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Nanofluidic Scattering Microscopy and Spectroscopy for Single Particle Catalysis 

Björn Altenburger 

Department of Physics 

Chalmers University of Technology 

ABSTRACT 

Nanoparticles are a fundamental asset in modern society, and a cornerstone in global industries 

where they contribute significantly to the path towards sustainable energy and products. Their 

ability to facilitate and steer chemical reactions is studied in the field of heterogeneous 

catalysis, where these tiny particles are characterized regarding their activity and selectivity. 

However, the characterization is often conducted on large ensembles of particles, thereby 

disregarding their structural heterogeneity, which possibly leads to erroneous structure-

function correlations. Since it is one goal of catalysis research to find “superparticles” with 

exceptional performance, the need for dedicated single particle studies where the influence of, 

e.g., shape, size and surface structure is investigated in detail, is obvious. 

Methods like fluorescence microscopy, X-ray diffraction/scattering, electron microscopy and 

plasmonic sensing are commonly used for single particle investigations in catalysis. These 

methods detect electrons or photons that carry information either on the reactant molecules, the 

product molecules, changes to the catalyst particle itself or the particle surrounding. However, 

none of these methods provides direct single particle activity information without either using 

plasmonic enhancement effects that may also impact the studied reaction itself and limit the 

range of catalyst materials that can be studied, or using fluorescence that limits reaction 

conditions to ultralow concentrations and to a narrow range of reactions.  

The overarching goal of the work presented in this thesis has been to develop an optical 

microscopy technique that can quantitatively measure catalytic activity, and in the longer term 

even selectivity, of a single nanoparticle, without the limitations of existing single particle 

techniques. At the core of this method - Nanofluidic Scattering Microscopy - are nanofluidic 

channels that can accurately control the transport of molecules to and from a single, 

catalytically active, particle localized inside a channel. As a second key trait, the unique light 

scattering properties of nanochannels render them highly sensitive to refractive index changes 

of the fluid inside them. Hence, when a catalytic reaction alters the molecular composition of 

the fluid in a nanochannel, its light scattering characteristics change and reveal in this way the 

catalytic performance of the nanoparticle, which here is demonstrated for H2O2 decomposition 

over on single Pt particles. Furthermore, resolving the scattered light spectrally, as I do in 

Nanofluidic Scattering Spectroscopy, spectral fingerprints of a catalytic reaction can be 

resolved, as demonstrated for the catalytic reduction of fluorescein on a single Au nanoparticle.  

In the wake of these developments, I also have developed a new fluidic platform, chip holder 

and microscopy setup to harness the full potential of micro- and nanofluidics in combination 

with optical microscopy and spectroscopy applied to single particle catalysis investigations. 

 

Keywords: single particle catalysis, dark-field scattering microscopy, heterogeneous 

catalysis, microfluidics, nanofluidics, spectroscopy, setup development 
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All we have to decide is what to do with the time  

that is given us. 

J.R.R. Tolkien, The Fellowship of the Ring 
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1 INTRODUCTION 

Catalysis is for many maybe an unknown word at first. However, after some thought it is often 

connected to the three-way catalytic converter installed on every gasoline fueled combustion 

engine driven vehicle1. Interestingly also this very thought itself is only possible thanks to 

catalysis, since catalytic processes occur constantly in the bodies of living organisms, like 

ourselves, performed by enzymes2. Unbeknownst to this fact, humans have performed 

controlled chemical reactions since ancient times. It is only since rather recently3 in terms of 

human history that we discovered that certain forms of matter can greatly facilitate a reaction 

without being consumed or integrated in the products formed. This key property of a catalyst 

material that has coined the term “Catalysis” 4. The word itself is derived from the Greek “κατα-

λύειν” which can be translated as “to unbind” or “to take down”, thereby describing what a 

catalyst does on a molecular level, as it opens up molecular bonds and binds species 

(temporally) to its surface. By doing so, it provides a reaction path for the direct reaction 

between two molecules. This alternative path often requires less energy and thereby accelerates 

the chemical reaction or even alters the outcome of the reaction in terms of products formed by 

changing the so-called reaction selectivity. 

Since its humble beginnings in the late 18th century, catalysis has today developed into a large 

global industry. Estimates from 2023 put the global catalyst market size in the range of $31 

billion5, and the corresponding catalytic products make up around 90% of the products of the 

chemical industry as a whole6. The most prominent and impactful industrial catalytic process 

is without doubt the binding of atmospheric nitrogen7 (N2) into ammonia (NH3) by the Haber-

Bosch process, which forms the basis of artificial fertilizer that has enabled the massive growth 

in human population in the last century. In addition to the aforementioned catalytic converters 

that remove toxic species from exhaust fumes of combustion processes, catalytic reactions are 

critical for the production of fuels and fine chemicals that find application in, e.g. medicine or 

plastics. Finally, catalysis is also a key ingredient in carbon-free energy (storage) technologies, 

such as synthetic fuels, batteries or hydrogen energy technologies8. 

The core of all these technical applications is always the catalyst material itself, which often is 

a metal in the solid state, while the reactants are in the gas or liquid phase. This distinguishes 

so-called heterogeneous catalysis from homogeneous catalysis9, where the catalyst is in the 

same phase as the reactants, as it is the case for enzymatic reactions in solution. The metals 

used for catalysts require special chemical properties that facilitate the specific reaction at hand, 

as for example Iron (Fe) is used in the above-mentioned Haber-Bosch process. Even more 

precious and rare metals, such as Platinum (Pt), Palladium (Pd) or Rhodium (Rh) are more 

often employed as catalysts. However, since their total amount in the earth’s crust is limited 

and the corresponding extraction process is resource intensive10, it is essential that these metals 

are used effectively. Since it is the surface of the catalyst where the catalytic reaction occurs, a 

widely used approach to maximize this surface, while at the same time minimizing the total 

mass of catalyst material, is to deploy the catalyst in nanoparticle form. This means that the 

active catalyst material is dispersed into particles smaller or much smaller than 100 nm, or 

sometimes even into single atoms, on a support surface, which often is an oxide11. Such 

nanoparticles can be made either by carving them from the bulk using, e.g., laser ablation or 
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nanolithography techniques (top-down methods) or by synthesizing them from atoms or 

molecules using colloidal synthesis routes (bottom-up methods), as nicely summarized by 

Jamkhande et al.12 Either way, the result is an ensemble of a very large number of catalyst 

nanoparticles either on a surface or in solution, that can be tailored for the desired catalytic 

reaction. While such ensembles indeed have been effectively used industrially for a very long 

time, it is also clear that there is further potential for improvement from the perspective that 

nanoparticle ensembles typically are characterized by significant levels of heterogeneity 

between particles in terms of size, structure, strain and even composition if also alloys are 

considered. This may be very relevant since certain reactions, for example, are facile over 

corner or edge sites on the particles13, while others are facile over certain crystalline planes or 

terraces14, and for some reactions, it is the very specific interplay between different types of 

sites15 that is key. This, in turn, means that only a small(er) sub-fraction of particles in the 

ensemble actually functions optimally for a rection at hand, while (a large) sub-fraction may 

be less effective or not effective at all – or even create the wrong unwanted product since also 

selectivity of a catalytic reaction often is structure-sensitive16. Furthermore, also specific 

effects emerging at the nanoscale, such as electronic confinement effects17, localized surface 

plasmon resonance (LSPR)18 or the ratio of reactant binding to reactant releasing sites19 may 

vary widely across different particle types. It is, thus, clear that both understanding which type 

of particle that works the best for a specific reaction and subsequently producing catalyst 

materials that feature these specific particles to the largest possible extent offers an avenue to 

greatly improve the performance of a catalyst, as well as optimize the use of the often scarce 

raw materials.   

So, how then to approach then the optimization of nanoparticle catalysts from the perspective 

outlined above? The answer is conceptually simple but experimentally challenging: single 

particle catalysis. This emerging research field focuses on the investigation of individual 

nanoparticles with different experimental techniques with the ultimate goal to directly link 

single particle structure and composition with atomic resolution with catalyst activity and 

selectivity. The experimental methods used today in single particle catalysis research employ 

ubiquitously electromagnetic waves that range from infrared (IR) radiation to electrons and 

that carry information on either the chemical state of the particle, its surface or surrounding, or 

on the reactants involved in the catalytic reaction over the particle and the products formed. 

One powerful class of experimental techniques to study the nanoscopic realm of catalysts in 

situ uses X-ray synchrotron radiation since the short wavelength can resolve small structures20 

(5 nm to 10 nm) and the used high-energy X-ray photons are compatible with the atmospheric 

(or above) pressures of the catalytic reactor. Examples of widely used synchrotron-based 

techniques are scanning-transmission X-ray microscopy (STXM) and quick scan X-ray 

absorption fine structure (QXAFS)21,22. Furthermore, Bragg Coherent Diffraction imaging 

(BCDI) has recently emerged as method to create 3D images of crystalline nanomaterials23. 

Being based on transmissive X-rays, these methods can resolve the inner structure of complex 

catalyst materials. This concerns the tiny pores and the metal nanoparticle distribution inside 

the material, that can be assessed with nanometer spatial resolution22. The drawback with 

synchrotron methods is the extensive infrastructure that is needed to generate the radiation. 

Furthermore, they reveal only the structure of the catalyst or its chemical (oxidation) state but 

not their activity at the same time. Therefore, it is often used in concert with mass spectrometry, 

but this proves difficult at the level of the single nanoparticle due to low sensitivity.  
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Another noteworthy example of an experimental method for single particle catalysis 

observation is exploiting the fluorescence emission of (single) molecules24 to reveal chemical 

reactions on the surface of single nanoparticles, sometimes even with sub-particle spatial 

resolution25–28. This approach is relatively new to chemistry but has been used in biology for 

decades24 to study the processes within cells and organelles and earned Stefan Hell the Nobel 

prize in 2014. While the required experimental setup is relatively simple compared to a 

synchrotron experiment, the main limiting factors for (super resolution) fluorescence 

microscopy in single particle catalysis is the limitation to a very small of number specific 

reactions that either form a fluorescent product or during which reactant fluorescence is extinct. 

It is also limited to, from a technical catalysis perspective, unrealistically low reactant 

concentrations to ensure single molecular resolution in the super resolution version of 

fluorescence microscopy.  

An additional family of single particle catalysis techniques focuses on the nanoparticles 

themselves since they are the catalytically active part and therefore the entities of interest to be 

investigated. However, it turns out that they also - at the same time - can play the part of the 

observer of a catalytic process that takes place on their surface29. This is enabled by an optical 

phenomenon called localized surface plasmon resonance (LSPR)29–31, a coherent collective 

oscillation of the electrons of the particle that has its resonance frequency in the UV-vis-NIR 

spectral range, depending on the size, shape and composition of the particle, as well as the 

particles’ intimate surroundings. The resonance frequency of the LSPR is for example sensitive 

to the oxidation state of a metal nanoparticle, which can be used to monitor the surface state of 

single catalyst nanoparticles30,32–34 by tracking shifts in resonance frequency with high 

precision35 using dark-field scattering microscopy29,36. However, this plasmonic 

nanospectroscopy and imaging concept does not provide information about the activity of the 

catalyst particle. In an attempt to alleviate this problem, earlier work in our group has combined 

LSPR with online gas-phase quadrupole mass spectrometry (QMS) from particles localized in 

tiny nanofluidic reactors30,32,33. Unfortunately, however, the QMS readout was limited to a few 

hundred nanoparticles since it did not provide the sensitivity to resolve the product formed on 

individual particles. However, the rise of deep-learning approaches to data evaluation has very 

recently put single particle reaction product assessment with QMS within reach, as very 

recently demonstrated by a colleague in our group37. 

The plasmon oscillation of metal nanoparticles can also be used to enhance the Raman 

absorption of molecules in their close vicinity, as it is done in plasmon- or tip-enhanced Raman 

spectroscopy (PERS and TERS, respectively)38,39 that, as one example, has been used to 

investigate the photocatalytic processes of nitrothiophenol on Au surfaces40. One of the main 

drawbacks and limitations of PERS and TERS is that the enhancing plasmonic particle or tip 

must also serve as the catalyst, which limits the catalyst materials available severely since 

essentially only Ag and Au would provide a strong enough Raman-enhancing effect. To 

overcome this limitation, a solution was developed whereby the Raman-enhancing (Au) 

nanoparticle is isolated by a passive shell, in analogy to indirect nanoplasmonic sensing34,41,  

in what has come to be known as Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 

(SHINERS)21. This method has for example been successfully used for the investigation of the 

oxygen reduction reaction on high-index Pt surfaces where evidence of OH and OOH 

intermediates was found42. Despite this significant advance SHINERS has provided to Raman-

based single particle catalysis, it is still limited by the fact that a passive and bulky (compared 
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to the catalyst particles) observer nanoparticle must be used, which may quite significantly 

impact the catalyst formulation and thus potentially the catalytic properties. Furthermore, 

SHINERS-type “antenna-reactor complexes”, where a plasmonic antenna is placed close to 

catalyst nanoparticles, are widely explored in plasmon-mediated catalysis to enhance and steer 

catalytic reactions by light43–46. This highlights a risk of plasmon enhanced Raman 

spectroscopy methods, namely that the plasmonic effect used to probe the catalytic reaction at 

the same time also might (dramatically) impact it and, therefore, lead to wrong conclusions.   

Another class of experimental methods widely used to investigate catalysis at the single 

nanoparticle level are electron microscopy approaches20,47–49. These methods focus on 

elucidating the (dynamics of) catalyst particle structure and (oxidation) state, and offer atomic 

resolution under certain conditions. At the early stages, scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) are used to study catalysts before and after 

reaction. The development of differentially pumped microscopes, sample cells and specialized 

holders have enabled the investigation of single particles at high pressures50–52 (environmental 

TEM, ETEM) and even in the liquid phase53,54. They have, for example, revealed the oscillating 

behavior of Pt55 or Pd56 nanoparticles during reaction and monitored the dynamics of single 

atoms57. However, as the key limitations, electron microscopy methods can only investigate 

one particle at a time, and they do not provide information about (single particle) catalyst 

activity or selectivity. For further reading on single particle methods in catalysis, I suggest the 

excellent review by Sambur and Chen58 or refer to the short overview given in Chapter 2. 

To summarize, existing single particle methods generally investigate a certain aspect of the 

entire picture and require in most cases quite specific (and idealized) conditions and/or samples 

to work. This limitation is not different for catalysis experiments performed in the ensemble 

regime in general. Some experiments are often hampered by the, so called, “pressure and 

materials gaps” in catalysis, which means that it is experimentally challenging to investigate a 

catalyst at work with high spatial resolution in terms of (i) pressure of the surrounding 

environment (which in industrial reactors may reach tens or hundreds of bar) and (ii) the 

structural complexity of industrial catalyst materials. Hence, during the past decade or so, great 

efforts have been made to develop experimental methods that can investigate a catalyst at work, 

i.e., “operando”, which means that they can probe the catalyst while it is converting reactants 

in real reaction conditions26,47,58–61. Again, focusing on single particle catalysis, in the current 

state of the art, only very limited efforts have been reported that enable the operando study of 

single particles. The few existing ones are concerned with ETEM52 as described above, 

fluorescence (de)activation62 and plasmonic nanospectroscopy31. As the final challenge 

referring to the materials gap, industrial catalyst nanoparticles are often in the sub-10 nm size 

range63–65, both because this optimizes the volume/surface ration and because catalytic 

properties may become size dependent66 

Consequently, the “holy grail” of single particle catalysis is to be able to scrutinize a single 

catalyst nanoparticle of technically relevant size and the catalytic reaction that occurs on its 

surface under real reaction conditions. To the best of my knowledge, this has not yet been 

achieved due to the lack of experimental method(s) that provide the necessary spatial and 

temporal resolution in combination with the required chemical sensitivity. Hence, my thesis 

work is aimed at pursuing this “holy grail” by developing a radically new experimental method 

that can meet the key boundary conditions: (i) single particle resolution, (ii) real reaction 
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conditions, (iii) no auxiliary techniques limiting the applicability, i.e., no use of plasmonic 

enhancements or fluorescence.  

At the core of the method that I have developed to address this challenge are nanofluidic 

channels that can localize and isolate individual nanoparticles, as explained in detail in 

Chapter 4. The interaction between the channels and visible light is explained in detail in 

Chapter 3. Conceptually, this new optical microscopy approach is on one hand based on the 

fact that the refractive index (RI) of any fluid will change if its molecular composition is 

changed67, for example by a chemical reaction between constituents of the fluid. On the other 

hand, it is based on nanofluidic systems and our expertise to use them to both manipulate and 

control fluids and single nanoparticles at the nanoscale in the context of single particle 

catalysis32,33,68–71. Finally, it builds on our recent discovery of the unique optical properties of 

nanofluidic systems fabricated into chemically very inert SiO2 that already have enabled the 

label-free size and mass determination of single biomolecules using what we call “Nanofluidic 

Scattering Microscopy”70 or “NSM”, whose physics I describe in detail in Chapter 2.  

In brief, the first key feature of NSM is that the used nanochannels´ geometrical cross section 

is smaller than any wavelength in the visible light spectral range, and that these channels thus 

scatter visible light very efficiently in the Mie-regime. The scattering is owing to the RI contrast 

between the solid material that hosts the channels and their interior, which is either a gas or a 

liquid. The second key feature is that the scattering intensity of a nanochannel depends on the 

RI difference between channel walls and channel interior. Hence, it was the core hypothesis of 

my work that reactants that are flushed into a nanochannel and react on a catalytically active 

particle localized inside that channel will change their molecular structure and thus molecular 

polarizability, which translates into a RI-change of the fluid in the channel. Accordingly, this 

RI change is expected to give rise to a change in the light scattering signature of the 

nanochannel, which is measurable in the context of NSM, and thus should make it possible to 

monitor the catalytic reaction and determine its rate, since this rate is proportional to the 

measured RI change (Figure 1). 

 

Figure 1. Artist´s rendition of nanofluidic scattering microscopy for the monitoring of the 

catalytic activity of a single nanoparticle localized inside a nanofluidic channel. Due to a 
reaction-induced RI difference in the liquid in the channel up- and downstream of the catalyst 

particle, the light scattering intensity from the channel is different in these regions and thereby 

enables measurements of reactant conversion and thus particle activity.  
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I have verified this hypothesis in Paper I on the example of hydrogen peroxide (H2O2) 

decomposition on single colloidal Pt nanoparticles trapped inside nanochannels. 

Since the NSM approach is, in principle, compatible with a wide range of reactant types and 

concentrations, as well as reaction pressures, it promises to enable single particle catalysis 

studies at technically relevant operando reaction conditions. Furthermore, there are no (or at 

least very few) boundary conditions on the reaction itself, that is, it does for example not need 

to be fluorescent. This means in principle that experiments with an almost unlimited number 

of catalytic reactions and catalyst materials could be possible. Other conceptual benefits of 

executing (single particle) catalysis experiments inside nanofluidic channels include: (i) that 

single particles are isolated in their respective nanochannel, such that any crosstalk between 

particles, e.g., via reactant concentration gradients or spill-over effects to the support material, 

is avoided; (ii) that arrangements of many parallel nanochannels on a chip and in the field of 

view of an optical microscope enables the study of many single nanoparticles at the same time, 

while they all are isolated in their respective nanochannel; (iii) that due to the tiny dimensions 

of the nanochannels, they efficiently prevent extensive dilution of the small number of product 

molecules formed on single catalyst nanoparticles, and therefore maximize the RI contrast 

induced by the reaction. This, in turn, maximizes the chance that the conversion over a single 

nanoparticle can be experimentally measured, with the ultimate dream being particles in the 

sub-10 nm range.  

Since NSM is an optical microscopy technique, it also offers the possibility to be further 

enhanced by implementing spectroscopic readout, that is, to measure the (white) light scattered 

from a nanochannel not in an integrated fashion but spectrally resolved. This would add the 

great benefit of accessing the wealth of information contained in a scattering spectrum (rather 

than a simple intensity image), that includes spectral fingerprints of molecules that are widely 

used in, e.g., UV-vis spectroscopy at the macroscopic scale. I demonstrate and discuss that this 

is indeed possible in detail in Paper II and Chapter 2, where I introduce what we call 

“Nanofluidic Scattering Spectroscopy” (NSS). I then apply NSS in Paper III to study the 

catalytic decomposition of fluorescein with sodium borohydride on the surface of a single Au 

nanoparticle, by also developing a transient, i.e., reversibly opened and closed, nanofluidic 

batch reactor that enables the trapping of reaction products in femtoliter volumes and enables 

their real time spectroscopic analysis using NSS. Finally, motivated by the experimentally 

verified hypothesis and great potential of NMS/NSS for single particle catalysis, I have 

developed a multifunctional fluidic chip holder with integrated electrodes and temperature 

control, optimized for advanced fluidic and optical microscopy operations by means of 12 inlet 

points, and compatible with 1 cm x 1 cm fluidic chips, which enable high-yield nanofabrication 

of up to 12 chips per 4-inch wafer (Paper IV). 

 

1.1 Structure and Content of this Thesis 

 

This thesis provides the background to put the experimental results presented in the attached 

scientific papers into a wider context. The four attached papers describe major steps in 

developing NSM/NSS as a novel experimental approach for single particle catalysis. These 

steps are: (i) Establishing NSM as a viable technique for single particle catalysis studies (Paper 
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I), (ii) Extending the scope of NSM by developing NSS and showcasing its ability to measure 

solute concentrations and their spectral fingerprints (Paper II). (iii) Applying NSS in concert 

with fluidic control to implement nanoscale single nanoparticle batch reactors with 

spectroscopic readout of a catalytic reaction (Paper III). (iv) Developing a multifunctional 

experimental setup to extend the experimental possibilities (Paper IV). 

As a second aspect, my thesis also aims at summarizing additional results and insights obtained 

along the way, which were essential for the overall scientific progress made, but that are not 

included in the papers. In this way, I hope to supply valuable material for future generation 

scientists in the field. The thesis follows, in principle, the chronological development of my 

work outlined above, but also orients itself along the different levels of length-scales scale 

relevant to my work. 

Chapter 2 is therefore dedicated to the smallest scale, as it describes first the principles of 

heterogeneous catalysis on surfaces, which happen at the Ångström level, before moving on to 

nanoparticles and their use as catalysts. The various single particle catalysis techniques briefly 

described in the introduction are summarized, and NSM/NSS is put into perspective. I also 

briefly discuss two catalytic reactions relevant to my work, i.e., H2O2 decomposition on Pt and 

the decomposition of dyes over Au nanoparticles in the presence of sodium borohydride 

(NaBH4).  

Chapter 3 zooms out into the realm of nanochannels and their function as single particle 

catalytic reactors, and as tool for detection of catalytic reaction product thanks to their specific 

optical properties. After introducing dark-field microcopy as method to peek into the 

nanoscale, I discuss analytically the light scattering properties of a nanochannel using Mie-

theory. This leads to the mathematical expression governing the scattering intensity and its 

relation to the RI difference between the nanochannel and its surroundings. This theoretical 

foundation of the NSM method is then extended by introducing the Kramers-Kronig relation 

to understand the wavelength-dependence of light scattering from a nanochannel in the context 

of NSS. 

Chapter 4 approaches the microscale as it is dedicated to micro- and nanofluidics. It provides 

a discussion of the origin of microfluidics and how it evolved into nanofluidics. It also explains 

the importance of designing fluidic chip holders, since they critically connect the micro- and 

nanofluidic systems with the macroscopic world, and thereby make it available for practical 

use. Additionally, some of the challenges involved when experimentally working with 

nanofluidics are discussed in detail, such as clogging and interference effects in dark-field 

microscopy/spectroscopy from certain surfaces.  

Chapter 5 is fully dedicated to my work of developing a multifunctional fluidic chip holder 

with integrated electrodes and temperature control, and the corresponding microscope setup 

optimized for NSM/NSS experiments in the context of single particle catalysis. 
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2 HETEROGENOUS CATALYSIS ON 

NANOPARTICLES 

It seems appropriate to perform research that deals with catalysis here in Sweden, as it was the 

home country of Jacob Berzelius who coined the term “catalysis” in 1835. He described it as 

“a well-known derivation in chemistry, call[ing] it the bodies catalytic force and the 

decomposition of bodies by this force catalysis”4. However, the very first known description 

of a chemical reaction that employs the catalytic principle is given by Elizabeth Fulhame in her 

essay from 1794, where she was investigating oxidation reactions and discovered that many of 

these reactions required water to be present and involved, but also that it is regenerated and 

detectable afterwards3. This is one part of the modern definition of a catalyst, i.e., a substance 

that is involved in a chemical reaction without being consumed by it. The other part of the 

definition is that this substance facilitates or enables a specific reaction by influencing the rate 

at which the involved species are transformed72.  

Catalysts are distinguished according to the phase in which the reaction products and the 

catalyst are in. Homogeneous catalysis concerns processes where the catalyst and the reaction 

products are in the same phase, which often is the liquid phase. This kind of catalytic process 

is ubiquitously found in nature, where enzymes in aqueous solutions perform a wide range of 

vital functions2. However, man-made homogeneous catalysis processes are also part of 

contemporary research and technology. For example, the synthesis of pharmaceuticals is reliant 

on homogeneous catalysis73,74 or metal complexes in the liquid phase are used as 

photosensitizers in conjunction with catalysts in various reactions75. However, a major part of 

today’s applied catalysis is performed with heterogeneous catalysts, that is, catalyst materials 

in the solid state with reactants delivered to them in the liquid or gas phase. 

There are many prominent examples how heterogenous catalysis has influenced human 

development, most notable is, of course, the Haber-Bosch process7,76 first developed in 1909.  

With this process, it was possible to bind atmospheric nitrogen to ammonia, thereby providing 

much needed agricultural fertilizer for an ever-growing population, but also providing at the 

same time the basis for highly destructive explosives77. In addition, heterogeneous catalysts are 

also essential for the synthesis of medicines, fuels and polymers, and help to create cleaner air 

by converting combustion products into non-toxic species (but – unfortunately – also CO2)6. 

 

2.1 Catalysis on Surfaces 

 

Given the great importance of heterogeneous catalysis in the contemporary industry landscape, 

it is understandable that a large portion of the current research in catalysis is dedicated towards 

comprehension and improvement of heterogeneous catalysts. Since these catalysts are in the 

solid state, it is their surface that primarily comes in contact with the reactants and products. 

To describe a model reaction over such a surface, I have depicted the basic principle in Figure 

2. 
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Figure 2. Principle of heterogeneous catalysis. Two reactants A and B need to overcome an 

activation energy barrier Ea to reach an energetically favorable state in which they have 

reacted to product C. Due to this high barrier without catalyst (red path), the reaction rate is 

very low. A catalytic surface in the proximity can provide an alternative reaction pathway 

(green path) that includes several steps but with greatly lowered activation energies. The final 

product remains the same, as does the catalyst after the reaction. 

Here, two species A and B could reach an energetically favorable state C, which is the 

combination of A and B. In the liquid or gas phase, this reaction can occur, but the conversion 

is very slow as a large activation energy barrier Ea is inhibiting the reaction. This is a basic 

principle of chemistry and has been described by another famous Swedish researcher, Svante 

Arrhenius, who proposed in 1889 that the rate of a chemical reaction is proportional to the 

inverse exponential of the activation energy78, 𝑟 ~ 𝑒
−

𝐸𝑎
𝑘𝑏𝑇. From this relation it is clear that the 

rate of a reaction can be increased by increasing the temperature or by lowering the activation 

barrier, where the latter can be provided by a catalyst. If species A and B are now in close 

proximity to a suitable catalytic surface, it may be relatively easy for them to adsorb onto the 

surface when the energy barrier to do so is small. Once adsorbed on the catalyst, intramolecular 

bonds might be broken in the reactant molecules while at the same time new bonds with the 

catalyst surface are formed. In between these intermediate states is a very short-lived, activated 

state of the molecules, the “transition state”, from which the next (energetically lower) 

intermediate state can be reached. As the key point, the barrier height to reach the transition 

state(s) on the catalyst surface is (much) lower than the barrier for direct reaction between A 

and B in solution or gas phase, which explains why a catalyst can facilitate a reaction on its 

surface. Once the new species have been formed in this way, what remains to close the, so-

called, catalytic cycle, is that they leave/desorb from the surface to provide space for new 

reactants to bind to the catalyst surface. This is, thus, a critical step because if the products stay 

on the surface, they block it for new reaction cycles by “poisoning” the surface. One of the 

main goals of catalyst material development is therefore to find the catalysts that bind the 

reactants strong enough to break their bonds and, thus, enable the formation of the product, 

while not binding the products too strongly, such that they will not desorb from the surface. 

This principle is named after Paul Sabatier79  who received the Nobel prize for his work on 

catalytic hydrogenation80. 
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2.2 Single Particle Catalysis 

 

The catalytic surface introduced above is not a uniform construct. It consists of various 

arrangements of surface atoms that may not even be the same element, e.g. in an alloy81. As 

shown in Figure 3, all surface atoms have a lower coordination (lower number of nearest 

neighbors) than an atom in the bulk of the material. Depending on where exactly a specific 

atom is situated, the coordination number may change from site to site. It is this interplay of 

high (many neighboring atoms) and low (few neighboring atoms) coordinated sites that dictates 

the binding energies for atomic and molecular species on the catalyst surface and consequently 

the energy landscape of the overall reaction6. 

 

Figure 3. Different surface sites on a catalyst surface. A catalytic surface consists of the same 

type of atoms as the bulk material but in various configurations in terms of coordination. In a 

facet plane (terrace) of a low-energy surface, such as (111) or (100), the coordination of each 

atom is relatively high when compared to kinks, steps or exposed island or ad-atoms. 

Substitutions, as found in alloys, can create energetically special sites11. 

Here, nanoparticles provide interesting opportunities as they can be produced in a wide range 

of shapes, with different types of surface sites exposed. Consequently, nanoparticles are 

offering the possibility to tailor them to specific catalytic reactions. Furthermore, the 

distribution of the catalyst material into a myriad of nanoparticles with a high surface to volume 

ratio makes effective use of the often very rare and expensive (noble) metals that are widely 

used as catalysts. These metals often belong to the Pt group (Pt, Pd, Rh, Ru, Os, Ir)82. Apart 

from the purely geometrical advantages of catalytic nanoparticles, the physical and chemical 

properties also change when down-scaling to the nanometer regime83. In terms of chemistry, it 

is not only the great, yet diverse, number of surface sites a nanoparticle has to offer. Connected 

to this is also the work function, i.e. the energy needed for the extraction of an electron from 

the metal particle, that is strongly influenced by the position and shape of the valence band and 

the charged species on the surface84,85. Delocalized electrons in confined spaces can 

additionally cause size-dependent band-gaps86 and plasmon oscillations, causing enhanced 

light absorption or scattering44,87. Furthermore, effects induced by the support used for the 

nanoparticles may play a greater role88 because of spill-over effects33,89,90. Finally, in the realm 

of metal nanoparticles also other physical effects can be observed, such as the already 

mentioned plasmonic resonance34. 
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2.2.1 Aim and Background 

The importance of single particle investigations in catalysis 

It is clear that catalytic nanoparticles are of utmost importance to the chemical industry, 

exemplified by the sales volume of catalysts was estimated to be up to $19 billion88 in 2013 

and has increased to $31.09 billion5 in 2023. For the aforementioned Haber-Bosch process, a 

catalyst based on ubiquitous iron77 is used, but many other every-day applications of catalysts 

contain a substantial amount of more (if not most) precious metals. For example, the average 

catalytic converter of a car contains around 290 ppm Rh, 720 ppm Pt and 1560 ppm Pd, such 

that each car carries nearly 2 g of Pt group metals91. The scarcity and with that the price of 

these very rare metals make it clear that they must be used with maximum efficiency. This is 

challenging to achieve since there was and, in some cases, still is a lack of fundamental 

understanding of the catalytic processes occurring on the surface of these metal nanoparticles. 

A further aspect is that these catalytic particles are produced in large quantities. This means 

that they can show great diversity in size and shape, as shown in Figure 4, and with that 

potentially in function.  

 

Figure 4. SEM image of colloidal Au nanoparticles. These particles where grown from 

solution using polyvinylpyrrolidone (PVP), which is a widely used capping agent in colloidal 

synthesis92. The resulting particles vary in size and assume different shapes such as icosahedra, 

decahedra and truncated tetrahedra. Image courtesy of Plascencia-Villa et al93. 

Here, single particle catalysis can provide invaluable insight for the understanding of catalytic 

processes and materials. The approach to investigate individual nanoparticles contrasts the 

more established methods for catalyst characterization, in which often ensembles of many 

millions of particles are investigated, which may mask the contribution of sub-populations of 

highly active particles, as well as of completely inactive ones, to the average31. In contrast, it 

is the goal of single particle catalysis to study structurally well-defined single particles as 

catalysts for a specific reaction, to draw concise structure-function correlations that can answer 

the question why specific particles have outstanding catalytic performance, and why some 

others do not. Answering such questions is not only relevant from an experimental perspective 

but also for the theoretical catalysis community, since ab-initio calculations of specific surfaces 

could be directly verified by experiments on defined particles69,94. As a consequence, the gained 

in-depth understanding of catalytic processes will ultimately benefit industry, as it contributes 

in the end to the development of highly effective catalyst materials. 
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Experimental methods for single particle catalysis 

Given that nanoparticles are smaller than the wavelengths of visible light and that their 

geometrical and scattering cross sections are even smaller, it is a formidable challenge to find 

a type of (radiation) probe that can monitor the state of a single nanoparticle or its catalytic 

products. The above formulated goal of single particle catalysis has been approached via the 

investigation of different observables. For example, by assessing the unique characteristics of 

a catalytic nanoparticle itself, that is, the size, shape, crystallinity, support interaction and re-

structuring under operating conditions95. Furthermore, focus has also been put on studying the 

interaction between individual particles, to investigate effects such as particle growth and 

shrinkage96 in sintering process, as well as spillover of species participating in the catalytic 

reaction to the support or to other neighboring particles89,97. The actual conversion of reactants 

by a single nanoparticle has been investigated by monitoring the reaction products27,62,68,69 

using fluorescence quenching or mass spectrometry. The most important experimental 

techniques used in single particle catalysis today are summarized in Figure 5. 

Analyte Technique Principle Limitations 

Particle X-ray Microscopy 
Oxidation or coordination 

state of the catalyst atoms 

detected by X-rays. 

Synchrotron source 

required. High X-ray flux 

can harm sample. 

Particle 

(surface) 

Environmental 
Transmission Electron 

Microscopy (ETEM) 

Special sample cells create 

confined high-pressure 

area around particle. 

Imaging and spectroscopy 

down to atomic resolution.  

Limited field of view. 

Complex experimental 

infrastructure. Beam 

damage. 

Particle 
(surface) 

Electron energy loss 
Spectroscopy (EELS) 

In conjunction with 

(E)TEM, scattered 

electron energy analyzed. 

Limited field of view. 

Complex experimental 

infrastructure. Beam 

damage. 

Particle 

(surface) 

Plasmonic 

Nanospectroscopy 

Localized surface plasmon 

resonance (LSPR) 

indicates with spectral 

peak shift particle change. 

Requires particles of certain 

size and material. Readout 

needs correct interpretation, 

often involving complex 

simulations. 

Particle 

Surface/ 
Surrounding 

Tip-enhanced Raman 
Spectroscopy (TERS) 

AFM tip used as light 

antenna, molecules 

detected via Raman-shift 

in probe signal. 

Tip properties critical and 

limit reproducibility. 

Requires plasmonic 

enhancement. 

Particle 

Surface/ 

Surrounding 

Shell-Isolated 
Nanoparticle-Enhanced 

Raman Spectroscopy 
(SHINERS) 

Plasmonic particle used as 

nanoplasmonic sensing 

device is isolated from 

actual catalyst by an inert 

shell. 

Requires bulky Au/Ag that 

can influence catalyst 

structure. Electronic 

coupling can cause 

erroneous activity results. 

Particle 

Surface/ 

Surrounding 

Synchrotron-radiation-

based Nanospectroscopy 

(SINS) 

Like TERS, IR 

synchrotron light is 

collected after scattering. 

Low IR scattering cross 

section. Synchrotron source 

required. 

Particle 
Surface/ 

Surrounding 

Surface Enhanced IR 
Spectroscopy (SEIRAS) 

Molecular vibrations on 

particle enhanced by 

LSPR in the IR regime. 

Low scattering cross 

sections for IR light. 

Requires plasmonic 

enhancement. 

Reaction 

species 

Single Molecule 

Fluorescence Microscopy 

De-/Activation of a 

fluorescent dye caused by 

catalytic reaction detected. 

Works only with fluorescent 

molecules. 

Figure 5. Overview of experimental methods in single particle catalysis.  
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Those techniques include X-ray microscopy59 that reports on the chemical (oxidation) state of 

the catalyst particle material by creating an image with ca. 10 nm spatial resolution98. Using 

high energy electrons, environmental transmission electron microscopy55,99 and 

spectroscopy100 (ETEM) can detect the crystalline structure and morphology of the particle at 

operando conditions with atomic resolution. If electron energy loss spectroscopy (EELS) is 

used in conjunction with ETEM, information about phonon excitation, band transitions and 

elemental composition can be gained at a sub-nm resolution101. Additionally, plasmonic 

nanospectroscopy29,31,102 using visible light can report on changes of particle size, shape and 

oxidation state30,31,33,103, and can detect oxidation-state changes of the particle surface104 or 

particles in the proximity41. Furthermore, it can also be used to identify adsorbed species29,34,105  

and their spillover to other particles can be used for rate determination90. Other techniques that 

investigate the surface state of a catalytic particle are based on infrared spectroscopy, such as 

infrared nanospectroscopy106 (SINS), surface enhanced IR absorption spectroscopy106 

(SEIRAS) and surface/tip enhanced Raman spectroscopy40,61,107 (SERS/TERS), all analyzing 

which chemical species are adsorbed to the surface of the particle. The combination of 

SERS/TERS with plasmonic nanospectroscopy resulted in the development of Shell-Isolated 

Nanoparticle-Enhanced Raman Spectroscopy (SHINERS)108. 

Pioneering work in the field of single particle catalysis was done by Peng Chen et al., who 

demonstrated single molecule catalytic reactions over individual particles in operando 

conditions109,110. For this, they used the Au-nanoparticle-catalyzed deacetylation of amplex red 

by H2O2, generating fluorescent resorufin which became visible as distinctive emitters on the 

surface of the nanoparticles. The reverse principle was used by Levin et al., who used the 

reductive deactivation of the fluorescein emission over Au by NaBH4 as a tool to characterize 

lithographic68 and colloidal69 single nanoparticles. However, both these approaches require the 

reactants or products to be visible by fluorescence, which limits the solute concentrations and 

the range of reactions that can be investigated. 

This account of various approaches to single particle catalysis makes it clear that there is no 

single solution, and that each technique is designed to investigate a specific aspect of the 

catalytic function of nanoparticles. The aim of my work is to add one more solution to this 

toolbox: Nanochannel Scattering Microscopy/Spectroscopy (NSM/NSS). 

2.2.2 Hydrogen Peroxide Decomposition 

To evaluate the capabilities of NSM/NSS as method for single particle catalysis, I have chosen 

two model reactions: hydrogen peroxide (H2O2) decomposition over Pt (Paper I) and 

fluorescein reduction over Au particles (Paper III). 

Hydrogen peroxide is a promising candidate for sustainable energy carriers in the future. It can 

be stored in liquid form111 and is regarded an clean oxidant112 that will decompose by itself 

when not kept in clean, low-pH conditions113. However, it is able to be reduced and oxidized 

in electrochemical applications111, making it highly interesting for fuel cells111 as source for 

electricity, as the catalysts in these devices use the decomposition of H2O2 to H2O and O2, as I 

will discuss below. 

This catalytic reaction of H2O2 decomposition is quite well investigated13,14,114–117 for various 

catalysts, and transitions metals from group 10 have emerged as established decomposition 
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catalysts, such as Pd13,112,116 and Pt14,85,118–121. In the investigations leading to Paper I, I have 

focused on Pt even though Pd is more common in the earth’s crust122. The decomposition of 

hydrogen peroxide on Pt surfaces can take different pathways14, where at the end the total 

reaction can be summarized as follows. 

𝐻2𝑂2

𝑃𝑡
→  𝐻2𝑂 +

1

2
𝑂2 

The pathways that do not use additional electrons (electrochemistry) or that do not require any 

other species present in the beginning other H2O2 and H2O are the perhydroxyl anion-oxide, 

oxygen-oxide and the peroxide-oxide mechanism14. Focusing on the latter, as it starts with a 

clean, metallic Pt surface and describes the reaction as a single-site process, the pathway can 

be separated into two subsequent steps, as depicted in Figure 6. 

 

Figure 6. H2O2 decomposition on a Pt nanoparticle. The first step, the separation of one 

oxygen from H2O2 and its binding to the Pt surface is rate limiting. Figure adapted from Serra-

Maia et al.118 

Investigations118 into the nature of this reaction pathway have revealed that it is the first step 

that has the largest activation energy (20.14 kJ/mol) and that the activation energy of the second 

step is 4.4 times smaller (4.60 kJ/mol). Consulting the Arrhenius equation, which states that 

the rate of a reaction is proportional to the inverse exponential of the activation energy, makes 

it clear that the rate of the first step is much lower than that of the second step. It is therefore 

the first step, the transfer of one oxygen atom to the Pt surface, that is the rate limiting step in 

the overall reaction. By testing several models, Serra-Maia et al.118 calculated the specific rates 

to be 0.0028 mol∙m-2∙s for the first step and 0.0385 mol∙m-2⋅s for second step. This means that 

creation of surface oxide is slowing the overall reaction down but also that if oxygen is already 

present on the surface, the decomposition of H2O2 is progressing via the much faster second 

step of the reaction. This is important for the choice of catalyst size, as smaller nanoparticles 

tend to have more stable surface oxygen species than larger ones14 due to the higher ratio of 

edge and corner sites. In that regard, larger Pt nanoparticles show a higher catalytic activity for 

H2O2 decomposition since the adsorbed oxygen is more readily released. This activity can be 

increased when the particles are pre-treated with processes that increase the surface oxide85, 

for example heating in an oxygen-rich atmosphere or exposing them to highly concentrated 

H2O2. However, the conclusion that the size of the nanoparticles only needs to increase for an 

increase in reactivity needs to be put in perspective. First of all, for larger particles, the 

effectivity of material use is decreased since the surface to volume ratio decreases. Considering 
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kinetics, particles that are larger than 3-5 nm have a similar work function (ionization energy) 

as the bulk material (5.3 eV), while atomic Pt has a work function of 9 eV14. The same principle 

applies to specific sites on the nanoparticle, where sites in terraces with higher coordination 

have a lower binding energy for oxygen species and sites on edges and corners bind more 

strongly to the reactants14,85. This, in turn, means that smaller particles would be favorable in 

terms of creating adsorbed oxide as the high binding energy on the numerous uncoordinated 

sites helps to overcome the high activation energy of the first step, but it also means that these 

sites are less likely to release the products formed and create therefore a poisoned surface with 

fewer available reaction sites. In conclusion, the most ideal Pt particles for H2O2 decomposition 

according to Serra-Maia et al.14,85,118,120 are below 5 nm in size and feature a surface rich in 

bound oxygen, that is, adsorbed oxygen Pt-O and not oxygen in the Pt lattice (PtxOy). 

The way in which I have investigated this catalytic reaction with the help of NSM on colloidal 

Pt nanoparticles trapped in individual nanochannels is described in detail in Paper I. Figure 7 

provides a short overview of the experimental process. 

 

Figure 7. Summary of the experiments in Paper I. a) A nanochannel was used as a flow 

reactor for this experiment, with a colloidal 70 nm Pt particle trapped at a constriction in the 

center of the channel. After the flushing in of a 30% or 15% H2O2 solution, the decomposition 

reaction began, creating oxygen that manifested itself as growing gas bubble in the channel, 

extending away from the constriction and the particle. Being clearly visible with NSM, the 

speed of growth of the bubble was measured, such that the gas volume produced could be 

derived. b) With an estimation of the particle surface and the number of reaction sites, a turn-

over frequency (TOF) could be derived for single Pt particles under different conditions. The 

insert shows a SEM image of one particle, being comprised of smaller crystallites. 

The particles that I have used here are nominally of 70 nm diameter, but are agglomerates of 

smaller, 2 nm – 3 nm, crystallites which are close to the ideal particle described above for this 

reaction. I used here the key traits of NSM, as described in detail in Chapter 3 below, that is, 

the detection and counting of the Pt particles as they enter the nanochannels and the subsequent 

flushing of H2O2 whose concentration changes I monitored by measuring the corresponding 

light scattering intensity changes of the nanochannel. Furthermore, I was able to quantify the 

growth of O2 bubbles in the channel, since O2 is one of the products of the H2O2 decomposition 

reaction on Pt. By evaluating the bubble volume and expansion speed over time, I could then 

estimate the turnover frequency (TOF) of single Pt particles. Furthermore, the observed 

encapsulation and reaction of a tiny reactant volume containing the catalyst particle between 

two O2 bubbles sparked the idea of using nanochannels as transient batch reactors, a concept 

that I have implemented in Paper III using fluidic operations involving both liquid and gas. 
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2.2.3  Dye Reduction over Au Nanoparticles 

Synthetic dyes are widely used in the food industry but are at the same time also investigated 

for their toxic and carcinogenic properties123–127. To this end, various methods have been 

proposed that can remove such harmful substances from wastewater. These methods include 

sorption techniques126 and catalytic decomposition reactions124. In my thesis work, I have used 

three different dyes as model reactants for single particle catalysis in nanochannels since they 

are safe to handle, water soluble and provide interesting spectral fingerprints in the visible 

regime, which was important for the development of NSS. Hence, in this chapter, I will briefly 

discuss the catalytic degradation of allura red, brilliant blue and fluorescein dyes on Au 

surfaces. The term degradation is used to describe a general change in the molecular structure 

of the dye that leads to a loss of typical properties, e.g. absorption bands or fluorescent 

behavior. As these organic dyes are rather complex molecules, their degradation can follow 

various routes,  being either oxidizing124,125 or reducing123,128 with respect to the dye molecule. 

The latter pathway includes a reducing agent that can donate electrons and protons, as for 

example sodium borohydride (NaBH4) that I have used. To this end, the degradation of 

fluorescein69,129 and brilliant blue130 follows similar pathways, as both compounds experience 

a hydrogenation that changes the molecular structure only slightly but nonetheless disables the 

characteristic optical response, that is, light absorption and fluorescence emission from 

fluorescein, and light absorption from brilliant blue. 

The process of reductive dye-hydrogenation facilitated by a Au nanoparticle catalyst and 

NaBH4 can be described by two different pathways: electron transfer128,129 or hydrogen 

transfer69. The first pathway requires the borohydride ion to react on the Au surface either with 

another borohydride ion (2𝐵𝐻4
− →  𝐵2𝐻6 + 𝐻2)129 or with water (𝐵𝐻4

−+𝐻2𝑂 →  𝐵𝑂2
− +

4𝐻2)128. During that process, an electron is transferred to the Au particle. If a dye molecule 

then attaches to the nanoparticle as well, this electron is passed onto the dye molecule and 

opens a double bond. The injection of the electron might occur at any point of the conjugated 

π-system but will be directed towards an oxygen double bond in the case of fluorescein129 or 

nitrogen double bond in the case of brilliant blue128 as suggested by Wang et al.129 

Subsequently, a hydrogen from dissociated water will be added to the aromatic backbone of 

the molecule and complete so the hydrogenation. The second pathway requires the borohydride 

to first react with water 𝐵𝐻4
−+𝐻2𝑂 →  𝐵𝐻2𝑂𝐻 + 𝐻2 + 𝐻+ before the boron hydroxide is 

adsorbed to the Au surface69. Levin et al.69 suggest that the step after the adsorption, namely 

the dehydrogenation, is rate-limiting for the overall reaction, and that it occurs preferably on 

sites with lower coordination. fluorescein, in contrast, is more readily bound to the surface of 

the Au catalyst such that a high dye concentrations in solution cause poisoning of the surface.69 

After one hydrogen has been separated from the boron hydroxide and diffuses across the 

catalyst surface, it attaches to a dye molecule bound to the surface and causes a hydrogenation 

there, such that the reduction of the dye is completed. A detailed analysis of the reaction paths 

of the fluorescein reduction reaction on Au is provided in Paper II and corroborated by NSS 

measurements in a femtoliter batch reactor hosting a single Au nanoparticle. 

Allura red degradation is a reaction that, for example, has been investigated for sewage 

treatment purposes, since dyes of the azo group are known to persist for a long time in the 
environment123–127,131. I have worked with this reaction in various preliminary experiments that 

in the end have led to the results presented in Paper III, even though they are not included 
there. Even though not fully understood, it is reasonable to assume that the reaction initially 
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follows a similar route as described above for fluorescein and brilliant blue. This requires allura 
red molecules to adsorb on Au as the first step. That this happens is reasonable to assume, since 

brilliant blue is reported to bind to Ag nanoparticles130, fluorescein69,129 and 
nitrophenol127,131,132 to Au nanoparticles, and since it has been shown that allura red 

degradation is greatly enhanced in the presence of Au nanoparticles128. A distinct difference 

between the degradation of allura red and brilliant blue/fluorescein, allura red is split into two 
organic acids123, as shown in Figure 8a. Specifically, the central nitrogen double bond is 

broken when the adsorbed hydrogen from boron hydroxide or from the transferred electron on 
the Au attaches to dye adsorbed to the Au, such that NH2 groups are formed. Since the distinct 

red color is caused by the 𝑛 − 𝜋∗  transition of the azo-bond, the resulting degradation products 

appear colorless in solution128.  

 
Figure 8. Catalytic dye composition on the example of allura red. a) Schematic decomposition 

of allura red with NaBH4 into 2-methoxy-5-methyl-aniline-4-sulfonic acid and 1-amino-2-
naphthol-6-sulfonic acid on an Au catalyst123 (structures adapted from same source). b) Some 

early unpublished NSS result from my thesis work in the form of scattering intensity spectra 
measured from two sections of a 200 nm by 200 nm nanochannel flushed with 100 mM allura 

red + 200 mM NaBH4 solution. The channel was decorated with 100 Au particles of 50 nm 

diameter between the sections. A clear change in the spectral scattering response is seen after 
the solution has passed the Au nanoparticles, indicating the occurrence of the degradation 

reaction. I refer to Chapter 3.2.3 for a detailed explanation of NSS. 

In some of my early experiments, I have used this reaction to verify the catalytic activity of my 

Au nanoparticles and test the NSS readout (described in detail in Chapter 3.2.3 and Paper II). 

As evident in Figure 8b, I was able to resolve a distinct change in the spectral fingerprint of a 

100 mM allura red + 200 mM NaBH4 solution flushed across 100 Au particles of 50 nm 

diameter arranged in a 200 nm by 200 nm nanochannel, which is a strong indication for the 

decomposition reaction to occur. However, while constituting encouraging preliminary results, 

we decided to at this point not further investigate this specific reaction for the following 

reasons: (i) the reduction of other dyes, such as fluorescein that I used in Paper III, is much 

better understood mechanistically68,69,129, which is helpful when establishing a new 

experimental approach;  (ii) the result shown above was achieved using 100 nanoparticles, 

which is far from the goal of single particle catalysis; (iii) the molecular extinction coefficient 

for allura red (4.75∙104 M-1cm-1 at 630 nm)133 is relatively low when compared to brilliant blue 

(9.7 M-1cm-1 at 630 nm)134 and fluorescein (8.74∙104 M-1cm-1 at 630 nm)135, meaning that a 

higher concentration is required to achieve the same amplitude in the NSS, as shown in Paper 

II. 
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3 MICROSCOPY AND SPECTROSCOPY 

Microscopy as such is a rather old concept used to investigate what is beyond the resolution 

power of the human eye, which means any structures that are smaller than 8.6 µm136. The 

earliest versions of magnifying instruments that used more than one lens were compound 

microscopes, with the first scientific work136 published by Robert Hooke in 1665. These 

microscopes were relatively simple and used the reflected or transmitted light from the sample 

to generate an image. While this technique was immensely important for pioneers of biology 

and led to, among others, phase contrast and polarization microscopy, it had the drawback of a 

relatively high background brightness which made transparent structures on opaque samples 

difficult to image. However, reflection and transmission, as used in brightfield microscopy, are 

not the only interactions of light with an object. So-called dark-field microscopy makes use of 

the scattering of light from micro and nanoscale objects whose RI is different than that of their 

surroundings, which makes it both the best and simplest technique to monitor liquids and gases 

in transparent channels on the micro and nanoscale, which is the focus of my thesis work. 

 

3.1 Dark-Field Scattering Microscopy 

 

Before I introduce dark-field microscopy70,137 as a technique to image nanofluidic structures, I 

will describe the experimental setup and the benefits arising from the use of dark-field 

microscopy. The light that is recorded from the sample is neither the light transmitted through 

it, nor the light that is directly reflected from its surface, it is the scattered light. As the name 

suggests, this light corresponds to the incident illumination redirected by a scatterer. Such a 

scatterer can be any object that interacts with this light. Important to note here is that scattering 

occurs at many angles, such that the object becomes visible from many directions, even if the 

incident light comes only from one direction. This is the basic principle of dark-field 

microscopy, where the illumination occurs at a shallow angle, such that only the scattered light 

is recorded with the microscope. As a result, any structures on the sample that scatter light 

appear bright, while the background remains dark – which is the effect behind the name of the 

technique. This is especially useful for seeing structures inside transparent objects, such as 

internal organs of biological species138 or, as in my case, channels in SiO2.  

To make dark-field microcopy experimentally possible, a special objective with high numerical 

aperture is needed that illuminates the sample at a shallow angle, and at the same time collects 

only the scattered light. This is commonly achieved with two separate light paths through the 

objective, as shown in Figure 9. The illuminating light that is generated by a light source 

(halogen, LED lamp or a laser) is truncated into a ring-shape by an aperture and then directed 

into the outer perimeter of the objective, where a ring lens or mirror focuses this light on the 

same focus spot as of the imaging lens. From there, the scattered light is guided to a camera to 

be recorded, with the option of having a spectrometer before the camera to resolve the scattered 

light spectrally. This principle is the same for all microscopes I have worked on, may it be a 

conventional upright microscope with the objective placed above the sample or an inverted 

microscope with the objective underneath the sample. 
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Figure 9. Schematic of the dark-field microscopy setup used for NSM experiments. The 
camera and light source were selected to suit the demands of a specific experiment. For NSS, 

a spectrometer was placed in front of the camera. 

 

3.2 Light Scattering from Nanofluidic Channels 

 

Scattering of electromagnetic waves from small objects is an extensive field in physics139. It is 

often separated into the different theories that describe scattering according to the size of the 

scattering object. At the level of the smallest objects, it is Rayleigh-theory that is used to 

describe the interaction of light with atoms and molecules, both being much smaller than the 

wavelength of the incident light. Since this type of scattering shows a distinctive dependency 

on the wavelength, it leads to common phenomena, such as the blue sky and colorful red and 

orange sunrises. Interestingly, we also find another type of scattering occurring in the sky, since 

clouds have a distinctive white-grey color. In contrast to the rest of the atmosphere, clouds are 

comprised of water droplets or ice crystals with sizes comparable to the wavelengths of 

sunlight. In this case, it is, therefore, Mie-scattering that describes best the scattering of 

electromagnetic waves from the water particles that form clouds. Mie-theory indeed predicts a 

nearly equal scattering intensity for all visible wavelengths, which, thus, explains the white-

grey color of clouds, as well as that of milk and smoke.  

In my work, as discussed above, I use nanofluidic channels to study catalysis on single 

nanoparticles since they: (i) offer a unique means to isolate single nanoparticles to avoid 

crosstalk between them, (ii) enable nanoscale control of reactant transport to and reaction 

product from single nanoparticles, and (iii) prevent the excessive dilution of reaction product 

to thereby – hopefully – make it detectable. As the focus of this chapter, I will discuss an 

equally important additional property of these channels that have geometrical cross sections on 

the same order of magnitude as the wavelengths of visible light (light is visible for the human 
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eye between 310 nm and 1100 nm140), i.e., between 100 nm and 200 nm. Hence, they interact 

strongly with visible light and this interaction is the basis for the NSM and NSS concepts I 

have developed to study catalytic reactions on single nanoparticles inside nanochannels.  

To first conceptually understand these optical properties of nanochannels (before deriving more 

rigorously the most important formulas based on Mie-theory) let us consider scratches in a 

windowpane, which become clearly visible when the light scatters from them at a specific angle 

(Figure 10a). Here, the scratches are grooves filled with air, which has a RI (n) of roughly 1, 

in a silicon oxide (n = 1.462)141 material. This means that this step in RI causes the light to be 

scattered from the SiO2-air interface of the scratch. 

 

Figure 10. Scratches in a glass surface in air and oil. a) The scratches in the glass (SiO2, n 

=1.462)141 surface can be seen as analogues of my nanochannels filled with air and are clearly 

visible to the naked eye. b) When the RI difference between content of the scratch and its 

surrounding is reduced, e.g., by applying rapeseed oil (n = 1.473)142, the smaller scratches 

become invisible,  while the scattering of the larger scratches is greatly reduced. In essence, 

this effect forms the basis for NSM and NSS., 

The scattering from these scratches can be greatly diminished when they are filled with a 

material that has nearly the same RI as the surrounding material, i.e., glass, as I have done with 

rapeseed oil (n = 1.473)142 in Figure 10b. Here, the difference in RI is much smaller (air – 

SiO2: ∆n = 0.462; oil – SiO2: ∆n = 0.011), causing the scattering of light from these scratches 

to greatly decrease in intensity and thus making them much less visible to the human eye. This 

is the very principle that is the basis for NSM and NSS, as the fluidic systems I have worked 

with in essence are tiny “scratches” in a glass surface that are filled with fluids of different RIs 

during my experiments. In the following chapter, I will describe this process in detail and 

present an analytical connection between RI difference and scattering cross section from 

elongated nanoscale objects, such as scratches or nanochannels. 

 

3.2.1  Analytical Description of Mie-Scattering from a Nanochannel 

To describe the nanochannels with rectangular cross section used in my experiments in the 

Mie-framework, I have approximated them as infinitely long cylinders. By doing so, I can then 

follow the derivation of equations that describe  the scattering of light  from such an object 

provided by Bohren and Huffman139. 
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At the very start, there is the description of the incoming light as an electromagnetic wave. 

 ∇2𝜓 + 𝑘2𝜓 = 0 Equation 1 

Here, 𝜓 is the amplitude of the wave and the wavenumber 𝑘 =
𝜔

𝑐
= 𝜔√𝜀𝜇. Since the channel 

is approximated as being cylindrical, it is useful to use cylindrical coordinates, as shown in 

Equation 2. 

 
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝜓

𝜕𝑟
) +

1

𝑟2

𝜕2𝜓

𝜕𝜙2
+

𝜕2𝜓

𝜕𝑧2
+ 𝑘2𝜓 = 0 Equation 2 

 

To solve the wave equation, a solution is required that can be separated into a radial, angular, 

and vertical part. The form of such a solution is given by Equation 3139, where we define 𝜌 =

𝑟√𝑘2 − ℎ2 and ℎ is the separation constant. 

 𝜓𝑛(𝑟, 𝜙, 𝑧) = 𝑍𝑛(𝜌)𝑒 𝑖𝑛𝜙𝑒 𝑖ℎ𝑧   (𝑛 = 0, ±1, … ) Equation 3 

   

 

Figure 11. The cylindrical coordinate system used for the derivations in this section. 

The linearly independent solutions to 𝑍𝑛  are the Bessel functions of the first and second kind, 

𝐽𝑛 and 𝑌𝑛  respectively, where 𝑛 denotes their integral order. The harmonic functions for the 

cylinder that can be generated from Equation 3 are given as139 

 𝑀𝑛 = ∇ × (𝑒̂𝑧𝜓𝑛),          𝑁𝑛 =
∇ × 𝑀𝑛

𝑘
 Equation 4 

when the unit vector that is parallel to the cylinder axis, 𝑒̂𝑧 , is taken as pilot vector. These 

harmonics are orthogonal to each other. If now the interaction of a plane wave 𝐸𝑖 = 𝐸0𝑒 𝑖𝑘𝑒̂𝑖𝑥  

that is incident onto a cylinder of radius 𝑎 in the direction of 𝑒̂𝑖 = − sin 𝜁𝑒̂𝑥 − cos 𝜁𝑒̂𝑧, with 𝜁 

being the angle between cylinder axis and the incident wave (see Figure 12) is considered, this 

electromagnetic wave needs to be expressed in the cylinder harmonics that are defined above. 

In addition, two different cases need to be investigated; one where electric field is parallel to 

the xz-plane and one where it is orthogonal to it. 
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Figure 12. Section of the infinite cylinder used to approximate a nanofluidic channel with the 

Poynting vector of the incident and scattered light. 

For the first case when the electric field is parallel to the xz-plane, 

 𝐸𝑖 = 𝐸0(sin 𝜁𝑒̂𝑧 − cos 𝜁𝑒̂𝑥)𝑒−𝑖𝑘(𝑟 sin 𝜁 cos 𝜙+𝑧 cos 𝜁) Equation 5 

the expansion of this field in cylinder harmonics is given as 

 𝐸𝑖 = ∑ [𝐴𝑛𝑀𝑛
1 + 𝐵𝑛𝑁𝑛

1].

∞

𝑛=−∞

 Equation 6 

It was stated above that the Bessel functions of the second kind, 𝑌𝑛 , are solutions to the wave 

equations as well. However, at this point, they must be excluded since the electric field at 𝑟 =

0 cannot be infinite. Hence, only the Bessel functions of the first kind, 𝐽𝑛, remain as eligible 

solutions. When Equation 5 is compared with Equation 3, it is also clear that the separation 

constant ℎ should be −𝑘 cos 𝜁. Having in this way defined the function that generates the 

cylinder harmonics, 𝐽𝑛(𝑘𝑟 sin 𝜁)𝑒 𝑖𝑛𝜙𝑒−𝑖𝑘𝑧 cos 𝜁 , the steps provided by Bohren and Huffman139 

can be followed further to arrive at the following expressions for the coefficients 𝐴𝑛  and 𝐵𝑛. 

 𝐴𝑛 = 0,         𝐵𝑛 =
𝐸0(−𝑖)𝑛

𝑘 sin 𝜁
 Equation 7 

If then the electric field is defined as 𝐸𝑛 = 𝐸0 (−𝑖)𝑛 𝑘 sin 𝜁⁄ , the incident electromagnetic field 

in cylinder harmonics can now be written as 

 𝐸𝑖 = ∑ 𝐸𝑛𝑁𝑛
1∞

𝑛=−∞ ,         𝐻𝑖 =
−𝑖𝑘

𝜔𝜇
∑ 𝐸𝑛𝑀𝑛

1∞
𝑛=−∞ . Equation 8 

The internal field of the cylinder in question has a similar generating function for the cylinder 

harmonics as the incident field, since this function is also using the Bessel functions of the first 

kind, and it needs to satisfy continuity at the boundary of the cylinder, such that ℎ = −𝑘 cos 𝜁.  
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Here, it is important to introduce a relation that connects to the materials inside and outside of 

the nanochannel. Specifically, introducing m, which is the ratio between the RI of the material 

that fills the cylinder (ncylinder; in my experiments this corresponds to a liquid or a gas) and the 

material the cylinder is embedded in (nsurrounding; in the experiments this will be SiO2), as 

 𝑚 =
𝑛𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟

𝑛𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔
. Equation 9 

Using this definition, the function that generates the internal field in the nanochannel is 

𝐽𝑛(𝑘𝑟√𝑚2 − cos2 𝜁)𝑒 𝑖𝑛𝜙𝑒−𝑖𝑘𝑧 cos 𝜁, which leads to the following expansions of the internal 

electromagnetic field 

 𝐸𝐼 = ∑ 𝐸𝑛[𝑔𝑛𝑀𝑛
1 + 𝑓𝑛𝑁𝑛

1]∞
𝑛=−∞ , 𝐻𝐼 =

−𝑖𝑘

𝜔𝜇
∑ 𝐸𝑛[𝑔𝑛𝑁𝑛

1 + 𝑓𝑛𝑀𝑛
1]∞

𝑛=−∞ . Equation 10 

The scattered field assumes subsequently a similar form 

 

𝐸𝑠 = ∑ 𝐸𝑛[𝑏𝑛1𝑁𝑛
3 + 𝑖𝑎𝑛1𝑀𝑛

3]

∞

𝑛=−∞

,          

Equation 11 

𝐻𝑠 =
𝑖𝑘

𝜔𝜇
∑ 𝐸𝑛[𝑏𝑛1𝑀𝑛

3 + 𝑖𝑓𝑎𝑛1𝑁𝑛
3],

∞

𝑛=−∞

 

where the generating function 𝐻𝑛(𝑘𝑟 sin 𝜁)𝑒 𝑖𝑛𝜙𝑒−𝑖𝑘𝑧 cos 𝜁 is used, including the Hankel 

function of the first kind 𝐻𝑛 = 𝐽𝑛 + 𝑖𝑌𝑛 . The Bessel function of the second kind can be included 

since the scattered field can be considered to be an outgoing wave at large distances from the 

cylinder (|𝜌| ≫ 𝑛2). Looking at the boundary conditions at 𝑟 = 𝑎, Bohren and Huffman139 

offer the following relations for the coefficients 𝑎𝑛  and 𝑏𝑛  

 𝑎−𝑛1 = −𝑎𝑛1,         𝑏−𝑛1 = −𝑏,        𝑎01 = 0  

Assuming now the common case that the incident light is normal to the cylinder axis (𝜁 = 90°), 

𝑎𝑛1 vanishes, the coefficient 𝑏𝑛  for the case of the electric field of the incident light being 

parallel to the xz-plane becomes the following, where 𝑥 = 𝑘𝑎: 

 𝑏𝑛1(𝜁 = 90°) = 𝑏𝑛 =
𝐽𝑛 (𝑚𝑥)𝐽𝑛´(𝑥) − 𝑚𝐽𝑛 ´(𝑚𝑥)𝐽𝑛(𝑥)

𝐽𝑛(𝑚𝑥)𝐻𝑛´(𝑥) − 𝑚𝐽𝑛´(𝑚𝑥)𝐻𝑛(𝑚𝑥)
 Equation 12 

For the second case, where the incident electrical field is perpendicular to the xz-plane, the 

derivation for the coefficients that was laid out in Bohren and Huffman’s book139 follows 

similar steps, finally arriving at an expression for 𝑎𝑛  under the condition of normal incidence. 

 𝑎𝑛2(𝜁 = 90°) = 𝑎𝑛 =
𝑚𝐽𝑛 ´(𝑥)𝐽𝑛(𝑚𝑥) − 𝐽𝑛 (𝑥)𝐽𝑛´(𝑚𝑥)

𝑚𝐽𝑛 (𝑚𝑥)𝐻𝑛´(𝑥) − 𝐽𝑛 ´(𝑚𝑥)𝐻𝑛(𝑥)
 Equation 13 

The incident, internal and scattered electromagnetic waves can now be described in terms of 

cylinder harmonics and the necessary coefficients 𝑎𝑛  and 𝑏𝑛  are available when considering 

the scattering from a normally incident wave of either polarization. Therefore, the scattering 

cross sections of our nanochannel under the approximation that it is a cylinder of infinite length 

can now be calculated.  
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Figure 13. Incident light 𝑊𝑖 and its scattered part 𝑊𝑠, together with the integration surface 

around the cylinder. 

As any infinite object would have an infinite cross section, it is advised to define the cross 

section with regards to a certain unit length. For this purpose, a closed concentric surface is 

constructed around the cylindrical particle that has length 𝐿 (in the direction of the z-axis) and 

radius 𝑅, together with a mantle surface 𝐴 (Figure 13). This allows it to consider rates at which 

the incoming light is absorbed and scattered. 

 𝑊𝑎 = − ∫ 𝑺 ⋅ 𝒏̂
 

𝐴

 𝑑𝐴 = 𝑊𝑒𝑥𝑡 − 𝑊𝑠 = 𝑅𝐿 ∫ (𝑺𝑒𝑥𝑡 )𝑟  𝑑𝜙
2𝜋

0

− 𝑅𝐿 ∫ (𝑺𝑠)𝑟 𝑑𝜙
2𝜋

0

 Equation 14 

The radial components of the Poynting vector 𝑺 are used above, following the definition as the 

cross product of the electric and magnetic field. 

 𝑆𝑒𝑥𝑡 =
1

2
 Re(𝑬𝑠 × 𝑯𝑠

∗),  𝑆𝑠 =
1

2
 Re(𝑬𝑖 × 𝑯𝑠

∗  + 𝑬𝑠 × 𝑯𝑖
∗)  

Starting now with the first case that we discussed above, the incident electric field being parallel 

to the xz-plane, we insert the corresponding series expansions (Equation 8 and Equation 11) 

into the formulas above and execute the integration. This results in an expression that relates 

the coefficients 𝑎𝑛  and 𝑏𝑛  to a scattering efficiency 𝑄𝑠𝑐𝑎. This scattering efficiency compares 

the scattered radiation to the actual geometric dimension the nanochannel 

 𝑄𝑠𝑐𝑎,𝑝 =
𝑊𝑠

2𝑎𝐿𝐼𝑖
=

2

𝑥
[|𝑏0|2 + 2 ∑ (|𝑏𝑛 |2 + |𝑎𝑛|2)∞

𝑛=1 ]. Equation 15 

For the second case, i.e., the electric field being orthogonal to the xz-plane, the derivation is 

similar and leads to the following scattering efficiency 

 𝑄𝑠𝑐𝑎,𝑜 =
2

𝑥
[|𝑎0|2 + 2 ∑ (|𝑎𝑛|2 + |𝑏𝑛 |2)∞

𝑛=1 ]. Equation 16 

If the incident light is unpolarized, which is commonly the case in experiments where 

continuous wave light sources are used (like in my experiments), the scattering efficiency can 

be written as 

𝑄𝑠𝑐𝑎 =
1

2
(𝑄𝑠𝑐𝑎,𝑝 + 𝑄𝑠𝑐𝑎,𝑜). 

Another important simplification that can be done at this point is the assumption that an object 

that is much smaller than the wavelength of light is considered. Specifically, if we look at 𝑥, 
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which is defined as 𝑥 = 𝑘𝑎 = 2𝜋𝑎/𝜆, we see that it becomes very small since the radius 𝑎 of 

nanochannel I typically use in my experiments is at around 70 nm and the visible light spectrum 

is centered around 550 nm. This enables us to use relatively simple forms139 of the Bessel 

functions needed for the coefficients  𝑎𝑛  and 𝑏𝑛 , that is 

 𝐽0(𝑧) = 1 −
𝑧2

4
, 𝐽1(𝑧) =

𝑧

2
−

𝑧3

16
, 𝑌0(𝑧) =

2

𝜋
ln (

𝑧

2
),     𝑌1(𝑧) = −

2

𝜋𝑧
 . 

Inserting those expressions in Equation 11 and Equation 12 then yields the necessary 

coefficients for the scattering efficiencies, provided that only the terms with the smallest degree 

in 𝑥 are considered. 

 

𝑎𝑜 =
−𝑖𝜋𝑥4(𝑚2 − 1)

32
, 𝑏𝑜 =

−𝑖𝜋𝑥2(𝑚2 − 1)

4
 

𝑎1 =
−𝑖𝜋𝑥2

4
(

𝑚2 − 1

𝑚2 + 1
) , 𝑏1 =

−𝑖𝜋𝑥4(𝑚2 − 1)

32
 

Equation 17 

From here, I can go back to Equations 15 and Equation 16. Using only the terms with the 

highest contribution, the following expressions for the scattering efficiencies for parallel and 

orthogonal incident light are gained. 

 
𝑄𝑠𝑐𝑎,𝑝 =

𝜋2𝑥3

8
(𝑚2 − 1)2 =

𝜋2𝑘3𝑎3

8
(𝑚2 − 1)2 

Equation 18 

 
𝑄𝑠𝑐𝑎,𝑜 =

𝜋2𝑥3

4
(

𝑚2 − 1

𝑚2 + 1
)

2

=
𝜋2𝑘3𝑎3

4
(

𝑚2 − 1

𝑚2 + 1
)

2

 
Equation 19 

These efficiencies are given with respect to the projected surface 2𝑎𝐿 that the normally incident 

light “sees” when approaching the cylindrical nanochannel. To finally be able to write down 

the equations that define the nanochannel scattering cross sections, the above equations need 

to be multiplied by this projected surface. While doing so, the geometric nanochannel cross 

section, 𝐴∅ = 𝜋𝑎2, emerges and the scattering cross sections for parallel and orthogonal 

polarization can be written as  

 
𝜎𝑠𝑐𝑎,𝑝 =

𝐴∅
2 𝑘3𝐿

4
(𝑚2 − 1)2 

Equation 20 

 
𝜎𝑠𝑐𝑎,𝑜 =

𝐴∅
2 𝑘3𝐿

2
(

𝑚2 − 1

𝑚2 + 1
)

2

 
Equation 21 

If finally unpolarized light irradiation is assumed, as in my experiments, we average both 

scattering cross sections and arrive at Equation 22, which is the fundamental formula for NSM.  

 𝜎𝑠𝑐𝑎,𝑢 =
𝐴∅

2 𝑘3𝐿

4
(𝑚2 − 1)2 (

1

2
+

1

(𝑚2 + 1)2
) Equation 22 

the importance of Equation 22 is given by the fact that it combines the measured scattering 

intensity (through the scattering cross section) via the geometry of the fluidic system (channel 

dimensions) to the properties of the medium inside the channel. It can be seen from this formula 

that a short wavelength and a large channel would, in principle, be beneficial for an improved 

scattering signal. On the other hand, in the context of measuring reaction product formed on a 
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single catalyst nanoparticle, a large channel would lead to a more diluted product concentration 

in the nanochannel and, thus, a reduced RI contrast, which consequently would reduce the 

sensitivity in that way. The ideal channel for NSM when used for single particle catalysis is 

therefore large enough to be a good scatterer but also small enough to keep the reaction 

products from one single nanoparticle concentrated. On a side note, if we assume an RI ratio 

of 𝑚 = 0.9, the cross section for the parallel incident light contributes around 63% to the 

combined cross section, indicating thereby another way how the sensitivity could possibly be 

enhanced, i.e., by investing all the available light power into parallel polarized rather than 

unpolarized light. 

3.2.2  Nanofluidic Scattering Microscopy – NSM  

Liquid exchange and concentration assessment 

After having laid out the basis for understanding NSM with the very simple demonstration at 

the start of Chapter 3.2, and describing it analytically in Chapter 3.2.1, I would now like to 

show a first application of NSM that I have developed. For this purpose, I use results from 

Paper I, where I used a fluidic design as shown in Figure 16 to demonstrate the light scattering 

response of a nanochannel to a liquid exchange. The nanochannels used here had a 150 nm x 

150 nm cross section and a total length of 340 µm, whereof 170 µm are within in the field of 

view of the camera. At first, the parallel nanochannels, situated between two microchannels, 

were filled with pure water (n = 1.333)143. Then, a 30 % solution of hydrogen peroxide (H2O2) 

was flushed into the nanochannels by applying a pressure of 2 bar to one inlet of one 

microchannel, with the result shown in Figure 14. 

 
Figure 14. Liquid exchange in nanochannels monitored by NSM. a) Series of dark-field 

images of six parallel nanochannels after a reference image with water-filled channels has 

been subtracted. The H2O2 entering the nanochannels can be seen as darkening of the image. 

b) Relative scattering intensity difference of one nanochannels along its length. At the start, 

the channel is water-filled (zero difference in scattering) and subsequently flushed by a 30% 

H2O2 solution by means of convective flow. The concentration front can be seen moving 

through the channel over time. The marked trap area is later used for colloidal particle 

trapping for catalysis experiments. 
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From the picture series in Figure 14a, it is clear that replacing H2O by a 30 % H2O2 solution 

causes the nanochannels to appear darker, meaning that the intensity of the light scattered from 

them has decreased. When the relative (with respect to water) intensity change is plotted for 

specific times along one nanochannel, as done in Figure 14b, more fluidic effects become 

visible. It can be very clearly seen that the H2O2 solution does not enter the nanochannel 

abruptly, but exhibits a stretched-out diffusion front, meaning that the transition from a pure 

water-filled channel to a solution-filled channel happens gradually. As the diffusion of H2O2 

in the micro and nanochannels occurs at the same time as the convective flow caused by 

pressure applied to the H2O2 reservoir on the fluidic chip, a diffusion front in the shape of an 

error-function is moving through the nanochannel. A more detailed description of this process 

together with an assessment of the diffusion constant is given in Paper I. In general, when a 

liquid other than pure water is entering a previously water-filled nanochannel, the scattering 

intensity decreases if this liquid has a higher RI than water. While the analytical explanation is 

already given with Equation 22, I would like to visualize this phenomenon in Figure 15. Here, 

I used Equation 22 to plot the theoretical scattering cross section of a 140 nm x 140 nm 

nanochannel of 170 µm length that is illuminated by 550 nm light. To show the general 

behavior predicted by Equation 22, the RI range for the medium inside the channel is varied 

from 0.8 RI-units (RIU) to 2.4 RIU. 

 

Figure 15. Connection between fluid RI and nanochannel scattering cross section. 

Theoretical scattering cross section (blue) of a 150 nm x 150 nm nanochannel of 170 µm length 

calculated using equation 22 and plotted over a wide range of RIs for the medium inside the 

channel. The markers indicate the RIs for SiO2 glass  (n = 1.4585 RIU)141, water (n = 1.3333 

RIU)143 and a 30% aqueous H2O2 solution (n = 1.3529 RIU)144. 

The RI dependence of the calculated nanochannel scattering cross section exhibits a minimum 

at exactly the RI value of SiO2 (1.4585 RIU)141. The explanation can be found by analyzing 

Equation 22 or by considering that a channel filled with SiO2, while being also embedded in 

SiO2, would be optically invisible since no light could scatter from it. Hence, its scattering 

cross section is zero. When the channel is filled with water (1.3333 RIU)143, however, we see 

that the scattering cross section of the channel is now approx. 0.28 µm2. This means that the 

channel will now scatter light efficiently and will become visible in an experiment, such as the 
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one summarized in Figure 14. Exchanging the liquid in the channel from pure water to an 

aqueous 30% H2O2 solution, we also change the RI to 1.3529 RIU144, which according to 

Equation 22 yields a scattering cross section of 0.19 µm2. This is significantly lower than for 

the water filled channel (see also inset in Figure 15) and thus the explanation for the result that 

we see in the measurement shown in Figure 14, where the scattering intensity of the water 

filled nanochannel is higher than for the H2O2 filled one. While Equation 22 is not linear over 

the complete RI range shown in Figure 15, for the small RI differences that I am considering 

in my work, it can be approximated as linear in a reasonable way.  

Another interesting aspect is that the change of scattering cross section and scattering intensity, 

would be much more pronounced for liquids that have a higher RI than SiO2, as seen for RI 

values above 2 in Figure 15. While such liquids exist (e.g. selenium monobromide145, n = 2.02 

RIU), they have significant drawbacks, such as high viscosity, and are not suited as solvent for 

a chemical reaction. As a similar thought, the RI of the surrounding material could be changed, 

such that it will have a larger difference to the RI of water. While this may be more feasible 

technically, it still poses the challenge of finding a material that has the same well-established 

properties as SiO2 (e.g. in terms of chemical inertness) and for which micro- and 

nanofabrication recipes readily exist. 

Particle detection and counting 

Another way to use NSM is to monitor small objects in nanochannels, such as nanoparticles. 

After the discussion presented in section 3.2.1, it is clear that the presence of a nanoparticle 

inside a nanochannel also induces a (small) change in the local scattering cross section of the 

system. In other words, the anticipated reason why such a particle becomes visible with NSM 

is simply that a particle has a much higher RI compared to the liquid inside the nanochannel 

alone. However, this is not the full picture. Specifically, earlier research in our group found 

that for biological nanoparticles inside a nanofluidic channel (e.g., a protein or an extracellular 

vesicle) it is the interference between the scattering from the particle and the scattering from 

the nanochannel that creates the optical contrast70. In fact, this interference-based contrast is 

much larger than the purely RI-based one, which makes even single proteins visible in NSM.70  

It is therefore interesting to consider the scenario for metallic nanoparticles, which also support 

LSPR and that leads to a strong interaction with irradiated visible light via both absorption and 

scattering137,146,147. Hence, in principle, when located inside a (light scattering) nanochannel 

the response of the combined system could: (i) be that the absorption of light by the metal 

nanoparticle simply causes a decreased scattering intensity of the combined system at the 

position of the particle or (ii) that the interference of light scattered by the channel and the 

particle creates a distinct enhanced or reduced response. Elucidating this question is part of the 

ongoing research in our group. In my work presented below and in Paper I, I used Pt 

nanoparticles which have a relatively weak plasmonic response that is dominated by 

absorption87. Hence, they are not readily visible in traditional dark-field microscopy as Au or 

Cu particles would be148. Notably, however, they can be made visible in nanochannels with 

NSM, as I show below. 

In these experiments, I used nanochannels that feature a nanofabricated constriction in the 

center of each nanochannel (Figure 16a). This constriction is designed to work as a physical 

trap for colloidal nanoparticles flushed through the nanochannel and corresponds to a 1 µm 

long section of the nanochannel along which the free height is reduced to 30 nm. Hence, any 
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object larger than 30 nm cannot pass and will get mechanically trapped, while liquid flow 

through the nanochannel still is possible. The nanoparticles I used were spherical Pt colloids 

with a nominal diameter of 70 nm, comprised of small crystallites in the few nm size range 

(Figure 16b). Pt is reported as an excellent catalyst for H2O2 decomposition as discussed in 

section 2.2.2, on par with or even exceeding Pd in terms of activity116. As a first step, I verified 

that these particles could enter the nanochannels by means of convective flow and that my 

fluidic design was suitable for trapping these particles. For this, I used a fluidic chip with a 

glass lid only weakly bonded by polysilsesquioxane (PSQ), as developed by Levin et al.69, to 

enable reopening of the chip after particle trapping to verify the number of trapped particles by 

electron microscopy. Figure 16c,d show SEM images of a single and of multiple of such Pt 

nanoparticle(s) captured by a nanochannel trap. 

 

 

Figure 16. Trapping of colloidal particles in nanochannels. a) Artist’s rendition of 

nanochannels with vertical constrictions in the center that serve as traps for colloidal 

nanoparticles flushed through the channels. b) TEM image of a Pt particle. Note the highly 

structured surface due to the particle being comprised of small crystallites in the few nm size 

range. c) SEM image of a constriction with a single trapped colloidal Pt particle. Taking this 

image was possible by using polysilsesquioxane (PSQ) to reversibly bond the lid to the chip, 

which enabled the reopening of the chip after particle trapping and thus imaging of the trap 

region. d) Same as c, but with trap at which 8-9 Pt particles have accumulated.  

Since the re-openable chips with PSQ-bonded lids cannot be used for the catalysis experiments 

reported in Paper I due to leaking between nanochannels in the nanochannel array, I decided 

to use NSM to count Pt particle(s) trapped in each channel when the lid instead was thermally 

bonded onto the chip. This was of particular importance since we (i) aimed at true single 

particle experiments and (ii) needed to know the number of particles in each channel to be able 

to ultimately derive accurate reaction turnover frequencies in Paper I. 
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The first method that I have developed to see “dark” Pt particles in the channels is by taking a 

reference picture of the empty channel system and subtracting it from the subsequent series of 

pictures in the trapping experiment (Figure 17a,b). This method is straightforward, but it 

requires a very stable setup, such that the reference picture remains valid for the entire 

experiment. The second method that does not require an empty channel reference is based on 

the fact that the parallel nanochannels on my chip form a regular periodic pattern. Hence, by 

using a fast Fourier transform (FFT) bandpass filter and thereby eliminating the frequency 

belonging to the channel pattern from the picture, the particles appear as distinct dark spots 

since they do not periodically occur in the scattering images (Figure 17c). The drawback with 

the FFT approach is the relatively slow and computationally costly Fourier transformation. 

Hence, I have used the subtractive referencing method in the experiments described in Paper 

I. 

 
Figure 17. Single Pt colloidal particle detection and counting. a) Raw dark-field micrograph 

of an empty nanofluidic system with parallel nanochannels. The dark line in the middle stems 
from the traps and the radial intensity gradient is the consequence of uneven illumination of 

the sample. b) Differential image obtained by subtracting an image of the nanochannels when 

the particles were pressed towards the trap (by convective flow through the channel) from an 
image where Pt particles are randomly diffusing inside the channel in absence of flow. This 

procedure reveals the particles as dark spots. Note that the white spots at the traps mark 
positions at which the particles were localized in the reference image. c) FFT version of the 

same image as in b). FFT reveals the particles since they are not part of the regular 

nanochannel pattern, as even more (immobilized) particles can be seen than in b). d) Counting 
of freely diffusing particles by detecting their (negative) scattering intensity peaks along the 

nanochannel. e) Counting of nanoparticles at the trap by monitoring the change of the 
scattering intensity at the trap area over time. The arrival of a particle at the trap causes a 

steplike decrease in the scattering intensity. 

With a method now at hand to resolve single Pt nanoparticles inside my nanochannels, the next 

step was to find a way to count them to know how many of them that are captured by each trap 

and thereby be able to optimize the trapping procedure towards as many single nanoparticles 
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in each individual nanochannel as possible. In principle, there are two possibilities to do this. 

The first one relies on the fact that the particles are subject to Brownian motion149,150, which 

means they will move randomly in front of the trap, provided no convective flow forces them 

against the trap. By simply monitoring the motion of the particles over time, I can count the 

number of particle peaks in the scattering trace along the nanochannel (Figure 17d). This 

method requires that no particle gets immobilized at the trap because in that case they cannot 

be counted. The alternative way to count trapped particles is to monitor the scattering intensity 

at the trap area of the channel since any Pt particle arriving there will reduce the scattering 

intensity in a stepwise manner (Figure 17e). In my work, I have used this method, as it was 

crucial to detect any particle arriving at the trap to not misinterpret their activity. 

3.2.3 Nanofluidic Scattering Spectroscopy – NSS 

The Kramers-Kronig relation 

In the preceding section, I outlined how white light scattering from a nanochannel depends on 

the difference in RI between the material inside the channel (in my case a liquid, even though 

gas bubbles were investigated in Paper I) and the material that surrounds it. However, a further 

interesting aspect is that the RI in general is wavelength dependent. To this end, while liquids, 

e.g. water, or solids, e.g. SiO2, that are transparent to visible light exhibit RIs that are fairly 

smooth, if not constant, there are many systems and molecules that exhibit distinctly 

wavelength-dependent RIs, which is often connected to a sizable light absorption at specific 

wavelengths. Well-known examples are (aqueous solutions of) dyes133, such as brilliant blue, 

allura red and fluorescein already discussed above in the context of catalysis, or metal 

complexes, which can find use as photosensitizers for catalysis75. Applied to my nanofluidic 

channels, their absorption bands lead to light scattering properties that cause a strongly 

modulated scattering spectrum of a channel filled with such a dye solution.  

The key to understanding this effect is the Kramers-Kronig relation. In a mathematical sense, 

this relation connects the real and imaginary part of a complex function that is analytic in the 

upper half plane and vanishes sufficiently fast for large arguments133. In my case, this complex 

function is the RI, 𝒏(𝜔) = 𝑛(𝜔) + 𝑖𝜅(𝜔), since it contains in its real part the index for 

diffraction and in its imaginary part the extinction coefficient. With this information at hand, 

the Kramers-Kronig relation can be written as151 

 𝑛(𝜔) − 1 =
2

𝜋
𝒫 ∫

𝜔´𝜅(𝜔´)

𝜔´2 − 𝜔2 𝑑𝜔´
−∞

0

 
Equation 23 

 

where 𝒫 denotes the Cauchy principal value of the integral. When now this equation is 

rewritten by substituting the wavelength 𝜆 = 2𝜋𝑐/𝜔, the result is  

 
Δ𝑛(𝜆) = 𝑛(𝜔) − 1 =

2

𝜋
𝒫 ∫

𝜅(𝜆´)

𝜆´ (1 − (
𝜆´
𝜆 )

2

)

𝑑𝜆´
−∞

0

 
Equation 24 

The relation between 𝜅 and the experimentally measurable absorption coefficient 𝛼 is given by 
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 𝜅(𝜆) =
α λ

4𝜋
 Equation 25 

With this relation at hand, an experimentally determined absorption coefficient can be related 

to the real part of the RI, as demonstrated by Sai et al133.  In addition, and of key importance 

for my work, the above means that changes in the absorption coefficient of a liquid inside a 

nanochannel can be measured accurately and in a spectrally resolved way by measuring the 

wavelength-dependent scattering intensity from this nanochannel – the essence of NSS. This, 

in turn, opens the possibility to identify chemical compounds inside a nanofluidic channel 

based on their distinct spectral “fingerprint” derived from the light scattering signature of the 

channel.  

Connecting absorption and scattering spectra 

To demonstrate the NSS concept discussed in detail in Paper II, I used the dye brilliant blue 

and analyzed the obtained results theoretically using Equation 22 in combination with Equation 

24. To measure scattering spectra from only a single nanochannel, I closed the entrance slit of 

the spectrometer mounted on the dark-field microscope, such that only the scattering signal 

from this single nanochannel is recorded. To further reduce readout noise and minimize the 

amount of data, the whole spectrum was binned along the nanochannel. Accordingly, the 

scattering spectra shown in Figure 18 for 50 mM brilliant blue aqueous solution and pure 

MilliQ water, respectively, correspond to the accumulated scattering intensity of the whole 

nanochannel. 

 

Figure 18. Scattering spectra of a single nanochannel filled with pure water and a 50 mM 

brilliant blue solution. First, the scattering spectrum of a single nanochannel filled with pure 
MilliQ water (orange line) was measured. Subsequently, a 50 mM brilliant blue solution was 

flushed through the nanochannel (blue line). Also shown is the absorption spectrum of brilliant 

blue133 (dashed black line) measured by standard absorption spectrophotometry (ASP). 

The presence of the dye solution in the nanochannel is reflected clearly in its scattering 

spectrum (Figure 18), where a large reduction of the scattering intensity can be seen around 

670 nm, while the scattering is enhanced around 587 nm, when comparing to a water-filled 

channel. This is at first a somewhat puzzling result, since if it only were light absorption of the 

dye that is seen in the scattering spectrum, only a reduction of the scattering intensity at 620 

nm would be expected. It is also remarkable that the distinct peaks appear at wavelengths where 
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the absorption of the dye either in- or decreases. To analyze this, I refer first to Equation 24 to 

derive from the absorption coefficient spectrum of the dye (Figure 19a) the wavelength 

dependent change of the RI (Figure 19d), as caused by the wavelength-dependent extinction 

of the dye solution. Subsequently, I use this RI change in Equation 22 to determine the induced 

change of the nanochannel scattering cross section. Now comparing the position of the positive 

(around 600 nm) and negative (660 nm) peaks of the scattering cross section difference (∆σ) 

shown in Figure 19d with the changes in the scattering intensity (Figure 18) induced by 

brilliant blue, and remembering that the scattering intensity is proportional to the scattering 

cross section, it is clear that the distinct absorption of the dye creates a distinct scattering 

spectrum, albeit indirectly via the RI. The same relation between absorption spectrum and RI, 

and consequently between RI and scattering cross section, can be established for virtually any 

species that have a distinct color in the visible regime. For completeness, I have repeated the 

process discussed for brilliant blue also for allura red and fluorescein (Figure 19c-f), yielding 

very similar results.  

 

Figure 19. Analytical transformation from absorption coefficient spectra to scattering cross 

section spectra for brilliant blue, allura red and fluorescein aqueous solutions. a) to c) The 

absorbance spectra as measured with ASP are here shown as absorption coefficient spectra, 

which can be calculated by dividing the measured absorbance values by the optical path 

through the sample solution (here 1 cm) and by log(e). The subsequent calculation of the 

extinction coefficient κ is done with Equation 25. d) to f) Using κ in the Kramers-Kronig 

relation (Equation 24) yields the change of the real part of the RI caused by the respective 

absorption features of each type of dye molecule in the solution. Applying then Equation 22 

delivers the scattering cross section of a nanochannel filled with the corresponding dye 

solution. Subtracting the scattering cross section of a water-filled channel finally yields the 

difference in scattering cross section, ∆σ, which is proportional to the observed difference in 

scattering intensity. 
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Developing an optical referencing scheme for NSS 

The most crucial part when extracting molecule-specific scattering spectra from nanochannels 

filled with an analyte solution is the comparison with the scattering measured from the same 

channel filled with the solvent, which in my case always has been MilliQ water. This is 

conceptually comparable with the working principle of a macroscopic absorption 

spectrophotometer, where first the absorption spectrum of a water-filled cuvette is recorded 

before the actual solution in an identical cuvette is measured, such that any contributions from 

any sources other than the solution itself can be excluded. The same referencing principle can 

be applied to NSS, only that it here must be the very same nanochannel that is compared while 

being water- and solution-filled. This is critical because even only very small variations in, e.g. 

nanochannel roughness can influence the result. Furthermore, it is beneficial if the nanochannel 

of interest is not moved or repositioned during the whole experiment, since even slight motion 

can have consequences for the resulting scattering spectra. Another point that distinguishes 

NSS from ASP is that due to the small scale of the whole experimental environment, it is very 

susceptible to drifts of the microscope stage, defocusing and fluctuations in the illumination, 

together with stray light from the environment, as well as temperature changes. To address 

these issues for ASP, split-beam spectrometers152 (sometimes referred to dual-beam 

spectrometers) have been developed that split the sample beam in two, such that one beam can 

always be directed through a reference cuvette while the other beam is measuring the actual 

sample at the same time.  

 

Figure 20. Optical referencing scheme for NSS, resulting in relative scattering intensity 

difference spectra (RSID). a) As a first step, all nanochannels are filled with the solvent of 
choice (water in my case) and the spectrum from the sample channels is divided by the spectrum 

of the reference channels to measure the intrinsic difference between those two scatterers. The 

sample channels are subsequently filled with solutions of different concentrations (or different 
concentrations are caused by a reaction over the particle), and their spectrum is divided again 

by the (constant) reference spectrum. As a final step, the intrinsic difference between sample 
and reference channel obtained in the first step is subtracted to gain what we call the relative 

scattering intensity difference - RSID - spectra, here exemplified on an aqueous allura red 

solution. 

I have used the same principle and implemented colinear reference nanochannels that are 

disconnected from the actual sample nanochannels into the fluidic design. They are placed 

above and below the central channels (which may contain catalytic particles) as shown in 

Figure 20a, such that the lower and upper reference channels together with the central channels 

fit in the slit of the spectrometer. These reference channels serve the purpose of remaining filled 
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with a reference liquid (preferably the solute, water for the work presented in this thesis) during 

the entire experiment, while in the central channels the liquid/reactant solutions are exchanged. 

In this way, simultaneously measuring the optical response from the reference channels and 

the channels in which a solute is exchanged, or a catalytic reaction may occur, enables the 

continuous optical referencing of the reaction channels (Figure 20b) in the same way as in 

dual-beam ASP. This eliminates intensity fluctuations and drifts from the light source, as well 

as effects from slow microscope defocusing and background scattering from the sample signal.  

Since the nanochannel that is used as reference is not the exact same channel that is used for 

the sample to be analyzed, the difference in scattering between this reference channel and the 

sample channel must be determined. To do so, the entire fluidic system of the chip, that is, both 

reference and reaction systems, are first filled with water to measure a scattering spectrum of 

all channels and channel sections of interest: (i) the upper reference channel, (ii) the section(s) 

of the sample channel upstream of the catalyst particle, (iii) the section of the reaction channel 

downstream of the particle, (iv) the lower reference channel. When subsequently comparing 

the scattering spectrum taken from the sample channel upstream of the particle with the upper 

reference channel spectrum (and likewise for the downstream fraction of the sample channel 

and the lower reference channel) as shown in Figure 20a, we obtain the intrinsic difference in 

light scattered from the selected fraction of the sample channel and the corresponding reference 

channel. In this way, during a catalysis experiment in the sample channel, all non-solution 

related contributions to the measured scattering spectra can be eliminated by subtracting the 

simultaneously measured scattering response from the reference channels adjacent to the up- 

and downstream fractions of the sample channel. The result of this procedure yield what we 

call the “relative scattering intensity difference” - RSID, as it displays how different the 

scattering intensity is for each wavelength when compared to the scattering from a water filled 

reference channel (Figure 20b). As explained when introducing the concept of NSM in 

Chapter 3.2.1, a higher concentration of a solute will cause (depending on its spectral features) 

an increased negative RSID amplitude. The neutral baseline is at zero, since the intrinsic 

difference (which is around 1) is subtracted in the evaluation. This reference scheme is used 

throughout Paper II, III and IV. 

 

Reversing the analysis - from scattering cross section to extinction coefficient 

In Figure 19, I demonstrated how absorbance spectrum and scattering spectrum are 

analytically connected. Here, I will outline the reverse process, which is analytically feasible 

but not without challenges. To process the measured experimental data in a mathematically 

feasible way, the connection between RSID and scattering cross section of the nanochannel, 

𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙, needs to be established first. To do this, I consider the scattered power, 𝑃𝑠𝑐𝑎𝑡 , as the 

product of incident intensity, 𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 , and 𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙. Furthermore, we remind ourselves that the 

experimentally measured RSID is defined as the scattering spectra recorded from the solution-

filled sample channels divided by the scattering spectra from the water-filled reference channel 

with the intrinsic difference spectrum subtracted. Hence, to amend this mathematically, an ideal 

intrinsic difference spectrum, which corresponds to 1 for all wavelength, is added to the 

experimental spectra (Figure 21a-c) as 



37 

 

𝑅𝑆𝐼𝐷 + 1 =
𝑃𝑠𝑐𝑎𝑡,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑃𝑠𝑐𝑎𝑡,𝑤𝑎𝑡𝑒𝑟
=

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑤𝑎𝑡𝑒𝑟
=

𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑤𝑎𝑡𝑒𝑟
 Equation 26 

As second step, I consider the scattering cross section, 𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙, of a nanochannel as given by 

Equation 22 above, but as a simplification I use here only the formula for incident light that is 

polarized parallel to the nanochannel (Equation 20), as it is the main contributor to the 

scattering intensity. 

 𝜎𝑝 =
𝐴∅

2𝑘3𝐿

4
(𝑚2 − 1)2. Equation 27 

With that, the RSID can be written as a ratio of scattering cross sections, were the geometry 

and wavelength dependent prefactor vanishes, and were 𝑚 can again be substituted with the 

ratio of RIs of the solution in the channel and the SiO2 the channel is embedded in. 

 𝑅𝑆𝐼𝐷 + 1 =
𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑝,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑝,𝑤𝑎𝑡𝑒𝑟
=

((
𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑛𝑆𝑖𝑂2
)

2

− 1)
2

((
𝑛𝑤𝑎𝑡𝑒𝑟
𝑛𝑆𝑖𝑂2

)
2

− 1)
2  Equation 28 

Solving this equation for 𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  provides four solutions, of which I will continue with the 

following as it is not resulting in negative values for 𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  and applies to the case where 

𝑛𝑤𝑎𝑡𝑒𝑟 < 𝑛𝑆𝑖𝑂2. 

 𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = √√(𝑅𝑆𝐼𝐷 + 1)(𝑛𝑤𝑎𝑡𝑒𝑟
2 − 𝑛𝑆𝑖𝑂2

2 )2 + 𝑛𝑆𝑖𝑂2
2  Equation 29 

Using here the literature values for the RI spectra for water153 and SiO2
141, I arrive at the RI 

spectra for the respective solutions, as shown in Figure 21d-f for brilliant blue, allura red and 

fluorescein. It is clearly seen that the dye solutions have RIs larger than water (1.333 RIU at 

600 nm).  

The absorption bands of the dyes appear as deviations from the smooth, Cauchy-type curve 

(grey dashed line) fitted to the RI spectra. This fit is necessary for the next step of the 

transformation of RSID to molar extinction coefficient (ε), since only the RI features caused 

by the absorption bands of the dyes are of interest in the Kramers-Kronig relation (and the 

corresponding inverse variant) and since the RI spectrum, in addition to the features related to 

the absorption bands, contains contributions that are not related to absorption. Therefore, these 

parts need to be subtracted after using the Cauchy-fit to estimate it. The Cauchy-formula is 

commonly used as a simple description of the normal dispersion relation of transparent media 

in the visible regime143, making it useful to separate normal from anomalous dispersion (where 

the latter is caused by the extinction of the dye). To do so, I need to note that due to the fact 

that the Kramers-Kronig relation contains an integral, the whole RI spectrum experiences a 

change because of the anomalous dispersion, which is most pronounced for the longer 

wavelengths133. The Cauchy-fit is therefore based on the section of the RI curve that is below 

400 nm. Furthermore, to include the overall increase of the RI of the solution for all 

wavelengths due to the sheer presence of the dye molecules, I estimated this contribution to be 

0.01 RIU and subtracted it from the initial fit (grey dashed line in Figure 21d-f) such that the 
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extracted contribution of the normal dispersion (grey line) happens to be lower than the 

baseline of the calculated RI spectrum of the dyes. A similar effect can be seen when measuring 

a transparent solution with NSS (like the solutions of H2O2 and NaCl in Paper II), where even 

without light absorption by the solute, the spectra showed a variance in amplitude for different 

concentrations. 

 

Figure 21. Translation of RSID to molar extinction coefficient. a)-c) The RSID spectra from 

the NSS experiment for a 100 mM brilliant blue, allura red and fluorescein solution, 

respectively. The colored solid lines are RSID+1 spectra and represent the ratio of scattering 

cross sections, as laid out in Equation 26. d)-f) Using Equation 29, the RSID can be translated 

into the RI spectrum of the respective dye solution (colored lines). To extract the part of the RI 

spectrum that describes normal dispersion, and that is not associated with the absorption 

bands of the solute, a Cauchy-type fit (grey dashed line) is applied to the RI spectrum and the 

estimated contribution of the normal dispersion (grey line) is later subtracted from the RI curve 

of the solution. g)-i) Molar extinction coefficient (ε) spectra for the three dyes obtained by 

reverse Kramers-Kronig transformation (colored lines, Equations 30 and 31) plotted together 

with ε obtained for the same dyes using traditional ASP (green lines). I note the generally good 

agreement between NSS-based and ASP spectra. The unphysical negative molar extinction 

coefficients obtained by converting the brilliant blue NSS data (g) between 700 nm and 800 

nm, comes most probably from the long-wavelength contribution of the anomalous dispersion 

to the normal dispersion that is not represented in the Cauchy-fit. The molar extinction 

coefficients also go below zero for all dyes below 300 nm, but here I assume that the high noise 

and low intensity of measured scattering is responsible for this unphysical deviation. 
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For the dye spectra presented in Figure 21, the above estimate seems to be reasonable, as it is 

in line with my understanding of the Kramers-Kronig relation for the normal and anomalous 

dispersion of a dye solution and reproduces the expected result sufficiently well. 

The inverse Kramers-Kronig relation for the real and imaginary part of the RI (of which the 

imaginary part correspond to extinction) is nearly identical in structure to Equation 24, except 

for a minus sign in front. Hence, it can be used to calculate the wavelength-dependent 

extinction coefficient as  

 
𝜅(𝜆) = −

2

𝜋
𝒫 ∫

𝛥𝑛(𝜆´)

𝜆´ (1 − (
𝜆´
𝜆 )

2

)

𝑑𝜆´
−∞

0

 
Equation 30 

As the very last step, the obtained extinction coefficient spectrum, 𝜅(𝜆) can be transformed 

into 𝜀(𝜆) by using the known concentration of 𝑐 = 100 𝑚𝑀 in Equation 31 for each solution. 

 𝜀(𝜆) =
4𝜋𝜅(𝜆)

𝜆 𝑐
 Equation 31 

The final results of this calculation are shown in Figure 21g-i, together with 𝜀(𝜆) for the 

respective dyes that have been measured using ASP. The agreement is relatively good 

regarding the main peak positions and the maximum value of 𝜀(𝜆) for all three dyes. The values 

for 𝜀(𝜆) deviate from the ASP spectra slightly but I identify the main reason for this in the 

separation of the normal and anomalous dispersion, as explained above. Moreover, the Cauchy-

fit of the RI spectrum for each respective dye solution may not represent the actual underlying 

normal dispersion (associated with the real part of the RI of the solution) perfectly, as it may 

not fully represent all involved influences of the dye extinction on the total RI of the solution. 

For the shorter wavelengths below 300 nm, poor signal quality due to low scattering intensity 

can also be considered as reason for these deviations. Furthermore, the RI of the surrounding 

SiO2 plays a critical role during the calculation, as small deviations can cause a greater 

disagreement in the final result, since NSS is as sensitive to the RI in the channel as to the RI 

outside of the channel, as laid out by Equation 22 above.  
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4 MICRO AND NANOFLUIDICS 

After having discussed single particle catalysis as well as NSM and NSS, and their potential as 

new experimental methods in single particle catalysis, I will in this chapter focus on the fluidics 

as such and on the fluidic “infrastructure” necessary to enable NSM and NSS. Specifically, I 

will discuss how fluids, both liquid and gas, can be controlled at the micro- and nanoscale in 

tiny channels nanofabricated into an oxidized silicon wafer surface in terms of flow speed, 

pressure and composition. Furthermore, to make theses micro- and nanofluidic systems 

accessible and connected to the macroscopic world, this chapter also contains a discussion of 

the fluidic chip holders that I have developed, spanning from early models to the fully 

integrated device with temperature control and electrode access that is described in detail in 

Paper IV. 

 

4.1 Microfluidics 

4.1.1  Development of Microscale Fluidic Systems 

It is impossible to say when microfluidics where first used, since the flow of gas and liquids 

through very tiny openings is a concept that can be found ubiquitously in geological154 and 

biological155 processes, when, e.g., water transport in soil or the circulation of blood in living 

organisms is considered. Formally, microfluidics concerns liquid volumes in the range of 10-9 

to 10-18 liters in channels with dimensions of tens to hundreds of micrometers in diameter/cross-

section156. The active use of microfluidics in a technological sense for research and medical 

applications can be traced more clearly, since it has four distinct legs in the second half of the 

20th century156. The first leg of microfluidics is rooted in microelectronics, as its success 

enabled the development of fabrication methods such as photolithography157, leading to the 

first microfluidic devices being produced in silicon substrates before polymer substrates 

became the leading platform156. This change of substrate material was motivated by the second 

leg of microfluidics, which is molecular biology. The revolutionary field of genomics158, which 

rose to prominence in the 1980s, required bio-compatible high-throughput devices for 

microanalysis and DNA sequencing. The third leg is associated with the genomics one but 

concerns a much more somber topic, as a series of programs was launched in the 1990s to 

develop field-deployable testing devices for chemical and biological weapons. The funding and 

initiative provided there sparked the rapid growth of academic interest in microfluidics156. The 

fourth leg is rooted in the already existing technologies that utilized microscale analysis 

technologies, namely capillary electrophoresis159, liquid chromatography160 and of course gas 

chromatography161. 
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Figure 22. Overview of the origins and applications of microfluidics. This scheme has been 

created with the reviews on microfluidics provided by Whitesides156 and Niculescu et al.162 The 

mentioned applications are exemplary and do not fully represent the extensive field of 

microfluidics. 

Microfluidics does not only reduce the sample volume, i.e., the amount of an analyte- or 

reactant-containing liquid required/handled by a device, it also provides unique flow 

characteristics. On a larger scale, the inertia of a liquid would be determining the flow behavior 

and create turbulent, convective flow156. On the microscale, however, viscosity is of greater 

importance, which leads to laminar flows in microscale channels. This characteristic of a 

controllable, laminar flow was critical to the work presented in this thesis and the attached 

publications – especially in Paper I for the assessment of flow and diffusion via NSM, in 

Paper III for the creation of a separated liquid volume, and in Paper IV where exchange and 

mixing of solutions is demonstrated. Furthermore, microfluidics offer a broad range of liquid 

control beyond convective flow, since for example pressure valves163 and electro-osmotic 

flow164 can be integrated into a fluidic system. 

4.1.2  Applications in Biology and Chemistry 

Since its emergence162 in the 1990s, microfluidics has been introduced into various fields of 

research and industry. Nevertheless, it most probably has gained its most prominent foothold 

within biology and medicine156,162 where the use of polymer substrates, such as 

Polydimethylsiloxane (PDMS), enabled rapid and low-cost fabrication162 of relevant devices 

with a low threshold for prototyping. Furthermore, the usable temperature range, the optical 

transparency, low toxicity and high permeability to molecular oxygen and carbon dioxide156  

have made PDMS an ideal candidate for biological and medical applications. Specifically, in 

these fields microfluidic devices are used, e.g., for the investigation of protein crystallization165, 

drug development166, single cell/molecule manipulation167 and droplet generation168 to name 

only a few applications.  
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When it comes to applying microfluidics in chemistry, its impact has not (yet?) been as deep. 

George Whitesides named in his seminal review article on the topic156 two main reasons for 

this: (i) microfluidic devices are not as easily adaptable as established setups such as distillation 

or Schlenk lines, and (ii) the often used PDMS substrate lacks chemical resistance, especially 

when organic solvents are considered. However, the continued improvement and development 

of fabrication techniques gave rise to chemical microscale reactors with higher(er) resistance 

that use, e.g., Teflon, stainless steel, glass and silicon-SiO2 as substrates169. Enabled by this 

development of chemically resistant microfluidic systems, the combination of colloidal metal 

(catalyst) nanoparticles and microfluidics is a rapidly growing field, both in terms of particle 

synthesis and particle characterization. In their comprehensive review of this field, Solsona et 

al.169 have listed various characterization methods for nanoparticles in microfluidics, such as 

mass spectrometry102,170,171, X-ray scattering and absorption spectroscopy20,172, plasmonic 

scattering spectroscopy29,31,173 and UV-Vis spectroscopy. Furthermore, they listed a plethora 

of approaches that use microfluidics to synthesize colloidal metallic and non-metallic catalyst 

nanoparticles using either homogeneous flow, segmented flow or droplet generation as 

synthesis scheme. To this end, while I in my work so far have relied on nanoparticles 

lithographically fabricated into the fluidic system of choice (Paper III) or on ex situ 

synthesized colloidal particles subsequently trapped inside the fluidic system (Paper I), I 

foresee the in situ synthesis of catalyst particles inside fluidic structures in combination with 

NSM/NSS assessment of their catalytic activity as an interesting future research direction. 

 

4.2 Nanofluidics 

4.2.1 Characteristics of Nanoscale Fluidic Systems 

It is logical to describe nanofluidics as the natural evolution of microfluidics in the wake of the 

constant improvement of micro- and nanofabrication techniques driven by Moore’s law in 

microelectronics. Similar to microfluidics, nanofluidics describes flows in and around 

nanoscale objects174, usually defined as ranging from below 5 nm up to around few 100 nm175. 

It too can trace its origins to the late 1990s and early 2000s as discussed in reviews on the topic 

by Eijkel et al.174 and Robin et al.176. Similar to microfluidics, the initial driving forces behind 

the development of this field were the desire to understand nanosize effects in biology and 

biophysics, such as physiology on the cellular level (ion channels, aquaporins and filtration), 

genetics and single molecule studies. However, the overview in Figure 23 makes it clear that 

even purely physical effects, such as surface interactions and thermodynamics, are studied 

using nanofluidic systems, as are bio- and nanoengineering questions and chemistry on the 

nanoscale. 
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Figure 23. Overview of the disciplines of nanofluidics. The separation into the branches of 

Physics, Chemistry, Biology and Engineering is not always valid, as many applications are 

used in an interdisciplinary context. Scheme adapted from Eijkel et al.174 

Importantly, however, despite nanofluidics having evolved from microfluidics it is inaccurate 

to describe nanofluidics just as microfluidics on a smaller scale. The reason is that at the 

nanoscale, a plethora of fluidic, molecular and electrostatic effects are emerging that can alter 

the behavior of fluids significantly177. This is understandable, since beyond a certain point a 

fluid can no longer be treated as a homogeneous bulk system but needs to be considered at the 

molecular level. For water as example, which has a molecule size of 3 Å, such effects can 

become eminent below 2 nm of pore size178. To this end, several length scales have been 

defined to categorize the effects that set nanofluidics apart from microfluidics, and I would like 

to showcase here a few.  

The Bjerrum-length describes the scale at which direct electrostatic effects dominate over 

thermal effects. This could, for example, mean that an ion cannot enter a certain pore since its 

hydration layer is too big. Similarly, the Gouy-Chapman-length describes at which length the 

electrostatic wall-ion interaction overcomes thermal energy. The Debye-length describes the 

deviation of ion concentration close to a channel wall due to its charge, and it can vary between 

3 Å (high ion concentrations) and 30 nm (low concentrations)178. These scales only consider 

electrostatic interactions of ions, the description of dynamic properties of the fluids, such as 

surface friction and slip-lengths, require an even deeper understanding of actual nanofluidics. 

An important conclusion from the above is that the lengths scales at which these effects occur 

are below ~30 nm. Considering the definition of nanofluidics as structures in the size range of 

few 100 nm and below, this means there is a regime in which these effects are expected to be 

negligible, as exemplified in the excellent review by Bocquet et al. who, e.g., state that there 

are no deviations from the bulk Navier-Stokes equation expected for confinements larger than 

1 nm, and that the Reynolds-formula and the bulk viscosity are valid down to this size 

regime178. Projected onto my work, this means that there is a window in which fluids can be 

controlled at the nanoscale, while still behaving bulk-like. Since the fluidic structures that I 

have used typically are in the 100 nm size regime, it is indeed this range that I have operated 

in. Accordingly, e.g., the diffusion constants determined in Paper I for H2O2 in water were 
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indeed found to be perfectly in line with the literature values for the bulk. This means that the 

use of nanochannels combined with NSM/NSS for single particle catalysis indeed is a new 

application of nanofluidics which, as the key point, uses the nanochannels only as a tool to 

confine the particles and the catalytic reaction, as well as enable the optical effects specific to 

NSM/NSS, without invoking significant nanoscale fluidic effects. 

4.2.2  Fabrication of Fluidics in Silicon-SiO2-based Substrates 

In the previous section, I laid out how micro and nanofluidics emerged from, among others, 

silicon-based microelectronics. In the following, I will give an overview of how the fluidic 

SiO2/Si chips that I have used in my thesis are fabricated in the clean room environment of the 

MC2 Nanofabrication Laboratory at Chalmers. While it is a true “luxury” to be able to design 

and fabricate nanofluidic devices with intricate functionalities, it does come with the significant 

drawback (when compared to polymer substrates) that a clean room environment with a range 

of specialized and delicate tools is required.  

As a common denominator, all fluidic systems used and built for my work are designed as 2D-

layouts, meaning that neither over- nor undercrossing of fluidic channels is possible. In the 

most basic version as shown in Figure 24, such fluidic systems feature two microfluidic 

channels that constitute the in- and outlet system of the chip. They are connected to the 

macroscopic fluidic periphery of the chip holder (Chapter 4.3) at their end points, and to a set 

of straight and parallel nanochannels in their center. In this design, the microchannels are used 

to transport fluids to and from the nanochannels, with one microchannel being upstream (at the 

entry or inlet side of the nanochannels), while the other microchannel is on the downstream 

side (exit or outlet of the nanochannels). On both the inlet and outlet side, they are connected 

to circular reservoirs that are used for filling the fluidic system with the desired liquid. Note 

that in this way two different liquids can be applied on either side of the nanochannels.  

 
Figure 24. Rendition of a basic nanofluidic chip. Here, four inlet/outlet areas are connected 
via microchannels to a set of parallel straight nanochannels located at the tip of the triangular 

chip comprised of a thermally oxidized silicon wafer, into whose thermal oxide the fluidic 

system is fabricated and hermetically sealed by a thermally bonded glass lid for optical 
transparency. Flow of liquids or gas is induced by pressurizing one of the reservoirs using N2 

gas. 
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The micro- and nanofabrication approach used for all fluidic systems in this work is based on 

so-called nanolithography processing into thermally oxidized silicon (circular 4-inch wafers), 

followed by the sealing of the fluidic structures by thermally bonding glass wafers (Borofloat 

33, 4 inches, 175 µm thick) onto the structured substrate (Figure 25). This provides both a 

hermetic seal and optical access (via e.g. dark-field microscopy) to the fluidic systems from 

the side of the lid.  

The micro- and nanofabrication process consists of the following steps: 

1. Silicon wafers with (100) orientation were cleaned with a standard process. For this purpose, 

the wafers were first treated in SC1 (5:1:1 H2O:NH3OH:H2O2, 80°C) for 10 minutes, rinsed 

in deionized water, native oxide removed with 2% HF (10 seconds), rinsed again in 

deionized water, then treated in SC2 (5:1:1 H2O:HCL:H2O2, 80°C) for 10 minutes, rinsed a 

final time in deionized water and then spun dry. 

2. The cleaned wafers were thermally oxidized in an oxidation furnace in a water atmosphere 

at 1050°C until an oxide thickness of 200 nm was reached. 

3. In the next step, nanochannels were etched into the thermally grown oxide using reactive 

ion etching (RIE). For this, a 20 nm thick structured Cr layer was used as a hard mask due 

to its high etch resistance against the NF3 plasma used for nanochannel etching. This mask 

was structured by preparing a 200nm thick layer of electron beam resist (ARP6200) in which 

the nanochannel pattern was written by electron beam lithography (development in o-

xylene). This pattern was then transferred into the Cr- layer (the hard mask) with RIE using 

chlorine (Cl2) before this mask was used for the SiO2 etch.  

4. All larger microfluidic structures were etched into the surface using RIE. For this purpose, 

an etching mask made of photoresist was used, which was typically structured using direct 

laser lithography (DLL).  

5. For nanofluidic chips with lithographically placed nanoparticles (Paper III), the 

nanoparticles were defined at this stage with electron beam lithography (EBL) in a double 

layer of resist (copolymer and PMMA) spun onto the structured substrate, and the material 

of choice for the nanoparticles was deposited with electron beam evaporation through the 

holes in the resist mask. Finally, the resist mask was dissolved in acetone leaving only the 

nanoparticles at the defined positions on the substrate. 

6. The substrates were thoroughly cleaned with SC1 (5:1:1 H2O:NH3OH:H2O2, 80°C) for 

10min followed by a rinsing step in DI water and blow drying with N2. Glass wafers of 175 

µm thickness were cleaned in the same manner, O2-plasma treated (50W RF power, 250 

mTorr) together with the processed substrates.  

7. The fluidic system was then hermetically sealed with the lid using fusion bonding at 550 °C 

for 5 h. The access holes to the microchannels were etched through the silicon wafer 

substrate using deep reactive ion etching (DRIE). For the fluidic chips used in Paper II (see 

Figure 26, Chuck D), connections to the fluidic systems were sandblasted through the cover 

glass before bonding. The finished wafer was then diced into single fluidic chip, with a 

stepped edge in the later versions (Paper IV). 
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Figure 25. Simplified scheme of fluidic chip fabrication. The 4-inch silicon wafer is first 
thoroughly cleaned with SC1, has its native oxide removed with 2% HF and is cleaned again 

with SC2. Then, a thermal oxide layer (200 nm) is grown on the surface using a furnace in wet 
atmosphere. Subsequently, a chromium hard mask layer is evaporated on the chip, followed by 

spin coating of a polymer resist layer (e.g. PMMA for electron beam lithography, 100 nm to 

500 nm). The desired fluidic pattern is written in the resist by electron beam or 
photolithography, and subsequently transferred to the Chromium with a Chlorine etch. The 

pattern in the Cr hard mask is then etched into the SiO2 using HF3 plasma. Finally, a glass lid 
is thermally bonded to the wafer, and the individual fluidic chips are cut from the wafer using 

a dicing saw. 

 

4.3 Connecting Nanoscopic to Macroscopic Fluidics 

4.3.1 Development of Fluidic Chip Holders 

In the previous sections of this chapter, I focused on the micro- and nanofluidic structures on 

the silicon-based fluidic chip. However, while these chips indeed are the foundation for NSM 

and NSS, as well as for the single particle reactor schemes presented in this work, they are only 

a part of the overall experimental setup that enabled the experiments that I have performed. 

The device that holds these fluidic chips – the chip holder or ”chuck” – is, in fact, (almost) 

equally important since it is its form factor and the number of fluidic connections provided that 

define which fluidic systems can be realized on the fluidic chip.  
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Figure 26. Overview of chip holders used during my thesis. Key features are listed. All designs 

were for Si/SiO2 fluidic chips. 
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While the most advanced chuck I have developed is discussed in detail in Chapter 5 and Paper 

IV, I would like to use this section to provide an overview of the chip holders that I have used 

throughout my thesis work, and how they have evolved from each other, to note down the key 

insights I have gained along the way. 

Figure 26 summarizes the fluidic chip holder designs that I have worked with in this thesis, 

except for the newest one presented in Paper IV. Chuck A is our earliest design, where we 

used PVC-reservoirs glued to the backside of the fluidic chip to establish a leak-tight 

connection to the rest of the chuck. While principally functioning well, the glueing procedure 

is inconvenient. Hence, from chuck B forward, we used O-rings instead to make it easier to 

exchange the fluidic chips. The chips now also had a triangular shape to increase the chip yield 

per 4-inch silicon wafer to 16. In chuck B, the fluidic chip rests in a socket that also houses the 

eight O-rings that seal the connection between the micro- and the macrochannels in the 

polycarbonate (PC) part of the chuck (PC was chosen due to ease of machining and optical 

transparency) at the positions of the total eight connection points. The necessary mechanical 

pressure is provided by a metal bar screwed across the lower end of the chip. The exchange of 

liquids is enabled by detaching the upper part of the chuck together with the chip to access the 

liquid reservoirs integrated in the chuck. However, since the reservoirs also were machined in 

PC, the main drawback of this chuck was its incompatibility with organic solvents179.  

Chuck C was built for an inverted microscope (rather than an upright one as in the case of 

chuck B), which as the main implication meant the chip could remain in place while liquids 

were exchanged. Furthermore, we reduced the number of fluidic connection points to four to 

enable the use of larger (and thus easier to handle) O-rings. Two additional major development 

steps were implemented: (i) the chip could remain in position on the microscope table while 

the liquids in the reservoirs are exchanged and (ii) the reservoirs were small glass tubes inserted 

into the PC-body of the chuck (see detail picture for Chuck C in Figure 26) to increase 

chemical robustness. With this chuck, I performed the measurements for Paper I.  

The next model, Chuck D, was a clear commitment to increasing the functionality of the fluidic 

system(s) on the chip, and it was designed to be compatible with an upright optical microscope 

that is equipped not only with a camera but also a spectrometer, as necessary for NSS. We 

achieved this by arranging 12 connection points with large glass tube reservoirs in a circular 

fashion, and by providing access to each of these reservoirs individually via an opening that 

can be sealed by a screw to enable pressurizing the connection point via a side port. I used this 

chuck for the measurements performed for Paper II, since the 12 connection points enabled 

the introduction of the optical referencing scheme for NSS explained in section 3.2.3. As its 

main limitation, this chuck was designed for fluidic chips that encompassed an entire 4-inch 

wafer, which dramatically reduced the yield of the nanofabrication.  

Chuck E can be seen as a downscaled version of Chuck D using the same type of reservoir but 

adapted for use on an inverted microscope. It features only 8 connection points per octagonal 

fluidic chip. However, since the chips as such therefore can be made significantly smaller, four 

chips now fit on a 4-inch wafer and thus increase the fabrication yield. Furthermore, here we 

introduced one important new feature to the fluidic chip design – a stepped edge. This made it 

possible to clamp the chip on this edge and thereby create an unobstructed surface in the focal 

plane of the microscope objective. This detail is important since it significantly decreases the 
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risk of collision between chip and objective and enables the inspection of the whole fluidic 

system under the microscope. The measurements in Paper III were performed with this chuck.  

The next step in chuck development, Chuck F, was driven by the need to access the liquid 

reservoirs at the connection points even more easily, while significantly increasing the stepped 

edge chip yield per 4-inch wafer to 52. This was achieved by dramatically shrinking the size 

of the chips to 10 mm x 10 mm, and by reducing the number of connection points per chip to 

four. Furthermore, the chuck itself was machined in highly chemically resistant PEEK and 

designed such that it features an easy-to-open lid with an integrated Teflon block that holds the 

O-rings and liquid reservoirs with pressure connections. While I have not used this chuck 

actively in my work, it is widely used by my colleagues in the group and its development was 

instrumental for arriving at the last design of the highly integrated chuck I have developed and 

present in detail in Chapter 5 and Paper IV. 

As a final note regarding previous chuck development, I would like to highlight that the later 

designs are built with an inverted microscope in mind. The advantage of an inverted 

microscope is primarily that the backside of the fluidic chip is freely accessible, e.g. not 

obstructed by the objective, illumination path and eyepiece, which greatly expands the 

possibilities of chuck design. In such chucks, the liquid containing reservoirs are placed above 

the connection points of the chip, such that gravity works in favor when solutions are 

introduced or exchanged. Furthermore, having the channel side of the fluidic chip face down 

means that the connection points can be etched in from the backside of the Si-chip, which 

creates cleaner openings to the fluidic chip, preventing thereby clogging, as discussed further 

below. 

This overview showcases that the development of any micro- and nanofluidic technology not 

only involves the design of the fluidics themselves but also of the necessary macroscopic 

periphery systems integrated in the chip holder, and how they mutually influence each other. 

To this end, while I was not deeply involved in the design of the chucks presented above, they 

were crucial for the development and understanding of fluidic systems of my thesis, and 

“culminated” in the development of my own chip holder presented in Paper IV. This chuck, 

as point of comparison, enables the use of 10 mm x 10 mm step edge chips with 12 connection 

points, as well as their temperature control and connection to electrodes to establish electric 

field across the fluidic system. It is discussed in detail in Chapter 5. 

 

4.3.2 Challenges Along the Way 

While the papers included in this thesis present in-depth the most important positive results of 

my work and the knowledge gained from them, I find it of equal importance to communicate 

here some of the key challenges I faced along the way. Specifically, I will briefly discuss: (i) 

thin-film interference effects caused by the Si/SiO2 chip design and (ii) clogging of fluidic 

channels. 
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Thin-film interference in Si/SiO2 fluidic chips  

The key ingredient in Si/SiO2 fluidic chips is the thermal oxide layer on the Si wafer, into 

which the fluidic system is fabricated. As long as no dark-field optical 

microscopy/spectroscopy measurements are concerned, the thickness of this oxide layer will 

essentially only be determined by the targeted depth of the fluidic system. However, as soon 

as light is irradiated onto such chips, interference effects between light scattered from the SiO2-

channel and reflected from the Si-SiO2 interface must be considered if the thickness of the 

thermal oxide is on the order of the wavelengths of visible light. This becomes clear when 

comparing two dark-field scattering spectra measured from a 150 nm by 150 nm channel etched 

into 2 µm and 200 nm thick thermal oxide, respectively (Figure 27a). The comparison reveals 

a distinct fringe-like modulation of the scattered light intensity in the case of the 2 µm thick 

oxide, whereas the channel scattering spectrum measured for 200 nm thick SiO2 essentially 

only contains the spectral feature characteristic for the halogen light source used for 

illumination, modulated by the optical components of the microscope. To substantiate this, I 

also calculated how the amplitude of vertically incident white light (λ = 300 nm to 800 nm) is 

modified by thin-film interference following Gungor et. al.180, assuming n = 3.88 as the RI of 

silicon181 while neglecting its extinction, and n = 1.4585 as the RI141 of SiO2, for 2 µm and 200 

nm thick SiO2 films on Si without nanochannels (Figure 27c). The theoretically obtained fringe 

pattern matches quite well with the experimental data for 2 µm thick oxides and also 

corroborates the absence of a distinct interference peaks in the wavelength range of interest for 

my experiments, i.e., between 450 and 800 nm, for the case of 200 nm thick oxide. As a 

consequence of this analysis, we eventually opted for 250 nm oxide thickness for the fluidic 

chips used in my work, since it constitutes the best compromise between suppressing 

interference modulation of the light scattering intensity from my samples and enabling the 

targeted 200 nm fluidic system depth.  

As a final note, I want to mention that this interference effect not only constitutes a problem 

but that it potentially can be actively explored to, e.g., suppress and enhance specific 

wavelengths of light scattered from a nanofluidic surface, for example when specific 

nanoparticles or dyes with distinct absorption bands are to be investigated. This may yield an 

interesting application in the future. 

 

Figure 27. Thin-film interference on fluidic SiO2-Si chips. a) Nanochannel scattering spectra 

for a water-filled nanochannel etched into 2 µm thick SiO2 (blue line) and etched into 0.2 µm 

SiO2 (orange line). b) Schematic depiction of the principle of thin film interference. c) 
Calculated fringe patterns for SiO2 layers of 2 µm and 200 nm thickness on a Si surface 

(without nanochannel). 
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Mitigating micro- and nanochannel clogging 

The obstruction of fluid flow through micro and nanochannels is known as clogging and highly 

detrimental to any fluidic experiment. Usually, it renders the fluidic chip useless, even though 

it might be possible to remove the clogging by applying high pressures to enforce flushing out 

of the clog, by flushing with organic solvents to potentially dissolve organic contamination, or 

by soaking the fluidic chip in harsh chemicals such as “Piranha” solution, a mixture of H2O2 

and H2SO4
182. Since clogging is a constant worry in the fluidics field, it has sparked specific 

investigations, as for example the studies by Dersoir et al.183  and Massenburg et al.184 

In my work, nanochannel clogging issues have occurred multiple times and differently for 

different experiments and chip designs. Compared to other studies, however, I had one 

particular advantage and that is that NSM/NSS enabled me to directly see any particles or 

contamination inside the fluidic system, as previously discussed in section 3.2.2. This is seen 

in Figure 28a, where in many of the otherwise continuous 200 nm x 200 nm cross section 

nanochannels bright spots appear at certain positions, which means that they are partly or fully 

blocked. The image shown here is from a series of tests for Paper III, where a 50 mM 

fluorescein solution was mixed with a HCl solution at a pH of 1.3 in the nanochannels. This 

caused a decrease in fluorescein solubility, leading to the precipitation of protonated 

fluorescein in the nanochannels, which could be removed again by continuous flushing with 

water.  

 

Figure 28. Clogging of nano and microchannels. a) Dark-field image of a nanochannel 

reference system (cf. Figure 20) where the upper microchannel is filled with a 50 mM 
fluorescein solution, while the lower microchannels contain diluted HCl at pH 1.3. The mixing 

of the two solutions caused the fluorescein to precipitate in the nanochannels. b) Dark-field 

image of a microchannel (50 µm by 1.2 µm), filled with a large number of “debris” particles. 
c) Dark-field image of the sandblasted inlet hole in the glass lid that reveals its rough and 

cracked surface. d) SEM image of the side wall of an inlet hole that was sandblasted through 
the Borofloat 33 cover glass used to seal the chip. e, f) SEM images of examples of particles 

found in the inlet holes. 

While it indeed is the nanochannels that are most prone to clogging, it also may happen in the 

larger microchannels (Figure 28b). Such an example occurred during the experiments for 

Paper II, with “debris” particles appearing in large numbers in the microfluidic inlet system 
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after a certain time of chip usage. While other samples never had shown any signs of this type 

of clogging this severe case occurred when using chips fabricated for Chuck D shown in Figure 

26. 

A detailed and systematic search for the origin of the debris particles eventually identified the 

inlet holes of the chip sandblasted through the glass lid as the culprit (Figure 28c). This 

sandblasting step was necessary because the construction of Chuck D (cf Figure 26) required 

the connection points to the fluidic system to be on the same side of the chip as the micro- and 

nanochannels. Since the material of the lid bonded to this side was Borofloat 33, and since no 

laser-assisted etching185,186 was available in the clean-room facilities, a mechanical method 

such as sandblasting had to be used. Corresponding SEM images revealed that the walls of the 

cylindrical hole had a very rough structure (Figure 28d). Furthermore, SEM images of debris 

particles extracted from a chip revealed a structure reminiscent of shattered amorphous 

material, such as glass (Figure 28e), with various shapes and sizes, where the smallest particles 

were in the size range of 400 nm to 200 nm (Figure 28f). Furthermore, I had observed that the 

largest number of particles occurred after a chip had not been used for a while, indicating that 

the debris had accumulated over time in the inlet holes.   

This finding influenced significantly our further work and development on all levels, as it 

essentially aggravated the use of Chuck D with 12 connection points for further experiments. 

Specifically, it sparked the development of the chip holder discussed in detail in Chapter 5 

and Paper IV, and locked fluidic chip fabrication to designs where the connection holes are 

wet-etched through the bulk of the Si substrate from the backside, rather than sandblasted 

through the glass lid. Consequently, this also advertised the use of inverted microscopes such 

that the inlet holes in the Si would face upward, while the glass lid providing optical access to 

the fluidic system faces downward. The following and last chapter of this work is therefore 

dedicated to summarizing my development of (i) a new fluidic chip design; (ii) a corresponding 

versatile chip holder, where the learnings presented in this chapter are implemented. 
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5 EXPERIMENTAL SETUP DEVELOPMENT 

In the previous chapters of this thesis, I laid out the principles of heterogenous catalysis, which 

I aimed to investigate (Chapter 2), the method I have developed to investigate single catalytic 

nanoparticles in nanochannels (Chapter 3), and the basics of micro and nanofluidics needed 

to operate the experimental setup (Chapter 4). In this final chapter, this is combined to create 

a versatile fluidics platform enabling a continued investigation of individual nanoparticles for 

catalysis with a broad range of experimental options. This includes the chuck itself, as well as 

the microscopy setup used for future experiments. 

5.1 Framework of Requirements and Limitations 

 

The task of creating a new fluidic platform that not only enables NSM/NSS, but also combines 

all the positive features of the chucks shown in the previous chapter while extending the 

experimental capabilities can be seen as the search for the optimum between what is desired 

and what is possible. To illustrate this in detail, I will list here the main boundary conditions. 

Requirements to the new setup 

1. Silicon-based micro and nanofluidic chips. The experience of nearly a decade102 

concerning fabrication strategies for fluidic systems in this substrate has given my 

group the necessary insight to realize new and complex designs. A fluidic system 

embedded in SiO2 has the necessary chemical inertness while the transparent lid enables 

the use of optical microscopy and spectroscopy. 

2. Chip format of 10 mm by 10 mm. This size allows the fabrication of up to 52 fluidic 

chips per 4-inch wafer, while still being big enough to house multiple fluidic systems. 

Furthermore, we aim to make this a standard size, at least within our group. 

3. 12 fluidic connection points. While working with various chuck designs, it became 

evident that the more functional and complex fluidic systems required more than just 4 

connection points per system. A higher number of connections unlocks a much greater 

number of possible fluidic designs, may it be reference systems (Paper II) or mixing 

of solutions on chip (Paper IV). 

4. Use of an inverted dark-field microscope. To allow comfortable access to the fluidic 

chip and have the fluid-containing reservoirs above the chip, an inverted microscope 

has proven to be beneficial. This also means that the connection holes in the chip can 

be etched from the backside, minimizing the risk of clogging as explained in section 

4.3.2. This microscope needs also to be very stable for long-term measurements. 

5. Integration of temperature control. The main purpose of the new setup is the 

investigation of single particle catalysis, where the ambient temperature plays a critical 

role for the energy landscape of a catalytic reaction. Furthermore, biological 

applications, such as protein folding, or diffusion in nanochannels are fascinating 

prospects to be investigated at different temperatures. 

6. Implementation of electric fields. Nearly all species in a fluidic system (in the liquid 

phase) carry a charge, may it be metal nanoparticles or ions of solutes. The spatial 

control of these (as already shown in Paper IV) is very promising in terms of particle 

placement, electrophoresis in nanochannels187, electro-osmotic flow188 and even field 

effect nanofluidics189. 



56 

 

Limitations to the new setup 

1. Size of commercially available O-rings. The sealing of the connection between the chip 

holder and the fluidic chip itself is best done with O-rings, which can be produced in 

different materials depending on the desired chemical resistance. These O-rings can 

readily be bought from a range of suppliers, but only down to a certain minimum size. 

This determines how the connections can be arranged on the fluidic chip. 

2. Length of available syringe needles. The best way we have found to place a sufficient 

amount (several microliters) of solution in the reservoirs of the chip is by using blunt 

syringe needles that can be bought in large quantities. But since they are not produced 

with research in mind, but rather for medical applications, the range of choice is limited 

when it comes to length and diameters, especially for blunt needles. 

3. Means to heat or cool the setup. While a fluidic system can be heated relatively easily 

with an electric heater placed on the chip32, the options for cooling are limited. The 

components commonly used for this in small-scale setups are Peltier-elements. They 

create sufficient temperature gradients but generate a large amount of excess heat due 

to their electric current based principle. 

4. Individual access to the reservoirs. Some experiments require parts of the fluidic system 

to stay pressurized while liquids in others are exchanged, for example to avoid 

contamination by back-flow. Access to the reservoirs must be simple and preferably 

possible with one hand. 

5. Size constraints of the microscope table. The chip holder needs to fit in the sample 

frame of the inverted microscope (see Paper IV for details), which limits the 

possibilities of the construction. 

6. Choice of materials. The materials that are in contact with chemicals need to be resistant 

to them while also mechanically stable. Parts of the chip holder need to able to transport 

heat away from the Peltier elements. 

7. Manufacturability. While the conceptualization is a rather creative process, the 

realization is bound to the available machining techniques and manufacturers.  

 

5.2 Creation of a New Setup 

5.2.1 Developing a Multifunctional Fluidic Chip Holder 

The constraints listed above necessitated the modeling of a series of chip holder prototypes that 

each by itself could fulfill the requirements and were feasible from a manufacturing point of 

view. However, the need for simplification required a continuous remodeling and rethinking 

of the chuck. Below, I list the most important development steps that I have taken, as 

documentation of my research but also as possible alternatives should the set of requirements 

and limitations change in future chuck designs. 

The first draft of a new chuck shown in Figure 29 resembles in structure Chuck E and F (cf. 

Figure 26) as there are separate access (green) and pressure (cyan) ports for each of the 12 

connection points on the fluidic chip. In this draft, the access points are arranged on the edges 

of the backside of the fluidic chip, 3 connections per side. The main invention step here was 

the use of angled access channels (and with that reservoirs) above the chip. 
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Figure 29. Chip holder development stage 1. 

This was motivated by the idea to use Luer-lock connections between the chuck and the 

pressure tubes (as for all other chuck models so far) and as cap for the access channels. 

However, the number of connections and the size requirement of the Luer-lock connectors 

demanded more space on top of the chuck. At the same time, the angle of the access channel 

needed to be as close as possible to 90° to enable a good fit of the circular O-rings between 

chuck and chip. The reservoirs were supposed to be embedded in a separate Teflon part (for 

chemical inertness), which was situated above the chip. The temperature control would be 

enabled by one or two small Peltier elements placed directly on the backside of the fluidic chip 

(hence the arrangement of the connection points) whose excess heat would be transferred into 

the aluminum block that houses the Luer connections, which would work in this way as heat 

sink. Electric fields could be applied to the connection points via long electrodes inserted 

through the access holes. This first chuck version had three drawbacks: (i) liquid exchange 

would require blunt syringe needles that were not available at a sufficient length, (ii) the Peltier 

elements (even though available at this size) would have caused spatial problems with their 

wiring and (iii) the access holes. These holes are defined by two angles in space and would 

need to align with close to micrometer precision across three parts in the chuck, that is, the top 

part with the connections, the reservoir part and the fluidic chip. Given their length and 

diameter, this was deemed not feasible during discussions with the manufacturer. 

 

 

Figure 30. Chip holder development stage 2. 
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The second version of the chuck shown in Figure 30 retained the concept of angled access 

holes, but the part that held the Luer-connections and the part with the liquid reservoirs above 

the chip were merged into one to reduce the alignment challenge. The primary innovation step 

hereby was the repositioning of the Peltier elements away from the chip by introducing a metal 

frame in which the fluidic chip would sit and that also would work as a heat conductor (heat 

bridge). Consequently, the base of the chuck, fashioned in aluminum, would be the heat sink. 

The removal of the Peltier element from the chip allowed the connection points to be 

repositioned and increased in size, which also influenced the arrangement of the Luer 

connectors at the top of the chuck. The appliance of pressure would then happen via Luer T-

couplings that would allow access to the reservoirs with the pressure tubes staying connected. 

The reservoirs were envisioned to be inserted glass tubes, providing excellent chemical 

resistance. The problems with this chuck version remained to be (i) the angled access holes for 

the reasons named above and (ii) the relatively complicated central part of the chuck with 

geometries that are difficult to manufacture. 

  

Figure 31. Chip holder development stage 3. 

This next version (Figure 31) kept the principle of the fluidic chip placed in a heat bridge but 

saw the connection hub totally remodeled. The principle of straight, vertical access holes was 

enforced here, leading to the problem of how the access holes could be closed to allow pressure 

to be applied. For this, I thought of a rotating and sliding lock permanently attached to the 

upper part of the chuck. With this, any access hole could be selected and opened, albeit only 

one at a time. Sealing of the holes would be possible with a tight enough rotation lock or plugs 

being set into the access holes. Electrodes and pressure could then enter the reservoirs from the 

side, which again consisted of inserted glass tubes sealed with O-rings against the fluidic chip. 

To enable such an access to the reservoirs from the side, the connection points on the chip were 

once again rearranged, now in a square packing formation. The main drawback of this chuck 

model was clearly the very complicated locking mechanism, that would have been difficult to 

keep tight. 
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Figure 32. Chip holder development stage 4. 

As shown in Figure 32, version 4 was a radical redesign of the chuck. The ideas kept from 

previous versions where (i) the placement of the fluidic chip in a heat conducting part (heat 

bridge) with the Peltier elements now placed vertically on the side between the inner heat 

bridge and the outer frame and (ii) the arrangement of the connection points on the fluidic chip. 

The idea to access these points via horizontal channels from the side was the basis for a total 

reorientation of the access channels and reservoirs. They were now placed in a horizontal plane 

just above the backside of the chip, such that there was just enough space for the O-rings. 

Additionally, they were angled again, but now only in one plane, which made manufacturing 

easier. Additionally, they were situated in a separate glass channel plate, which was thought to 

be manufactured like the fluidic chip itself, and which could be replaced separately when 

needed. The Luer-Lock connectors were placed in an outer frame and would hold the channel 

plate as they would be screwed in. As an additional benefit and due to the transparency of the 

channel plate, a facile visual check of the reservoirs and chip connection points would be 

possible. The model shown in Figure 32 has also already been adapted to the frame on the 

table of the inverted microscope (section 5.2.2). While meeting all our requirements and indeed 

being possible to manufacture, two problems remained. (i) While the reservoirs above the chip 

could be filled with long (blunt or pointed) syringe needles through the Luer-connectors, the 

liquid would not be placed in the holes of the chip, but up to 1.5 mm above. This could cause 

air being trapped between the inserted solution and the chip which would need to be pressed 

through the fluidic system at first, which can take several minutes even a high applied pressure. 

(ii) The channel plate would need to be placed rather exactly and firmly, to align with the 

connection points on the chip but also provide mechanical support for the pressure needed to 

seal the O-rings. Furthermore, the outer frame with the Luer-connectors has a very specific 

geometry and the long channels in the thin channel plate are difficult to manufacture. Also, the 

material of the channel plate is critical, as it needs to be chemically inert  while being 

mechanically robust, transparent and easy to machine. The heat bridge below the chip is 

relatively large when compared to the fluidic chip, such that more Peltier elements are needed 

to cool or heat this large volume, which would require a larger heat sink or secondary cooling. 
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Figure 33. Chip holder development stage 5. 

The (as of yet) final version of the chip holder is shown in Figure 33 and explained in much 

greater detail in Paper IV, where I also in detail tested its functions after successfully having 

manufactured it. This version is very similar to the previous one and has, apart from a simplified 

geometry of the heat bridge, only one major change concerning the aforementioned channel 

plate and the Luer-connectors. These parts have been merged into one, such that the mechanical 

stability of the part that seals the connection to the fluidic chip via the O-rings is ensured. This 

also decreases the manufacturing effort and complexity of this part, making it easier to create 

a replacement or different version. Notable is the choice of Luer-connectors. While version 4 

was using metal Luer connectors with metric threads, in this version the connection from the 2 

mm wide access channels to the Luer-Lock system is simply enabled by using large cannulas 

for syringes who already have a Luer-Lock adapter at one end. These cannulas are glued into 

the new channel plate using the outer part of the access channels, such that the syringe needle 

for liquid exchange (or a long electrode) can be entered into the reservoirs through this cannula. 

To apply pressure, the idea of using Luer-T-couplings is recycled from version 2. All in all, 

this solution indeed satisfies all the criteria listed in section 5.1. Nonetheless, it may not be the 

last version of this kind of fluidic chip holder that we build since there are some features that 

still could be improved, most of them concerning the channel plate. Among them are: 

1. The material of the channel plate. The currently used polycarbonate has a relatively low 

glass transition temperature190 of around 150 °C, which limits the temperature range for 

experiments. It is also incompatible with organic solvents, such as ethanol and 

acetone179. Glass would be optimal but is complicated to manufacture. 

2. Inserted cannulas work fine but show signs of mechanical weakness to the torque 

applied when handling the Luer-connector. Full stainless-steel cannulas with three of 

them per side linked via a metal bar could solve this problem. 

3. The entrapment of air above the holes of the chip when filling the reservoirs with liquids 

for the first time. This causes delays when starting experiments and also means that 

subsequent exchange of liquids requires long flushing times to fully remove the 

previous solution from the reservoir. 
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5.2.2 Inverted Dark-Field Microscope Setup 

The fluidic chip with its nanochannels is indisputably the core of NSM/NSS and its design 

defines the specific experiment. The chip holder as described above dictates the parameters 

and variables of the experiment and influences the fluidic design. However, the foundation of 

any experiment is the instrument used for recording the data, which in my case was either an 

upright or an inverted dark-field microscope. While such instruments are commercially 

available, they do not fully satisfy the needs for stability, customizability and nanometer 

position control. Therefore, I also have been involved in putting together and inverted optical 

microscope setup optimized for NSM (Figure 35). 

 

 

Figure 34. Inverted dark-field microscope for NSM. The base of this setup is a RM21 with a 

micro and nanostage from Mad City Labs. The light source is a NKT SuperK supercontinuum 

laser that generates a broad spectrum via nonlinear effects in a long fiber, such that specific 

wavelengths can be selected with the filter box mounted on the table. The spatial filter produces 

a cleaned gaussian beam profile191. The scattered light from the sample is recorded with an 

Andor Zyla 4.2 Plus camera. The illumination path is marked in yellow, with the dashed line 

indicating the alternative path to the objective (see Figure 35), the green path is the scattered 

light used to create an image on the camera. 

The base for this instrument is a RM21 Advanced Microscope from Mad City Labs, Madison, 

Wisconsin, USA. It consists primarily of a four-legged microscope table which carries a 

micrometer stage operated by a worm drive and a nanometer stage on top using Piezo-elements 

for positioning, which enables the microscope stage position control to have a spatial resolution 

of 0.4 nm. The objective lens of the microscope sits in this table under the sample position (see 

Figure 34), such that the sample can be manipulated from above. The light for the illumination 

is provided by a NKT Varia tunable filter box that allows the selection of wavelengths between 

400 nm and 840 nm from a supercontinuum generated by a non-linear optical fiber. The beam 

of the selected wavelength is directed through a spatial filter to create an even, gaussian beam 

profile and with that an even illumination of the sample. The light is then directed to two 
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periscopes, which allow the use of an oil-immersion objective (for example a Nikon 

MRD01691) or a dark-field objective (for example a Nikon MUE61500) by redirecting the 

light to small mirrors placed under the respective objectives. Figure 35 illustrates the light 

paths for these two cases, which shows that the oil-immersion objective can be used as dark-

field objective when the incident light is entering the back-end of the objective at the very edge 

of the lens. This approach is commonly used for total internal reflection (TIRF) applications192.  

 

 

Figure 35. Light path for an TIR/dark-field objective. In this schematic view, both objective 

types have been joined into one. The continuous yellow line indicates the light path for an TIR 

objective, where the incident light enters the objective through the same lenses used for image 

generation from the scattered light (green). Upon exiting the objective, the light is then 

reflected from the sample and re-enters the objective. The dashed yellow line is the incident 

light path for a dark-field objective, which often features a separate illumination channel. 

Here, the light is focused onto the sample via a ring mirror but has also a symmetrical entry 

and exit path. In both cases, the reflected light can be used to monitor the focus via a TIRF-

lock device193. 

The beam that is reflected from the sample (for both objectives) can be used in a TIRF-Lock193 

(Figure 34) that tracks focus drifts during the measurement and corrects them automatically 

with the help of the nanostage. The light that is scattered from the sample is directed via the 

objective lens, a mirror and the tube lens onto the chip of an Andor Zyla 4.2 plus CMOS 

camera, that can record 4.2 megapixel images at 100 fps. This camera was chosen for its 

outstanding dynamic range, which means that small signal changes can be better detected in a 

relatively strong signal, as required for NSM and NSS. The overall scattered intensity of a 

nanochannel is, depending on its geometrical cross section, always stronger than the changes 

induced by RI changes, such that the ability of the camera to detect small changes in a strong 

signal defines the resolution of NSM, e.g., in terms of solute concentration in a nanochannel, 

as of relevance for my work. 
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In summary, this new microscopy setup dedicated to NSM is the result of the learnings gathered 

during the work presented in this thesis and the attached papers. While I have been able to 

already use it for the functionality tests of the new chuck discussed in Paper IV, it is still under 

ongoing development. Once it is fully functional its nanometer-precise sample control, high 

stability and ultrafast image acquisition possibility combined with the temperature control and 

electric fields offered by the new chuck, it has great potential to further advance our efforts in 

single particle catalysis and beyond. 
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6 SUMMARY AND OUTLOOK 

The aim of my work presented in this thesis was to develop and demonstrate an experimental 

technique with which single, catalytically active nanoparticles could be studied without the 

need for any direct signal from the particle itself or any indirect probes, such as fluorescence. 

It is my hope that this thesis, and the results presented in the attached papers, have convinced 

the reader that I was successful in this quest. 

The importance of my mission is given by the facts that (i) nanoparticles produced for catalysis 

are inherently diverse in their shape and size, and with that in their activity/selectivity, and (ii) 

that nanoparticles used as catalysts in industry are in the size range of 10 nm or below63–65, 

making it therefore challenging to investigate them individually with conventional methods. 

The background in nanofluidic systems and their fabrication provided by my research group 

has sparked the idea to use a nanoscale object that is easily visible in a dark-field microscope 

for this purpose, that is, a nanochannel inside which we can place single catalyst nanoparticles. 

The underlying physical principle is Mie-scattering from sub-wavelength objects, which 

connects the scattered intensity of light from a nanochannel to the difference in RI between the 

fluid in the channel and the surrounding material. Using this dependence of the scattering on 

the RI difference and changes therein, a new analysis method for femto- to attoliter solution 

volumes emerged – NSM. 

Exploring this method, I laid out analytically how changes in the RI of the nanochannel cause 

changes in its light scattering intensity.  Subsequently, I applied this principle experimentally 

to detect different concentrations of H2O2 in water, and even the diffusion of the former into 

the latter, using NSM of a single nanochannel (Paper I). Furthermore, I demonstrated in the 

same publication that NSM can be used to detect and count single colloidal Pt particles trapped 

in a nanochannel, and that these particles can be used for a catalytic reaction. As Pt is a known 

catalyst for the decomposition14,85,118–121 of H2O2 into H2O and O2, my experiments revealed 

that the colloidal particles generate O2 in the gas phase in the nanochannels, meaning that the 

created reaction product became clearly visible with NSM since its RI was greatly different 

from the surrounding SiO2. The analysis of the expansion speed of the O2 bubbles formed, 

revealed intrinsic differences between individual colloidal particles, and was used to estimate 

a turnover frequency (TOF) for specific nanoparticles concerning this catalytic reaction. 

Furthermore, this experiment demonstrated that parallel nanochannels in the field of view of 

the microscope are ideal to conduct parallel assessments of isolated single catalyst particles at 

the same conditions. It also showcased that the confinement in a nanochannel indeed is 

beneficial for the sensitivity of NSM, as reactants and products are not diluted.  

Paper II is a significant expansion of the capabilities of NSM, as I demonstrate that spectrally 

resolving light scattered from nanochannels in NSS essentially enables vis-spectroscopy from 

femto- to attoliter volumes, similar to well established absorption spectrophotometry used for 

macroscopic sample volumes. From a mechanistic perspective, the specific light absorption of 

a molecule causes a corresponding change in the absolute RI, as these two items are connected 

via the Kramers-Kronig relation that allows the calculation of the real part of the RI from the 

imaginary part (containing the extinction coefficient) and vice versa. In combination with Mie-

theory, I was thus able to extract the molar extinction coefficient (ε) spectra of brilliant blue, 

allura red and fluorescein from the NSS measurements. In addition, both Paper I and Paper 
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II featured experiments that showed a nearly linear relation between the scattering intensity 

and solute concentration, advertising NSM and NSS as ideal tools for the investigation of 

molecular changes induced by catalysis on single particles. From the fluidics side, Paper II 

introduced reference nanochannels that made NSS comparable to dual-beam ASP, as they 

provided a constant point of reference during the spectroscopic scattering measurements, 

reducing in this way the influence of mechanical drifts and straylight.  

Paper III is the culmination of my adventures into nanofluidics and single particle catalysis, 

as it not only features referenced NSS as method for data acquisition, but it also describes a 

new and unique use of micro- and nanofluidics to create isolated single-particle batch reactors. 

This was done by first flushing the nanofluidic system with the reactant solution before a stream 

of inert gas in the microchannels separated the solution-filled nanochannels from the larger 

bulk of the solution. In this way, I was able to study the catalytic reduction of fluorescein over 

a single Au nanoparticle in the presence of sodium borohydride (NaBH4). The spectral 

resolution provided by NSS allowed a detailed assessment of the different phases of the 

reaction, and I, e.g., found that the pH in the closed volume of the batch reactor undergoes 

drastic changes reflected in substantial spectral shifts the scattering peak of the fluorescein NSS 

spectrum. 

With the main goal of my thesis thereby essentially achieved twice, i.e., for H2O2 

decomposition single trapped colloidal Pt particles in Paper I and for fluorescein 

decomposition on a single Au particle made by electron-beam lithography in Paper III, the 

focus was set on the optimization of the methodology I now have established, by developing a 

dedicated multifunctional chip holder and dark-field microscopy setup. The chip holder is 

featured and tested in Paper IV, where I demonstrated that we now could regulate the 

temperature of the fluidic system to investigate, e.g. the temperature dependence of diffusion 

processes in nanochannels, and that we can apply electric fields to influence the mobility of 

charged solute species. Furthermore, the fluidic chip design introduced in Paper IV had 12 

fluidic connection points, which enabled an unparalleled control of the flow of solutions in the 

micro and nanochannels, with the effect that I was able to exchange and mix two solutions of 

brilliant blue and fluorescein at will and measure the state of mixing using NSS. Due to the 

small size of the chips, they also provide a high fabrication yield of 52 chips per 2-inch wafer, 

which both reduces cost of the entire concept and increases the experimental throughput since 

the availability of chips is no longer limiting. 

Outlook 

This thesis presented the development of NSM/NSS for single particle catalysis, starting from 

the basics of heterogeneous catalysis and ending with the implementation of a new 

experimental setup. This order might be reversed when future tasks are concerned. 

By that I mean that the first goal in the future should be the complete implementation of all 

learnings and features presented in this thesis and the accompanying papers into the new setup. 

Especially of interest is here the enabling of spectrally resolved measurements for NSS on the 

new setup, to have the full capacity of the new microscope available when conducting, for 

example, experiments with single particle batch reactors, as presented in Paper III. Connected 

to this is of course the full utilization of the new chuck. This could possibly lead to a version 6 

that is very close to version 5 presented in Paper IV but has the current drawbacks mentioned 

in section 5.2.1 amended. 
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From there, the full potential of a fluidic SiO2/Si chip could be unlocked. This includes the 

utilization of the 12 connection points provided on each chip to create new micro and 

nanofluidic systems, adapted to specific experiments. I see great potential in the parallel 

arrangements of identical but separated nanochannels to provide scalable single particle 

activity assessment. Furthermore, the idea of implementing accompanying but separated fluidic 

systems (as used for the reference scheme shown in Figure 20) could lead to interesting fluidic 

switching or flow control, as done in established microfluidics with pressure valves163 or field 

effect nanofluidics189. Also, multi-phase flows could become very interesting, as they already 

helped to create batch reactors from nanochannels using liquid and gas flows in concert, as 

demonstrated in Paper III. Would this approach be combined with droplet generation in 

nanochannels, a high-throughput single particle characterization could be possible, where 

droplets of reactant solution can be passed over catalytic particles in rapid succession while the 

solution is analyzed via NSM/NSS. 

Furthermore, I would like to highlight that it is currently not possible for us to structurally 

characterize the lithographic or colloidal nanoparticles placed in the nanochannels. In other 

words, we know only from analogues investigated on open surfaces how they are expected to 

look like. While this is sufficient for proof-of-principle experiments, if true single-particle 

structure function correlations are to be investigated with NSM and NSS, it is critical that the 

particles in the channel can be structurally characterized before, after and during the reaction. 

For this, it would be immensely helpful to implement the approaches from ETEM into the 

fluidic chips by fabricating electron-transparent membranes (e.g. carbon or silicon nitride) at 

the particle position. This appears to be within reach as nanochannel-like devices are already 

in use in the field of in situ TEM to study materials in the liquid and gas phase52,194,195. In 

addition to TEM, it would also be great to enable measurements using electromagnetic 

radiation other than visible light, as for example X-ray approaches have already been 

demonstrated with in-situ nanoreactors using a commercial available MEMS chips20. Members 

of my research group have already performed first tests of particle-decorated fluidic chips at 

the MAX IV synchrotron facility. 

Apart from the experimental techniques used to characterize catalytic particles, it is of course 

the particle itself that is of interest. Here, NSM/NSS offers a larger sample range as it is not 

dependent on specific particle properties. Since no plasmonic response is required, metals other 

than Au, Ag or Cu can be investigated, as shown for Pt in this work. It also makes it possible 

to study oxide nanoparticles of, for example, Cu, Fe, Co and Ti196. For the same reasons, 

NSM/NSS will hopefully enable the study of smaller single particles, down to the sub-10 nm 

size regime, which is the one that is truly technically relevant for industrial applications. I 

envision this to be possible with the help of nanoscale batch reactors as introduced in Paper 

III, since in this way even the smallest particle can be given enough time to create a detectable 

change in the RI of the nanochannel. 

One specifically interesting idea in this regard could be the colloidal growth of nanoparticles 

onto nanofabricated seeds that have been placed in the nanochannels. This has been 

demonstrated on open surfaces197 and would combine the best of two worlds, i.e., colloidal 

synthesis and nanofabrication. In this way, it could open new avenues for the investigation of 

structure-function correlations in catalysis at the single nanoparticle level.  
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On the smallest scale, that is the actual catalytic reaction performed on the surface of the 

catalyst, the options for future investigations are extensive as well. The reactions presented in 

this thesis and in Paper I and III, namely H2O2 decomposition and dye reduction, have been 

fruitful as model systems for the demonstration of NSM/NSS. The path taken with the former 

to investigate future energy carriers is nowadays more relevant than ever in the creation of a 

sustainable society. Apart from H2O2, it is of course H2 that is a very promising candidate in a 

renewable energy landscape. For this, catalysts are needed that can work in electrolyzers198–200 

to generate H2, and in fuel cells201,202 to generate electricity. 

In general, I see a broad range of future applications connected to NSM/NSS when the 

investigation of individual, catalytically active nanoparticles is considered. My methods have 

the potential to become a great addition to the toolbox of single particle techniques that enable 

the high-throughput and highly parallelized assessment catalytic activity/selectivity of single 

nanoparticles. With that, a deeper understanding of the correlation between particle structure 

and function could be achieved, which hopefully in the long term will lead to the development 

of better and technologically relevant catalyst materials.  
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