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Bjorn Altenburger
Department of Physics
Chalmers University of Technology

Abstract

Heterogeneous catalysis concerns material formulations — catalysts — that can assist a chemical
reaction by improving its rate or selectivity, by lowering activation barriers and altering the
energy landscape. The core of catalysts are often tiny metal particles that provide a large
reaction surface at a small volume, as well as low coordination sites whose type and abundance
depends on particle size and shape. Hence, such nanoparticles come in a broad spectrum of
sizes and shapes when studied in a so-called ensemble comprised of millions of particles.
Ensemble experimental techniques therefore often disregard the structural heterogeneity of
nanoparticles as the measurements of such samples provide information on the averaged
response of the heterogeneous ensemble. Consequently, “superparticles” with exceptional
performance may be overlooked, or erroneous structure-function correlations may be
established.

To overcome the ensemble averaging problem, various techniques for single particle catalysis
have been developed. The approaches include methods like fluorescence microscopy, X-ray
diffraction and scattering, electron microscopy and plasmonic sensing. These methods have in
common that they detect electrons or photons that report either on the reactant molecules
consumed, the product molecules formed, changes to the catalyst particle itself, or temperature
changes that the reaction evokes in the particle surrounding. However, none of the experimental
methods provide 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
methods. At the core of this method that we call Nanofluidic Scattering Microscopy are
nanofluidic channels that can accurately control the transport of reagents to and from a single
catalytically active particle localized inside the channels. 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 the channel, its light scattering characteristics change and reveal in this way the
catalytic performance of the nanoparticle.

In this thesis, I describe my winding journey towards the first successful implementation of
Nanofluidic Scattering Microscopy, where I characterize the catalytic activity in terms of
turnover frequency of single colloidal Pt nanoparticles trapped inside nanofluidic channels
during the H2O2 decomposition reaction. The experiments reveal that ligands covering the
particle surface distinctly impact the activity.
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1 Introduction

The challenge I have targeted in this thesis is to study catalytic reactions on nanoparticles in
realistic conditions without the use of fluorescence or nanoplasmonic techniques. Is this an
important task? In heterogeneous catalysis, the best catalyst for a specific chemical reaction is
found when the highest reactivity or most advantageous selectivity is obtained with the least
amount of catalyst used. To this end, since heterogeneous catalytic reactions take place on the
surface of a catalyst in the solid state, the ratio of surface versus volume of that catalyst is
maximized when using small nanoparticles in the sub-10 nm size range that extends all the way
down to so-called clusters comprised of tens of atoms or even single atoms, as the most extreme
case. However, it is not only size but also particle shape that matters, since certain reactions,
for example, prefer corner or edge sites on the particles', while some prefer certain crystalline
planes? and for some reactions, it is the very specific interplay between different types of sites®
that is key. However, when nanoparticles are produced, they usually exhibit a significant
variety in terms of their shape and size, as well as composition if alloys are considered. Hence,
if one would like to experimentally correlate catalyst reactivity with particle size, shape and
composition, to not average out potentially relevant structural effects, it is beneficial to
investigate catalyst nanoparticles individually. This, however, is a significant experimental
challenge due to their tiny size and due to the tiny amount of product molecules produced on
their surface.

The challenge to study catalytic reactions over single particles has inspired many scientists
over the years and the various experimental approaches are a result of a long tradition in
heterogeneous catalysis where one tries to reveal the details of a surface reaction while the
catalyst is working in real reaction conditions*”. The term “in situ” is used in this context to
describe methods that can characterize catalysts in controlled environments, although such
conditions may not represent the environments the catalyst will experience under operation
conditions. The term “operando” goes one step further and is used for approaches that monitor
the catalyst while it is converting reactants. As the relevant length scales in catalysis are in the
micro and nanometer regime, the experimental techniques used to study catalysts have also
entered this realm. The entry point to this nanoscopic environment is for many approaches
synchrotron radiation as the short wavelength can resolve very small structures'® (10 nm to 5
nm) while the generated photons can penetrate the reactor atmosphere and the catalyst.
Examples of widely used synchrotron-based techniques are scanning-transmission X-ray
microscopy (STXM) and quick scan X-ray absorption fine structure (QXAFS)'!"!2, Being based
on highly transmissive X-rays, using these methods the inner structure of catalysts can be
revealed with nanometer spatial resolution tiny pores and the metal nanoparticle distribution
inside can be resolved'?. The drawback with synchrotron methods is the extensive
infrastructure that is needed to generate the radiation and that they reveal only the structure of
the catalyst but often not their activity at the same time. Another noteworthy example of an
experimental method for single particle catalysis is using the fluorescence emission of (single)
molecules'? to reveal chemical reactions on the surface of single nanoparticles, sometimes even
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with sub-particle spatial resolution®!4-'®. This approach is relatively new to chemistry but has
been used in biology for decades'” to study the processes within cells and organelles and earned
Stefan Hell the Nobel prize in 2014. While the experimental setup required is relatively simple
compared to a synchrotron experiment, the main limiting factors for (super resolution)
fluorescence microscopy in single particle catalysis are that one is limited to a very small
number specific reactions that either form a fluorescent product or during which fluorescence
is extinct. Furthermore, one has to work at a from a practical perspective unrealistically low
reactant concentration to ensure single molecular resolution in the super resolution version of
fluorescence microscopy.

Another family of single particle catalysis experimental techniques focuses on the
nanoparticles themselves. To this end, when talking about nanoparticles in heterogeneous
catalysis, they are usually only regarded as 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 surface!’. This is enabled
by an optical phenomenon called localized surface plasmon resonance (LSPR)!"'°, 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. As the resonance frequency of the LSPR therefore is
sensitive to, for example, the oxidation state of a metal nanoparticle, it can be used to monitor
the surface state of single catalyst nanoparticles in situ'®22? by tracking shifts in resonance
frequency with high precision® at the level of single nanoparticles using dark-field scattering
microscopy'’**. However, this plasmonic nanospectroscopy and imaging concept falls short
on being able to also 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
quadrupole mass spectrometry from particles localized in tiny nanofluidic reactors'®2%2!,
However, the QMS readout is limited to a few hundred nanoparticles since it does not provide
the sensitivity to address individual ones, thereby still leaving the “holy grail” of an activity
measurement from a single nanoparticle in operando at technically relevant conditions an
unreached dream.

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, so-called, plasmon or tip
enhanced Raman spectroscopy (PERS and TERS, respectively)®?° that has been used to
investigate the photocatalytic processes of nitrothiophenol on gold surfaces®’. One of the main
drawbacks and limitations of PERS and TERS is that the enhancing plasmonic particle or tip
also must 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 where the Raman-enhancing (Au)
nanoparticle is isolated by a passive shell, in analogy to indirect nanoplasmonic sensing®*?3,
in what has come to be known as Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy
(SHINERS)!!. This method has for example been successfully used for the investigation of the
oxygen reduction reaction on high-index Pt where evidence of OH and OOH intermediates was
found®’. 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 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 light**32. This highlights a further risk of plasmon enhanced Raman spectroscopy
methods, that is, 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 approaches”!343%  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) was used to study catalyst ex-situ, that is, before
and after reaction. The development of differentially pumped microscopes, sample cells and
specialized holders have enabled the operando investigation of single particles at high
pressures>®® and even in the liquid phase*®*°. They have, for example, revealed the oscillating
behavior of Pt*! or Pd** nanoparticles during reaction and monitored the dynamics of single
atoms*’. 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.

This plethora of single particle catalysis characterization techniques that has been developed
to date is evidence enough that we are dealing with both an interesting and highly relevant topic
in heterogeneous catalysis that has sparked the interest of many research groups.

I present in this thesis my approach to address the above outlined challenges in single particle
catalysis towards realizing its ultimate goal. The concept that I introduce in my work is on one
hand based on the fact that the refractive index (RI) of any fluid will change if its molecular
composition is changed**, for example by a chemical reaction between constituents of the fluid.
On the other hand, the concept 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 catalysis?®*!*>*8, Finally, it builds on our recent discovery of the unique
optical properties of nanofluidic systems that enabled the label-free size and mass
determination of single biomolecules using what we call Nanofluidic Scattering Microscopy*’
(NSM).

Figure 1. Artist’s rendition of nanofluidic scattering microscopy for the monitoring of catalytic
activity of a single nanoparticle localized inside a nanofluidic channel. Due to a reaction-
induced refractive index 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 conversion and thus particle activity.
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To this end, the method that I have developed uses the NSM principle not to detect single
molecules but to track the changes in the fluid that is residing in the channel that are induced
by a catalytic reaction over a surface of a single nanoparticle localized inside the channel
(Figure 1).

Some of the key features of NSM that I will discuss in detail in the subsequent chapters are that
the used nanochannels” geometrical cross section is smaller than any wavelength of the visible
light spectral range and that these channels nevertheless 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. As the second key feature, I will
make use of the fact that the scattering intensity of a nanochannel is strongly modulated by the
RI difference between channel walls and channel interior. As the hypothesis I set out to explore
is that if reactants are flushed into a nanochannel and react on a catalytically active particle
localized inside the channel, the molecular structure of a sizable fraction of the molecules in
the channel will be changed due to the reaction. Hence, since this molecular structure change
alters the molecular polarizability and thus the RI of the liquid in the channel, the catalytic
reaction is expected to induce a measurable change of the nanochannels’ light scattering both
in intensity and spectrum. Therefore, this will make it possible to monitor the catalytic reaction
and determine its rate.

Since the NSM approach, in principle, is compatible with a wide range of reactant types and
concentrations, as well as reaction pressures, it promises to enable single particle catalysis
studies in technically relevant reaction conditions in operando. Furthermore, there are no
boundary conditions on the reaction itself, that is, it neither needs to be fluorescent nor have a
“color” and there are no plasmonic enhancement effects necessary which should dramatically
lower potential artefacts induced by the used probes and enable experiments with an almost
unlimited number of catalytic reactions and catalyst materials.

A second aspect is that the benefit of the nanochannels is not limited to their optical properties
that enable light scattering based optical microscopy. In fact, they also provide us with
unprecedented control of the reaction parameters. For one, we can isolate single particles in
their respective nanochannel, such that we avoid any crosstalk between particles, e.g., via
reactant concentration gradients or spill-over effects. Secondly, having arrangements of many
parallel nanochannels on a chip and in the field of view of the microscope allows to study many
single nanoparticles at the same time, while they all are isolated in their own nanochannel.
Thirdly, the fluidic system allows us to also accurately control the flow of reactants and with
that the mass transport to and from single nanoparticles. In this way, the nanochannels also
function as “model pores” that mimic widely used meso- and nanoporous catalyst support
materials. Finally, 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 see to maximizing the RI contrast induced by the reaction. This, in
turn, maximizes the chance that the conversion over a single nanoparticle can be
experimentally measured.

This thesis is structured in the following way: I will start by introducing the underlying physical
principle of NSM for single particle catalysis applications in the beginning of the second
chapter and explain the different options we have from a fundamental governing physical
perspective. These theoretical predictions will subsequently be corroborated with experimental



data from first measurements in the following section, also explaining our motivation to further
develop this technique. The section thereafter is then dedicated to the various ideas I have
implemented and explored to both deeper understand and improve the performance of our
experimental setup, including advanced nanofluidic chip designs, modifications of the
darkfield microscope itself and automated data acquisition and evaluation.

The last section of the second chapter is dedicated to a summary and discussion of the
challenges I have encountered during the development of NSM for single particle catalysis. I
feel that it is important to discuss in detail those (sometimes still unresolved) challenges in this
thesis because it is tackling and trying to resolve them that has led us to the stage we are today,
and it is also what forms the basis for our understanding of what needs further improvement
and what probably the ultimate limits of our technique are.

Chapter 3 therefore starts out with an analysis of what has been achieved so far and the
corresponding key insights gained. On this basis, I subsequently introduce a new nanofluidic
chip design and motivate the step from using nanofabricated catalyst particles to instead using
colloidal nanocrystals synthesized in solution and trapped inside a nanofluidic channel at a
predefined position for my experiments. The insight gained in the previous chapters is here
combined with new results such that a foundation of basic understanding is established. The
key point here is the emergence of gas bubbles in the nanochannels that have their origin in the
catalytic reaction on the surface of a single particle. On the basis of measuring the growth rate
of these bubbles in the nanochannels, I will lay out how I finally arrived at a position in the
development of this technique that justified the writing of a first publication on this topic.






2 Nanofluidic Scattering Microscopy

2.1 The original idea

Scattering of electromagnetic waves from small objects is an extensive field in physics. 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 above
us, 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 wavelengths, which thus explains the white-grey color
of clouds, as well as of milk and smoke.

In my work, 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
(ii1) prevent the excessive dilution of reaction product. As an important additional point here,
I note that these channels have geometrical cross sections on the same order of magnitude as
the wavelengths of visible light (light is visible for the human eye between 310 nm and 1100
nm*’) since the typical width of nanochannels I have worked with is between 100 nm and 200.
Hence, they interact strongly with visible light and this interaction is the basis for the NSM
concept I have used to study catalytic reactions on single nanoparticles inside nanochannels.
To fundamentally understand the light scattering properties of these nanochannels, I present
below a short derivation of the most important formulas based on Mie-theory that are required
for this purpose. The derivation is based on the assumption that the fluid that fills the
nanochannels can be described by a bulk material whose optical properties are defined by its
complex dielectric function.

2.1.1 Basics of Mie-Scattering

In this section, I will describe a single nanochannel as a scattering entity when visible light is
incident on it. To describe the nanochannels with rectangular cross section used in my
experiments in the Mie-framework we can approximate them as infinitely long cylinders. By
doing so, we can then follow the derivation of equations that describe the scattering of light
from such an object provided by Bohren and Huffiman.

At the very start, there is the description of the incoming light as an electromagnetic wave.



Vi + kP =0 Equation 1

Here, 1 is the amplitude of the wave and the wavenumber k = % = w+/ep. Since the channel

is approximated as being cylindrical, it is useful to use cylindrical coordinates, as shown in
Equation 2.
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- _ kZ =0 .
+ 2 39?2 to 7t Y 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 3°°, where we define p =

rvk? — h? and h is the separation constant.

Yn(r,d,2) = Z,(p)e™Pe™ (n=0,%1,...) Equation 3

Figure 2. The cylindrical coordinate system used for the derivations in this chapter

The linearly independent solutions to Z,, are the Bessel functions of the first and second kind,
J. and Y, respectively, where n denotes their integral order. The harmonic functions for the
cylinder that can be generated from Equation 3 are given as>

VXM,

M, =V X (ézl/)n): N, k

Equation 4

when we take the unit vector that is parallel to the cylinder axis, é,, as pilot vector. These
harmonics are then orthogonal to each other. If we now consider the interaction of a plane wave
E; = E,e™é that is incident onto a cylinder of radius a in the direction of é; = —sin (&, —
cos {é,, with { being the angle between cylinder axis and the incident wave, we need to express
this electromagnetic wave in the cylinder harmonics that we defined above. We also need to
investigate two different cases; one where electric field is parallel to the xz-plane and one where
it is orthogonal to it.
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Figure 3. 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,
E; = Eo(sin (éz — coS {éx)e—ik(rsin(cos¢+zcos() Equation 5

the expansion of this field in cylinder harmonics is given as

o)

E; = Z [A, M5 + B, Ny]. Equation 6

n=-—oo

It was stated above that the Bessel functions of the second kind, Y,,, are solutions to the wave
equations as well. However, at this point we must exclude them since the electric fieldatr = 0
cannot be infinite. Hence only the Bessel functions of the first kind, J,,, remain as eligible
solutions. When we compare Equation 5 with Equation 3, it is also clear that the separation
constant h should be —k cos {. Having so defined the function that generates the cylinder
harmonics, J,,(kr sin {)e™®e~k2¢0s¢ e can continue following the steps in the book by
Bohren and Huffman® to arrive at the following expressions for the coefficients A, and B,,.

Eo(=D)"
A, =0, B, = Tm( Equation 7

If we then define E,, = E, (—i)"/ksin{, the incident electromagnetic field in cylinder
harmonics can now be written as

o5} —ik oo
E; =Y o ExNg, H; = w_uZn=-°° E,Mj. 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 needs to satisfy continuity at the boundary of the cylinder, such that h = —k cos ¢.
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Here, it is now important to introduce a relation that connects to the materials inside and outside
of the nanochannel. Specifically, we introduce here m, the ratio between the RI of the material
that fills the cylinder (#cyiinder; in the experiments later that corresponds to a liquid or a gas) and
the material the cylinder is embedded in (7surrounding; n the experiments this will be SiO2),

_ Neylinder
m= Equation 9

nsurrounding

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

In kr/m? — cos? { )ei"®e~ikz cos (, which is leads to the following expansions of the internal
g €Xp
electromagnetic field

[o) —ik (o)
E = Zn:—oo E, [gnMrll + anrﬂ' H = w_lHan—oo E, [gnNr% +
Equation 10
fuMz].

The scattered field assumes subsequently a similar form

(o] . k (o] . .
Es=Yn-—o En[bnlNr? + LanerS{]' H; = (:_#Zn:—oo En[bnerS{ + lfanlNr?]: Equatlon 11

where the generating function H,(kr sin{)e®?e~*2¢0s¢ ig ysed, including the Hankel
function of'the firstkind H,, = J,, + iY;,. The Bessel function of the second kind can be included
here since we consider the scattered field to be an outgoing wave at large distances from the
cylinder (|p| > n?). Looking at the boundary conditions at 7 = a, Bohren and Huffman>® offer
the following relations for the coefficients a,, and b,

A_n1 = —Qn1» b—nl = —b, Qo1 = 0

Assuming now the common case that the incident light is normal to the cylinder axis ({ = 90°),
a,, vanishes and we are left with the coefficient b,, for the case of the electric field of the
incident light being parallel to the xz-plane, where x = ka.

]n(mx)]n’(x) - m]n’(mx)]n(x)

by, (§ =90°) = b, = T o H, (o) = m]., (o) H, (o) 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 book follows similar
steps, finally arriving at an expression for a,, under the condition of normal incidence.

(¢ = 90°) = a, = I CVn(m0) = Jn () (ma)
n2 n m]n(mX)Hn’(x) _]n'(mx)Hn(x)

Equation 13

We can now describe the incident, internal and scattered electromagnetic wave in terms of
cylinder harmonics and have the necessary coefficients a,, and b,, available when considering
the scattering from a normally incident wave of either polarization. We can therefore now
calculate the scattering cross sections of our nanochannel under the approximation that it is
cylinder of infinite length.
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Figure 4. Incident light W; and its scattered part W, 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, we construct a closed concentric
surface around the cylindrical particle that has length L (in the direction of the z-axis) and
radius R, together with a mantle surface A. This allows us to consider rates at which the
incoming light is absorbed and scattered.

2m 2m
w, = _f S AdA=W,, —W, = RLf (Sext)r dp — RLf ($s)rd¢  Equation 14
A 0 0

The radial components of the Poynting vector S are used above, following the definition as the
cross product of the electric and magnetic field.

S; = Re(E; X H3),  S;==Re(E; X H; + Egx H
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 a,, and b,, to a scattering efficiency Q... This scattering efficiency compares
the scattered radiation to the actual geometric dimension the nanochannel

W 2 [*S)
Qsca,p = m = ;[lbolz + 22:11=1(|bn|2 + |an|2)] Equation ]5

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

Qscao = = laol? + 2Z51 (lal? + [by D). 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 = %(Qsca,p + Qsca,o)-

11



Another important simplification that we can do at this point is the assumption that we are
dealing with an object that is much smaller than the wavelength of light. Specifically, if we
look at x, which is defined as x = ka = 2ma/A, we see that it become 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 forms® of
the Bessel functions needed for the coefficients a,, and b,,, that is

z* z z° 2
T h@=5-7 %@ ="In(

V4

Jo(2) =1— >

)» Y1(2) = —é .

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.

_ —imx*(m? - 1) b = —imx?(m? — 1)
aG= gy b=
Equation 17
—imx? fm? -1 —imx*(m? — 1)
“=Ty <m2+1>’ 1= 32

From here, we can go back to Equation 15 and Equation 16. Using only the terms with the
highest contribution, we arrive at the following expressions for the scattering efficiencies for
parallel and orthogonal incident light.

7T2x3 n2k3a3
_TX 2 vz 2 _ 132 )

Qscap = —g—(m*—1) g M -1 Equation 18
3 m2x3 (m? — 1\° 3 m2k3a® (m? — 1\

Ueao =7 \szv1) =77 \m2r1 Equation 19

These efficiencies are given with respect to the projected surface 2aL that 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, Ay = ma?, emerges and the scattering cross sections for parallel and orthogonal
polarization can be written as

AZK3L

Oscap = (mZ - 1)2 Equation 20
_ABKEL (m? — 1)
Oscao =~ iz +1 Equation 21

If we finally assume unpolarized light irradiation, as in my experiments, we average both
scattering cross section and arrive at Equation 22, which is the fundamental formula for
nanochannel scattering microscopy.

kL, 1 1 _
Tscau =~ 4 (m*—-1) (§+m) Equation 22

Its importance 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
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properties of the medium inside the channel. We can see 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 single
catalyst nanoparticle, a large channel would lead to a more diluted product concentration in the
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, it is interesting to see that if we assume a 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 using polarized rather than unpolarized light.

2.1.2 The Kramers-Kronig relation

In the preceding section, I laid out how the scattering of light from a nanochannel depends on
the difference in RI between the material inside the channel (in my case a fluid) and the material
that surrounds it, and how changes in this difference induced by a catalytic rection occurring
inside a channel can be detected by monitoring correspondingly induced changes in scattering
intensity. However, a further interesting aspect is here that the RI in general is wave-length
dependent. To this end, while liquids like pure water or transparent solids like SiO2 exhibit
refractive indices that are fairly constant across the visible spectral range, there are fluids that
exhibit distinctly wavelength-dependent refractive indices, and thus also exhibit a sizable light
absorption. These fluids are in most cases (aqueous) solutions of dyes, such as Pyranine,
Quinoline or Coumarin, but can in principle be any compound that absorbs specific
wavelengths of the visible spectrum as for example metal complexes. These absorption features
lead to strongly spectrally modulated light scattering properties of a nanochannel filled with
such a fluid, which in turn can be used to quantitatively analyze changes in the fluid in a
spectrally resolved way.

The key to understand this effect is to understand 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 arguments®'. This
complex function is the refractive index n(w) = n(w) + ik(w), since it contains in its real
part the index for diffraction and in its imaginary part the extinction coefficient. With this
information at hand, we can write the Kramers-Kronig relation as>

2  wk(w’
1= [T
T J, w?-w

Equation 23

where P denotes the Cauchy principal value of the integral. We now rewrite this equation with
the use of the optical wavelength A = 2mc/w, such that
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The relation between k and the experimentally measurable absorption coefficient  is given by

A
k() = Z—ﬂ Equation 25

With this relation at hand, we can relate an experimentally determined absorption coefficient
to the real part of the RI, as demonstrated by Sai et al’!. In addition, and of key importance for
my work, the above means that we can measure changes in the absorption coefficient of a fluid
inside a nanofluidic channel in a spectrally resolved way by measuring the wavelength-
dependent scattering from the nanochannel. 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. Below, in Chapter 2.3.2, I will
demonstrate this concept on the example of the dye Brilliant Blue and for Allura Red in Chapter
24.2.

2.2 Nanofabrication of fluidic chips

Nanofluidic systems offer unique opportunities to manipulate and control fluids, both liquid
and gas, at the nanoscale. Modern micro- and nanofabrication methods allow almost limitless
possibilities to realize the most diverse nanofluidic designs tailored for different purposes - at
least when it comes to two-dimensional architectures I used in my work. To this end, all
nanofluidic systems I have used were fabricated using the facilities of the MC2 Nanofabrication
Laboratory at Chalmers, which offers all the tools needed to fabricate high-end nanofluidic
systems. However, while it is a true “luxury” to be able to design and nanofabricate nanofluidic
devices with intricate functionalities, as I have learnt and will further outline below, it also
constitutes a significant risk in terms of overengineered complexity. In fact, the most important
results [ have obtained used the simplest chip designs I have worked with. That said, the lessons
learnt from exploring different and more complex chip designs that I discuss below have
proven instrumental for both the development of NSM for single particle catalysis and the
fundamental understanding of its (practical) limitations. Below, I will now provide a short
summary of the key micro- and nanofabrication steps used to make such nanofluidic chips.

As a common denominator, all fluidic systems used and built for my work featured two
microfluidic systems that constitute the chip in- and outlet system, which is connected to the
outside world on one end and to a set of straight and parallel nanochannels on the other end
(Figure 4). In this design, the microchannels are used to transport fluids to and from the
nanochannels on the in- and outlet side, respectively. 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.
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Figure 5. Rendition of a basic nanofluidic chip. Here, four inlet 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.

The micro- and nanofabrication approach used for all fluidic systems I have designed is based
on so-called top-down processing into thermally oxidized silicon substrates (circular 4-inch
wafers), followed by the sealing of the fluidic structures by thermally bonding glass wafers
(Borofloat 33, 4 inches) onto the structured substrate. This provides both a hermetic seal and
optical access to the fluidic systems from the side of the lid, which is critical for optical
microscopy.

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 H20:NH30H:H202, 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 H20:HCL:H203, 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. Depending on the planned application, oxide layers with a thickness of 200 nm
or 2000 nm were produced. The thinner oxide layers were used when the nanochannels
processed in the next step, with a typical depth of 150 nm, should have little oxide between
them and the underlying silicon substrate. Accordingly, the thicker oxide layers served for
cases where the distance between the nanochannels and silicon should be as large as
possible.

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 plasma used for etching the nanochannels into the
oxide layer. To structure the Cr layer, a 200nm thick layer of electron beam resist
(ARP6200) was prepared on top of it and the pattern of the nanochannels was defined inside
that polymer layer with electron beam lithography (development in o-xylene). The pattern
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created in the polymer layer was then transferred into the Cr- layer (the hard mask) with
RIE using chlorine (Cl12), and the pattern in the hard mask was finally transferred into the
oxide with RIE using fluorine (NF3). In the case of creating channels with vertical
constrictions, the RIE of the thermal oxide was divided into two steps: (i) etching of all
structures to the depth of the constrictions, and (ii) etching of all structures except the
constrictions to the full depth of the nanochannels. To achieve the selective etching of the
second step, protective 1 um wide lines of photoresist (AZ5214E) were fabricated with
direct laser lithography on top of the hard mask at the positions of the constrictions between
the two etch steps.

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 (Figure 6).

5. Finally, to connect the fluidic system that now is hermetically sealed by the lid to the outer
world to make it accessible for experiments, we etched holes through the silicon wafer
substrate using reactive ion etching (DRIE) to provide access from the back side of the chip.
In cases where a connection to the fluidic systems was used from the front side, i.e., through
the glass lid, we sandblasted holes through the glass at appropriate locations.

6. For nanofluidic chips with lithographically placed nanoparticles inside the nanochannels, an
additional processing step was included at this stage of the process. The nanoparticles were
defined as holes with electron beam lithography (Figure 7) 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.

7. In a final processing step, the substrates were thoroughly cleaned by treating them in SC1
(5:1:1 H20:NH30H:H203, 80°C) for 10min followed by a rinsing step in DI water and blow
drying with N2. Glass wafers of 175 pm thickness were cleaned in the same manner, O:-
plasma treated (S0W RF power, 250 mTorr) together with the processed substrates and
thermally bonded to the substrates at 550°C for Shrs prior to dicing them into individual
fluidic chips used for the catalysis experiments.
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Figure 6. Reactive ion etching (RIE). a) A reactive ion (fluorine for SiO: etching, oxygen for
polymers) is accelerated in an electric field towards the substrate, knocking out atoms from
the surface and/or chemically reacting and forming volatile compounds that then detach from
the surface. Thereby RIE removes material from areas where the substrate is not protected by
the mask. b) Anisotropic etching can be achieved by tuning the ratio of physical and chemical
etching or by protecting the side walls with a polymer in cycled steps between the etching. c)
Isotropic etching of the substrate is achieved by leaving the side walls unprotected and tuning
the etching parameters. Adapted work™.
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Figure 7. Nanolithography. A clean substrate (a) is spin coated with a polymer-based resist
that is sensitive to exposure to electrons or photons (b). c¢) Exposing the resist to light or
electrons alters its structure, e.g., through cross-linking or splitting of polymer chains, such
that it becomes (in)soluble in specific solvents and can be removed in the exposed areas during
the development step (c). Adapted work>.

2.3 The microscope setup and first results

2.3.1 The setup

For my experiments, I used dark-field scattering microscopy where the name stems from the
illumination scheme. In contrast to bright-field microscopy, where the light that is transmitted
through the sample or reflected from it, we monitor here only light that is scattered from the
sample. For this, a special objective with high numerical aperture is needed that illuminates the
sample surface at a shallow angle and at the same time only collects scattered light (Figure 8).
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Figure 8. Schematic of the darkfield microscopy setup used for the nanofluidic scattering
microscopy experiments.

For the work presented in this thesis, I used three different microscopes with different
characteristics, light sources and cameras. However, their principle of operation was the same
in the sense that they all were operated in dark field scattering mode. Below, I will describe the
setup I used in the early phase of my project, together with correspondingly obtained results.

This first setup was comprised of an upright Nikon Eclipse LV 1000 microscope equipped with
a Nikon TU Plan ELWD 50x/0.60B darkfield objective and a Mérzhauser Wetzlar Tango 3
Desktop electronic microscope stage. For illumination, I used a Nikon LV-LH50PC halogen
lamp, which produces a relatively even spectrum across the visible regime (Figure 10). The
scattered light collected by the darkfield objective was directed into a Andor Shamrock SR-
303i-B spectrometer before being recorded by a Andor Newton DU920P-BR-DD CCD camera.
If not used in spectroscopic mode, that is to measure scattering intensity as a function of
wavelength, the 150 I/mm grating of the spectrometer can be adjusted such that the 0™
maximum reproduces the microscope image onto the CCD camera, thereby enabling operation
of the setup in imaging, rather than spectroscopy, mode. This enables the imaging of a large
number of nanochannels in parallel (as I did later in this thesis, see Figure 28). In contrast,
when operated in spectroscopy mode, only a single channel can be analyzed since the image of
the channel has to be aligned with the entrance slit of the spectrometer.

To start an experiment, I introduced the necessary liquid(s) to the system by filling reservoirs
in the chuck that host the fluidic chip and that connect to the reservoirs in the chip at the end
of the microfluidic systems of (Figure 9). Once filled with liquid, by applying pressure
(typically 2 bar) to these reservoirs via a system of pressure pipes, I then control the direction
of liquid flow through the chip, as well as the flow rate. To exchange the liquid(s) in the system,
the chuck was opened, the present liquid extracted from the reservoirs with a syringe and the
new liquid was filled in.
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microchannels

Figure 9. a)-c) Schematic of the fluidic design of my first chips with the microchannels in black,
the nanochannels in blue and the position of a single nanoparticle in yellow. d) The chip holder,
also referred to as chuck, with the fluidic chip mounted on top. The chip is shown from its inlet
(holes) side. c) Detail of the chuck, where two inlet channels have been filled with Brilliant
Blue solution for highlighting the pathway of the liquid into the chip. The attached pipes lead
to the pressure source used to control the flow through the chip.

2.3.2 Wavelength-resolved scattering intensity measurements of
transparent liquids

As laid out in chapter 2.1.1, the light scattering properties of a nanochannel are defined by its
geometry and by the ratio of the refractive indices of the material surrounding the channel
(S102) and the liquid inside the channel. To verify the corresponding theory I have presented
above in a first experiment using transparent liquids with different RI, I measured the spectrally
resolved scattering intensity of light from a single nanochannel filled with pure Milli-Q water
and of the same channel filled with a 30 % aqueous H20:2 solution (Figure 10). The procedure
for these first measurements was as follows: All 4 reservoirs for one side of the chip in the
upper transparent part of the chuck were filled with water, and the chip screwed on top with
the inlet holes pointing down. 2 bar pressure was applied to two of the reservoirs so that the
water was pressed in via the holes into the microchannels and established a flow through them.
After several minutes in this state, the pressure from one of the inlet holes was lifted, such that
one microchannel now had an overpressure of 1 bar at the entrance to the nanochannels with
respect to the microchannel at the other side of the nanochannels. This pressure difference
across the nanochannels then initiated a flow through them and enabled their complete filing
with water after several minutes. While the chip was being flushed with water in this way, the

19



chuck was placed under the microscope, with the nanochannel area positioned in the center of
the field of view of the camera. From the 340 pm overall length of the nanochannels, 170 pm
fit the field of view. Notably, it is important to not include the connection of the nanofluidic
system to the microchannels in the field of view to avoid background scattering form the
microchannel walls. To measure scattering spectra from a single nanochannel, I closed the
entrance slit of the spectrometer such that only the scattering signal from a single nanochannel
is recorded. By then setting the center wavelength of the grating to 641 nm, spectrally resolved
scattering intensity can be measured along the nanochannel aligned with the slit of the
spectrometer. Typically, for such a measurement I accumulated 10 frames with 0.5 s exposure
time per frame and took the average. To further reduce readout noise and minimize the amount
of data, the whole spectrum was binned along the nanochannel in the camera if no spatially
resolved spectroscopic measurement was required.

80000
250000 |

- 70000
S 200000 | —
3 60000
2 3
g 50000 fi
£ 150000 [
o 40000 $
2 a
§ 100000 f 30000 E
2
< 20000
S 50000 |

10000

0 L - 0

400 500 600 700 800
wavelength [nm]

Figure 10. Emission spectrum of the halogen lamp (blue) used for sample illumination
obtained by measuring the light scattered from a reflectance standard, together with the
spectrally resolved raw and unreferenced light scattering intensities from a single water-filled
nanochannel (orange) and the same channel subsequently filled with a 30 % aqueous H20:
solution (black). The lamp spectrum is drawn on the secondary y-axis as the acquisition
settings were different.

Analyzing the correspondingly obtained scattering spectra in Figure 10 reveals a Gaussian
intensity distribution for the lamp spectrum, with small features at the peak, which is expected
for a halogen lamp>*. In comparison, both scattering spectra from the nanochannels still show
an intensity distribution that is close to a bell shape, but they are also clearly deformed and
show additional features. The origin of these changes is not found in the optical path between
chip and camera, as the lamp spectrum was recorded the same way, but it lies within the
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scattering properties of the fluidic chip itself. Water> and H202°® show significant absorption
only above 700 nm and below 300 nm, which means that they can be regarded as fully
transparent in the wavelength range we discuss here. Hence, the most remarkable observation
that we make in this experiment is the overall scattering intensity difference measured for the
channel filled with water and 30 % aqueous H202 solution, respectively. The explanation for
this observation is indeed the RI difference between the two liquids, as outlined in detail below.

The key result of the theoretical derivation in chapter 2.1.1 was Equation 22, which connected
the scattering cross section of a nanochannel to the RI difference between the medium inside
and outside of the channel. I will now use this equation to plot the theoretical scattering cross
section for a 140 nm x 140 nm nanochannel of 170 um length that is illuminated by 550 nm
light (Figure 11.). To show the general behavior of this function, the RI range for the medium
inside the channel is varied from 0.8 refractive index units (RIU) to 2.4 RIU.
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Figure 12. Theoretical scattering cross section (blue) of a 140 nm x 140 nm nanochannel of
170 um length calculated using equation 22 and plotted over a wide range of refractive indexes
for the medium inside the channel. The markers indicate the refractive indexes for SiO2(1.4585
RIU), water (1.3333 RIU) and a 30% aqueous H20: solution (1.3529 RIU).

The RI dependence of the calculated nanochannel scattering cross section exhibits a minimum
at exactly the RI value of SiO2 (1.4585 RIU)*". The explanation can be found by analyzing
Equation 22 or by considering that a channel filled with SiO2 while being also embedded in
Si02 would be optically invisible since no light could scatter from it. Hence, its scattering cross
section (SCS) is zero. When the channel is filled with water (1.3333 RIU)%, however, we see
that the SCS of the channel is now approx. 0.28 um?. This means that the channel will now
scatter light efficiently and will become visible in an experiment such as the one summarized
in Figure 10. Exchanging now the liquid in the channel from pure water to an aqueous 30%
H20: solution, we also change the RI to 1.3529 RIU* which according to equation 22 yields
a SCS of 0.19 um?, which is significantly lower that for the water filled channel (see also inset
in Figure 13.). This is the explanation for the result that we see in the measurement shown in
Figure 10, where indeed the scattering intensity of the water filled nanochannel is higher than
for the H20: filled one.
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2.3.3 NSS of a Brilliant Blue solution

Having experimentally corroborated the theoretical background of NSM introduced in chapter
2.1.1 for measuring RI induced changes in light scattering intensity of a single nanochannel
filled with different transparent liquids in chapter 2.3.1, it is now interesting to perform similar
experiments with a liquid that absorbs light in the visible range to show the connection between
experiment and the theoretical prediction by the Kramers-Kronig relation (Equation 24).

Specifically, I used for this test the (former) food dye Brilliant Blue, due to its non-toxicity and
strong absorption in the visible, and a nanofluidic system comprised of nanochannels with the
same dimensions as for the test with the transparent H20O2. The experimental procedure is
identical to the one described above, with the exception that now I filled one reservoir of the
inlet microchannel with water while the other reservoir of the same microchannel was filled
with the Brilliant Blue dye solution. By doing so, I could now exchange the liquid in front of
the nanochannels by switching the pressure from one reservoir to the other, without having to
remove the fluidic chip from the microscope. The solution that I used had a concentration of
50 mM Brilliant Blue in water and was prepared by dissolving solid dye powder in ultrapure
MilliQ water.
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Figure 14. a) Experimentally measured scattering spectra of a single nanochannel filled with
pure water (orange line) that was subsequently replaced by a 50 mM Brilliant blue solution
(blue line). Also shown is the absorption spectrum of Brilliant Blue® (dashed black line). b)
Dividing the spectrum of the dye-filled channel filled by the spectrum of the water filled channel
yields the referenced experimental scattering spectrum for the Brilliant Blue dye (blue line). It
is plotted together with the RI spectrum (green line) calculated using the Kramers-Kronig
relation (Equation 24) with the absorption spectrum (black dashed line) as input.

The impact of the dye solution on the scattering intensity spectrum of a single nanochannel is
clearly visible already in the raw spectrum (Figure 14a). Specifically, we see a drastic
reduction of the scattering 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 spectrum, we would only expect a
reduction of the scattering intensity and not an increase as we see around 587 nm. It is also
curios that these distinct peaks appear in wavelength ranges where the absorption of the dye
increases or decreases, respectively.
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To understand this, we remind ourselves that the origin of the measured scattering intensity
spectrum is to be found in Equation 22, where that SCS depends on the refractive index of the
medium inside the channel. Knowing the Kramers-Kronig relation (Equation 24), we know
that the refractive index of a medium can be wavelength dependent and is connected to its
absorption spectrum. When we now want to know how the refractive index changes with the
wavelength, we need to insert the absorption spectrum of our dye Brilliant Blue (shown in
Figure 14) into the Kramers-Kronig relation and perform a numerical integration. The resulting
refractive index spectrum is shown in Figure 14b. Also plotted is the scattering spectrum of
the nanochannel with the Brilliant Blue solution, which has been divided by the scattering
spectrum of the water filled channel to show only the features that stem from the dye itself.

It is evident that the theoretical spectrum calculated using the Kramers-Kronig relation, and the
experimentally measured spectrum have a very similar shape. More specifically, the peaks at
586 nm are very similar in both curves and the shoulder seen at 612 nm in the experimental
curve corresponds to the peak in the theoretical spectrum at the same position. Similarly, the
(negative) peaks at 660 nm are close for both curves, even though their position differs slightly.
In summary, from this analysis it becomes clear that those distinct peaks appear in the refractive
index spectrum at positions where the absorption spectrum changes rapidly. This opens the
door to using NSM to specifically identify chemical compounds (formed) inside a nanochannel
during a catalytic reaction via the scattering spectrum. Hence, it essentially establishes widely
used optical absorption spectroscopy inside nanofluidic channels on tiny liquid volumes, which
constitutes a significant step beyond the state of the art.

Concluding these first two experiments with both a transparent and light absorbing liquid in a
single nanochannel, I want to highlight that wavelength resolved NSM, which we from here
on forward call Nanofluidic Scattering Spectroscopy (NSS), indeed enables the
characterization of a liquid inside a single nanofluidic channel based on its RI, in good
agreement with the corresponding theoretical predictions. On the other hand, if a solution that
is transparent in the visible regime is to be investigated, monitoring a scattering intensity
change is most convenient and proportional to the RI of the liquid in the channel (Equation 22).
For liquids that have an absorption band in the wavelength range of interest, in addition to
monitoring scattering intensity changes proportional to concentration in NSM, we can use the
spectral resolution provided by NSS to quantitatively extract absorption spectra of the liquid
inside a single nanochannel using the Kramer-Kronig relations. Thereby it becomes possible
to obtain a spectral fingerprint of the composition of the liquid inside the channel and
potentially monitor changes in this composition in a quantitative way.
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2.4 Setup and nanofluidic chip refinement towards single
particle catalysis

2.4.1 First stage of refinements

This first stage in the refinement of NSM and NSS towards single particle catalysis applications
included several changes and improvements of the microscope setup itself, the chuck holding
the chips, the nanofluidic chip design and data treatment and evaluation.

On the microscope side, I started to use a Nikon Eclipse LVI500N upright microscope
equipped with a Nikon TU Plan ELWD 50x/0.60B darkfield objective and a Prior
H101P2NLV/A electronic microscope stage. As the key difference, this setup features an
Andor Newton DU920P-BEX2-DD CCD camera with higher sensitivity towards shorter
wavelengths of the visible spectrum. The second main difference is to be found in the Andor
Shamrock SR-1931-A-SiL spectrometer onto which the camera is mounted, since it is in
addition to the 150 I/mm diffraction grating also is equipped with a mirror that enables efficient
imaging of nanofluidic samples since it ensures a higher photon throughput to the camera.
Finally, since the scattered light intensity measured is proportional to the incident light
intensity, I also exchanged the halogen lamp used for sample illumination in my first
experiments to a Thorlabs Solis 3C LED lamp with a 4 W power output. This, in turn roughly
doubled the scattering intensity from a single channel and enabled a higher time resolution in
my experiments, as the exposure time to saturate the camera can be shortened. Furthermore, it
features a very short stabilization time and essentially zero intensity drift over time, such that
the output power can be regulated without waiting time and all frames of a time series are
comparable to each other.

A further significant hardware improvement was a Fluidgent MFCS-EX-5C multichannel
pressure controller that allows the accurate electronic control of the pressure applied to up to 8
separate channels in the range from 2 mbar to 7 bar. In this way, it enables the very accurate
control of the liquid flow through my chips across a wide range and in a more reproducible
way than the manual pressure controller I used for the first series of experiments. An additional
key aspect of this device is that it enabled me to control electronically all key components of
the experimental setup, i.e., the microscope stage, the spectrometer, the camera, and the flow
control system. Consequently, it became possible to fully automatize my measurements, as |
describe in detail further below in chapter 2.4.2.2. This constitutes an important advance
because we aimed to measure more channels simultaneously in a consistent manner and
because it enables more effective use of working time.

To improve the flexibility of my experiments in terms of using more sophisticated and intricate
nanofluidic chip designs, such as the inclusion of reference nanochannels [ will discuss in detail
below, we also designed a new chuck that is able to host an entire 4-inch wafer (rather than just
a triangular slice of it as shown in Figure 1 and Figure 9). It therefore provides more space on
the chip for complex fluidic designs (Figure 15). This chuck featured 8 liquid inlet connections
equipped with glass tubes for compatibility both with organic solvents and other chemically
harsh liquids (the glass tubes can be seen in Figure 20a in the transparent perimeter of the
chuck.
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Concerning the new chip design, it included the following key points:

(1) The addition of different arrangements of Au catalyst nanoparticles inside the nanofluidic
channels at a predefined position using electron beam lithography (Figure 7). These
nanoparticles all had a thickness of 20 nm, a diameter of 50 nm and were placed in parallel
nanochannels in different numbers, that is, 1, 5, 10, 100 and 200 particles per channel. In
addition, we also decorated nanochannels with nanoparticles with 100 nm diameter and in
the same numbers as the 50 nm particles.

(i1) The implementation of colinear empty (i.e., without particles) reference nanochannels with
dead ends placed above and below to the reaction channels with the particles (Figure
15b/c). These reference channels serve the purpose to remain filled with a reference liquid
(water for the work presented in this thesis) during the entire experiment while in the
particle-filled channels the liquid/reactants are exchanged. In this way, simultaneously
measuring the optical response from the reference channels and the channels in which the
catalytic reaction occurs, enables the continuous optical referencing of the reaction
channels (Figure 15c¢). This is expected to eliminate intensity fluctuations and drifts from
the light source, as well as effects from slow microscope defocusing and background
scattering from the measured signal.
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Figure 15. Schematics of the new fluidic chip design. a) The fluidic chip was fabricated from
a 4-inch silicon wafer. Inlets are positioned on the outer border of the wafer with
microchannels connecting them to the nanochannels in the middle. b) Nanochannel area,
showing the nanochannels containing the particles in the middle (blue) and the isolated
reference channels (orange). Flow of reagents into the nanochannels is established via the
access channels that are connected to the microchannels leading to the inlet reservoirs. c)
Enlarged nanochannel arrangement showing the isolated reference channels that are colinear
with the nanochannel containing the particle(s) and localized both above and below the
reaction nanochannels. In this way, the reaction channels and the reference channels could be
placed in the slit of the spectrometer and recorded spectrally at the same time.

At the global level, even with these new features, the basic fluidic system design used was
retained and featured microfluidic in- and outlet systems as before that connected to the
nanofluidic system comprised of parallel nanochannels that this time either are empty (dead
end reference channels) or decorated with a specific number of nanoparticles (reaction
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channels). As the main difference, the inlet reservoirs are now arranged in a circular fashion
around the entire wafer (see also Figure 20a) and the chip features two separate fluidic systems
that can be filled and controlled independently: (i) the reaction system with parallel
nanochannels featuring the Au particle arrangements and (ii) the reference system with the
empty nanochannels (Figure 15).

To then prepare an NSS measurement of a reaction in a single nanochannel, the entire fluidic
system of the chip, that is, both reference and reaction systems, were filled with water to
measure a scattering spectrum of all channels and channel regions of interest: (i) the upper
reference channel, (ii) the section of the reaction channel upstream of the 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 reaction channel
upstream of the particle with the upper reference channel spectrum (and likewise for the
downstream fraction of the reaction channel and the lower reference channel) as shown in
Figure 15¢, we obtain the intrinsic difference in light scattered from the selected fraction of
the reaction channel and the corresponding reference channel. In this way, during a catalysis
experiment in the reaction channel, we can subtract all non-reaction related contributions to the
measured scattering spectra by subtracting the simultaneously measured scattering response
from the scattering channels adjacent to the up- and downstream fractions of the reaction
channel, thereby hopefully increasing the resolution of our system.

With this upgraded microscope setup and the new chip design at hand, I took the step to for the
first time attempting the study of a catalytic reaction on the Au nanoparticle arrangements
inside my nanochannels. As the model reaction, I used the catalytic degradation of the azo-dye
Allura Red with the strong reductant sodium borohydride (NaBH4). Allura Red has a distinct
absorption band in the 500 nm wavelength region (Figure 16a), such that I expect a broad peak
in the scattering spectrum between 500 nm and 600 nm when flushing the solution in the
nanochannels®.
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Figure 16. a) Normalized optical absorption spectrum of the Allura Red dye. b) Catalytic
decomposition of Allura Red with NaBH4 into 2-methoxy-5-methyl-aniline-4-sulfonic acid and
I-amino-2-naphthol-6-sulfonic acid on an Au catalyst®' (structures adapted from same
source).

Allura Red decomposition is a reaction that, for example, has been investigated for sewage
treatment purposes since dyes of the azo group are known to be toxic and carcinogenic in large
quantities and persist for a long time in the environment® "% Mechanistically, the

26



decomposition of Allura Red can be done via oxidation®?%* or by reduction®'. In both cases, it

is the name-giving nitrogen double bond (French azote = nitrogen) in the center of the molecule
that is broken during the reaction according to the following mechanism. The reaction pathway
mediated by NaBHa on Au (Figure 16b), starts with the organic dye that is adsorbed onto the
gold surface, as it known for other organic dyes such as nitrophenol®*%$7, Simultaneously,
also the borohydride molecules adsorb on the Au surface and dissociate into hydrogen and
hydroborate that goes back into solution®®. As described for similar reactants®!, the hydrogen
from the borohydride will activate the nitrogen double bond in the dye and form NH2 groups.
In this way the double bond is broken and the dye molecule breaks into two organic acids that
are colorless an desorb from the Au surface back into in solution®'.
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Figure 17. a) Evaluation scheme for fluidic systems with reference channels during catalytic
Allura red decomposition on Au nanoparticles inside the nanochannels. b) Nanochannel
scattering spectra obtained according to the scheme in a) for the decomposition of a 100 mM
Allura Red solution by 200 mM NaBH+ on a 100 nm wide and 200 nm long gold nanoparticle
inside a single nanochannel. The spectra were measured upstream of the particle (orange) and
downstream of it (green). The pressure applied at the inlets with Allura Red was 2 bar. Note
the distinct difference between the two spectra, as well as the interference-type modulation of
the signal in both of them.

In view of this reaction mechanism and the colorless product molecules formed, it is clear that
this reaction creates a distinct optical contrast and is therefore a perfect test system for the NSS
concept in a scenario where this optical contrast is produced within the nanochannel, at the
position of the catalyst nanoparticle by the decomposition reaction. Specifically, to define and
measure this optical contrast induced by Allura Red decomposition on the Au nanoparticles
inside the nanofluidic chip introduced in Figure 15, I used the evaluation scheme depicted in
Figure 17a based on the on-chip referencing scheme introduced above.

As the main result, we observe a distinct difference in the referenced scattering spectra
measured up- and downstream of the particle (Figure 17b), with the overall intensity difference
(compared to water) decreasing (less negative) after the particle. This is in good agreement
with a significant fraction of the dye molecules having been decomposed, therefore rendering
the solution more transparent and water-like. On one hand, this was a very encouraging result
in the sense that it (i) nicely corroborated my key intentions with this fluidic system, that is, a
very stable baseline owing to the continuous referencing with the water-filled reference
channels, and (ii) proved that the catalytic reaction is measurable via a change in the scattering
spectrum of the nanochannel. On the other hand, it also was disappointing because the spectra
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shown in Figure 17b are heavily modulated by what appears to be an interference pattern. This
masks any distinctive features of the RI spectrum of Allura Red and thus renders any more
quantitative analysis of the obtained spectra and their evolution over time essentially
impossible. I will discuss the interference problem in more detail in chapter 2.4.2.1.

Despite these interference issues, as a further proof of concept, I executed a second set of
experiments using the same fluidic system and the dye Brilliant Blue to further investigate the
performance of the on-chip referencing scheme (Figure 18b). Note, however, that no catalytic
reaction takes place in this case. Instead, to create different optical contrast in the channel, I
prepared a series of aqueous Brilliant Blue solutions with 100 mM, 75 mM, 50 mM, 25 mM
and 10 mM concentrations, respectively, and flushed them subsequently through the channels
to systematically monitor the nanochannel scattering response as a function of dye
concentration.
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Figure 18. a) Dark-field micrograph of the central nanochannel section, where Brilliant Blue
is flushed in from the upper left microchannel. A slight blue hue can be seen from the walls of
the microchannel as well as from the access channels leading to the nanochannels, which are
too dark to see in this picture. d) Referenced scattering spectra of one nanochannel for a
concentration series of Brilliant Blue, together with the theoretical RI spectrum as shown in
Figure 14b. The inset shows the unreferenced raw scattering spectrum from one of the
nanochannel sections adjacent to the nanoparticles.

Looking at Figure 18b that depicts referenced scattering spectra for different Brilliant Blue
concentrations, the positive effect of the referencing to the water filled reference channels
manifests itself in the very flat baseline that shows no offset for any of the measurements. This
again corroborates that the reference channels function as intended and significantly improve
the obtained scattering spectra from the dye-filled nanochannel. The dependency of the
scattering spectrum intensity on the concentration of Brilliant Blue in the solution is also clearly
visible as the distinct features diminish with lower concentrations and already here hints at the
linear dependence of the scattering intensity on the RI (and thus concentration) of the liquid in
the channel that we in detail investigated in the manuscript appended to this thesis.

When comparing the Brilliant Blue scattering spectra that I measured from the nanochannel
with the theoretical RI spectrum calculated before, using the Kramers-Kronig relation (Figure
18b), we see that the overall similarity is still there, together with some key features. However,
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also here the spectra are heavily modulated by interference. This becomes even more apparent
when considering how a raw spectrum, prior to referencing, looks like (see inset in Figure
18b). At the same time, even if some of the modulation remains, it again demonstrates the
value of the on-chip referencing concept since the modulation is substantially reduced. The
main reason why it is not eliminated completely is that interference is extremely sensitive to
local variations on the chip and varies therefore across different locations on the chip. I will
address the origin of this problem in detail below in chapter 2.4.2.1.

2.4.2 Second Stage of refinements

The results that I have obtained so far from the improved experimental setup were encouraging
and proved that the made modifications contributed greatly to the overall performance of the
NSM and NSS approach. In addition, I was able to show that we indeed can monitor a catalytic
reaction on a single particle with a nonfluorescent compound. Unfortunately, however, the
interference modulation of the spectra made further quantification of the obtained results
impossible and also preclude further use the nanofluidic chips. Accordingly, to resolve the
problem in a second stage of refinements, I start out by investigating the origin of the
interference patterns in the scattering spectra.

2.4.2.1 Eliminating interference

Looking at the spectra shown in Figure 17b and Figure 18b, the fringe pattern appears quite
regular and the width of the interference peaks increased slightly for longer wavelengths. This
sparked the idea that I was dealing with a basic physical phenomenon. After some
investigation, it became apparent that this indeed was the case since the fringe pattern visible
in the scattering spectra is the result of thin film interference. More specifically, the interference
is generated when the incident light is reflected not only from the surface of the oxide into
which the nanochannels are fabricated, but also from the surface of the silicon under the oxide,
as depicted in Figure 19b. To corroborate this hypothesis, 1 calculated this interference
following Gungor et. al.%®, using 3.88 as the RI of silicon®® and neglecting its extinction. The
result can be seen in Figure 19¢, where I used 2 um as the nominal thickness of the oxide that
is on the silicon wafer and in which the nanofluidic system is embedded. This theoretically
obtained fringe pattern matches quite well with the experimental data, even though the peaks
match not exactly since the actual oxide thickness on my sample might be slightly different
from the targeted 2 um. That the calculation yields the same number of interference peaks
within the spectral range of the light source and that the peak width increases for longer
wavelengths further corroborates my assumption that thin film interference distorts the
scattering spectra of the nanochannels in the current chip design, due to the unfortunate choice
of a 2 um thick oxide layer on the silicon wafers used for the fabrication of the chip.
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Figure 19. a) Nanochannel scattering spectra for a water-filled nanochannel etched into 2 um
thick SiO: (blue line) and etched into 0.2 um SiO: (orange line). In both cases the typical
interference fringe pattern can be seen. However, it is dramatically reduced when 0.2 um SiO:
is used to host the nanochannel. b) Schematic depiction of the principle of thin film
interference. c) Calculated fringe patterns for SiO: layers of 2 um and 200 nm thickness.

To amend this interference problem, it is now apparent that yet a new generation of nanofluidic
chips need to be produced, using a silicon wafer with a thinner oxide layer as the substrate.
Specifically, based on the calculations depicted in Figure 19, we opted for 200 nm oxide
thickness, since this would minimize interference while at the same time leaving enough
material to etch the 150 nm deep nanochannels. This new generation of nanofluidic chips also
had additional features that I will explain in detail in chapter 2.4.2.2.

2.4.2.2 Upgrading the chip design to mitigate nanochannel clogging

While obviously being disappointing, I saw the necessity of fabricating a new generation of
chips to mitigate the interference issue also as an opportunity to further modify and improve
the fluidic design and add features that could be helpful when a chip is to be used for a longer
time across many measurements and liquid exchanges. To motivate the added features I
describe below, it is important to first discuss the main reason that a chip needs to be
decommissioned and cannot be used for further experiments. This reason is that the
nanochannels eventually get clogged by small debris particles that I have observed to be
flushed into the system while handling the chip, the chuck, the pressure system and the syringes
that I used to exchange the liquids. In fact, this “debris particle problem” can already be seen
in the overview dark-field image in Figure 18a, where particles have accumulated in certain
positions of the microchannels.

Since the exact origin(s) of these particles was unclear (and since they likely stem from
different sources) we decided that instead of trying to avoid them completely, we would attempt
to build a smart fluidic system that would prevent the particles from being flushed into the
nanochannels. Specifically, I had discovered interesting solutions to similar challenges that are
used within biological sciences’® 6. Specifically, microfluidics systems used in this field often
are equipped with solutions for different kinds of bacteria, cells or other biological particles
that need to be sorted or separated. Since a high throughput is desired in these operations, they
typically comprise microfabricated mechanical filters with pillar-like structures’? or exploit the
principle of hydrodynamic focusing. A detailed account of this principle would exceed the
scope of this thesis but, in short, it is based on the behavior of particles in curved flows in
confined fluidics. Depending on various parameters, such as fluid viscosity, flow speed and
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particle size, the particles tend to accumulate at certain positions in the microchannel and can
thereby be filtered out.

Inspired by one relatively simple system for hydrodynamic focusing that was presented by Gou
et. al. I designed a meandering structure (see Figure 20b) in the inlet microchannels of my new
chip that served the purpose of concentrating any larger particles in the middle of the liquid
stream through the channel. Since a specifically designed and optimized microfluidic system
for hydrodynamic focusing would have required in-depth knowledge of the fluid dynamics of
the system and, most importantly (and impossible to get), details about the particles to be
filtered, I estimated a “reasonable” geometry for the meandering structure where I made sure
that it would mean no harm to the rest of the fluidic system if the hydrodynamic focusing would
not work. Furthermore, I found it interesting and relevant to implement into the new design as
proof of concept that highlights the fantastic opportunities provide by micro- and nanofluidics.

inlet ,&-
§«§\
@5”
S
&

&

A
meanders @
@Q‘}V

{\)
5
o

/K s"'“

Ll »
‘ d inlet x10°Pa
1 18
r reference microchannel -
i 14
\\ . d
N inlet channel
e A 1
l N
I

outlet

nanochannels

O

‘ oulet channel
| &

e

outlet
particle cavity

Figure 20. a) Photograph of a nanofluidic wafer mounted in the chuck. The microchannel
system is visible as brighter lines, leading from the reservoirs to the nanochannel area. The
glass tubes connecting to the reservoirs are visible in the transparent perimeter of the chuck.
b) Schematic overview of the redesigned microfluidic system of the new chip design. The
rectangular meanders in the inlet channel are to focus the small “debris” particles in the liquid
to the center of the flow, such that they are transported into the middle channel of the three-
way split after the meander, and thereby are removed from the rest of the liquid further flowing
towards the nanofluidic system. Accordingly, the access channels to the nanochannels are
connected to the smaller left microchannel (labeled as inlet channel in c) of the three-way-
split, where no particles should be present.
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¢) Drawing of the reaction nanochannel system, together with the reference nanochannels and
in- and outlet microchannels adopted from the previous chip design (cf.Figure 15). The only
difference is that the areas of the nanofluidic system that host Au nanoparticles have been
extended and that there is now a total of 135 nanochannels in the system (see text for details).
d) Comsol simulation of the split microchannel area that connects to the meanders that reveals
the pressure gradient in the branched channels when the inlet is pressurized with 2 bar. As the
key point, we see that it is very similar in all three split channels, which should guarantee a
similar flow speed in the split channels and therefore an undisturbed separation of the particles
from the rest of the liquid.

The main idea behind my design is that the particles will stay closer to the inner radius of every
curve of the meander when flowing around a corner according to a similar design by Gou et.
al.”> When exiting the meander-structure the particles would thereby be focused in the middle
of the microchannel. Hence, if they at this point encounter a three-way junction that splits the
microchannel, the center channel at the split would capture the particles and thus separate them
from the liquid that is flushed towards the nanofluidic system via one of the other
microchannels at the split. Corresponding Comsol Multiphysics simulations of the flow and
pressure drop across the three microchannels after the split are depicted in Figure 20d. As the
key point, they show that the pressure drop in all three split channels is identical, so that the
flow speed is so as well, thereby enabling an undisturbed splitting and separation of the debris
particles.

In addition to the meander system to mitigate clogging by dirt particles, the new chip generation
also featured 135 nanochannels, where each channel was equipped with different particle
constellations of Au and as a second metal also Pd. The particle(s) in sets of 1, 10 or 100 were
placed in small cavities which were all 5.6 um long and had three different widths of 0.4 pm,
0.7um and 4 pm. The cavities served the purpose of prolonging the residence time of reactants
close to the particle to increase conversion and thereby — hopefully — scattering contrast. In
addition to the channels filled with particles the chip also features 45 empty nanochannels that
would serve as negative controls.

2.4.2.3 Automatization of data acquisition

The large number of differently decorated nanochannels in terms of number and type of
nanoparticles on my new chip design and my ambition to monitor up to 135 nanochannels in a
single experiment made it clear that manual switching of pressures applied to the fluidic
systems to redirect flow and of spectrometer settings would be challenging. Hence, I decided
to write a LabView program that would carry out the measurements automatically.
Furthermore, remote control enables more precise control of applied pressure and chip position
on the microscope via the motorized stage and therefore creates more reproducible conditions
between measurements.
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Figure 21. User interfaces for the LabView program that was written for the automatization
of NSS measurements on a large number of parallel nanochannels. a) Main control interface,
with settings for the number of channels to be measured, the distance between the channels
and a control panel that shows the current step in the measurement, together with a screen
showing the current camera image. b) Spectrometer interface, with settings for the
grating/mirror. c) Camera interface with acquisition settings and the areas for recording the
upper reference channel, the up- and downstream section of the reaction channel hosting the
particle(s). d) Pressure control window, which would display the current applied pressure
levels for each of the eight inlets.

The program itself is structured into four parts, each being responsible for one connected
instrument and each having its own user interface: (i) spectrograph, (ii) camera, (iii) pressure
control, and (iv) microscope stage (Figure 21). To illustrate which steps were needed to record
one complete data set from one nanochannel, I will give a short description in chronological
order.

0. Setting up the microscope, connecting all required parts on the hardware and software level,
filling the reservoirs with the respective solutions, and moving the first channel into position
and focus, checking the camera acquisition settings and then starting the measurement in
the software.

1. The program will first correct the position of the nanochannel in the field of view of the
camera and regarding the slit of the spectrograph by detecting its vertical ends and the
horizontal position of the center of the nanochannel image.

2. The spectrograph changes from the mirror to the grating with 150 1/mm, setting a
predetermined center wavelength which was typically 642 nm.

3. Water is flushed through the nanochannels by applying pressure at the inlet of the
microchannels that are connected the water-filled reservoir via the Fluidgent device.
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Thereafter, the scattering intensity spectra of all four channel sections (upper and lower
reference channel, Up- and downstream sections of the reaction channel) will be recorded
and binned, such that each section has one scattering spectrum recorded. The spectra
obtained at this stage, where all channels are filled with water, are needed to calibrate the
reference for the later evaluation.

4. Now the reactants (Allura Red with NaBH4 in water or H202 in water) were flushed in by
applying a pressure of 2 bar to the inlet that contained the corresponding solution via the
Fluidgent device, while the recording of the spectra continued. Depending on which flow
situation was desired in the micro and nanofluidic system, all inlet and outlet pressures could
be varied between 10 mbar and 7 bar.

5. The pressures were switched again, such that water was again flushed through the
nanochannels from the water inlet via the respective microchannel. This step is included to
clean the channels from reactants and to provide a comparison to step 3, as the situation
should now be identical to the start.

6. Having completed one set of measurements for one channel, the grating in the spectrograph
is replaced by the mirror, so that the image of the channel becomes visible again.

7. The stage is moved by the distance between channels, such that the next channel can be
automatically positioned, and the process starts again at step 1 to acquire data from the next
channel in the exact same manner.

Even tough designed for spectrally resolved NSS measurements from single nanochannels,
given the accurate control over the setup the program provides, it can easily be modified to
omit the spectral information and only record scattering intensity. The use and implementation
of this automatization software did not only make all measurements comparable since the
pressures and time steps were the same, but it also made the recording of larger and more
diverse datasets possible, as it was the intention with the new chip design with 135
nanochannels of different configurations.
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2.4.2.4 Nanoparticle catalysis — Allura Red and H,0; on Au and Pd

As the first experiment with the latest generation of chips and the automated setup, I aimed at
reproducing my previous results on degradation of Allura Red on Au nanoparticles (cf. Figure
17). For this purpose, I again prepared a 100 mM solution of the dye and mixed it with a 200
mM solution of NaBHa. This mixed solution was subsequently pipetted into one reservoir
connected to a microchannel inlet. Monitoring the scattering spectrum of a nanochannel with
a 5.6 x 4 um cavity and an arrangement of 100 gold particles with 50 nm diameter localized
in the cavity produced the result shown in Figure 22a for three subsequent measurements,
where the procedure described above was repeated for three times for the same channel.
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Figure 22. Referenced scattering intensity difference spectra for three subsequent
measurements of catalytic decomposition of a 100 mM Allura Red solution by 200 mM NaBH4
over hundred 50 nm Au nanoparticles in a nanofluidic channel. b) Referenced scattering
intensity difference spectra acquired during the catalytic decomposition of 15 % H>O: in water
over hundred 50 nm Pd nanoparticles inside a nanofluidic channel.

The improvement regarding the interference fringe pattern is evident, since it is essentially not
noticeable in the spectra anymore. Consequently, the shape of the spectrum now also resembles
more clearly the RI spectrum of Allura Red®® with the broad double peak between 500 nm and
600 nm that is connected to the decrease of the absorption in this range (see Figure 16a). The
reduced referenced scattering intensity difference downstream of the catalyst is again also
clearly visible and indicates that the catalyst is decomposing the dye. The most prominent
spectral feature that can be seen is that the peak at 575 nm has vanished in the downstream
spectra. However, the downstream spectra still exhibit a distinctive peak at 530 nm, which
could be indicative of an incomplete decomposition or that other products than those shown in
Figure 16b have formed”’. Finally, it is also interesting to see that the upstream scattering
spectrum decreases over time during the three consecutive measurements, which could indicate
that the dye degradation also takes place directly in solution, however at a much lower rate than
on the Au catalyst. Therefore, as an intermediate summary, [ was able to reproduce my previous
results with Allura Red but this time without fringes, which significantly increased the level of
detail that can be seen in the spectra.

Since in this latest chip design, I had decorated 50 % of the nanofluidic system with Pd particles
to have a second catalyst at hand to also investigate a color-less reaction, I prepared a new
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experiment using the catalytic decomposition of H202 on Pd as the model reaction. This
reaction is quite well investigated'->732 for various catalysts, and water and molecular oxygen
are the products of the decomposition reaction. The correspondingly obtained result when
flushing a 15% aqueous H20:2 solution over 100 Palladium particles with 50 nm diameter and
in a cavity of the nanochannel that had the same size as for the Allura Red experiment discussed
above is summarized in Figure 22b. As the key result, we see more or less featureless
referenced scattering intensity difference spectra, in agreement with the lack of absorption
bands of the reactants. As the second key observation I notice that, compared to the Allura Red
case, the difference between up- and downstream spectra is very small. This either means that
the sensitivity towards reaction induced RI changes in a colorless reaction is very small (which
we from theory know is not the case) or that the catalytic activity of the Pd nanoparticles in the
nanochannels is very low. To ensure that the small observed difference between the up- and
downstream particles was not simply an artefact, we can compare the first measured spectrum
with a spectrum obtained after running the reaction for 10 min. Clearly, we see that we
essentially obtain the same result. This not only indicates that the measured difference likely is
caused by the reaction but also highlights the excellent long-term stability of the setup thanks
to all the made improvements and the on-chip referencing.

Before further investigating the — surprisingly — low activity of the Pd nanoparticles
nanofabricated into the nanofluidic channels in chapter 2.6 below, I need to again comment on
the clogging problem imposed by debris particles. Unfortunately, it turned out that despite the
taken countermeasures with the meandering microchannels not all debris particles are captured
and removed from the liquid stream that reaches the nanochannels. Therefore, also this latest
chip generation clogged up after very few measurements only, which means that no repeated
measurements necessary for generating statistically relevant data are possible. As a
consequence, I also completely abandoned this type of fluidic chips and samples (for now),
despite the highly promising preliminary results obtained, and the significant amount of time
invested. The main reason for this decision is the fact that upon a detailed investigation of the
origin of the debris particles summarized in chapter 2.5 below, it became obvious that a
radically different design was necessary to resolve the problem.
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2.5 Fluidic system clogging by debris particles

The problem of debris particles has been present already in the very first chips with water
reference channels that I have used. For example, small amounts of these particles can be seen
in the corners of the microfluidic channels in Figure 18a. As a key characteristic of this
problem, the amount of debris in a fluidic system could vary over time from single small
particles being flushed through the microchannels up to massive amounts that reminded of a
snow storm, as shown in Figure 23. The origin of those particles was unclear for a long time,
since I was dedicated to keep all solutions clean and used only Milli-Q water in the
experiments. At the same time, any actively taken countermeasures, such as filters in front of
the syringes, exchange of O-rings in the chuck from NBR to more chemically resistant FFKM
or hydrodynamic focusing in the last generation of chips proved ineffective in the end.
Furthermore, it also turned out to be impossible to completely remove particles from clogged
channels by reversed long term flushing. In other words, the fluidic systems became unusable
rather rapidly and irreversibly.

Figure 23. Debris particles as observed at various positions within the fluidic system in optical
microscopy images. a) Debris particles in an access microchannel connecting to the array of
reaction nanochannels. b) Debris particles in a microchannel. c) Debris particles in a meander
channel under flow and d) at stagnant conditions. e) Debris particles accumulated at the
bottom of the inlet hole. e) Bright-field optical microscope image of the sandblasted inlet hole
in the glass lid that reveals its rough and cracked surface.
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Ultimately, after a detailed and systematic search for the origin of the debris particles, what
remained were the sandblasted inlet holes in the glass lid that connect the reservoirs on the chip
to the inlet system of the chuck. Corresponding SEM images I took from the hole area revealed
that the walls of the cylindrical hole had a very rough structure (Figure 24f and Figure 24a).
Furthermore SEM images of debris particles extracted from a chip revealed a structure
reminiscent of shattered amorphous material (Figure 24b,c) with various shapes and sizes,
where the smallest particles were in the size range of 100 nm to 200 nm (Figure 24c).
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.

Figure 24. a) SEM image of the side wall of an inlet hole that was sandblasted through the
Borofloat 33 cover glass used to seal the chip. b) and c) are SEM images of examples of
particles found in the inlet holes.

As a last aspect of relevance, I want to note that the behavior of the particles in the meanders
was not of the kind expected for freely floating particles since they tended to accumulate where
the flow speed was lowest rather than being focused in the center of the flow (see Figure 23c).
This thus also hints at that these particles are heavy and in general behaved like “grit” in their
tendency to accumulate in regions of low flow speed.

All this collected evidence thus leads to the conclusion that the origin of the debris particles
most likely is the inlet holes in glass lid bonded onto the chip. This becomes particularly
probable by the fact that this problem did not occur in my very first measurements, where I use
the triangular chips (Figure 9d), in which the access holes were chemically etched though the
silicon on the back side of the chip, rather than sandblasted through the glass. Since
sandblasting is the only method we have at hand to drill small holes into glass, the only way to
avoid the debris problem is to abandon the sophisticated chip design I have developed and
return to simpler designs that enable access to the fluidic system from the silicon side of the
wafer. This is what I have done in the part of my work that is described in detail in the appended
manuscript and briefly summarized in chapter 3 below.
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2.6 Investigating low Pd nanoparticle catalytic activity

Pd is a generally widely established catalyst for the decomposition of H202"%%81-83 The more
surprising was the apparently low activity of our nanofabricated Pd nanoparticles. To further
investigate this issue, we nanofabricated arrays of Pd nanoparticles with sizes ranging from 10
nm to 100 nm on an open oxidized Si wafer surface using the same electron-beam
nanofabrication recipe as used for the nanofluidic chips. In a first step, I cleaned the sample in
a reducing 200 mM NaBHa4 solution to remove possible oxide. Subsequently, I immersed the
sample in a 15% H20:2 solution by adding a drop on the surface (Figure 25a). After 5 minutes
the formation of Oz bubbles could be observed (Figure 25b). However, a more detailed
analysis using dark-field scattering microscopy revealed that the bubbles were not forming at
the positions of the Pd nanoparticle arrays but instead at the Pd number labels nanofabricated
next to the nanoparticle arrays for their identification (Figure 25d).

Fabricated particles Colloidally grown particles

Application of 15% H202

5 min

Figure 25. H>0: decomposition reactivity tests of nanofabricated vs. colloidally grown Pd
nanoparticles. a) A drop of 15% aqueous H20: solution is applied to an oxidized silicon wafer
surface decorated with electron beam lithography nanofabricated arrays of Pd particles with
different size. b) After 5 min incubation, the formation of Oz bubbles is seen on a few areas of
the sample. c) For a similar sample where the particles were grown in colloidal solution, a
much more intense and evenly distributed O> bubble development is apparent. d) Dark-field
microscopy reveals that bubble formation on the nanofabricated sample only occurs at the
numbers labelling the arrays, not at the particle arrays themselves, whereas the colloidally
grown particles in e) are highly active and induce intense bubble formation on the entire
sample surface.

This is a very puzzling result, which was further corroborated by repeating the same experiment
but on a Si surface decorated with colloidally grown Pd nanoparticles, which indeed exhibited
the expected high activity, as manifested in extensive formation of Oz bubbles when exposed
to the 15% H202 solution (Figure 25¢,e). At this point, we do not understand the reason for the
low activity of the nanofabricated Pd nanoparticles. We can only speculate that it, for example,
may have to do with their structure. For example, it is known that (100) and (111) surfaces are
important for high activity', which means that the low activity of our nanofabricated particles
could be related to a lack of such surfaces. An alternative explanation is that residues from
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nanofabrication, such as polymers used as evaporation masks, contaminate and deactivate the
nanoparticle surface. As a consequence, in the last stage of my work that is described in the
manuscript appended to this thesis and briefly summarized below, I have worked with colloidal
Pt nanoparticles to overcome the unresolved activity problem of nanofabricated particles in the
H202 decomposition reaction.
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3 A new start

After the successful proofs of principle and systematic improvements together with the
frustrating setbacks with my initial chip designs, it became clear that, to overcome the
unresolved problems, I needed a fresh start with differently designed and fabricated fluidic
chips and different nanoparticles. For this new start, I decided to focus on the H202
decomposition reaction due to its relevance in the current discussions about using it as fuel®*%
and for H20: fuel cells®®%7. Furthermore, from the method development perspective, it is the
more interesting case since being able to monitor color- and fluorescence-free reactions is the
“holy grail” in my field. That said, the demonstrated ability of spectrally resolved nanochannel
scattering measurements that offer the potential to determine molecular fingerprints of
molecules that exhibit absorption bands in the visible spectral range, is still highly interesting
and I intend to pursue it at a later stage (see outlook). Secondly, due to experienced activity
issues with nanofabricated particles, I decided to adopt the concept of trapping colloidal
nanoparticles inside nanochannels that the group had developed recently.

3.1 A simplified chip design optimized for colloidal
particle trapping

Inspired by the work of Levin et al.*® and my encountered challenges with complex chips, we
opted for a simplistic chip design only featuring two microchannels with a single set of
nanochannels in between (Figure 26). This had the further key advantage that the connection
to the inlet reservoirs was possible to etch chemically from the silicon side, thereby eliminating
the debris particle problem. The dimensions of the nanochannels were chosen as before i.e.,
150 nm x 150 nm cross section and a total length of 340 um, whereof 170 um would be visible
in the field of view of the camera. As the key new feature that distinguishes them from all other
designs presented in this thesis, they had a nanofabricated constriction in the center of each
nanochannel (Figure 27). This constriction is designed to function as a physical trap for
colloidal nanoparticles flushed through the nanochannel and corresponds to a 1 pm long section
of the nanochannel along which the free height is reduced to 30 nm. Hence, any object larger
than 30 nm cannot pass and will get trapped, while liquid flow through the nanochannel still is
possible.

To work with these chips, since they featured the inlet holes on their backside, I had to use an
inverted microscope to avoid the gravitation-induced leaking of liquid out of the chip.
Specifically, I used a Zeiss Axio Observer Z1 inverted microscope, equipped with the same
Thorlabs Solis 3C LED lamp that I had used before. The camera on this setup was a Andor
iXon Ultra 888 EMCCD, which had the option to increase the sensitivity by activating an
electron multiplier (EM) in front of the CCD chip. The chuck used for mounting the samples
was similar to the one I used during my very first experiments (cf. Figure 9d) but had the
additional feature that all four reservoirs could be accessed while the chip was mounted in the
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chuck. This improved the workflow immensely since I did not have to unmount the chip for
each exchange or refill of liquid.

. nanochannels
inlets

microchannels )

a

Figure 26. a) Schematic of the microfluidic in- and outlet system on the chip, designed for the
trapping of colloidal particles. It is comprised of a parallel in- and outlet channel that connects
to the set of nanofluidic channels on one end and to the inlet reservoirs on the other. The sketch
is drawn with correct proportions. b) Schematic of the nanochannel region with the
constriction traps in the middle of the nanochannels and the connections to the microchannels.
¢) Dark field scattering microscope image of the nanochannel set with 84 parallel channels in
the field of view at 50 x magnification. Note the trap regions' darker appearance due to its
reduced scattering intensity caused by the smaller channel dimensions at the constriction.

3.2 Trapping colloidal Pt nanoparticles in nanochannels

As catalyst particles, I chose spherical Pt colloids with a nominal diameter of 70 nm comprised
of small crystallites in the few nm size range (nanoComposix, PTCB70-10M, BioPure
Platinum Nanoparticles — Bare (Citrate), 70 nm; Figure 27¢). Pt is reported as an excellent
catalyst for H2O2 decomposition, in par with or even exceeding Pd in terms of activity®!. Figure
27b,d show SEM images of a single and multiple such Pt nanoparticle(s) captured by a
nanochannel trap. These images were obtained from a special type of chip developed by Levin
et al.*6, where the lid is reversibly attached using polysilsesquioxane (PSQ) to enable its
reopening after particle trapping to enable the verification of trapped particles by electron
microscopy.
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Figure 27. a) Artist’s rendition of nanochannels with vertical constrictions in the center that
serve as traps for colloidal nanoparticles flushed through the channels. b) SEM image of a
constriction with a single trapped colloidal Pt particle. The image was enabled 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) TEM image of a Pt
particle. Note the very structured surface due to the particle being comprised of small
crystallites in the few nm size range. d) SEM image of a trap at which 8-9 Pt particles have
accumulated.

Since the re-openable chips with PSQ-bonded lids cannot be used for catalysis experiments
due to leaking between nanochannels, I had to find an alternative way to verify and count Pt
particle(s) trapped in each channel. This is of particular importance since we (i) aim at true
single particle experiments and (ii) need to know the number of particles in each channel to be
able to ultimately derive accurate reaction turnover frequencies. A particular complicating
factor in this respect is that Pt nanoparticles are very weak scatterers, which, compared to Au,
makes it impossible to directly see them in a dark field scattering image®®. Interestingly,
however, as discussed in detail in the appended manuscript, localizing the optically dark Pt
nanoparticles inside nanofluidic channels makes them distinctly visible as dark spots with
appropriate image post-processing (Figure 28a-c).

The first method that I have developed to see “dark™ 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 28a,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 nanochannels 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 28c). The drawback with the FFT approach is the
relatively slow and computationally costly Fourier transformation. Hence, I have used the
referencing method in my experiments.

With a method at hand to resolve single Pt nanoparticles inside my nanochannels, the next step
was to find a way to quantitatively count them to know how many of them that would be
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captured by each trap and thereby being able to optimize the trapping procedure towards as
many single nanoparticles in each 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
motion, which means they will move randomly in front of the trap, provided no convective
flow presses 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
28d). While in principle straightforward, this method requires that no particle gets stuck at the
trap because it otherwise will not 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 28e).
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Figure 28. Single Pt colloidal particle detection and counting. a) Raw dark-field micrograph
of an empty nanofluidic system. 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 empty channels 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. d) Counting of freely
diffusing particles by detecting their (negative) scattering signal 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.
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3.3 Summary of the appended manuscript

Equipped with the tools summarized above, I set out to study the catalytic decomposition of
H20:2 on single trapped Pt colloidal particles and investigate the impact of two different types
of ligands. This is the essence of the work described in the manuscript attached to this thesis.
In summary, in this work I introduce the nanofluidic design that combines microchannels with
nanochannels that feature a constriction to trap colloidal nanoparticles for nanofluidic
scattering microscopy, NSM, of catalytic reactions. After discussing the theoretical
background of Mie-scattering as the underlying principle for the scattering-based detection in
nanochannels, a linear relation between H2O2 concentration in a single nanochannel and the
scattered light intensity is established experimentally and verified theoretically. To
subsequently demonstrate the potential of concentration measurements in nanochannels based
on NSM, we quantitatively assess molecular diffusion of H202 and demonstrate that the bulk
diffusion coefficient can be extracted from NSM measurements. As the next step, we
demonstrate the trapping of 70 nm colloidal Pt nanoparticles in the nanochannels, and their
counting based of differential imaging. As the final step, we then set out to investigate the H>O2
decomposition reaction on single trapped particles. For this purpose, we combine nanochannel
scattering readout that informs about H2O2 concentration inside the channel, adjacent to the Pt
particle during reaction, and the growth rate of Oz bubbles formed in the channel from the
reaction product. In this way, we can derive single particle turnover frequencies at kinetically
controlled reaction conditions, as verified by the lack of gradient formation in H202
concentration in the nanochannel. We find a significant distribution of activity for individual
particles which can be traced back to their broad size distribution. Applying this concept to
identical Pt particles covered by two different types of ligands, i.e., citrate and
Polyvinylpyrrolidone (PVP), we reveal that PVP coated single Pt nanoparticles exhibit a factor
2 lower reaction rate than citrate covered ones, likely due to a combination of larger steric
hindrance by the long PVP molecules and their stronger bonding to both Pt terraces and edges.
This highlights the impact of surfactant molecules on catalytic reactions and the potential of
NSM to unravel them.
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4 Summary and Conclusions

In the course of this thesis, I have developed a technique for the investigation of the catalytic
activity of single nanoparticles that is based on the scattering of light from nanochannels that
contain those particles and confine their reaction products — Nanofluidic Scattering
Microscopy, NSM. 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
refractive index (RI) between the fluid in the channel and the surrounding material.

The introduction of a H202 solution into the nanochannels revealed a decrease in scattering
intensity proportional to the refractive index of the solution. This first key result corroborated
my theoretical findings that I had derived from Mie theory. Furthermore, I was able to show
that compounds that exhibit a specific absorption spectrum in the visible regime, like the dyes
Allura Red or Brilliant Blue, give rise to a characteristic scattering spectrum when introduced
into the nanochannels that can be described by the Kramers-Kronig relation. This implies that
NSM has the potential to be used to (i) identify the concentration of reactants in nanoscale
systems via the intensity of the scattered light since it scales approximately linearly with the
concentration, and (ii) identify the type of compound in the channel if the scattered light is
resolved spectrally in a variant of NSM that we named nanochannels scattering spectroscopy
(NSS).

By using catalytic nanoparticles localized inside a nanochannel, I was able to demonstrate the
possibility of NSM and NSS to monitor reactions on these nanoparticles by measuring scattered
light only. This was done for the degradation of Allura Red over Au nanoparticles by recording
the scattering spectra before and after the particle in the direction of flow and identifying the
decrease of characteristic peaks in the spectra that signaled the chemical conversion. In
addition, I demonstrated that comparing scattered light intensity before and after a particle can
be used to monitor its reactivity even when optically transparent reactants are involved. Here,
I used the decomposition of H202 over colloidal Pt particles to show that the nanochannels can
confine the reaction product and thereby make it measurable calculate ToFs for single
nanoparticles. Furthermore, the application of NSM as method to monitor concentration
changes over time inside a nanochannel enabled me to confirm that the reaction was taking
place in the kinetically controlled regime since the reactant concentration at the particle
position in the channel remained constant over time without developing any gradients. This
demonstrates clearly how NSM can be used to assesses the reactivity of single particles directly
by measuring the composition of the reactants and products via the intensity of the light
scattered from the nanochannel.

Another key achievement was the possibility to detect and count optically dark colloidal
nanoparticles via NSM as they were trapped in a nanochannel. This has the potential to pave
the way for catalysis on single particles that are smaller than 10 nm and thus invisible in
traditional dark field microscopy.

Finally, the development of the experimental setup that I have used for my experiments showed
that special nanofluidic designs can help to increase NSM and NSS signal quality and long-
term stability by providing an online reference in the form of isolated reference nanochannels.
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In addition, the design of parallel nanochannels combined with the possibility of automated
measurements enables a high throughput in the characterization of single particle catalysis.

In summary, the overarching and ultimate goal of my project, the assessment of the catalytic
activity of single particles below 10 nm in size on the basis of optical microscopy and without
the use of fluorescence markers or complex instrumentation, is now within reach and I have
the knowledge and understanding that is necessary to make further progress towards this goal
on my way to the PhD.
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5 Outlook

The development of NSM and NSS for single particle catalysis has sparked a multitude of ideas
that could be implemented to improve or extend its functionality. Among those are obviously
the unfinished paths of the development where I consider the use of the spectral information to
identify the type and concentration of reactants in a nanochannel as the maybe most important
and interesting example. Here, studies of the degradation of dyes like Allura Red or Brilliant
Blue that I have started but was unable to finish due to the debris problem seem very interesting.
For their implementation, new chips that combine on-chip optical referencing with inlet holes
etched from the silicon side need to be designed and nanofabricated.

As a second future direction, further developing the method towards studying colorless
reactions, but without bubble formation, is very interesting. This will make NSM for single
particle catalysis truly versatile by solely relying on the nanochannel scattering intensity
approach that enables reactant concentration measurements in the channel. To further boost
this approach, the spontaneous batch reactors described in the appended manuscript hint at a
very interesting concept, namely, to develop ways to transiently open and close the
nanochannels to create batch reactors with trapped single particles inside. The temporal
evolution of changes in reactant concentration in this isolated volume can then be tracked via
NSM or NSS to determine reactivity of the particle. As the key point, this batch approach would
increase the resolution of the method since even slow reactions would with time create a
measurable RI contrast. Following the same line, it likely would enable the study of smaller
single particles, down to the sub-10 nm size regime, which is the one that is truly technically
relevant.

From the perspective of setup modifications, I would like to revisit the reference channel
concept, since it clearly improved signal quality and long-term stability by a good margin in
my initial proof-of principle measurements. At the same time, the automatization program
could be adapted to new measurement schemes to allow a more well-defined, reproducible,
and facile acquisition of data.

In terms of the catalyst particle types studied it would be interesting to understand the
difference between nanofabricated and colloidal particles in terms of their activity and structure
since it is fundamentally interesting, despite having caused a change of direction during the
development of this technique so far. One specifically interesting idea could be the colloidal
overgrowth of nanoparticles onto nanofabricated seeds that have been placed in the
nanochannels. This has been demonstrated on open surfaces® 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.

As the final aspect, I want to highlight that it to date is not possible for us to structurally
characterize the nanoparticles that are either nanofabricated or trapped inside a nanochannel.
In other words, we know only from analogues investigated on open surfaces how they are
expected to look like. While this is good enough for proof-of-principle experiments, if true
single-particle structure function correlations are to be investigated with NSM and NSS, it is
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critical that the particles in the channel can be structurally characterized before and after
reaction. I predict that this could be possible by further developing the removable lid approach
based on PSQ bonding (cf. Figure 25) in combination with SEM. If higher and ideally atomic
resolution is targeted, TEM is the method of choice, which means that electron transparent
membranes need to be integrated with the nanochannels. 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 phase®®%°!,
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Abstract

Single particle catalysis aims at determining structural factors of nanoparticles that dictate their
activity and selectivity, which may be lost in a particle ensemble averaged experiment. Existing
experimental methods in this field have enabled fascinating insights into the role of specific
sites but are typically executed using fluorescent reactions that technically are not highly
relevant, take place at low reactant concentrations or pressures, or must rely on plasmonic
enhancement effects. Hence, an experimental approach that enables the fluorescence-free
investigation of catalytic reactions on single nanoparticles at technically relevant conditions
and that at the same time facilitates quantitative determination of single nanoparticle turnover
frequencies is still lacking. Here we introduce nanofluidic scattering microscopy of single
colloidal Pt nanoparticles trapped inside nanofluidic channels to address this challenge. By
relying on its ability to detect minuscule refractive index changes in a liquid flushed trough a
nanochannel, we demonstrate that local H2O2 reactant concentrations adjacent to a single
catalytically active Pt nanoparticle can be accurately measured during the H202 decomposition
reaction, together with the same particles’ turnover frequency derived from the growth rate of
an Oz gas bubble that forms in the channel from the O:2 reaction product. Applying this
approach, we also identify a distinct dependence of single particle activity on the type of ligand
on the catalyst, which highlights the potential of our method to investigate the role of
surfactants in catalysis and to thereby enable the optimization of catalyst formulations by

tailored ligands.

KEYWORDS: Single nanoparticle catalysis, Nanofluidics, Dark field microscopy, Colloidal

particles, Platinum, Hydrogen Peroxide decomposition, Particle trapping, label-free methods



Introduction

The vision of single particle catalysis is to gain the ability to directly correlate the activity of a
single nanoparticle obtained at practically relevant conditions with structural descriptors of that
same particle. This is driven by the prospect of unprecedented fundamental insights beyond the
current research frontier since catalytic properties of nanoparticles traditionally are evaluated
at the ensemble level, that is, by averaging the response from a large number of them. From an
atomistic perspective, however, this is problematic because nanoparticles are individuals in
terms of their atomic arrangement and defects, and because they are dynamic entities at reaction
conditions. Therefore, ensemble averaging brings along the inherent risk of erroneous
structure-function correlations and that, for example, the most selective or most active

“champion” nanoparticle types are hidden in the average.

To date, several experimental approaches for the study of catalytic processes on single
nanoparticles exist'"'!. In brief, the reported methods rely on the sensitive detection of photon
or electron signals that report on either the catalyst particle itself, on the product molecules
formed, on reactant molecules consumed, or on temperature changes that the reaction evokes
in the particle surrounding. However, none of these methods can provide direct single particle
activity information without (i) either using fluorescence-based readout that often limits the
reaction conditions to ultralow concentrations and that cannot be applied to technically relevant
reactions or (ii) using plasmonic enhancement effects when surface enhanced Raman
spectroscopy (SERS), tip-enhance Raman spectroscopy (TERS), shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS) is used.

To contribute to the quest of experimental method development that enables the efficient and
quantitative scrutiny of catalytic reactions on single nanoparticles, we have recently introduced

the concept of nanofluidic reactors and used them in combination with plasmonic nanoimaging
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and spectroscopy and mass spectrometry in the gas phase'= >, and with fluorescence

microscopy in the liquid phase, using both nanofabricated particles!'>!°

and individually
trapped colloidal nanocrystals as the catalyst'®!”. One of the key traits of this nanofluidic
reactor platform is that it ensures identical reaction conditions for the individual particles
during an experiment by isolating each of them in its own nanochannel. Thereby, it enables
highly parallelized studies of tens of single nanoparticles in the same experiment, whereby it
eliminates errors and uncertainties inherent to subsequent experiments traditionally used. In
our first studies, this approach has made it possible to identify a distinct structure-sensitivity of
fluorescein reduction by sodium borohydride on both nanofabricated and colloidal Au catalyst
nanoparticles'®!”. A second important trait of the nanoreactor approach that is of key interest
here is the confinement of reaction product molecules formed on a single catalyst nanoparticle
inside a nanofluidic channel since it prevents the rapid product dilution that otherwise is
inevitable in an open reactor system, even if it is a microreactor'®!°. Nevertheless, despite these
traits, also the nanofluidic reactor based single particle catalysis studies we have presented to

date, fall short on the demand to not use a fluorescent reaction or plasmonic effects to determine

single catalyst nanoparticle activity and/or chemical and structural state.

Inspired by similar challenges in a different field of science, that is, optical single biomolecule
detection, where fluorescent labels? or localized surface resonance-based sensors?! are widely
used, we have recently introduced Nanofluidic Scattering Microscopy (NSM) for the label-free
weight and size determination of individual biomolecules freely diffusing in solution®?. This
was enabled by the intrinsically large optical scattering cross-section of nanofluidic channels
and sub-wavelength interference between light scattered from a nanochannel and a biomolecule
inside it. This interference significantly enhances the optical contrast of the molecule in a dark-

field scattering microscopy setting and therefore makes the molecule directly visible without



fluorescent labels or immobilization on a surface, as required, for example, in interferometric

scattering microscopy (iISCAT)**** or plasmonic single molecule sensing?'.

Here, we have taken inspiration from the NSM methods’ successful application in single
molecule biophysics and apply it to single particle catalysis. Specifically, we demonstrate how
NSM can be used to directly image and simultaneously quantify concentration gradients inside
up to 85 parallel nanofluidic channels, based on the corresponding refractive index contrast.
Furthermore, we show how individual optically dark Pt colloidal nanocrystals can be trapped
inside the nanofluidic channels and visualized and counted. Finally, we demonstrate on the
example of the fluorescence-free H202 decomposition reaction on single trapped Pt
nanocrystals, how the local reactant concentration evolution can be measured in sifu inside
individual nanochannels, and how single-particle specific turn-over frequencies can be derived
for citrate and polyvinylpyrrolidone (PVP) covered colloidal Pt nanocrystals by quantitatively

analysing the light scattering of Oz bubbles formed inside the nanochannels during reaction.

Results and discussion

The nanofluidic chip design we employ in this work is the same as in our previous work and
the corresponding micro- and nanofabrication was carried out using the exact same recipe we
have published earlier!”. The chips comprise U-shaped microchannels on either side of the
nanofluidic system they are connected to and are used to transport liquid to and from that
system (Figure 1a). The nanochannels that constitute the system are arranged in a set of 100
parallel channels, where each channel is 340 pm long and has a quadratic 150 nm x 150 nm
cross-section (Figure 1b). To enable the trapping of colloidal nanocrystals according to the
recipe we have recently established!’, each nanochannel is equipped with a 120 nm high and 1

um long constriction (“trap”) in the center. When flushed through the nanochannel and arriving



at that trap, particles with a dimeter larger than the 30 nm gap between trap and nanochannel
wall are captured, while substantial liquid flow through the channel is still enabled. The entire
fluidic system of the chip, including the particle trap, is etched into the 2 um thick thermal
oxide layer of a silicon wafer and sealed by the bonding of a 175 um thick glass lid (see
Methods for details). A dark-field scattering microscope image of such a chip reveals the
nanochannels as bright lines due to their large light scattering cross section in the visible
spectral range?? (Figure 1¢,d). The dark regions in the center of each channel correspond to
the traps as they reduce the scattering cross section of the channels by locally reducing the

channel dimensions?2.
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Figure 1. Nanofluidic chip design and scattering intensity dependence on liquid refractive

index. a) Artists’ rendition of the nanofluidic chip used in experiments.



Two inlet reservoirs are connected to two microchannels that connect to either side of a set of
parallel nanochannels. They enable liquid flow through the nanochannels by applying pressure
to the reservoirs on one side. b) Artists’ rendition of the array of parallel nanochannels that is
functionalized by a constriction (“trap”) in the center region to enable the trapping of colloidal
nanoparticles flushed through the system, provided the particles are larger than the trap in one
dimension'’. ¢) Dark-field optical microscopy image of an array of nanochannels with a 150
nm x 150 nm cross section. The trap region that is 120 um long and 120 nm high appears as a
darker area due to the smaller scattering cross section of the nanochannel in this region®*. d)
SEM-picture of a single trap. e) Comparison of the theoretically calculated (equation 1)
dependence of the nanochannel light scattering cross section on H2O: concentration in water
inside a nanochannel with the experimentally measured dependence of nanochannel scattering
intensity on H20: concentration. The found linear dependence is the direct consequence of the

linear dependence of the refiractive index of the H20: solution on concentration.*®

Concentration gradient measurements in single nanochannels

To establish the measurement principle used in the experiments reported in this work, we first
used a nanofluidic chip of the type describe above with empty channels, that is, without trapped
nanoparticles. We then flushed aqueous H20:2 solutions with concentrations ranging from 0%
to 30% through the system and measured the difference in light scattering intensity from a
single channel compared to the same channel being filled with pure H20. This revealed a linear
correlation in two independent measurements in good agreement with each other (Figure 1e).
To rationalize this experimentally identified linear dependence, we employ Mie theory and
approximate the nanochannels with square cross-sections used in the experiments by an

infinitely long cylinder with a diameter of 150 nm. Following the formalism described by



Bohren and Huffmann?®® and detailed in the Supplementary Information Section SI Il we arrive
at an expression for the light scattering cross section of the nanochannel, 05.4,, upon

irradiation by unpolarized light

i (m? — 1)? (l bt ) Equation 1

2 (m2+1)2

Here, m is the ratio of the refractive indices (RI) of the liquid in the channel, 7, and of the SiO2
medium the channel is etched into, nsio2 = 1.459,” that is, m = n;/ng;p,, k = 2m/A is the
wavenumber, Ay the geometrical nanochannel cross section and L the length of the illuminated
channel section. To plot and compare the theoretically calculated scattering cross section with
corresponding experimental scattering intensity measurements, we assume for pure water
n,, = 1.333,2 and for aqueous H202 solutions with 10%, 20% and 30% H20: concentration
Ny202 = 1.3394;1.3460; 1.353, respectivly?. This corresponds to good first approximation
to a linear dependence of the RI of water — H202 solutions, as reported by Hart and Ross®>.
Consequently, the value of m ranges between m,, = 0.914 for a water-filled channel and
Myo02 = 0.928 if a 30% H20:2 solution is introduced into the channel. This yields a linear
dependence of the calculated nanochannel scattering cross section oy, ,,, which is in excellent
agreement with experimentally measured linear dependence of the scattering intensity (Figure
le). As the key consequence, this result means that if appropriately calibrated, NSM enables

absolute measurements of concentration changes in liquids inside a nanochannel.

Having established this direct proportionality between the light scattering intensity from a
nanochannel and the H202 concentration inside it both theoretically and experimentally, we
will now use it to measure dynamic changes of liquid composition inside a single nanochannel
in real time and at the absolute level. This is of high relevance in the specific context of this
work, where we aim at investigating the formation of concentration gradients due to chemical

8



conversion on a single nanoparticle, as well as in more general terms, to scrutinize fluid flow
and diffusion in nanoconfined systems. In the first example to demonstrate this, we filled the
two microfluidic systems contacting the set of nanofluidic channels with pure MilliQ water and
a 30% aqueous H202 solution, respectively, and monitored the diffusion of the H202 solution
into five initially water filled and 340 um long parallel nanochannels (170 pm in the field of
view). A corresponding time-series of selected scattering images reveals the approaching H2O2
diffusion front as a “darkening” of the channels from the righthand side (Figure 2a). This is the
consequence of the lower RI of the H202 solution compared to pure water, which means that it
is closer to the RI of the nanochannel walls and thus reduces the scattering intensity of the
system (cf- Equation 1). Extracting the reduction of the scattering intensity along a single
nanochannel at the same time intervals enables the establishing of a close to linear
30,31

concentration profile after 10 s (Figure 2b). This is in good agreement with other works

that investigated the time evolution of concentration profiles between to solution reservoirs, as

well as with the original diffusion laws established by Fick>2.
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Figure 2. Assessment of H>0: diffusion inside nanochannels. a) Dark-field scattering
microscope image of a set of five parallel nanochannels taken at different times after the onset
of the diffusion of a 30 % H:>0: solution into the initially water filled channels. Note the
approaching H2O: diffusion front as a “darkening” of the channels from the righthand side,
as a consequence of the reduced RI difference between channel and liquid inside it. b) Light
scattering intensity difference between a nanochannel filled with pure MilliQ water at t=0 s
and the same channel upon diffusion of a 30 % H:0: solution into the channel from the right.
The green shaded areas under the curves indicated the corresponding integrated areas, whose
time evolution is plotted in c) together with corresponding evolutions calculated using equation
2 for three different D. The best agreement between experiment and calculation is found for
for D = 2.8-107°m?/s, which is in very good agreement the literature value®> of D = 2 -
107°m?/s. d) Similar scenario as for d), but with convective flow due to applied pressure at

the microchannel inlets.

To further quantify the measured time evolution of the concentration profile along the
nanochannel, we used it to estimate the bulk diffusion constant, D, of H2O2 in water (Figure
2¢). The concentration profile can be theoretically described over time with Equation 2, which

we derived from Fick’s second law for a nanochannel of length L, when a concentration of ¢,

is present at one end at t=0.

10



c(x,t) = ¢ (Erf (ZL\/E)/ETf (ZL\/E)) Equation 2

To quantitively evaluate the changing concentration profile shown in Figure 2b, we integrated
the area under the profiles at each time point and plot the time-dependent change of this
integrated area in Figure 2c¢. This reveals the rapid establishing of the almost linear profile
within the first two seconds followed by an asymptotic development towards the ideal perfectly
linear profile. To extract D from these data, we analytically modeled the concentration profile
in the channel using Equation 2, and applied the same evaluation scheme, that is, integration
of the area under the profile curves, as done for the experimental data (cf. Figure 2b and Figure
S8). Subsequently plotting the theoretically obtained curves for D = 1.8-10"°m?/s, D =
2.8:107°m?/s and D =3.8:10"°m?/s, we find the best agreement for D = 2.8 -
1072m? /s, which indeed is very close to the literature value*® of D = 2-107°m?/s. This
result is important from two perspectives: (i) it corroborates the ability of NSM to not only
measure concentration changes inside nanofluidic systems but also enable the quantitative
experimental determination of diffusion constants; (ii) it confirms that despite significant
nanoconfinement, the macroscopic description of molecular diffusion is still valid. In a wider
perspective, it also hints at the possibility to apply NSM in experimental studies of diffusion in
more extremely confined systems where molecular interactions with the nanochannel walls

become sizable and the eventually dominant contribution to diffusive molecular transport**33.

To investigate a second mass transport scenario through the nanochannels, we measured the
development of the H202 concentration inside a nanochannel over time when in addition to
diffusion also a convective flow was established from the 30 % H20:2 solution side to the pure
water side, by applying a pressure difference of 1 bar between the two microfluidic systems on
the chip at t = 0 s (Figure 2d). The corresponding scattering profiles measured att = 1.0 s and

1.8 s resemble now an error function, in good agreement with corresponding theoretical
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analysis by Fanchi*®. Hence, these data visualize nicely how diffusion of H2O2 superimposed
onto the convective flow changes the concentration front that is moving through the

nanochannel.

As a final aspect to we focus on the evolution of the scattering intensity in the trap area in
Figure 2¢,d, which is indicated by the dashed lines. We find that in this region both small
positive and negative peaks evolve, which likely are the consequence of the significantly

reduced scattering intensity in the trap region and the consequent negative impact on S/N.

Platinum nanoparticle trapping and imaging

To prepare the nanofluidic chips for measurements of the catalytic decomposition of H202 over
single nanoparticles, we functionalized the channels by trapping citrate-stabilized spherical
colloidal Pt nanoparticles comprised of small 2 — 5 nm crystallites (see Figure 3a) and with a
mean diameter of 69.6 nm, as evident from a size distribution histogram obtained from
scanning electron microscope images (Figure 3b). For the particle trapping, we filled the inlet
reservoir of the microfluidic system on the inlet side of an already water-filled chip with a
diluted aqueous suspension of the Pt particles (10° particles/mL). Subsequently, we applied 2
bar pressure to the inlet side of the chip to establish a flow through the microchannels that
transported the particles into the nanochannels, where they will get trapped at the position of

the constriction.

To monitor this process, we imaged the 84 parallel nanochannels in the field of view of the
CCD camera at a frame rate of 10 fps and subtracted a reference image of the empty channels
from each frame (Figure 3c). This reference image was the first image of the series of 1000
images acquired during the particle trapping and shows therefore the nanochannels before any

particles were flushed in. This procedure results in a time series of differential images in which
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the Pt particles become visible as distinct dark spots (Figure 3d,e). This is an important result
because optically lossy metal nanoparticles, such as Pt or Pd, are invisible in conventional dark-
field scattering microscopy in the sub 100 nm particle size range due to their localized surface
plasmon resonance (LSPR) excitations predominantly decaying via absorption, rather than
scattering®’ Here, however, we propose that they become visible because of two potential
mechanisms. According to the first one, since also Pt particles scatter light, even though very
little, this light may interfere with the light scattered from the nanochannel, thereby reducing
the overall intensity scattered from the combined system (that is, particle plus channel) in
analogy to the NSM enhancement mechanism in single molecule detection??. According to the
second and more likely dominating mechanism, a sizable fraction of the light scattered from
the nanochannel is absorbed by the Pt particle and thus the reason for the observed scattering

intensity reduction at the position of the particle in the channel in the differential image.

Irrespective of the mechanism, our method offers a complement to traditional dark-field
scattering microscopy of metal/plasmonic nanoparticles in the sub = 50 nm particle size range
and/or for lossy metals where absorption is the dominant LSPR decay channel and thus renders

them “invisible” in a traditional scattering experiment’’

. Consequently, it also enables the
tracking of the motion of such single nanoparticles inside the nanofluidic channels, as
illustrated in Figure 3e that depicts snapshots of five channels over the course of 15 s. The
starting point of this experiment is that particles have been trapped at the constriction by the
flow applied through the nanochannels. This flow was then stopped at t = 0 s when the first
image was taken. Interestingly, already after 0.1 s, the particles have started to drift away from
the trap. This motion is a combination of Brownian diffusive motion and a minuscule
convective flow that has its likely origin in a small difference in the static pressure induced by

the liquid in the reservoirs of the microfluidic system. Consequently, the particles continued to

exhibit a net motion in the direction away from the trap during the subsequent 15 s until we
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again established a distinct convective flow towards the trap that pushed the particles back

towards it (Figure 3e).
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Figure 3. Pt nanoparticle characterization, trapping, optical detection and counting. a) SEM
and HRTEM images of the citrate-stabilized Pt nanoparticles used in this work. They reveal
that the particles are comprised of small 2 — 5 nm crystallites. b) Particle diameter histogram
obtained from SEM image analysis, yielding a wide size distribution with a mean particle
diameter of 69,6 nm. c) Scheme depicting the generation of differential images by subtracting
the first image of a measurement series, obtained when no particles had yet entered the
channels, from subsequently taken images. d) Differential scattering image revealing the Pt
nanoparticles as dark spots in the channels. The inset shows a SEM image of one 70 nm Pt
particle in front of a constriction. e) Time series of differential images focused on 5 parallel
nanochannels that reveals the net motion of nanoparticles away from the trap (bright area on
top of the images) in a combination of Brownian motion and slow convective flow before
reverting the flow direction in the last image at 14.9 s to push the particles back towards the
trap. We also note the transient localization of two particles within a diffraction limited spot,
which is reflected as a significantly darker spot in the leftmost channel at 13.1 seconds (white
circle). The inset depicts the position of a single particle along the channel over time. g)
Differential scattering intensity time traces of the trap region where distinct steps signal the
arrival of a single Pt nanoparticle at the trap. In the red trace, the subsequent arrival of two

single particles is observed.
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To discuss a further interesting aspect of Figure 3e, we focus on leftmost nanochannel. We
notice that two distinct single particles are in this channel at t = 0.1 s and that they form a
“dimer” at 13.1 s where they appear as a single spot that is significantly darker compared to
the images where the two particles are seen individually (white circle in Figure 3e) . This is the
consequence of the particles being transiently localized close to each other at a distance smaller
than the diffraction limit of the irradiated light. Analyzing quantitatively the scattering intensity
of the system at the position of the two individual particles at 5 s, where they are distinctly

visible, and at the position of the particle “dimer” at 13.1 s, reveals a 40% lower scattering

intensity of the dimer compared to the single particles, which hints at a v/N dependence of

scattering intensity with particle number localized inside a diffraction limited spot (Figure S7).

As the final step, we demonstrate that this distinct reduction in scattering intensity induced by
single nanoparticles inside a nanochannel enables their counting also at the position of the trap.
Specifically, their arrival at the constriction is manifested as a distinct step in the time trace of
the scattering intensity measured at the trap, which enables the detection of the arrival of single
and multiple individual nanoparticles inside a single nanochannel in analogy to our previous
work!7 (Figure 3f). This is important to ensure that the desired number of particles inside each
nanochannel can be verified prior to the catalysis experiments we discuss below, where we

target a situation with as many channels being functionalized with a single nanoparticle only.

H>0: decomposition over single Pt nanoparticles

Having established the trapping and imaging of the single Pt nanoparticles, as well as the
measurement of concentration changes in the solution inside the nanochannel, we now apply

the developed system to investigate a catalytic reaction. For this purpose, we have chosen the
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catalytic decomposition of H202 on Pt, which takes place according to a two-step cyclic
mechanism?®, In the first and rate limiting step a H202 molecule reacts with the Pt surface and
forms a chemisorbed oxygen on the Pt surface, Pt(O), and a water molecule, H20, that desorbs
from the surface. In the second step, a second H202 molecule reduces the Pt(O) back to metallic
Pt by forming Oz and H20, which both desorb from the catalyst and thereby close the cycle.

This yields an overall reaction that can be written as

Pt )
2H,0, - 2H,0 + 0,. Equation 3

Focusing on the Pt nanoparticles, due to their structure that features relatively small crystallites
at the surface, they are characterized by a large surface area that features both edges and
terraces at relatively high abundance. Hence, they are expected to be highly active due to the
interplay between high (terraces) and low (edges) coordination sites, which in combination
keeps binding energies of reactants and intermediates at a moderate level and thus sees to that
the activation energy of the rate determining step and the reactant surface coverage is relatively
low?8. Furthermore, the highly structured surface facilitates the effective detachment of oxygen
bubbles from the particles. Such bubbles are expected to form on the surface during reaction if

the reaction rate is high enough to produce more Oz than what can be dissolved in water.>

Projecting the potential of the H202 decomposition reaction to form Oz bubbles onto our
nanofluidic reactor system at hand (Figure 4a), after the detachment of Oz from the surface of
a trapped Pt nanoparticle inside a nanochannel, there are two possible scenarios according to
which it can condense into a larger bubble when the Oz solubility limit (1.22 mol/m? in water*®)
is reached. Scenario I: following the direction of the convective flow through the channel, a

bubble is formed downstream of the particle and across the trap constriction (Figure 4b).
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Scenario II: growing against the direction of the convective flow through the channel, a bubble
is formed upstream of the constriction, either between trap and particle or upstream of the

particle (Figure 4c).
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Figure 4. H;0; decomposition reaction on Pt nanoparticles and O; bubble formation. a)
Schematic of the initial situation with a trapped Pt particle and the entire nanochannel filled
with water. b) Scenario I: upon convective inflow of H>O: into the nanochannel from the
righthand side a bubble of O: gas forms downstream of the particle due to the catalytic
decomposition of the H20: on the particle surface. c) Scenario II: the Oz bubble either forms
between trap and particle or upstream of the particle. In both cases it grows upstream against
the convective inflow of H20:. d) Darkfield scattering images of the completely water-filled
nanochannel system after trapping of Pt nanoparticles (green frame) and the system after
complete liquid exchange to 30 % H>O: manifested by the darker appearance of the channels
at t=6.8 s. We also note the onset of O2 bubble formation on two particles (highlighted by label
1 and 2 — see main text for details) manifested as areas of intense light scattering. e) Darkfield
scattering image of the nanochannel system at t=8.7 s when multiple additional bubbles have
formed. The labels highlight specific scenarios discussed in detail in the main text. f) Darkfield
scattering image of the nanochannel system at t=13.7 s. The labels highlight specific scenarios
discussed in detail in the main text. For all images we note that dark spots not positioned close
to the traps are artefacts caused by structural defects of the nanochannels generated during
their fabrication (that is, they are no Pt particles). The field of view corresponds to 170 um x
170 um.
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To investigate these two possible scenarios, we trapped Pt nanoparticles in the nanochannels
and monitored the trapping process using the concept outlined above (cf. Figure 3f).
Subsequently, we exposed the trapped particles to a flow of 30 % H20: in the direction towards
the trap. This resulted in 14 parallel nanochannels exhibiting Scenario I, whereof one channel
was occupied by a single Pt nanoparticle, ten channels were occupied by 2 nanoparticles and
three channels were hosting 3 or more particles (Figure S9). Furthermore, twelve nanochannels
exhibited Scenario II. Finally, some particles also attached to the nanochannel wall before

reaching the trap (see Figure S5 for an example).

After the functionalization of the chip with the Pt particles, we investigated the bubble
evolution via a series of dark-field scattering images taken from the parallel nanochannels
(Figure 4d-f). For this experiment, with the Pt particles at the trap, we started out with water in
one microfluidic channel and in the nanochannels, and with 30 % H2O: in water in the second
microchannel. Subsequently, we established convective flow from the H20: side through the
nanofluidic system by applying 2 bar pressure on the H2Oz inlet reservoirs. At start, the particles
were still fully immersed in water, as one can see from the overall relatively bright image which
turns distinctly darker as all channels are filled with 30 % H20: (Figure 4d). Subsequently,
when H202 had been flushed in, O2 bubbles started to form as the H2O2 decomposition reaction
was initiated. In general, the appearance of an Oz bubble is manifested as a dramatic increase
in scattering intensity since it locally expels the liquid from the nanochannel and thereby
changes the refractive index contrast of the system significantly. From here forward, we will

discuss in detail several particularly interesting events specifically labeled in green in Figure

4d-f.

Label 1 highlights an event occurring when the reaction starts on the first particles in the

system, where an initial Oz bubble is formed at a Pt particle caught at the trap but then detaches
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from that particle and is moved through the nanochannel by the flow (Figure 4d). Label 2
highlights the formation of an Oz bubble according to scenario II in a neighboring channel.
After 8.7 s more bubbles have started to form at an increasing number of Pt particles (Figure
4d), and we can see examples for scenario I and II (Label 3 in Figure 4e). Interestingly and
marked by label 4, a Pt particle seen as the dark spot in in the zoom-in, is being pushed out by
the bubble that in this case grows between the particle and the trap. Figure 4f shows the later
stages of the measurement series, with several bubbles having reached the end of the field of
view and with many channels exhibiting Scenarios I and II. Label 5 marks large bubbles in
Scenario I that have detached from the trap and are on the way to being flushed out of their
channel. Label 6 highlights two particles (dark spots in the zoom-in) that have drifted away
from the trap since the convective flow through the channel is significantly reduced by the Oz

bubble downstream in the same channel.

To further analyze the made observations, it is interesting to discuss them from the perspective
of the two scenarios depicted in Figure 4b,c. In the first scenario, where the Oz bubble grows
in the direction of the applied H202 flow and downstream of the particle trap, the situation is
rather straightforward (Figure 4b) since H20: has unrestricted access to the particle via
convective flow and diffusion, and since the particle remains in position at the trap during the
entire experiment while the bubble extends on the other side of the trap towards the outlet
microchannel. However, we also note that the bubble growing downstream of the trap will
reduce the convective flow through the channel gradually as it grows, since it increases the
flow resistance of the system (Figure S 1). At the same time, it will not completely block the
flow through the channel due to the hydrophilicity of the channel inner walls, which ensures

that a thin layer of liquid is sustained between the Oz bubble and the nanochannel wall.
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Scenario II (Figure 4c) is more complicated because: (1) if the bubble nucleates between trap
and particle the bubble may expel the particle from the channel during growth by pushing it
ahead (cf. label 4 in Figure 4e); (ii) if the bubble nucleates and grows away from the particle
against the convective flow, it effectively blocks a large fraction of the H20:2 inflow by
occupying a large fraction of the channel cross-section. However, since it does not block the
inflow completely due to the liquid layer between wall and bubble mentioned above, a
continuous, yet reduced, supply of H20z that ensures the continued Oz formation and bubble
growth that we observe in the experiment. However, at a decreasing rate as the bubble expands

due to the correspondingly increasing flow resistance (Figure S 1).

Finally, it is also interesting to estimate to what extent the Oz bubbles fill out the channel cross
section and thereby get an indication for the dimensions of the liquid layer between bubble and
channel wall. To do this, we compared the light scattering intensities of completely air-filled
channels with channels filled with an O2 bubble formed by the H202 decomposition reaction.
This analysis yields a filling factor of 75.5 % of the total nanochannel cross section by the O2
bubbles (Figure S3), which translates into an estimated liquid layer thickness of 9 nm between

the nanochannel wall and a bubble inside it.

The immediate conclusions from the above analysis are that we for further quantitative study
of the catalytic reaction exclusively focus on scenario I, where bubble growth occurs on the
downstream side of the particle and the trap, and where tracing the spatial extension of an O2
bubble along the nanochannel over time provides insight into the amount of Oz produced in the
H202 decomposition reaction on a single Pt nanoparticle surface. In fact, since the filling factor
of the bubble and the exact geometry of the nanochannel are known, the absolute amount of
gas phase Oz produced over time can be accurately calculated. Consequently, we can define a
bubble extension speed (BES), which is the change of bubble length in pixels per second,

multiplied with the scale of 0.166 um per pixel. This BES is then directly proportional to the
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current reaction rate of the particle. The influence of the solubility of the formed O2 in water is
shortly discussed in SI section II. An example of a single Pt nanoparticle BES time trace is
shown in Figure 5a, together with the scattering intensity integrated along 85 um of the channel
up- and downstream of the trap, respectively. We note that a BES trace automatically ends
when the moving front of the bubble reaches the edge of the field of view or detaches from the
trap, that is, when the whole bubble and not only its leading edge is moving through the
nanochannel.
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Figure 5. Single particle reaction turnover frequencies (ToF) and local reactant
concentrations in the nanochannel. a) Time traces of nanochannel scattering intensity
integrated along 85 um of the channel up- (purple) and downstream (grey) of the trap (see
inset) plotted together with the bubble expansion speed (BES, green) for a bubble forming
downstream of a single Pt nanoparticle trapped at the constriction (see second inset for
corresponding dark field scattering image snapshot). The time traces start at t= 0 s when the
channel is entirely filled with water and subsequently flushed with 30 % H:O:. Note the initial
reduction of the scattering intensity signals prior to the onset and steep increase of the BES,

as well as the ca. 1 s time delay in the scattering intensity decrease between the up- and
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downstream signals that is the consequence of the convective transport of H20: trough the

channel to replace the water (see also see

It is now interesting to in detail discuss the time evolution of the BES and the integrated channel
scattering intensities extracted both up- and downstream of the trap with the Pt particle (Figure
5a). Focusing first on the scattering intensity traces, from t = 0 s they initially remain constant
up- and downstream of the trap since the channel in this state is entirely filled with water and
no O2 bubble is present. We note that the small difference in integrated scattering intensity
between the up- and downstream trace at t = 0 s is the consequence of a slightly inhomogeneous
illumination across the field of view (cf. Figure 3c¢). Subsequently, after ca. 5 s the scattering
intensity starts to decrease and signals the arrival of the 30% H20: solution in the respective

channel sections. Interestingly, we can resolve a small delay of 1 s (

Figure S6) between the up- and downstream side, in agreement with the convective flow of
the H202 through the nanochannel. Furthermore, focusing on the BES trace, we notice that its
onset nicely coincides with the 30% H202 concentration being fully established at the particle
position, which confirms that the bubble nucleates and grows once the catalyst particle is fully
immersed in the reactant solution. At the same time, we find that the single particles that exhibit
this early onset of bubble formation often are those who subsequently exhibit the highest BES,
once the 30% H202 concentration is reached in the channel (Figure S9b). This indicates a
correlation between single particle activity and onset of bubble formation since a lower H202
concentration appears to be sufficient for the most active particles (or an agglomeration of

several particles) to generate enough Oz to nucleate a bubble.

As a second aspect, it is interesting to analyze how the H202 concentration in the nanochannel
evolves while the decomposition reaction is running on the particle because it sheds light on
whether concentration gradients are being formed due to reactant conversion and if the catalyst
is operated in a mass-transport or kinetically controlled regime. Accordingly monitoring the
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scattering intensity time trace upstream of the particle, that is, in the direction of reactant
supply, reveals that it essentially remains constant at the same level as at the onset of bubble
formation (Figure 5a). Since we, based on the earlier calibration of the scattering intensity
towards H202 concentration (cf. Figure 1), know that the measured signal corresponds to the
nominal 30% H202 in water in the inlet, we can conclude that the concentration upstream of
the particle remains constant and is not depleted over time. This is an important result, because
it is the experimental proof that the combination of convective flow and rapid H20: diffusion
towards the catalyst nanoparticle is fast enough to prevent the formation of a gradient. Hence,
it confirms that we are operating the catalyst particle in the kinetically limited regime and at a
well-defined concentration. This, in turn, means that the particle-specific reaction rates we

determine and discuss below are a direct consequence of single particle structure and activity.

As additional key points, we note that once the bubble has formed the scattering intensity on
the downstream side raises rapidly, meaning that we no longer can trace H20O2 concentration.
Secondly, during the initial phase of bubble formation and growth, we observe a distinct
maximum in the BES before it first slows down significantly and rapidly and then converges
towards a seemingly steady state. While we discuss the origin of the distinct peak in BES
further below, we already here note that the slight continuous decrease of the BES in the quasi
steady state regime may have its cause either in a slow degradation of the particle or is the
consequence of, at the level of the chip, many nanochannels with many active particles being
connected to the same H20: reservoir, thereby slowly reducing the total H2O2 concentration in

the system.

As the next step of our analysis, we now attempt to convert the measured single nanoparticle
BES into a turnover frequency (ToF) per site and second. To do that, beyond knowing the
amount of O2 formed per unit time, we need to determine the surface area of the Pt particles at
hand to derive an estimate of the number of active sites. We resort to a high-resolution TEM

23



image of a single Pt nanoparticle, which reveals that the surface is rough due to the particle
being comprised of small crystallites (Figure 5b). This in turn means that the real surface area
is much larger than the one corresponding to a smooth sphere with 70 nm diameter (green
dashed line in Figure 5b). To estimate a more realistic surface area, we thus draw the outline
of the 2D projection of the rough particle surface seen in the TEM image (solid black line in

Figure 5b) and convert it into a smooth circle with corresponding circumference (dashed black
line in Figure 5b). This analysis reveals that the realistic surface area of our particles with
nominal =70 nm diameter (surface area 15394 nm? for a smooth sphere) rather corresponds to

a smooth spherical particle with =100 nm diameter and 31416 nm? surface area.

At this point, it is necessary to discuss the reaction mechanism of H202 decomposition and the
possible influence of the surface structure, as there are multiple pathways that lead to the
production of Oz and water®®. As reported by Serra-Maia et. al.*®, the rate limiting step is the
dissociation of an H202 molecule into a surface bound oxygen and H>O. This happens
preferentially on the highly coordinated (111) and (100) terrace sites because the corresponding
binding energies for oxygen are significantly higher than on edge/corner sites, which thereby
lowers the activation of the rate limiting step on the terraces. Given the size of the crystallites
in the few nanometer range that the particles in our experiments are composed of, as a rough
estimate, we assume that half of their surface is comprised of terrace sites and that the other
half corresponds to edge/corners. For our estimation of the ToF below, we therefore assume
that 50% of the total number of surface atoms are active sites for the H2O> decomposition

reaction™

Based on the above assumptions, we now use the experimentally determined BES (in m/s) and

the geometric cross section area of the nanochannel, A = 150 nm x 150 nm, to arrive at the
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following expression for the ToF per site per second of a Pt nanoparticle inside a nanochannel

(a more detailed derivation is given in SI Section II)

0.755* A* BES * Ny .
ToF = ; Equation 3
V332N

viel = 22.39 mol/l is the molar volume of O2 at atmospheric pressure, N, is

where,
Avogadro’s constant, N is the estimated number of active sites for the nanoparticle of interest.
To determine it, we use the particle analyzed in Figure Sb, for which we calculated at the lower
end a surface area for a sphere of 70 nm diameter to 15394 nm? and for a sphere of 100 nm
diameter at the high end a surface area of 31416 nm?. Assuming an atomic surface density of
1.53 - 109 atoms per m? for Pt, calculated from the interatomic distance*!, this results in a
total of 235525 surface atoms for the lower and 480664 surface atoms for the upper surface
area limit, respectively. Finally, applying the estimation that only 50 % of these atoms are
located in the terrace sites that are important for the rate-limiting step of oxygen adsorption’®,
we arrive at an estimated range of 117763 to 240332 active sites on our particles. We also note

that the 0.775 prefactor has its origin in the 75.5% filling factor for the bubble in the channel

that we estimated in Figure S3.

By applying these numbers and using the upper particle surface area limit (surface B in Figure
5b), we can now calculate ToFs for 9 citrate capped single Pt nanoparticles trapped in
individual nanochannels and plot their ToF time evolution for a 30% H20:2 concentration in the
reactant solution together with two single particles measured in 15% H202 and with two

particles trapped in a single channel measured in a 30% H20: (Figure 5¢).

All these ToF time traces have in common that they exhibit an initial rapid rise of the reaction
rate (which is the consequence of the correspondingly observed rapid rise of the BES
mentioned above, cf. Figure 5a), which subsequently drops and converges to a reasonably

constant value after approximately 5 s. Focusing on this relatively stable regime, we can extract
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the corresponding ToF values for each single particle (Figure 5d) and the mean value for each
condition, that is, for the single particles in 30% H202 we find ToF = 16 + 2.3 site”! « 57!, for
the single particles in 15% H202 we find ToF = 12 + 0.3 site” « s™! and for the two particles in
30% H202 we find ToF = 14.7 site™ « s”!. In combination with the fact that we from the channel
scattering intensity measurements know that no concentration gradients are formed in the
channel during reaction, and we thus do not expect mass transport limitations, the values imply
that the lower ToF found for 15% H20:2 is the consequence of a strongly concentration
dependent H20:2 coverage on the particle surface as the reason for the reduced reaction rate at
lower concentration. It is also understandable that we see a higher BES when two particles are
in one channel, but when we consider the ToF for this scenario, it is slightly lower than the
mean single particle value but still within the standard deviation. We also note the significant
spread in ToF between individual nanoparticles (Figure 5¢,d, Figure S9¢). It can be attributed
to their individual structure mostly in terms of size (cf. Figure 3a and b) and nicely
demonstrates one of the key motivations for developing single particle techniques for the

investigation of structure-function correlations.

As the final aspect it is relevant to discuss the observed distinct peak in BES (and consequently
the derived ToF) after onset of the reaction (Figure Sc,e). We propose that this BES peak has
its origin in the initial phase of bubble nucleation, coalescence, and growth on the nanoparticle
surface. Specifically, as the reaction is initiated and Oz starts to be produced, a multitude of
small Oz bubbles form on the particle surface and start to grow. Eventually, when they have
reached a critical size, they detach from the particle surface’ and coalesce into a single large
bubble that starts to occupy the nanochannel and is monitored in the experiment. In this initial
stage of formation and growth of this large bubble in the channel, its growth rate is not directly
determined by the Oz production rate of catalyst surface but instead dictated by the number and

volume of already available small Oz bubbles that the catalyst already has produced. In other
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words, in this phase the BSE reflects the rate of coalescence of small Oz bubbles into a large
one, rather than the Oz formation rate on the surface. Since this rate is determined by the amount
of Oz already produced, it transiently exceeds the Oz formation rate of the catalyst until a new
steady state is reached, where the Oz formation rate on the particle surface is proportional to

the BES.

As a next step we attempt to compare the obtained single nanoparticle ToF values to the
literature. This, however, proves difficult since a wide range of both catalyst materials and

reaction conditions are reported. Serra-Maia et. al.*®

investigate Pt nanoparticles ranging from
22 nm to 3 nm in size in but only at very low H202 concentrations of 0.001 mol/l H202, which
1s 1s almost four orders lower than our 30 % H>O»> that translates into 9,7 mol/l. As a second
example, Liu et. al.*? reported the amount of Oz produced by a silica-based nanosheet with
supported sub-2 nm Pt nanoparticle catalyst in 3 % H20: in water and found an Oz production
rate of 343 ml/(min * g) by using the weight of the used catalyst as reference. Correspondingly
calculating the volume of Oz produced by a single nanopartice (weight 3.85 ¢ 10> g) in our
experiment, we find a rate of 1153 ml/(min * g). While different by a factor 10, this results

rationalizes our single particle ToFs in a reasonable way, in particular since the Pt loading in

Liu et al. was only 0.4 wt. %.

PVP vs. citrate coated Pt nanoparticle activity

To further explore our experimental concept and, in a proof of principle fashion, demonstrate
its ability to assess the impact of ligands on the surface of the Pt nanoparticles on catalytic
activity, we modified our initially citrate covered Pt particles by exchanging the citrate
ligands to polyvinylpyrrolidone (PVP, 10 kDa), as described in the methods section, and

trapped them in the nanochannels (
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Figure S4). PVP binds strongly to Pt*, with a distinct preference for (100) terraces and edge
sites**. Consequently, we expect a PVP coated particle to exhibit lower activity towards H202
decomposition than a citrate coated particle since more active sites are effectively blocked by
the strongly bonded and geometrically larger ligands*. Evaluating the ToF derived from the
BES measured upon exposure of three single and three dimers of PVP coated Pt particles to a
30% H20: solution reveals indeed a reduced ToF in the steady state regime (Figure 5e) by
roughly a factor 2, that is, from 16 + 2.3 site’! * s to 7.9 = 0.5 site”! * 5! in mean ToF for the
single nanoparticles (Figure 5f). The also observed difference in BES and ToF peak height for
the PVP and citrate covered particles during the onset of the reaction is likely the consequence
of different initial bubble growth, detachment and coalescence on these two surfaces. Taken
all together these results corroborate the significant impact of ligands on catalytic properties of

nanoparticles*.

Spontaneous batch reactor formation

At rare occasions, we have observed a scenario in the nanofluidic system where an Oz bubble
that has formed according to scenario I detaches from the trap and is swept downstream by the
convective flow until it gets stuck at a defect in the nanochannel wall. Simultaneously, a new
O2 bubble is formed on the Pt particle(s) still localized at the trap, but this time according to
scenario I, where the bubble grows upstream of the particles against the flow (Figure 6a).
This creates the interesting scenario where the two bubbles effectively enclose a segment of
the channel with the catalyst trapped inside. Since the H202 enclosed in this segment is on one
hand rapidly consumed by the reaction on the catalyst and on the other hand only slowly
resupplied via the narrow layer at the bubble-channel wall interface, this scenario essentially

creates a “batch reactor”. Using the scattering intensity signal measured from such a batch
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reactor segment, we can therefore directly follow the consumption of H2O:2 by the catalyst over
time, while simultaneously assessing the BES of the bubble that grows upstream. Figure 6b
displays corresponding experimental time traces measured for a batch reactor that featured
several citrate-covered Pt nanoparticles in the trap and occurred during the same experiment as
discussed above (cf. Figure 4). Specifically, the figure displays the time evolution of the O2
production rate derived from the BES (red line) together with the H202 concentration evolution
downstream of the trap (yellow line), as well as during the initial phase of the experiment
upstream from it (orange line). The concentration traces exhibit the expected course of rapid
initial increase when the H20: is flushed into the channel. Also as before, the onset of the
upstream bubble growth indicated by a measurable BES, occurs when the H20: reaches its

maximum 30 % value and shows the typical initial peak (cf. Figure 5).

As the first key difference compared to the experiments above with the “flow reactors”, we
notice a transient disturbance of the H202 concentration curve over the course of 5 frames that
signals the rapid formation and detachment of the downstream bubble which is terminated
when the upstream bubble starts to form. Accordingly, the time trace of the H2O2 concentration
measured upstream of the bubble is terminated at the onset of the upstream bubble formation
(since it cannot be measured anymore due to the brightness of the bubble), which nicely
coincides with the detachment of the downstream bubble. As the key observation from here
forward, and in distinct contrast to the scenarios discussed above, the H202 concentration we
measure inside the batch reactor does not remain constant at the set level of 30 % but reduces
with time to reach almost zero after ca. 18 seconds of reaction. At the same time, the rate of Oz
evolution keeps dropping as the concentration decreases. This is the consequence of the catalyst
particle(s) rapidly consuming the H20:2 inside the batch reactor and of the limited inflow of
reactant along the upstream bubble — channel wall interface not being sufficient to resupply the

H202 consumed by the catalyst. This is a remarkable result because it (i) is the first direct and
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label free measurement of reactant conversion from only few nanoparticles in real time at
realistic reaction conditions and because it (ii) demonstrates the potential of NSM when used
in a batch reactor configuration to enable single particle reactivity measurements for arbitrary
reactions at technically relevant reaction conditions, provided that batch reactors can be created

in a controlled fashion.
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Figure 6. Spontaneous batch reactor formation. a) Schematic depiction of a spontaneous
batch reactor forming in the nanochannels, when a particle is trapped between two Oz bubbles.
b) Time evolution of the H2O2 concentration derived from scattering intensity of a spontaneous
batch reactor measured between the bubbles (vellow) and upstream of the particle (orange)
plotted together with the Oz evolution rate (red) derived from the BES of the upstream bubble.
Note the transient disturbance of the H20: concentration curve at ca. t = 63 s over the course

of 5 frames that signals the rapid formation and detachment of the downstream bubble.



Conclusions

We have demonstrated the use of nanofluidic scattering microscopy, NSM, to measure
concentration changes inside nanofluidic systems based on the methods’ high sensitivity to RI
changes that are reflected in a reduced light scattering intensity from a nanochannel if the RI
difference between liquid and channel wall material is reduced. Applying this concept to the
scrutiny of H202 diffusion into a water filled nanochannel, we have verified the validity of the
macroscopic description of molecular diffusion despite significant nanoconfinement imposed
by a nanochannel, by extracting a bulk H202 diffusion coefficient in water that is in excellent
agreement with the literature value®* of D = 2 - 1072 m?/s. These results thus advertise NSM
for experimental studies of diffusion in nanoconfined systems where molecular interactions
with the nanochannel walls become sizable and the dominant contribution to diffusive

molecular transport.

As a second key result, we have demonstrated that NSM enables the visualization, tracking and
counting of optically dark metal nanoparticles, such as Pt that is highly “lossy” in the visible
spectral range due to widely abundant interband transitions. This is a significant step beyond
the state of the art since investigations of strongly absorbing metal nanoparticles, as well as
plasmonic systems like Au in the sub-50 nm particle size regime, to date are not possible by
traditional dark-field scattering microscopy. Hence, NSM has the potential to significantly
expand the nanoparticle size and composition range accessible with this type of optical

microscopy widely used for single nanoparticle studies.

As the third key result, on the example of H2O2 decomposition over Pt, we have introduced
NSM as a tool for single particle catalysis that enables in situ measurements of absolute reactant
concentrations adjacent to an active colloidal catalyst nanoparticle and along the nanochannel

that hosts the particle. Therefore, NSM has the potential to resolve concentration gradients
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induced by reactant conversion over single nanoparticles and thereby shed light on the interplay
between mass transport and surface reaction governed catalyst activity in nanoconfined
reaction environments. Furthermore, by simultaneously tracking the rate of Oz bubble growth
in the nanochannel, we have derived single nanoparticle ToFs that exhibited a significant

distribution that reflected the wide size distribution of the Pt nanoparticles.

Finally, by comparing single particle ToFs for the H2O2 decomposition reaction obtained from
citrate and PVP coated structurally identical colloidal Pt nanoparticles trapped in nanochannels,
we revealed a distinct reduction of catalytic activity for the PVP coated system, due to PVPs
strong interaction with both terrace and edge sites on Pt, and its more pronounced steric

hindrance for reactants to reach the catalyst surface.

In a wider perspective, our results advertise NSM as a versatile optical microscopy method
that, once fully developed, has the potential to enable single particle reactivity measurements
for arbitrary reactions without fluorescent labels or other enhancement mechanisms at

technically relevant reaction conditions.
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Methods

Instruments: The dark-field nanochannel scattering microscopy (NSM) experiments were
carried out on a Zeiss Axio Observer Z1 microscope equipped with a Thorlabs Solis-3C LED
light source. A Zeiss 50x dark-field objective together with a dark-field reflector cube was
used. The scattered light was recorded with an Andor iXon Ultra 888 EMCCD camera, set to
take kinetic series of 1000 pictures each with an exposure time of 0.1 s. The transmission
electron microscopy (TEM) images were taken with a FEI Tecnai T20 that was operated at 200
kV and had a LaB6 filament, as well as a Orius CCD camera installed. The SEM imaging of
the platinum particles and the open nanochannels was carried out on a Zeiss Supra 60 VP with

a secondary in-lens electron detector operated at 15 kV. Working distance was set to 2.5 mm.

Data Evaluation: The images from the camera were recorded using the Andor Solis Software
and saved as full-scale tiff-images. A custom LabView program was used to read in the images
and separate the channels, which were then evaluated individually. The two main functions of
the program are the counting of pixels whose count values surpass a certain threshold (bubble
extension) and averaging the scattering from each side of the nanochannel (concentration
determination), both of which were recorded as function of time. The bubble-extension-over-
time data was smoothed by fitting a cubic spline fit in LabView evaluation program, and a
derivative was taken to determine the bubble extension speed. The measurement of the particle
diameter was done in ImageJ after calibrating the size of the SEM picture with the provided

scale bar.

Reagents and Nanoparticles: All solutions where prepared using ultrapure water (Milli-Q IQ
7000 water purification, Merck). The same water was used when flushing and cleaning the
nano/microfluidic system. Hydrogen peroxide was bought from Sigma-Aldrich (H202, 35%

w/w in H20). Platinum nanoparticles from nanoComposix (PTCB70-10M, BioPure Platinum
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Nanoparticles — Bare (Citrate), 70 nm) were acquired. The ligand exchange was done by first
preparing a 100 mM solution of PVP in ultrapure MilliQ water before adding 2 ml of this
solution to 2 ml of the nanoparticle solution. The mixture was then stirred gently for 24 h at

room temperature to ensure to complete exchange from citrate to PVP ligands.

Fluidic chip fabrication: The nanofluidic systems were fabricated by etching all fluidic
structures (nanochannels, microchannels, and vias) into thermally oxidized silicon
substrates and bonding thin glass lids to the structured substrates for sealing, as described by
Levin et al.!®!"'®. The nanofabrication can be summarized as follows: First 4” (100) silicon
wafers were cleaned with Standard Clean 1, 2% HF Dip and Standard Clean 2. The cleaned
wafers were wet oxidized at 1050° C to an oxide layer thickness of 2000 nm. Nanochannels
were etched into the thermally grown oxide with fluorine-based reactive ion etching (RIE)
using a Cr hard mask patterned with e-beam lithography and chlorine-based RIE. To create
vertical constrictions within the nanochannels, they were first etched to the nominal
constriction depth, then photoresist lines were patterned using laser lithography on the
hardmasks across the nanochannels at the constriction positions, and then the nanochannels
were etched to their final depth. Subsequently, all microfluidic structures were etched into the
surface by RIE using photoresist etch masks, typically patterned by direct laser lithography,
and vias were fabricated with deep reactive ion etching. Finally, the substrates were cleaned
with Standard Clean 1 along with 175 um thick 4” Borofloat33 glass wafers, and the surfaces
of both the substrates and the glass wafers were plasma treated with O2 plasma (50W,
250mTorr) to allow the glass lids to be pre-bond to the substrates prior to fusion bonding

them (550 °C, 5 hours). The bonded wafers were then cut into individual fluidic chips.
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Section I: Supplementary figures
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Figure S2. Flow speed in the nanochannel for 2 bar inlet pressure. a) Simulated liquid flow
speed inside a 150 nm x 150 nm nanochannel as a function of the length of a bubble that is
growing inside that channel. The maximum length of the bubble is 170 pm (length of the
nanochannel after the constriction). The inset shows the Comsol-simulated pressure drop along
a bubble of 1 um length. b) Measurement of the flow speed inside nanochannels via tracking
the movement of Pt nanoparticles (arrows) induced by the flow. The differential dark-field
image shows how particles can be seen moving out of the channels when the pressure at the
inlets of the chip is inverted. The three channels that stand out are filled with a bubble on the
other side of the trap. Tracking several particles while the same pressure is applied as during
bubble formation allows an estimation of the flow speed when a bubble is filling the channels.
The table lists the results for three particles.
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Figure S3. Scheme to estimate the fraction of the nanochannel that is filled with gas when a
bubble is filling the channel. Blue axis: Calculated relative scattering in dependence of the
refractive index (blue curve). The scattering of a completely gas filled channel has been set to
1, for a completely water filled channel it is set to 0. Green axis: Experimental scattering
intensities, where the scattering from a water-filled channel has been set to zero and the
scattering from a air-filled channel set to 1. The horizontal green lines represents the scattering
measured from 6 bubble-filled channels relative to the scattering of the same channels filled
with air. Translating the experimental scattering ratio via the curve for the scattering cross
section leads to the estimation that the gas bubble fills the channels to around 75.5%.
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Figure S4. Detection of PVP particles. The darkfield images here were FFT filtered to remove
the regular pattern of the nanochannels and to reveal the particles. The particles initializing the
bubbles are marked with arrows. In a and b, many particles leave position as H20: is flowing
in (dark spots to the right side of the arrows). In ¢ and d, we assume that only a single particle
remains. This assumption was corroborated by the bubble extension speeds.

= Hanme

Figure S5. Citrate coated Pt particles getting stuck in nanochannels before the trap. The
particle marked with orange arrow enters the field of view at t = Os as it is pushed through the
channel but gets stuck due to electrostatic interaction with the wall at t = 36.5 s and remains in
the same position at t = 70. 5 s. The particle marked with a green arrow gets transiently stuck
at 36.5 s before eventually reaching the trap at 70.5 s.
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Figure S6. Derivative of the channel scattering intensity traces shown in Figure 5a in the
main text. The peak of the derivative is shifted by about 1 s between the two channel sections

and thus indicates a time delay of about 1 seconds for the H20z front reaching these two channel
sections.
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Figure S7. Nanochannel scattering intensities for channels containing two particles that
meet in a diffraction limited spot during their movement. The curves show the scattering for
separated and combined particles for each channel. When together, the scattering at the
particle spot decreases by about 40% compared to the single particles.
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Figure S9. Pt particle counting. a) Integrated scattering intensity of the trap area for the
measurement shown in Figure 4 in the main text for all channels that show bubble formation
according to Scenario I. The arrival of particles can be seen as steps in the intensity. When
many many particles accumulate, the scattering from the trap becomes higher than the
reference (channels 42, 53 and 77). b) ToF traces for the channels shown in a) for a H2O2
concentration of 30%. c) Comparison of the counted (for large numbers estimated) particle
number and final ToF.
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Section II: Supplementary Derivations

1. Theoretical calculation of nanochannel scattering cross sections

The derivation of the scattering cross section formula for a nanochannel, Equation 1 in the main
text, is described in detail in chapter 8 of the book by Bohren and Huffman?S. For convenience,
I summarize the key steps below.

To mathematically describe the rectangular channels from the experiment, we use a cylinder
of infinite length, whose diameter corresponds to the cross section of the experimental
nanochannel. Accordingly, the derivation uses cylindrical coordinates as given in Fiure S

1
1
\ka

& ( N
~

incident
z
scattered
5 AN
P Rt \\\\
N

Figure S 11. Cylindric coordinate system and a section of the infinite cylinder with the
Poynting vector of the incident and scattered light.

The function that solves the wave equation in cylindrical coordinates can be written in a form
that separates into a radial, angular and vertical part, where h = —k cos{ is the separation

constant and p = rVk? — h? with k as wavenumber.
Y,(r, ¢, 2) = Z,(p)e™Pe? (n=0,41,...)

Linearly independent solutions to Z,, are the Bessel functions of the first and second kind, J,,
and Y, respectively, where n denotes their integral order. The harmonic functions generated
from the equation above,
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VXM,

M, =V X (ézlpn): N, k

will be used to express the incident electric field of a plane wave E; = E,e*é* that is incident
onto a cylinder of radius a in the direction of é; = — sin {é,, — cos {é, with { being the angle
between cylinder axis and the incident wave. For an incident electric wave that is parallel to
the xz-plane, the expansion in cylinder harmonics is

[oe)

E; = Z [AnMrIl + BTlNTIL]'

n=-—oo

The generating function for the cylinder harmonics in then J, (kr sin {)e*®e~*2¢0s¢ a5 we
need to exclude the Bessel functions of the second kind to avoid an infinite electric field at r =
0. Following Bohren and Huffman, the coefficients are given as

Ey(=D"

An =0, B = k sin¢

such that for the incident wave, when E,, = E, (—i)"/k sin(,
E—iEN’ H—_ikiEM’
[ nt'n» [ wﬂ ntn
n=—oo n=-—oo

For the internal field, we define first the ration of refractive indexes

ncylinder

m=-—-———

nsurrounding

to arrive at
[ee] . [o¢]
I I —ik I I
E = E, [gnMn + ann]: Hy = (U_ﬂ E, [gnNn + ann]
n=—oo n=-—oo

For the scattered field, we find

(0]

. ik < .
Es = Z En[bnlN‘r?L) + lanlMS]' Hy = w_’u Z En[bnersi + lfanlNr?]

n=—oo n=-—oo
Such that we now can describe the Poynting vector

Sy == Re(E; X H}) S, == Re(E; x H; + E; X H);

T2

and the absorption, scattering and extinction rates for the incoming light.

21 271
Wa=—f SR A= Woe — Wy = RL [ o)y dgp—RL[ (5 do
A 0 0
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Comparing these rates with the projected cross section of the channel, we arrive at the scattering
efficiency (for parallel incident light).

W, 2 N
\ =—[|bo|2+zz(|bn|2+|an|2)l
n=1

Qsca,p = m X

The coefficients a,, and b,, can be found Bohren and Huffman?®, and we arrive at the scattering
efficiencies for both parallel, and, in similar manner, orthogonally polarized incident light.

2,3

wlx 21,343
Qsca,p = 8 (m2_1)2 =

n°k>a
8

n2x3 (m? —1\° w2k3ad (m? —1\°
Cscao = (mz n 1) T 4 (mz + 1)
From those, we use x = ka = 2ma/A and as geometrical cross section Ay = ma? to arrive at

the scattering cross sections for both polarization directions of incident light, as well as for
unpolarized light, which corresponds to Equation 1 in the main text.

(m? —1)?

AZK3L

Oscap = (mZ - 1)2
AZK3L (m? — 1\
sca0 = \m2+ 1
A3K3L 1 1
Trean = = 00t = 2 (54 o)

2. Influence of oxygen solubility

For the estimation of the influence of the Oz solubility in water on the bubble formation in a
nanochannel, we start at an average BES of 6.3 um/s, which can be translated into an O2
production rate of 2.5 - 10® 0, /s per particle when using Equation 3 in the main text.

From Figure 2d, we can estimate the flow speed of the liquid in the channel at an inlet pressure
of 2 bar to be 40 um/s. Multiplied with the channel cross section of 150 x 150 nm?, we arrive
at a volume flow of 7.84-1071"m3/s. Using now the solubility of 1.22 mol/m3 and
Avogadros constant, we see that about 0.6 - 10° 0, /s could be transported away by the flow
in the channel, which is about a quarter of the above estimated Oz production rate.

This will however be only the case at the very start of the reaction, because as soon as a bubble
has formed, the flow speed will be drastically decreased (see also Figure S2a), thereby limiting
the transport of dissolved oxygen and thus significantly reducing this effect.
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3. Turnover frequency from bubble expansion speed

At the start, we need to derive the amount of Oz produced per second. To do this, we assume
that the bubble is rectangular as the channel and has a cross section that is the geometrical cross
section of the channel times the filling factor determined in Figure S3.

Apup = 0.755A channet

Multiplied by the BES, which has the unit of m/s, we arrive at the bubble volume expansion
speed in m*/s. Divided by the volume of 1 mol of Oz gas, V3% = 22.4 /mol, we get the
number of moles of molecular oxygen produced within 1 s.

_ Apyup BES
02 — Voyrzlol
Multiplying this with Avogadro’s number, we get the absolute amount of O2 molecules

produced per second. Divided by the number of active sites N, we get the number of O2
molecules produced per site and second, which corresponds to the turnover frequency.

0.755 Acpgnnet BES Ny
ToF = 7
V53°*N
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