopy (SERS) was utilised because rhodamine-6G in combination with silver 
allows the study of very low concentrations. Data were collected that not only show 
the dynamic chemical changes over nanoparticle clusters, but also details concerning 
the individual silver nanoparticles (10-60 nm) only available through this integrated 
approach. Simultaneous AFM and chemical imaging of the same surface at maximum 
resolution are possible with the integration of Raman, but the Raman signal intensity 
needs still to be optimised for practical use.



Chapter 4

66

4.1. Introduction

The adoption of SERS active metal nanoparticles for use in heterogeneous catalysis 
is a challenging topic.[1–4] The high sensitivity to adsorbate-surface interactions makes 
the SERS method uniquely suited for investigations of chemical reactions at catalytic 
surfaces; however consideration must be given to the possible interference of SERS 
substrates with the catalytic processes being measured, given that SERS enhancement is 
a result of surface interactions of the analyte molecule with the enhancing metal surface.

To thoroughly examine the potential and limitations of using SERS for heterogeneous 
catalysis investigations, model catalytic systems are required for the initial study in order 
to identify important structural features of the analytical tools we are describing here, as 
we try to limit the number of uncontrolled parameters for use in catalysis. It is necessary 
to design these systems with characterization methods that provide both spectral and 
morphological information simultaneously. This can be realized when Atomic Force 
Microscopy (AFM) is integrated with Raman spectroscopy in one instrument, that is 
equipped with a heating stage as well as a gas chamber in which it is possible to measure 
model heterogeneous catalysts under in-situ conditions.

Since the development of AFM in 1986 by Binnig and Quate at IBM, it has become 
an essential tool in nanoscale research.[6] It was developed to overcome a basic 
drawback of Scanning Tunneling Microscopy (STM) – that it can only image conducting 
or semiconducting surfaces – whereas AFM is applicable for imaging of almost any 
type of surface. AFM operates on the principle that a very sharp tip (~ 10 nm at the 
tip) is scanned across the surface of a sample (Figure 4.1a). The attractive or repulsive 
forces acting upon the tip are measured in constant height or constant force mode, as 
shown schematically in Figure 4.1b.  In the case of attractive forces the effective range 
over which they act differs, so which of the forces (i.e., short-range chemical force, van 

a b

Figure 4.1  a) Basic idea of Scanning Probe Microscopy (SPM) techniques; b) schematic represen-
tation of the attractive and repulsive forces acting upon an AFM tip during a measurement. [5]
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der Waals force and electrostatic force) is dominant differs depending on the distance 
between the AFM tip and the sample under study. 

Today, most AFM instruments use a laser beam deflection system to control the 
vertical movement of the cantilever. In such systems a laser is reflected from the back 
of the reflective AFM cantilever and onto a position-sensitive detector (Figure 4.2a). A 
feedback loop ensures surface contact by moving up and down with surface features. 
Atomic resolution by AFM is made possible by the magnification of the tip movement 
of greater than 1000× by reflection of the feedback laser over a large distance. The 
versatility of the AFM method has lead to the development of many different imaging 
modes, of which the noncontact mode was used in this work.

The noncontact mode belongs to a family of alternating current (AC) modes, which 
refers to the use of an oscillating cantilever. A stiff cantilever is oscillated in the attractive 
regime, meaning that the tip is quite close to the sample, but not touching it, hence the 
name noncontact mode. The forces between the tip and sample are quite low, on the 
order of picoNewton (pN, 10-12 N). The detection scheme is based on measuring changes 
to the resonant frequency or amplitude of the cantilever a feedback loop is used to adjust 
the height of the tip, to maintain a constant distance to the surface while scanning the 
surface in x-y. 

In this PhD Chapter the combination of AFM and Raman spectroscopy in an 
integrated system for in-situ analysis will be showcased. The potential and limitations 
of this AFM-Raman approach are discussed using the examination of optical activity 
(SERS) and morphology of metal nanoparticles through a study of the photo-degradation 
of rhodamine-6G (Rh6G) over Al2O3-supported silver nanoparticles. We show that it 
is possible to follow the reactants and products of a chemical reaction under in-situ 

a b

Figure 4.2 a) Beam deflection system using a laser and a position sensitive photodiode; [5] b) first 
ever AFM image of a single molecule, namely pentacene, performed under high vacuum with a 
modified tip.[7]
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conditions (i.e. controlled temperature and atmosphere), and that we will be able to 
pinpoint an active section of the substrate at the nanoscale in future catalytic studies. 

4.2. Experimental

4.2.1. Materials
A rhodamine-6G (Rh6G) aqueous solution was prepared from the solid dye (Sigma 

Aldrich, purity ~ 95%) using MilliQ Type II ultrapure water (18.2 MΩ.cm-1). α-Al2O3 
wafers were sourced from Surface Preparation Laboratories. They are cut along a (0001) 
surface, with a typical flatness of < 0.5 nm. Silver nanoparticles were prepared using 
silver nitrate (Sial, purity 99+%), trisodium citrate dihydrate (Acros, purity 99%), 
polyvinylpyrollidine (Aldrich, Mw ~55,000), ethylene glycol (Fluka, purity 99.5+%), 
sodium sulphide nonahydrate (Aldrich, purity 99.99+%), acetone (Fluka, purity 99.9+%) 
and hydrogen peroxide (Merck, 30% wt. water). 

4.2.2. Nanoparticle Synthesis
Silver nanoparticles with different morphologies were synthesized using methods 

documented by Lee and Meisel,[8] Sun and Xia,[9] and Métraux and Mirkin.[10] 
Silver nano-spheres synthesized using the Lee and Meisel method have a maximum 
concentration of 0.8 nMol.L-1, and have an absorption maximum at 420 nm. Silver nano-
cubes synthesized using the Sun and Xia method have a maximum concentration of 25 
nMol.L-1and have an absorption maximum at 411 nm. Silver nano-triangles synthesized 
by the Metraux and Mirkin method, using a BH4 concentration of 0.57 mM, have an 
absorption maximum at 785 nm.

4.2.3. Methods
4.2.3.1. AFM-Raman Micro-spectroscopy

The set-up is based on an NT-MDT NTEGRA Spectra upright AFM unit integrated 
with a Renishaw InVia Raman microscope. For Raman spectroscopy measurements, a 
100× 0.7 numerical aperture (NA) Leica dry objective was used. For combined AFM-
Raman measurements a 100× 0.6 NA Mitutoyo objective is built into the AFM optical 
head. Raman spectra were taken using a 1200 l/mm grating and a ½ inch RenCam CCD 
detector. Olympus AC 160TS ‘elephant trunk’ tips were used for all AFM and integrated 
AFM-Raman measurements. AFM and integrated AFM-Raman measurements were 
carried out in semi-contact mode using a sample scanner with a closed loop system. AFM 
height images were measured with 512×512 points in x and y directions, typically at a 
scan rate of 0.7 Hz over an area of 10 µm. Integrated AFM-Raman measurements were all 
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carried out with either 64 or 32 points in x and y direction to prevent oversampling in the 
Raman spectroscopy measurements. Nitrogen atmosphere measurements were carried 
out with an NT-MDT acoustic isolation chamber enclosing the AFM setup. Nitrogen was 
flowed at a rate of 100 mL/min for 8 h (until chamber humidity < 1%) before starting 
measurements to purge all oxygen from the isolation chamber. The gas flow was then 

Figure 4.3 a) Schematic of the integrated AFM-Raman set-up and light path from lasers, through 
Raman spectrometer to AFM and back to the spectrometer CCD camera. Green line indicates the 
laser path to the sample, either on the Raman sample stage or the AFM sample holder. The red 
line indicates the path of light returning from the sample to the detector; b) photograph of the 
integrated AFM-Raman system, with the Raman spectrometer out of view to the right, highlight-
ing the laser path, sample stage, heating stage and gas chamber; and c) close-up photograph of the 
AFM tip and sample stage.
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reduced to 10 mL/min for the duration of the measurements, to reduce noise in the 
measurements. Heating studies were carried out using an NT-MDT AFM heating stage 
(SU045NTF) placed on top of the AFM sample stage. Samples were heated at a rate of 1 
°C/min and were held at a specific temperature for 20 min before measurements were 
taken. Raman measurements were carried out with a 785 nm laser. A 633 nm laser and 
a 785 nm laser were used for AFM-Raman measurements in air, and a 785 nm laser 
was used for all AFM-Raman measurements in nitrogen. Photographs of the set-up along 
with schematic representations are presented in Figures 4.3 and 4.4.

Sample preparation was carried out by drop-casting 10 µL silver nanoparticles on 
the polished Al2O3 wafer, then drop-casting 10 µL Rh6G solution over the dried silver 
nanoparticles.

The resolution of the Raman microscopy measurements is limited by diffraction, 
and consequently dependent on the excitation wavelength that is used. The spectral 
resolution in Raman spectrometers is typically not better than 400 nm, although it is 
possible to improve this by using oil-immersion objectives that have a higher numerical 
aperture. Measurements using the 785 nm laser in the Renishaw InVia microscope have a 
resolution of 460 nm, and in the integrated AFM-Raman instrument the spatial resolution 
is ~ 650 nm. With AFM it is possible to obtain topography images of the surface that is 
being measured with Raman spectroscopy with a spatial resolution of less than 1 nm. A 
top-view AFM-Raman set-up is required as opposed to an inverted set-up, as in general 
the support oxide material for dispersing the catalytic particles is not transparent. In 
the integrated set-up an AFM cantilever is used with a tip that protrudes at the end of 
the cantilever, so that it is possible to focus the laser beam onto the tip itself. The optical 
focus on the AFM tip, as shown in Figure 4.4, means that the focus stays with the surface 
during sample scanning. At every measurement point, an AFM height point is recorded 
along with a Raman spectrum for any pre-identified spectral region of interest.

4.2.3.2. AFM-Raman Data Processing
Measurements are typically composed of an initial high resolution 10×10 µm2 AFM 

measurement of the surface at 1 line per second (with 512×512 or 1024×1024 points) 
followed by a combined AFM-Raman image of the same area, using 32×32 or 64×64 
measurement points across each row to prevent oversampling with the Raman laser and 
maintain a realistic integration time per point. The Raman intensity images are made by 
mapping the intensity of a selected Raman peak (in this case the Rh6G Raman peak at 
1512 cm-1) across the surface of the scan area. The entire area is scanned repeatedly to 
measure the photochemical behaviour over the surface for different nanoparticle cluster 
sizes in one experiment. When processing the data, the Raman spectra were averaged 
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over a square of approximately 1×1 µm2 to compensate for drift of the AFM-tip for the 
duration of the measurements. Examples are indicated in Figure 4.5. A linear baseline 
correction was used when processing data sets. We improved the stability of the set-up 
to such an extent that it permitted us to do overnight measurements without problems 
related to drift, i.e. shifts of < 200 nm in 12 h were observed.

4.3. System Development

Combined studies using both AFM and optical techniques, such as Raman spectroscopy, 
have been in use for over a decade, but significant challenges in the direct correlation of 
the two datasets have existed until recently. Prominent among these were:

1) The alignment of optics with the AFM tip was impeded by the tip’s location 
beneath the cantilever.

514 nm
or

785 nm

AFM Tip

Al2O3 Wafer

X

Y
Z

XYZ Sample Stage
Gas In Gas Out

DC

Heating Stage

Raman Intensity Map

Figure 4.4 The AFM-Raman scanning unit is enclosed in an in-situ chamber with gas flow and a 
sample stage with heating capabilities. The image insert shows the Raman intensity plot of Al2O3-
supported silver nano-cubes coated with Rh6G (sample area = 10×10 µm2).
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2) The laser feedback in the AFM interfered with optical detection for spectrometry, 
thus it was not possible to measure ‘real-time’ data for both techniques in combination.

3) Early AFM-Raman combinations were primarily inverted microscope set-ups, 
with which a very limited range of samples could be used as the configuration did not 
allow for the analysis of non-transparent samples. 

4) Significant scaling differences between the AFM and Raman data sets made it 
very challenging to match morphological and spectral measurements with any certainty. 
Recent developments in software now allow for user-friendly direct overlay and 
comparison of the two datasets when measured in combination. 

In other words, only recently did it become attractive to explore the integration of 
AFM and Raman spectroscopy as a nanoscale imaging tool for heterogeneous catalysis 
research.

4.3.1. Nose-type AFM Tips for Optical Access
AFM imaging relies on a small AFM probe that is raster scanned over a surface to 

generate an AFM image. AFM probes can be manufactured from a variety of materials, 
but most are made of silicon or silicon nitride (Si3N4). AFM probes have two major 
components; a flexible cantilever, which is attached to the probe chip, and a sharp tip 
near the end of the cantilever. The cantilever usually has a rectangular geometry, and 
whilst this allows for stability in the laser feedback system it also obscures the AFM tip 
from optical access from the top, as illustrated in Figure 4.6 a and Figure 4.6c.

Upon direct comparison of noise levels with the two types of tips, it is apparent that 
the noise levels do increase slightly when using the nose-type tips, and there is a small 
decrease in measurement stability. This is not very significant, however, as there is < 0.2 

a b

c

d

Figure 4.5 Overlapping AFM and Raman images of agglomerates of silver nano-cubes with Rh6G 
on an Al2O3 wafer; a) AFM height image of surface; b) AFM magnification of an area over which 
Raman intensity was followed (scale bar = 200 nm); c) Raman spectra monitored over time from 
b); d) Raman intensity map of the Rh6G band at 1512 cm-1. 
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nm in additional noise.
Nose-type tips not only allow optical access from the top, but are also available in 

a range of resonance frequencies (~300 kHz), (force ~ 40-50 N/m) that allow for a 
robust system. Low force constants lead to lower sensitivity, but also exert less force on a 
sample, and so less damage. A cantilever should have a resonance frequency at least 10× 
higher than fastest scan speed, or it may be excited into resonant oscillation, causing loss 
of image quality. A stiff cantilever is required to overcome capillary adhesion between 
tip and surface when working in air. The stiff tip also has an advantage in that it is less 
sensitive to its working environment, i.e. changes in gas environment or humidity.

4.3.2. Adapting an AFM for Gas-atmosphere Measurements
An acoustic isolation chamber was used around the optical AFM head. To seal the 

base unit of the AFM a vacuum kit was installed that secures the system for use under 
vacuum, and therefore by default also for gas flow. The addition of the isolation chamber 
has a significant positive effect on the noise levels during AFM measurements. As shown 
in Figure 4.7, the stability of the AFM tip with up to 20 ml/min nitrogen gas flow is not 
noticeably worse than with no gas flow. To minimise any disruptive effect that gas flow 
may have on AFM, no measurements are run with a gas flow higher than 10 ml/min. 

Figure 4.6 a) Typical AFM tip structure for non-contact AFM; b) nose-type AFM tip structure pro-
truding from the end of the cantilever; Top view of the approximate location of the AFM feedback 
laser, AFM tip location and Raman laser spot when using c) standard non-contact AFM tip and d) 
nose-type AFM tip. 

a b

c d

AFM feedback laser

AFM tip location

Raman laser spot
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4.3.3. AFM Measurements at Higher Temperatures
Measurements carried out with heating of the sample allow the study of changes 

in the sample properties with the variation of temperature. The combination of this 
functionality with a gas atmosphere chamber opens up new possibilities for the in-situ 
study of working heterogeneous catalysts. The heating stage is placed on top of the 
sample scanner, with the sample affixed by removable clamps. It is possible to heat the 
sample to a maximum of 150 °C. However, heating above 80 °C with the optical head is 
not recommended as the objective optics may be damaged, especially in a non-inert gas 
environment.

Thermal drift and expansion of the samples must be considered when performing 
in-situ AFM measurements. Thermal drift of a standard Si sample was measured by the 
manufacturer, and it was observed that there was drift of only 8 nm/°C over 130 °C of 
heating. When performing heating experiments using Al2O3 as a substrate it was noted 
that it is best to allow samples to stabilise at the target temperature for around 20 min.

Figure 4.7 AFM stability with no chamber using a) normal tips; and b) nose-type tips; and AFM 
stability using nose-type tips with gas flow chamber on, demonstrating noise levels with c) 0 ml/
min gas flow and d) 20 ml/min gas flow.

a b

dc
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4.3.4. Integrated AFM-Raman Measurements
When performing integrated AFM-Raman measurements, both the AFM and Raman 

measure the same set number of points over a given area. Measurements of this kind 
require forethought, as the measurement speed versus spatial information should be 
taken under consideration. The integration time required for the Raman spectra is 
heavily dependent on the analyte being measured. Ideally for integrated AFM-Raman 
measurements, the Raman integration time will be kept to a minimum, with times 
of below 1 s being preferable. In cases where this is not possible due to weak Raman 
scattering, care must be taken that drift over time is minimised.

The AFM-Raman system can realistically do measurements of 128×128 points with 
short acquisition times and limited drift, but the user must be aware of oversampling. 
Assuming a laser spot of ~500 nm in a 10×10 µm2 scan, overlap of the spectral areas will 
already occur at a 20×20 point scan.

4.4. Application to Heterogeneous Catalysis

For catalytic studies, the ability to characterize individual metal nanoparticles is 
a real asset.[12,13] It is important to know the nanoparticle density and shape, while 
from a catalytic perspective the larger sampling volume of Raman is not a problem as 
the surface density of the active sites is sufficiently low to look at individual clusters. 
The enhancing properties of silver nanoparticles are well documented, and Rh6G is 
well known as a model analyte for SERS studies.[14,15] Rh6G shows no fluorescence 
signal and has a distinctive Raman spectrum on SERS-active substrates.[16] To model 
the characterization of the reactivity of analytes at very low concentrations, we follow 
the photo-degradation of Rh6G over silver nanoparticles.

For SERS the most common method to produce silver nanoparticles is the Lee and 
Meisel synthesis. [8] The aggregation of the spherical nanoparticles produced with this 

Figure 4.8 Silicon grating with a) topography image at 28 °C; b) topography image at 130 °C; and 
c) overlaid picture consisting of a) and b) respectively. Scan size is 7×7 µm2. [11]

a cb
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approach results in a highly SERS enhancing substrate. However, in this study we are 
interested in low surface densities of nanoparticles, down to the single nanoparticle 
level, as this is most relevant for catalytic studies. 

4.4.1. Influence of Silver Nanoparticle Morphology on SERS Enhancement
Various silver nanoparticles morphologies, including spherical nanoparticles, nano-

cubes and nano-triangles, were tested to identify the form of nanoparticles that gave the 
highest SERS enhancement of Rh6G. [8,9,17] For each sample a map of 64×64 Raman 
spectra was measured, with the intensity distribution shown in Figure 4.9.

The comparison of different silver nano-crystal morphologies in Figure 4.9 shows that 
nano-cubes clearly induce a much higher SERS enhancement than spherical, aggregated 
spherical or triangular nanoparticles, which makes them well suited for working at low 
analyte concentrations. Nanoparticles with sharp edges give a higher SERS enhancement 
due to the nature of nanoparticle surface plasmons, which are known to be one of the 
main factors in SERS enhancement. It is surprising that the planar triangular silver 
nanoparticles did not also give a higher SERS enhancement, but this could be due to the 
character of the surface plasmons, as seen in Figure 4.9b, that are red-shifted and broad 
in comparison to the nano-cubes. It can also be seen that the nano-cubes have much 
more defined SPR bands than either the spherical nanoparticles or the nano-triangles, 
which is a result of a more homogeneous synthesis. The homogeneity of the nano-cubes 
sample leads to more consistent inter-particle distances, which makes the enhancement 
stronger and more consistent. It should be possible to achieve better enhancement from 
the nano-triangles by using a lower energy laser that better matcher the location of the 
SPR band, whereas the higher energy location of the SPR bands of the nano-cubes and 
spherical nanoparticles also makes them suitable for SERS measurements using a 523 
nm laser, for example. 

4.4.2. Effect of Cluster Size on SERS
The photochemical decomposition of Rh6G was followed over Al2O3 surfaces with 

different distributions of silver nano-cubes and dye. Using AFM it is possible to visualize 
the very feature rich sample surfaces resulting from the inhomogeneous deposition of 
nanoparticles. Integration of the AFM measurements with Raman spectroscopy allows 
us to elucidate the chemical behaviour of Rh6G on various sizes of nanoparticles clusters. 
An example of the integrated AFM-Raman spectroscopy data collected is given in Figure 
4.10, in which a high-density area (roughly a monolayer, with clusters on top) of silver 
nano-cubes has been imaged.

Using the AFM, the relation between Raman intensity and the size and nature of 
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smaller clusters of silver nano-cubes coated by Rh6G was studied. These data are shown 
in Figure 4.10. The silver nanoparticles were drop-cast onto the Al2O3 wafers, leading to 
an inhomogeneous distribution. Figure 4.10 is an example of two samples prepared in an 
identical manner, where it is evident that there are areas of differing particle distribution. 
In the more concentrated sample shown in Figure 4.10a there is a near monolayer 
coverage of nano-cubes on the surface, with additional clusters of nano-cubes on top 
of this layer. The sample in Figure 4.10d, with a lower concentration of nanoparticles 
across the surface, has a large cluster of nano-cubes (~ 50 nanoparticles), a smaller 
cluster (~ 20 nanoparticles), and areas of isolated single and pairs of nanoparticles. The 
combination of AFM and Raman allows the identification and analysis of differences in 
the chemical behaviour over this variety of surfaces.

It is clear from Figure 4.10b and Figure 4.10c that the SERS activity of the concentrated 
area of the sample is relatively homogeneous, giving strong SERS enhancement to 
Rh6G across the entire sample area. Figure 4.10e and Figure 4.10f show strong SERS 
enhancement over the larger (~ 50 nanoparticles) cluster seen in Figure 4.10d, lower 
SERS enhancement over the smaller (< 20 nanoparticles) cluster, and a couple of enhanced 
spectra over isolated nano-cube pairs. This enhancement effect is larger than expected 
on the basis of the number of metal nanoparticles involved. It appears that clustering 
causes a more than linear enhancement increase for the first ~10 metal nanoparticles.

Spheres
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Cubes
Aggregated sp

heres

Figure 4.9 a) Integrated SERS enhancement of Rh6G for different silver nanoparticle morpholo-
gies, Measurements were carried out with a Renishaw InVia microscope using a 785 nm laser, 1 
s exposure time, and a Leica 100x 0.85 NA objective; and b) UV-Vis absorbance spectra of silver 
spheres (blue line), silver nano-cubes (black line) and silver nano-triangles (red line).
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a

b e

d

c f

Figure 4.10 Integrated AFM-Raman spectroscopy measurements of clusters of silver nano-cubes 
and Rh6G on an Al2O3 wafer; a) AFM height image of high nanoparticles density area with 100 µM 
Rh6G; b) Raman intensity map of the Rh6G band at 1512 cm-1 for area a; and c) overlay of AFM-
Raman images a and b, showing a strong SERS signal across much of the sample; d) AFM height 
image of low nanoparticles density area with 10 µM Rh6G; e) Raman intensity map of the Rh6G 
band at 1512 cm-1 for area d; and f) overlay of AFM-Raman images d and e, corresponding with 
the larger silver nano-cube clusters.  
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It was observed that Rh6G decomposition over these smaller clusters (< 20 
nanoparticles) was very fast in air, whilst over nano-cube pairs it was extremely fast 
(< 0.5 s). This is likely to be partially due to the very low concentration of Rh6G on this 
sample (10 µM). Full decomposition occurred typically within 2 s over the small clusters, 
making it virtually impossible to follow decay curves. Decomposition of Rh6G over the 
more concentrated sample (100 µM) was easier to follow, as the high concentration of 
Rh6G allowed for a proportion of the dye to react, whilst the remainder still gave a strong 
background signal. 

4.4.3. Variable Gas Atmosphere
In literature it is noted that the continuous irradiation of Rh6G and silver nanoparticle 

samples causes SERS intensity to decrease, whilst a similar experiment using only 
an aqueous solution of Rh6G did not show signal decrease. It was concluded that the 
decrease in SERS intensity was due to either the photo-decomposition of Rh6G-silver 
surface adsorbate, or the increased reactivity of the Rh6G on a silver surface. [14] In order 
to gain insight into the mechanism by which Rh6G photo-decomposes, it is necessary to 
have both a defined sample surface, such as nanoparticles deposited on a wafer, as well 
as the ability to control the gas atmosphere.

The addition of an airtight isolation chamber around the optical AFM head allows 
for the combination of AFM-Raman in different gas atmospheres. Figure 4.11 shows 
the time-dependent analysis of the combined AFM-Raman measurements for Rh6G and 
silver nano-cubes in air. A series of integrated AFM-Raman spectroscopy measurements 
were run to follow the changes in Raman intensity over a specific sample area through 

a b

Figure 4.11 Comparison of the photo-degradation of Rh6G over Al2O3-supported silver nano-
cubes a) in air through time; and b) in nitrogen through time using a 785 nm laser (laser power 1 
mW at sample). 
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different periods of laser exposure. It was found that over large silver nano-cube clusters 
in air the characteristic Rh6G SERS spectrum diminishes exponentially over exposure 
time (Figure 4.11a, at 25 °C). 

The major Raman bands in the Rh6G SERS spectrum, as seen in Figure 4.11, are at 
1185 cm-1, 1312 cm-1, 1360 cm-1 and 1510 cm-1. The bands at 1360 cm-1 and 1510 cm-1 
have both been assigned to aromatic C-C stretching modes, whilst the band at 1185 cm-1 
has been tentatively assigned as a C-C stretching mode of the carbon skeleton. [14] The 
band at 1312 cm-1 remains unassigned, but could be an aromatic C-C stretching mode. 
The decrease in all of these spectral bands indicates that the conjugated π-system at the 
centre of Rh6G is being broken.  [15,18,19] The point at which it is most likely that the 
aromatic system is broken is the C-C bond linking the sets of aromatic rings, as depicted 
in Figure 4.12. [20] The probable cause of Rh6G photo-degradation would be the 
oxidation of this C-C bond from oxygen present in the air. No new bands appeared in the 
SERS spectra during photo-degradation, suggesting that any products have blue-shifted 
absorption with respect to Rh6G, and/or are desorbed from the silver surface. This will 
restrict any enhancement by the silver nano-cubes, and combined with the extremely 

Figure 4.12 The molecular structure of rhodamine-6G, and the proposed molecular structure of a 
potential xanthene photo-product.

Figure 4.13 Atmosphere- and temperature-dependent changes in Raman intensity of the Rh6G 
band at 1512 cm-1 over large Al2O3-supported silver clusters as a function of laser irradiation time. 
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low concentrations of analytes will prevent the appearance of any new spectral bands, 
such as might be expected by the formation of a new C=O bond.

An in-situ chamber was positioned over the AFM head, enabling integrated AFM-
Raman spectroscopy experiments in a nitrogen atmosphere to be performed. This was 
both a test of the degradation of Rh6G being due to a photo-reaction with oxygen in the 
air, as well as a test of the capability of the setup to measure under non-ambient gas 
environments, with future catalytic studies in mind.

Despite higher noise levels (the result of a lower SERS signal than observed in the air 
samples), a small initial decrease in the Rh6G SERS spectrum was discernible, followed 
by only a slight reduction in peak intensity in time (Figure 4.11b). It is likely that the 
initial signal intensity reduction is due to the reaction of Rh6G with residual oxygen 
on the sample surface. At long laser exposure times a change in the SERS spectrum of 
Rh6G was observed, with a new peak appearing at 1420 cm-1. This indicates that there 
is another process occurring, the products of which must still be present at the SERS 
hotspot or they would not be visible at the low concentration level used. 

4.4.4. Influence of Temperature Variation
Temperature-dependent integrated AFM-Raman spectroscopy experiments were also 

carried out to test the capability of the integrated AFM-Raman instrument for catalytic 
studies at elevated temperatures. The combined in-situ AFM-Raman SERS spectra of Rh6G 
were recorded at 50 °C both in air and in nitrogen. While it was seen that the SERS effect 
increases at higher temperatures, as previously noted in literature,[21] we observed that 
by keeping the sample at 50 °C and measuring a time-series, spectral changes occur that 

Figure 4.14 Temperature-dependent changes in the Raman spectrum of Rh6G over large Al2O3-
supported silver nanoparticle clusters are shown before (bottom, initial), during (top) and after 
(bottom, final) heating to 50 °C in a nitrogen atmosphere.
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are the same as those seen in the previous room temperature measurements in both air 
and nitrogen (Figure 4.14). This was unexpected as the experiments were carried out in 
an inert atmosphere and Rh6G is known to be stable to 100 °C. 

It has been reported that the spectral change, such as that shown in Figure 4.14, is 
due solely to thermal effects,[21] which could be due to the silver nano-cubes beginning 
to destabilise at 50 °C. However, it is known that they should not sinter below 80 °C. We 
suggest an alternative; it is possible that the higher temperature causes the mode of 
binding between the silver nano-cube and Rh6G to change. The idea that it is a change in 
the analyte interaction rather than in the nanoparticles is supported by the return of the 
spectrum to its original state when the temperature is lowered again. This explanation 
could also hold true for the spectral changes observed during measurement series in air 
and nitrogen, due to heat building up from non-radiative decay. Subsequently, it can also 
be deduced that the major spectral reduction seen in the measurements in air are not 
from heating effects, and are indeed from the photo-degradation of Rh6G.

4.4. Conclusions

We have shown that it is possible to integrate the techniques of AFM and Raman 
spectroscopy within one instrument and operate this unique characterization tool under 
in-situ conditions. This measurement approach provides us with the capability to link 
the nano-organisation of a surface with chemical changes, which are occurring at this 
surface during e.g. catalysis.

The integrated in-situ AFM-Raman system was successfully used to study the photo-
oxidation on Rh6G under different atmospheres, and at elevated temperatures. It has 
been seen that a large area of smaller silver nanoparticles clusters provided a more 
stable environment for the photo-oxidation of Rh6G than larger, isolated nanoparticles 
clusters. Over a larger set of silver clusters (~ 50 nanoparticles) the Rh6G survival 
time is significantly longer than over single silver nanoparticles, or even a smaller 
nanoparticles cluster of ~ 20 nanoparticles, indicating that the decomposition of Rh6G 
may well be catalysed by the exposed nanoparticles surface. Experiments performed in 
air show an exponential decrease of the SERS signal with increasing irradiation time. The 
most significant spectral bands, assigned to aromatic C-C stretching modes, decreased 
significantly, indicating that the conjugated aromatic system at the centre of Rh6G is 
broken. In-situ SERS experiments under nitrogen atmosphere showed significantly 
less Rh6G spectral intensity decrease in comparison to measurements in air, which 
confirms the initial assumption that spectral decrease was due to a reaction with oxygen. 
However, reversible spectral changes have also been seen at temperatures of up to 50 °C, 
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which could be due to a change in conformation or surface packing of Rh6G at elevated 
temperatures. These spectral changes were visible in measurements performed under 
nitrogen atmosphere, but were not observed for measurements in air, suggesting that 
localised heating effects from Raman laser exposure were not the source of the Rh6G 
spectral intensity reduction, but were indeed a result of the degradation of the organic 
molecule.

The presented showcase of an integrated in-situ AFM-Raman investigation of Al2O3-
supported silver nanoparticles opens a new door for spatiotemporal investigations 
of heterogeneous catalysts as e.g. reaction intermediates adsorbed on spatially 
separated catalyst nanoparticles can be assessed with Raman spectroscopy. It has been 
demonstrated in this work that it is possible to study catalytic materials under different 
gas environments and at elevated temperatures. One of the advantages of the described 
set-up is that it now feasible to pinpoint catalyst heterogeneities (e.g., nanoparticles size 
and shape differences) and relate them to different SERS information on e.g. chemical 
reactivity at the nanoscale. Limitations, however, concern the use of noble metals to 
generate sufficiently strong SERS enhancement making catalysis studies only possible 
for supported silver, gold and copper nanoparticles, while improvements in optics will 
certainly increase the operational window to higher temperatures and allow expansion 
of the range of catalytic reactions to be investigated with this unique integrated AFM-
Raman instrument. 
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Chapter 5

Preparation, Characterisation and Testing 
of SERS-active Shell-Isolated Gold and Silver 

Nanoparticles for Heterogeneous Catalysis 
Research

 Abstract
The versatility of Surface Enhanced Raman Spectroscopy (SERS) for use in various 

fields of application is severely hindered by its limitation to noble metal surfaces, 
and the consequent exposure of these surfaces to the system under investigation. For 
heterogeneous catalysis in particular, it is highly undesirable to introduce bare metal 
nanoparticles into a system as they may drastically change the chemical system, by e.g. 
catalysing side reactions. A recent development in SERS is the use of ultrathin layers 
of silica and alumina to coat SERS-active gold nanoparticles, rendering their surfaces 
chemically inert, but maintaining their SERS activity, albeit significantly reduced in 
its propensity to enhance Raman intensities. In this PhD Chapter, both gold and silver 
nanoparticles were synthesised and coated with thin silica layers. Their stability over time 
and under heating was compared to that of uncoated nanoparticles, from which it was 
determined that a significant increase in thermal stability is achieved by the application 
of even ultra-thin silica-coatings. The optimal silica-coated gold nanoparticles were used 
for two applications; an AFM-Raman study of the photo-degradation of rhodamine-6G in 
both air and nitrogen atmospheres; and the catalytic conversion of p-aminothiophenol to 
dimercaptoazobenzene. It was determined that not only can silica-coated nanoparticles 
separate catalysis from spectroscopic analysis, but in doing so can give valuable insight 
into whether metal nanoparticles are catalysing a specific chemical reaction.

This work is based on the following manuscript: C. E. Harvey, E. M. van Schrojenstein Lantman, A. J. 
G. Mank, B. M. Weckhuysen, manuscript in preparation
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5.1. Introduction

Scientific research in the Surface-Enhanced Raman Spectroscopy (SERS) field has 
undergone a rapid and successful expansion in the last decade, as has been discussed in 
Chapter 2. However, it is widely acknowledged that there are at least two major hurdles 
to overcome in order to make the SERS methodology a generally applicable analytical 
tool in various application fields, including but not limited to heterogeneous catalysis. 
Perhaps the most frequently debated of these two limitations is the lack of measurement 
reproducibility, although the lack of SERS substrate generality is not less significant.

The lack of reproducibility is a major factor that must be taken into consideration, 
and is in no small way related to the need of very sharp features on the SERS substrates 
to create a large signal enhancement. Creating such structures and/or keeping them 
stable during their use is the major limiting factor in maintaining a stable signal. The 
lack of substrate generality is intrinsic to the SERS mechanism, as substrates must be 
based of (noble group) metals. When an analyte is not chemically compatible with the 
surface charge of the SERS substrate, enhancement is unlikely to occur. Because of these 
conditions, certain analyte molecules may be incompatible with certain SERS substrates 
and certain use conditions may be impossible because their effect on the signal enhancing 
properties of the substrate.

Previous work in the field of Raman spectroscopy has seen attempts to bypass 
the surface specificity of SERS nanoparticles. One of these is the functionalisation of 
the nanoparticle surface with alkane thiols. This approach was taken to enable SERS 
measurements of neutral molecules that would not usually interact with the charged 
capping of a SERS active nanoparticle. [1] Another method to bring SERS and catalysis 
together is the use of ultrathin shell of other transition metals, such as Pt and Pd. [2,3] 
These systems effectively ‘borrow’ the SERS enhancement from the Au core nanoparticle, 
whilst presenting a catalytically active outer surface. Until recently, the destabilisation of 
the nanoparticles upon the removal of the stabilising coating layer has prevented these 
forms of SERS substrates from application beyond electrochemical systems. A new idea 
from the Schlücker group has successfully used ‘nano-raspberries’ for heterogeneous 
catalysis, in which small catalytic nanoparticles are supported on larger enhancing 
nanoparticles, combining both catalysis and enhancement in one system. [4]

It took until 2010 for Shell Isolated Nanoparticle-Enhanced Raman Spectroscopy 
(SHINERS) to become a reality. [5] It works under the premise that the formation of 
an ultrathin (> 5 nm) silica shell around a SERS nanoparticle will prevent the direct 
chemical interaction of an analyte with the nanoparticle, whilst being thin enough to still 
be within range of the electromagnetic enhancement mechanism of SERS. The silica shell 
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also prevents the nanostructure of the nanoparticle from degrading on an atomic level, 
therefore making the SERS signal more stable.

The idea of using SHINERS for heterogeneous catalysis builds upon previous work in 
the SERS field, in which gold and silver metal surfaces were used with the dual purpose 
of being both the active catalyst material as well as the SERS substrate. This method 
allowed the study of the interaction of gases with metal surfaces and specific in-situ 
catalytic reactions, but is not ideal. [6] The limitation of SERS to Ag and Au (and Cu to a 
lesser extent) severely restricts the application of the SERS methodology for the study of 
catalytic reactions. 

In the catalysis world, research has also been initiated into the use of silica shells 
around nanoparticles, but with having mainly thermal stability in mind. It is often found 
that the high temperatures under which many chemical reactions are performed leads to 
the sintering of active metal nanoparticles. One particularly interesting line of research 
is investigating the use of a mesoporous silica shell around Au nano-rods as a method 
of physically stabilising the Au nano-rod, whilst still allowing the reactants access to the 
catalytically active nanoparticle surface. [7]

In this PhD Chapter, we investigate the chemical and thermal stability of Au Shell 
Isolater Nanoparticles (SHINs) in order to test the extent of their applicability for use in 
heterogeneous catalysis. The synthesis methods developed by the Tian group have been 
successfully applied to obtain thin SiO2 shells around gold and silver nanoparticles, and 
are illustrated in Figure 5.1. [5,8,9] These gold SHINs have been compared to uncoated 
gold and silver nanoparticles for SERS and activity in both the photo-degradation 
of rhodamine-6G (Rh6G) and the conversion of p-aminothiolphenol (pATP) into 
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Figure 5.1 Synthesis of SHINERS by the replacement of the citrate-capping layer with trimethox-
ysilane, followed by the formation of a silica layer over the silane-capping agent.
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dimercaptoazobenzene (DMAB).
5.2. Experimental

5.2.1. Materials
The rhodamine-6G (Rh6G) aqueous solution was prepared from the solid dye (Sigma 

Aldrich, purity ~ 95%) using MilliQ Type II ultrapure water (18.2 MΩ.cm-1). Silver 
nanoparticles were prepared using silver nitrate (Sial, purity 99+%) and trisodium citrate 
dihydrate (Acros, purity 99%). Gold nanoparticles were prepared using gold(III) chloride 
trihydrate (Aldrich, purity ≥ 99.9%) and trisodium citrate dihydrate (Acros, purity 
99%). SiO2 shells were grown using sulfuric acid (Sigma Aldrich, purity 20%), sodium 
hydroxide (Merck, purity ≥ 99%), (3-aminopropyl) trimethoxysilane (Aldrich, Purity 
97%), sodium orthosilicate (Alfa Aesar, mixture of NaOH and Na2SiO3 yielding Na4SiO4 

in solution). pATP self-assembled monolayers were prepared using p-aminothiophenol 
(pATP) (97%, Alfa Aesar), ethanol (‘Baker analyzed’, J.T. Baker). MilliQ Type II ultrapure 
water (18.2 MΩ.cm-1) was used throughout the study, and all glassware was washed in 
aqua regia.

5.2.2. Nanoparticle Synthesis
Gold nanoparticles were synthesized using a sodium-citrate method based on that 

developed by Turkevich and co-workers. [10] In brief, 100 ml of 0.01% (by mass) HAuCl4 
was measured and decanted into a 250 mL round bottomed flask. The solution was 
heated to 112 °C under reflux. 600 µL of sodium citrate solution (39 mM) was pipetted 
into the HAuCl4 solution without touching the flask wall. The solution was heated under 
reflux for a further 30 min, during which time the solution changed from yellow to black, 
then to dark red.  

Silver nanoparticles were synthesized using the sodium-citrate method developed 
by Lee and Meisel. [11] In brief, 100 ml of 5×10-3 M AgNO3 was measured and decanted 
into a 250 mL round bottomed flask. The solution was heated to 100 °C under reflux 
with stirring for 60 min. Under vigorous stirring, 2 mL of sodium citrate solution (1% by 
mass) was pipetted into the AgNO3 solution without touching the flask wall. The solution 
was heated under reflux for a further 60 min, during which time the solution changed 
from yellow to grey/green. Silver nanoparticles were diluted by a factor of 3 before silica 
coating.

Silica coating of gold and silver nanoparticles was carried out using the method 
adapted from that described by Uzayisenga et al. [9] A total of 10 ml of the gold or silver 
nanoparticles were put in sintering vials. The pH was decreased to 5 by adding 0.1 M 
H2SO4. 0.4 ml APTMS was then added dropwise into the solutions with vigorous stirring, 
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and stirred for 15 min. Then 3.2 ml 0.54% sodium silicate solution was added. After 3 
more minutes of vigorous stirring, the pH was increased to 11.5 by the addition of 0.5 M 
NaOH. The vials were then placed in a StarFish (Radleys, UK) heating block, which was 
heated to 100 °C, and stirred for 60 min.

Coated metal nanoparticles were purified using a series of centrifugation steps, as 
it was found that without purification the silica shell will continue to grow, and SERS 
activity will reduce dramatically. The samples were centrifuged at 5000 rpm for 20 min, 
followed by the removal of the supernatant and re-dispersion in 2 ml MilliQ water. This 
step was repeated 3 times, and after the 3rd centrifugation the sample was re-dispersed 
in 1 ml MilliQ water.

5.2.3. Methods
5.2.3.1. Raman Microscopy

A Renishaw InVia Raman microscope was used for all ex-situ Raman measurements. 
Raman spectra were taken using a 1200 l/mm grating and a ½ inch RenCam CCD detector. 
Raman measurements were carried out with either a 785 nm or a 532 nm laser. For 
Raman spectroscopy measurements, a 100× 0.7 NA Leica dry objective was used.

Sample preparation for Raman micro-spectroscopy and AFM-Raman of Rh6G was 
carried out by drop-casting 10 µL silver or gold nanoparticles on the polished Al2O3 

wafer, then drop-casting 10 µL Rh6G solution over the dried Ag or Au nanoparticles. The 
analyte was also left to dry before Raman measurements were carried out. More details 
of this approach can be found in Chapter 4 of this PhD thesis. 

Pinhole testing sample preparation was carried out in the manner described by 
Uzayisenga et al. [9] A small amount of SHIN solution was centrifuged and concentrated, 
then drop cast onto a Si wafer. When dry, a drop of 10 mM pyridine solution was drop 
cast over the SHIN sample, and a quartz coverslip was placed on top. Raman spectra are 
measured in which binding of the pyridine to the metal has a specific spectral signature. 
The absence of such bands is considered confirmation of a pin-hole free coating.

For the test reaction of pATP to DMAB, samples were prepared in 2 steps. Self-
Assembled Monolayers (SAMs) of pATP were formed on flat gold substrates (Philips 
Innovation Services cleanroom, The Netherlands). On silicon wafers a 10 nm layer of 
10 nm molybdenum and 100 nm gold were deposited consecutively through sputtering. 
Two flat gold substrates were rinsed in ethanol and left in an UV-ozone cleaner for 30 
min. Each substrate was immersed for 23 h in 1 ml 10mM pATP solution. Subsequently, 
each substrate was rinsed thrice in ethanol and left to dry in air. For deposition of bare 
Au nanoparticles, a pATP-coated gold substrate was dipped 20 times into 500 µL of Au 
nanoparticles solution. For deposition of SiO2-coated gold nanoparticles, a pATP-coated 
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gold substrate was dipped 30 times into 500 µL of 10× diluted solution of SiO2-coated 
gold nanoparticles. Both substrates were left to dry in air.

5.2.3.2. UV-Vis Spectroscopy
Transmission UV-Vis measurements of metal nanoparticles were carried out using 

a Varian Cary 50 UV-Vis Spectrometer with a Xenon flash lamp. Scans were performed 
in a cuvette with a 0.5 mm path length, and a scan rate of 300 nm.min-1. A cuvette filled 
with MilliQ water was used for baseline correction. Scans were run over the wavelength 
region of 300-800 nm.

5.2.3.3. AFM-Raman Microspectroscopy
The setup is based on an NT-MDT NTEGRA Spectra upright AFM unit integrated with 

a Renishaw InVia Raman microscope. For combined AFM-Raman measurements a 100× 
0.6 NA Mitutoyo objective is built into the AFM optical head. Raman spectra were taken 
using a 1200 l/mm grating and a ½ inch RenCam CCD detector. Olympus AC 160TS ‘nose 
type’ tips were used for all AFM and integrated AFM-Raman measurements. Details, 
including photographs of the set-up, can be found in Chapter 4 of this PhD thesis. AFM 
and integrated AFM-Raman measurements were carried out in semi-contact mode using 
a sample scanner with a closed loop system. AFM height images were measured with 
512×512 points in x and y directions, typically at a scan rate of 0.7 Hz over an area of 
10×10 µm2. Integrated AFM-Raman measurements were all carried out with either 64 
or 32 points in x and y direction to prevent oversampling in the Raman spectroscopy 
measurements. Nitrogen atmosphere measurements were carried out with an NT-MDT 
acoustic isolation chamber enclosing the AFM setup. Nitrogen was flowed at a rate of 100 
mL/min for 8 h (until chamber humidity < 1%) before starting measurements to purge 
all oxygen from the isolation chamber. The gas flow was then reduced to 10 mL/min for 
the duration of the measurements, to reduce noise in the measurements. A 785 nm laser 
was used for all AFM-Raman measurements. 

5.2.3.4. High Resolution TEM Measurements
2 µl of a suspension of nanoparticles was placed on a copper grid supporting a 

formvar film. Subsequently, the grid was allowed to dry on paper. As a result, part of 
the suspension was left behind on the carbon film. Transmission Electron Microscopy 
(TEM) studies were performed using a TECNAI F30ST TEM with FEG (Field Emitter Gun) 
operated at 300 kV.
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5.3. Suitability of SHINERS for Catalysis

5.3.1. Optical Activity
Whilst the modification of the surface of the SERS-active metal nanoparticles is 

desirable for measuring catalytic systems, it is important that the optical properties of 
the original metal nanoparticles are not compromised by the surface modification. The 
Surface Plasmon Resonance (SPR) of a specific nanoparticle, which leads to the SERS 
enhancement (as discussed in Chapter 1 of this PhD thesis), is highly sensitive to changes 
in the size or morphology of this nanoparticle. The location of the SPR band in noble 
metal nanoparticles is in the visible region, enabling its interaction, and subsequent 
enhancing properties, with the visible lasers employed for Raman spectroscopy. This 
means that UV-Vis spectroscopy can be used to examine the bulk SPR properties of the 
particles in solution.

The SPR band of the gold nanoparticles is markedly sharper than that of the silver 
nanoparticles, indicating a much more homogeneous synthesis. The location of the 
gold SPR band indicates that the best enhancement will be achieved by the use of a 633 
nm or 785 nm laser. The broad silver SPR band is located closer to the wavelength of a 
532 nm laser, however its breadth also enables measurements with lower wavelength 
(red) lasers. When measured, the UV-Vis spectra of the uncoated and silica-coated gold 
and silver nanoparticles show only a negligible shift in original nanoparticle plasmon 
bands (Figure 5.2a and b, respectively), indicating that the plasmonic structure of the 
nanoparticle remains almost unaltered by the addition of the silica shell. It can therefore 
be expected than any difference in the intensity of the SERS signals of the uncoated 

Figure 5.2 UV-Vis spectra of gold (left) and silver (right) nanoparticles before coating (black 
line), and directly after coating (blue line), showing no significant shift in the band maxima of the 
Surface Plasmon Resonances (SPR). 
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and coated nanoparticles will either be due to: 1) the spatial separation of the analyte 
molecule and the enhancing nanoparticle surface imposed by the thin silica shell, or 
2) attributed to the change in analyte-nanoparticle interaction caused by the surface 
chemistry of the silica being different to that of the gold.

Whilst UV-Vis spectroscopy can show that there has been no significant disturbance 
of the core metal nanoparticles, a range of different techniques are required to elucidate 
information about the properties silica coating. High-Resolution Transmission Electron 
Microscopy (HR-TEM) was used for a visual image of the nanoparticles and silica 
coating, while Raman spectroscopy was used to analyse the presence of holes within 
the silica coating, and the effect of the coating upon the strength of the Raman intensity 
enhancement.

HRTEM images of the Ag SHINs show a thin silica coating, though the resolution does 
not allow certainty that the coating covers the complete nanoparticle surface (Figure 
5.3a & b). It appears to be extremely thin and has variations in the thickness. The images 

Figure 5.3 High-Resolution Transmission Electron Microscopy (HRTEM) images of a) & b) silica-
coated silver nanoparticles; and c) & d) silica-coated gold nanoparticles.
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of the Au SHINs show a more distinct, but slightly uneven thin layer of silica coating 
the Au nanoparticles in Figure 5.3c & d. Variation in the thickness of the silica coating 
is visible, on a scale of several nanometers, though the average thickness of the coating 
has been noted to be 1.5 nm. Though no holes in the coating are immediately apparent 
from the HRTEM images, further tests are required to establish that the silica coating 
completely isolates the nanoparticle surface from the environment.

A chemical test was performed to determine the existence of pinholes that are not 
visible otherwise, but would allow molecules to access the silver or gold metal surface. 
In these tests, uncoated gold nanoparticles as well as the gold SHINs were exposed to 
a low concentration of pyridine, which is known to adsorb onto exposed gold surfaces. 

ba

c

Figure 5.4 a) SERS spectra of Rh6G on the gold nanoparticles before coating (solid black line), 
directly after coating (dashed black line), and after storage for several days (dotted black line); b) 
SERS spectra of Rh6G on silver nanoparticles before coating (solid black line), directly after coat-
ing (dashed black line), and after storage for several days (dotted black line); c) pinhole testing 
of the coated and uncoated gold nanoparticles, with the pyridine Raman peaks clearly visible at 
1008 cm-1 and 1036 cm-1 in the bare nanoparticle sample (solid black line), and absent from the 
SHINERS sample (dashed black line). 
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Adsorbed pyridine has very characteristic Raman peaks located at 1008 cm-1 and 1036 
cm-1. The results of this test are shown in Figure 5.4c. No pyridine data were collected 
for silver SHINs, as they became unstable within days after synthesis. The pyridine peaks 
were clearly visible in the SERS spectra of the uncoated gold nanoparticles, but were not 
visible in the SHINERS spectra. The absence of these peaks is a strong indication of a 
complete coating, without pinholes in the silica layer.

The SERS activity of uncoated gold and silver nanoparticles and their SHINs was 
tested with the measurement of Rh6G SERS spectra. As well as a direct comparison of 
coated and uncoated gold nanoparticles, the SERS-enhancing properties of the SHINs 
were followed over time as an indication of the stability of the silica layer. As seen 
clearly in Figure 5.4a & b, the SERS spectra from SHINs are significantly lower than 
those of bare silver and gold nanoparticles, with the spectral features of Rh6G being 
reduced by around a factor of 10. This is to be expected due to the introduction of a 
physical separation between the analyte molecules and the nanoparticles surface. SERS 
enhancement decreases exponentially in relation to the distance of the analyte molecule 
to the enhancing surface, so the introduction of the silica layer significantly weakens the 
enhancing effect.

The only realistic solution for limiting the loss of SERS enhancement is to make the 
silica shell as thin as possible, whilst maintaining its physical integrity, and concentrating 
the nanoparticles as much as possible to create enhancing ‘hot-spots’ in-between clusters 
of SHINs. By employing these methods, it is even possible to obtain a higher enhancement 
from SHINs than from their bare metal counterparts under the right conditions. 

The stability of the gold and silver SHINs in time was markedly different; Figure 5.4a 
and Figure 5.4b distinctly show that whilst the gold SHINs gave stable and reproducible 
SERS spectra over time, the silver SHINs became SERS-inactive very quickly. Previous 
syntheses at the time of writing had only silica-coated silver nano-shells, not silver 
nanoparticles. [9] It is possible that some fundamental differences exist in the surface 
structure of the silver nanoparticles in comparison to the nano-shells, preventing the 
formation of a robust silica layer. Only gold SHINs were used in the following catalysis 
investigations for this reason.

Excess of orthosilicate left in the solution after the SHIN synthesis was found to have 
a direct influence on the effectiveness of the SHINs as SERS substrates, in two rather 
distinct manners. The first of which, illustrated in Figure 5.5, is the formation of extensive 
networks of the silica-coated particles and excess silica when the sample is dried on 
a surface (in this case a silicon wafer). This effect leads to enhancement of the SERS 
signal in comparison to samples that were washed extensively after the SHIN synthesis, 
removing excess orthosilicate and preventing the formation of such silica networks. This 
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could perhaps be taken advantage of if SHINs were to be used as molecular detectors 
fixed to a surface, with analyst gas or liquid being flowed over the substrate.

A less desirable effect of any excess orthosilicate left in the SHIN samples after 
synthesis is the subsequent continuation of silica shell growth around the nanoparticles. 
This thickening of the silica shell, albeit slow without heating, gradually reduces the SERS 
enhancing properties of the SHINs, and eventually prevents any SERS enhancement. 
The shell growth can be slowed slightly by storage of the SHINs in a refrigerator, but a 
washing procedure is much preferred.

5.3.2. Thermal Stability
Industrial catalytic reactions are often performed under elevated temperatures 

and pressures. Metal nanoparticles are well-known to be morphologically unstable 
when heated, which can be a particular problem for their use as Raman enhancers in 
this application field due to the morphology dependence of the SPR from which SERS 
enhancement is derived. A shift in the SPR due to temperature change will change the 
wavelength range over which it will interact with incident laser light, potentially moving 
the SPR band away from the wavelength of the available Raman laser. Therefore, in 
order for metal nanoparticles to be effective as SERS substrates under in-situ catalytic 
conditions, they must have sufficient thermal stability.

Ex-situ thermal stability measurements performed in a THMS600 Linkam cell 
(Linkam Scientific Instruments, UK) under nitrogen flow are compared in Figure 5.6. 
The nanoparticle samples were deposited onto Al2O3 wafers and allowed to dry prior 
to heating under nitrogen. After cooling, Rh6G was deposited onto the samples, and the 
average intensity of the Rh6G peak at 1512 cm-1 was compared for the various gold and 
silver nanoparticles. No spectral differences are observed in the spectra obtained on 
nanoparticles before and after heating. It is clear from the data shown in Figure 5.6 that 
both the gold and silver silica-coated nanoparticles were significantly more thermally 
robust as SERS sensors than their uncoated counterparts. 

Figure 5.5 a) AFM height measurement of a SHINERS sample, containing an excess of ortho-sili-
cate in solution, after its deposition on a Si wafer. 
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5.4. AFM-Raman of SHINERS 

The photo-degradation of Rh6G, as previously discussed in Chapter 4 of this PhD 
thesis, is an ideal reaction for monitoring with SERS. [6] The very high SERS intensity 
of Rh6G allows the measurement of minute amounts of analyte, i.e. less than monolayer 
coverage of the particles after drying. In Chapter 4, silver nano-cubes are utilized to 
obtain SERS enhancement, making it possible to follow the photo-degradation of Rh6G 
over time in both air and nitrogen atmospheres. Because of the potential double-role 
of the nanoparticles it remains unknown if the reaction is affected, or catalysed, by the 
presence of the nanoparticles. Here we undertook the same AFM-Raman study of Rh6G 
over time, in both air and nitrogen atmospheres, with gold-based SHINs, to compare the 
effect of the presence or absence of a noble metal surface to the progress of the photo-
degradation reaction.

Integrated AFM-Raman measurements of Rh6G over gold SHINs deposited onto Al2O3 
wafers were done in both air and nitrogen atmospheres. The samples were followed 
with the consecutive measurement of integrated AFM and Raman maps, over a total 
laser exposure time of 30 s, and compared to the previous results for silver nano-cubes. 
Ideally silver SHINs would have been used for this study, as a more direct comparison to 
the initial measurements over silver, however the higher instability of the silica coating 
and enhancing capabilities of the silver SHINs led us to use the pinhole-free gold SHINs 
instead. Quick experiments showed that uncoated gold nanoparticles behave in a very 

Figure 5.6 a) SERS spectra of Rh6G over metal nanoparticles before heating and directly after 
heating to 200 °C and 400 °C for (left axis) silver nanoparticles (black squares) and gold nanopar-
ticles (black triangles); and (right axis) silver SHINs (blue hollow squares) and gold SHINs (blue 
hollow triangles).
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Figure 5.7 AFM-Raman overlay of the photo-degradation of Rh6G in air and nitrogen atmos-
pheres: a) AFM of gold SHINs deposited onto the Al2O3 wafer in air; b) Raman intensity map of the 
Rh6G band at 1512 cm-1 in air; c) overlay of AFM and Raman maps in air; d) AFM of gold SHINs 
deposited onto the Al2O3 wafer in nitrogen; e) Raman intensity map of the Rh6G band at 1512 cm-1 
in nitrogen; f) overlay of AFM and Raman maps in nitrogen.
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similar manner to uncoated silver nanoparticles for Rh6G photo-degradation, so the 
AFM-Raman SHINERS measurements were compared to the existing data for silver 
nano-cubes.

The AFM images, given in Figure 5.7a and Figure 5.7d for two areas of the same sample, 
show two layers in the sample. The base layer appears to be a relatively homogeneous 
distribution of small particles, likely to be the gold nanoparticles. The larger deposits 
that sit on top of the base layer and which are also observed to form large agglomerates, 
are attributed to silica particles without a metal nanoparticle core. The assignment of 
the base layer can be confirmed by the Raman data, which shows distinctive surface-
enhanced Rh6G spectra. The larger agglomerates to not show Raman signal intensity 
enhancement. If a significant amount of Rh6G had been present, this would have been 
visible in the fluorescence signal when using 532 nm excitation.

As with all integrated AFM-Raman measurements, full Raman spectra were also 
collected at each point on the mapped area throughout the time-series, alongside the 
AFM height and phase data and the Raman intensity at 1512 cm-1. These full Raman 
spectra are analysed using Matlab (The MathWorks Inc, USA), and the intensity of the 
most prominent peaks in the SERS spectra of Rh6G are plotted against laser exposure 
time, as shown in Figure 5.8.

In the initial investigation into the photo-degradation of Rh6G over silver nanoparticles 
in both air and nitrogen atmospheres, detailed in Chapter 4 of this PhD thesis, it was 
observed that under an air atmosphere the Rh6G SERS signal intensity diminished much 
more significantly that when the reaction was carried out under nitrogen atmosphere. 
This is in all probability due to the oxidative nature of the degradation. However, these 
data do not tell us whether the metal nanoparticles only enhance the Raman signal, or 
whether they actively participate in the reaction as a catalyst.

SHINERS, gave the opportunity to observe the behaviour of Rh6G under oxidising 
and reducing conditions without the presence of an exposed noble metal surface. Rather 
interestingly, as seen in Figure 5.8b and Figure 5.8d, the rate of Rh6G degradation was 
very similar under both air and nitrogen over SHINs. When comparing the results of the 
gold SHINs experiment to the silver experiment, it is evident that the rate of the photo-
degradation of Rh6G when using SHINs is similar to that of the case in which the reaction 
was conducted over silver nanoparticles under nitrogen. In Chapter 4 it was found that 
there are two mechanisms for Rh6G signal intensity decrease; the photo-oxidation of 
Rh6G, and a reversible change in Rh6G binding conformation caused by heating effects. 
It appears in the results shown in Figure 5.8 that the SHINs samples in both air and 
nitrogen show a signal intensity decrease very similar to that of the silver nanoparticles 
in nitrogen, indicating that only the Rh6G binding conformation change is occurring over 
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SHINs, even when exposed to oxygen in the air. The rational conclusion to draw from this 
differing reactivity with silver in nitrogen, as well as with SHINs in air and nitrogen is 
that the photo-degradation of Rh6G is reliant on both an oxidising atmosphere as well as 
the presence of uncoated noble metal nanoparticles.
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Figure 5.8 Comparison of the photo-degradation reaction of Rh6G in air and nitrogen over both 
bare silver nanoparticles and silica-coated gold nanoparticles. Atmosphere-dependent changes in 
the Raman intensity of the Rh6G band at 1512 cm-1 over a) large Al2O3-supported silver clusters 
in air; b) large Al2O3-supported silver clusters in nitrogen; c) Al2O3-supported gold-based SHINs 
in air; and d) Al2O3-supported gold-based SHINs clusters in nitrogen as a function of the 785 nm 
laser irradiation time (laser power 0.5 mW).
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5.6. SHINERS for Plasmon-Driven Catalysis

To assess the performance of SHINs in a more complex catalytic system, the case of 
4-aminothiophenol (pATP) was selected for investigation. [12] pATP interacts strongly 
with silver and gold, giving strong SERS signals, and has been regarded as a model 
compound for probing SERS activity. [13] It was noted that extra bands form in the SERS 
spectra when using a wavelength of 633 nm or shorter which seem to increase in time. 
Difficulties in reproducing the SERS spectra of pure pATP led to further investigation of 
this effect, from which two potential explanations were derived. The first explanation is 
that the catalytic conversion of pATP into dimercaptoazobenzene (DMAB) accounted for 
the unexplained changes in the SERS spectra of pATP. [14] This is supported by further 
theoretical and experimental work. [12,15,16] This conversion is now named a plasmon-
driven reaction, These are strongly dependent on the SERS substrate, laser wavelength, 
laser power and timescale. A second hypothesis is based on the work of Kwan Kim and 
co-workers. They claim that the SERS bands under debate are in fact a result of charge 
transfer, and therefore a reversible chemical enhancement mechanism. [17–19] 

The behaviour of pATP under irradiation in the presence of both bare gold 
nanoparticles and gold SHINs was examined, using both a 785 nm laser to record the 
initial pATP spectra and a 633 nm laser to trigger the spectral changes. Theoretically, if 
charge transfer is the cause of the unexpected spectral bands at 1140 cm-1, 1392 cm-1 and 
1431 cm-1, then these bands will be observed over the uncoated gold nanoparticles, but 
not over the SHINs samples. Measurements were performed over sample areas with no 
visible large nanoparticle clusters or contamination on the surface. Maps of 2000 spectra 
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Figure 5.9 An illustration of the Self-Assembled Monolayer (SAM) of pATP formed on a thin layer 
of gold on a silicon substrate. Nanoparticles, either gold nanoparticles or gold-based SHINERS, are 
deposited on top of the pATP monolayer, and the sample is irradiated with both 785 nm and 633 
nm.
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per sample were averaged using Matlab to give the average spectra shown in Figure 5.10.
The dominance of the bands at 1064 cm-1 and 1574 cm-1 in the spectra in Figure 5.10a 

and Figure 5.10c are indicative of pATP, and are expected as exposure to 785 nm laser 
light leads to only extremely slow conversion of the starting material. The spectra in 
Figure 5.10b and Figure 5.10d, however, both have clear Raman bands at 1140 cm-1, 1392 
cm-1 and 1431 cm-1, indicating the conversion of pATP over both bare gold nanoparticles 
and gold SHINs.

The observation of the spectral changes over both bare gold nanoparticles and gold 
SHINs can be seen as a confirmation that there is a catalytic conversion of pATP into 
DMAB. Charge transfer cannot take place through the oxidic and isolating shell. The 
reason that no complete conversion is observed is not linked to an equilibrium state, but 
to the fact that the reactive area on the surface is very likely different in size than the area 
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Figure 5.9 Raman spectra of a surface layer of pATP after exposure to a) 785 nm laser light in 
contact with bare gold nanoparticles; b) 633 nm laser light in contact with bare gold nanoparti-
cles; c) 785 nm laser light in contact with gold SHINERS; and c) 633 nm laser light in contact with 
gold SHINERS.
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that shows resonance enhancement. 

5.7. Conclusions

The introduction of SHINERS in the spectroscopic toolkit is an important step along 
the way to introducing SERS as a core analysis method for heterogeneous catalysis. The 
substantial gain in thermal stability is a real step forward in optimising SHINERS for 
use in catalysis research. There is some loss in signal compared to bare nanoparticles 
as there is no chemical binding between the metal and the analytes possible. Obviously, 
this is in fact an improvement from a catalytic point of view as SHINs offer a more 
chemical generality of SERS as an in-situ characterisation technique by removing the 
need for exposed noble metal surfaces in the systems under investigation. Whilst the 
showcase of pATP illustrates the need for caution in assuming the total inertness of 
SHINs in a plasmon-induced reaction, such reactions are rare. The AFM-Raman study 
of the photo-degradation of Rh6G confirms that in well-defined cases it is possible to 
use SHINs as ‘observer’ particles, effectively separating catalysis from analysis. In both 
cases the comparison of a reaction over bare nanoparticles and SHINs enables the 
elucidation of catalytic information. In the case of the photo-degradation of Rh6G it has 
been demonstrated that both nanoparticles and an oxidising atmosphere are required 
for the (partial) degradation of Rh6G, and in the case of pATP the use of SHINs enabled us 
to identify that it is catalytic conversion rather than charge transfer process that causes 
the spectral changes. 
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Raman spectroscopy is a valuable characterization technique for the chemical analysis 
of heterogeneous catalysts, both under ex-situ and in-situ conditions. The potential for 
Raman to shine light on the chemical nature of reagents, reaction intermediates and 
reaction products, as well as giving valuable insight into the formation of deactivation 
products, such as e.g. coke deposits, makes the method highly desirable for detailed 
catalyst characterization. Unfortunately, the technique has not yet been embraced 
as a standard characterization method due to the various challenges inherent to the 
application of Raman spectroscopy to catalytic processes. This PhD Thesis aims to address 
some of the most critical challenges using surface-enhanced Raman spectroscopy in the 
field of heterogeneous catalysis.

The use of Surface-Enhanced Raman Spectroscopy (SERS) to overcome the inherently 
low signal intensity found with traditional Raman spectroscopy is fast gaining popularity. 
Utilising the remarkable effect of Surface Plasmon Resonance (SPR) bands in nano-
confined noble metal surfaces, it is possible to enhance the Raman signal intensity of a 
molecule by up to 108 times. This method has long been the domain of physicists and, 
more recently that of life science scientists, but as discussed in Chapter 2 it is equally 
important for heterogeneous catalysis research. The large signal enhancement allows 
the detection of very low concentrations of reactant and/or product. Alternatively, the 
spatial resolution of activity studies can be increased dramatically on the basis of the 
same effect. The first successful attempts of using SERS in heterogeneous catalysis were 
carried out in the early 1980s. Through better understanding of the nature of the SERS 
effect and advances in nanoparticle synthesis, as well as in Raman instrumentation, its 
use is becoming more widespread. 

Three distinct scientific approaches were taken to improve the applicability of 
SERS even further. Time-Resolved Surface-Enhanced Raman Spectroscopy (TR-SERS), 
integrated AFM-Raman, and Shell Isolated Surface-Enhanced Raman Spectroscopy 
(SHINERS) were examined with the eventual aim of extracting more chemical information 
from catalytic systems through the use of either gold or silver nanoparticles as SERS 
substrates.

In Chapter 3 the combination of SERS with subsurface Raman techniques was 
investigated. The extrudates used in industrial catalysis are rarely transparent, which 
makes simple confocal analysis impossible. Spatially Offset Raman Spectroscopy (SORS) 
and Time-Resolved Raman Spectroscopy (TRRS) allow a distinction to be made between 
surface and subsurface Raman signals in opaque material, as the random diffusion of 
photons within a scattering material enable the collection of chemical information 
at different depths within a material with either time-resolved or spatially-resolved 
characterization methods. Both methods were applied to study a model catalytic reaction 
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system, the synthesis of styrene with a γ-Al2O3 catalyst, in which the starting material, 
1-phenylethanol, and the product, styrene, are distributed unevenly within the catalyst 
body in a core vs. shell distribution model. 

Whilst SORS gives some improvement in both subsurface signal differentiation and 
fluorescence reduction, the improvement is very small in comparison to that achievable 
with TRRS. By using a 250 ps time-gate width and moving in 25 ps steps through the 
sample, it is possible to clearly differentiate the transition between Raman signals from 
the extrudate shell from those that overlap for both the shell and the core. The use of 
SERS nanoparticles in the core of the sample showed that a very low concentration of 
analyte can still be clearly distinguished in the core of a highly fluorescent sample when 
the local application of SERS particles is used. Both TRRS and SORS, when combined 
with SERS, demonstrate a powerful combination of fluorescence reduction and sub-
surface signal amplification, though the cost of time-gated detection precludes a more 
widespread use of TRRS for now.

The development of an integrated Atomic Force Microscope (AFM) and Raman 
spectrometer was developed to facilitate the study of nanoscale catalyst heterogeneities. 
This integrated instrument, showcased in Chapter 4, enables the simultaneous 
measurement of chemical information and nanoscale morphology of a sample. A study of 
the oxidation of rhodamine-6G (Rh6G) over silver nano-cubes was performed, utilising 
the sample heating and atmosphere-control capabilities of the AFM-Raman system. It 
was observed that over larger silver nanoparticle clusters (~ 50 nanoparticles) the Rh6G 
survival time was significantly longer than over single silver nanoparticles, indicating that 
the decomposition of Rh6G may well be catalysed by the exposed nanoparticles surface. 
In-situ Raman experiments under nitrogen atmosphere showed significantly less Rh6G 
spectral intensity decrease in comparison to measurements in air. In air an exponential 
signal decrease was noted, supporting the hypothesis that the degradation of Rh6G in 
air is primarily photo-oxidation, whilst under a nitrogen atmosphere the decrease of the 
Rh6G Raman signal was found to be due to reversible laser heating effects. This model 
study showed the technical capabilities of the integrated instrument. More detailed 
analysis on the nanoscale shows that metal nanoparticle clusters of differing shapes and 
sizes can be identified and their catalytic activity compared without a problem. With 
the added capability of temperature and gas-atmosphere control this instrumentation 
is very promising for investigations of catalysts. Limitations, however, concern the need 
of structured noble metals to generate sufficiently strong SERS enhancement. This 
limits the catalysis studies to supported silver, gold and copper nanoparticles or other 
nanoscale catalysts on roughened silver or gold support material.

To maintain a broad applicability of SERS in catalysis, this limitation needs to be 
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addressed. A recent development in SERS is the possibility to apply ultrathin layers of 
silica and alumina on SERS-active gold nanoparticles, rendering their surfaces chemically 
inert, but maintaining their SERS activity. In Chapter 5 gold and silver nanoparticles 
were modified with thin silica layers and tested for use in catalytic applications. They 
show a significant increase in thermal stability even with the application of ultra-thin 
silica-coatings. The optimal silica-coated gold nanoparticles were used for two catalytic 
model studies; an AFM-Raman study of the photo-degradation of Rh6G in both air and 
nitrogen atmospheres; and the catalytic conversion of p-aminothiophenol (pATP) into 
dimercaptoazobenzene (DMAB). In both cases the comparison of the reactivity over bare 
nanoparticles and SHINs yielded valuable information about the nature of the catalytic 
behaviour. In the case of Rh6G both bare nanoparticles and an oxidising atmosphere play 
a role in their fast degradation, and in the case of pATP the use of SHINERS enabled us to 
conclude that photo-induced spectral changes are most probably the result of a catalytic 
conversion rather than a charge transfer process.

Table 6.1. Summary of the pros and cons of the three Surface-Enhanced Raman Spectroscopy 
(SERS) methodologies explored in this PhD Thesis.

Technique Pros Cons

TRRS /     
TR-SERS

Sub-surface spatial information;
Fluorescence quenching.

Low Raman signal;
Technically challenging.

AFM-Raman Nanoscale morphology information;
Surface features correlated to spectra;

In-situ gas & heating capabilities.

Can be slow when mapping;
Laser oversampling restricts 

spatial resolution.

SHINERS Silica-coating removes exposed metal;
Coating improves thermal stability.

Reduced overall Raman sig-
nal intensity enhancement.

The trio of characterization methodologies applied in Chapter 3, Chapter 4 and 
Chapter 5, though different in their instrumental approaches, all work towards one 
common goal: extending the applicability of SERS for heterogeneous catalysis research. 
Table 6.1 summarises the pros and cons of TRRS, AFM-Raman and SHINERS for 
heterogeneous catalysis research. The TRRS/TR-SERS and AFM-Raman techniques are 
both aimed at improving the spatial resolution of the chemical information, though on 
different scales. AFM-Raman is suited to the study of nanoscale heterogeneities in model 
catalyst samples, whilst TRRS/TR-SERS is applicable to depth-dependent heterogeneity 
in the larger catalyst bodies that are practically used in chemical reactors. The use of 
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SHINs with either of the spatial Raman techniques adds an extra dimension, allowing 
the comparison of the effect of exposed and unexposed noble metal nanoparticles on a 
reaction, as demonstrated in Chapter 5. The main advantage of SHINs in in-situ analysis 
will be their increased thermal stability and inert surface, which should make it possible 
to apply SERS in a wide variety of catalytic studies without interfering with the chemistry. 

It is important to remark here that the model systems used in this PhD Thesis are 
reactions that occur in liquid or solid phase. The eventual aim for all three methodologies is 
to follow chemical reactions taking place at the gas-solid interphase. These will naturally 
have a much lower analyte concentration, and so the optimal use of SERS enhancement 
is clearly essential. To this end, control of the morphology of SERS nanoparticles will 
become essential. Through tests of several different silver nanoparticle morphologies 
it became apparent that nanoparticle morphologies, which resulted in multiple SPR 
bands, resulted in a greater SERS enhancement. If the pinhole-free inert silica coating 
discussed in Chapter 5 could be extended to silver nano-cubes or other morphologies, as 
outlined in Figure 6.1a, then much greater Raman signal intensity enhancements could 
be obtained from SHINERS, potentially enabling single molecule SERS measurements 
over an inert surface.

A further extension to the SHINERS work performed in Chapter 5 would be the 
deposition of smaller, catalytic metal nanoparticles (typically < 10 nm) on the inert 
silica coating of the larger, enhancing metal nanoparticles (typically > 20 nm), creating 
nanoparticles that encompass both enhancing and catalytic qualities. This approach 
is shown in Figure 6.2b. Propylene and ethylene epoxidation, for example, could 

a b

Figure 6.1 Illustrated ideas for a) pinhole-free inert silica-coated gold or silver nanoparticles of 
a variety of morphologies; and b) using SHINERS to support smaller catalytic nanoparticles, over 
which gas-phase reactions can be monitored with SERS. SERS-active nanoparticles are typically > 
20 nm, whilst catalytically active nanoparticles are typically < 10 nm.
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be investigated in this manner using small supported gold and silver nanoparticles 
respectively, as shown in Figure 6.2a. Platinum or palladium nanoparticles could also 
be used for the study of hydrogenation reactions. On a larger reaction scale, SHINs could 
simply be added to a reactor and used as inert Raman antenna incorporated in catalyst 
extrudates or pellets (Figure 6.2b). In this way it could be possible to get ‘bulk’ Raman 
measurements with increased sensitivity.

Raman spectroscopy is already known as a powerful tool for heterogeneous catalysis 
research, and SERS will surely join that list in its own right very shortly. The speed at 
which scientific and technological advances are being made both with varied forms of 
SERS substrates and the combination technique possibilities such as AFM-Raman, makes 
this an exciting time to be part of this field of research. It is surely only a matter of time 
before true surface generality and spectral reproducibility are achieved for SERS, leading 
to the ultimate goal of following the reaction of a single molecule over an industrially 
relevant catalyst surface under realistic reaction conditions.

a b

Figure 6.2 Illustrated ideas for a) using SHINERS to support smaller catalytic nanoparticles, over 
which gas-phase reactions, such as propylene epoxidation, can be monitored with SERS; and b) 
dispersing SHINERS throughout catalyst extrudates, enabling in-situ SERS measurements from the 
catalyst-reactant interface.
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Raman spectroscopie is een waardevolle techniek voor het karakteriseren en 
analyseren van heterogene katalysatoren, zowel onder in-situ als onder ex-situ condities. 
Het kan gebruikt worden voor het verkrijgen van moleculaire informatie over de 
uitgangsstoffen, de tussenproducten alsook de eindproducten van een chemische reactie. 
Daarnaast levert het waardevolle informatie op over de vorming van bijproducten, 
die een katalysator kunnen deactiveren. Een voorbeeld hiervan is de afzetting van 
hogere koolwaterstofketens. Dit alles maakt de techniek van Raman spectroscopie heel 
aantrekkelijk voor het uitvoeren van gedetailleerde studies aan heterogene katalysatoren. 

Omwille van een aantal specifieke problemen is de techniek van Raman spectroscopie 
echter nog niet omarmd als standaard karakteriseringsmethode binnen ons vakgebied. 
Het doel van dit proefschrift is het adresseren van enkele van de grote belemmeringen 
in het gebruik van Raman spectroscopie. Dit zal gebeuren door gebruik te maken 
van “Surface-Enhanced Raman Spectroscopy” ofwel Oppervlakte-Versterkte Raman 
Spectroscopie (SERS). 

Het gebruik van SERS als meetmethodiek neemt in populariteit toe omdat hierdoor 
de lage signaalsterktes van traditionele Raman spectroscopie omzeild kan worden. 
Toepassing van de “Surface Plasmon Resonance” ofwel Oppervlakte Plasmon Resonantie 
(SPR) banden, die ontstaan op nano-begrensde oppervlaktes van edelmetalen, maakt 
het mogelijk om de intensiteit van Raman signalen van moleculen tot meer dan 108 keer 
te vergroten. SERS is lange tijd het speelveld geweest van fysici en, meer recentelijk, 
ook dat van onderzoekers in de life sciences, maar zoals beschreven in Hoofdstuk 2 kan 
het van vergelijkbare waarde zijn voor katalytici. De grote mate van signaalversterking 
maakt het mogelijk om zeer lage concentraties van uitgangsstoffen, tussenproducten 
alsook de eindproducten te detecteren. Als alternatief kan het SERS effect gebruikt 
worden voor een sterke vergroting van de ruimtelijke resolutie. De eerste succesvolle 
pogingen in het gebruik van SERS in de heterogene katalyse werden al gerapporteerd 
in de jaren 1980. Door de toegenomen kennis over de precieze oorzaak van het SERS 
effect en de vooruitgang die is geboekt in zowel het maken van nanodeeltjes als in de 
technische mogelijkheden van Raman instrumenten, wordt de SERS techniek meer en 
meer gebruikt.  

Om de toepasbaarheid van SERS nog verder te vergroten hebben we in dit 
onderzoekswerk gebruik gemaakt van drie verschillende benaderingen, te weten “Time-
Resolved Surface-Enhanced Raman Spectroscopy” ofwel Tijds-Opgeloste Oppervlakte-
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Versterkte Raman Spectroscopie (TR-SERS), geïntegreerde Raman met “Atomic Force 
Microscopie” ofwel Atoom Krachten Microscopie (AFM), en “Shell Isolated Surface-
Enhanced Raman Spectroscopy” ofwel Schil-Geïsoleerde Oppervlakte-Versterkte Raman 
Spectroscopie (SHINERS). Deze Raman-gebaseerde meetmethodieken zijn onderzocht 
met als doel om meer chemische informatie uit een katalytisch systeem te verkrijgen. 

In Hoofdstuk 3 wordt het SERS effect gecombineerd met verschillende Raman 
technieken, die onder het oppervlak van een katalysatordeeltje kunnen kijken. 
De katalysatordeeltjes die worden gebruikt in de chemische industrie zijn zelden 
doorzichtig, waardoor het onmogelijk is om ze te analyseren met gangbare confocale 
microscopische methodes. “Spatially Offset Raman Spectroscopy”ofwel Ruimtelijk 
Verschoven Raman Spectroscopie (SORS) en “Time-Resolved Raman Spectroscopy” 
ofwel Tijds-Geresolveerde Raman Spectroscopie (TRRS) maken het mogelijk om in 
licht-verstrooiende materialen onderscheid te maken tussen de Raman signalen, die van 
het oppervlak komen en deze die van daaronder komen. De willekeurige diffusie van 
fotonen in een verstrooiend materiaal maakt het mogelijk om de chemische informatie 
van verschillende dieptes in dit materiaal te verkrijgen met zowel tijds-afhankelijke 
als plaats-afhankelijke karakteriseringsmethoden. Beide benaderingen zijn toegepast 
op een modelsysteem, meer specifiek de synthese van styreen uit 1-phenylethanol 
met behulp van een γ-Al2O3 katalysator. Hierbij zijn 1-phenylethanol en het gevormde 
styreen onevenredig verdeeld binnen het katalysatordeeltje volgens het kern vs. schil 
verdelingsmodel. 

SORS laat enige verbetering zien in zowel het onderscheiden van het Raman signaal 
van het centrum ten opzichte van het oppervlak, maar deze verbetering is nog steeds erg 
klein vergeleken met de winst die behaald kan worden met TRRS. Met een tijdspanne 
van 250 picoseconde en een stapsgewijze verschuiving ten opzichte van de laser 
puls (met stappen van 25 picoseconde) is het mogelijk om een duidelijk onderscheid 
te maken tussen het Raman signaal van de schil en de combinatie van de schil en de 
kern van het katalysatordeeltje. Het gebruik van SERS-gebaseerde nanodeeltjes in de 
kern van het monster maakt het mogelijk om zelfs een heel lage concentratie van het 
analiet nog steeds duidelijk te  onderscheiden in de kern van een sterk fluorescent 
katalysatordeeltje. SERS in combinatie met zowel TRRS als SORS levert een krachtige 
combinatie om fluorescentie te reduceren en de intensiteit van het Raman signaal te 
verhogen. Echter de kosten van tijds-opgeloste Raman detectie beperken op dit moment 
de bredere toepassing van TRRS in de heterogene katalyse. 

Een geïntegreerde in-situ AFM met Raman spectrometer combinatie is ontwikkeld 
om de heterogeniteiten op de nanoschaal binnen een katalysatormateriaal te kunnen 
bestuderen. Dit geïntegreerde instrument, dat wordt beschreven in Hoofdstuk 4, 
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maakt het mogelijk om tijdens een meting tegelijkertijd chemische en morfologische 
informatie van het monster te verkrijgen. Dit meetsysteem is uitgetest met behulp van 
de fotochemische afbraakreactie van rhodamine-6G (Rh6G) met behulp van gedragen 
zilver nano-kubussen. Door gebruik te maken van een in-situ meetcel kan het monster 
verwarmd worden en de gas atmosfeer  gecontroleerd. Er werd een verhoogde stabiliteit 
van Rh6G op grotere clusters van zilver nanodeeltjes (~ 50 nanodeeltjes) waargenomen. 
Juist op enkele nanodeeltjes en kleine clusters is de fotochemische afbraak van Rh6G 
veel sneller en waarschijnlijk gekatalyseerd door blootstelling aan het oppervlak van 
de nanodeeltjes. In lucht werd een exponentiele afname van de intensiteit van het 
Raman signaal waargenomen. In-situ Raman spectroscopische experimenten in een gas 
atmosfeer van stikstof lieten een duidelijk mindere afbraak van Rh6G in vergelijking 
met analoge metingen in lucht zien. Deze observaties ondersteunen de hypothese dat 
de fotochemische afbraak van Rh6G in lucht voornamelijk gebeurt door een proces 
van foto-oxidatie, terwijl de reversibele signaalverandering in een stikstof atmosfeer 
alleen veroorzaakt wordt door verhitting door de Raman laser. Met deze model reactie 
wordt duidelijk wat de technische mogelijkheden zijn van deze geïntegreerde in-situ 
AFM-Raman opstelling. Echter dergelijke katalysatorstudies zullen beperkt blijven tot 
gedragen zilver-, goud- en koper-nanodeeltjes of andere katalysatormaterialen met een 
op de nanoschaal verruwd zilver of goud dragermateriaal. 

Om SERS breed toepasbaar te maken voor de heterogene katalyse zal deze “materiaal 
beperking” omzeild moeten worden. Dit wordt mogelijk door een recente ontwikkeling 
die gebaseerd is op het aanbrengen van een ultradunne laag silica of alumina op 
SERS-actieve goud- of zilver-nanodeeltjes. Zo wordt het oppervlak gepassiveerd voor 
chemische reacties, terwijl de SERS activiteit behouden blijft. In Hoofdstuk 5 worden 
goud- en zilver- nanodeeltjes gemodificeerd met een dun laagje silica. Deze deeltjes 
lieten een significante toename zien in hun thermische stabiliteit, zelfs voor deeltjes 
met een heel dunne silicalaag. Twee model studies zijn hierbij uitgevoerd met behulp 
van goud-nanodeeltjes bedekt met een gesloten silicalaag, verder afgekort als goud-
SHINERS. Meer specifiek gaat het om een geïntegreerde in-situ AFM-Raman studie van 
de fotochemische afbraak van Rh6G in lucht en stikstof en de katalytische omzetting 
van p-aminothiophenol (pATP) naar dimercaptazobenzeen (DMAB). In beide gevallen 
gaf de vergelijking van de reactiviteit van de kale goud-nanodeeltjes met deze van de 
goud-SHINERS waardevolle informatie over de aard van het katalytische proces. In het 
geval van de fotochemische afbraak van Rh6G blijken zowel het oppervlak van de kale 
goud-nanodeeltjes als de oxiderende gas atmosfeer een belangrijke rol te spelen in 
het afbraakproces. Voor de reactie met pATP kon door gebruik te maken van de goud-
SHINERS vastgesteld worden dat spectrale veranderingen onder invloed van licht naar 
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alle waarschijnlijkheid het resultaat zijn van een daadwerkelijke katalytische omzetting 
in plaats van een ladingsoverdrachtproces.

Tabel 6.2. Voor- en nadelen van de drie “Surface-Enhanced Raman Spectroscopy” (SERS) tech-
nieken bestudeerd in deze thesis. 

Techniek Voordelen Nadelen

TRRS /     
TR-SERS

Onderscheid tussen signalen van schil 
en kern in diffuus-reflecterend materi-

aal, bijv. extrudaat;
Reductie in fluorescentie.

Zwak Raman signaal;
Technisch erg uitdagend.

AFM-Raman Informatie over de morfologie op na-
noschaal;

Oppervlaktestructuur direct te  relat-
eren aan spectra;

Geschikt voor in-situ toepassing met 
gecontroleerde gas atmosfeer en ver-

warming.

Traag; Ruimtelijke resolutie 
is beperkt door laser over-

sampling.

SHINERS Silica-coating passiveert het reactieve 
metaaloppervlak zonder de Raman sig-

naal versterking op te heffen ;
Coating verbetert thermische stabiliteit.

Verminderde versterking van 
het totale Raman signaal.

De drie karakteriseringstechnieken, zoals beschreven in Hoofdstuk 3, Hoofdstuk 4 en 
Hoofdstuk 5, alhoewel onderscheidend in hun meetprincipes, hebben één hoger doel: 
de verbeterde toepasbaarheid van de SERS techniek in het domein van de heterogene 
katalyse. Tabel 6.2 vat de voor- en nadelen samen van TRRS/TR-SERS, AFM-Raman 
en SHINERS voor wetenschappelijk onderzoek binnen de heterogene katalyse. De 
technieken TRRS/TR-SERS en AFM-Raman richten zich beide op het verbeteren van 
de ruimtelijke resolutie van de chemische informatie, alhoewel het hier verschillende 
lengteschalen betreft. AFM-Raman is geschikt om heterogeniteiten op de nanoschaal 
in modelkatalysatoren te bestuderen, terwijl de TRRS/TR-SERS technieken toepasbaar 
zijn voor diepte-afhankelijke heterogeniteiten binnen katalysatordeeltjes. Het gebruik 
van SHINERS in combinatie met Raman spectroscopie maakt het mogelijk om het 
signaal-versterkende effect te onderscheiden van de chemische reactiviteit van de 
goud- en zilver-nanodeeltjes. Dit kon worden aangetoond in Hoofdstuk 5 aan de hand 
van twee model systemen. De voornaamste voordelen van SHINERS in in-situ Raman 
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spectroscopie zijn de verbeterde thermische stabiliteit en het gepassiveerde katalysator 
oppervlak. Dit maakt de SERS methodiek heel toepasselijk voor een brede waaier aan 
katalytische reacties.





117

List of Abbreviations

AC   Alternating Current
AFM   Atomic Force Microscopy
ALD   Atomic Layer Deposition
BaP   Benzo[a]pyrene
CCD   Charge Coupled Device
CW   Continuous Wave
DMAB  Dimercaptoazobenzene
DORS  Diagonally Offset Raman Spectroscopy
EBL   Electron Beam Lithography
ESR/EPR  Electron Spin/Paramagnetic Resonance
HR-TEM  High Resolution Transmission Electron Microscopy
IR   Infra-Red
MRI   Magnetic Resonance Imaging
MS   Mass Spectrometry
NA   Numerical Aperture
NIR Raman  Near Infra-Red Raman
NMR   Nuclear Magnetic Resonance
pATP  para-Aminothiophenol
pNTP  para-Nitrothiophenol
RCF   Relative Centrifugal Force
Rh6G  Rhodamine-6G
RR   Resonance Raman
RS   Raman Spectroscopy
SAM   Self Assembled Monolayer
SEM   Scanning Electron Microscopy
SERS  Surface-Enhanced Raman Spectroscopy
SESORS  Surface-Enhanced Spatially-Offset Raman Spectroscopy
SHINERS  Shell-Isolated Nanoparticle Enhanced Raman Spectroscopy
SM-SERS  Single Molecule Surface-Enhanced Raman Spectroscopy
SORS  Spatially Offset Raman Spectroscopy
SPM   Scanning Probe Microscopy
SPR   Surface Plasmon Resonance
STM   Scanning Tunnelling Microscopy
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TEM   Transmission Electron Microscopy
TERS  Tip-Enhanced Raman Spectroscopy
TRRS  Time-Resolved Raman Spectroscopy
TR-SERS  Time-Resolved Surface-Enhanced Raman Spectroscopy
TR-SORS  Time-Resolved Spatially Offset Raman Spectroscopy
UV Raman  Ultra-Violet Raman
UV-Vis  Ultra-Violet Visible
XAFS  X-ray Absorption Fine Structure
1-P   1-Phenylethanol
4-NBT  4-Nitrobenzenethiol
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