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Οὐκοῦν οἶσθ’ ὅτι ἀρχὴ παντὸς ἔργου μέγιστον
(And the fi rst step, as you know, is always what matters most)

-Plato

CHAPTER 1

Surface- and Tip-Enhanced Raman 
Spectroscopy in Catalysis
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1.1 Introduction

The topic of this PhD thesis is the development of Shell-Isolated Nanoparticle-Enhanced 
Raman Spectroscopy (SHINERS) for applications in heterogeneous catalysis, which deals 
with the chemistry subfields of catalysis, inorganic chemistry and spectroscopy. The term 
catalysis was first coined by Berzelius almost 200 years ago.1 On July 27th, 1823, his colleague 
Döbereiner observed what we now know as the activation of H2 over metallic Pt and reported 
this phenomenon to several journals.2,3 This led to a surge of interest from various renowned 
scientists and soon catalysis was a widely studied subject.4–7 The main focus of these initial 
studies lay in the field of organic chemistry and involved influence of catalysis on kinetics of 
chemical reactions.8 The observation that a catalyst can influence reaction pathways (or the 
kinetics), as depicted in Figure 1.1, led to the understanding that new chemical compounds 
could be made making use of different catalysts.1,9–11

Up to this point, inorganic chemistry had mainly focused on the determination of atomic 
weights and the study of metal salts that had few applications.1,12 The general consensus was 
that everything there was to know about these salts had been discovered, and when all atomic 
weights had been determined, the field of inorganic chemistry was left with the reputation 
of being boring. However, with the development of theories like quantum physics and the 
atom models, hypotheses of the interaction of reagents with catalysts began to provide 
more insight into catalytic reactions.13 The rapid growth of the chemical industry and the 
construction of continuous flow reactors only added to the increased interest of the chemical 
community and spurred the commercialization of more and more (industrial) processes based 
on heterogeneous catalysis.14
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Figure 1.1 Potential energy diagram of a typical reaction in heterogeneous catalysis. Gaseous reactants 
adsorb onto a solid catalyst and react to form a product. This product then desorbs and is released back 
into the gas phase. The uncatalyzed reaction only proceeds when the substantially higher energy barrier 
is overcome, illustrated by the grey line at the top. When using a suitable catalyst, the reaction barriers 
are much lower due to the alternative reaction mechanism provided by this catalyst. This is indicated 
by the grey lines and route at the bottom. Note that a catalyst does not change the thermodynamics 
(potential energy at the start and end) of a reaction, but only the kinetics (the reaction pathway and 
associated energies).

This Chapter is based on: “Surface- and Tip-Enhanced Raman Spectroscopy in Catalysis” by T. Hartman, C.S. Wondergem, N. Kumar, A. van den 
Berg, B.M. Weckhuysen, J. Phys. Chem. Lett. 2016, 8, 1570-1584 and “Prospects of Nanoscale Temperature and Molecular Sensing of Catalytic 
Reactions” by R.G. Geitenbeek, T. Hartman, C.S. Wondergem, W. van der Stam, B.M. Weckhuysen (in preparation).
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The interest of the chemical industry in catalysis not only resulted in the (further) 
development of inorganic chemistry and (heterogeneous) catalysis, but also in the 
development of new and more advanced analytical techniques for understanding catalytic 
processes.15 Research was (and still is) largely driven by the wish to understand how catalysts 
operate, ultimately resulting in the development of new, more efficient, and more sustainable 
processes, but this requires in-depth analysis of both the catalyst itself and the obtained 
reaction products. Infrared (IR) spectroscopy was the first spectroscopy technique to be 
commercialized for this purpose in the 1940s15 and from then on many more methods followed, 
like X-ray based characterization techniques16–18, Nuclear Magnetic Resonance (NMR)15, 
Electron Microscopy (EM)19, and other analytical techniques, like Gas Chromatography (GC).20 

Although these analytical methods have greatly enhanced our understanding of catalysts, 
nowadays knowledge of actual operating catalysts is still incomplete. Understanding catalysts 
at work requires the use of advanced techniques that can identify how and where chemical 
reactions take place, ultimately linking this information to the catalytic performance of these 
materials. 

Molecular (surface) structures are often investigated using vibrational spectroscopy, which 
not only includes the aforementioned IR spectroscopy, but also Raman spectroscopy, which 
is the topic of this PhD thesis. Raman and IR spectroscopy both enable the measurement 
of vibrational energy levels, providing complementary information on the molecular 
composition and structure within a sample.21 Their underlying mechanisms differ in that 
IR spectroscopy is based on the direct absorption of IR light, whereas Raman spectroscopy 
is based on inelastic scattering of (laser) light, where energy transfer takes place into one of 
the vibrationally excited states, as depicted in Figure 1.2. Operative under several different 
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Figure 1.2 Schematic depiction of vibrational spectroscopy. (a) Mechanism for infrared absorption 
and emission. Infrared light is absorbed by a molecule resulting in excitation form the ground state 
to a vibrationally excited state. (b) Rayleigh or elastic scattering. Excitation to a virtual state occurs, 
with emission at the same frequency. (c-d) Raman or inelastic scattering. After excitation to a virtual 
state, an energy transfer in the range of vibrational energy occurs. When energy is transferred from 
the photon to the molecule (c) we speak of Stokes scattering which is detected at longer wavelengths, 
whereas when energy transfer from the molecule to the photon takes place (d) we speak of anti-
Stokes scattering, which is detected at shorter wavelengths. Due to the population of states dictated by 
the Boltzmann distribution, Stokes scattering from the ground state to the first vibrationally excited 
state gives the most intense Raman signals. (e) Simplified schematic of plasmon excitation. When 
plasmonic nanoparticles are illuminated with light of the correct frequency the surface plasmons will 
start to resonate, inducing a dipole. Coupling of these dipoles results in strong electromagnetic fields 
of evanescent nature. Due to the high concentration of electromagnetic energy the number of Raman 
scattered photons can be greatly enhanced.

This Chapter is based on: “Surface- and Tip-Enhanced Raman Spectroscopy in Catalysis” by T. Hartman, C.S. Wondergem, N. Kumar, A. van den 
Berg, B.M. Weckhuysen, J. Phys. Chem. Lett. 2016, 8, 1570-1584 and “Prospects of Nanoscale Temperature and Molecular Sensing of Catalytic 
Reactions” by R.G. Geitenbeek, T. Hartman, C.S. Wondergem, W. van der Stam, B.M. Weckhuysen (in preparation).
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conditions, this spectroscopic technique has greatly improved the knowledge of both the 
syntheses22,23 and operation24,25 of catalytic solids. However, Raman spectroscopy lacks 
sensitivity due to small Raman scattering cross-section of analyte molecules.26 The sensitivity 
of Raman spectroscopy can be enhanced using specialized techniques, of which Resonance 
Raman Spectroscopy (RSS),25,27,28 Coherent Anti-Stokes Raman Spectroscopy (CARS)29 and 
Surface-Enhanced Raman Spectroscopy (SERS) are the three most popular choices.30 All of 
these Raman spectroscopy-based techniques have their own strengths and weaknesses, but 
compared to the other methods, SERS exhibits a strong feature for catalysis: highly localized 
sensitivity (see Figure 1.2e). This local sensitivity can be exploited to sense surface species and 
adsorbates.31 Multiple techniques, such as CARS and SERS, can be combined to obtain even 
stronger signal intensities.32 

However, SERS is not the only surface-sensitive vibrational spectroscopic technique to be 
used in the field of catalysis. For example, other characterization techniques to study surface 
adsorbates include Polarization Modulation Infrared Reflection Absorption Spectroscopy 
(PM-IRRAS)33 and Sum Frequency Generation (SFG).34–36 The latter approach has been 
pioneered by the group of Somorjai and for example used to investigate the hydrogenation of 
benzene over platinum single crystals with a combined High-Pressure Scanning Tunneling 
Microscope (HP-STM) and SFG.37 On the other hand, SERS enables the observation and 
characterization of the structure of surface species and adsorbates with greater sensitivity up 
to the level of detecting single molecules. When combined with Scanning Probe Microscopy 
(SPM) methods, Tip-Enhanced Raman Spectroscopy (TERS) can even reach nanoscale spatial 
resolution.38 Furthermore, the SERS substrates can be triggered to start a reaction due to the 
formation of the strong electric field, hot electrons and the involved heat generation.39,40 With 
increased control over these SERS substrates, improved Raman signals are obtained with 
shorter acquisition times, allowing the observation of possible reaction intermediates or even 
transition states.41,42

Some hurdles need to be overcome before SERS and TERS can become a routine analytical 
tool for catalysis research. In this PhD Chapter, we briefly introduce the capabilities 
and challenges of SERS and TERS and present several examples of past work and future 
perspectives to enthuse the readers to start working with and expand their knowledge of 
these powerful analytical tools for the study of catalytic reactions. Although this PhD Chapter 
is mostly aimed at heterogeneous catalysis, it is important to realize that the strengths of 
SERS are not necessarily limited to this field of research and can also be applied to the field 
of homogeneous catalysis.43,44 Furthermore, SERS is promising to become one of the tools of 
choice for monitoring the dynamics of biological macromolecules in biomedical applications 
and is useful for the characterization of biocatalysts, although its current main use is in 
diagnostics.45,46

1.2 Surface-Enhanced Raman Spectroscopy
The strong Raman signal enhancement in SERS arises from the excitation of a localized 

surface plasmon in metallic nanostructures by an external oscillating electric field that 
matches the resonant frequency of the plasmon. Metallic nanoparticles are polarized by the 
electric field and the induced dipole will resonate with the frequency of the incident light. This 
phenomenon, as depicted in Figure 1.2e, is known as a Localized Surface Plasmon Resonance 
(LSPR) and creates a strong localized electromagnetic field, which strongly enhances the 
Raman signal from analyte molecules in close vicinity of the metallic nanoparticles. The 
strength of SERS signals dissipates by r-10 to r-12, depending on the substrate and analyte.31,47,48 
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This distance dependency makes the technique an ideal surface specifi c characterization 
technique. 

SERS substrates are often fabricated from gold and silver nanoparticles. Depending on their 
size, shape, aggregation state and the properties of the excitation laser, the Raman signal can 
be enhanced by over a factor of 106.31,42,49–51 Silver nanoparticles provide stronger SERS signals 
than gold nanoparticles, however, gold nanoparticles are often preferred due to their higher 
stability.52 Indeed, gold nanoparticles are more stable than their silver counterparts and are 
therefore easier to handle and store. Additionally, they are more likely to retain their SERS 
activity during experiments requiring elevated temperatures and/or pressures. However, 
since silver nanoparticles are more SERS active for laser excitation below 600 nm, they 
provide stronger signal enhancement since Raman scattering intensity is proportional to λ-4.

The strongest signal enhancements in SERS substrates are obtained from so-called “hot 
spots”, sites that have the strongest LSPR. For example, at the junction between a nanoparticle 
with another nanoparticle or a bulk metal surface, the surface plasmons can overlap to form 
gap-mode plasmons (Figure 1.3a-b). Depending on the distance between the particles, these 
gap-mode plasmons tremendously enhance the signal intensity in comparison to single 
particles and it vanishes quickly when they move away from each other (Figure 1.3c-e).53,54

This knowledge of hot spots illustrates the diffi  culty of applying SERS to other catalysts 
besides silver, gold and copper. Since the highest enhancements come from between two 
plasmonic particles, one of the largest challenges becomes the observation of surface species 
and adsorbates on other catalytic materials.

1.3 Micro- and Nanostructured SERS Surfaces 
Nanoparticle-based SERS off ers advantages in terms of their ease of preparation and 

control of chemistry, but have limited reproducibility due to surface inhomogeneity, varying 
dimer orientation and ill-defi ned dimer spacing. For over a decade eff orts have been made 
to create SERS surfaces with well-defi ned and homogeneously distributed hot spots using 

Figure 1.3 The strongest Enhancement Factors (EFs) arise from hot spots, which are produced by gap-
mode plasmons that emerge between closely spaced plasmonic particles or tip-surface interactions 
where the plasmons overlap. (a) The Raman signal EF can reach theoretical values of 108 for dimer gold 
nanoparticles under 559 nm laser irradiance54 and (b) 1011 for a sharp gold tip – gold surface interaction 
under 633 nm laser irradiance.54 (c) The electric fi eld is at its strongest when the particles touch and 
rapidly reduces to a negligible value when the particles are more than 15 nm away from each other. (d) 
This can be observed in the SER spectra of adsorbed ammonium salt of pyrene on Ag@SiO2 spheres. (e) 
Plot of SERS EF versus distance between the particles.55
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a variety of methods such as nanoimprinting, e-beam lithography, Focused Ion Beam (FIB) 
milling, Laser Interference Lithography (LIL) and template-based technologies is much 
more promising.55,56 Of these methods, photolithography holds great promise because of 
its exact geometric control and availability of an extensive technological toolbox. With this 
technique, structures such as nanogroove-, nanopyramid- and nanogap/nanowire-arrays 
have been recently realized with tunable gap spacing and high spatially averaged Analytical 
Enhancement Factors (AEFs)57, as shown in Figure 1.4.58,59 Since in the fi rst two of these 
approaches LIL is used in combination with anisotropic <100> silicon etching to create 
nanometer pitches and spacing, no mask is needed and the method is therefore relatively 
cheap. However, a disadvantage of these anisotropically etched structures is that the SERS 
hotspots with high signal enhancement only occur at a very small percentage of the surface 
area, since the groove width and spacing between the pyramid sidewalls vary strongly. The 
third structure, the nanogap/nanowire, is particularly interesting for two reasons. First the 
gap size remains constant (< 20 nm) as opposed to the groove and pyramid structures, while 
a large percentage of the surface gives high AEFs. The latter fact is due to the extremely high 
nanogap density of ~1000m·cm-2.58 In Figure 1.4d it is shown that practically all of the 2500 
spots measured (at 1068 cm-1) exhibit AEF values between 1×107 and 2×107 with an average 
value of 1.5×107.58 The second advantage of the nanowire/nanogap structure is that it off ers 
the opportunity of combining electrochemical reactions with in situ SERS analysis. Such 
a spectro-electrochemical technique gives the opportunity to study redox reactions and 
electron driven processes in situ, and has great importance for the study of catalytic reactions. 
It has also been shown to be of great value to study and analyze adsorbates, chemisorbed 
species and reaction intermediates.60 The nanowires can be contacted electrically in an 
interdigitated way under potentiostatic control, and fi nally the nanostructured surface can be 
integrated in a microfl uidic system. For example, such a setup can be utilized to measure the 

Figure 1.4 (a) Nano v-grooves.60 (b) Artist’s impression of nanopyramids.60 (c) Nanowires/nanogaps 
with cross-section in inset.59 (d) Histogram of analytical enhancement factor (AEF) on a nanowires/
nanogaps substrate.59 (e) -0.2 V and (d) -0.5 V spectro-electrogram of MPY-hemin modifi ed gold 
nanowire electrodes with Fe2+ and Fe3+ band indicated.62
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spectral shift of iron bands upon using a Ag/AgCl reference electrode and a platinum counter 
electrode. It was found that when the redox state of the hemin group of the mercaptopyridine 
(MPy)/hemin modified gold nanowires was changed by shuttling the voltage between -0.2 
V (Figure 1.4e) and -0.5 V (Figure 1.4f) versus Ag/AgCl a corresponding change in the SERS 
spectra was observed.61 This demonstrates that a combination of orthogonal analytical 
techniques combined with dynamic control of environmental conditions using microfluidics 
clearly holds great promise for in situ study of catalytic reactions.

1.4 Combining SERS and Catalysis
Gold and silver metal nanoparticles show catalytic behavior in a variety of chemical 

reactions, implying that they can simultaneously act as sensor as well as catalyst.62,63 Gold 
and silver catalysts can generally be used in three different types of surface reactions: 
heterogeneous catalysis,64 electrochemical reactions60 and photocatalytic (plasmon-driven) 
reactions.65–67 

Practically valuable chemical reactions, such as NOx reduction,68 epoxidation reactions63,69 

and methanol synthesis70 can be carried out over copper and silver metals. However, because 
of their lower stability in air, they are less implemented in SERS in comparison to gold 
nanoparticles. Alloys made from silver/gold or copper/gold often have higher stability than 
pure materials. Gold-silver alloys can be fabricated for example by a simple co-reduction 
of HAuCl4 and AgNO3 using trisodium citrate.71 Star-shaped copper/gold alloys have been 
prepared as well by a co-reduction using glucose as reductant.72 The introduction of other 
metals during the synthesis to prepare alloyed nanoparticles is not only interesting to increase 
the stability, but will affect the position of the LSPR as well as catalytic activity.73 

A recent study by Marimuthu et al. showed that the oxidation state of surface atoms in 
copper nanoparticles can be tuned by light during the epoxidation of propylene.69 When the 
LSPR of the metallic core of the particles is excited, the subsequent increased electric field or 
hot electrons can reduce the copper oxide shell. The threshold light intensity to reduce the 
copper oxide surface was found to be 550 mW/cm2, meaning that Raman lasers can easily be 
used to reduce the oxide surface. A plasmonic material that can reduce its oxidized surface by 
using Raman lasers sounds like the ideal SERS substrates. However, although the threshold 
intensity is far below the laser intensity used in SERS, we are skeptical if this can be applied 
for SERS experiments since this mechanism has not been seen mentioned anywhere else in 
literature.

When SERS activity and catalytic activity do not go hand in hand, innovative materials have 
to be applied. For example, gold nanoparticles become most catalytically active for sizes of 
approximately 5 nm,74,75 whereas particles smaller than roughly 20 nm do not give a significant 
Raman signal enhancement.76 Several research groups have devised methods to combine 
the catalytic activity of small gold nanoparticles with bigger SERS particles. By varying the 
synthesis conditions of a seeded growth method slightly, 125 nm gold particles were prepared 
with porous surfaces. These porous surfaces behaved in a similar fashion as sub-5 nm gold 
nanoparticles, whereas the overall particle provided the plasmonic enhancement for SERS.77 
Other methods describe the use of particles with different exposed facets,78 adsorbing small 
gold nanoparticles to gelatin covered SERS particles79 or by adsorption of smaller gold 
particles to an oxide-coated plasmonic particle.80
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1.5 Model Chemical Reactions in SERS Research

One of the most investigated reactions in recent SERS studies is the reduction of 
4-nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP).81 Thiol-functionalized 
molecules, such as 4-NTP and 4-ATP, exhibit high affinity for metal surfaces, guaranteeing 
their close contact with the SERS substrate. Additionally, the Raman scattering cross-
section of molecules containing nitro- and amino-functionalized groups in combination 
with aromatic rings is relatively large and at certain excitation wavelengths this can lead to 
resonance Raman scattering. Furthermore, the use of thiols in catalysis gives the possibility 
to study the kinetics of surface reactions with only minor interference of diffusion, adsorption 
and desorption mechanisms since they are fixed on the surface. The combination of these 
properties makes 4-ATP and 4-NTP ideal model molecules for SERS experiments.

The reduction of 4-NTP by NaBH4 requires the presence of a metal catalyst and can be 
performed at ambient conditions. Consequently, gold and silver nanoparticles meet the 
requirements for both catalysis and SERS substrate. Various papers and review articles 
have already been published concerning the reactions of 4-ATP and 4-NTP.66,81–86 Model 
studies using 4-ATP and 4-NTP molecules can be used to increase our understanding of 
SERS in catalysis and to gain more insight into the interpretation of SERS spectra. Below, we 
present several recent examples to demonstrate the possibilities and also the difficulties of 
interpreting SERS results.

By preparing well-defined nanoparticles with different morphologies, it is possible to 
link structure of a catalyst to its performance. However, it should be kept in mind that 
SERS activity is strongly dependent on a particle’s size and shape. Since the electric field 
enhancement is highly local, it is inherent that the probing area of SERS only measures a 
fraction of the catalytically active surface. For example, Zhang et al. used gold nanoparticles 
with different geometries to study their facet-dependent catalytic activity for the reduction of 
4-ATP to 4-NTP with SERS.78 As expected, high-index facetted particles were the most active 
according to the data obtained by SERS. However, the more anisotropic particles required a 
much shorter acquisition time for sufficient SERS signal in order to observe clear bands in the 
spectra, indicating that these particles exhibit intrinsic hot spots. Drawing conclusions about 
the overall catalytic activity of a particle is therefore difficult with SERS, since the Raman 
signal intensity at hot spots is several orders of magnitude stronger than at the rest of the 
particle and therefore dominates the overall spectrum. Additional studies, such as UV-Vis 
diffuse reflectance spectroscopy measurements, should then be performed for comparison. 

1.6 Plasmon-Driven Chemical Reactions
SERS cannot simply be used as a non-invasive characterization technique; the plasmonic 

nanoparticles can interfere with the reaction of interest in multiple ways.40,65,86–89 First, the 
massive electromagnetic field near the surface can weaken certain bonds in the analyte, 
initiating chemical reactions.40 Second, the heat generated as a result of the absorbed light 
will change the reaction conditions: affecting both temperature90 and subsequently analyte 
concentrations.85,91 Third, the plasmonic particles can generate new and alternative reaction 
pathways by the formation and injection of hot electrons (Figure 1.5). 

Hot electrons can be generated at hot spots, where electrons are excited from below the 
Fermi level to an occupied state below the vacuum level. When an electron-acceptor is close 
to the surface, these “hot electrons” can be injected into the Lowest Unoccupied Molecular 
Orbital (LUMO) of this molecule. Simultaneously, the hole can also accept electrons from the 
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Highest Occupied Molecular Orbital (HOMO) of a nearby molecule (Figure 1.5a).92

The three alternative pathways can take place simultaneously and can aff ect each other. 
These side-eff ects do not mean that SERS is useless for catalysis, however, it does mean that 
one has to make sure that what is measured is defi nitely the chemical reaction of interest, and 
not a SERS artifact. Additionally, the three side eff ects can be advantageously used to initiate 
reactions, for example by extreme heating of the sample by applying pulsed lasers. 

The use of plasmonic materials as catalysts has recently become a growing fi eld within 
photo-catalysis since it can produce chemicals with alternative pathways at ambient 
temperatures. Because both the chemical reaction and the SERS signal are the strongest at 
hot spots, SERS seems to be an ideal method to study plasmon-driven chemical reactions.83

Photo-catalysts are useful as wastewater treatment and as sustainable energy-supplier for 
the future93 and plasmon-driven catalysis is an exciting fi eld in its own right. Interested 
readers are therefore directed to the recent literature.40,66,86,89,94–96

To study conventional catalysts, one has to make sure that the characterization technique 
does not interfere with the reaction of interest. Decreasing laser energy, power and changing 
the polarization are known to aff ect the catalytic power of the plasmons, although the signal 
enhancing eff ects of the plasmonic particles are thereby sacrifi ced. 39,84,97 

Figure 1.5 (a) Schematic diagram of the formation of hot electrons and holes in silver nanoparticles, 
which are able to catalyze both oxidative and reductive reactions.93 (b) Possible reactions occurring 
during the chemical reduction of 4-NTP by NaBH4 over gold nanoparticles.109 (c) NMF-calculated SER 
spectra of the three pure components including their assignment to the three molecular species 4-NTP 
to 4-ATP over Au/Pt/Au catalysts, including DMAB-associated peaks for intermediate volumes of NaBH4

added, corresponding to the calculated spectra from (c).109
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1.7 Borrowing SERS Activity

Since SERS is limited to a few materials,98–100 SERS activity has to be ‘borrowed’ from existing 
substrates when the catalysts itself is not SERS active.101 Catalytically active nanoparticles can 
be directly assembled on a SERS substrate. Joseph et al. for example, reported a novel method 
to study the reduction of 4-NTP to 4-ATP over platinum catalysts.44 The SERS signal of 4-NTP 
was used to obtain kinetic data of the reaction in solution. Platinum particles of 2 nm in 
size were either randomly deposited over a SERS substrate consisting of gold nanoparticles 
or were used in colloidal solution. Since the reaction data of immobilized particles were not 
significantly different from the colloidal catalyst, the reaction mechanism is thought to be the 
same and thus this method of immobilizing catalysts nanoparticles can possibly be applied to 
other chemical reactions as well.44 However, this method does not give information exclusive 
to the platinum catalyzed reaction, since the gold particles are not entirely inert nor are they 
isolated. 

Post-synthesis mixing of separately prepared Au and Pt nanoparticles can result in a 
heterogeneous distribution of different particles throughout the sample. To guarantee close 
contact between sensor and catalyst, thin overlayers of catalytically active metal can be 
sputtered over existing SERS substrates. For example, Heck et al.102 prepared gold nanoshells 
with sub-monolayer coverages of palladium and observed improved activity for the aqueous-
phase hydrodechlorination of dichloroethylene. These nanostructures allowed for the 
detection of the dechlorination of 1,1-DCE to ethane. Although the signal intensity of the probe 
molecule 4-ATP was reduced after palladium was grown on the gold nanoshells, the signal 
intensities of adsorbed 1,1-DCE increased, indicating the stronger interaction of 1,1-DCE to 
Pd. The dechlorination at the surface was observed by the appearance of peaks associated with 
Cl-M and C-M bonds. Additionally, a range of intermediate structures from 1,1-DCE to ethane 
were detected.102 

Core-shell nanoparticles can be fabricated by colloidal synthesis as well.101 Using this 
method, any direct interaction with the plasmonic particle can be prevented when a uniform 
coating is applied. A crucial side effect can take place when thin metal layers are deposited 
over other metals. Due to the formation of alloys or by electron transfer from the core to the 
shell, the electronic structure of the catalyst may change, influencing its activity.103 It has been 
reported that it is necessary to keep the metal coatings at least 5 monolayers thick so that it 
behaves as a ‘pure’ material.104 Attard et al. have used a colloidal method to produce platinum-
coated SERS particles for studying the effect of surface poisoning on the alkyne adsorption on 
platinum catalysts.105

Since SERS substrates are heterogeneous by definition, the materials will have to be cleverly 
designed for homogeneous catalysis depending on the desired results. To increase the signal 
of low concentrated catalysts, reactants and products, the materials can be simply mixed in 
solution.44 However, when these materials show a negative affinity to the SERS substrates, 
insufficient signal will be obtained and no conclusive spectrum can be formed. Additionally, 
some molecules in the solution might have a higher affinity to gold or silver (also depending 
on the facets), increasing the chance to observe them and simultaneously decreasing the 
chance to observe other molecules. Similar to heterogeneous catalysis, the catalysts are 
preferred to be fixed to the surface of a well-defined SERS substrate, so that we know what we 
are looking at. Other methods are to fix the catalysts to a Self-Assembled Monolayer (SAM) 
to a gold substrate, or to induce aggregation between the nanoparticles by introducing the 
catalyst.45,46,52 
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1.8 Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy
A promising method to minimize plasmonic side-reactions is by isolating the noble metal 

nanoparticles using thin dielectric oxide coatings. Coatings of < 10 nm thick silica have been 
proposed to make plasmonic particles inert.106 The technique, quite aptly named Shell-
Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS), has been successfully 
applied, amongst others to study catalysts.80,106–108 Coating of nanoparticles with oxides 
enhances their stability in demanding conditions and increases their shelf life. Al2O3 shells of 
less than 1 nm thick can enhance the stability of the nanoparticles to withstand temperatures 
of up to 500 °C under nitrogen for a few hours (Figure 1.6d-e).94 The improved stability makes 
SHINERS a highly promising technique to study a wide variety of heterogeneous catalysts. 
These Shell-Isolated Nanoparticles (SHINs) can be used for expanding the SERS activity to 
other materials, since the oxide coating reduces plasmon-driven reactions (Figure 1.6a) and 
increases the stability of the plasmonic particle (Figure 1.6c-d).

An eff ective method to implement SHINERS in catalysis is to prepare a physical mixture 
of bulk catalyst material with SHINs. Such a strategy was used by Li et al. to study nickel-

Figure 1.6 Advantages of Shell-Isolated Nanoparticles (SHINs) over bare Au NPs. (a) SHINs prevent 
plasmon-driven reactions. SER spectra collected from 4-ATP adsorbed on: 80 nm Au NPs, 80 nm Au 
NPs covered with 5 nm Au NPs, and 80 nm SHINs covered with 5 nm Au NPs. DMAB is not observed 
when SHINs are implemented. (b) SERS EF calculated for a variety of silver nanocubes: bare (I, red) and 
SiO2-coated cubes using diff erent methods (II-V, blue). All SiO2-coated nanocubes show increased EFs 
compared to bare silver nanocubes. (c) UV-Vis absorption spectra of Au NPs at elevated temperatures 
indicate that their LSPR shifts above temperatures of 100 °C. (d) UV-Vis absorption spectra of Au NPs 
coated with 1 nm alumina at elevated temperatures indicate that stability is maintained up to 400 °C. 
(e) SHINs (green) could potentially serve as a support for many other catalysts (purple spheres). Since 
the electric fi eld is stronger (red) at the surface of the SHIN, it is expected that the catalyst-support 
interface can be characterized.
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based Solid Oxide Fuel Cell (SOFC) anodes. Spherical silver nanoparticles were coated with 
10 nm thick silica layers to increase their thermal stability, enabling them to withstand 
temperatures of up to 500 °C. However, due to the thickness of the coating the Raman signal 
was only enhanced by a factor of 150. Even with this low Enhancement Factor (EF), the authors 
were able to observe surface species in ceria (CeO2) at elevated temperatures and detect small 
quantities of coke that lay beneath the sensitivity limit of conventional Raman spectroscopy. 
Li et al. state that this technique can be readily applied to other catalytic and electrochemical 
systems, and we feel similarly. This method is highly suitable for the detection of surface 
species and adsorbates and could show even greater potential when more stable and/or 
thinner coatings can be produced.107,108

The oxide layer can furthermore serve as a support material for nanoparticles (Figure 1.6e), 
facilitating close contact between the SERS-active particle and the catalyst.80,109,110 Similarly 
to other studies concerning the reduction of 4-NTP to 4-ATP,77,78,111 Xie et al. observed DMAB 
as intermediate when the large plasmonic metal nanoparticles were not coated with silica.80

However, when the large metal nanoparticle was isolated by an ultrathin (~ 1.5 nm), but 
nonporous silica coating, the bands associated with DMAB were no longer observed and only 
the reduction of 4-NTP to 4-ATP was detected (Figure 1.6a). Gold catalysts of 5 and 10 nm 

Figure 1.7 (a-b) SHINER spectra of Pt{hkl} single crystals immersed in 0.1 M EP/0.1 M HClO4 recorded 
under hydrogen evolution conditions (-0.1 V). (c) Schematic depiction of the half-hydrogenated 
state (HHS) intermediate. (d) Calculated structure of (a) EP adsorbed in the μ2(C,O) confi guration. (e) 
Calculated structure of HHS at a Pt{221} surface.110
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were used to show that smaller particles were indeed more effective catalysts.

A similar approach was applied by Attard et al. where they used silica-coated gold 
nanoparticles on single crystal platinum surfaces to observe adsorbates with SHINERS, and 
more recently during the hydrogenation of ethyl pyruvate (EP) to (R)-ethyl lactate (EL) over 
modified and unmodified Pt{hkl} electrodes.105,112 SHINs deposited on different platinum 
surfaces proved to non-invasively enhance the signal of EP adsorbed to the surface. An 
intermediate structure of the ethyl pyruvate, more specifically a Half-Hydrogenation State 
(HHS), formed by addition of a hydrogen atom to the keto carbonyl group, as well as a new 
species identified as intact chemisorbed EP bound in a μ2(C,O) configuration, as illustrated 
in Figure 1.7 with a series of SHINER spectra, as well as for the calculated structures of Pt-
chemisorbed EP and HHS.112 The relative ratio of both species was sensitive to the Pt surface 
structure. More specifically, the μ2(C,O) EP surface species was dominant at pristine Pt{111} 
and Pt{100} surfaces, whereas the HHS was only observed at surfaces with defects and kinks, 
such as Pt (110) and roughened Pt electrodes.

In our lab, the dimerization of 4-ATP over pinhole free SHINs was observed, contradicting 
the previously mentioned experiments.82 This indicates that in the research conducted by 
Xie et al. the rate of plasmon-driven reaction is most likely slowed down significantly by 
the SiO2 coating in comparison to the reduction by NaBH4, making the observation of DMAB 
impossible.80 In many publications, side effects are reported to be caused by hot electrons 
injected into nearby molecules, but we believe that the extremely strong electric field 
facilitates photosensitive reactions as well.40 Although SERS intensity can increase for some 
coated particles,113 increasing thickness of oxide coatings will result in a decrease of the signal 
enhancing effect and prevent side reactions caused by hot electrons or a strong electric field. 

Any catalyst can potentially be assembled on the surface of SHINs, allowing the observation 
of Raman active surface species on these catalysts. These particles can then be tuned in size, 
shape and structure to characterize the effect on the reaction, similar to the method described 
by Xie et al.80 One could also make use of different oxide106,114,115 or carbon116 coatings to mimic 
the support material, although some combinations of materials are effective photo-catalysts, 
such as titania-coated gold nanoparticles.87,115 A coating of several nanometers separates 
the catalyst particle and the plasmonic particle, meaning that for increasing catalyst size, 
the signal intensity decreases dramatically for the far side of the particle (Figure 1.6e). The 
strongest signals are produced at the metal-support interface in comparison to the far side of 
the particle. This effect can be exploited by attaching larger catalysts to the surface, making 
it more likely to observe reactions or catalyst structures at the support-catalyst interface.117 

The assembly of catalysts onto SHINs has been realized in several recent research papers. 
First of all, the group of Tian, the inventors of SHINERS, attached PtFe, Pt and Pd colloids 
onto the SiO2 shells.118 This allowed them to study the in situ oxidation of CO, and in particular 
witness the different electronic effects amongst their nanocatalysts. In addition, they 
were able to study catalyst-adsorbate interactions and these effects together revealed the 
mechanisms for CO oxidation over the different catalysts. Furthermore, both Zhang et al. and 
Hartman et al. showed support effects can be monitored by comparing catalysts supported on 
Au@SiO2 and Au@TiO2 SHINs employed in different hydrogenation reactions.119,120 

Zhang et al. used the hydrogenation of 4-NTP over Pt on Au, on pinhole-free Au@SiO2, and 
on Au@TiO2 and on Au@SiO2 with pinholes to investigate interfacial effects. They showed that 
due to its active oxide nature, hydrogen activated on Pt catalysts can spill over and migrate 
over the TiO2, whereas the insulating nature of the SiO2 layer prohibits such migration. This 
led to a difference in reaction pathways and selectivities over the various catalyst/SHINs, 
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based on the interfacial effects between the active heterogeneous catalyst (Pt) and the support 
(Au/Au@SiO2/Au@TiO2).119  

Hartman et al. studied the hydrogenation of CO over Ru and Rh catalysts prepared by 
wet impregnation of the SHINs with metal chloride precursors and by subsequent in situ 
reduction. They demonstrated stability of their catalyst/SHINs up to 400 °C and observed 
clear differences in interaction of CO with Ru/Au@SiO2 compared to Ru/Au@TiO 2, in line with 
support effects observed on corresponding, more conventional catalysts.120 To take the step 
towards studying such conventional catalytic systems, the authors impregnated Rh/SiO2 and 
RhFe/SiO2 catalyst extrudates with Au@SiO2 and Au@TiO2 to investigate the same reaction 
in an operando spectroscopy setup, in a more recent study.121 By combining surface analysis 
(SHINERS) and product formation (via Mass Spectrometry, MS) two reaction pathways were 
observed that were influenced by the metal-support interaction (SiO2 versus TiO2) and by 
electronic effects (Rh versus RhFe). 

Very recently, Zhao and co-workers used SHINERS to study the Suzuki C-C cross-coupling 
reaction of mercapto-modified aryl bromides adsorbed onto Pd nanocatalysts. These Pd 
nanocatalysts were in turn supported on Au@SiO2 SHINs and used to study coupling with 
phenylboronic acid. They found that in this experimental setup the Suzuki reaction proceeds 
heterogeneously over Pd nanocatalysts, and not homogeneously via leached Pd0 in solution. 
Moreover, they showed that catalyst activity could be tuned by modification of Pd surface 
groups and charge.122

1.9 Tip-Enhanced Raman Spectroscopy
To directly relate catalytic activity with the morphology of catalysts, we need to map and 

monitor catalytic activity on a single catalytic particle. Instruments with high sensitivity 
and above all nanoscale spatial resolution are required to reach this goal.123 Therefore, a 
more direct method to correlate catalyst structure to activity is by combining high chemical 
sensitivity of SERS with nanoscale spatial resolution of Scanning Probe Microscopy (SPM), 
such as Scanning Tunneling Microscopy (STM) for conductive samples and Atomic Force 
Microscopy (AFM) for non-conductive samples. To showcase the possibilities of the 
combined AFM-Raman spectroscopy methodology, the catalytic activity of silver nanocubes 
in Rhodamine 6G degradation was linked to their distribution.124 However, the diffraction-
limited spatial resolution of Raman spectroscopy (typically 200-300 nm) is not overcome by 
combining SERS and AFM.

The spatial resolution can be significantly improved when a metal-coated tip is 
implemented, this technique is referred to as Tip-Enhanced Raman Spectroscopy (TERS).125 
Compared to SERS where hot spots are randomly distributed over the substrate, the 
electromagnetic enhancement in TERS occurs only at a single point of the TERS tip-apex, 
which can be scanned over a surface using sensitive SPM feedback to make a nanoscale map of 
surface chemistry and catalytic activity simultaneously with the topography. TERS improves 
the diffraction-limited spatial resolution of confocal Raman spectroscopy to the nanoscale, 
with a recent breakthrough reaching the sub-nanometer regime with STM-based TERS 
demonstrating the capability of TERS to map even single molecules.38,126 

The potential of TERS for in situ catalysis research was first demonstrated by Domke and 
Pettinger127 who studied the organometallic catalyst cobalt meso-tetraphenylporphyrin 
(CoTPP) on Au (111) substrate using STM-TERS with a Au tip. With TERS, the authors could 
spectroscopically discriminate between axially complexed and ligand-free CoTPP regions 
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on the Ag substrate and identify chemical species complexed with CoTPP. TERS spectra from 
well-ordered CoTPP regions identified in the STM topography images showed vibrational 
bands characteristic of linker-modified CoTPP sandwiched between two Au layers. Whereas 
TERS spectra from the disordered region showed vibrational features of CoTPP axially 
complexed with CO and NO formed by catalytic reduction of CO2 and NO2 from ambient air. 
This study demonstrated that TERS could be successfully used to correlate structure with 
catalytic activity in heterogeneous catalysis, while the observation of such complexes 
indicates possible applications in homogeneous catalysis.

TERS studies of the plasmon-driven photo-catalytic reaction (4-NTP to DMAB) was carried 
out for the first time in a collaborative effort by the groups of Weckhuysen and Deckert.39 The 
reaction was triggered using a 532 nm laser and was unobtrusively monitored using a 633 
nm laser. It was found that a complete SAM is necessary to obtain a stable starting signal as 
the molecules in an incomplete monolayer can change their orientation or move in and out 
of the sampling area more easily.39 Since TERS measures only a small number of molecules 
and spectra are not averaged out over an ensemble, signal intensities are highly influenced by 
small fluctuations of analyte molecules in the measured area.128 Time-series Raman spectra 
measured before and after the reaction at the tip-apex clearly showed the Raman bands 
associated with 4-NTP decrease and DMAB increase in intensity over time. This demonstrated 
the potential of TERS to monitor reactions on single catalytic particles over time.39 Almost 
simultaneously, Zhang, Xu et al.129 performed a similar experiment using High-Vacuum 

Figure 1.8 (a) AFM topography image of the Ag catalyst substrate. (b) TERS map of the area marked by 
dashed rectangle in (a) showing signal intensities of a DMAB-associated band at 1142 cm-1. (c) Near field 
spectra measured at the positions marked in (b). (d) Intensity profile along the dotted line marked in (b) 
showing the spatial resolution of the TERS map using a fitted Gaussian curve (red) to be 20 nm.139
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(HV) STM-TERS to demonstrate that this photo-catalytic reaction is driven by hot electrons 
produced during surface plasmon resonance. The authors showed that the reaction can be 
controlled by plasmon intensity, which depends on laser power or the tip-substrate distance. 
In an additional report it was shown using HV STM-TERS that the reaction was indeed the 
result of the plasmon resonance in the nanogap between a Au tip and a Ag substrate and 
any thermal effects could be neglected.130 Since then, the plasmon-mediated oxidative and 
reductive coupling reactions of respectively 4-ATP and 4-NTP to form DMAB and derivatives 
have evolved to be the most widely studied chemical reactions in TERS and are often used to 
showcase new and improved experimental setups.86,129,131–136 For example, multilayer metal-
metal oxide TERS probes were applied for studies of 4-ATP to DMAB in water131, and more 
recently, Sun et al. made use of well-defined, flat Au and Ag surfaces to investigate the 
dependency on adsorption configuration for the formation of DMAB to proceed.129 They were 
able to use TERS to discern between geometries active and inactive for plasmon-mediated 
coupling and confirmed earlier reports on the effect of laser power.129,136

Sensitivity of TERS measurements can be significantly enhanced by utilizing the plasmonic 
coupling of a metal or metal-coated tip with a metal substrate. Using this so-called “gap-
mode” TERS, extremely high EFs can be reached. For example, gold-coated tips close to 
metallic substrates can produce Raman signals that are a factor of 103 stronger than TERS 
tips close to dielectric substrates, such as SiO2.137 However, care must be taken to ensure that 
the metal used for the tip or substrate is not catalytically active for the reaction under study. 
So far, TERS has been mainly used for the study of plasmon-driven photocatalytic reactions 
where reactants and the reaction products have a rather large Raman cross-section. However, 
the reactants and reaction products employed in more industrially relevant catalytic reactions 
usually have a much lower Raman cross-section. Furthermore, such chemical reactions 
are carried out at temperatures and pressures much higher than the ambient ones usually 
employed in TERS experiments. Therefore, TERS probes with high plasmonic enhancement, 
stability and lifetime are required to make TERS a powerful tool for the study of catalytic 
reactions under operating conditions. Until then, ex situ studies can be performed to gain more 
insight into specific steps of catalytic reactions, like reported by Nguyen et al. Using Ultrahigh 
Vacuum STM-TERS (UHV-STEM-TERS) they were able to investigate the first step of the 
oxygen reduction reaction (ORR) over Co(II) phthalocyanine (CoPc) supported on a Ag single 
crystal surface, namely the adsorption of oxygen. This enabled them to assign and distinguish 
between different symmetries of oxygen-related modes.138

Recently, the potential of TERS to actually relate catalyst structure to activity was realized 
by Kumar et al. with AFM-based TERS.139 The activity of silver nanoparticles was studied using 
the plasmon-driven photocatalytic dimerization of 4-ATP to DMAB. The authors first mapped 
the reaction at a single point of contact of the Ag-coated TERS tip with a reactant substrate. 
Since both the silver particles and the silver-coated tip were catalytically active in the reaction 
4-ATP into DMAB, the TERS tip was made inert by applying a 3-5 nm thick Al2O3 coating while 
preserving its plasmonic enhancement. Using such alumina-protected TERS tip the authors 
were able to map catalytically active sites on the Ag substrate with 20 nm spatial resolution, as 
shown in Figure 1.8.139

We believe that dielectric coating of TERS tips is a good strategy in order to obtain reliable 
and stable data during measurements, similarly to the application of SHINERS. It is known 
that the TERS tips can be contaminated by surface species, causing additional bands in the 
spectrum or worse, losing their signal enhancing properties.140 Dielectric coatings such as 
oxides can prevent adsorption of contaminants or irreversible tip damage from oxidative 
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reactions thereby enhancing their stability. However, since the decay length of TERS near-
field is only a few nm,141 a thick dielectric coating may significantly decrease the plasmonic 
enhancement of the TERS tip.48 Therefore, the thickness of the protective dielectric coating 
should not be more than a few nm (ideally 1-2 nm) and should be pinhole-free for TERS 
tips to provide Raman signal enhancements. So far, this has been successfully applied 
and demonstrated for SiO2

142, Al2O3
139,143, and ZrO2

131 using the model 4-ATP/NTP reaction. 
Alternatively, aluminum-coated tips have been used in TERS in combination with a 363.8 nm 
ultraviolet laser.144 Since aluminum is known to form a thin native oxide layer of approximately 
3 nm, such TERS tips are expected to be chemically more stable although higher energy lasers 
are required that may cause degradation of chemical species.98 

1.10 Towards Single Molecule Observation
Spectral fluctuations that arise in TERS and SERS experiments do not have to be an 

undesired result, but can be a topic of interest as well. Shifts in the band position can give 
clues the mechanism of a reaction. Not only orientational effects become more visible when 
homogeneous broadening is reduced by measuring smaller ensembles, but other interesting 
events can be observed as well. For example, one can distinguish between isotopes, since 
vibrational energy levels are related to the reduced mass of the participating atoms.145 

Isotopes can be useful for the study of catalytic reactions and have been implemented to 
reveal a variety of reaction mechanisms using techniques such as Steady-State Isotopic 
Transient Kinetic Analysis (SSITKA).146 However, this technique only observes the product and 
is not able to detect the surface species and adsorbates. Combining SERS with SSITKA could 
enable the characterization of surface species and possibly track the changes in the spectrum 
of the adsorbed molecules when it reacts with the isotopes. We believe this can provide crucial 
information about the specific reaction mechanisms.

Additionally, the chance to find short-lived species, such as reaction intermediates, should 
increase when approaching single-molecule experiments. Knowing which and how many 
reaction intermediates are present during a particular chemical reaction is crucial to optimally 
tune the catalyst as it will tell us the amount of rate-limiting steps and how to possibly 
improve the reaction kinetics. Combining single-particle and single-molecule kinetic studies 
have been performed in fluorescence microscopy experiments, revealing intermediates and 
inter-particle heterogeneities such as size-dependent activity.147 However, fluorescence 
microscopy experiments do not enable the observation of structures of the reactants and 
requires the use of fluorescent reactants or products, thereby limiting its use. SERS, on the 
other hand, can supply us with structural information of both the reactant and catalyst and 
can be applied to a wider range of molecules, allowing a larger versatility. 

To approach single-molecule experiments, the analytes can be diluted. However, dilution 
of the reactants cannot always be applied to obtain reaction mechanisms. Reaction conditions 
will often change upon dilution and this can lead to different reaction pathways. For example, 
the dimerization of 4-NTP cannot proceed for single molecules, and it was expected that the 
reaction would therefore be inhibited. Zhang et al. found that a plasmon-driven reaction of 
highly diluted 4-NTP still takes place, although the diazo-product is not formed.88 When there 
is no second molecule nearby, the nitro-group is split from the substrate and thiophenol (TP) 
is obtained as the product. Hot electrons generated at the hot spots were proposed to have 
sufficient energy to excite 4-NTP to a transient negative ion. The negative ion “travels” to 
the excited state of TP and returns to the ground state of TP, returning the electron to the gold 
surface.88
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Single or several molecules at hot spots can dominate the spectrum over larger ensembles 
since the electric fi eld is signifi cantly stronger than for molecules positioned at other 
structures. If a reaction takes place while the molecule is situated at the hot spot, we should be 
able to observe the reaction. Plasmonic catalysts therefore prove to be ideal substrate for SERS 
experiments, since both the high signal enhancement and catalytic activity originate from 
the hot spot.40,66 Previous research performed in our group utilized this principle to study 
the dimerization of 4-NTP to DMAB.39,41,148 Chemometric methods were applied to obtain a 
clearer image of the kinetics during the reaction, as demonstrated in Figure 1.9.41 Firstly, a 
one-component Principal-Component Analysis (PCA) removed the spectral blinking from the 
data and already resulted in a lower signal to noise ratio (Figure 1.9, left panel versus middle 
panel). After removal of the spectral blinking, the reaction spectra were taken through a two-
component Multivariate Curve Resolution (MCR) that described the reactant and the reaction 
product. This resulted in a better understanding of the reaction data with a lower signal to 
noise ratio. The spectra that were removed from the kinetic data were subsequently analyzed 
with a four-component MCR analysis (Figure 1.9, right panel). Two of the components were 
similar to the two main components in the kinetic data, apart from some slight variations 
in peak intensities that were caused by diff erences in orientation. The third and fourth 
components were low in intensity over the measured time, apart from two single instances for 
each component. The third component resembled much of DMAB, but the fourth component 
is a completely unknown structure and is a potential reaction intermediate.41

1.11 Towards Watching Molecules Breathe
Most Raman spectrometers require spectral integration times of at least around a second 

and are therefore not fi t to observe short-lived species, such as reaction intermediates. Recent 
progress made in the fi eld of ultrafast Raman spectroscopy allows acquisition times in the 
order of picoseconds with Raman linewidths of tens of cm-1.42 Such fast acquisition times 
enable the elucidation of a large deal of reaction steps/dynamics such as bond forming and 
breaking. To extend the potential of time-resolved Raman spectroscopy, it can be combined 
with other characterization techniques, such as CARS, to improve the signal intensity and 
SERS to increase the signal intensity even further to detect surface species.149

Figure 1.9 Principal Component Analysis (PCA) can be used to obtain kinetic data with reduced noise in 
SERS experiments. Left: the conventional method to obtain kinetic data is to plot a peak area over time. 
Middle: spectral fl uctuations can be removed from the spectrum with a PCA time fi lter, after which a 
two-component Mulitvariate Curve Resolution (MCR) can further clear up the kinetic data. The kinetic 
data is now analyzed over full spectra instead of over single peaks, making it less prone to shifts in band 
positions. Right: the discarded data after the PCA time fi lter can be analyzed with MCR to fi nd possible 
intermediate structures.42
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Since the technique generates extremely large electric fields that can potentially damage 
the sample and the SERS-antenna, the experiments need to be performed in a highly 
controlled environment. Yampolsky et al. managed to reduce the damage to SERS-antennae 
by encapsulating gold dimers and adsorbed trans-1,2-bis-(4-pyridyl) ethylene (BPE) in thick 
porous silica shell of about 70-80 nm.149 The hot spots between the dimer in combination 
with CARS provided excellent signal enhancement for the observation BPE near the single-
molecule level. By applying a femtosecond laser scanning CARS microscope and by tuning the 
frequencies of the pump and the Stokes pulses, the authors were able to observe an oscillating 
signal that was associated with the quantum beating of the closely spaced excited vibrational 
modes of BPE. It is important to note that a single time trace was not obtained instantly, but 
the result was obtained after averaging the signal over an hour.149

Ultrafast Raman spectroscopy can lead to promising results where one could actually follow 
the processes of chemical bond formation and breaking. However, the technique suffers from 
the possibility of sample damage and requires highly controlled environments and thus does 
not seem fit for the characterization of catalysts in their operating conditions yet. Ultimately, 
time-resolved Raman spectroscopy should be combined with TERS to give a spatial resolution 
in the nanometer scale and a temporal resolution in the picosecond scale. However, such 
experiments have to be performed on fixed analytes under ultrahigh vacuum to prevent 
blinking signal and signal degradation150, but when optimally implemented vibrational 
normal modes of single molecules can be observed.151

1.12 Challenges and Future Prospects
Based on the above considerations it should be clear that SERS and TERS can make the 

difference in three specific fields. The first one concerns the monitoring of chemical reactions 
at the molecular level, including the potential to identify reaction intermediates and even 
transition states. Secondly, the use of SERS in combination with its plasmonic platform opens 
up ample opportunities to conduct a wealth of chemical reactions at the surface of gold and 
silver, which are known to be catalytically active. The third one is associated with the heat 
developed by the plasmonic materials upon illumination providing new opportunities to 
locally create the proper experimental conditions to trigger a catalytic reaction. 

It is important to realize that SERS and TERS have made tremendous progress over the 
recent years and are becoming (more) mature spectroscopic techniques. Improvements 
in substrate preparation have made SERS more robust and sensitive, opening the path 
for the detection of surface species with low Raman scattering cross-sections in a wide 
range of reaction conditions. We believe that, following the highlighted examples in this 
Chapter, SERS can become an attractive and versatile characterization method for a wide 
variety of catalytic materials. However, this will not be a simple task and requires highly 
interdisciplinary research for developing stable and inert SERS substrates, without losing 
plasmonic enhancement. Simple spherical plasmonic nanoparticles often do not suffice for 
heterogeneous catalysis research since their enhancement signal is negligible when they are 
not in an aggregated state.152 Dimers or other structures, such as nanorods, are expected to give 
better results with respect to signal enhancement, but are currently less stable. It is believed 
that SERS substrates prepared by photolithography can yield more robust and homogeneous 
signal intensities. Similarly, TERS tips, especially with Ag coating, are known to degrade at a 
fast rate and need development of robust methods of thin, pinhole free protective dielectric 
coatings for prolonged measurements in ambient and especially at operating conditions of 
catalysts at elevated temperatures and pressures. 

Thesis-17x24-v2-WC.indd   25 11/4/2019   1:46:51 PM



26

Introduction1
Creating stronger LSPRs will result in more intense Raman signal intensities, but can also 

lead to undesired effects, such as substrate damage and unwanted side-reactions. More 
research effort is needed to establish if ultrathin silica shells in SHINERS are really able to 
prevent these reactions by inhibiting the transfer of hot electrons, the role of the strong 
localized electromagnetic field and the local heating. 

We believe that SHINERS and its TERS counterpart can play significant roles in the study 
of heterogeneous catalysis. SHINs have been proven to be more inert and stable than bare 
particles and can act as a support material, guaranteeing close contact between catalyst and 
sensor for heterogeneous catalysis. Additionally, metal oxide-coated TERS tips have proven 
to be a useful, stable and non-invasive technique for mapping catalytic activity of silver 
photo-catalysts. Using SHINERS and TERS to study catalysts with well-defined facets, as can 
be achieved through controlled colloidal synthesis, could give more insight into structure-
performance relationships. This in turn would lead to the development of new and improved 
catalysts. Finally, combining these developments in S(HIN)ERS and TERS with other 
developments in Raman spectroscopy, such as CARS and ultrafast spectroscopy, will most 
likely lead to even more useful mechanistic information regarding reactions over catalytic 
solids. 

1.13 Scope and Outline of the PhD Thesis
The scope of this PhD thesis is to further explore the applicability and usability of Shell-

Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS), and its Tip-Enhanced 
Raman Spectroscopy (TERS) derivative, in the field of heterogeneous catalysis. Both their 
potential and challenges have been outlined in this Chapter and in the remaining part of this 
PhD thesis we present different strategies on overcoming them. The ultimate goal of the work 
is to study (more) realistic chemical reactions over lower transition metal-based catalysts 
materials under in situ or operando conditions. 

In Chapter 2 we will focus on the preparation of shell-isolated materials consisting of 
different shell materials. We present several optimized methods to prepare Au@SiO2, Au@
Nb2O5, Au@ZrO2 and Ag@ZrO2 SHINs. We demonstrate that SHINERS can be used to study 
catalyst-support interactions between Pt and Ru with ZrO2 and Nb2O5. Additionally, we show 
that the developed coating procedure for ZrO2 can also be applied to Ag tips employed in 
TERS. Although Ag offers higher signal enhancing capabilities than Au, it is more prone to 
surface oxidation with loss of plasmonic activity as a consequence. This means TERS tips can 
generally only be used for a short amount of time and under limited conditions. The developed 
zirconia-coated TERS tips on the other hand, extend the plasmonic lifetime of the Ag probes 
by over a factor of 140. Additionally, ZrO2 offers protection in oxidizing environments like 
water, but also at low and high pH. We demonstrate that the TERS tips developed remain 
stable, both mechanically, chemically, and plasmonically, after mapping a catalytic reaction 
on a heterogeneous substrate in water. This multicomponent stability of probes in a liquid 
environment extends the potential scope of TERS as a nanoanalytical tool not only to 
heterogeneous catalysis, but also to a range of scientific disciplines in which dynamic solid-
liquid interfaces play a defining role. 

In Chapter 3 we will move from TERS in liquid environments to SHINERS in liquid 
environments. Unfortunately, single spherical Au NPs as present in stable dispersions do 
not exhibit sufficient plasmonic activity to study catalytic reactions in liquids. To overcome 
this challenge, we have prepared Shell-Isolated Plasmonic Superstructures (SHIPS) made 
up of large SiO2 spheres with Au NP aggregates on their surface. Subsequently, these Au/SiO2 
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superstructures can be isolated by coating them with a thin layer of non-porous SiO2. The 
resulting (Au/SiO2)@SiO2 SHIPS were tested for enhancing properties, both by studying single 
superstructures and by measuring the enhancement in dispersions. Finally, we demonstrate 
that colloidally synthesized Ni and Pt NPs can be attached to the surface, ensuring close 
proximity of catalytic particles and the SERS-active SHIPS. 

Chapter 4 will focus on the gas phase hydrogenation of phenylacetylene to styrene and 
ethylbenzene over a Pt catalyst, studied by in situ SHINERS. We prepare Au@SiO2 SHINs, mix 
these with a Pt precursor and dropcast this mixture onto a Si wafer. Due to aggregation of 
the Au@SiO2 SHINs due to the drying process, large enhancement factors can be expected. 
Furthermore, drying alongside a Pt precursor ensures that the Pt catalysts obtained after 
in situ reduction with H2 at 150 °C are homogeneously dispersed over the Au@SiO2 sample. 
During the hydrogenation of phenylacetylene we found that the reaction proceeds in the 
form of A → B → C, where we first see the formation of styrene (molecule B), and subsequently 
the formation of ethylbenzene (molecule C) when starting from phenylacetylene (molecule 
A). The reverse, dehydrogenation reaction back to phenylacetylene could also be observed, 
proving the stability of both the Au@SiO2 SHINs and the Pt catalyst, and showcasing the 
usability, durability and potential of SHINERS.

In Chapter 5 we explore methods to prepare lower transition metal catalyst/SHINs, and 
thereby focus on nickel as base metal. Impregnation, colloidal deposition and spark ablation 
have all been used as synthesis metods to prepare SHINERS-active Ni/Au@SiO2 catalyst/
SHINs. Ni precursors are confirmed to be notoriously difficult to reduce: the temperatures 
required are generally harsh enough to destroy SHINs, rendering SHINERS experiments on 
Ni impossible using this approach. Ni colloids deposited on Au@SiO2 SHINs are still protected 
by stabilizing ligands, which first need to be removed. This results in a transformation of 
the metallic Ni core to a fully oxidized metal nanoparticle, again too challenging to reduce 
at temperatures still compatible with SHINs. Using spark ablation we were able to prepare 
metallic Ni catalysts directly on Au@SiO2 SHINs aggregated on a Si wafer. The Ni/Au@SiO2 
catalyst/SHINs were subsequently probed with several molecules, and employed to study in 
situ hydrogenation of acetylene. This unlocks the true potential of SHINERS by opening the 
door to studying industrially relevant reactions under in situ or operando reaction conditions.

Finally, in Chapter 6 we provide some concluding remarks and present previously 
unpublished, but potentially interesting results for future research work involving SHINERS, 
thereby corroborating the real potential of SHINERS in the field of heterogeneous catalysis.

1.14 Author Contributions
The original plans for the manuscripts were conceived by Bert Weckhuysen. They were further 
constructed and written by Katinka Wondergem, Thomas Hartman, Albert van den Berg 
(Universiteit Twente), Naresh Kumar (National Physical Laboratory), Robin Geitenbeek, and 
Ward van der Stam under the supervision of Bert Weckhuysen.
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Preparation and Application of SHINs for PERS2
ABSTRACT

Plasmon-enhanced Raman spectroscopy active Au and Ag nanostructures were prepared for 
applications in Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) and 
Tip-Enhanced Raman Spectroscopy (TERS). The preparation of Au NPs and coating with metal 
oxide shells is discussed and showcased in detail for Au NPs, Au@SiO2, Au@ZrO2 and Au@
Nb2O5. We show that that SHINERS can be used to study catalyst-support interactions between 
Pt and Ru on ZrO2 and Nb2O5. Furthermore, we show that the coating procedure for Au@ZrO2 
can be extended to Ag NPs and Ag-coated TERS probes. The plasmonic lifetime of these Ag@
ZrO2 probes is increased by over a factor of 850 compared to uncoated probes. Additionally, 
the ZrO2 coating offers chemical stability and enables mapping of catalytic reactions on solid-
liquid interfaces. This extends the potential scope of TERS as a nanoanalytical tool not only to 
heterogeneous catalysis, but also to a range of scientific disciplines in which dynamic solid-
liquid interfaces play a defining role.

2.1. Introduction
In Chapter 1 Surface-Enhanced Raman Spectroscopy (SERS) was introduced, a technique 

that exploits the plasmonic properties of Au and Ag nanoparticles (NPs) to enhance the Raman 
signal of molecules in close proximity of the NP surface.1,2 For enhancement to take place, the 
nanoparticles need to be illuminated with (laser) light of the resonant frequency, exciting 
the surface plasmons to give rise to strong, local electromagnetic fields.3 Any molecule that 
resides within this field will see an enhancement of its Raman scattered photons with a factor 
of up to 1010th.4–7 However, when the analyte or molecule of interest is in direct contact with 
the Ag or Au NPs they can interact with the surface plasmons, a phenomenon detrimental 
for in situ (catalysis) studies as these interactions can influence the observed chemical 
reactions. For example, the photoreduction of 4-nitrothiophenol (4-NTP) adsorbed onto 
the surface of Au NPs to 4-aminothiophenol (4-ATP) shows the plasmon-catalyzed side 
product 4,4’-dimercaptoazobenzene (DMAB) upon illumination with resonant laser light.8,9 
The formation of this side product can be prevented by coating the Au or Ag NPs with a thin 
layer of dielectric oxide to make Shell-Isolated Nanoparticles (SHINs).10 The technique is then 
commonly known as Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS), 
reported by the Tian group in 2010, and has steadily been gaining ground in a wide range of 
fields, including in situ heterogeneous catalysis research.11–15 

Originally, SHINERS was introduced using SHINs of Au and Ag NPs coated with SiO2.11,16 As 
is, these SHINs are extremely suitable to investigate catalysts based on SiO2 supports. The 
SHINs can either be incorporated into the existing catalyst or catalytically active NPs can 
be prepared on top, with the SHINs themselves functioning as a support.13,15 For both these 
versions it is of importance to mimic the catalytic system of interest as closely as possible, 
not only with regard to the materials used, but also the conditions employed during in situ or 
operando characterization studies.17 Therefore, shell materials based on different supports are 
of paramount importance for the extension of SHINERS to the entire field of (heterogeneous) 
catalysis. For example, chemical reactions carried out in the liquid phase at high pH (>12) 
cannot be studied with Au@SiO2 SHINs, since the silica layer would dissolve.18 Utilizing 
different shell materials may overcome this challenge. 

Different shell materials have already been reported. First of all, coating of Au NPs with 
Al2O3 was reported, achieved through atomic layer deposition (ALD).16 Although this method 
allows for very precise control over the shell thickness, ALD is not readily available in all 

This Chapter is partially based on “In Situ Nanoscale Investigation of Catalytic Reactions in the Liquid Phase Using Zirconia-Protected Tip-
Enhanced Raman Spectroscopy Probes” by N. Kumar*, C.S. Wondergem*, A.J. Wain and B.M. Weckhuysen, J. Phys. Chem. Lett. 2019, 10, 
1669-1675.
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labs and therefore we will focus on preparation of SHINs through wet chemical methods. For 
example, Au@MnO2 with tunable shell thickness was developed by Lin et al. to be applied in a 
wider range of environments.18 Next to that, the preparation of Au@TiO2 SHINs was reported 
by Hartman et al. by functionalization of the Au NPs with a silane ligand and subsequent shell 
growth using a titania precursor.13 They showed that Ru catalysts can be deposited on top of 
these SHINs and demonstrated using in situ investigation of CO hydrogenation over Ru/Au@
SiO2 and Ru/Au@TiO2 that SHINERS is capable of revealing support eff ects. 

SHINERS is not the only technique to make use of the SERS eff ect through plasmonic 
enhancement. For example, Tip-Enhanced Raman Spectroscopy (TERS) combines SERS with 
a near-fi eld microscopy techniques to gain high spatial resolution, as schematically depicted 
in Figure 2.1. In TERS, a metallic scanning probe microscopy (SPM) probe is positioned within 
the excitation laser spot of a Raman microscope to enhance the incident electric fi eld by 
several orders of magnitude.19,20 The fi eld enhancement is thereby confi ned to a region similar 
in size to the probe apex, resulting in spatial resolution much higher than that which can 
be achieved in S(HIN)ERS, as the near-fi eld approach used in TERS overcomes the inherent 
diff raction limitations of optical methods.21–23

Due to the advantages of high spatial resolution and rich chemical information off ered 
by TERS, the technique has been successfully applied in a wide range of research areas 
including biology24, polymer blends25, semiconductors26, crystalline materials27, solar 
energy conversion28, nanomaterials research28–32 and single molecule imaging.4,33 However, 
despite its potential for structure-performance elucidation, only a handful of TERS studies 
of catalytic reactions have been reported so far.34–41 Furthermore, the majority of such 

Figure 2.1 Tip-Enhanced Raman Spectroscopy (TERS) setup. The tip of an Atomic Force Microscopy 
(AFM) probe is coated with plasmonic material and placed the within the excitation focal spot of 
a Raman microscope. Illumination of the tip with laser light of the resonant frequency results in 
confi nement of the generated electromagnetic fi eld, yielding spatial resolution higher than the 
diff raction limit. Molecules residing within this fi eld, close to the tip, experience strongly enhanced 
Raman scattering. Therefore, placing the tip on catalytic material can provide nanoscale information on 
chemical reactions. 
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studies have been carried out in ambient air or ultrahigh vacuum, with only a few in liquid 
environments and mostly limited to point spectroscopy measurements.42–47 2D nanoscale 
chemical imaging of catalytic reactions in liquids represents a key challenge, but has not been 
achieved using TERS primarily due to the aforementioned short plasmonic lifetime of Ag 
probes,48–51 which decreases even further in aqueous environments. Additionally, similarly to 
SERS-active substrates, the chemical reactivity of metallic TERS probes poses a problem to in 
situ (catalysis) studies, due to potential for interference in the reaction under investigation.31,35 
Shell-isolation with ultrathin coatings like in SHINERS has also been reported for TERS, 
where SiO2 and Al2O3 shells were used to increase the lifetime of probes for approximately 
one month.52,53 Additionally, some increased stability in liquids was observed for the Al2O3 
protected probes,43 but neither coating materials were tested for long-term stability or 
capability for 2D chemical imaging in liquid environments. 

This Chapter focuses on the synthesis of SHINs with Au cores and different shell materials. 
First, we will discuss the synthesis of Au NPs, then we will report on the coating of quasi-
spherical Au NPs with SiO2 as these are the most widely applied and easily prepared of all 
SHINs reported to date. Next, we will present two new types of SHINs, namely Au@ZrO 2 and 
Au@Nb2O5, and show their potential for studying catalytic reactions. Then we will show the 
developed coating procedure is also applicable to Ag NPs and Ag probes used TERS. We present 
novel TERS probes with a multilayer metal coating protected by an isolating ZrO2 layer. First, 
we show that the ZrO2 coating procedure developed on Au@ZrO2 SHINs can be extended to 
plasmonic Ag NPs, and then we present the optimized method to coat the TERS probes. We will 
show that these probes overcome the key limitations of short lifetime, chemical inertness and 
instability in aqueous environments. Furthermore, we demonstrate the feasibility of mapping 
of a catalytic reaction over a heterogeneous metal surface in water with nanoscale spatial 
resolution, employing the photocatalytic oxidation of 4-ATP to DMAB as a model reaction. 

2.2. Results and Discussion
2.2.1 Synthesis of Au Nanoparticles 
First, Au NPs need to be synthesized. This can be done through the method reported by 

Turkevich in the 1950s.54 In this method, the Au precursor HAuCl4 is diluted and refluxed 
in MilliPore water (MQ). Upon the addition of a sodium tricritrate solution into the boiling 
mixture AuCl4

- complexes are reduced to form Au0 monomers. The subsequent increase in 
pH this reduction step brings about transforms any unreacted AuCl4

- to form [AuClx(OH)4-x]- 
complexes (with an increase in pH, x decreases). At the same time, the Au0 monomers 
cluster into small metallic Au NPs which are stabilized mainly by citrate, but also by the Au 
complexes. Upon adsorption of these [AuClx(OH)4-x]- complexes onto the Au NP surface 
they are (autocatalytically) reduced into metallic Au, resulting into NP growth. When all Au 
complexes are depleted the citrate-stabilized NPs reach their final size.55–57 As citrate is both 
responsible for the initial burst of Au seed formation and for NP stabilization, the amount 
of sodium tricitrate added determines the final size of the Au NPs, in this case typically 17 
nm, as displayed in Figure 2.2a and 2.2b. A wide range of sizes can be prepared by this 
one-pot synthesis (12-120 nm58), but the larger the aimed Au NP diameter, the higher the 
polydispersity (Figure 2.2a and d). Therefore, to prepare large monodisperse Au NPs a seeded-
growth method is often used. After synthesis of Au seeds of 17 nm via the Turkevich method, 
a small fraction of the seeds is used for the growth step. Generally, Au NPs of 80-100 nm are 
aimed for, as they exhibit both colloidal stability and optimum S(HIN)ERS-enhancement. 
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The growth step is carried out at room temperature in the presence of Au NP seeds, HAuCl4 as 
Au precursor, citrate as surface stabilizing agent, and a mild reducing agent in MQ. The mild 
reducing agent needs to be capable of reducing the Au precursor solely at the Au NP surface, 
and should not be able to produce new seeds. Although citrate is used as reducing agent for the 
formation of Au seeds, at room temperature it cannot reduce the adsorbed AuCl4

- complexes 
and therefore only functions to stabilize the Au NPs. The mild reducing agent hydroxylamine 
hydrochloride has been previously reported for the preparation of monodisperse, spherical Au 
NPs through a seeded growth method.59 Cao et al. investigated the parameters for growth, and 
found that the AuCl4

- complexes preferentially adsorb to {111} facets on the Au seeds, which 
can result in anisotropic NP shapes upon reduction. This can be prevented by adding NH2OH × 
HCl before HAuCl4, so reduction takes place immediately when the AuCl4

- complexes reach the 
Au NP surface, resulting in spherical Au NPs with a narrow size distribution (polydispersity 
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Figure 2.2 Au NP characterization data. (a) UV-Vis spectra of Au NPs revealing the resonance wavelength 
of the plasmonic NPs. Au seeds of 17 nm (red, 1st, TEM image (b)) show a narrow peak at 510 nm. Upon 
growing the particles to 87 nm (pink, 3rd, TEM image (c)) with optimized conditions for hydroxylamine 
hydrochloride growth a shift in the resonance frequency to longer wavelengths is observed. Using a 
one-step synthesis to make 80 nm Au NPs results in a much broader LSPR band due to a high degree of 
polydispersity in the sample (purple, 4th, TEM image (d)). Growing the Au seeds to larger particles using 
unoptimized conditions in the seeded growth procedure leads to anisotropic NPs and a subsequent 
second absorption band (blue, 2nd, TEM image (e)).
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≤5%), as shown in Figure 2.2a and c.

The shape and size of Au NPs can be investigated by both transmission electron 
microscopy (TEM) and UV-Vis spectroscopy. The first gives a microscopic representation of 
a small amount of sample, requiring the inspection of large numbers of NPs in order to give 
statistically relevant data. The latter provides a method to determine the resonance frequency 
of the NPs in bulk. Since the resonance frequency is dependent on the surface properties it 
can be used to determine the (average) size and shape of the NPs.60 Localized surface plasmon 
resonance of Au NPs comprises a longitudinal and transversal component with each their 
own resonant frequency. If the plasmonic NPs are isotropic in shape e.g. spherical, the two 
resonance frequencies overlap, giving rise to just one band in the UV-Vis spectrum. However, 
for anisotropic NPs the longitudinal LSPR red-shifts to longer wavelengths, resulting in 
a second absorption peak.3,61 Upon aggregation and/or plasmon coupling of NPs a similar 
shift occurs, explaining why for S(HIN)ERS substrates of (coated) Au NPs dried on Si wafers 
generally an excitation wavelength of 633-785 nm is employed, instead of 532 nm.

2.2.2 Synthesis of Au@SiO2 Shell-Isolated Nanoparticles 
To obtain ultrathin yet pinhole-free SiO2 coatings, surface functionalization with silanes 

and subsequent SiO2 growth based on water glass was used as initially reported by the group 
of Liz-Marzán and later optimized to produce SHINs by Li et al.11,62 In this method, first a 
ligand exchange is performed by adding freshly prepared (3-aminopropyl)trimethoxysilane 
(APTMS) in MQ to a Au NP dispersion. The prepared Au NPs as described above are stabilized 
by citrate, which coordinates to the NP surface through its carboxylic acid groups. As the 
lone pair of the nitrogen in APTMS has a stronger interaction with the Au NP surface than 
these carboxylic acid groups, a full ligand exchange can be performed, resulting in APTMS-
stabilized Au NPs. The trimethoxysilane part of this molecule faces outwards and is sensitive 
to condensation. Upon adding a solution of sodium silicate, this reaction will start to take 
place spontaneously. 

The rate of condensation depends on several factors, like pH, temperature, and time. The 
higher the pH, the lower the reaction rate (note: at pH>12 dissolution and condensation of 
silica compete, resulting in incomplete shell growth). When lowering the pH, the rate of 
silica condensation increases, resulting in uncontrolled growth and secondary nucleation. 
Therefore, there is an optimum pH of the sodium silicate solution to reproducibly grow 
pinhole-free SiO2 layers, which lies around 10.816,62 (achieved through acidification with 1 M 
HCl). The temperature at which the reaction is carried out also has a large influence on the 
silica layer. For example, at the proposed temperature of 90 °C, the NPs have been observed 
to cluster or grow together into one shell. Although technically this is not detrimental to 
SHINERS experiments since samples are often prepared by aggregating Au NPs onto a Si 
wafer, when two particles grow together that means that the highest enhancements occur in 
locations where no analyte can enter and thus the hot spot is lost. By lowering the reaction 
temperature, this can be prevented. For example, instead of coating Au NPs for 30 minutes at 
90 °C, they can be coated at 60 °C for 1h, or at room temperature for 2 days (see Chapter 3). 
After the coating process is complete, the NPs need to be washed several times to remove any 
excess sodium silicate to prevent further growth.

After redispersion in water, the Au@SiO2 SHINs can be assessed on their layer thickness 
and signal enhancement by TEM and SHINERS, as illustrated in Figure 2.3. With TEM we can 
directly inspect the thickness of the layer, whereas in SHINERS experiments we can compare 
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the Raman intensity of several probe molecules on both the SHINs and their parent Au NPs 
after deposition on a Si wafer to prepare suitable S(HIN)ERS substrates. Pyridine can be used to 
test for pinholes in the SiO2 layer: The lone pair of electrons on the N atom in pyridine can bind 
to Au surfaces resulting in both physical and chemical enhancement of the Raman scattering 
signal and thus a very intense peak in the SHINER spectrum.16 If no pinholes are present 
and pyridine cannot adsorb to the Au surface, only physical enhancement takes place which 
results in a much lower signal. Apart from pyridine, Rhodamine 6G (R6G) is often applied 
as SERS probe.13,16,63,64 R6G is a dye molecule with a high Raman cross-section attributed to 
its conjugated structure and in addition exhibits excellent stability against photobleaching. 
Therefore, this compound is often used to investigate the loss in signal enhancement brought 
about by coating of the AuNPs. 
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Figure 2.3 Characterization data of Au@SiO2 Shell-Isolated Nanoparticles (SHINs). (a) TEM image of 
Au@SiO2 prepared at 90 °C. Encapsulation of several NPs into the SiO2 shell can be observed. (b) Growth 
carried out at pH 9.6. SiO2 condensation occurs so rapidly that secondary nucleation takes place and 
the Au NPs become interconnected through the SiO2 layer. (c) Au@SiO2 growth carried out at room 
temperature for 2 days. A thin, smooth layer can be observed covering the entire Au NP. (d) S(HIN)
ER spectra of Rhodamine 6G on parent Au NPs and its SHIN derivative. The SERS activity decreases 
by a factor ~3. (e) Pyridine test on Au and Au@SiO2 NPs. The combination of chemical and physical 
enhancement upon adsorption of pyridine directly onto the Au surface gives a very strong signal in the 
SER spectrum. Upon coating with SiO2 this direct contact is blocked and only physical enhancement 
remains, accounting for the difference in signal intensity loss compared to (d).
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2.2.3 Synthesis of Au@ZrO2 Shell-Isolated Nanoparticles 
Next, we developed a procedure to coat Au NPs with a thin ZrO2 shell, using 70 wt% 

zirconium(IV)propoxide in 1-propanol as zirconia precursor. As Zr(OPr)4 is very reactive and 
readily condenses into ZrO2, the reaction parameters were optimized experimentally. The 
final procedure is as follows:

To a dispersion of 10 mL citrate-stabilized Au NPs 0.13 mL of a freshly prepared 1 mM 
solution of APTMS in MQ was added. The mixture was stirred for 15 min at 800 RPM and 
then centrifuged in home-made glass centrifuge flasks. The supernatant was decanted 
and the centrifuge flask was sealed with an air tight Precision Seal® septum. The flask was 
flushed with N2 to expel all air and then the sediment was redispersed in dry 1-propanol by 
ultrasonication. The APTMS-functionalized Au NPs were washed with dry 1-propanol and 
flushed with N2 several times. The contents of the centrifuge flask were then transferred to a 
roundbottom flask under inert atmosphere. The roundbottom flask was placed in a 3:1 ice:NaCl 
bath at -18 °C and while stirring, 1 mL 2.5 mM Zr(OPr)4 solution in dry 1-propanol was added 
through the septum using a syringe. After 30 min, the solution was transferred to air tight 
glass centrifuge flasks, washed with dry 1-propanol twice, then washed with 1-propanol and 
finally redispersed in MQ.

Figure 2.4 shows TEM images of Au@ZrO2 NPs coated with unoptimized and optimized 
conditions. Water content was found to be the most critical factor for ZrO2 growth. When water 
was not expelled properly, this would result in white structures in our dispersions that were 
visible to the naked eye, indicating macroscopic ZrO2 formation. Still, Figure 3a shows that at 
room temperature uncontrolled growth takes place even when water was properly expelled. 
Therefore the reaction rate was lowered further by adjusting the following parameters:

• The reaction temperature was decreased to -18 °C via use of a 3:1 ice:NaCl bath;

• The coating was carried out in dry 1-propanol, the alcoholic derivative of the zirconia 
precursor;

• Afterwards the Au@ZrO2 SHINs were washed several times with dry 1-propanol before 
redispersing the SHINs in water. 

When all optimization steps were implemented, stable dispersions of Au@ZrO2 SHINs in 
MQ with smooth ZrO2 layers were the result. 

The stability of the Au@ZrO2 SHINs was tested over time and pH, shown in Figure 2.4c-
h. For the stability test over time, samples were kept in the cupboard for 28 months and 
examined by TEM. Although these samples were made following an unoptimized procedure (a 
temperature of -5 °C was used instead of the optimized temperature of -18 °C) which resulted 
in rough and wildly condensed shells, these Au@ZrO2 SHINs still exhibited excellent stability 
over a period of 28 months. The shells looked similar to those observed in the original TEM 
sample and inspection of the dispersions by eye still showed a pink-reddish color, indicating 
no aggregation had taken place.

The stability in different concentrations of acid and base was tested by dispersing the Au@
ZrO2 SHINs in 1 M HCl or 1 M KOH, respectively. After mixing for half an hour TEM samples 
were prepared and the shells were examined and compared to a parent sample that was 
dispersed in MQ after preparation (pH 7, Figure 2.4f). Close inspection of the shell with TEM 
showed no significant change in its smoothness or thickness, indicating the high stability 
of Au@ZrO2 in acidic (Figure 2.4g) and basic (Figure 2.4h) environments and with that their 
potential applicability in liquid phase SHINERS experiments. 
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Figure 2.4 Transmission electron micrographs of Au@ZrO2 Shell-Isolated Nanoparticles (SHINs). 
(a) Synthesis performed with unoptimized synthesis conditions (temperature, dry solvent). The core 
Au NP is encapsulated in a large network of interconnected ZrO2 structures. (b) Optimized synthesis 
parameters. A smooth shell can be observed around the Au NP. (c-e) Stability of Au@ZrO2 SHINs 
prepared at -5 °C over time: (c) After preparation, (d,e) after 28 months. This coating was carried out 
with only the temperature parameter unoptimzed, resulting in a non-uniform and rough shell. (f-h) 
Stability of Au@ZrO2 with a thin, smooth 3 nm shell in diff erent pH environments. The shell was not 
aff ected by the pH.
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2.2.4 Synthesis of Au@Nb2O5 Shell-Isolated Nanoparticles
For the preparation of Au@Nb2O5 a similar procedure was followed as the one developed and 

optimized for ZrO2 shell growth. However, instead of a propoxide the niobia precursor used 
was niobium(V)ethoxide, warranting the use of dry EtOH as solvent. After functionalization 
with APTMS, redispersion in dry EtOH, and transfer to a roundbottom flask under inert 
conditions placed in a 3:1 ice:NaCl bath, a solution of Nb(OEt)5 in dry EtOH was added. Figure 
2.5 shows that this resulted in the formation of a nice smooth layer of Nb2O5 around the Au 
NPs. 

Testing of Au@ZrO2 and Au@Nb2O5 synthesized via both the optimized and unoptimized 
methods for SHINERS activity and pinholes is reported in Figure 2.6. The top, orange spectra 
in Figure 2.6a and b show that when using the unoptimized synthesis procedure part of the 
Au NP surface is directly exposed to pyridine based on the peak at 1000 cm-1. In contrast, 
for Au NPs coated using the optimized procedures (bottom, purple spectra), only peaks that 
can be attributed to Rhodamine 6G are observed. Furthermore, the overall intensity is lower 
for the SHINs with pinholes compared to those without. This is attributed to two factors: 1. 
Different size of Au NPs and subsequent different signal enhancing properties, and 2: Due to 
the uncontrolled growth, the distance between Au NPs upon aggregation is larger, yielding 
weaker hotspots and thus lower Raman signal enhancement. 

2.2.5 SHINERS of Au@ZrO2 and Au@Nb2O5 for CO Adsorption on 
         Pt and Ru Catalysts
To assess the suitability of the newly prepared SHINs for SHINERS experiments, CO 

adsorption tests were carried out. First, catalysts were assembled on top of the NPs, as 
described by Hartman et al.13 RuCl3 and H2PtCl6 solutions were mixed with SHINs and then 
dropcast on Si wafers. The wafers with RuCl3/Au@Nb2O5 , RuCl3/Au@ZrO2, and H2PtCl6/
Au@Nb2O5 were placed in a Linkam Cell and then reduced in situ at 150 °C under a 1:1 H2:Ar 
atmosphere while measuring SHINER spectra (note the absence of H2PtCl6/Au@ZrO2: the 
preparation of this sample proved unsuccessful), see Figure 2.7a-c. The black spectra at the 
bottom in Figure 2.7a-c represent the samples before reduction. The first observation we can 
make is the presence of intense bands around 250 cm-1 that originate from the shell materials 
and metal chloride precursors.13,65–68 Upon reduction at 150 °C the bands decrease in intensity 

(a) (b)

50 nm 20 nm

Figure 2.5 TEM images of Au@Nb2O5 SHINs. (a) Unoptimized synthesis conditions (temperature);  
(b) Optimized synthesis conditions. A smooth layer can be observed covering the entire Au NPs.
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and new broad bands arise centered around 850 cm-1 for the Au@Nb2O5 samples and around 
870 cm-1 for the Au@ZrO2 sample. For Nb2O5 such bands have been observed for hydrated 
niobic acid phases, whereas the sharp band around 1000 cm-1 is attributed to highly distorted 
sites.68–70 However, since complete phase transformation of these materials generally takes 
place at higher temperatures, we attribute the bands around 850 and 870 cm-1 to amorphous 
metal oxides for both materials. 

Subsequently, the available Ru and Pt NP surface was tested with CO adsorption 
experiments at 150 °C, as displayed in more detail in Figure 2.7d. For Ru supported on Au@
ZrO2 compared to Au@Nb2O5 we see a shift to lower frequency of both the metal-adsorbate 
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Figure 2.6 Au@MOx SHINs tested for pinholes and SHINERS activity. (a) Au@ZrO2 with (top, orange) 
and without (bottom, purple) pinholes. Au@ZrO2 synthesized with the unoptimized procedure 
results in pinholes as evidenced by the pyridine peak at 1000 cm-1. Absence of this peak in the bottom, 
purple spectrum indicates that the ZrO2 layer is pinhole-free. Peaks between 1100 and 1700 cm-1 are 
characteristic for Rhodamine 6G and indicate that both Au@ZrO2 samples still enhance the Raman 
scattering. (b) Au@Nb2O5 with (top, orange) and without (bottom, purple) pinholes. Similarly to for 
Au@ZrO2 in (a), using the unoptimized procedure leaves part of the Au NP surface exposed for pyridine 
to adsorb onto (orange, 1000 cm-1), while the optimized procedure leads to a pinhole-free coating that 
only shows peaks attributed to Rhodamine 6G.
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Figure 2.7 In situ SHINER spectra of metal chloride-impregnated Au@MOx SHINs after preparation 
(black, bottom), reduction (grey, middle), and during CO adsorption experiments (top). (a) Ru/Au@
Nb2O5, (b) Ru/Au@ZrO2, (c) Pt/Au@Nb2O5. Scale bars indicate 250 counts per second (cps). (d) Zoom in 
showing the (left) metal-adsorbate stretching region during CO adsorption at 150 °C, and (right) the 
C-O stretching region. The sharp peaks marked with an asterisk originate from the Si wafer.
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stretching vibrations and the C-O stretching vibrations from 489 cm-1 to 476 cm-1 and from 
2016 cm-1 to 2003 cm-1, respectively. Furthermore, for the Pt/Au@Nb2O5 sample, we see Pt-C 
stretching at 470 cm-1 and C-O stretching at 2053 cm-1. These frequencies are lower compared 
to those reported13,15 and observed (see Chapter 4, 6) for CO adsorbed onto Pt/Au@SiO2 and 
are attributed to the different (nature of the) support. These experiments reveal the potential 
of SHINERS as analytical technique to study (strong) metal-support interactions and phase 
transitions in transition metal oxides.

2.2.6 Shell-Isolated Nanoparticles and Tips based on Ag
Besides Au NPs, Ag NPs are also often used in plasmon-enhanced Raman spectroscopy. 

Their LSPR lies at shorter wavelengths, and is usually considered stronger, thus higher signal 
enhancements can be achieved.3,11,71 However, Ag is less stable and therefore more challenging 
to work with. Rapid surface oxidation for example results in complete loss of plasmonic 
activity.48 Still, due to the higher signal enhancement, Ag is the preferred material for Tip-
Enhanced Raman Spectroscopy (TERS) studies. 

Ag@ZrO2 50 nm Ag NPs (Figure 2.8a) were grown from Au seeds using AgNO3 as Ag 
precursor, citrate as stabilizing agent, and ascorbic acid as mild reducing agent, following the 
procedure by Zhao et al.72 After addition of all reagents, the solution was heated to 90 °C, held 
at this temperature for 2 h, and then quenched in cold water. The mechanism for Ag NP growth 
on Au seeds is closely related to that for growth of Au NPs, but using ascorbic acid often results 
in nucleation of small spherical structures on the NP surface. To enable restructuring into 
spherical NPs, the reaction mixture needs to be kept at elevated temperature for some time.73 
Omitting this step results in Ag NPs as presented in Figure 2.8b. A ZrO2 layer was then grown 
around the Ag NPs as described previously for Au NPs. Figure 2.8c shows that this method also 
yields smooth layers on Ag NPs.

100 nm

(a) (b) (c)

100 nm 20 nm

Figure 2.8 TEM images of Ag NPs with Au cores. (a) Spherical Ag NPs with a diameter of 70 nm; (b) Ag 
NPs prepared without restructuring step. Small spherical NPs can be observed adsorbed to the Ag NP 
surface due to the use of ascorbic acid as mild reducing agent; (c) Ag@ZrO2 SHINs with smooth shells 
obtained by using the procedure optimized on Au NPs.
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Ag Tips@ZrO2 Subsequently, this method was extrapolated to Ag TERS probes (the 
procedure to develop Ag TERS probes is reported elsewhere47). A schematic diagram of the 
coating procedure is presented in Figure 2.9. These experiments could not be performed under 
inert conditions due to the fragility of the TERS probes, relying on other factors to slow down 
the rate of the reaction to prevent uncontrolled ZrO2 growth at the tip-apex. These factors 
include the previously discussed temperature and solvent, but also reaction time. 

First, APTMS was adsorbed on the Ag surface of metal-coated TERS probes by immersing 
them in an APTMS solution in MQ for 15 min at room temperature. Immersion of TERS probes 
was performed by holding them is self-closing tweezers mounted in a clamp and carefully 
lowering them in the reaction mixture. A picture of this setup is included in Figure 2.9b. Next 
the APTMS-functionalized TERS probes were transferred to a vial containing 1-propanol 
placed in a 3:1 ice:NaCl bath of -18 °C. When the tip was in place, zirconium(IV)propoxide 
solution in 1-propanol was added quickly. This resulted in the condensation of the ZrO2 
precursor on the surface of the Ag TERS probes. After 30 min, the ZrO2-protected probes were 
washed by dipping them alternately in 1-propanol, MQ, 1-propanol, MQ, ethanol, MQ, and 
ethanol. Ethanol was used in the final stages of the washing procedure to facilitate drying. 
Figure 2.9c shows a TEM image of Tip@ZrO2. 
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Figure 2.9 Preparation of Ag tip@ZrO2. (a) Schematic of the coating procedure. (b) Photograph of 
the setup for APTMS functionalization. The Ag tip is held in self-closing tweezers placed in a clamp 
and carefully submerged in the APTMS solution. (c) TEM image of Ag tip@ZrO2. Small Ag NPs can 
be observed on the tip, contributing to the signal enhancement. A thin layer of ZrO2 can be observed 
surrounding the tip.
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2.2.7 Assessment of the Lifetime of Ag Tips@ZrO2 

The lifetime of Tips@ZrO2 was compared with unprotected Ag TERS probes using a 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) thin fi lm as a test 
sample. Plasmonic enhancement of TERS probes can be monitored using the ratio of Raman 
signal intensity in the near-fi eld (plasmonically enhanced electric fi eld at the probe-apex) 
and far-fi eld (electric fi eld in the entire excitation laser spot), which is known as “contrast” 
and defi ned as follows:

  

Where ITERS and IFF are the intensity of a Raman band with the TERS probe in contact with and 
retracted from the sample, respectively. Time-series TER spectra recorded using unprotected 
and ZrO2-protected TERS probes stored in ambient air are shown in Figures 2.10a and b, 
respectively. Contrast was determined using the intensity of the band at 1454 cm-1 attributed 
to symmetric stretching of Ca=Cb and is plotted in Figures 2.10c and d, for the unprotected and 
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Figure 2.10 Time series TERS (red) and far-fi eld Raman (blue) spectra measured from a PEDOT:PSS thin 
fi lm on glass after exposing (a) unprotected TERS probes for 0, 10, and 170 h and (b) ZrO2-protected 
TERS probes for 2, 33, and 140 days to the ambient environment. Plots of TERS contrast versus exposure 
time of representative TERS probes to the ambient environment for measurements presented in (c) and 
(d). In this study, a thin fi lm of PEDOT:PSS was chosen to measure the lifetime of the ZrO2-coated TERS 
tips because of its high chemical stability, low surface roughness, and strong Raman signal. The time 
series contrast was measured from an average of three TERS and far-fi eld measurements conducted at 
diff erent areas on the PEDOT:PSS thin fi lm.
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protected probes, respectively. The near-fi eld signal intensity of a fresh unprotected TERS 
probe is found to be almost 3× higher than the far-fi eld signal, indicating a strong plasmonic 
enhancement of the electric fi eld at the probe-apex. However, the TERS contrast decreases 
rapidly by 50% of its initial value (half-life) within 4.5 h due to surface oxidation of the Ag 
coating in air.48 After a rapid initial decline, the contrast decreases gradually by 75% in 10 h, 
eventually reaching zero after 170 h of exposure to air, indicating a complete loss of plasmonic 
enhancement. On the other hand, although the ZrO2-protected TERS probes exhibit a decrease 
in contrast of almost 50% compared to the unprotected probes (after 2 days of preparation), 
they show a much higher plasmonic stability; even after 140 days of exposure to the ambient 
environment, the TERS contrast decreased by only 43%, indicating that the plasmonic 
sensitivity for TERS measurements is largely preserved. The pinhole-free ZrO2 layer blocks 
contact of the Ag coating with oxygen and moisture present in the surroundings, thereby 
preventing plasmonic degradation.48 From extrapolation of the time-series plot in Figure 
2.10d the half-life of the ZrO2-protected TERS probes is estimated to be over 160 days. This 
corresponds to more than an 850× increase in lifetime compared to unprotected probes and 
to our knowledge is the longest lifetime of any TERS probe stored under ambient conditions 
reported to date. Furthermore, these novel ZrO2-protected probes could be employed for 
nanoscale chemical mapping of a wide range of conducting and non-conducting sample 
surfaces using an AFM-TERS setup.

The Ag@ZrO 2 tips were tested for pinholes using a self-assembled monolayer (SAM) of 
4-ATP on a polymethylmethacrylate (PMMA) substrate, as demonstrated in Figure 2.11a. 
Upon direct contact between 4-ATP and exposed Ag surface on the coated tip, plasmon-
catalyzed dimerization into DMAB will take place when the LSPR is excited.74,75 This results in 
distinct Raman bands of the azo group in DMAB, appearing at 1142 cm-1 (C-H bending), 1390 
cm-1 (N=N stretching), and 1437 cm-1 (N=N stretching)74,76 in the TER spectrum, as is observed 

(a)

Ag@ZrO2 Ag

(b)

Figure 2.11 Pinhole test of zirconia-protected TERS probes. (a) Measurement of a thin fi lm of 4-ATP 
on poylmethylmethacrylate (PMMA) (red) and Ag (black) substrate using Ag tip@ZrO2. Only peaks 
attributed to 4-ATP were observed on the PMMA substrate. (b) Similar measurements as in (a), but 
with an unprotected tip lead to the observance of DMAB peaks in the 4-ATP on PMMA substrate. This 
demonstrates the infl uence of the LSPR originating at the tip, and confi rms its successful isolation upon 
coating with ZrO2 as in (a).

Thesis-17x24-v2-WC.indd   51 11/4/2019   1:47:10 PM



52

Preparation and Application of SHINs for PERS2
when using an uncoated tip in Figure 2.11b. However, upon illumination with resonant laser 
light at 532 nm, only Raman bands attributed to 4-ATP were present in the TER spectra 
measured with the coated tip and no conversion to DMAB was observed. This confi rms the 
pinhole-free nature of the Ag@ZrO2 tips. 

2.2.8 TERS Activity Assessment under Different Conditions 
Next we used ZrO2-protected TERS probes to demonstrate spatially-resolved nanoscale 

characterization of a similar 4-ATP SAM, but assembled on a SERS-active Ag substrate. Using 
this SERS substrate enables us to observe the plasmon-catalyzed dimerization of 4-ATP into 
DMAB while it is taking place on the Ag surface, in either air or aqueous environments.

For measurements in air, we placed the TERS probe in contact with the Ag substrate 
and carried out Raman mapping of the substrate, while keeping the TERS probe at the 
same position on the sample. Figure 2.12a shows the map of the 1437 cm-1 DMAB Raman 
band intensity, in which a much stronger intensity is observed at the probe-apex position. 
Comparison of average spectra measured at the TERS probe-apex in Figure 2.12a and away 
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(a) (b)

(c) (d)

Figure 2.12 Maps of 4-ATP → DMAB at the TERS probe apex obtained using the intensity of the 1437 cm-1

(N=N stretching) DMAB Raman band measured from the 4-ATP SAM on the Ag substrate in (a,c) air 
and (b,d) water. TERS (red) and SERS (blue) spectra measured at the position of maximum DMAB signal 
with the TERS probe in contact and retracted from the sample. The asymmetric shape of the reaction 
areas at the TERS probe apex in (a) and (b) most likely arises from the combination of the random 
distribution of Ag grains at the TERS probe apex resulting from the thermal deposition of the Ag layer 
and the inhomogeneous and asymmetric distribution of the electromagnetic (EM) fi eld intensity in the 
laser focal spot.
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from it showed that the DMAB bands are visible only in the TER spectra measured at the 
probe-apex, indicating a strong LSPR. Furthermore, the TERS signal measured at the position 
of maximum intensity in Figure 2.12a is found to be ≈ 12× stronger than the SERS signal 
measured at the same position with the probe retracted from the sample, as shown in Figure 
2.12c. 

Next, we examined the sensitivity of the ZrO2-protected TERS probes for monitoring 4-ATP 
→ DMAB in an aqueous environment. In this case, TERS measurements were performed 
inside a water droplet placed on the sample surface. Interestingly, compared to the SERS 
measurements in air, a 210× stronger signal was observed in water. This is in contrast to 
previous reports where the far-fi eld Raman signal of molecular SAMs on Au was found 
to decrease by a factor of > 3 in a liquid environment compared to air due to laser focus 
aberrations.38 However, for the 4-ATP SAM on the heterogeneous Ag substrate, we speculate 
that this eff ect could arise due to the red-shift of the surface plasmon resonance of the SERS 

(c) (d)

(b)(a)

Figure 2.13 (a) AFM topography image of a heterogeneous Ag substrate functionalized with 4-ATP. (b) 
TERS map of the IDMAB/I1071 intensity ratio for an area of 500 × 500 nm2 like marked in (a). Pixel size: 10 
nm. (c) Histogram showing the %frequency of the IDMAB/I1071 ratio in the 4-ATP → DMAB TERS map in (b). 
(d) TER spectra from the locations marked as 1-6 in (b) showing diff erent degrees of conversion across 
the TERS map. Spectra are normalized to the intensity of the 1071 cm-1 band for comparison.
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substrate in an aqueous environment.77 This could lead to a better matching of the surface 
plasmon resonance wavelength with the excitation laser, resulting in a higher DMAB 
formation as well as a much stronger SERS signal.78–81 However, we cannot rule out other 
phenomena such as surface molecular diff usion82,83 and molecular reorientation84,85, which 
may be aff ected by the presence of an aqueous environment. A detailed understanding of this 
eff ect is beyond the scope of the present study and warrants a separate investigation. 

A map of the 1437 cm−1 DMAB band intensity measured around the TERS probe-apex is 
shown in Figure 2.12b. Once again, a signifi cantly higher DMAB signal intensity is observed at 
the probe-apex indicating a strong LSPR. The intensity of the TERS signal in water is found to 
be ≈12× stronger compared to the SERS signal measured at the same location (Figure 2.12d), 
clearly showing that the ZrO2-protected TERS probes retain their plasmonic sensitivity in 
water.  

Finally, we performed nanoscale chemical imaging of this reaction on a Ag substrate in 
water. Figure 2.13a shows an AFM topography image of the surface, and Figure 2.13b shows 
a TERS map of the 4-ATP → DMAB conversion, obtained using the IDMAB/I1071 ratio in an area 
of 500 × 500 nm2. The conversion exhibits a high degree of spatial heterogeneity across the 
Ag substrate employed, and a histogram analysis of the IDMAB / I1071 ratio across this map is 
consistent with a broad range of catalytic activities (Figure 2.13c). Furthermore, the TERS map 
in Figure 2.13b exhibits a number of highly localized regions of notably high 4-ATP → DMAB 
conversion. Some of these “reaction hotspots” are labelled in Figure 2.13b (marked as 1-3) 
and corresponding spectra are shown in Figure 2.13d. For comparison, example spectra from 
regions of low conversion are also shown in Figure 2.13d and labelled as 4-6 in Figure 2.13b. 
We propose that the extremely confi ned regions of high conversion refl ect the plasmon-
assisted nature of the 4-ATP → DMAB reaction75, in which the LSPR at or in between individual 
Ag nanoparticles can confi ne light to a < 1 nm3 volume.86 We note that a high conversion of 
4-ATP to DMAB at a particular position on the Ag substrate could be caused by two factors: 1) 
A strong LSPR coupling between the ZrO2 protected TERS probe-apex and the Ag substrate, 
or 2) the LSPR within the SERS hotspots present on the Ag substrate. In the current study, it 
is not possible to distinguish between these two contributing factors, as deconvoluting the 

Figure 2.14 The fi rst (bottom) and last (top) spectrum measured in the TERS map shown in Figure 2.13b. 
A similar signal intensity is observed in the spectra, indicating the stability of the Ag tips@ZrO2 during 
TERS measurements in water.
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influence of the TERS probe LSPR on the surface reaction remains a challenging problem 
beyond the scope of this PhD thesis. 

The stability of the ZrO2-protected TERS probe during TERS mapping was assessed by 
comparing the first and last spectra recorded in the TERS map of Figure 2.13b. Figure 2.14 
shows that the Raman intensity obtained on the first pixel of the map is very similar to the 
intensity in the last pixel. This underlines the unprecedented plasmonic stability of the Ag 
tips@ZrO2 during a mapping experiment of several hours with constant laser illumination in 
an aqueous environment.

2.3 Conclusions
We have prepared shell-isolated nanoparticles and tips, introducing two new coatings (i.e. 

ZrO2 and Nb2O5) to be used in shell-isolated plasmon-enhanced Raman spectroscopy. We 
demonstrated that these shells can function as supports for catalysts that are applicable in in 
situ experiments and could potentially be used to study (strong) metal-support interactions. 
Furthermore, we showed that the ZrO2 coating procedure can not only be applied to Au NPs, 
but also to Ag NPs and Ag TERS probes, as evidenced by TEM images and Raman spectroscopy 
tests. Moreover, the tips@ZrO 2 were extensively analyzed and assessed for Raman scattering 
enhancing capabilities, stability and lifetime. We successfully extended the lifetime of Ag 
TERS probes with a factor of > 850, from a few hours to over 4.5 months. Additionally, coating 
of Ag TERS probes with ZrO2 renders them chemically inert and allows for the investigation 
of catalytic reactions in liquids at the nanoscale, as demonstrated by mapping of a model 
catalytic reaction in aqueous environment with nanoscale spatial resolution. This work opens 
up the possibility of using TERS as a nanoanalytical tool to map molecular heterogeneities and 
interfacial dynamics in situ, in diverse areas of scientific research in which nanoscale features 
at solid-liquid interfaces play a primary role in governing chemical behavior. Furthermore, 
this clear improvement in the probe lifetime and structural and chemical stability paves 
the way for using AFM-TERS for non-destructive, label-free and nanoscale chemical 
characterization on a wide range of samples and environments.

2.4 Experimental Methods
2.4.1 Materials Synthesis
Au Seed Synthesis. 3.48 mL of 2.6 mM HAuCl4 (× 3H2O Alfa Aesar, 99.99%) was added to 

30 mL MilliPore (MQ) water (resistivity: 20 MΩ × cm at 20 °C) in a roundbottom flask. This 
mixture was heated in a reflux setup under magnetic stirring, and when the boiling point 
was reached 0.18 mL of a 5wt% sodium tricitrate (dihydrate salt, Sigma Aldrich, 99%) was 
added quickly. After ~15 min the mixture had turned ruby red and was cooled down to room 
temperature.

Au Nanoparticle Growth. 0.1 mL of as-synthesized Au seeds were added to 10 mL MQ in 
a glass vial. 0.01 mL of 5wt% sodium tricitrate (dihydrate) was added and the mixture was 
stirred at 2000 rpm. 5 mL 2.6 mM NH2OH × HCl (99.995%, Sigma-Aldrich) in MQ and 5 mL 
2.6 mM HAuCl4 in MQ were added alternatingly in steps of 0.1 mL. Upon the addition of HAuCl4 
the color of the dispersion changed from clear and colorless to purple/orange (transmission/
scattering, respectively).

Au@SiO2 Shell-Isolated Nanoparticles. 10 mL of Au NPs were transferred to a glass vial 
and 0.14 mL freshly prepared 1 µM (3-aminopropyl)trimethoxysilane (APTMS, Sigmal 
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Aldrich, 99%) in MQ was added. The mixture was stirred for 15 min and then 1.07 mL of 0.54 
wt% sodium silicate (prepared from sodium silicate (Sigma Aldrich, 27%) diluted in MQ and 
acidified to pH ~10.8 using 1 M HCl) was added. This was stirred for 3 min and then either 
heated to 60 °C and held there for 60 min, or kept at room temperature for 2 days. Afterwards, 
the reaction was quenched by putting the flasks in an ice-water bath. The Au@SiO2 SHINs 
were washed by centrifugation 3 times and redispersed in MQ. 

Au@ZrO2 Shell-Isolated Nanoparticles. To a dispersion of 10 mL citrate-stabilized Au 
NPs 0.13 mL of a freshly prepared 1 µM solution of APTMS in MQ was added. The mixture was 
stirred for 15 min at 800 RPM and then centrifuged in home-made glass centrifuge flasks. The 
supernatant was decanted and the centrifuge flask was sealed with an air tight Precision Seal® 
septum. The flask was flushed with N2 to expel all air and then the sediment was redispersed 
in dry 1-propanol (Sigma Aldrich, 99.7%) by ultrasonication. The APTMS-functionalized Au 
NPs were washed with dry 1-propanol and flushed with N2 several times. The contents of the 
centrifuge flask were then transferred to a roundbottom flask under inert atmosphere. The 
roundbottom flask was placed in a 3:1 ice:NaCl bath at -18 °C and while stirring, 1 mL 2.5 
mM Zr(OPr)4 (Sigma Aldrich, 70 wt% in 1-propanol) solution in dry 1-propanol was added 
through the septum using a syringe. After 30 min, the solution was transferred to air tight 
glass centrifuge flasks, washed with dry 1-propanol twice, then washed with 1-propanol and 
finally redispersed in MQ.

Au@Nb2O5 Shell-Isolated Nanoparticles. To a dispersion of 10 mL citrate-stabilized Au 
NPs 0.13 mL of a freshly prepared 1 µM solution of freshly prepared APTMS in MQ was added. 
The mixture was stirred for 15 min at 800 RPM and then centrifuged in home-made glass 
centrifuge flasks. The supernatant was decanted and the centrifuge flask was sealed with an 
air tight Precision Seal® septum. The flask was flushed with N2 to expel all air and then the 
sediment was redispersed in dry EtOH (Acros Organics, extra dry absolute AcroSealTM, 99.5%) 
by ultrasonication. The APTMS-functionalized Au NPs were washed with dry EtOH and 
flushed with N2 several times. The contents of the centrifuge flask were then transferred to a 
roundbottom flask under inert atmosphere. The roundbottom flask was placed in a 3:1 ice:NaCl 
bath at -18 °C and while stirring, 1 mL of 10.000x dil Nb(OEt)5 (Sigma Aldrich, 99.95%) was 
added through the septum using a syringe. After 30 min, the solution was transferred to air 
tight glass centrifuge flasks, washed with dry EtOH twice, then washed with EtOH and finally 
redispersed in MQ.

Catalyst/Au@MOx. To 0.5 mL Au@MOx (MOx = ZrO2, Nb2O5) 0.5 mL MQ was added in an 
Eppendorf tube. 0.1 mL of a 10 mM MxCly (M = Ru, Pt) in MQ was added to the diluted SHINs 
and the mixture was shaken and ultrasonicated for 15 min. Then, 20 µL of the mixture was 
dropcast on a B-doped Si wafer and dried under vacuum. The wafer was then transferred to a 
TMS600V Linkam Cell and reduced in situ in 50:50 H2:Ar atmosphere at 150 °C. CO adsorption 
was carried out by flowing 10% CO in Ar at different temperatures.

Ag Nanoparticles. 1 mL of 17 nm citrate-stabilized Au seeds was added to 20 mL MQ in 
a roundbottom flask. Subsequently, 0.2 mL of a 5 wt% sodium tricitrate (dihydrate) and 3 
mL of 10 mM ascorbic acid in MQ were added. After stirring at 800 RPM for 5 min at room 
temperature, 0.47 mL 10 mM AgNO3 in MQ was added in a dropwise manner. Finally, the 
solution was heated to 90 °C, held at this temperature for 2 h, and then quenched in cold water. 

Ag@ZrO2 Shell-Isolated Nanoparticles. 4.5 mL of the as-prepared citrate-stabilized Ag 
NPs were added to 10.5 mL MQ in a roundbottom flask. Then, 0.13 mL of a freshly prepared 1 µM 
APTMS in MQ was added. The mixture was stirred for 15 min at 800 RPM and then centrifuged 
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in home-made glass centrifuge flasks. The supernatant was decanted and the centrifuge flask 
was sealed with an air tight Precision Seal® septum. The flask was flushed with N2 to expel all 
air and then the sediment was redispersed in dry 1-propanol by ultrasonication. The APTMS-
functionalized Ag NPs were washed with 1-propanol and flushed with N2 several times. The 
contents of the centrifuge flask were then transferred to a roundbottom flask under inert 
atmosphere. The roundbottom flask was placed in a 3:1 ice:NaCl bath at -18 °C and while 
stirring, 1 mL 2.5 mM Zr(OPr)4 solution in dry 1-propanol was added through the septum 
using a syringe. After 30 min, the solution was transferred to air tight glass centrifuge flasks, 
washed with dry 1-propanol twice, then washed with 1-propanol and finally redispersed in 
MQ. 

Ag@ZrO2 Tip-Enhanced Raman Spectroscopy Tips. Ag-coated AFM-TERS probes as 
described elsewhere were immersed in a 8 µM solution of APTMS in MQ for 15 min at room 
temperature. The APTMS-functionalized TERS probes were transferred to a vial containing 
10 mL 1-propanol placed in a 3:1 ice:NaCl bath of -18 °C. 1 mL of 25 mM Zr(OPr)4 in dry 
1-propanol was added quickly. After 30 min, the Ag@ZrO2 AFM-TERS probes were washed by 
dipping them alternately in 1-propanol, MQ, 1-propanol, MQ, ethanol, MQ, ethanol. 

Tip-Enhanced Raman Spectroscopy Samples. The PEDOT:PSS thin film was prepared 
by spin coating an aqueous solution of PEDOT:PSS (Heraeus Precious Metals GmbH & Co, 
Germany) onto a glass coverslip (thickness no. 1.5) at 2000 RPM for 2 min under Ar atmosphere. 
The Ag substrate was prepared by thermal deposition of 10 nm Ag (Advent Research Materials, 
UK, 99.99%) on a glass coverslip at 10-6 mbar pressure. The 4-ATP (Sigma Aldrich, UK, 97%) 
SAM was prepared by immersing the Ag substrate in 10 mM 4-ATP solution in ethanol (Fisher 
Scientific, UK, 99.99%) for 2 h. The 4-ATP-functionalized Ag substrate was subsequently 
rinsed with copious amounts of ethanol and deionized water to remove any surface residuals.

2.4.2 Materials Characterization
UV-Vis absorption spectroscopy was performed on a Cary 50 UV-Visible spectrophotometer 

in quartz cuvettes with an optical path length of 10.00 mm. Spectra were measured using 
Scan Application software by Agilent Technologies, version 5.1.0.1016. Transmission electron 
microscopy was performed on a FEI Technai 12, FEI Tecnai 20 and FEI Talos F200, operating 
at 120, 200 and 200 keV, respectively. NP samples were prepared by drying 15 µL of the 
dispersions onto Formvar/carbon-coated 300 mesh Cu grids (Van Loenen Instruments). 
AFM-TERS probes were directly mounted into a modified high tilt sample holder and 
investigated under an angle of 71°. TEM images were analyzed using iTEM software. Ex situ 
and in situ S(HIN)ER spectra were recorded on a Renishaw InVia Confocal Raman Microscope 
equipped with a 200 mW 785 nm laser. Spectra were recorded with a 20x objective, 1200 l/mm 
grating, 1 accumulation at max 10 s exposure time, with a laser intensity of 0.1-5%. Spectra 
were analyzed using Wire 3.4 software. Alternatively, ex situ S(HIN)ER spectra were recorded 
on a Horiba XPlora system equipped with a 638 nm laser, using a static grating of 1200 l/mm, 
with 1 accumulation at max 10 s exposure time. The spectra were analyzed using LabSpec 
software version 6. For all Raman experiments, samples were prepared by dropcasting 20 µL 
of dispersion on a B-doped Si wafer, followed by drying under vacuum. For pyridine and R6G 
tests, 10 µL of a 10 mM or 0.1 mM solution in water, respectively, was pipetted on the sample, 
which was then covered with a glass cover slip. TERS measurements were carried out on a 
bespoke AFM-TERS system. An AFM (AIST-NT) was positioned on top of an inverted confocal 
Nikon microscope connected to a Horiba Raman spectrometer and fitted with an Andor 
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charged couple device (CCD) detector. All far-field and TERS measurements were performed 
using 532 nm laser excitation focused on the sample using a 100x, 1.49 NA oil immersion 
objective. TERS measurements were carried out using contact-mode AFM feedback. A laser 
power of 50-117 µW at the sample was used for the far-field and TERS measurements. For 
performing TERS measurements, the TERS probe was first aligned with the excitation laser 
and then the sample was moved in a raster fashion between the TERS probe and objective lens 
while measuring a TER spectrum at each pixel. Mapping of pATP à DMAB at the TERS probe-
apex was performed by first aligning the TERS probe with the laser spot. Then, the objective 
lens was moved in a raster fashion around the TERS probe while keeping the sample and the 
probe stationary and measuring a Raman spectrum at each pixel. Data analysis was performed 
using OriginPro, SPIPTM, AIST-NT SPM, MATLAB and LabSpec 5 software. 
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CHAPTER 3

Extending Surface-Enhanced Raman 
Spectroscopy to Dispersions for 

Applications in Heterogeneous Catalysis

Si no temes a Dios, témele a los metales

-Gabriel García Márquez
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SHINERS in Liquids

ABSTRACT
Plasmonic superstructures (PS) based on Au/SiO2 were prepared for Shell-Isolated 

Nanoparticle-Enhanced Raman Spectrocopy (SHINERS) in liquid phase applications. 
These superstructures are composed of functionalized SiO2 spheres with plasmonic Au 
nanoparticles (NPs) on their surface. Functionalization was performed with (3-aminopropyl)
trimethoxysilane, (3-mercaptopropyl)trimethoxysilane and poly(ethylene-imine) (PEI). Of 
these three, PEI-functionalized spheres showed the highest adsorption density of Au NPs 
in TEM, UV-Vis and DLS experiments. Upon decreasing the Au NP/SiO2 sphere size ratio, an 
increase in adsorption density was also observed. To optimize plasmonic activity, 61 nm Au 
NPs were adsorbed onto 900 nm SiO2-PEI spheres and these PS were coated with an ultrathin 
layer (1-2 nm) of SiO2 to obtain Shell-Isolated Plasmonic Superstructures (SHIPS), preventing 
direct contact between Au NPs and the liquid medium. Zeta potential measurements, TEM 
and SHINERS showed that SiO2 coating was successful. The detection limit for SHINERS using 
SHIPS and a 638 nm laser was around 10-12 M of Rhodamine 6G (10-15 M for uncoated PS), all 
with acquisition settings suitable for catalysis applications.

3.1 Introduction
Surface-Enhanced Raman Spectroscopy (SERS) is a valuable characterization tool for 

catalysis research due to the extremely high signals that can be obtained.1,2 The key to the 
strong enhancement lies with the SERS-active substrates, generally consisting of Au or Ag 
nanoparticles (NPs).3 These materials exhibit surface plasmon resonance when irradiated 
with laser light of the correct frequency, creating an electromagnetic field of high energy 
density around the NPs. The strong signals that have been observed originate from molecules 
that reside within this field, within a few nanometers from the SERS-active substrate. The 
strongest signals arise from so-called ‘hot spots’: locations where the surface plasmons 
have coupled between multiple particles to form pockets of high-energy electromagnetic 
fields that allow detection of single molecules.4,5 This high sensitivity makes the technique 
a valuable tool in catalysis research, where the elucidation of reaction mechanisms is one of 
the main interests.6,7 Several catalytic reactions have already been studied with SERS over the 
years, mainly electrocatalytic and photocatalytic reactions, a limitation being the interaction 
of reactants with ‘hot electrons’, highly energetic electrons originating from the hot spots. 8–10 

Recently, Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) has 
emerged to overcome this limitation by coating the Au or Ag SERS-substrates with a thin layer 
of dielectric oxide, like SiO2.11 This layer prevents interference of hot electrons in the reaction of 
interest and increases the thermal stability of the NPs, which has extended the applicability of 
SERS to heterogeneous catalysis. For example, the group of Tian recently studied CO oxidation 
over Pt-Fe and Pd catalysts deposited on Au@SiO2 Shell-Isolated Nanoparticles (SHINs).12 
Our own group has recently reported on support effects in CO adsorption and hydrogenation 
over Ru and Rh catalysts assembled on Au@SiO2 and Au@TiO2 SHINs.13 However, these studies 
were all limited to gas-solid phase heterogeneous catalysis, with the application of SERS 
and SHINERS to liquid phase heterogeneous catalysis still lacking. This is mainly due to the 
aforementioned requirement of hot spots, which are not present in stable dispersions of Au 
or Ag NPs. Furthermore, recently Zhang et al. reported that the monomeric Au NPs that are 
present in dispersions show negligible SERS-activity.14 Therefore, a method to create hot 
spots in stable dispersions needs to be developed in order to extend the applicability of SERS 
and SHINERS to liquid-phase heterogeneous catalysis. 

This Chapter is based on “Extending Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy to Liquid-Phase Heterogeneous Catalysis”
by C.S. Wondergem, T.P. van Swieten, R.G. Geitenbeek, B.H. Erné and B.M. Weckhuysen, Chem. Eur. J. 2019, DOI: 10.1002/chem.201903204
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Numerous methods have already been explored, including synthesis of plasmonic 
nanoparticles with intrinsic hotspots15, self-assembly of plasmonic nanoparticles into 
complex superstructures16 and assembly of plasmonic nanoparticles onto larger SiO2 spheres.17 
Of these methods, adsorption of Au NPs onto large SiO2 spheres may well be the most 
promising of all. This method is not only facile in preparation (simply mixing dispersions of 
Au NP and SiO2 spheres with appropriate surface chemistry), it also provides easy tunability 
by simply adjusting Au NP size and/or SiO2 sphere size, which can alter plasmon resonance 
wavelength or colloidal stability. Le Beulze et al. already showed that using this method, 
significant SERS-enhancement can be obtained with 10-50 nm citrate-stabilized Ag and Au 
NPs on 80-100 nm SiO2 spheres.17 However, we believe that increasing the SiO2 sphere size 
will have a beneficial effect: larger plasmonic nanoparticles can be used, increasing the signal 
enhancement by creating stronger hot spots. However, sedimentation rate of these plasmonic 
superstructures needs to be taken into account, as this will limit the time scale of experiments 
on reactions under investigation. 

Citrate-stabilized Au NPs are susceptible to ligand exchange18, allowing not only for easy 
adsorption of the Au NPs onto functionalized SiO2 spheres, but also coating of the resulting 
superstructures with a pinhole-free layer of SiO2 using the method developed by Li et al.11,19 
Unlike SiO2-encapsulation using the Stöber method, the method by Li et al. yields non-
porous, thin, uniform layers of SiO2 that prevent the interaction of plasmons and hot electrons 
with the substrates of interest.8,19 Furthermore, this SiO2 coating provides the possibility to 
adsorb catalytically active nanoparticles on top of the superstructures, ultimately enabling 
investigation of heterogeneous catalytic processes in liquids using SHINERS.12 Finally, as an 
added benefit, the use of superstructures large enough to visualize by optical microscopy 
enables single particle studies.

In this Chapter, we investigate the optimum properties of Au NP/SiO2 sphere plasmonic 
superstructures (PS) that display both SERS-activity and colloidal stability. We prepare 
SiO2 spheres and functionalize their surface with different molecules: (3-mercaptopropyl)
trimethoxysilane (MPTMS), (3-aminopropyl)-trimethoxysilane (APTMS), and 
poly(ethyleneimine) (PEI). Subsequently, we study the effect of these functional groups on 
the adsorption of citrate-stabilized Au NPs onto the SiO2 surface. Moreover, we study the 
effect of size ratio between Au NPs and SiO2 spheres for maximum surface coverage, plasmon 
coupling and colloidal stability. The plasmonic superstructures are analyzed by Transmission 
Electron Microscopy (TEM), UV-Vis spectroscopy, Dynamic Light Scattering (DLS), and 
Raman spectroscopy. Based on the experimentally determined optimum parameters, PS and 
shell-isolated PS (SHIPS) are synthesized. SERS-activity of the (SHI)PS is then measured 
on spin-coated single (SHI)PS by Raman microscopy and on dispersions of (SHI)PS using a 
Raman probe, both with 638 nm excitation. 

3.2 Results and Discussion
3.2.1 Characterization of Functionalized SiO2 Spheres
In a first part of this study, the effect of functionalization on SiO2 spheres of 450 nm was 

investigated and the results are summarized in Figure 3.1. The surface of the SiO2 spheres 
under study was modified with different functional groups, in particular thiols (signified as 
SiO2-SH) and primary amines (SiO2-NH2) through grafting with siloxane ligands, and with 
a combination of primary, secondary, and tertiary amines (SiO2-PEI) through adsorption 
of the polymer polyethyleneimine (PEI). The TEM and DLS results (Figure 3.1b and c) show 
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that the physical and hydrodynamic radii are practically the same, indicating that no particle 
clustering has occurred after functionalization. 

To evaluate whether functionalization had been successful and to probe the influence on 
the surface properties, the SiO2 spheres were investigated with Raman spectroscopy and zeta 
potential measurements, respectively. Figure 3.1d shows the Raman spectra obtained of bare 
and functionalized SiO2 spheres. In the spectral region of 200-1100 cm-1 several Raman bands 
arise from the silica spheres and the tetraethoxysiloxane (TEOS) precursor, which is known 
to partially remain in the SiO2.20–22 For example, a Raman band at 480 cm-1 originates from the 
Si-(OC2H5)x stretching vibration, next to a Raman band at 807 cm-1 due to a Si-C vibration.22 
The presence of TEOS residue is confirmed by the presence of a weak, broad band in the C-H 
stretching vibrations centered around 2940 cm-1, assigned to C-H stretching vibrations 
of the residual ethoxy groups originating from TEOS.21 Furthermore, surface silanols are 
observed at 980 cm-1 (Si-OH vibrations) and in the high wavenumber region (> 2500 cm-1: 
O-H vibrations).22 For the amine-functionalized samples, these Raman bands are broader 
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Figure 3.1 Characterization data of the SiO2 spheres under study. (a) Transmission Electron 
Microscopy (TEM) image of unfunctionalized SiO2 spheres of 450 nm; (b) TEM image of 450 nm 
SiO2 spheres functionalized with primary amines (SiO2-NH2). Grafting of the amine groups onto 
the surface has not altered the morphology of the spheres. Scale bars represent 2 μm; (c) Intensity-
weighted size distributions from Dynamic Light Scattering (DLS) of bare and functionalized SiO2 
spheres. The hydrodynamic size of the spheres is comparable to the TEM size and is barely affected by 
functionalization, indicating that the spheres were dispersed individually, without clustering. (d) Bulk 
Raman spectra of the bare and functionalized SiO2 spheres. The spectra of the functionalized spheres 
show new bands corresponding to the introduced surface groups compared to the bare spheres. The 
spheres were dried on a Si wafer prior to Raman measurements. (e) Zeta potential measurements of 
the SiO2 spheres over a pH range of 1-12. Similar behavior is observed for SiO2 and SiO2-SH, indicating 
limited effect of the functionalization procedure on the surface properties. The amine-functionalized 
SiO2 samples both show an increase in zeta potential compared to the bare SiO2 reference.
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and more intense than for both the bare and thiol-functionalized spheres, in line with the 
presence of -NHx groups that participate in hydrogen bonding. Since thiols are generally 
not associated with hydrogen bonding, the O-H vibrations in SiO2-SH can be ascribed solely 
to Si-O-H. Additionally, the thiol-functionalized spheres exhibit a small Raman band at 
2585 cm-1, ascribed to S-H stretching vibrations.23,24 The presence of silanol groups despite 
the observation of the S-H stretching vibration is an indication that the SiO2 surface is not 
completely covered in thiols, but rather a mixture of thiols and hydroxyls. Finally, the C-H 
stretching region exhibits sharp features at 2940 cm-1 for SiO2 -NH2 and SiO2-SH characteristic 
for CH2 stretching vibrations, arising from the propyl chain or methyl from the methoxy 
groups. SiO2-SH, SiO2-NH2, and SiO2-PEI all exhibit additional stretching vibrations at around 
2985 cm-1 which we assign to -CH2 groups positioned next to either N or S, taking into account 
the structure of PEI.24 In short, the Raman spectra show that modification of the surface of the 
SiO2 spheres with functional groups was successful for PEI and NH2, and partially successful 
for SH. 

Figure 3.1e summarizes zeta potential measurements of all the SiO2 spheres over the 
pH range 1-12. Note that the bare, primary amine-, and thiol-functionalized SiO2 spheres 
all show a strongly fluctuating zeta potential at pH > 10.5 due to dissolution of SiO2.25 The 
SiO2-PEI spheres do not display these fluctuations, indicating that the polymer completely 
covers the SiO2 surface, preventing direct contact with the medium. At pH < 8.5, the surface 
charge of SiO2-NH2 spheres starts to deviate from the behavior exhibited by bare and thiol-

(a) (b) (c)

500400 600 700 800 900

N
o

rm
al

iz
ed

 a
b

so
rb

an
ce

 

Wavelength (nm)

 Au17
 Au40
 Au63

 Au17
 Au40
 Au63

 Au17
 Au40
 Au63

0 50 100 150 200

N
o

rm
al

iz
ed

 in
te

n
si

ty

Hydrodynamic diameter (nm)
-100 0 100

N
o

rm
al

iz
ed

 c
o

u
n

ts

Zeta potential (mV)

(d) (e) (f)

Figure 3.2 Characterization data of Au NPs. (a-c) TEM images of (a) 17 nm Au NPs prepared through 
citrate reduction; (b) 40 nm Au NPs obtained from BBI Solutions; (c) 63 nm Au NPs prepared by seeded 
growth using Au17 as seeds and NH2OH × HCl as mild reducing agent. Scale bars represent 200 nm. (d) 
UV-Vis spectra of Au17, Au40 and Au63. Upon increasing the size of the NPs, the band arising from 
localized surface plasmon resonance (LSPR) at ~530 nm shifts to longer wavelengths. (e) Particle size 
distribution from dynamic light scattering (DLS) measurements of the Au NP dispersions. (f) Zeta 
potential measurements of the Au NPs to determine the surface charge. Au NPs are generally negatively 
charged.
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functionalized SiO2 spheres, while the latter two show nearly identical behavior, indicating 
that silanol groups dominate the charge on the surface as hinted upon in the Raman spectrum 
of SiO2-SH in Figure 3.1d. Judging on the behavior of the surface charge of SiO2-NH2 spheres 
above pH 8.5, these particles also exhibit silanol groups alongside the primary amines. 
Remarkably, both bare and thiol-functionalized SiO2 spheres only reach the isoelectric 
point at pH < 2, meaning that the surface is dominantly negatively charged. Solely based 
on electrostatic interactions, repulsion between SiO2(-SH) and Au NPs will take place upon 
mixing, as citrate-stabilized Au NPs are negatively charged as well (See Figure 3.2f). Both 
amine samples do pass their isoelectric points due to protonation of the amine groups; 
primary amine-functionalized samples at pH 7, andpolymer-coated spheres at pH 10. Note 
that for both NHx-functionalized samples, zeta potential measurements below pH 2.8 were 
not reliable as the dispersions were no longer stable, resulting in poor reproducibility. The 
behavior of the SiO2-PEI spheres exhibiting a local minimum around pH of ca. 4.2 is attributed 
to a change in conformation of the polymer, exposing or shielding amine groups which in 
turn influences the surface charge. To summarize: based on electrostatic interactions solely, 
Au NPs should show increasing adsorption density in the order SH < NH2 ≤ PEI.

3.2.2 Characterization of Au NPs
Subsequently, Au NPs of 17, 40, and 63 nm were prepared and characterized. Figure 3.2 

shows TEM, UV-Vis spectroscopy, DLS and zeta potential data of the colloidal Au NPs. 
TEM results in Figure 3.2a-c show that the Au NPs are spherical and exhibit a low degree of 
polydispersity. This is supported in the UV-Vis spectra in Figure 3.2d, where we see a narrow 
band around 530 nm due to localized surface plasmon resonance (LSPR). This band shifts to 
slightly longer wavelengths upon increasing the particle size, which is in line with literature.26 
The DLS measurements in Figure 3.2e show that the size distributions become wider upon 
increasing the particle size, which is also reflected in the polydispersity index. As these three 
techniques are all capable of reporting particle size, an average of the three obtained sizes per 
sample is used to indicate the final size. These values, along with those for the SiO2 spheres, 
are reported in Table 3.1. 

Sample TEM (nm) DLS (nm) UV-Vis spectroscopy (nm) Average (nm)

Au17 16 ± 1 21 ± 6 15 17

Au40 39 ± 3 46 ± 10 36 40

Au61 63 ± 8 59 61

Au63 62 ± 4 67 ± 13 60 63

SiO2-450 415 ± 27 461 ± 54 n.a.* 450

SiO2-900 888 ± 38 955 ± 38† n.a.* 900

Table 3.1 Account of particle sizes for Au NPs and SiO2 spheres obtained through different techniques. 
Size based on TEM images is determined by measuring the diameter of at least 100 NPs and is therefore 
not statistically significant on its own. Sizes based on DLS and UV-Vis spectroscopy however are based 
on bulk measurements. DLS directly gives a particle size with standard deviation by counting a large 
number of particles. This size is often referred to as the hydrodynamic diameter as it includes a layer of 
e.g. solvent or surfactants around the particles that diffuse alongside it and therefore generally gives a 
larger size than the measured in TEM. UV-Vis spectroscopy is an indirect method where Au NP size can 
be calculated based on the position and intensity of the LSPR.26 These three techniques together provide 
complementary and statistically relevant particle size distributions. *Size calculations of SiO2 spheres 
based on UV-Vis spectroscopy are not possible. †Size measured on PEI-functionalized SiO2 spheres.
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3.2.3 Adsorption of Au NPs onto Functionalized SiO2 Spheres
Next, the adsorption of these Au NP onto the functionalized SiO2 spheres was investigating. 

By using a large excess of Au NPs, maximum adsorption could be achieved while rendering 
differences in SiO2 sphere concentration negligible. By using Au NPs of various sizes, the effect 
of size ratio was studied in addition to the effect of functionalization. By changing this ratio, 
the contact area between the two particles can be enlarged, which is expected to increase the 
formation and stability of the PS. We introduce an adsorption angle θ that depends on the size 
ratio, and is defined as follows (see following page):

Au63, θ = 14° Au40, θ = 9.1° Au17, θ = 4.1°

SiO2

θ
Au(a) (b) (c) (d)

(g)(f)(e)

(h) (i) (j)

S
iO

2-S
H

S
iO

2-N
H

2
S

iO
2-P

E
I

Figure 3.3 Adsorption density of Au NPs of different sizes on 450 nm SiO2 spheres. (a) Definition of the 
angle θ; (b-d) Au63, Au40, and Au17/SiO2-SH, resp.; (e-g) Au63, Au40 and Au17/SiO2-NH2, resp.; (h-j) 
Au63, Au40, and Au17/SiO2-PEI, resp. Increasing adsorption is observed in the order PEI > NH2 > SH 
and with decreasing θ. Note that the adsorption density in c and d seems similar due to poor contrast 
between the large SiO2 spheres and small Au NPs. Scale bars represent 500 nm.
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Here rAu and rSiO2 are the radii of the Au NPs and the SiO2 spheres, respectively. The results 
for adsorption of different size Au NPs on 450-SiO2 are summarized in Figure 3.3; The inset 
of Figure 3.3a represents a schematic depiction of this angle, and Figure 3.3b-j summarize the 
results of Au NP adsorption of different sizes on the three types of functionalized SiO2 spheres. 
Upon comparison of the TEM results in Figure 3.3, we can observe several trends. First of all, 
affinity of Au NPs for the different types of SiO2 seems to follow the trend predicted by the zeta 
potential measurements, namely: SH < NH2 ≤ PEI, even though Au NPs are often assumed to 
bind strongly to thiols.27,28 Second, for all types of SiO2, we see increasing adsorption density 
with decreasing Au NP size, or in other words, with decreasing θ. Furthermore, analysis of 
the superstructures with DLS and UV-Vis spectroscopy supports these trends by respectively 
showing a decrease in amount of free Au NPs in dispersion with an increase in hydrodynamic 
radius of the supporting SiO2 spheres, and the emergence of an additional absorption band 
around 700 nm that can be attributed to the LSPR of coupled Au NPs, whereas the band arising 
from LSPR of free Au NPs at 540 nm decreases.29 

Based on these results, PS with optimized adsorption density should consist of Au/SiO2-PEI 
with a θ < 9°. To optimize SERS activity, Au NPs should be around 100 nm.30 Filling in Equation 
3.1 for this Au NP size gives a required SiO2 sphere size of 1.5 μm, which in turn gives an 
estimated time of ~45 minutes in a reactor cell of 2.5 cm in height before sedimentation of the 
PS is complete.31 Instead, we have opted to select a slightly smaller Au NP size of 61 nm on 900 
nm SiO2-PEI spheres as a trade-off between SERS-activity and colloidal stability. For this PS, 
θ equals 7.3° and its sedimentation time is estimated to be ~110 minutes in theory, in practice 
even longer, which will provide enough time to carry out experiments with dispersions of 
Au61/SiO2-900-PEI in several applications. The obtained PS is shown in Figure 3.4a, along 
with its UV-Vis spectrum in Figure 3.4c. It is clear that Au NPs have adsorbed onto the surface 
as expected and this is confirmed by the band around 750 nm in the UV-Vis spectrum that we 
can assign to coupling of Au NPs on top of the SiO2 spheres. 

θ = 2 tan-1
rAu + rSiO2
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Figure 3.4 (a) TEM image of Au61/SiO2-900-PEI PS where clustering of the Au NPs on top of the SiO2 
sphere can be observed. (b) TEM image of (Au61/SiO2-900-PEI)@SiO2 SHIPS. A thin layer of silica (grey 
parts) can be observed around the Au NP (black parts). For clarity the silica layer is also indicated in 
the inset. (c) Normalized UV-vis spectra of (yellow) parent Au61 NPs; (purple) Au61/SiO2-900-PEI, and; 
(grey) (Au61/SiO2-900-PEI)@SiO2. At 550 nm a band arising from localized surface plasmon resonance 
is present in all samples. The (SHI)PS show additional bands at longer wavelengths that can be attributed 
to coupling of the surface plasmon resonances of several Au particles and are thus an indication that 
hot spots are present on top of the SiO2 spheres. The low signal-to-noise ratio in the (Au61/SiO2-900-
PEI)@SiO2 spectrum is caused by the low concentration of SHIPS.
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3.2.4 Assessing SERS Activity of Au/SiO2 and (Au/SiO2)@SiO2 Superstructures
In order for these structures to be used in heterogeneous catalysis, direct contact between 

the Au surface and reagents needs to be prevented, so that no plasmonic side reactions can 
occur.8,11 Modifying the method by Li et al. for the synthesis of SHINs, we prepared Shell-
Isolated Plasmonic Superstructures (SHIPS) by coating the entire PS with a thin layer of 
SiO2, as demonstrated in Figure 3.4b. The top UV-Vis spectrum in Figure 3.4c shows that the 
plasmonic properties of these SHIPS are preserved. Subsequently, the SERS-activity of both 
the PS and the SHIPS was determined in two ways: Raman micro-spectroscopy was used to 
investigate single (SHI)PS deposited on a Si wafer, while Raman spectroscopy was used to 
determine the enhancement of (SHI)PS in dispersion, both using the same probe molecule.

First, the enhancing properties of single PS were tested. We did this by spin coating a droplet 
of Au61/SiO2-900-PEI and (Au61/SiO2-900-PEI)@SiO2 dispersion onto a B-doped Si wafer, 
compatible for scanning electron microscopy (SEM). The obtained SEM image in Figure 3.5c 
showed that spin coating indeed causes deposition of individual PS over the wafer. As the 
Au61/SiO2-900-PEI superstructures have dimensions above the optical diffraction limit, the 
individual PS could even be distinguished using a Raman microscope, which allowed us to 
assess the enhancing properties of a single superstructure at a time using Rhodamine 6G as 
probe molecule. Rhodamine 6G is a dye molecule often used in Raman spectroscopy to test 
the signal enhancement of SERS substrates.13,32 Its conjugated structure made up largely of 
aromatic rings is the basis for its inherently high Raman cross-section, which combined with 
its high stability against photo-bleaching makes Rhodamine 6G a suitable probe molecule for 
Raman measurements based on laser excitation and subsequent high photon flux. 33

The SER spectra measured of a 10-4 M Rhodamine 6G solution on a Si wafer with single 
superstructures are displayed in Figure 3.5a, with the inset in Figure 3.5c showing a 
microscopy image of an individual superstructure. Several superstructures were located 
dispersed over the 7 mm × 7 mm Si wafer and tested for their Raman signal enhancing 
properties using 638 nm laser excitation. Normalized for laser power output per count per 
second, the SERS-activity of the different superstructures could be compared. Figure 3.4b 
shows the intensity of the highest peak in the Rhodamine 6G spectrum at 1364 cm-1 (assigned 
to C-C stretching of the xanthene ring34) after baseline subtraction and accounting for laser 
power output. We observe an average of 658 counts per second per laser power unit for PS, 
measured on 26 structures. These spectra were recorded at max 1 × 10 s exposure time with 2.5 
mW laser power on the sample. Comparing this with the SiO2-coated derivative of the PS, we 
see a similar spectrum, at less than half the intensity (~2.4× less). This is indicative of a SiO2 

Sample SiO2-
900

SiO2-
900-PEI

Au61 Au61/SiO2-
900-PEI

(Au61/SiO2-
900-PEI)@SiO2

Ref 
Au@SiO2

Zeta 
Potential

-38 mV 30 mV -41 mV -6.5 mV -53 mV -40 mV

Table 3.2 Zeta potential measurements of the optimal PS and SHIPS and their individual components. 
Upon functionalization of SiO2-900 the zeta potential increases to positive values, as is expected based 
on Figure 3.1e. Upon adsorption of Au61 NPs on the SiO2-900-PEI spheres the zeta potential goes back 
down to negative values due to the presence of negatively charged Au61 NPs. Upon coating of these 
superstructures with a thin layer of SiO2 the zeta potential decreases even further, as both the Au61 NPs 
and the PEI polymer become shell-isolated. Comparing this value to a reference dispersion of Au@SiO2 
shell-isolated nanoparticles shows that the value obtained for the zeta potential of (Au61/SiO2-900-
PEI)@SiO2 SHIPS matches the reference value well.  All dispersion were measured in MQ and values were 
averaged over at least 3 measurements.
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coating with minimal thickness, as was also observed in the TEM image in Figure 3.4b and in 
zeta potential measurements in Table 3.2. Note that fl uctuations in signal between diff erent 
individual structures are larger for PS in absolute terms (standard deviation of 219 counts 
for PS versus 126 counts for SHIPS), but are actually smaller in relative terms (33% vs 51%, 
respectively). Fluctuations like these are common in S(HIN)ERS experiments.35,36

The enhancing properties of the (SHI)PS in dispersion were tested using a Raman probe 
with 638 nm excitation wavelength. (SHI)PS were mixed with Rhodamine 6G solutions of 
10-4-10-15 M, transferred to a quartz cuvette and subsequently placed in front of the probe. 
Spectra obtained of the PS-Rhodamine 6G and SHIPS-Rhodamine 6G mixtures are shown in 
Figure 3.5d. As in catalysis we often want to study low concentrations of reactants, the aim 
of this experiment was to fi nd the lower limits for Raman measurements while maintaining 
acquisition conditions still suitable for in situ and operando experiments. In other words, 
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Figure 3.5 (a) Typical SER spectra of a 10-4 M Rhodamine 6G solution over single Au61/SiO2-900-PEI 
PS (top, purple) and over single (Au61/SiO2-900-PEI)@SiO2 SHIPS (bottom, grey) deposited on Si 
wafers. Spectra are corrected for intensity diff erences due to exposure time and laser power for fair 
comparison. Enhancement is stronger for the uncoated plasmonic superstructures due to the increased 
distance between Au NPs and the probe molecule when a silica coating is present in between, as also 
shown in (b); Scatter plot of the intensity of the 1364 cm-1 peak (C-C stretching in the xanthene ring) 
of Rhodamine 6G after baseline subtraction measured on diff erent uncoated (purple) and coated (grey) 
superstructures. The average intensity on uncoated superstructures is over twice as high compared to 
SHIPS. These measurement points were corrected for diff erences in laser power and exposure times. (c) 
Scanning electron micrograph of a single plasmonic superstructure spin-coated on a Si wafer. The inset 
shows a microscopy image of an individual superstructure, as observed in Raman micro-spectroscopy 
experiments of (a) and (b); (d) S(HIN)ER spectra of Rhodamine 6G solutions of diff erent molarities 
mixed with Au61/SiO2-900-PEI PS (pink) and SHIPS (grey). The lowest concentration in which 
Rhodamine 6G could be detected was found to be 10-15 M for PS and between 10-11 and 10-13 M for SHIPS. 
Without any (SHI)PS a concentration of 10-3 M Rhodamine 6G could be detected (top spectrum, marked 
with an asterisk). (e) UV-Vis spectra over time of PS in a quartz cuvette to investigate colloidal stability. 
Spectra were recorded every 5 minutes. Complete sedimentation was observed after 3h.
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spectra were recorded at a maximum total time of 30 s. The resulting spectra show that PS 
are more SERS-active than SHIPS, as the lower detection limit diff ers by several orders of 
magnitude (~10-12 vs 10-15 M, respectively). This diff erence in signal intensity is larger than that 
observed for measurements on single (SHI)PS. We attribute this diff erence to a combination 
of lower SERS activity and lower concentration of SHIPS compared to PS. 

Furthermore, at higher concentrations the acquisition time and laser power could be 
lowered signifi cantly, decreasing the potential of beam damage to the sample and minimizing 
physical eff ects of laser emission (e.g. temperature increase) on ongoing reactions.37

Colloidal stability was investigated using UV-Vis spectroscopy, as displayed in Figure 3.5e. 
The sedimentation rate of the PS dispersion was monitored with time-on-stream (TOS) by 
measuring a spectrum every 5 min. With TOS we observe a decrease in the absorbance of the 
LSPR, due to sedimentation of the PS. After 3h, no more absorbance is recorded, which is 
longer than the estimated time of ~110 minutes. For the estimation, we assumed a Au coating 
around the SiO2 sphere with a thickness equal to the Au NP diameter. In reality, we do not have 
full coverage of the SiO2 spheres with Au NPs, resulting in a lower sedimentation rate than 
estimated.

3.2.5 Preparation of Catalyst/SHIPS for Heterogeneous Catalysis
Finally, for applications in catalysis close proximity between the catalyst and the isolated 

SERS-active Au NPs is essential for studying catalytic reactions in the liquid phase in situ. 
By using colloidal synthesis methods, Pt and Ni NPs of max 5 nm were prepared through the 
polyol38 and oleylamine39 methods, respectively. These NPs were subjected to ligand exchange 
with NOBF4, making the colloidal Pt and Ni NPs stable in water as demonstrated by Dong et 
al.40 and Zhang et al.12 Simply adding these colloidal dispersions to SHIPS dispersion results in 
spontaneous adsorption of the transition metal NPs onto the SHIPS surface, as evidenced in 
Figure 3.6. Ultimately, these catalytically active complex plasmonic superstructures could be 
used to study heterogeneous catalysis in the liquid phase.

500 nm50 nm

(a) (b) (c)

50 nm

Figure 3.6 TEM images of catalytically active complex plasmonic superstructures, or catalyst/SHIPS. 
(a) Colloidally synthesized Pt NPs are adsorbed onto the surface of (Au63/SiO2-564-PEI)@SiO2 SHIPS. 
(b) Adsorption of colloidally synthesized Ni NPs onto the surface of (Au63/SiO2-564-PEI)@SiO2 SHIPS, 
including inset (c). Note that adsorption of Pt leads to a higher loading or coverage. This could be due 
to diff erences in ligand exchange. Pt NPs were stabilized by PVP after synthesis, whereas Ni NPs were 
stabilized by oleylamine. Additionally, metallic Ni NPs undergo (surface) oxidation since the metallic 
state is not stable in water. This may infl uence ligand exchange and/or adsorption of these particles 
on the surface of SHIPS. Surface oxidation or passivation is a major drawback for using Ni/SHIPS in 
catalytic processes since reduction at high temperatures is required to activate the catalyst (see Chapter 
5). Pt/SHIPS do not require these high temperatures.
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3.3 Conclusions
SERS-active, colloidally stable superstructures of (Au/SiO2)@SiO2 have been successfully 

prepared for reaction monitoring in heterogeneous catalysis applications. Two important 
properties were investigated: the effect of functionalization of SiO2 spheres and the Au NP/
SiO2 sphere size ratio. Upon functionalization of the SiO2 spheres with MPTMS, APTMS, and 
PEI we found that electrostatic interactions dominate the adsorption of Au NPs over intrinsic 
chemical affinity. For the size ratio a balance was found between the radius of the Au NPs 
and the SiO2 spheres. For adsorption angle θ < 9° dense adsorption of Au NPs and plasmon 
coupling were observed. To maintain colloidal stability, the superstructures need to be as 
small as possible; however, SERS-activity of Au NPs increases with size. Au NPs of 61 nm 
on SiO2 spheres of 900 nm were found to provide SERS-activity, while maintaining colloidal 
stability for a few hours. Finally, we showed that the obtained SERS-active superstructures 
can be coated with a thin layer of protective SiO2 that can even be used as support material 
for catalytically active material. These structures open up the possibility of using SERS 
to investigate liquid-phase systems, and specifically reactions related to heterogeneous 
catalysis.

3.4 Experimental Section
3.4.1. Materials Synthesis
Au NPs were synthesized using a seeded-growth method. First, seeds of 17 nm in MilliPore 

water (MQ, resistivity 18.2MΩ·cm at 20 °C) were synthesized following the Turkevich method 
using HAuCl4 × 3H2O (99.99%, Alfa Aesar).41 Seeds were grown to particles of 61 and 63 nm 
using hydroxylamine hydrochloride (99.995%, Sigma-Aldrich) as mild reducing agent.42 
Trisodium citrate dihydrate (99%, Sigma-Aldrich) was used as surfactant in both syntheses. 
Au NPs of 40 nm were obtained from British Biocell International (BBI) Solutions.

SiO2 spheres were synthesized following the Stöber method.43 In short, appropriate amounts 
of ammonia (VWR International, 28-30% in water) were mixed with absolute ethanol and MQ 
and subsequently tetraethoxysilane (TEOS) (Brunschwig Chemie BV) was added. First, small 
spheres were formed and these were subsequently grown to particles of the appropriate size. 
The obtained SiO2 spheres were washed with EtOH several times, and finally redispersed 
in MQ. The SiO2 spheres were functionalized with (3-mercaptopropyl)trimethoxysilane 
(MPTMS) (95%, Alfa Aesar), (3-aminopropyl)trimethoxysilane (APTMS) (99%, Sigma-
Aldrich), or poly(ethyleneimine) (PEI) (50% in H2O, Sigma-Aldrich) by first adjusting the pH 
of the solution to ~11 using NaOH, and then adding appropriate amounts of functionalizing 
agent, following the procedures by Claesson et al.44 and Padmanabhan et al.45 

Au/SiO2 superstructures were synthesized by adding a small amount of functionalized SiO2 
spheres to a diluted Au NP dispersion. Typically 2.5 mL of an as-prepared Au NP dispersion 
was added to 2.5 mL of MQ. 125 μL of functionalized SiO2 spheres was added to the diluted Au 
NPs and this mixture was left to stir for 2h. In all syntheses Au NPs were used in large excess 
to ensure maximum adsorption which was confirmed by the remaining pink color of the 
dispersions after adsorption. These excess Au NPs could easily be removed after centrifugation 
at low speed or gravitational sedimentation of the Au/SiO2 superstructures. 

(Au/SiO2)@SiO2 SHIPS were synthesized by adjusting the method of Li et al.19 Typically, 2 mL 
of superstructures was added to 8 mL of MQ. 0.1 mL of 1 mM APTMS solution was added and 
the mixture was stirred at room temperature for 15 min. Then, 0.2 mL of 0.54 wt.% sodium 
silicate solution (27%, Sigma Aldrich) with pH < 11 was added. This mixture was left to stir for 
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2 days at room temperature. The obtained SHIPS were washed by centrifugation three times 
and then redispersed in 2 mL of MQ. 

Pt NPs were synthesized using the polyol method.38 Ni NPs were synthesized using the 
oleylamine method.39 Pt and Ni NP adsorption was performed using the method by Dong et 
al.12,40

3.4.2. Materials Characterization
Transmission Electron Microscopy was carried out on a FEI Tecnai 12 and FEI Tecnai 20, 

operating at 120 keV and 200 keV, respectively. 20 µL of colloidal dispersion was dropcast 
on a 300 mesh Cu carbon/Formvar TEM grid (Van Loenen Instruments). TEM images were 
analyzed using iTEM and Fiji/ImageJ software. DLS and zeta potential measurements were 
carried out on a Malvern Zetasizer in disposable zeta potential cuvettes. Measurements were 
repeated at least 3 times. DLS measurements were carried out in backscattering configuration. 
UV-Vis spectroscopy was carried on a Cary 60 UV spectrophotometer in quartz cuvettes 
with a path length of 10.00 mm. A blank was always recorded first. Spectra were measured 
using Scan Application software by Agilent Technologies, version 5.1.0.1016. Raman micro-
spectroscopy of (functionalized) SiO2 spheres was carried out on a Renishaw InVia Raman 
microscope equipped with a 532 nm laser. Spectra were recorded with a 1200 l/mm grating, 
a 50× objective, 10 s acquisition time, 1 accumulations and a laser power output of 37.1 mW. 
Wire 3.4 software was used to record spectra. SEM and Raman micro-spectroscopy samples 
of (SHI)PS were prepared by spin coating 15 μL of superstructure dispersion on B-doped 
Si wafers cut to dimensions of 7 × 7 mm. Si wafers were cleaned and made hydrophilic by 
ultrasonication in a 1:1:1 vol mixture of ethanol:acetone:MQ and subsequent rinsing with MQ. 
Spin coating was performed on an Ossila Spin Coater at 2500 rpm for 60 s per sample. SEM was 
performed on a FEI XL30sFEG and measurements were performed in UHR mode at a voltage 
of 5 kV and using a TLD detector. Due to charging of the sample images were recorded in 128x 
Integrated TV images mode and exported to Scandium 5.0. Raman micro-spectroscopy was 
carried out on a Horiba XPlora system equipped with a 638 nm laser. For measurements of 
dispersions the Horiba XPlora microscope was connected to a probe head compatible with 638 
nm laser excitation. Laser power varied from 0.14 to 13.9 mW. Spectra were recorded with a 
static grating of 1200 l/mm, with max. 10 s exposure time and 3 accumulations, which when 
combined would always result in a total acquisition time of max. 30 s. Raman spectra were 
analyzed using LabSpec software version 6.
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Sedimentation rate calculations:

We use the following equation:

6πRηu = Δmg, with Δm = m1-m2

in which R is de radius of a superstructure in m, η is the viscosity of the medium in Pa·s, u is de 
sedimentation rate in m·s-1, m1 is the mass of a superstructure in kg, m2 is the mass of displaced liquid 
medium in kg and g is the gravitational constant in m·s-2. Since m1 and m2 are determined when V1 = V2 

which is the volume of one superstructure, we can use the density to determine the difference in mass. 
Rearranging the equation to solve for sedimentation rate gives:

where ρ1 is the density of a superstructure and ρ2 is the density of the medium, both in kg·m-3. The density 
of a superstructure was estimated by averaging the density of a SiO2 sphere core particle and a Au coating 
around this sphere with a thickness equal to the Au NP diameter, as schematically represented in Figure S11. 
This gives the following equation to estimate ρ1:

Where VSiO2 = 4/3πRSiO2
3; VAu = V1 – VSiO2, and V1 = 4/3πR3. 

ρSiO2
 × VSiO2 + ρAu × VAuρ1 = VSiO2 + VAu

u =
(ρ1-ρ2) × 2R2 × g

9 × η
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Note that several assumptions were made to carry out these calculations:

(1) A complete coverage of the SiO2 layer with Au NPs;
(2) No empty space in between two Au NPs;
(3) No stacking of Au NPs: adsorption in one layer, thus the maximum radius is rSiO2 + rAu.

Compared to the experimental situation of submonolayer coverage of SiO2 spheres with Au NPs, 
assumptions (1) and (2) will lead to an increase in the sedimentation rate, assumption (3) to a decrease. 
The effect of assumption (1) and (2) is expected to be larger, thus the calculations should lead to an 
overestimation of the sedimentation rate (as also evidenced by Figure 3.5e).

Illustration of approximation of the density of a superstructure by assuming a SiO2 sphere coated with a 
layer of Au of thickness 2RAu.
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CHAPTER 4

In Situ Shell-Isolated Nanoparticle-Enhanced In Situ Shell-Isolated Nanoparticle-Enhanced In Situ
Raman Spectroscopy to Unravel Sequential 
Hydrogenation of Phenylacetylene over 

Platinum Nanoparticles

Most precious things don't come out of the earth 
looking shiny, but if you are patient, if you polish them, 
they can become beautiful.

-Zeyn Joukhadar
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ABSTRACT
Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) is quickly 

developing into a powerful characterization tool in heterogeneous catalysis. In this 
Chapter, we employ Pt catalysts supported on Au@SiO2 Shell-Isolated Nanoparticles to 
study hydrogenation reactions. First, we demonstrate the facile preparation of Pt/Au@SiO2

and its characterization by using the adsorption of CO as probe molecule. Next, we use the 
adsorption and hydrogenation of phenylacetylene as a model reaction for the interaction of 
triple bonds and aromatic rings with catalytic Pt surfaces. We show that the applicability of 
SHINERS is not limited to inherently gaseous compounds, thereby expanding the applicability 
of the technique to more complex systems. Furthermore, by using unparticipating side groups 
as labels, we observe the sequential hydrogenation of phenylacetylene into styrene and 
ultimately ethylbenzene upon reaction with H2. Upon the absence of H2, the reverse reaction 
takes place with those molecules still adsorbed onto the catalyst surface, which allowed more 
detailed understanding of the reaction mechanism and the assignment of Raman peaks. 
This strengthens the position of SHINERS as an easily applicable surface sensitive technique 
that can be used to study a wide variety of chemical reactions in the fi eld of heterogeneous 
catalysis. 

4.1 Introduction
Understanding metal-adsorbate interactions is of fundamental importance for rational 

catalyst design.1 Raman spectroscopy off ers the ability to study such interactions, making 
it a powerful tool in heterogeneous catalysis research by off ering insights into structure-
performance relationships. These fundamental insights could help in the design of more 
optimal solid catalysts for both new and already existing chemical processes, increasing 
conversion, activity, and selectivity, and reducing waste and greenhouse gases.2,3 However, 
the applicability of Raman spectroscopy to nanoscale systems is limited due to the poor 
detection limit, typically around 1-10 wt% of the probed area.4 Surface-Enhanced Raman 
Spectroscopy (SERS) solves that problem by employing gold and silver nanoparticles (NPs).4–6

Au and Ag NPs of suffi  cient size (starting at > 10 nm; optimum around 100 nm)7 possess 
surface plasmons which, when excited with light of the resonant frequency, can create an 
electromagnetic fi eld that enhances the Raman scattering of species on or within several nm 
of the surface. Using this principle, SERS has been reported to enhance Raman signals with 
factors of up to 1014, corresponding to single molecule levels.8–11 For catalysis this means that 
SERS has the potential to not only elucidate structure-performance relationships through 
studying adsorption of species of interest on metal surfaces, but also through the detection 
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Figure 4.1 Schematic illustrating the goal of this Chapter, which is to observe the conversion of 
phenylacetylene to styrene and ethylbenzene over a Pt hydrogenation catalyst placed inside the 
enhanced electromagnetic fi eld of a SERS-active Au@SiO2 Shell-Isolated Nanoparticle (SHIN).

This Chapter is based on “In Situ Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy to Unravel Sequential Hydrogenation 
of Phenylacetylene over Platinum Nanoparticles” by C.S. Wondergem, T. Hartman and B.M. Weckhuysen, ACS Catal. 2019, DOI: 10.1021/
acscatal.9b03010
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of short-lived intermediates or even transition states.12 However, the surface plasmons and 
their resonance SERS is based on can influence chemical reactions to be studied by injecting 
‘hot electrons’, causing photocatalytic side-reactions.4,13 Furthermore, low stability of the 
Ag and Au NPs limits reaction conditions to be studied. These challenges can be overcome 
by using Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS).14 For 
SHINERS, the SERS-active NPs are coated with a thin layer of dielectric oxide, for example 
SiO2. This thin layer not only increases the thermal and chemical stability of the SERS-
active core, several studies have showed that the SiO2 layer also confines hot electrons to the 
core.13,15 They demonstrated this by studying the reduction of 4-nitrothiophenol (4-NTP) 
to 4-aminothiophenol (4-ATP) over a Au catalyst. Hot electrons are known to influence 
this reaction by catalyzing dimerization to 4,4’-dimercaptoazobenzene (DMAB).16–18 Using 
a catalyst comprised of SERS-inactive colloidal Au NPs of < 5 nm supported on Au@SiO2 
Shell-Isolated Nanoparticles (SHINs) prevented the formation of DMAB, thus proving 
that hot electrons could not participate in the reaction. A similar principle where colloidal 
nanoparticle catalysts were deposited on SHINs was used by the group of Tian to study 
hydrogenation of 4-NTP19 and CO adsorption and oxidation20 on transition metal/Au@SiO2 
SHINs. Furthermore, our group has recently reported that catalyst/SHIN systems can also be 
prepared by impregnation of SHINs with a catalyst precursor followed by in situ reduction.21,22 
Subsequently, support effects were studied by investigating CO hydrogenation over Ru and Rh 
catalysts supported on Au@SiO2 and Au@TiO2 SHINs. 

In this Chapter, we extend the applicability of SHINERS to reactions beyond those involving 
4-NTP and simple gases, such as CO. For the first time, we report an in situ SHINERS study of 
sequential hydrogenation reactions of organic molecules, more specifically phenylacetylene 
to styrene and finally ethylbenzene, on the surface of a Pt/Au@SiO2 catalyst as shown in Figure 
4.1. Normally, this chemical reaction is carried out in the liquid phase, at slightly elevated 
temperatures and pressures.23 Furthermore, often a Lindlar catalyst composed of Pd poisoned 
with S and Pb is used to selectively produce alkenes and prevent further hydrogenation 
to alkanes.24 However, we will prepare Au@SiO2 SHINs and deposit catalytically active Pt 
catalysts on the surface by wet impregnation and in situ reduction as reported by Hartman 
et al.21 We will show that SHINERS is a suitable technique to study hydrogenation reactions 
of alkynes and alkenes, and that aromatic side groups can be used as spectroscopic tags to 
monitor the chemical reaction. Furthermore, by using phenylacetylene vapor saturated 
in N2, we show that the application of SHINERS to heterogeneous catalysis is not limited to 
intrinsically gaseous compounds.

4.2 Results and Discussion
4.2.1 Preparation and Ex Situ Characterization of Pt/Au@SiO 2
First, Au nanoparticle seeds were prepared through the Turkevich method and subsequently 

grown to the optimum size for SERS enhancement using NH2OH × HCl as a mild reducing 
agent. Next, the citrate-stabilized Au NPs were coated with a thin layer of SiO2 as described by 
Li et al. The obtained dispersions were analyzed by UV-Visible spectroscopy, tested for SERS-
activity and investigated by Transmission Electron Microscopy (TEM), as illustrated in Figure 
4.2-3. The UV-Vis spectra of Au NPs and Au@SiO2 SHINs in Figure 4.2a are very similar, both 
exhibiting localized surface plasmon resonance (LSPR) at the same wavelength and with 
a similar shape. This indicates Au NPs with a diameter of approximately 100 nm25 and that 
signal enhancing properties are preserved throughout the coating process. Figures 4.2b and 
4.2c support this claim, by showing S(HIN)ERS activity tests. Figure 4.2b shows a pinhole test 
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conducted with pyridine. The lone pair of the nitrogen can bond with the Au surface, giving 
rise to both basic and chemical enhancement eff ects. As no peaks are observed for Au@SiO2 we 
can state that the SiO2 layer is pinhole-free. The reduced intensity in Figure 4.2b can only be 
attributed to a lack of pinholes, and not to a lack of SERS activity as in Figure 4.2c we see that 
upon measuring a Rhodamine 6G solution the enhancement of the Au@SiO2 SHINs is only 
reduced by a factor of about 3 compared to the bare Au NPs.

Figures 4.3c and 4.3d show TEM images of the SERS-active Au NPs and the Au NPs coated 
with SiO2, respectively, while Figure 4.3f accounts the size distributions measured based on 
these TEM images. The 101 nm diameter of the Au core lies close to the reported optimum 
for enhanced Raman scattering7, whereas the ultrathin SiO2 coating of 2.0 ± 0.5 nm is a good 
trade-off  between minimizing the loss in signal intensity and obtaining a pinhole-free 
coating.19,26,27 Finally, the Au@SiO2 SHIINs were mixed with a Pt precursor, namely H2PtCl6, 
dropcast on a Si wafer, cleaned of any organic contaminants by a UV/Ozone treatment and 
reduced in situ. Figure 4.3e shows a representative TEM image of the Pt/Au@SiO2 catalyst/
SHINs. Small nanostructures can be observed covering the Au@SiO2 SHINs, which were 
confi rmed to consist of Pt by the Energy Dispersive X-ray Spectroscopy (EDX) map in Figure 
4.3g. Particle size analysis of 740 Pt NPs gives an average size of 3.8 nm and a standard 
deviation of 1.1 nm. Taking into account the thickness of the SiO2 layer, this means that on 
average the outer surface of the Pt NPs is about 5.5 nm away from the Au core. As the SERS 
eff ect is a very local eff ect with most intense enhancement factors arising within ~5 nm of 
the Au NP surface4, this potentially means that we cannot observe processes occurring on the 
entire Pt NP surface. 

4.2.2 In Situ SHINERS Characterization of Pt/Au@SiO 2
In order to test this, we performed CO adsorption experiments on the Pt/Au@SiO2 samples. 

First, samples were cleaned with UV/Ozone and then reduced in situ in a Linkam Cell at 150 °C 
for 1 h in a 1:1 mixture of H2 and Ar. Figure 4.4a shows the SHINER spectra during reduction. 
At the start of the experiment, two broad bands can be observed, namely one around 330 
cm-1 for Pt-Cl stretching vibrations from the platinum precursor, and one around 560 cm-1, 
which does not originate from Pt-Cl vibrations.28 During UV-Ozone treatment, the platinum 
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Figure 4.2 (a) UV-Vis spectra of Au NPs and Au@SiO2 SHINs. Absorption due to Localized Surface 
Plasmon Resonance (LSPR) can be observed centered around 550 nm. No signifi cant change in LSPR 
frequency was observed upon coating with SiO2. Calculation of Au NP size based on LSPR frequency, as 
proposed by Haiss et al., gives a diameter of ~100 nm for Au NPs.25 (b) Pyridine test of Au NPs (yellow) 
and Au@SiO2 SHINs (green). Upon coating of the Au NPs with SiO2, direct interaction of the lone pair 
of electrons on the nitrogen atom with the Au surface is prevented, which translates into signifi cantly 
reduced intensity of the bands attributed to pyridine. (c) Rhodamine 6G test to investigate the SERS-
activity of the Au NPs and Au@SiO2 SHINs. Upon coating of the Au NPs, the signal intensity decreases 
but only by a factor of 3, indicating Au@SiO2 SHINs are suitable for SHINERS experiments.
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chloride precursor becomes partially oxidized, resulting in the appearance of Pt-O stretching 
vibrations of amorphous platinum oxide.29–31 Upon introducing reducing conditions, the 
bands start to decrease in intensity and after an hour they are completely gone, indicating the 
formation of (Raman-inactive) metallic Pt.32 Subsequently, the in situ cell was fl ushed with 
Ar and CO was introduced at 150 °C. Figure 4.4b and 4c show the low and high wavenumber 
region of the SHINER spectra obtained during in situ CO adsorption. The low wavenumber 
region is known to show bands arising from metal-adsorbate stretching vibrations. Indeed, 
when we compare our CO adsorption spectra to those in literature, we can see that we observe 
similar peaks corresponding to CO adsorption on a Pt surface.20,21,33 In particular, we observe 
two diff erent vibrations, one due to CO adsorbed on Pt in a bridge confi guration at 430 cm-1

and one corresponding to CO adsorbed in a linear fashion at 505 cm-1. Characteristic peaks 
for these two confi gurations can also be found in the high wavenumber region, looking at 
the C-O stretching vibration. Again, we observe a vibration associated with bridged CO as 
a shoulder at 2010 cm-1, while at 2070 cm-1 we can see C-O stretching of CO adsorbed in a 
linear confi guration. These experiments show that: (1) The Pt NPs are within the range for 
signal enhancement from the SERS eff ect; (2) We can observe interactions of adsorbates 
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Figure 4.3 (a) Schematic visualization of the Pt/Au@SiO2 catalyst/SHIN preparation. (b) Transmission 
electron microscopy (TEM) images of the Au core nanoparticles, and (c) Au@SiO2 SHINs, and (d) of a Pt/
Au@SiO2 catalyst/SHIN. (e) Size distributions based on TEM measurements. The Au core (top, yellow) 
NPs have a mean diameter of 101 nm and are coated with a 2 nm layer of SiO2 (middle, green). Pt NPs 
(bottom, red) are ~3.8 nm in diameter. (f) Elemental map of (d) confi rming the presence of Pt (red) on 
top of the Au@SiO2 (yellow, green resp.) SHINs. Note that the Pt/Au@SiO2 TEM samples were prepared 
after in situ  SHINERS experiments by redispersion from the Si wafer and transfer to a TEM grid. 
Therefore, the dispersion of Pt NPs over the Au@SiO2 SHINs is not representative of their dispersion 
during in situ experiments.
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with multiple sites of the Pt catalyst, and; (3) we have suffi  cient accessible Pt surface that 
can be used to study heterogeneous catalytic reactions. Finally, as no shift in the stretching 
vibrations or bands corresponding to CO on Au were observed, we can state that our SiO2 layer 
is pinhole-free and our SHINs are stable.14,34

4.2.3 In Situ SHINERS of Adsorption and Hydrogenation of Phenylacetylene 
on Pt/Au@SiO2

Adsorption of phenylacetylene on Pt/Au@SiO2 catalyst/SHINs was investigated at various 
temperatures to determine the optimum conditions for hydrogenation reactions. N2 was 
fl owed through a bubbler fi lled with phenylacetylene to obtain a saturated gas feed that was 
led over the catalyst placed in a Linkam Cell. Figure 4.4d-g show the resulting SHINER spectra 
at 25, 40, 60 and 80 °C. Figures 4.4d and 4.4e report on the Pt-C vibration observed at 405 cm-1

as we regard it as a measure of the amount of phenylacetylene present on the Pt surface.35,36

Therefore, phenylacetylene hydrogenation will be studied at the temperature for which 
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Figure 4.4 (a) In situ SHINER spectra of reduction of PtxCly (330 cm-1) and PtxOz (560 cm-1) to metallic Pt. 
Note the sharp peak at 520 cm-1 originating from the Si wafer used to support the Pt/Au@SiO2 catalyst/
SHINs. (b, c) In situ SHINER spectra of CO adsorption at 150 °C. Both peaks assigned to CO in a bridge 
(b, 400 cm-1; c, 1950 cm-1) and linear (b, 480 cm-1; c, 2060 cm-1) confi guration on Pt were observed. (d-
g) Phenylacetylene adsorption on activated Pt/Au@SiO2 catalyst/SHINs. (d) Metal-adsorbate stretching 
region where a peak assigned to Pt-C stretching can be observed at diff erent temperatures. A blank 
adsorption experiment on Au@SiO2 SHINs is included that does not exhibit this peak. (e) Peak height 
for the Pt-C stretching vibration showing an optimum at 60 °C. (f) C≡C stretching region. The reference 
spectrum of phenylacetylene exhibits and intense peak originating from free C≡C-H at 2105 cm-1, 
whereas phenylacetylene chemisorbed on Pt at 60 °C shows three peaks at 1960, 2010 and 2190 cm-1. 
Phenylacetylene adsorption on Au@SiO2 parent SHINs is not observed. (g) Schematic of phenylacetylene 
chemisorption on Pt NPs through σ and π interactions.
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we find an optimum in adsorption. Although no internal standard is present, by examining 
and focusing on the same spot on the sample, peak intensities can be reliably compared to 
one another within one experiment. Fitting and integration of the peak originating from the 
Pt-C stretching vibration in Figure 4.4d shows that an optimum in peak height exists at 60 
°C, as displayed in Figure 4.4e. Figure 4.4f shows the C≡C stretching region where for pure 
phenylacetylene we expect to see one sharp peak at 2105 cm-1. However, we observe that upon 
adsorption on the Pt catalyst, it splits into two distinct peaks at 2190 and 2010 cm-1 with the 
latter possessing a shoulder around 1960 cm-1. This indicates that adsorption only takes place 
through the acetylene group, and not through the aromatic ring. These observations are in 
line with adsorption reported of phenylacetylene and other alkynes on different transition 
metals37–45 and are attributed to chemisorption; σ-bonding, and σπ-complexation of a weak 
nature with different sites on the Pt surface, based on the relatively small shift in the C≡C 
vibrations compared to free (phenyl)acetylene.42,44 Furthermore, surface science experiments 
have shown that the aromatic ring in substituted benzenes orients itself away from the surface 
and is therefore not involved in adsorption.42,45 

Figure 4.5 shows SHINER spectra from hydrogenation of phenylacetylene to styrene and 
ultimately ethylbenzene at 60 °C with time-on-stream (TOS) under different conditions. First, 
N2 saturated with phenylacetylene and Ar were led over the catalyst in a 1:1 ratio. As expected 
based on the adsorption experiments, we observe a peak attributed to Pt-C stretching at 405 
cm-1 in Figure 4.5a and three peaks in the C≡C region in Figure 4.5d. Furthermore, Figure 4.5b 
shows peaks originating from ring breathing vibrations of a monosubstituted benzene around 
1000 cm-1 and 1030 cm-1 and in Figure 4.5c we observe a peak from aromatic C=C stretching 
at 1592 cm-1. All of the peaks originating from aromatic ring vibrations appear unperturbed 
compared to the reference spectra in Figure 4.5f and literature.35 This indicates a lack of 
interaction between the phenyl ring and the Pt surface, and further supports adsorption solely 
through C≡C as previously discussed. 

After 30 min, the Ar flow was switched to H2 and immediately a decrease in C≡C stretching 
was observed, whereas a similar decrease was not observed in the other spectral regions. 
Only after ~60 min of simultaneous phenylacetylene adsorption and hydrogenation did we 
observe a decrease, alongside an even further decrease in C≡C stretching peak intensity. 
Additionally, we observe the appearance of two new peaks in the C=C region. Comparison to 
reference spectra shown in Figure 4.5e shows that the peak at ~1634 cm-1 can be attributed to 
C=C stretching originating from the ethylene group in styrene, whereas the peak at ~1571 cm-1 
does not match any of the peaks in the reference spectra. However, Mrozek and Weaver have 
reported similar peaks for π-bound ethylene on Pt electrodes studied with SERS.30 

Monitoring the presence of this band over the experiment as displayed in Figure 4.6 shows 
that it is only present alongside the 1634 cm-1 peak from the ethylene group in styrene, thereby 
indicating that the peak at 1571 cm-1 can be attributed to π-bound styrene on Pt. Subsequently, 
we turned off the phenylacetylene flow and continued the experiments with a gas feed 
composed of H2 and Ar to ensure full hydrogenation of all adsorbed species. A further decrease 
in peaks originating from C≡C stretching vibrations is observed, alongside the disappearance 
of those corresponding to ethylene. The aromatic C=C stretching vibrations at 1592 cm-1 
remain present, although with very little intensity. Furthermore, both Pt-C vibrations and 
ring breathing vibrations remain present, but whereas the Pt-C stretching vibrations remains 
at 405 cm-1, the ring breathing vibrations exhibit a shift to higher frequencies. Based on the 
reference spectra in Figure 4.5e this shift indicates a decrease in conjugation. Tracking the 
position of the ring breathing vibration at 999 cm-1 and subsequent comparison with reference 
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spectra as displayed in Figure 4.5f show that the peak position moves in the direction of the 
reference value for ethylbenzene under hydrogenation conditions. Further inspection of the 
reference spectra also shows that the ratio of the peak intensity of the aromatic C=C stretching 
vibration (I1592) to the peak intensity of the ring breathing vibration at 999 cm-1 (I999) diff ers 
amongst phenylacetylene, styrene, and ethylbenzene. Upon fi tting of the experimental 
spectra46, the ratio I1592/I999 was compared to those of the reference compounds and again a 
trend was observed that indicates the formation of ethylbenzene, as illustrated in Figure 4.5g. 
Interestingly, switching back to pure Ar fl ow leads to an upwards shift of the ratio I1592/I999, 
back to the values of styrene and phenylacetylene.
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Figure 4.5 (a-d) Hydrogenation of phenylacetylene over Pt/Au@SiO2 catalyst/SHINs at 60 °C with 
time-on-stream (TOS). (a) Pt-C stretching region. Upon hydrogenation of phenylacetylene, the peak 
attributed to Pt-C stretching decreases slightly and then remains constant. (b) Spectral region showing 
ring vibrations. Upon hydrogenation a shift to higher frequencies is observed, indicating hydrogenation 
occurs. (c) C=C stretching region indicating C=C stretching from the phenyl group. Two additional peaks 
attributed to C=C stretching can be observed during hydrogenation; at higher frequencies due to C=C 
stretching of the ethylene group present in styrene, and at lower frequencies due to π-bound ethylene 
from styrene. (d) C≡C stretching region which shows complete disappearance of alkyne vibrations over 
the course of hydrogenation. (e) Reference spectra of phenylacetylene (PA, red), styrene (Sty, blue) and 
ethylbenzene (EB, green) in which ring breathing vibrations and the aromatic C=C stretching vibrations 
used for further analysis are indicated. (f) Tracking the peak position of the ring breathing vibration 
with TOS shows a clear shift towards the reference position of ethylbenzene (green dashed line). Gas 
feed composition is indicated at the top of the graph. (g) Ratio I1592/I999 with TOS compared to reference 
values of phenylacetylene (red), styrene (blue) and ethylbenzene (green) indicates the formation of 
ethylbenzene.

Thesis-17x24-v2-WC.indd   90 11/4/2019   1:47:42 PM



TIME to SHINE

91

4.2.4 Dehydrogenation of Adsorbates on Pt/Au@SiO2

To determine whether we are witnessing dehydrogenation or simply readsorption of residual 
phenylacetylene, cycles of hydrogenation-dehydrogenation experiments were performed, as 
reported in Figure 4.7. Figure 4.7a shows the ratio I1592/I999 with increasing TOS under diff erent 
gas feed compositions: pure phenylacetylene in N2 (PA), PA and H2, Ar and H2, and pure Ar 
as indicated above the graph. Upon introduction of hydrogen, the ratio I1592/I999 decreases to 
indicate ethylbenzene formation. However, as soon as H2 is removed from the gas feed and 
we fl ow pur e Ar, the ratio starts to increase again, away from the ethylbenzene reference 
value. This trend can be observed throughout the entire experiment, and is also refl ected in 
the ring breathing peak position. After leaving the cell under continuous Ar fl ow for three 
days, the ratio I1592/I999 reaches the reference values for styrene and phenylacetylene. Over 
the course of this experiment, the intensity of the Pt-C stretching vibration was monitored 
for changes in the amount of adsorbates, presented in Figure 4.8. Inspection of this intensity 
shows that after equilibration the Pt-C peak height remains at constant values, excluding 
the possibility for readsorption of residual phenylacetylene which would be refl ected in 
an increase in peak height. Figure 4.7b shows spectra at the start of the experiment, when 
phenylacetylene was adsorbed, at the end of the hydrogenation experiments at TOS = 860 min 
and after keeping the sample under constant Ar fl ow for 3 days. Ring breathing, C=C and C≡C 
stretching vibrations indicated in the fi gure show that fi rst, the aromatic ring stays intact, 
second, that no peaks ascribed to styrene are observed, and third, C≡C stretching vibrations 
disappear upon hydrogenation but return in the absence of hydrogen, showing that the 
ethylbenzene that remains on the catalyst surface after hydrogenation is dehydrogenated 
back to phenylacetylene. 

4.2.5 Reaction Mechanism of Phenylacetylene Hydrogenation over 
Pt/Au@SiO2

Based on the spectral observations we made, we propose that in our experiments 
phenylacetylene hydrogenation occurs as follows: Phenylacetylene is adsorbed on the 
Pt surface, giving rise to a Pt-C stretch at 405 cm-1 and a splitting of the C≡C band into 
three bands at 1960, 2010 and 2190 cm-1 due to chemisorption (σ-bonding and weak σπ-
complexation) and physisorption. The absence of free C2≡C1-H stretching vibrations and 
lack of distortion in ring vibrations confi rm adsorption takes place solely through the triple 
bond. Upon hydrogenation, we observe styrene both in a linear, σ-bound fashion at 1621 cm-1
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Figure 4.6 Monitoring the presence of styrene bands at 1621 cm-1 and 1571 cm-1 during phenylacetylene 
hydrogenation. The band at 1621 cm-1 corresponds to the band at 1634 cm-1 for ethylene side group C=C 
stretching in Figure 4.5. The presence of the band at 1571 cm-1 is related to the presence of the band at 
1634 cm-1. Gas feed composition is indicated above the fi gure.
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and π-bound through its ethylene group at 1571 cm-1, depending on whether a hydrogen is 
inserted fi rst in C1 or C2, respectively. Upon complete disappearance of both the C≡C stretching 
vibrations and vibrations ascribed to styrene, ethylbenzene is observed. The presence of the 
Pt-C stretching peak allows us to assign this peak to linear σ-bonding of the terminal alkyl 
C1 atom to the Pt surface, resulting in the scheme presented in Figure 4.7c. This is in line with 
the observation of a lack of π–bonding styrene species upon dehydrogenation, as logically 
linearly bound styrene should be formed. Furthermore, after dehydrogenation the peak ratios 
of the diff erent C≡C stretching vibrations diff er from those observed during adsorption. The 
peaks at 2010 and 1960 cm-1 we attribute therefore to chemisorbed species: The most intense 
peak at 2010 cm-1 we assign to C2≡C1-Pt σ-bonding, and its shoulder at 1960 cm-1 to the weak 
σπ-complexation of the acetylene group with Pt, as π-interaction of conjugated bonds parallel 
to the surface is often reported to result in a redshift in wavenumber.30,47,48 Finally, we propose 
the peak at 2190 cm-1 arises from adsorption at a less stable confi guration or site,39 based on 
the low intensity of the peak observed upon dehydrogenation. 
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Figure 4.7 (a) Monitoring the ratio I1592/I999 with TOS in hydrogen-rich and hydrogen-poor gas feeds 
compared to the reference compounds phenylacetylene (PA, red), styrene (Sty, blue) and ethylbenzene 
(EB, green). The gas feed composition is indicated above the fi gure. In hydrogen-rich environments, a 
clear shift towards the reference value for ethylbenzene is observed, whereas the reverse shift occurs in 
the absence of hydrogen. (b) Spectra of phenylacetylene adsorption at the start of the experiment (Ads), 
after hydrogenation (TOS = 860 min) and after 3 days under pure Ar fl ow. (c) Scheme of phenylacetylene 
hydrogenation and dehydrogenation including all observed species. Note that upon the introduction of 
H2, the ratio I1592/I999 tends to drop. We attribute this to the high heat capacity of H2 and the fl uctuations 
in conditions this brings about before equilibration.
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4.2.6 Alternative Reaction Mechanism by Plasmon-Mediated Catalysis
This study has focused on conventional heterogeneous catalysis studied by in situ SHINERS 

by isolating the plasmonic Au NP core with a thin layer of SiO2 to prevent plasmonic side-
reactions. Alternatively, the properties of plasmons or hot electrons can be exploited for 
catalytic purposes. Due to the high energy of the hot electrons, they can be used to activate 
chemical bonds on metal surfaces49,50, giving rise to new possible reaction pathways.51,52 
Because the Au and Ag plasmonic NPs can be excited with light, including sun light, the energy 
input required for such reaction pathways may be lower than those involving industrial 
reactions performed at relatively high temperatures and pressures.53–56 Additionally, the 
energy input may be specifically regulated by tuning the plasmonic NPs size, shape and 
excitation wavelength, depending on the activation energy of the chemical bond of interest.51,57 
This principle brought about the genesis of a new field in heterogeneous catalysis: plasmon-
mediated catalysis (PMC). 

PMC on Au and Ag NPs has been reported for a number of different reactions, for instance 
CO oxidation58, water splitting59, reduction of nitroaromatics60, oxygen activation54, and 
selective propylene epoxidation.61 Furthermore, dissociation of hydrogen62 and hydrogenation 
reactions63 have been reported, which normally do not or barely occur on noble NPs of 
sufficient size to exhibit LSPR.64–66 This opens up the possibility of hydrogenating triple 
and double bonds on plasmonic NPs, like those studied here with the hydrogenation of 
phenylacetylene.

Comparison of the obtained SHINER spectra in Figure 4.4f with literature shows striking 
similarities of the characteristic peaks for phenylacetylene adsorption on our catalyst/
SHINs with adsorption on a bare Au surface.40 These similarities could be attributed to 
related electronic properties of Pt and Au due to their neighboring positions in the periodic 
table. However, as demonstrated in Chapter 5, heat treatment in the presence of a chloride 
precursor can damage the isolating SiO2 layer, exposing metallic Au NP surface. Therefore, the 
possibility of phenylacetylene adsorption on Au cannot be ruled out completely. Nevertheless, 
we observed CO adsorption specifically on a Pt surface and not on a Au67–69 or Pt-Au surface14 
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Figure 4.8 Integrated peak height (red circles) and area (black squares) of Pt-C peak with TOS. Upon 
phenylacetylene adsorption both peak height and area increase, supporting the assignment of this peak 
to Pt-C stretching. Upon hydrogenation the peak height and area start to decrease until they reach a 
value that stays constant up to 3 days. The constant value of the Pt-C peak height and area indicate 
that phenylacetylene and its products remain on the catalyst surface. Gas feed composition is indicated 
above the figure. Both area and intensity are used to compensate for fluctuations often occurring in this 
part of the spectral region.
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despite the Pt/Au@SiO2 catalyst/SHINs having undergone the same reduction treatment for 
both CO adsorption and phenylacetylene adsorption and hydrogenation experiments. 

As mentioned, we cannot rule out with complete certainty that this reaction took place solely 
over Pt, and not over exposed Au surface. In this case, different steps that were identified in 
the reaction mechanism still hold, but Pt-adsorbate interactions at 2010 cm-1 and 1960 cm-1 
should be attributed to Au-adsorbate interactions instead. Furthermore, the peak at 2190 
cm-1 that was not reported in literature for phenylacetylene on Au could then be attributed to 
adsorption on Pt or adsorption at the Pt-Au interface. Hydrogenation of phenylacetylene to 
styrene and ethylbenzene may have taken place either through plasmon-mediated catalysis 
on Au following the same steps as discussed before, or by Pt-assisted hydrogen dissociation 
and subsequent H-transfer to the Au NP surface, as was also observed by Zhang et al. on 
similar systems.19 This underlines the importance of in depth characterization of Au@SiO2 
SHINs and the effect of (metal) salts during in situ reduction at elevated temperature on their 
stability. However, regardless of which metal surface this reaction was catalyzed on, this 
study shows the potential of plasmon-enhanced Raman spectroscopy to identify adsorbates 
and reactants. Finally, if more experiments or calculations would reveal this reaction was 
catalyzed by plasmons originating from the Au surface, then this study would be a useful 
addition to a new and exciting field within heterogeneous catalysis.

4.3 Conclusions
In this Chapter, we showed that in situ SHINERS allows for identification of catalyst-

adsorbate interactions on the nanoscale, using the sequential gas-phase hydrogenation of 
phenylacetylene to styrene and ultimately ethylbenzene over Pt/Au@SiO2 catalyst/SHINs 
as a model reaction. This work demonstrates that in situ SHINERS can be used to monitor 
hydrogenation reactions while they occur on the surface of the catalyst, proving its value 
as a generally applicable characterization method in the field of heterogeneous catalysis. 
By employing a setup and method that allows the reverse reaction to be studied, we were 
able to give more detailed Raman peak assignment and gain understanding of the reaction 
mechanism. Furthermore, we show that spectator or unreacting side groups can be used 
as internal reference, opening up the possibility to study reactions of chemical groups 
with an inherent low Raman cross-section and reactions of complicated molecules over 
heterogeneous catalysts using in situ SHINERS.

4.4 Experimental Section 
4.4.1 Preparation of Au@SiO2 SHINs and Pt/Au@SiO2 Catalyst/SHINs 
The preparation of Au@SiO2 SHINs is described in detail elsewhere.26 In short, gold seeds 

were synthesized using the Turkevich method70 to obtain Au seeds of approximately 17 nm 
in MilliPore water (MQ; resistivity 18.2 MΩ·cm) (HAuCl4 × 3H2O, 99.99% Alfa Aesar; sodium 
tricitrate dihydrate, 99%, Sigma Aldrich). NPs were grown to a size of approximately 100 
nm using NH2OH × HCl (99.995%, Sigma Aldrich) as a mild reducing agent.71 Subsequent 
SiO2 growth was realized through the APTMS (99%, Sigma Aldrich)/sodium silicate (27%, 
Sigma Aldrich) method to yield Au@SiO2 SHINs.26 Successful synthesis of these particles was 
confirmed as per the characterization data presented in Figures 4.2 and 4.3c,d,f.

To prepare Pt/Au@SiO2 catalyst SHINs, 50 μL of a 10 mM H2PtCl6 solution was mixed with 
0.5 mL Au@SiO2 SHINs. After mixing and equilibrating for ~30 min, 15 μL of the mixture was 
dropcast on a Si wafer and was vacuum dried. The sample was cleaned in Ossila E511 UV-Ozone 
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Cleaner for 15 min before in situ SHINERS experiments. The sample was placed in a Linkam 
Cell and Pt was reduced in situ at 150 °C under 50% H2 flow in Ar for 1 h, while monitoring the 
process with SHINERS on a Renishaw inVia confocal Raman microscope using a 20x objective, 
1200 l/mm grating, 0.1-5% laser intensity with 200 mW 785 nm laser excitation.

4.4.2 Characterization
Au and Au@SiO2 NP size and LSPR were investigated with UV-Vis absorption spectroscopy 

on a Varian Cary 50 UV-Visible spectrophotometer in quartz cuvettes with an optical path 
length of 10.00 mm. Au and Au@SiO2 NP size and layer thickness were investigated on a 
FEI Tecnai 12 and FEI Tecnai 20 transmission electron microscope (TEM), operating at 120 
keV and 200 keV, respectively. Samples were prepared by drying 15 μL of the dispersions 
onto Formvar/carbon-coated 300 mesh copper TEM grids (Van Loenen Instruments). The 
Pt/Au@SiO2 catalyst/SHINs were investigated with elemental analysis using High-Angle-
Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM) and Energy 
Dispersive X-ray Spectroscopy (EDX) on a FEI Talos F200 electron microscope operating at 
200 keV. Samples were prepared by redispersing in situ reduced samples in isopropanol and 
subsequent transfer to Formvar/carbon-coated 300 mesh copper TEM grids.

Raman spectra of pure phenylacetylene, styrene and ethylbenzene were measured in 
a quartz cuvette with an optical path length of 10.00 mm using an Avantes Raman probe in 
combination with a 532 nm Cobalt laser set to 51 mW connected to an Andor EMCCD detector 
equipped with a 1200 l/mm grating.

4.4.3 In Situ SHINERS Experiments
CO Adsorption. After in situ reduction, 10 mL/min CO and 40 mL/min Ar were introduced 
into the Linkam Cell at 150 °C. Adsorption of CO was monitored with in situ SHINERS on a 
Renishaw inVia confocal Raman microscope using a 20x objective, 1200 l/mm grating, 0.1-5% 
laser intensity with 200 mW 785 nm laser excitation.

Phenylacetylene Adsorption Experiments. N2 saturated with phenylacetylene was introduced 
into the Linkam Cell. Adsorption was studied at 25, 40, 60 and 80 °C for 30 min each and was 
monitored with in situ SHINERS on a Renishaw inVia confocal Raman microscope using a 20x 
objective, 1200 l/mm grating, 0.1-5% laser intensity with 200 mW 785 nm laser excitation.

Phenylacetylene Hydrogenation Experiments. Phenylacetylene hydrogenation was studied 
by flowing H2 over the catalyst at 60 °C. The feed consisted of a 1:1 mixture of H2 with either 
N2 saturated with phenylacetylene, or with Ar. Dehydrogenation conditions were achieved by 
flowing only Ar. The total flow was always 50 mL/min. Hydrogenation was monitored using in 
situ SHINERS on a Renishaw inVia confocal Raman microscope using a 20x objective, 1200 l/
mm grating, 0.1-5% laser intensity with 200 mW 785 nm laser excitation.
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through a limitless accumulation of the imperfect)

-Haruki Murakami

(A certain type of perfection can only be realized 

ある種の完全さは、不完全さの限りない集積にある種の完全さは、不完全さの限りない集積に
よってしか具現できないのだよってしか具現できないのだ

CHAPTER 5

In Situ Shell-Isolated Nanoparticle-Enhanced In Situ Shell-Isolated Nanoparticle-Enhanced In Situ
Raman Spectroscopy of Active Nickel Catalysts
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ABSTRACT
Methods to prepare lower transition metal catalysts and specifically Ni for Shell-Isolated 

Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) are explored. Impregnation, 
colloidal deposition and spark ablation have all been investigated as suitable synthesis 
routes to prepare SHINERS-active Ni/Au@SiO2 catalyst/Shell-Isolated Nanoparicles 
(SHINs). Ni precursors are confirmed to be notoriously difficult to reduce: the temperatures 
required are generally harsh enough to destroy SHINs, rendering SHINERS experiments on 
Ni infeasible using this approach. For colloidally synthesized Ni nanoparticles deposited on 
Au@SiO2 SHINs, stabilizing ligands first need to be removed before application in catalysis. 
The required procedure results in transformation of the metallic Ni core to a fully oxidized 
metal nanoparticle, again too challenging to reduce at temperatures still compatible 
with SHINs. Finally, by use of spark ablation we were able to prepare metallic Ni catalysts 
directly on Au@SiO2 SHINs aggregated on a Si wafer. These Ni/Au@SiO2 catalyst/SHINs 
were subsequently successfully probed with several molecules (i.e., CO  and acetylene) of 
interest for heterogeneous catalysis, and we showed that they could be used to study the in 
situ hydrogenation of acetylene. We observed interaction of acetylene with the Ni surface, 
and upon hydrogenation identified the formation of ethylene. This study further illustrates 
the true potential of SHINERS by opening the door to studying industrially relevant reactions 
under in situ or operando reaction conditions.

5.1 Introduction
Heterogeneous catalysis is one of the most industrially interesting areas in chemistry 

research as it is involved in over 80% of all manufacturing processes in the chemical industry.1 
Therefore, understanding the workings of solid catalysts at the nanoscale has been and 
remains a hot topic.2 Small improvements in existing catalysts’ efficiency, selectivity, or 
activity can have a tremendous effect on industrial processes, whereas unravelling active sites 
may lead to the development of altogether new heterogeneous catalysts. In order to do this, 
structure-performance relationships need to be established through which we can determine 
the role of e.g. different facets on a catalyst nanoparticle (NP) in adsorption, conversion, and 
desorption of the reagent of interest. As such chemical processes take place on the surface of 
the catalyst, many surface science studies have been dedicated to the interaction of molecules 
with metal surfaces.3,4 These studies were traditionally carried out on surfaces of well-defined 
single crystal planes at low temperatures and pressures, but often these results cannot be 
directly translated to heterogeneous catalysis.5 First of all, NPs consist of an array of different 
facets, and secondly, the different temperatures and pressures employed have been observed 
to induce dynamic changes in the facets present on nanoparticles, and influence interaction of 
the reagent of interest itself.6–8 Therefore, surface studies of working catalysts are required to 
gain more insight into actual structure-performance relationships.

In situ vibrational spectroscopy is extremely suitable to achieve this goal, since it provides 
molecular fingerprints of species present during the reaction, and can be employed under a 
wide range of conditions. For example, operando Infrared (IR) spectroscopy has been used 
to investigate the ammoxidation of propane over a rutile-SbVO4 catalyst9, alcohol oxidation 
over Au10 and Cu-TEMPO11 catalysts, the water-gas-shift reaction over Pt/Al2O3

12 and NOx 
reduction over a Pt-Rh/Ba/Al2O3 catalyst13, while a recent example from our group focused on 
the understanding of structure-sensitivity of CO2 hydrogenation over supported Ni catalysts.14 
Complementary to IR spectroscopy, Raman spectroscopy offers the additional possibility 
to directly monitor metal-adsorbate interactions, whereas these vibrations are generally 
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not IR-active.15 Although traditional Raman spectroscopy suffers from low detection limits, 
the use of the signal enhancing technique Surface-Enhanced Raman Spectroscopy (SERS) 
has been reported to detect single molecules.16–19 By employing Au or Ag NPs that exhibit 
Localized Surface Plasmon Resonance (LSPR) upon illumination with (laser) light of the right 
frequency strong electromagnetic fields can be induced near the surface of the NPs which 
greatly enhance the detected Raman scattering. Since these strong electromagnetic fields are 
only present very locally around the Au and Ag NPs, they only enhance signals of species on or 
close to the surface. This makes SERS an incredibly suitable tool for surface studies. 

To enable application of SERS in in situ and operando heterogeneous catalytic reactions, 
the Au and Ag NPs need to be stabilized and physically separated from the catalyst under 
investigation, which can be achieved by coating the Au and Ag NPs with a thin layer of 
dielectric oxide, like SiO2. This technique, Shell-Isolated Nanoparticle-Enhanced Raman 
Spectroscopy (SHINERS)20 is rapidly developing into a generally used method for in situ surface 
studies of catalytic reactions. For example, the group of Tian has reported on CO oxidation and 
4-nitrothiophenol hydrogenation over colloidal catalysts comprised of Pt and Pt alloys21,22, 
whereas our group has studied CO hydrogenation over Rh and Ru catalysts by impregnation 
of Au@SiO2 Shell-Isolated Nanoparticles (SHINs) with a metal chloride precursor.23,24 
Both these approaches, colloidal and impregnation, yielded active catalysts on top of the  
Au@SiO2 SHIN surfaces after reduction/activation of the catalysts. Due to the noble nature of 
these metals, they are easily reduced to their metallic, active form, without the need for high 
temperatures.23 However, noble metals are not always preferred in chemical industry due to 
their high cost. Instead, metals that are more abundant and cost-efficient are often employed, 
but these need more rigorous temperature treatment to reach their active catalytic phase. For 
example, although Pt is a more active hydrogenation catalyst and is used in in situ SHINERS 
hydrogenation studies, its group X brother Ni is often used in industrial hydrogenation due 
to the much lower cost (1560 €/kg vs. 10 €/kg, respectively; Pd: 2700 €/kg25). Reduction of Ni 
precursors requires high temperatures, which can have a detrimental effect on the enhancing 
properties of Au@SiO2 SHINs, in turn making SHINERS studies on such materials extremely 
challenging. 

In this Chapter, we will explore the various methods of catalyst/SHIN preparation based on 
lower transition metal catalysts, and in particular Ni, to enable in situ SHINERS investigation 
of industrially relevant reactions. We will demonstrate the challenges in the preparation of 
active Ni/Au@SiO2 catalyst/SHIN systems in both previously reported preparation methods 
(i.e., the Precursor (Pr) and Colloidal (Col) methods). Next, we will present a new method for 
the preparation of active Ni catalysts on Au@SiO2 SHINs by Spark Ablation (SA). We will then 
test the different Ni catalysts with various probe molecules, such as CO, phenylacetylene, and 
acetylene, to assess their suitability for SHINERS studies. Finally, we will demonstrate that we 
can observe hydrogenation of acetylene with in situ SHINERS over Ni(SA)/Au@SiO2. 

5.2 Results and Discussion
5.2.1 Preparation and Characterization of Ni/Au@SiO2 Catalyst/SHINs
Figure 5.1 shows the characteristics of the Au@SiO2 SHINs used for this study. Figure 5.1a 

shows a Transmission Electron Microscopy (TEM) image, where a 90 nm diameter Au core 
can be observed coated with a ~2 nm SiO2 shell. The UV-Vis spectrum of the core Au NP 
dispersion can be found in Figure 5.1b. The absorption at 551 nm originates from the LSPR 
of the Au NPs and can be used to calculate both size and concentration of uncoated NPs.26 In 
line with the particle size distribution obtained from TEM measurements, the diameter of the 
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Au NPs was calculated to be 83 nm. The SHINERS-enhancement and quality of these SHINs 
was tested using Rhodamine 6G and pyridine, as demonstrated in Figure 5.1c. Rhodamine 
6G is a dye molecule with a high Raman cross-section often used to probe the SERS activity 
of plasmonic NPs and the subsequent loss in activity upon coating them with dielectric 
layers.23,27–30 Pyridine is used to detect pinholes in the SiO 2 layer around the Au NPs.27 Its lone 
pair can coordinate to the Au NP surface, which gives rise to chemical enhancement of the 
signal as well as traditional enhancement. As can be observed in Figure 5.1c (bottom, black 
spectrum), upon coating of the Au NPs with SiO2, no pyridine signal is observed (see Chapter 2, 
Figure 2.3e) due to this loss of chemical enhancement. On the same sample we can still detect 
Rhodamine 6G (Figure 5.1c top, red spectrum), indicating that SHINERS-activity is not lost.

Figures 5.1d-f show TEM and Scanning Electron Microscopy (SEM) images of the Ni/Au@
SiO2 catalyst/SHINs prepared through different methods. In Figure 5.1d, we see Ni(Col)/Au@
SiO2 with the 4.1 nm Ni NPs on the surface of the Au@SiO 2 SHINs. Attachment of the Ni NPs via 
the method of Dong et al.31 was applied, in which the organic ligand (in this case oleylamine) 
on the Ni NP surface is exchanged for NOBF4, allowing for transfer to aqueous media. Mixing 
of the ligand-exchanged Ni NPs and the Au@SiO2 SHIN dispersion resulted in spontaneous 
adsorption of the Ni NPs onto the SHIN surface through electrostatic interactions.22,31 Figure 
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Figure 5.1 Characterization data for Au@SiO2 Shell-Isolated Nanoparticles (SHINs). (a) Transmission 
Electron Microscopy (TEM) image of Au@SiO2. A 90 nm Au core surrounded by a 2 nm SiO2 shell can 
be observed. (b) UV-Vis spectrum of Au NPs with the absorption maximum at 551 nm originating from 
the Localized Surface Plasmon Resonance (LSPR) of the Au NPs. This can be directly correlated to a 
size of 83 nm.26 (c) SHINERS activity tests of Au@SiO2 SHINs. The absence of peaks originating from 
pyridine confirms the SiO2 layer is pinhole-free, whereas the presence of bands attributed to Rhodamine 
6G demonstrate the Au@SiO2 SHINs have not lost their signal enhancing properties. (d) TEM image of 
Ni(Col)/Au@SiO2 catalyst/SHINs, showing 4.1 nm Ni NPs adsorbed onto the Au@SiO2. (e) TEM image 
of Ni(Pr)/Au@SiO2 catalyst/SHINs, prepared by in situ reduction of Au@SiO2 SHINs impregnated with 
a NiCl2 precursor to yield small Ni NPs as can be observed on the carbon film. A number of the Ni NPs 
has been indicated by black arrows. (f) Scanning Electron Microscopy (SEM) image of the as-prepared 
Ni(SA)/Au@SiO2 on a Si wafer.

Thesis-17x24-v2-WC.indd   104 11/4/2019   1:47:52 PM



TIME to SHINE

105

5.1e shows small 2.6 nm Ni NPs lying close to the Au@SiO2 SHINs. Note that this TEM sample 
was prepared after in situ reduction of the NiCl2/Au@SiO2 catalyst/SHINs by scraping, 
redispersing, and transferring of the sample from a Si wafer to a Cu grid using isopropanol. 
Therefore, the lack of Ni NPs on the Au@SiO2 surface is not significant as the position of these 
two types of particles with respect to each other is not representative in the TEM sample. The 
same method of TEM sample preparation was attempted for Ni(SA)/Au@SiO2 but did not result 
in clear TEM images. Instead, the as-prepared Ni(SA)/Au@SiO2 samples were investigated 
with SEM, as presented in Figure 5.1f. The Au@SiO 2 SHINs can be observed with bright spots 
on the surface, which constitute the deposited Ni NPs. Note that due to the resolution of the 
SEM image, we cannot investigate the size of the Ni NPs, nor whether these bright spots are 
agglomerated or aggregated NPs. However, based on extensive testing of the spark ablation 
setup, individual Ni NPs should be around 2 nm, albeit with a broad size distribution.

5.2.2 Activation of Ni/Au@SiO2 Catalyst/SHINs
To confirm the presence of metallic Ni on all Au@SiO 2 SHINs, in situ SHINERS experiments 

were carried out. The Ni(Col) and Ni(Pr)/Au@SiO 2 samples had to undergo reduction 
treatment at high temperature first. Temperature Programmed Reduction (TPR) of the 
colloidal Ni NPs32 gave a required reduction temperature in H2 of 450-600 °C to fully reduce 
the passivated Ni NPs to their metallic phase. However, due to the limited stability of Au@
SiO2 at high temperatures and the practical limitations of the Linkam Cell brought about by 
the high heat capacity of H2 the maximum temperature that can be reliably achieved is 400 °C. 
For the precursor samples we have chosen to eliminate a calcination step as the reduction of 
nickel oxide occurs at even higher temperatures than the direct reduction of the herein used 
Ni precursors.33

In situ SHINER spectra of the Ni(Col)/Au@SiO 2 system in Figure 5.2a show that we can 
observe a weak band for Ni-C stretching at 405 cm-1 (originating from ligands on the surface) 
at the start of the experiment. To remove these ligands from the surface the Ni(Col)/Au@SiO2 
underwent a calcination/burning step in Ar:O2. This treatment resulted in the formation of a 
new band at 515 cm-1 assigned to Ni-O stretching, which can subsequently be used to monitor 
the reduction of the Ni NPs. Upon introduction of reducing environment (Ar:H2 1:1 at 400 °C) 
we can see that over time, both Ni-O and Ni-C stretching vibrations decrease in intensity, 
indicating the formation of Raman-inactive, metallic Ni. However, weak Ni-O and Ni-C 
Raman bands remain visible in the SHINER spectra after H2 treatment. 

Figure 5.2b shows the before and after SHINER spectra for the Ni(Pr)/Au@SiO2 catalyst/
SHIN systems using Ni(NO3)2 (top), Ni(acac)2 (middle) and NiCl2 (bottom). The precursors 
were directly reduced at 400 °C under H2, without a calcination step under O2 to prevent the 
formation of nickel oxide. Still, for 

Ni(NO3)2/Au@SiO2 the formation of a band attributed to Ni-O stretching vibrations was 
observed at 501 cm-1, due to decomposition of the nitrate ions and subsequent formation of 
nickel oxide.34,35 This disqualifies Ni(NO3)2 as a suitable precursor for the preparation of Ni/
Au@SiO 2 catalyst/SHINs. Reduction of Ni(acac)2 on the other hand, shows no Raman peaks that 
can be attributed to Ni-O or Ni-C stretching vibrations, despite the presence of both carbon 
and oxygen species in acetylacetonate. We do obseve decomposition of this coordination 
complex, responsible for the formation of the so-called D and G Raman bands at 1320 and 
1530 cm-1, assigned to disordered and ordered (graphitic) carbonaceous species.36 Finally, for 
NiCl2/Au@SiO2 we observe Ni-Cl stretching at 360 cm-1 at the start of the experiment, which 
is in line with other metal-chloride stretching vibrations reported in literature.15,23 As is the 
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Figure 5.2 In situ reduction of Ni/Au@SiO2 prepared in diff erent ways. (a) Colloidal Ni NPs on Au@
SiO2 SHINs. Due to the presence of surfactants on the Ni NPs these catalyst/SHINs required oxidation 
treatment fi rst, to burn off  the organic ligands. A low-intensity Raman band around 400 cm-1 was 
observed on the untreated samples, confi rming the presence of Ni-C vibrations originating from the 
ligand-Ni NP interactions. Upon burning off  the ligands, the particles were oxidized as evidenced by a 
broad Raman band around 520 cm-1, assigned to Ni-O stretching vibrations. Upon reduction of the Ni NPs 
at 400 °C under H2 a decrease in the Ni-O band intensity was observed, but it did not fully disappear. (b) 
Direct reduction of Ni(Pr)/Au@SiO2 was performed, omitting a calcination step to prevent the formation 
of nickel oxide. Top, purple: Ni(NO3)2/Au@SiO2 reduction. Despite skipping an oxidation step, the 
formation of Ni-O bands was still observed. This is due to decomposition of the Ni(NO3)2 precursor into 
nickel oxide. Middle, black: Ni(acac)2/Au@SiO2 reduction. After reduction, no Raman peaks attributed to 
Ni-O or Ni-C were detected. However, decomposition of acetylacetonate during the reduction process 
gave relatively intense D and G Raman bands. Bottom: NiCl2/Au@SiO2. Full disappearance of the Raman 
bands due to Ni-Cl stretching vibrations was observed. (c) In situ oxidation and reduction of the Ni(SA)/
Au@SiO2 catalyst/SHINs. Upon oxidation a Raman band around 480 cm-1 is observed, attributed to the 
formation of nickel oxide. After reduction with H2 at 300 °C for 90 min a weak remnant of the band 
could still be observed. (d) Comparison of the diff erent Ni-adsorbate stretching vibrations observed on 
the oxidized Ni/Au@SiO2 samples. Dark blue: Oxidized Ni(Col), light blue: (smoothed to guide the eye, 
intensifi ed for clarity) reduced Ni(Col), grey: reduced Ni(NO3)2, brown: oxidized Ni(SA). Interestingly, 
the Raman band positions for the oxidized species diff er, shifting from 520 cm-1 on Ni(Col) to 480 cm-1

on Ni(SA). Furthermore, for Ni(SA) an unknown band at 360 cm-1 can be observed. (e) X-ray diff raction 
(XRD) pattern  of (yellow, bottom) Au@SiO2 and (brown, top) fresh Ni(SA)/Au@SiO2. The XRD peaks at 
45 and 52.5° indicate the presence of both Au and Ni at overlapping 2θ. However, the broadening of the 
peak at 52.5° combined with the SHINER spectra confi rms the presence of nickel on the Au@SiO2 SHINs. 
*Asterisks mark peaks originating from the Si wafer.
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case for the Ni-O and Ni-C stretching vibrations, we can see a decrease in the intensity of the 
Raman peak originating from Ni-Cl stretching upon reduction with H2. 

On the Ni(SA)/Au@SiO2 sample in Figure 5.2c initially no Raman bands due to Ni-O or Ni-C 
were observed. To prove the presence of Ni on the Au@SiO2 SHIN surface which could not be 
unambiguously determined using electron microscopy, the sample was treated with oxygen. 
Upon introduction of O2 into the Linkam Cell, the formation of Raman bands assigned to Ni-O 
stretching vibrations around 480 cm-1 could be observed. Additionally, a shoulder similar in 
position to that for Ni-C stretching as observed in the Ni(Col)/Au@SiO2 sample appeared to 
form. This could be due to the Ni interacting with some carbon either still on the SHINs despite 
the cleaning procedure, or from organics that have adsorbed onto the sample in the glovebox. 
Reducing these Ni-O and Ni-C species at 300 °C under H2 proved extremely challenging: after 
2 h Ni-O stretching could still be observed.

Comparing the nickel oxide bands observed in the different SHINER spectra shows that 
the bands are centered around different Raman shifts, as illustrated in Figure 5.2d. Note that 
the species found in the colloidal sample upon oxidation and reduction also differ slightly, 
indicating the existence of more and less stable nickel oxides. Furthermore, the width of 
the Raman bands is different for the different samples, which has been observed on other 
transition metals to be a measure of crystallite size and/or lattice strain.37,38 A broadening and 
blue shift of bands was then reported to be an indication of smaller NPs.23,39,40

5.2.3 In Situ SHINERS of CO Adsorption on Ni/Au@SiO2 Catalyst/SHINs 
After reduction of Ni(Pr), Ni(Col) and fresh Ni(SA), CO was introduced into the Linkam Cell 

to test the available catalytic surface, as was also done in Chapters 2 and 4 with different metal 
catalysts. Figure 5.3 shows spectra in the characteristic regions of CO adsorption on metal 
surfaces for both the low and high wavenumber region, that exhibit metal-adsorbate and 
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Figure 5.3 CO adsorption experiments conducted at 150 °C on the different Ni/Au@SiO2 samples. Bottom 
spectra in each panel: Ar atmosphere. Top spectra in each panel: 10% CO in Ar. (a) Ni(acac)2/Au@SiO2; 
(b) NiCl2/Au@SiO2; (c) Ni(Col)/Au@SiO2; (d) Ni(SA)/Au@SiO2. In (a-c) no CO adsorption was observed. 
In (d) some peaks associated with CO adsorption on Ni were observed: at 377, 425 and around 475 cm-1 
in the Ni-C stretching region, and at 1944 and 2060 cm-1 in the C-O stretching region. Based on IR 
experiments form literature, the peaks in the C-O stretching region are assigned to C-O adsorbed in a 
bridged and linear configuration, resp. Note also the difference in the shape of the spectra or baselines 
before CO adsorption under Ar atmosphere (bottom spectra), which are straight lines for the samples 
reduced at high T. For the Ni(SA)/Au@SiO2 sample this is not the case and some minor bands can be 
observed. This difference may indicate that the samples reduced at high temperature have lost their 
SERS enhancement.
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C-O stretching vibrations, respectively. The bottom spectra in all panels are recorded at 150 
°C in Ar before introducing CO, while the top spectra are recorded with 10% CO in Ar at 150 °C. 
Figure 5.3a-c clearly shows that no Raman bands due to CO adsorption on Ni were observed on 
the Ni(Pr) and Ni(Col) samples. The Ni(SA) sample in Figure 5.3d, on the other hand, did show 
characteristics bands for CO adsorption at 150 °C. Two peaks, one at 2060 cm-1 and one at 1944 
cm-1 attributed to linear and bridged adsorption, respectively can be discerned, as in line with 
results from literature of CO adsorption on Ni/SiO2.41–43 In the low wavenumber region, we 
observe a number of Raman bands that can be attributed to Ni-CO stretching, like a band at 
377 cm-1, 425 cm-1 (previously unreported) and around 475 cm-1 (reported both as bending and 
stretching vibration).44,45 

Based on the CO adsorption experiments, active Ni catalysts were present only in the Ni(SA)/
Au@SiO2 sample, and not in the Ni(Pr)/Au@SiO2 and Ni(Col)/Au@SiO2 samples. However, the 
straight baselines observed for the Ni(Pr)/Au@SiO2 and Ni(Col)/Au@SiO2 samples as opposed 
to that of Ni(SA)/Au@SiO2 may indicate that upon reduction at high temperature the Au@SiO2 
SHINs have lost their SERS enhancement. To determine whether we see unreduced Ni or loss 
of SERS enhancement, the Ni(Pr)/Au@SiO2 and Ni(Col)/Au@SiO2 samples were also probed 
with acetylene species. Triple bonds both have a high Raman cross-section and affinity to 
metal surfaces and are therefore excellent candidates for in situ Raman experiments.

5.2.4 In Situ SHINERS and DRIFTS of Acetylene Species on Ni(Col)/Au@SiO2

Figure 5.4 shows the results of the phenylacetylene species adsorption experiments. 
First of all, it seems like phenylacetylene adsorbs onto the Ni(Col) surface as characteristic 
peaks for phenylacetylene are observed. Comparison with spectra obtained in Chapter 4 of 
phenylacetylene adsorption on Pt shows similar characteristic vibrations, like ring vibrations 
and C=C stretching vibrations at 1000 cm-1 and 1580 cm-1 respectively. However, close 
inspection of the C≡C stretching region only reveals one peak at 2105 cm-1. This peak originates 
from a C≡C with terminal hydrogen, like observed in the reference spectrum (Chapter 4, 
Figures 4.4 and 4.5), and not chemisorbed onto a metal surface. The low intensity of the peak 
compared to the reference spectrum instead indicates physisorption of phenylacetylene on 
the Ni(Col)/Au@SiO2 catalyst/SHINs, which may be due to the absence of metallic surface Ni. 

To investigate the interaction between phenylacetylene and the nickel colloids in more 
detail, the colloidal Ni catalysts were deposited on a DaviCat SiO 2 support following the 
procedure by Casavola et al.46 and phenylacetylene adsorption on the Ni/SiO 2 catalyst was 
investigated using Diffuse Reflectance InfraRed Fourier Transform Spectroscopy (DRIFTS). 
This technique allows us to derive complementary information, especially regarding C-H 
stretching vibrations, which are insufficiently enhanced in the SHINER spectra to use for 
characterization. Additionally, this experimental setup does not require Au NPs to enhance 
the signal and employs a different in situ cell, the both of which allow for full reduction of the 
Ni NPs at the temperature determined by Vrijburg et al.32 

After reduction of the catalysts at the 500 °C for 1 h in a 1:1 H2:He gas feed, the Ni/SiO2 
catalysts were subjected to phenylacetylene vapor saturated in N2. A blank experiment with 
just SiO2 was carried out as well. The DRIFT spectra are displayed in Figure 5.4b-d, showing 
the different spectral regions for characteristic phenylacetylene vibrations that can be 
observed with IR. First of all, in the (C≡)C-H stretching region in Figure 5.4b, we can see a 
narrow, sharp peak for the reference DRIFT spectrum of free phenylacetylene (red). On a 
blank, dried SiO2 reference sample, we see some broadening of this peak (green), whereas 
on Ni/SiO2 (blue) we see distinct new maxima at lower wavenumbers, indicating interaction 
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between the acetylene group and the Ni surface. The (C=)C-H stretching region in Figure 5.4c 
shows the C-H vibrations from the aromatic ring. Compared to the red reference spectrum 
for free, gas phase phenylacetylene, we see new peaks in both the SiO2 and Ni/SiO2 samples 
at lower wavenumbers. This either indicates interaction with the phenyl ring, the occurrence 
of dissociative adsorption in which the acetylene group becomes more ethylene-like, or a 
combination of both. Finally, in the C≡C stretching region displayed in Figure 5.5c, we see the 
symmetric stretching vibration of the acetylene group at around 2115 cm-1. For the reference 
spectrum this vibration is very weak (spectrum multiplied by 104 x for clarity), as this vibration 
does not fulfi ll the selection rules for IR activity (change in dipole moment).15 However, when 
phenylacetylene is measured on SiO2 and Ni/SiO2 this peak becomes much more intense due to 
distortion of the bond and related increased IR activity. Furthermore, the peak shifts to lower 
wavenumbers (2110 cm-1) and an extra peak is observed on the Ni/SiO2 sample as a shoulder, 
all indicating direct interaction and chemisorption of phenylacetylene through the acetylene 
group on activated, metallic Ni catalysts. 
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Figure 5.4 Phenylacetylene probe experiments on colloidal Ni. (a) SHINER spectrum of phenylacetylene 
adsorption on Ni(Col)/Au@SiO2 after apparent reduction (blue) and reference Raman spectrum of 
pure phenylacetylene (red). Characteristic peaks for phenylacetylene are observed as indicated in the 
spectrum. The broad band around 510 cm-1 observed underneath the Si wafer (marked with an *asterisk) 
is indicative of the presence of nickel oxide, as was observed in Figure 5.2. (b-d) Diff use Refl ectance 
Infrared Fourier-Transform Spectra of gaseous phenylacetylene (red), and adsorbed on SiO2 (green) 
and Ni/SiO2 (blue). (b) C≡C-H stretching region showing a narrow sharp peak for free phenylacetylene. 
Upon physisorption on SiO2 the peak broadens a bit. Upon adsorption on the Ni/SiO2 catalyst we see 
new peaks arising at lower wavenumbers, indicating a weakening of the bond. (c) C=C-H stretching 
region, showing the vibrations arising from the phenyl ring. Again the largest diff erence is observed 
for the Ni/SiO2 catalyst, indicating that there is interaction between the ring and the Ni surface. (d) C≡C 
stretching region. Upon adsorption of phenylacetylene on Ni/SiO2 a second peak can be observed in the 
shape of a shoulder. Note that due to the IR inactivity of the C≡C stretching mode the peak in the red 
reference spectrum is very weak. The intensity of this peak in the other spectra indicate that either more 
phenylacetylene is present in total, giving a stronger signal, or that upon interaction with SiO2 and Ni 
the stretching mode changes to such an extent that it becomes more IR-active.
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Based on these DRIFTS results, we can say that in the SHINER spectrum in Figure 5.4a, no 
active Ni surface was present or accessible to phenylacetylene, resulting in only physisorption 
on either unreduced Ni surface or the SiO2 shell. Comparison of the metal-adsorbate 
stretching region in the SHINER spectra in Figures 5.2 and 5.4a show a broad band around 500 
cm-1, that points towards the presence of nickel oxide species. This is in line with incomplete 
reduction of the Ni(Col)/Au@SiO2 catalyst/SHINs, and further confirms the difficulty of using 
the colloidal deposition method for the preparation of active Ni/Au@SiO2 samples for in situ 
SHINERS studies. 

2.2.5 In Situ SHINERS of Acetylene Adsorption and Hydrogenation
In separate experiments, the activated Ni(Pr)/Au@SiO2 and as-prepared Ni(SA)/Au@SiO2 

were probed with 10% acetylene in Ar at room temperature, as displayed in Figure 5.5a. For 
both samples, this resulted in new Raman peaks, as indicated by the grey bars. Interestingly, 
the peaks appear at different Raman shifts, namely at 1095 and 1477 cm-1 and corresponding 
overtones and combination bands at 2168, 2545, and 2913 cm-1 for Ni(Pr)/Au@SiO 2 prepared 
using both NiCl2 and Ni(NO3)2 (only the former is included in Figure 5.5a for clarity). 
Comparison with literature shows that the Raman peaks reported for the Ni(Pr)/Au@SiO2 
samples originate from acetylene adsorption onto a Au surface or a Au surface with another 
transition metal in close proximity, and not from adsorption on a (pure) Ni surface.47 This 
is in line with the lack of Ni-CO stretching vibrations observed and with the aforementioned 
risk of damaging the Au@SiO2 SHINs during reduction of nickel precursors. To confirm this 
hypothesis, a pinhole test was conducted after the reduction of NiCl2/Au@SiO 2, shown in 
the inset in Figure 5.5a, indeed revealing characteristic peaks for pyridine on a Au surface. A 
blank acetylene adsorption experiment on Au@SiO2 parent SHINs was performed to see if the 
Au surface was already exposed before the deposition of Ni precursors on the surface, but as 
displayed in Figure 5.5a in the top, green spectrum, no characteristic acetylene-Au bands and 
merely the formation of coke (broad bands at 1320 and 1530 cm-1) was observed. 

For the Ni(SA)/Au@SiO2 sample, the Raman band at 1950 cm-1 can be attributed to 
physisorbed acetylene.48,49 Next to that, a Raman peak was observed at around 1890 cm-1, 
which has not been reported in literature to the best of our knowledge. Alongside this peak 
arises a relatively sharp Raman peak in the metal-adsorbate stretching region, at 411 cm-

1, that we attribute to Ni-C(≡C) stretching in relation to (Ni-)C≡C stretching at 1890 cm-1. 
Furthermore, we observe one sharp Raman peak at 1136 cm-1 that we cannot assign thus far.

Figure 5.5b shows hydrogenation of acetylene at room temperature over the Ni(SA)/Au@
SiO2 catalyst, with the bottom spectrum showing the adsorption of acetylene as also displayed 
in Figure 5.5a. Immediately after adsorption, H2 was added to the gas feed (10% H2, 10% 
acetylene, 80% Ar) which resulted in the disappearance of the acetylene-related Raman peaks 
at 1890 cm-1 and 411 cm-1, and in the appearance of new broad Raman peaks in the metal-
adsorbate stretching region at 390 cm-1 and 450 cm-1, and sharp peaks at 1261 cm-1, 1348 
cm-1

 , 1507 cm-1 and 1570 cm-1. The  peak at 1136 cm-1 either disappears or shifts to 1114 cm-1; 
without definite assignment, it is not clear if we are looking at a shift or its disappearance and 
appearance of a new species. Peaks in this range have been observed for the decomposition 
of ethylene over Pt studied with Electron Energy Loss Spectroscopy (EELS)50, for acetylene 
and ethylene adsorption on Ni/SiO2 and Ni/Al2O3 surfaces with Fourier Transform Infrared 
(FTIR) spectroscopy, and for acetylene adsorbed on Rh (directly deposited on Au electrodes)47. 
In the first, these peaks remain unidentified, in the second they were tentatively assigned 
to ethylidine species, while in the latter they are assigned to vibrations resulting from the 
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mixing of C-C single bond stretching and C-H bending. However, these are always paired with 
only one sharp, intense peak around 1500 cm-1, which was not unambiguously observed here. 
Rather, the peak at 1507 cm-1 that appears upon the introduction of H2 seems to have more 
similarities to π-bound ethylene on group (I)X transition metals, for which peaks around 1261 
cm-1 and 390 cm-1 have been observed as well.15,51,52 This indicates that upon hydrogenation of 
acetylene ethylene is formed. Upon closer inspection of the 1600-1660 cm-1 spectral region in 
Figure 5.5c, we can observe a small shoulder at 1632 cm-1 in the first hydrogenation spectrum 
(2nd from the bottom) that supports this claim, as this band is characteristic for gas phase 
ethylene.51 

The Raman band at 1348 cm-1 can be assigned to either symmetric CH2 deformation in 
ethylene or symmetric deformation of CH3 for adsorbed ethylydine species, as they occur 
at similar frequencies. However, based on the simultaneous appearance and disappearance 
of the 1632 cm-1 and 1348 cm-1, we assign the latter to symmetric CH2 deformation.49,51,52 
Additionally, the band at 450 cm-1 was also reported for ethylidine on metal surfaces51,53, and 
this band remains present throughout the hydrogenation experiment (Figure 5.5b, third 
spectrum from the bottom, marked “End H2”), alongside a band at 1358 cm-1 that we therefore 
propose both originate from ethylidine on a Ni surface. This brings us back to the thus far 
unassigned band in the 1110-1140 cm-1 spectral region, which we can now unambiguously 
assign to C-C stretching vibration of ethylidine species on Ni.49
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Figure 5.5 (a) Acetylene adsorption on different materials at room temperature.Bottom: Ni(SA)/Au@
SiO2. Middle: NiCl2/Au@SiO2. Top: Au@SiO2. Different bands can be observed on the different materials. 
The bands on NiCl2/Au@SiO2 are intense and correspond to acetylene adsorbed on a Au surface, as 
reported in literature.47 Similar bands were observed on Ni(acac)2/Au@SiO2. The Ni(SA)/Au@SiO2 
exhibits less intense peaks that can be attributed to both physisorbed acetylene and chemisorbed on 
Ni. The blank Au@SiO2 sample shows that no acetylene adsorption is observed, even having undergone 
the same reduction procedure as the NiCl2/Au@SiO2 sample. This may indicate that the nickel precursor 
might have a detrimental effect on the SiO2 layer, as Au surface becomes exposed. Inset: A pinhole 
test on the Ni(Pr)/Au@SiO2 after reduction shows adsorption of pyridine on Au. (b) Acetylene and its 
hydrogenation as observed on Ni(SA)/Au@SiO2 at room temperature. From bottom to top: upon initial 
acetylene adsorption, followed immediately by the introduction of hydrogen (“Start H2”), after 30 
min of hydrogenation (“End H2”), and finally after attempted (re)reduction of the broad Ni-adsorbate 
stretching vibration at 300 °C. Several peaks corresponding to acetylene and related hydrogenated 
species can be observed. (c) Zoom in of the 1600-1660 cm-1 region, where free C=C stretching vibrations 
occur. Upon hydrogenation (second spectrum from the bottom) a shoulder at 1632 cm-1 appears, and 
disappears again with time-on-stream (TOS), hinting upon the formation of gas phase ethylene. Dashed 
lines are plotted along the slope to guide the eye. *Asterisks mark peaks originating from the Si wafer.
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Comparing the spectra at the start of the hydrogenation experiment and at the end, after 30 
min, we see that the sharp features have broadened significantly. Turning off the acetylene 
flow and trying to further hydrogenate the adsorbates or (re)reduce the Ni catalyst at 300 °C 
(which is the upper temperature limit of the Linkam Cell employed) proved unsuccessful, 
as afterwards broad Ni-adsorbate species are still observed in the low wavenumber region, 
whereas the 1100-1600 cm-1 spectral region now exhibits more coke-like features. Upon 
reintroduction of acetylene into the Linkam Cell, no peaks matching the initial adsorption were 
observed, including physisorbed acetylene. This indicates deactivation of the Ni catalysts and 
demonstrates again the challenges in working with low transition metal catalysts that require 
high reduction temperatures. However, the fact that we were successful in studying the in situ 
hydrogenation of acetylene to ethylene over Ni showcases the potential of combining spark 
ablation as synthesis method and SHINERS. 

5.3 Conclusions
We have investigated various synthesis methods to prepare catalytically active lower 

transition metal catalysts on Au@SiO2 for in situ SHINERS studies. We demonstrate that the 
synthesis methods suitable for noble materials are not compatible with SHINERS because 
of the limitations brought about by the need for a reduction treatment at high temperature. 
Instead, we present spark ablation as a useful and novel synthesis method to directly deposit 
the active metal catalyst on top of Au@SiO 2 shell-isolated nanoparticles. We demonstrate that 
these Ni nanoparticles can interact with different adsorbates. In the adsorption experiments 
with acetylene, we observed Ni-acetylene species that have not been reported before. These 
species disappeared upon hydrogenation, and Raman bands associated with ethylene and 
ethylidyne on Ni were identified, confirming that we can study in situ hydrogenation reactions 
over these Ni-based catalysts. As from an economical point of view, lower transition metals 
like Ni are the preferred catalytic materials in the chemical industry over higher transition 
metal catalysts like Pt, this study opens the door to investigating industrially relevant samples 
in the field of heterogeneous catalysis using in situ SHINERS.

5.4 Experimental
5.4.1 Preparation of Au@SiO2 SHINs and Ni/Au@SiO2 Catalyst/SHINs
17 nm Au NP seeds were prepared through the Turkevich method54 (sodium citrate 

(trihydrate salt, 99%, Sigma-Aldrich) reduction of HAuCl4 (trihydrate salt, 99.99%, Alfa 
Aesar) in MilliPore water (MQ, resistivity 18.2 Ωcm) and subsequently grown to 80-100 nm 
using NH2OH × HCl (99.995%, Sigma Aldrich) as a mild reducing agent.55 Au@SiO2 SHINs 
were prepared following a modified method by the group of Tian27, where silica shell growth 
took place for 2 days at room temperature56 instead of 30 min at 90 °C. The SHINs were 
characterized by Transmission Electron Microscopy (TEM) on a Tecnai20FEG operated at 200 
keV after drying 20 μL on a 300 mesh Cu/Formvar grid (van Loenen Instruments), by UV-Vis 
spectroscopy of 2 mL of Au@SiO2 SHIN dispersion in MQ in a 10.00 mm quartz cuvette on a 
Cary 60 UV-Vis spectrophotometer, and by Raman spectroscopy on a Renishaw InVia confocal 
microscope equipped with a 200 mW 785 nm laser operated at 1-10% laser power output, 
1200 l/mm grating, and max 1x10 s exposure time. Ni(Pr)/Au@SiO2 samples were prepared 
by dissolving a catalyst precursor (Ni(acac)2 (95%, Sigma-Aldrich), NiCl2 (×6 H2O; 99.9%, 
Sigma-Aldrich), Ni(NO3)2 (×6 H2O, 99.99%, Sigma-Aldrich) in water and mixing appropriate 
amounts with Au@SiO2 SHINs (concentration from UV-Vis spectroscopy26) to obtain 5-10 wt% 
Ni/Au@SiO2 . Ni(Col)/Au@SiO2 were prepared by depositing colloidal Ni NPs obtained from 
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Wilbert Vrijburg, Eindhoven University of Technology, synthesized through the method by 
Metin et al.57 A ligand exchange from oleylamine to NOBF4 (95%, Sigma-Aldrich) was carried 
out which allowed transfer of the Ni colloids to DMSO (≥99%, Sigma-Aldrich).31 The colloidal 
particles in DMSO were then mixed with the Au@SiO2 NPs, left to equilibrate and washed to 
remove unadsorbed Ni NPs.22 Subsequently, TEM samples were made by depositing 20 μL 
on a 300 mesh Cu/Formvar grid (Van Loenen Instruments). For both the Ni(Pr) and Ni(Col)/
Au@SiO2  samples, 20 μL of the catalyst/SHIN mixtures was then deposited on a B-doped Si 
wafer (Siegert Wafer) to prepare samples for SHINERS experiments. For the Ni(SA) sample, 20 
μL of Au@SiO2 SHINs was directly deposited on B-doped Si wafers. These SHINERS samples 
were then cleaned using the procedure by Hartman et al. to get rid of any adsorbates or 
contaminants.24 The Au@SiO2 wafers were then mounted in the VSP-G1 nanoparticle generator 
(VSPARTICLE) and 2 nm Ni NPs were deposited using a diffusion deposition accessory (A1), 
based on spark ablation as physical production method.58 Ni (99.99%) electrodes were used in 
an Ar (99.999%) atmosphere at room temperature and pressure. The Ni NP size is estimated 
baed on a coagulation model developed by VSPARTICLE that uses the ablated material and 
the gas flow rate and takes polydisperse coagulation and Van der Waals forces into account. 
The model predicts the mean particle size with 1 nm accuracy.59 The A1 deposition accessory 
was equipped with valves to allow transfer to a N2 glovebox and to prevent oxidation of the 
nanoparticles due to exposure to oxygen from the air. Scanning Electron Microscopy (SEM) 
on a FEI Helios Nanolab G3 operated at 5-30 keV was used to characterize Ni(SA)/Au@SiO2 
samples on the B-doped Si wafers. XRD measurements were performed on a Bruker D8 Phaser 
diffractometer equipped with a Co Kα source, using an angle range from 25° to 60° 2θ. 

5.4.2 Preparation of Ni/SiO2

Ni/SiO2 samples were prepared by the method of Casavola et al.46 In short, ~800 mg Davicat® 
SI 1302 Silica Powder was mixed with a dispersion of 60 mg Ni colloids in 3 mL toluene (99+%, 
ACROS Organics) and 5 mL 1-octadecene (>90%, Sigma-Aldrich) while stirring. The NP/SiO2 
mixture was degassed and put under vacuum. After evaporation of toluene, the mixture was 
heated to 120 °C and kept at this T for 30 min. The mixture was flushed with N2 three times and 
heated to 300 °C for 60 min. After cooling down to room temperature, the Ni/SiO 2 catalyst was 
washed alternatingly with n-hexane (99+%, ACROS Organics) and acetone (99.6%, ACROS 
Organics), several times. The samples were dried at 60 °C overnight, then 120 °C for 3 h and 
finally at 80 °C under vacuum for 3 h. 

5.4.3 In Situ SHINERS and DRIFTS Experiments
For in situ SHINERS experiments, Ni(Pr) and Ni(Col)/Au@SiO2 samples were loaded in a 

THMS600 Linkam Cell with a theoretical maximum temperature of 600 °C to allow in situ 
reduction in H2:Ar atmosphere. The Ni(SA)/Au@SiO2 samples were placed in a glovebox-
compatible THMS300V Linkam Cell with a maximum set temperature of 300 °C. CO 
adsorption SHINERS experiments for all samples and acetylene adsorption on Ni(Pr) and 
Ni(SA) samples were carried out using a Horiba XPlora microscope equipped with 638 and 785 
nm lasers. Phenylacetylene (98%, Sigma-Aldrich) adsorption experiments were carried out 
on a Renishaw InVia Confocal Raman microscope equipped with a 785 nm laser for Ni(Col). 
DRIFTS experiments were carried out on a Bruker Tensor 27 FTIR spectrometer equipped 
with an MCT detector, a Praying Mantis diffuse reflectance accessory, and a high temperature 
reactor cell with a KBr window. The Ni/SiO2 powder samples were loaded into the sample cup 
of the reactor cell, packed on a quartz wool bed. The reactor cell was heated by an automatic 
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temperature controller (Harrick ATC-02402). Spectra were recorded at a spectral resolution of 
4 cm-1 over a range from 4000-600 cm-1. Catalytic tests were carried out using the adsorption 
and hydrogenation of acetylene over Ni(SA)/Au@SiO2 samples. After SHINERS experiments, 
TEM samples of Ni(Pr)/Au@SiO2 were prepared by redispersion of the deposited samples in 
EtOH (99.5%, ACROS Organics)/iPrOH (≥98%, Sigma-Aldrich) and transferring them to 300 
mesh Cu/Formvar grids (Van Loenen Instruments).
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6.1 Summary

In this PhD thesis we have worked on the development and implementation of Shell-
Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS) in applications for 
heterogeneous catalysis. Some of the drawbacks that have so far limited the use of SHINERS 
in catalysis research have been overcome, and the results in this PhD thesis show that 
this characterization technique can provide valuable insights into more fields than just 
heterogeneous catalysis. Herein, the results will be summarized.

In Chapter 2 we show the preparation of both established and new types of Shell-Isolated 
Nanoparticles (SHINs) in the form of Au@ZrO2, Au@Nb2O5 and Ag@ZrO2 SHINs. We show 
the first two types of SHINERS substrates are suitable for the in situ investigation of support 
effects using supported Pt and Ru catalysts. Furthermore, we show that the synthesis 
procedure of ZrO2 coating developed on Au NPs can be successfully extended to both Ag NPs 
and Tip-Enhanced Raman Spectroscopy (TERS) probes. These isolated TERS probes of Ag@
ZrO2 enable long experiments without fear of interference of the Surface-Enhanced Raman 
Spectroscopy (SERS)-active TERS probe in the substrate or reaction under study. These 
substrates and conditions can be measured in a wide range of conditions, including liquid 
media, and for a wide range of applications, such as biochemistry, electrochemistry, sensing 
applications, photochemistry, plasmon-mediated catalysis, and heterogeneous catalysis. 

Chapter 3 focusses on a different approach to measuring catalytic reactions in liquid media 
using SHINERS. In this Chapter, plasmonic superstructures (PS) are prepared that are stable 
in solution and provide enough sensitivity to measure catalytic reactions on short time scales. 
As single Au NPs in dispersion do not exhibit significant SERS-enhancement, some way of 
creating hot spots between the Au NPs needs to be developed while they are in solution, as 
these hot spots are responsible for the high signal enhancement SERS and SHINERS are based 
on. We have achieved this goal by using large SiO2 spheres functionalized with a polymer to 
capture Au NPs on the surface of the spheres. When two or more Au NPs are in close proximity 
they can couple their surface plasmon resonance and in the strong electromagnetic fields that 
arise upon excitation of the plasmons, we can measure concentrations of our probe molecule, 
Rhodamine 6G, of as low as 10-12 M. Although already suitable for a range of applications in 
for example biochemistry, sensing and plasmon-mediated catalysis in the liquid phase, these 
Au/SiO2 PS are only applicable to heterogeneous catalysis when coating them with a thin layer 
of SiO2. The process of shell-isolation to create Shell-Isolated Plasmonic Superstructures 
(SHIPS) does lower their signal enhancing capabilities by one order of magnitude, but still 
provides enough enhancement to detect concentrations of 1 μM. Finally, we show that solid 
catalysts in the form of colloidally prepared Pt and Ni nanoparticles (NPs) can be deposited on 
the SiO2 shell, laying the final groundwork for SHIPS in heterogeneous catalysis. 

In Chapter 4 we build on previously obtained knowledge of SHINERS in gas-solid 
phase heterogeneous catalysis to expand its applications further from this point of view. 
So far reactions in heterogeneous catalysis studied by SHINERS were all performed with 
inherently gaseous and simple molecules, such as CO. We move to study a more complex 
molecule, phenylacetylene, and more specifically its sequential hydrogenation into styrene 
and ethylbenzene over supported Pt nanoparticles. To complicate the experiments further, 
phenylacetylene is in the liquid phase at room temperature, requiring a saturator to introduce 
our reactant into our in situ cell. We show that our setup is capable of this and that we can 
study this complex dehydrogenation reaction. We observe both styrene and ethylbenzene as 
products of the reaction, and we observe and are able to assign Raman bands of these species 
adsorbed on our Pt catalyst that have not been reported before. Based on our experiments, 
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we are able to propose a mechanism of phenylacetylene hydrogenation, but also the reverse 
reaction of dehydrogenation of ethylbenzene to phenylacetylene over Pt catalysts. This is the 
first time a mechanism of a complex heterogeneous catalytic reaction in the form of A → B → C 
→ B → A is established and shows the true potential of SHINERS.

Chapter 5 moves from the showcase system of in situ reactions of phenylacetylene 
over Pt to a more industrially relevant catalyst material. We study Ni catalysts prepared by 
several synthesis methods: colloidal deposition, wet impregnation, and spark ablation. 
We show that following the first two traditional synthesis methods, Ni catalysts cannot be 
activated on Au@SiO 2 SHINs, as the temperatures required for making metallic Ni NPs have a 
detrimental effect on their SERS activity and stability. By using the spark ablation technique 
and depositing metallic Ni NPs directly on Au@SiO2 SHINs aggregated on a Si wafer we can 
skip harsh activation/reduction steps and move straight on to catalysis. We showcase this by 
investigating the hydrogenation of acetylene over these Ni catalysts using in situ SHINERS. 
We observed the adsorption of acetylene on a metallic Ni surface which gave rise to new, 
previously unreported Raman bands. Upon the introduction of H2, we saw the disappearance 
of these species and we identified the formation of ethylene and ethylidyne on Ni, indicating 
hydrogenation of the triple bond took place over the Ni catalyst. This shows the true potential 
and relevance of SHINERS for in situ surface studies of Ni-based solid catalysts at work.

In general, the results in this PhD thesis show the wide-spread applications of (in situ ) 
shell-isolated plasmon-enhanced Raman spectroscopy and shows how it can be applied in the 
field of heterogeneous catalysis. We have developed and showcased various methods to make 
its application more facile and standard. Moreover, we demonstrated what we mentioned is 
the Holy Grail in catalysis back in Chapter 1: Clearly, SHINERS, as characterization method, 
has the potential to elucidate structure-performance relationships in both gas-phase and 
liquid-phase chemical reactions.

6.2 Outlook
This strong concluding statement requires some suggestions on how to facilitate further 

development and achieve this goal. In line with the structure of this thesis, we will discuss 
some interesting potential directions for shell-isolated plasmon-enhanced Raman 
spectroscopy to study in situ and operando catalysis.

6.2.1 Tip-Enhanced Raman Spectroscopy
In Chapter 2 we demonstrated that TERS can be used for long-term measurements in 

water. This opens up the possibility of studying a wide range of reactions, although the lack 
of an in situ cell is a challenge still to overcome. Without an in situ cell, possible systems to 
study cannot involve gases and should be non-toxic. Furthermore, only ambient pressure and 
close to ambient temperature can be utilized. These prerequisites are largely responsible for 
the model reaction of 4-ATP → DMAB being so widely and well-studied. However, this does 
not mean that there are no possibilities to use in situ TERS in heterogeneous catalysis. As one 
example, hydration (or dehydration) reactions could be studied, as we do have the option of 
measuring in aqueous environments. Mitsudome et al. reported on the selective hydration of 
(hetero)aromatic nitriles to amides over supported metal catalysts, with conditions matching 
TERS requirements.1 As an added benefit, this reaction involves species with large Raman 
cross-sections (conjugated species) that can be employed to monitor the reaction in progress. 
Apart from such hydration reactions, reactions catalyzed by acid or base could also be studied 
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using the ZrO2-protected tips, as demonstrated by the stability of Au@ZrO2 NPs dispersed in 
solutions of varying pH. Moreover, reactions that take place in organic solvents could also be 
studied, although Raman cross-sections and possible fl uorescence of such solvents should be 
considered carefully. Finally, more generally speaking, shell-isolated TERS probes consisting 
of diff erent coating materials could be employed to extend the technique’s applicability or 
mimic catalytic systems under study as closely as possible.

6.2.2 Catalyst Deposition by Au@SiO2 SHIN Surface Functionalization
The elucidation of structure-performance relationships is one of the most important goals 

in catalysis research. SHINERS off ers an adept method in that it allows for analysis of adsorbed 
species, both ex situ and in situ. However, the systems we have studied so far consisted of 
catalysts with a variety in shapes and sizes on the TERS substrate or SHIN surface. Methods 
like deposition and reduction of metal precursors off er little control over nanoparticle shape 
and size, complicating the allocation of certain types of vibrations to specifi c surface sites. 
Alternatively, control over nanoparticle size and shape can be achieved through colloidal 
synthesis: Particles with well-defi ned shapes and facets can be synthesized by using 
appropriate ligands and/or conditions. However, colloidal particles do not spontaneously 
adsorb onto the SHIN surface and therefore modifi cations are necessary. Two types of 
modifi cations could be used:

(1) Modifi cation of the colloidal nanoparticles; and

(2) Modifi cation of the SHINs.

Method (1) was demonstrated by the group of Tian in 2017.2 They prepared colloidal 
nanoparticles in organic media and performed a ligand exchange to NOBF4

3 which resulted in 
spontaneous adsorption of their colloidal particles onto the SHIN surface. 

Alternatively, method 2 was developed in our lab by functionalization of the SiO2 layer 
of Au@SiO2 SHINs. First, a solvent exchange from MilliPore water (MQ) to dry ethanol was 
performed with Au@SiO2 SHINs and they were subsequently brought under inert atmosphere. 
Next, siloxanes with desired functional groups were dissolved in dry ethanol and under 
inert atmosphere. An appropriate amount of this solution was added to the SHINs and this 
mixture was refl uxed for several hours to modify the SHIN surface with functional groups. 
Finally, the SHINs were exposed to air, washed several times and were redispersed in ethanol. 
Modifi cation with (3-aminopropyl)triethoxysilane (APTES) results in the presence of 
amine groups on the SHIN surface (Au@SiO2-a), which can be used to anchor nanoparticles. 
Colloidally synthesized, charge-stabilized Pt and Rh nanoparticles of 1.8 nm were prepared as 
described by Wang et al.4 and were subsequently attached to the SHINs via the amine groups 

Figure 6.1 Transmission electron microscopy (TEM) images of (a) Au@SiO2 SHINs functionalized with 
amine groups; (b) Au@SiO2-a SHINs with 1.8 nm Rh NPs on the surface; (c) Au@SiO2-a SHINs with 1.8 
nm Pt NPs on the surface.
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on the SHIN surface. Figure 6.1 contains TEM images of the SHINs before and after deposition 
of catalyst NPs. Figure 6.1a shows that the SiO2 layer around the Au NPs does not suff er from 
the functionalization process, but remains thin and smooth. Figures 6.1b and 6.1c respectively 
show the Rh/Au@SiO2-a and Pt/Au@SiO2-a catalyst/SHINs prepared by simply mixing the 
colloidally synthesized Rh and Pt NPs with the Au@SiO2-a dispersions and washing away the 
unadsorbed Rh and Pt NPs. 

Figure 6.2a shows UV-Vis spectra of the Au@SiO2 SHINs throughout the entire coating, 
functionalization and colloidal attachment process. At the bottom (yellow and green) we 
can see the Au core NPs and the Au@SiO2 SHINs. The UV-Vis spectra are very similar, with 
only a small shift occurring due to the silica coating. Upon functionalization of the Au@SiO2

SHINs with amines, we see a slight shift in the LSPR and a second absorption peak, both due 
to aggregation of the SHINs. However, upon attachment of the Pt NPs onto the Au@SiO 2-a 
surface the second absorption peak disappears, and only one peak very similar to the original 
absorption peak remains. Therefore, the aggregation we observe upon functionalization with 
APTES is attributed to interaction between amines on diff erent SHINs. When Pt NPs are added 
to the dispersion, they adsorb onto these amines and the aggregation is reversed, as refl ected 
in the red UV-Vis spectrum at the top.

Next, these catalyst/SHINs could be employed for in situ catalytic tests. The Pt/Au@SiO2-a 
catalyst/SHINs can be used to probe CO adsorption, for example, as illustrated in Figures 6.2b 
and 6.2c. After dropcasting and drying on a Si wafer, the sample was placed inside a Linkam 
Cell along with a Au@SiO2-a sample. The samples were exposed to reducing atmosphere (1:1 
H2:Ar at 150 °C for 1h) and then probed with CO at temperatures between 30-100 °C. Figures 
6.2b and 6.2c show Raman spectra recorded at 100 °C in which we can observe the adsorption 
of CO on Pt in a linear fashion in both the low wavenumber metal-adsorbate stretching 
region and the high wavenumber C-O stretching region. The position of the Raman peak 
(located at ~485 cm-1) however, is lower than that obtained on Au@SiO2 SHINs impregnated 
with a chloride solution and reduced in situ (see Chapter 4, Figure 4.4). This shift to lower 

Figure 6.2 Preparation and testing of colloidal Pt/Au@SiO2-a catalyst/SHINs. (a) UV-Vis spectra of 
(bottom, yellow) core Au NPs, (2nd, green) Au@SiO2 SHINs, (3rd, black) Au@SiO2 functionalized with 
amines, and (top, red) Pt/Au@SiO2-a. The grey line indicates the absorption maximum of the localized 
surface plasmon resonance (LSPR). This maximum shifts slightly to longer wavelengths upon coating 
of the Au NPs with SiO2. The broadening and formation of a second absorption band for the Au@SiO2-a 
sample indicates some aggregation has taken place. This aggregation is reversed upon adsorption of Pt 
NPs onto the Au@SiO2-a SHINs. (b-c) CO adsorption SHINERS experiment on Pt/Au@SiO2-a (red, top), 
and on Au@SiO2-a (dark, bottom); (b) metal-adsorbate stretching region, showing adsorption of CO on 
Pt in a linear confi guration; (b) C-O stretching region showing corresponding confi gurations to the low 
wavenumber spectra in (a). These peaks are shifted to lower wavenumbers than observed in Chapter 4 
Figure 4.4. No CO was detected on the Au@SiO2-a sample.
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frequency can be caused by several factors. First of all, these colloidally synthesized Pt NPs 
are much smaller and have a narrower size distribution (1.8 ± 0.3 nm vs 3.8 ± 1.1 nm). Smaller 
particles have been reported to bind adsorbates stronger. Apart from that, the colloidal Pt 
NPs are attached to the Au@SiO2 layer via amines, which may have an eff ect on the electronic 
structure. The preparation method of both samples also diff ers, and the presence of some 
(in)organic residue from the Pt NP synthesis or of chloride ions on the impregnated sample 
may have an eff ect as well by poisoning or promoting diff erent adsorption sites. These could 
also explain why we see only one type of adsorption for colloidal NPs (linear adsorbed CO), 
whereas we see more than one for the impregnated samples (linear and bridged adsorbed CO). 

These experiments suggest that SHINERS can play a key role in understanding surface 
science and the role of diff erent crystal facets in catalytic reactions, especially when combined 
with colloidal synthesis. Colloidal synthesis off ers the possibility of tuning NP size and shape, 
therefore allowing the study of activity of specifi c metal nanoparticle facets. Moreover, this 
synthesis method also allows a high degree of control over the composition of the NPs, and 
with that electronic eff ects. Ultimately, this can lead to the establishment of structure-
performance relationships based on in situ or operando SHINERS experiments.

6.2.3 Tuning the Lyophilicity of Au@SiO2 SHINs
Modifi cation of the Au@SiO2 with functional groups is not limited to amines like 

demonstrated above. Any siloxane ligand can be attached to Au@SiO2 through the method 
we developed, providing the SHINs with diff erent functionalities for a variety of purposes. 
For example, modifi cation with a Raman active group might turn the SHINs themselves into 
sensors. Using phenyltriethoxysilane results in phenyl groups (-p) on the surface of SHINs 
which can be easily identifi ed with SHINERS, as demonstrated in Figure 6.3. Figures 6.3a and 
6.3b show the SHINER spectra of bare SHINs (green) and Au@SiO2-p (black) in the regions 
for ring breathing and C=C stretching vibrations, respectively. The Au@SiO2-p spectra 
clearly show the presence of vibrations characteristic for monosubstituted benzene (1001, 
1030 cm-1) and conjugated or aromatic C=C stretching vibrations (1584 cm-1), respectively. 
The Raman peaks observed in the C=C region of the bare Au@SiO2 SHINs are attributed to 
organic impurities.5 Furthermore, the UV-Vis spectra of these two dispersions both show 
a band around 540 nm due to localized surface plasmon resonance, but additionally the 

Figure 6.3 (a,b) Shell-isolated nanoparticle-enhanced Raman (SHINER) spectra of Au@SiO2-p 
(black, top) and Au@SiO2 (green, bottom). The Au@SiO2-p spectra show characteristic peaks for 
monosubstituted benzene; (c) UV-Vis spectra of Au@SiO2-p (black, top) and Au@SiO2 (green, bottom). 
Both spectra show an intense peak at 540 nm due to localized surface plasmon resonance. Additionally, 
the black spectrum shows a smal contribution from the HOMO-LUMO of phenyl around 220 nm, as 
indicated by the red circle; (d) Schematic representations of bare Au@SiO2 SHINs (top) and Au@SiO2-p.
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Au@SiO2-p spectrum shows a small band at 220 nm, attributed to the HOMO-LUMO of the 
phenyl group. Finally, the shape of the band around 540 nm arising from localized surface 
plasmon resonance becomes wider upon functionalization with phenyl groups, similar to 
what we observed for Au@SiO2-a. This might be an indication of aggregation of the SHINs 
with subsequent plasmon coupling shifting the plasmon resonance frequency to longer 
wavelengths. This aggregation could be a result of lower stability of the Au@SiO2-p SHINs in 
water due to the organic groups at the surface. Therefore, it seems like modifying the surface 
of SHINs with functional groups may have an eff ect on their lyophilicity. In other words, it 
may increase the dispersability of SHINs in (more) organic media. To test this, SHINs were 
functionalized with diff erent groups: phenyl, diphenyl (dp), mercaptopropyl (m), n-octyl (o), 
and vinyl (v). The obtained functionalized SHINs and an unmodifi ed reference sample were 
tested for stability in solvents with varying properties, sorted on decreasing polarity: dimethyl 
sulfoxide (DMSO), n-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), dichloromethane 
(DCM), and toluene. 

Figure 6.4 shows pictures taken of the diff erent samples. Stable Au@SiO2 SHIN dispersions 
of 80 nm spherical particles absorb green light due to the localized plasmon resonance, 
making dispersions purple. Additionally, single particles scatter orange light. Therefore, a 
purple-orange color is indicative of a stable sample, as observed for reference SHINs in DMSO, 
a polar aprotic solvent. Redispersion of reference SHINs in the other polar aprotic solvents 
(e.g., NMP and THF) shows decreasing stability of the particles, based on the absence of the 
orange color observed in other samples. Upon redispersion in the apolar solvent DCM a color 
change to grey can be observed, indicating aggregation. Finally, the reference SHINs could not 
be redispersed at all in toluene, the most apolar solvent.

Comparing the functionalized SHINs to the reference sample shows that stability in both 
DMSO and NMP is preserved for all samples, except Au@SiO2-dp. In THF on the other hand, 

Ref

DMSO

NMP

Toluene

DCM

P DP O VM

THF

Figure 6.4 Overview in pictures of the affi  nity to solvents of SHINs modifi ed with diff erent functional 
groups. P - phenyl; DP – diphenyl; M – mercaptopropyl; O – n-octyl; V – vinyl. The bars to the right of 
each picture indicate the stability of the SHINs in each solvent.
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except for Au@SiO2-p all functionalized SHINs samples seem to be more stable than the 
reference SHINs sample.  In DCM we see the largest differences. This apolar solvent does not 
provide a stable environment for reference and vinyl-modified SHINs, while functionalization 
with phenyl, diphenyl, mercaptopropyl and n-octyl has changed the surface properties and 
lyophilicity sufficiently to allow for redispersion. Even though these functionalized SHINs 
are now more stable in apolar solvents, none of them were redispersible in toluene. Even the 
SHINs with phenyl groups on the surface (Au@SiO2-p and -dp) could not be redispersed. This 
combined with their behavior in the other solvents may indicate that only a part of the surface 
was modified. Taking into account that phenyl groups should have affinity to other phenyl 
groups, like the one in toluene, while having little affinity with polar molecules and solvents, 
a lowered dispersibility would have been expected for DMSO and NMP, while an increased 
dispersibility would be expected for toluene. Thus, incomplete surface functionalization 
explains this behavior. 

Looking at the adsorption of Pt on Au@SiO2-a as described earlier, upon complete 
functionalization of the entire surface with amine groups, a homogeneous distribution in 
density of Pt NPs on the Au@SiO2-a surface would be expected due to the use of an excess 
of Pt NPs. However, the distribution is not equal or homogeneous and several areas without 
any Pt NPs can be observed. Additionally, in some TEM images secondary nucleation of SiO2 
was observed, suggesting the silane molecules can condensate with each other instead of on 
the Au@SiO2 surface. These structures formed by secondary nucleation can be easily removed 
by washing the functionalized Au@SiO2 SHINs and thus do not pose any problems in future 
applications. However, optimization of the surface modification should be investigated in 
order to achieve stability in apolar solvents like toluene. For example, an additional surface 
modification step could be performed in a more apolar solvent than used in the first step. 
In other silica-based systems or supports surface functionalization in apolar solvents has 
already been applied6, demonstrating the potential of such an additional step. 

Alternatively, first the Au@SiO2 SHINs that were homogeneously or sufficiently 
functionalized could be extracted by creating a biphasic solution, consisting of immiscible 
apolar and polar solvents. The insufficiently functionalized Au@SiO 2 SHINs would then 
remain in the polar phase, separating the particles based on surface properties. Appropriate 
follow up steps for optimization can then be carried out based on those properties.

6.2.4 Other Applications of Surface Functionalization
Next to applications for heterogeneous catalysis and sensing, the Au@SiO2 SHINs could 

also be modified with substrates for photocatalytic reactions, a topic very popular in the 
S(HIN)ERS community. For example, the photocatalytic oxidation of 4-aminothiophenol 
(4-ATP) to 4-nitrothiophenol (4-NTP) and/or 4,4’-dimercaptoazobenzene (DMAB) is often 
used as a model reaction on Au or Ag SERS substrates (see Chapter 2). Upon interaction of 
hot electrons originating from the plasmons with the reaction, DMAB can be observed as an 
intermediate species or the end product.7 However, some literature claims that DMAB can 
also form without interference of the hot electrons originating from the SERS substrate. 
In order to test this hypothesis, 4-ATP derivatives of siloxanes can be prepared, which 
allows for anchoring of the 4-ATP derivative directly onto the Au@SiO2 shell, out of reach 
from the plasmons. This derivative, 4-aminophenyltriethoxysilane (4-APTES) can be 
prepared by reacting triethoxychlorosilane with a halogen derivative of 4-ATP, in this case 
4-iodoaminobenzene, over metallic lithium under inert conditions. The resulting molecule is 
used for functionalization of Au@SiO2 SHINs after purification. 
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Subsequently, an in situ SHINERS experiment was carried out with the Au@SiO2-AP dried 
on a Si wafer and placed in a Linkam Cell. Both oxidizing and reducing conditions can be 
implemented by fl owing either O2 or H2, respectively. By tracking peaks belonging to vibrations 
of diff erent functional groups some insight can be gained in the reaction. Monitoring of some 
characteristic peaks is presented in Figure 6.5. The red squares around 1580 cm-1 indicate 
the presence of peaks assigned to aromatic C=C stretching. We can see in Figures 6.5a and 
6.5b that these Raman peaks are present throughout the entire experiment, although they 
seem to disappear upon hydrogenating for extended periods of time. Black triangles around 
1440 cm-1 represent the vibrations of the product: N=O or N=N stretching. Upon introduction 
of O2 we see an increase in their presence over time, whereas we see an initial decrease 
under reducing atmosphere, followed by a short increase before complete disappearance is 
observed. Finally, the blue circles around 1367 cm-1 represent N-H stretching from the amine 
group. These vibrations disappear when oxidizing conditions are introduced, but reappear 
upon reduction with H2. Unfortunately, the exact assignment of these peaks is challenging due 
to the impurities present in the samples. These impurities could originate from the synthesis 
of the siloxane ligand, or from the functionalization procedure. Apart from that, 4-APTES 
proved to be unstable as pointed out by the presence of peaks in the SHINER spectra belonging 
to ring breathing vibrations of monosubstituted benzene. Additionally, Au@SiO2 SHINs are 
notoriously diffi  cult to keep clean5, but standard cleaning procedures cannot be carried out 
on these particles as that would destroy the functional groups on the surface. Therefore, 
further optimization of these procedures and experiments are required before reproducible 
and reliable data can be obtained. 

6.2.5 Shell-Isolated Plasmonic Superstructures for Catalysis
Chapter 3 saw the introduction of Shell-Isolated Plasmonic Superstructures, or SHIPS, to 

enable liquid phase heterogeneous catalysis reaction monitoring. By combining these SHIPS 
with the surface functionalization procedures presented here, they could also be implemented 
in organic media. Similar to TERS though, Raman cross-sections and possible fl uorescence 
of solvents should be considered carefully as this could complicate SHINERS measurements. 

Alternatively, SHIPS could be coated with diff erent metal oxides. Liquid phase 
heterogeneous catalysis often involves reactions carried out on support materials other than 
SiO2

8,9, like TiO2
10, Al2O3

11–13 and ZrO2.14,15 All these materials have already been implemented in 

Figure 6.5 Monitoring the presence of diff erent characteristic vibrations over Au@SiO2 SHINs 
functionalized with 4-aminophenyltriethoxysilane (4-APTES). (a) During oxidizing conditions; (b) 
during reducing conditions. The red circles indicate C=C stretching of aromatics, the blue circles indicate 
N-H stretching, and the black triangles represent N=? stretching, in which ? could either be O or N. 
(c) Schematic depiction of possible reactions taking place.
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SHIN preparation either in this PhD thesis or elsewhere, and could thus be extended to SHIPS. 
By deposition of catalysts on the SHIPS surface, as was already successfully demonstrated 
for SiO2-SHIPS in Figure 3.6 (Chapter 3), we can then proceed to study reactions like Aqueous 
Phase Reforming (APR) of polyols, which is often catalyzed by Pt and reported supported on 
the materials mentioned above.8-15 Furthermore, depolymerization of lignin through β-O-4 
linker cleavage is currently a hot topic.16–18 Upon scission, the lignin falls apart into smaller 
phenols as the linkers are situated next to aromatic rings. Due to the high Raman cross-
section of these conjugated molecules and functional groups, observed changes in their 
vibrations by in situ SHINERS can be used to gain more insight into valorization of (model) 
lignin compounds.

SHIPS could potentially also be used to study biphasic systems.19 SiO 2  colloids are known 
to stabilize interfaces between these two, like oil-water interfaces, to form Pickering 
emulsions.20 By utilizing SHIPS to stabilize such emulsions instead of regular SiO2, SHINERS 
can be used to study reactions taking place at the interface, and the mechanism for extraction 
from one phase to the other. 

6.2.6 SHINERS Combined with Spark Ablation
In Chapter 5 we showed that spark ablation as a new synthesis method can be used to 

prepare catalytically active Ni catalysts on SHINs. Right now, the spark ablation setup is such 
that a relatively broad size distribution is obtained, but recent developments have resulted 
in the implementation of a size selector unit, capable of selecting NP sizes with a 0.1 nm 
accuracy. This would allow in-depth analysis of the particle size effect of a range of materials 
on catalytic reactions, and is not limited to Ni. In fact, almost any monometallic material can 
be employed as long as there is an electrode available to act as source. Even bimetallic alloys 
can be prepared, as the setup for spark ablation that we used employs two electrodes. 

6.2.7 Combining SHINERS with Other Techniques
Luminescence thermometry. Combining different techniques often leads to interesting 

new insights into reactions, and this also holds for SHINERS. Operando SHINERS was recently 
combined with luminescence thermometry in catalyst extrudates, through which mechanistic 
information was related to local temperature.21 However, the luminescent thermometers 
composed of doped lanthanide nanocrystals and the SHINs employed in this study were 
separately deposited over the extrudate, with therefore little control over their placement with 
respect to each other. Plasmonic nanoparticles are known to generate heat22–24 and therefore 
the actual temperature during reactions observed with in situ or operando SHINERS may 
differ from the read out temperature obtained through either a thermocouple or luminescent 
nanothermometers. Bringing these particles in close proximity of each other, i.e. attaching 
the nanocrystals to the surface of plasmonic NPs or SHINs, can therefore give valuable 
insight both into the local (over)heating reported in literature, and into the heterogeneously 
catalyzed reactions studied with SHINERS. 

Attaching such nanocrystals directly onto Au NPs can be achieved by performing a ligand 
exchange from citrate to a ligand with two different functional groups of which one has 
a higher affinity to Au and the other to the nanothermometers, in this case NaYF4:Er/Yb 
nanocrystals. Thiols are known to have high affinity to Au NPs25,26, whereas the nanocrystals 
have affinity to amines/amides. These two functional groups are combined in for example 
cysteamine and lipoamide (6,8-dithiooctanic amide). Ligand exchange of the Au NPs is 
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carried out with an excess of the ligand, to ensure all coordinate to the Au NP surface with 
their thiol group. Upon addition, mixing, and finally washing of the nanocrystal-Au NPs, 
structures like those shown in Figure 6.6 can be observed in TEM. The small grey spheres on 
the Au NP surface are the nanocrystals adsorbed onto the Au NP surface, as also schematically 
illustrated. 

Measuring these superstructures to investigate the surface temperature upon illumination 
with resonant laser light reveals that for this composition, the absorption maximum of the 
LSPR of Au NPs interferes with the peaks necessary for temperature deduction. Therefore, the 
superstructures cannot be used for this purpose. By changing the nanocrystal composition to 
ensure no overlap between the extinction peaks of the nanothermometers and the LSPR of the 
Au NPs takes place, the temperature effect could still be studied. Alternatively, the plasmonic 
material might be changed to either Ag NPs or Au NPs of different shape and therefore with 
LSPR at a different wavelength. Then the surface heating as an effect of NP shape could also 
be studied. 

When a fitting combination of Au NPs and luminescent nanothermometers is found, the 
nanocrystals can also be attached to SHINs, for example after surface functionalization with 
amines. The effect of coating the Au NP surface with SiO2 on heat generated at the surface 
can then be determined, and if combined with the attachment of catalysts, can function as 
extremely local temperature reporter.

Confocal fluorescence microscopy. Another technique that can be combined with 
SHINERS is (confocal) fluorescence microscopy (CFM), which is known to achieve high spatial 
resolution.27–30 However, for S(HIN)ERS experiments fluorescence is often undesired as it can 
obscure Raman peaks. Looking at the energy diagrams in Figures 1.2 and 6.7 to compare this 
phenomenon with (Raman) scattering, we can see that fluorescence involves excitation to an 
electronically excited state, instead of a virtual state. Some non-radiative decay takes place, 
followed by emission at a red-shifted wavelength compared to absorption. This process has 
a much larger probability of taking place and yields bands that are much broader and more 
intense than the relatively sharp peaks, observed in Raman scattering spectra. However, 
since both of them work with laser excitation the two techniques could be used in the same 
experimental setup. If fluorescence excitation and emission occur at wavelengths not 
detrimental to SERS experiments, these two could be combined in one instrument. 

This is demonstrated in Figures 6.7b and 6.7c. Here, a dispersion of Ag NPs was dropcast 
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Figure 6.6 Schematic representation of ligand exchange on Au NPs from citrate to cysteamine or 
lipoamide. The sulfur-containing functional groups will spontaneously coordinate to the Au NP surface, 
replacing citrate. Upon the addition of NaYF4:Er/Yb nanocrystals, adsorption onto the amine or amide 
functional groups will take place, resulting in structures like schematically represented in the middle, 
and confirmed by transmission electron microscopy on the right.
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on a Si wafer and then dried to yield aggregated Ag NPs. Then, a solution of fl uorescein 
isothiocyanate (FITC) was added. The excitation wavelength of FITC is 492 nm, and its 
emission around 520 nm. Aggregated Ag NPs are known to enhance the SERS signal when 
excited with wavelengths between 488 and 785 nm. This matches well with the available 561 
nm laser excitation of the CFM instrument used for these experiments. Upon simultaneous 
excitation with the 488 nm and the 561 nm lasers, spectra were recorded both on and off  the Ag 
NPs as pointed out in Figures 6.7b and 6.7c. Figure 6.7b shows a small tail of the fl uorescence 
emission for both the red and blue line (on and off  the Ag NPs, respectively) and some extra 
peaks for the spectra measured on the Ag NPs. Converting the detection wavelength (575 nm 
onwards) to Raman shifts allows for comparison to a measurement of the same sample on a 
Raman microscope with 532 nm laser excitation. The resulting spectrum is plotted alongside 
those obtained on the CFM. We can see that the red line corresponds well with the SER 
spectrum, despite the fl uorescence “tail” that can still be observed. 

One important factor to consider when combining such measurements is the instrumental 
setup. For Raman/SERS measurements a narrow laser line emission is employed to achieve 
good resolution. This is generally not necessary for CFM measurements. Moreover, a grating 
is installed in Raman microscopes to increase the spectral resolution further, to be able to 
distinguish separate Raman peaks. These two factors account for the diff erence in spectral 
resolution between the Raman spectra measured on a CFM and on a Raman microscope. These 
can be quite easily overcome by combining the fl uorescence measurements with a Raman 
microscope, instead of the other way around as was employed here due to availability of 
the lasers. Alternatively, a separate, external Raman/fl uorescence probe and detector could 
be installed. This type of measurement would allow for the combination of high spatial and 

Raman FluorescenceRayleigh

(a) (b)

(c)

scattering scattering

500 1000 1500 2000

SERS

1
2

Raman shift (cm-1)

1000 cps

SE
R

S,
 5

32
 n

m

0

1

C
FM

, 561 n
m

(n
o

rm
alized

)

2

1

Ag NPs

Figure 6.7 (a) Schematic depiction of the mechanisms for Rayleigh and Stokes-Raman scattering and 
for fl uorescence. In Rayleigh and Raman scattering excitation to a virtual state occurs. For Rayleigh 
scattering, emission at the same wavelength is observed, while for Raman scattering some energy 
transfer takes place, resulting in net excitation to a vibrationally excited state. In fl uorescence, 
absorption results in excitation to an electronic state, followed by non-radiative decay to the lowest 
excited electronic state, and then by emission at a red-shifted wavelength. (b) SER spectra of fl uorescein 
isothiocyanate measured on a Raman microscope (black spectrum marked “SERS”) and on a confocal 
fl uorescence microscope (CFM). The black and the red spectrum marked 1 were measured on Ag NPs 
as displayed in the microscopy image in (c), whereas spectrum 2 (blue) was recorded away from the Ag 
NPs, indicated by the large blue circle in (c).
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spectral resolution measurements and could be used for in situ or operando measurements, 
unlike other techniques that allow high spatial resolution Raman measurements like TERS 
(no in situ cell as discussed earlier) or SEM-Raman (vacuum required).

6.2.8 Self-Assembly into Periodic Lattices
The success of S(HIN)ERS measurements rises or falls with the enhancement provided 

by the substrate. As explained in detail in this PhD thesis, hotspots are responsible for the 
strongest Raman signals observed during experiments, and they are obtained upon coupling 
of the LSPR of one or several NPs. To achieve this in the preparation of S(HIN)ERS substrates, 
a droplet of SHIN dispersion is simply pipetted on a Si wafer and is allowed to dry, either under 
vacuum or the ambient, resulting in aggregation of the SHINs and with that the presence of 
hotspots. However, the signal enhancing properties throughout single samples often differ 
greatly because no control over the drying and therefore the assembly of the NPs is exerted. 
This can be greatly improved through applying various methods of self-assembly dependent 
on concentration, shape and size of the plasmonic NPs. For example, well-defined periodic 
lattices have already been obtained utilizing Ag NPs of specific shapes and sizes.31 Such lattices 
show great similarities to the periodic substrates discussed in Chapter 1, and as such could 
potentially even lead to (more) quantitative S(HIN)ERS measurements. The periodicity of 
hotspots could be characterized with SEM-Raman, allowing simultaneous investigation of 
the self-assembled S(HIN)ERS substrate and the presence and strength of hotspots. However, 
mismatch in resolution needs to be kept in mind (~10 nm vs. 300 nm for SEM and Raman 
micro-spectroscopy, respectively) when preparing such substrates specifically for SEM-
Raman measurements.  Alternatively, (2D) superlattices could be designed and employed for 
(in situ) SHINERS experiments. These could consist of plasmonic NPs combined with catalyst 
NPs or luminescent nanocrystals to assemble binary superlattices, or even both, yielding 
ternary superlattices.
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Volgens mij beseft u niet wat u allemaal in handen 
hebt! Ik geef u een kort overzicht, dan bent u ingelicht 
over de mogelijkheden.

-Geest
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Nederlandse Samenvatting
In dit proefschrift is onderzoek gedaan naar plasmon-versterkte Ramanspectroscopie 

(PERS) in het veld van heterogene katalyse, maar wat houdt dat eigenlijk in? In de hierop 
volgende tekst zullen deze termen uitgelegd worden, waarna we per hoofdstuk een korte 
samenvatting zullen geven van het werk dat dit proefschrift beslaat.

Katalyse is een tak van de scheikunde waarbij een katalysator gebruikt wordt om 
chemische reacties efficiënter of sneller te laten verlopen, zonder zelf verbruikt te worden. 
Zulke katalysatoren worden op grote schaal toegepast, bijvoorbeeld in auto's en voor de 
productie van kunstmest, brandstof, medicijnen en plastic. In heterogene katalyse bevindt 
de katalysator zich in een andere toestand of fase dan de reactanten. Vaak houdt dat in dat 
de katalysator een vaste stof is (meestal in poedervorm, al dan niet samengeperst) en de 
reactanten zich in de vloeistof- of gasfase bevinden. Dit faseverschil maakt het scheiden 
van producten en de katalysator naderhand gemakkelijker, zodat de katalysator eenvoudig 
hergebruikt kan worden. 

Katalyse kan alleen plaatsvinden op het oppervlak van een katalysator. Dat betekent dat 
chemici hun katalysatoren graag zo klein mogelijk willen maken, zodat ze per gewicht of 
totale hoeveelheid materiaal relatief meer oppervlak kunnen creëren. Ze maken dan ook 
graag gebruik van nanodeeltjes: deeltjes met een straal in de orde van grootte van 10-9 ofwel  
0.00000001 m (= 1 nanometer, nm), ongeveer 10000× kleiner dan de dikte van een haar. Door 
hun afmetingen zouden deze deeltjes lastig te scheiden zijn van reactanten. Daarom worden 
ze vaak afgezet op een dragermateriaal, bijvoorbeeld silica (SiO2), alumina (Al2O3), titania 
(TiO2), zirconia (ZrO2) en niobia (Nb2O5). Deze dragers kunnen ook voor extra stabiliteit of 
andere gunstige eigenschappen zorgen.  

Voor onderzoekers is het belangrijk om uit te vinden hoe een katalysator precies werkt, 
zodat met de verkregen kennis een betere katalysator gemaakt kan worden. Dit kan getest 
worden door chemische reacties te testen onder verschillende condities (temperatuur, druk, 
de verhouding tussen de reactanten, tijd) en dan de producten te analyseren. Daarnaast kan 
de katalysator zelf uitgebreid geanalyseerd worden. Dat kan bijvoorbeeld met spectroscopie. 
Met spectroscopie wordt een materiaal geanalyseerd aan de hand van licht. Licht kan op 
verschillende manieren interageren met atomen en moleculen: het kan geabsorbeerd worden, 
doorgelaten worden, gereflecteerd worden, uitgezonden worden, of verstrooid worden. Dit 
geldt niet alleen voor het licht dat wij als mensen kunnen zien, maar ook voor alle golflengtes 
die voor het menselijk oog onzichtbaar zijn, zoals infraroodlicht, UV-licht en Röntgenstraling. 
De interactie van deze verschillende categorieën licht met materie is karakteristiek voor 
verschillende eigenschappen van atomen en moleculen. Dit maakt dat er een groot scala aan 
spectroscopische technieken is waarmee we verschillende aspecten van materialen kunnen 
bestuderen.

In dit onderzoek is voornamelijk gebruik gemaakt van vibratiespectroscopie, en specifiek 
Ramanspectroscopie. Deze techniek wordt gebruikt om de structuur van een molecuul 
te karakteriseren door met licht kenmerkende vibraties tussen twee of meer atomen te 
analyseren. Aangezien een katalysator, de reactanten én de producten allemaal uit meerdere 
atomen bestaan en verbindngen met elkaar aan kunnen gaan, kan Ramanspectroscopie dus 
gebruikt worden om katalytische reacties te bestuderen, terwijl deze verlopen. Dit wordt ook 
wel in situ (Raman)spectroscopie genoemd. 

Ramanspectroscopie is dus een erg interessante techniek om heterogene katalyse te 
bestuderen, maar helaas is het signaal dat verkregen kan worden over het algemeen erg laag. 
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Om toch in situ reacties op de nanoschaal te kunnen bestuderen, kunnen we gebruik maken 
van nanodeeltjes van goud (Au) of zilver (Ag).Dit soort deeltjes (in de orde van grootte 
van 100 nm) hebben speciale eigenschappen die helpen om het signaal te versterken. Als de 
nanodeeltjes worden beschenen met licht van de juiste golflengte, zullen de elektronen aan 
het oppervlak gaan resoneren. Deze oscillerende elektronen worden over het algemeen 
plasmonen genoemd, en het zojuist beschreven fenomeen wordt 'localized surface plasmon 
resonance' of LSPR genoemd. Als meerdere deeltjes dicht bij elkaar in de buurt zijn en hun 
LSPR overlapt, wordt het licht zoveel versterkt, dat het Ramansignaal vele malen sterker 
wordt (vandaar 'plasmon-versterkte Ramanspectroscopie', PERS) en we kleine aantallen 
moleculen kunnen bestuderen. Dat betekent dat het signaal zó veel versterkt is door Au en Ag 
nanodeeltjes te gebruiken, dat we kleine hoeveelheden reactanten kunnen bestuderen terwijl 
deze geadsorbeerd zijn of reageren op het oppervlak van een katalysator. 

In de praktijk is in situ PERS helaas niet altijd eenvoudig toe te passen in heterogene katalyse. 
LSPR is een erg lokaal effect, dat alleen optreedt binnen een paar nm van het oppervlak van de 
Au en Ag nanodeeltjes. We kunnen dus alleen katalytische reacties bestuderen die vlakbij het 
oppervlak van deze deeltjes plaatsvinden. De Au en Ag nanodeeltjes zelf kunnen helaas niet 
gebruikt worden als (heterogene) katalysator, omdat de plasmonen die verantwoordelijk zijn 
voor het versterkte signaal onconventionele (bij)producten kunnen maken. Daarnaast zijn de 
deeltjes niet stabiel onder alle reactieomstandigheden: bij hogere temperaturen kunnen ze 
samensmelten en zo hun LSPR verliezen. Daarnaast kan het Ag oppervlak relatief makkelijk 
oxideren, wat ook verlies van de LSPR veroorzaakt. 

Om deze limitaties te omzeilen, kunnen we in plaats van PERS ook gebruik maken van 
schil-geïsoleerde PERS. Hierbij maken we een dun laagje dragermateriaal om de Au en Ag 
nanodeeltjes heen. Dit laagje kunnen we zó dun maken, dat we nog steeds kunnen profiteren 
van het versterkte Ramansignaal, terwijl de plasmonen er niet doorheen kunnen, de deeltjes 
thermisch en chemisch stabiel worden, en we een katalysator nanodeeltje op dit laagje kunnen 
afzetten. Op deze manier kunnen we heterogene katalyse bestuderen op de nanoschaal.

PERS is nog relatief nieuw binnen het veld van de heterogene katalyse en wordt daarom ook 
nog weinig gebruikt. In dit proefschrift laten we zien dat de techniek veelzijdig is en toegepast 
kan worden bij verschillende reactiecondities. Op deze manier hopen we de lezer te overtuigen 
van de potentie van PERS en om zelf PERS te gebruiken om heterogeen gekatalyseerde reacties 
te bestuderen op de nanoschaal. 

In Hoofdstuk 1 geven we een uitgebreide introductie over PERS in de katalyse, waarbij 
we het onderverdelen in twee subcategorieën: shell-isolated nanoparticle-enhanced Raman 
spectroscopy (SHINERS) en tip-enhanced Raman spectroscopy (TERS). Bij SHINERS worden de 
(geïsoleerde) Au of Ag nanodeeltjes afgezet op een silicium wafer en met een microscoop 
bestudeerd. Bij TERS worden de deeltjes geïncorporeerd in een 'tip' of naald waarmee over een 
oppervlak gescand kan worden. De Ag of Au tip is dan praktisch de detector.

In Hoofdstuk 2 beschrijven we en laten we zien hoe Au en Ag nanodeeltjes gemaakt en 
bedekt kunnen worden met SiO2, ZrO2 en Nb2O5. Met SHINERS laten we zien dat het Raman 
signaal inderdaad versterkt wordt, en dat het materiaal waarmee de deeltjes bedekt worden 
van invloed kan zijn op chemische reacties door de adsorptie van CO op katalysatoren van 
Pt en Ru te bekijken. Vervolgens laten we zien dat ook Ag tips succesvol geïsoleerd kunnen 
worden met ZrO2. Dit heeft als gevolg dat de Ag tips niet meer oxideren en we deze tips konden 
gebruiken om voor het eerst ooit met TERS een katalytische reactie in water in kaart te 
brengen op een heterogeen oppervlak.
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In Hoofdstuk 3 hebben we nieuwe plasmonische superstructuren gemaakt die de 
toepasbaarheid van SHINERS uitbreiden naar vloeistoffen. Enkele Au of Ag nanodeeltjes 
versterken het Ramansignaal niet voldoende, omdat hun LSPR niet overlapt. Door de 
nanodeeltjes te ankeren aan grote silicabollen kregen we dit wel voor elkaar en konden we 
concentraties moleculen meten van 10-12 mol/L. De plasmonische superstructuren konden we 
ook isoleren met een dunne schil silica, waarna we er zelfs katalysatordeeltjes van nikkel (Ni) 
en platina (Pt) op konden afzetten. 

In Hoofdstuk 4 hebben we SHINERS gebruikt om de hydrogenatie van fenylacetyleen 
naar styreen en ethylbenzeen te bestuderen. Hiervoor hebben we gebruik gemaakt van Au 
nanodeeltjes, geïsoleerd met SiO2 en waarop vervolgens Pt is afgezet als katalysator. We 
konden zowel signalen van het reactant als de producten waarnemen met in situ SHINERS, 
alsook hun interactie met de katalysator. Hierdoor konden we reactiemechanismes voorstellen 
voor de hydrogenatie van fenylacetyleen over een Pt katalysator én de omgekeerde reactie. Dit 
is de eerste keer dat er een mechanisme van een complexe heterogene katalytische reactie in 
de vorm van A → B → C → B → A is vastgesteld met behulp van in situ SHINERS en laat de potentie 
van deze techniek duidelijk zien.  

In Hoofdstuk 5 hebben we Ni katalysatoren bestudeerd met behulp van SHINERS. We 
onderzochten verschillende methodes om actieve Ni katalysatoren te bereiden en af te zetten 
op onze Au nanodeeltjes die bedekt zijn met SiO2. We vonden dat alleen de methode van vonk 
ablatie actieve, puur metallische Ni deeltjes opleverde. De andere methodes leverden (deels) 
geoxideerde deeltjes op, welke niet gereduceerd konden worden zonder de plasmonische 
activiteit van de Au deeltjes te verliezen. De actieve Ni deeltjes hebben we vervolgens gebruikt 
om de hydrogenatie van acetyleen te bestuderen. We hebben voor het eerst verschillende 
banden waargenomen die zowel karakteristiek waren voor acetyleen, acetyleen geadsorbeerd 
op de katalysator, en verschillende producten. Hiermee hebben we laten zien dat in situ 
SHINERS ook geschikt is om materialen en reacties te bestuderen die relevant zijn voor de 
(chemische) industrie.

In Hoofdstuk 6 geven we naast een korte samenvatting van de resultaten behaald in dit 
promotieonderzoek, ook een overzicht van vooralsnog ongepubliceerde experimenten. 
Deze bevindingen zouden wellicht een basis kunnen vormen voor toekomstig onderzoek en 
de verdere ontwikkeling van SHINERS en PERS binnen en buiten het veld van heterogene 
katalyse. 
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