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Abstract

Solar energy is a promising solution to the world’s energy problems, and photovoltaic
cells have made significant progress in converting sunlight into electricity. However,
the intermittency of sunlight limits the usability of photovoltaic technology. Plas-
monic nanoparticles have emerged as promising candidates for efficient solar energy
conversion and storage. These metallic nanoparticles have unique optical properties
that can be tuned by varying their size, shape, and composition. Through the inves-
tigation of the behavior of individual nanoparticles by single-particle techniques, this
thesis aims to optimize their design and improve their efficiency, ultimately leading
to more effective solar energy conversion and storage technologies.

We employ single-molecule localization microscopy to study plasmon-enhanced
catalysis with super-resolution, revealing the mechanism driving the chemical transfor-
mation. This single-particle approach allows for precise investigation of the behavior
of individual nanoparticles with subparticle and single-molecule turnover frequencies.
We propose a design strategy for optimizing catalysts by maximizing the plasmonic
field enhancement, which can lead to increased turnover rates at low irradiances.

Next, we examine the latest developments in hybrid plasmonic photocatalysis for
solar fuel production, highlighting the importance of quantifying the role of tempera-
ture in the enhancement mechanism. We introduce a photothermal model for bimetal-
lic core-shell nanoparticles and verify it with anti-Stokes thermometry, a single-particle
technique that allows us to study the link between nanoparticle structure and heat
generation. We show that geometry plays a crucial role since the addition of a cat-
alytic shell over a plasmonic cove strongly reduces the photothermal response, while
the inclusion of the catalytic material in the form of satellites around the plasmonic
core keeps the photothermal properties almost unaffected.

Finally, we broaden the focus to ensembles of nanoparticles in the last chapter,
demonstrating the applicability and accuracy of anti-Stokes thermometry for inves-
tigating the photothermal properties of plasmonic ensembles. The knowledge gained
from previous single-particle investigations provides a solid foundation for understand-
ing the behavior of these larger-scale systems. Through comparison with quadriwave
shearing interferometry we validate the reliability of this ensemble-based approach.

This thesis contributes to the advancement of plasmonic nanoantennas for en-
ergy conversion by providing valuable insight into the underlying physical properties.
The knowledge gained from this work will not only guide the design of more efficient
and sustainable energy conversion technologies but also broaden our understanding of
plasmonic materials and their diverse applications. By integrating plasmonic photo-
catalysis, single-molecule localization microscopy, and photothermal characterization
techniques, we aim to facilitate future research in areas such as photothermal therapy
and solar energy conversion, ultimately contributing to create novel nanomaterials
with improved functionality and performance.






Zusammenfassung

Solarenergie ist eine vielversprechende Losung fiir die Energieprobleme der Welt und
photovoltaische Zellen haben signifikante Fortschritte bei der Umwandlung von Son-
nenlicht in Elektrizitdt gemacht. Die Unbestandigkeit des Sonnenlichts beschrankt
jedoch die Nutzbarkeit der photovoltaischen Technologie. Plasmonische Nanopartikel
haben sich als vielversprechende Kandidaten fiir effiziente solare Energieumwandlung
und -speicherung herausgestellt. Diese metallischen Nanopartikel besitzen einzigartige
optische Eigenschaften, die durch Variation ihrer Gréfle, Form und Zusammensetzung
eingestellt werden konnen. Durch die Untersuchung des Verhaltens einzelner Nanopar-
tikel mittels Einzelpartikeltechniken zielt diese Arbeit darauf ab, ihr Design zu opti-
mieren und ihre Effizienz zu verbessern, was letztendlich zu effektiveren Technologien
zur solaren Energieumwandlung und -speicherung fiihrt.

Wir setzen die Einzelmolekiil-Lokalisationsmikroskopie ein, um die plasmonen-
verstarkte Katalyse mit hoher Auflosung zu untersuchen, wobei wir feststellen, dass
die Verstarkung der untersuchten Reaktion hauptsachlich auf die Photoanregung des
Reaktionsmolekiils zuriickzufiihren ist. Dieser Ansatz auf Einzelpartikelebene erlaubt
eine prazise Untersuchung des Verhaltens einzelner Nanopartikel. Wir schlagen eine
Designstrategie zur Optimierung von Katalysatoren vor, die darauf abzielt, die plas-
monische Feldverstarkung zu maximieren, was zu hoheren Umsatzraten bei niedrigen
Bestrahlungsstarken fithren kann.

Als néchstes untersuchen wir die neuesten Entwicklungen in der hybriden plas-
monischen Photokatalyse fiir die Produktion von Solartreibstoffen und betonen die Be-
deutung der Quantifizierung der Rolle der Temperatur im Verstarkungsmechanismus.
Wir stellen ein photothermales Modell fiir bimetallische Kern-Schale-Nanopartikel vor
und verifizieren es durch Anti-Stokes-Thermometrie, eine Einzelpartikeltechnik, die
es uns ermoglicht, den Zusammenhang zwischen Nanopartikelstruktur und Warme-
erzeugung zu untersuchen. Wir zeigen, dass die Geometrie eine entscheidende Rolle
spielt, da die Zugabe einer Schale die photothermale Antwort stark reduziert, wahrend
die Einbeziehung von Satelliten die photothermischen Eigenschaften fast unverandert
lasst.

Schliellich erweitern wir den Fokus auf Ensembles von Nanopartikeln und demon-
strieren die Anwendbarkeit und Genauigkeit der Anti-Stokes- Thermometrie fiir die
Untersuchung der photothermalen Eigenschaften von plasmonischen Ensembles. Dieses
Kapitel baut auf das aus den vorherigen Einzelpartikeluntersuchungen gewonnene
Wissen auf. Wir validieren die Zuverlassigkeit dieses ensemble-basierten Ansatzes
durch den Vergleich mit Quadriwave- Scherinterferometrie.

Diese Arbeit tragt zur Weiterentwicklung von plasmonischen Nanoantennen zur
Energieumwandlung bei, indem wertvolle Einblicke in die zugrunde liegenden Mech-
anismen gegeben werden. Das aus dieser Arbeit gewonnene Wissen wird nicht nur
die Gestaltung effizienterer und nachhaltigerer Technologien zur Energieumwandlung
leiten, sondern auch unser Verstandnis von plasmonischen Materialien und ihren
vielfaltigen Anwendungen erweitern. Durch die Integration von plasmonischer Pho-
tokatalyse, Einzelmolekiil-Lokalisationsmikroskopie und photothermaler Charakter-
isierungstechniken zielen wir darauf ab, kiinftige Forschung in Bereichen wie pho-
tothermaler Therapie und solare Energieumwandlung zu erleichtern, und letztendlich
dazu beizutragen, neue Nanomaterialien mit verbesserter Funktionalitat und Leistung
zu schaffen.
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Introduction

“The world s facing a double energy crisis. The majority of our energy
production still results in the emission of greenhouse gases, and hundreds
of millions of people still do not have adequate access to energy.”’

Emission pathways to limit global warming to increases between 1.5°C and 2.0°C
require steep reductions in global net emissions, reaching 25-45% in 2030 (compared
to 2010 levels), with net-zero emissions by 2050-2070. On a per-capita basis, global
emissions therefore need to go down to 2.5-3.3 tCO, per capita in 2030% 'Y or less.! '3
While the the combustion of fossil fuels (Figure 1.1) keeps in increasing, so does the
world’s average temperature (Figure 1.2). Aslong as we are emitting greenhouse gases
their concentration in the atmosphere increases. The concentration of greenhouse
gases in the atmosphere needs to stabilize and to achieve this the world’s greenhouse
gas emissions have to decline towards net-zero. To bring emissions down towards net-
zero will be one of the world’s biggest challenges in the years ahead. But the world’s
energy problem is actually even larger than that, because the world has not one, but
two energy problems.

Figure 1.3 shows the per capita CO, emissions on the vertical axis against the
average income in that country on the horizontal axis. In countries where people have
an average income between $15,000 and $20,000, per capita CO, emissions are close
to the global average (4.8 tonnes COy per year). In every country where people’s

Figure 1. (1.1) Increasing fossil fuel consumption since 1965. Source: BP Statistical Review
of Global Energy. Adapted from Ref.” (1.2) Global warming: The monthly combined land-surface
air and sea-surface water temperature anomaly is given as the deviation from the 1951-1980 mean.
Source: National Aeronautics and Space Administration (NASA), Goddard Institute for Space Stud-
ies (GISS). Adapted from Ref.” (1.3) CO, emissions against GDP in 2020. Adapted from Ref.,*
original data from Ref.>’ (1.4) The area of the circles represents reasonably assured recoverable
energy reserves from both finite and renewable resources over the next 30 years. These areas can be
compared with total demand (earth image) over that same period. Adapted from Ref.”



2 1. Introduction

average income is above $25,000 the average emissions per capita are higher than the
global average. High-income countries are home to only 16% of the world’s popula-
tion, yet they are responsible for almost half (46%) of the world’s emissions.'* This
is the first energy problem. The second problem is energy poverty. The reason that
the emissions of low-income countries are low is the lack of access to modern energy.
The lack of access to modern energy subjects people to a life in poverty. Relying on
solid energy sources, such as wood, for cooking and heating is linked to high indoor
air pollution, and no electricity means no refrigeration of food and no light at night.
For the poorer three-quarters of the world, income growth means catching up with
the living conditions of the richer world, but unless there are cheap alternatives to
fossil fuels it also means catching up with the high emissions of the richer world. We
want global incomes and living standards to increase. Doing so while limiting climate
change is one of the greatest challenges of this century.

One promising solution to both of the world’s energy problems is to harness the
energy of the sun. The amount of solar energy that reaches the Earth’s surface is
about 5,000 times greater than the world’s total energy use. Even when accounting
for the land area that can reasonably be used, solar energy has the potential to cover
100 % of the global energy demand many times over (Figure 1.4). One way to capture
solar energy is through photovoltaic cells, which convert sunlight directly into electric-
ity. Photovoltaic technology has improved significantly in recent years, with increased
efficiency and decreased costs. However, the usability of photovoltaic technology is
limited by the intermittency of sunlight. Therefore, to fully realize the potential of
solar energy, we need to develop technologies that can efficiently convert and store
solar energy for use during periods of low sunlight.

Plasmonic nanoparticles have proven to be promosing canditates for such solar
energy conversion processes. Plasmonic nanoparticles are metallic nanoparticles with
surprising optical properties. They interact strongly with light and can absorb and
concentrate light very efficiently. By tuning the material, size, shape, and composi-
tion of these nanoparticles, their properties can be tuned. As such, they have been
shown to be beneficial in enhancing photovoltaic systems, but they can also act as
photocatalysts. Recently, a plasmonic photocatalyst exceeded, for the first time, a
photon-to-H, conversion efficiency of 15%.°

However, a deeper understanding of the mechanisms behind the enhancement of
plasmonic nanoparticles is necessary to fully realize their potential. Single particle
studies are needed to investigate the properties of individual nanoparticles, as these
properties can differ from those of an ensemble of nanoparticles. By understanding
the behavior of individual nanoparticles, we can optimize their design and improve
their efficiency, ultimately leading to more effective solar energy conversion and stor-
age technologies.



As the title suggests, this thesis delves into the realm of plasmonic nanoparticles
for energy conversion, with a particular focus on studying them at the single parti-
cle level. In Chapter 2, we introduce the basics of plasmonic nanoparticles, including
their optical properties. Then, in Chapter 3, we take a deeper dive into single particle-
based methods to gain a more comprehensive understanding of these particles. Based
on this foundation, we explore three systems in the subsequent chapters. Chapter 4
provides a detailed analysis of a plasmon-assisted reaction on a single metal nanopar-
ticle, where we investigate the catalytic activity with subparticle resolution. Here, we
examine the crucial contributions from hot electrons, near-fields, and temperature to
gain mechanistic insight. In Chapter 5, we explore hybrid systems that combine a
plasmonic metal with another catalytic component, thereby increasing the reactivity
and moving closer to industrial applications. This investigation leads us to examine
the performance of a hybrid system and analyze the synergy between the components.
Finally, in Chapter 6, we broaden our focus and investigate ensembles of nanoparti-
cles. This exploration is critical to understanding how these systems would perform at
a scaled-up level. In this chapter, we analyze the collective properties of nanoparticle
ensembles.

Overall, this thesis provides a comprehensive investigation of plasmonic nanopar-
ticles for energy conversion, from the fundamental understanding of their properties
to the practical applications of these materials. The results presented here highlight
the need for a deeper understanding of the enhancement mechanisms, which can be
achieved through single-particle studies, to develop efficient and effective energy con-
version systems.
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Fundamentals

Plasmonic nanoparticles have unique optical properties that make them promising for
energy conversion applications. This chapter provides an overview of their poten-
tial for photocatalytic, photovoltaic, and photothermal applications. The history of
the field, theoretical and physical principles, and current state of the art are summa-
rized. Plasmonic nanoparticles can interact with light in ways that are not achievable
with conventional materials, leading to enhanced light absorption, scattering, and local
field enhancement. Theoretical and physical principles that govern their behavior are
explained, and current research trends, challenges, and opportunities are discussed.
The aim is to provide a solid foundation for further investigation of the potential of
plasmonic nanoparticles for energy conversion applications.

Figure 2.0 - The rise of Plasmonics. Top: A condensed version of the history of Plasmonics
from Figure 2.1. Bottom: Number of published articles that include ”localized/localised surface
plasmon”, ”LSPR”. Data from Web of Science.


https://www.webofscience.com/wos/woscc/analyze-results/17b09166-0b11-4e50-b75d-e5e7e953ef52-7299b09c

6 2. Fundamentals

2.1 A short history of Plasmonics

The term Plasmonics was coined by Mark Brongersma and Harry Atwater in 1999.
As can be seen in Figure 2.0, the number of articles investigating this class of mate-
rials has grown tremendously in the last two decades. Today, Plasmonics is a well-
established research field that covers various aspects of surface plasmons for a variety
of technologies, ranging from sensing and medical applications to different forms of
energy conversion, such as photothermal, photovoltaic, and photocatalytic applica-
tions. However, the earliest findings of plasmonic materials date back more than a
thousand years,'”'® although at that time humankind did not yet have the tools to
investigate the nanoscale and therefore did not understand the physical properties
associated with them. In the following, I will present a short journey through the
history of Plasmonics, illustrated in Figure 2.1, which is a condensed version of what
can be found in reviews of Brongersma,'® Hayashi et al.'” and Garcia et al.”’
Nanotechnology in ancient Rome. The Lycurgus cup shown in Figure 2.1 is
probably the most famous example of the use of surface plasmons in ancient times.
This late Roman artifact dates back to the 4th century AD and is the oldest known
dichroic glass.'™'® It displays two distinct colors. Under direct light, it looks green,
while when lit from the back, it appears red-purple. The origin of this is the presence
plasmonic of metal nanoparticles. The synthesis of colloidal metal nanoparticles re-
quires a large number of factors to be controlled, and it is clear that, at the time, the
colouring of glass using gold and silver was far from routine. The inability to control
the colorant process meant that relatively few glasses of this type were produced,
and even fewer survived.!” This outstanding example of ancient nanotechnology is
displayed in the British Museum. The craft then appears to have been lost and it was
not until the 16th and 17th century in Europe, that the production of glass colored
with gold nanoparticles became more routine. However, the underlying mechanism
was still unkown.

Ruby red. Despite not being given that name until more than a century later,
Michael Faraday’s research is considered to represent the beginning of the research
field we now call Plasmonics. He conducted systematic studies on light-matter inter-
actions back in the 1850s.?! He fabricated and studied gold colloidal particles, looking
closely at their distinctive ruby-red hues. A glass flask with gold nanoparticles created
by Faraday himself, more than 150 years old, is still on display at the Faraday Museum.
By the way cones of light travelled through dilute dispersions of gold nanoparticles,
he knew that the color originated from minute particles even though they were too
small to be observed with any technique at the time. At the beginning of the 20th
century, the works of James Clerk Maxwell Garnett and Gustav Mie shed light on the
physical origins of the bright colors of small metal nanoparticles; we will discuss Mie
theory in 2.2.

Figure 2.1 History of Plasmonics. Photographs of the Lycurgus Cup adapted with permis-
sion from Ref.”? Copyright The Trustees of the British Museum (CC BY-NC-SA 4.0). Photograph
of a ruby red glass adapted with permission from Ref.?® Copyright The Corning Museum of Glass
(CC BY-NC-SA 4.0). Print of Faraday lecturing, taken from the Illustrated London News; 1856.
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Surface Plasmons. To introduce the term ”plasmons” we have to make a small
detour; we will get back to metal nanoparticles in the 1970s. At the beginning of
the 20th century, around the same time as the work of Maxwell Garnett and Mie on
the optical properties of metal nanoparticles, Robert W. Wood perceived some unex-
plained features in optical reflection measurements he performed on metallic gratings.
Over the course of the next decades, this was explained by propagating collective os-
cillations of free electrons at the interface between a metal and a dieletric material.
These oscillations were later called ”surface plasmons”, and they have many applica-
tions, as they allow the confinement of light into subwavelength scales. We will not
go into more detail on these surface plasmons in this thesis, and the interested reader
is referred to the book by Stefan A. Maier.”* Instead, we reconnect with our metal
nanoparticles.

Collective oscillations in metal nanoparticles In 1970, Uwe Kreibig and Peter
Zacharias analyzed the electronic and optical response of gold and silver nanoparti-
cles.?” In this work, for the first time, the optical properties of metal nanoparticles
were described in the context of "localized surface plasmon” excitations. In contrast
to the previously described surface plasmons that propagate along the surface, lo-
calized surface plasmons are a result of the confinement of a surface plasmon in a
nanoparticle of size comparable to or smaller than the wavelength of light used to
excite the plasmon. At the plasmon resonance frequency, the nanoparticle interacts
very strongly with light. The distinct colors in ruby red or the Lycurgus cup are
striking consequences of this, and they are a result of the fact that for noble metal
nanoparticles the resonances lie at visible wavelengths.

A plethora of resonances and applications. The optical properties of plasmonic
nanoparticles are highly dependent on their size, shape, and composition, and can be
tuned by controlling these parameters. The figure on the right shows exemplary col-
orful dispersions of different metal nanoparticles from our lab (synthesized by Matias
Herran and Seunghoon Lee) in water. Apart from enhanced absorption and scattering
at the plasmon resonances, which are the origin of the bright colors of the nanopar-
ticles, localized plasmon resonances also result in high light intensities in confined
regions close to the metal surface, an increase in temperature, and the generation of
high-energy charge carriers. As a result, plasmonic nanoparticles have a wide range
of potential applications, including sensing, imaging, and catalysis. In the following,
we will present an overview of the theory behind the properties of localized plasmon
resonances. A summary of these properties is presented on a phenomenological level
in Section 2.3.

Figure 2.2 History of Plasmonics. Figure from Gustav Mie adapted with permission from
Ref.?5 Photograph of dispersions of colloidal metal nanoparticles in water. From left to right:
platinum (diameter around 5 nm), gold-platinum core-shell (diameter around 30 nm), gold (diameter
around 20 nm), silver (diameter around 20 nm), silver prisms (edge length around 35 nm).
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10 2. Fundamentals

2.2 A theoretical description of plasmonic nanopar-
ticles

Now that we have an overview of the origins of the field of Plasmonics, let us dive into
the physics of these striking optical properties. In this section, we will take a look at
the theoretical description of localized surface plasmon resonances. A phenomenolog-
ical summary of the most prominent plasmonic effects that are established here can
be found in Section 2.3, after which we will also see how they can be exploited for
energy conversion.

2.2.1 Solving Maxwell’s Equations for spherical nanoparticles

In 1908, Gustav Mie published what is now known as Mie theory.”® Mie provided a
rigorous (but complicated) solution to the problem of scattering of light by spheri-
cal particles. It is not actually a theory; it is the analytical solutions of Maxwell’s
equations (2.1) for the absorption and scattering of light by a spherical particle.

Using Mie theory, the scattering from spherical particles of any size and at any
wavelength can be calculated. So, let us start with Maxwell’s equations named after
James Clerk Maxwell. Maxwell took a set of known experimental laws (Faraday’s
Law and Ampere’s Law) and unified them into a set of four elegant equations:

V- D = pewt (2.1a)
V-B=0 (2.1b)
—0B
E=—— 2.1
V x T (2.1c)
D
VxH= Jext + aa_t (21d)

Where D (the dielectric displacement), E (the electric field), H (the magnetic
field), and B (the magnetic induction or magnetic flux density) are the four macro-
scopic fields and p..; and J.,; are the external charge and current densities. These
equations describe how electric and magnetic field propagate, interact, and how they
are influenced by objects. Just like the law of gravity, Maxwell’s Equations are laws
that govern our world. To solve Maxwell’s equations for the scattering of a spherical
particle, Mie followed the following approach.

1. Define the scattering problem in sperical coordinates
2. Express wave functions by a serial expansion of spherical harmonics

3. Implement electromagnetic boundary conditions at the sphere surface
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Figure 2.2: Mie theory - adapted from the original manuscript. Scattering (a) and absorption
(b) of colloidal gold solutions as calculated by Gustav Mie. It shows the size dependencies, with
particle diameters ranging from 20 nm to 180 nm. (c) The electric Mie dipole resonance. (d) The
electric Mie quadrupole resonance. Adapted with permission from Ref.?°
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Details of the derivation can be found in Gustav Mie’s original German manuscript.”’
It can be shown that the scattering efficiency Qs..; and the absorption efficiency s
of spherical particles are given by:'’

ext — 2l 1 b 2.2

Qo= (e 24 el ) .
scat — 2l 1 2 b 2.2b
Qe <<2ﬂ/AﬁR2; + Dl + i) (2:2b)
Qabs = Qe:ct - Qscat (22(3)

In this set of equations, R is the radius of the sphere, A is the wavelength of the
incident light and e, is the dielectric constant of the medium surrounding the sphere.
a; and b; are the electric and magnetic Mie coefficients and expressed in terms of
spherical Bessel and Hankel functions. The contributions in these sums, indexed by [
, correspond to the orders of a multipole expansion with [ = 1 being the dipole term,
[ = 2 being the quadrupole term, and so forth. From the efficiencies, the optical cross
sections are calculated by simply multiplying with the geometrical cross section (772
for spherical particles). From Equations 2.2 one can see that both the radius of the
particle as well as its environment influence the resonance. As R increases, the peaks
shift to longer wavelengths. Additionally, the relative contributions of Q4.q; and Qups
change. As R decreases, the relative contribution of (s increases. In his seminal
paper, Mie performed calculations for colloidal gold solutions of different-sized gold
nanoparticles. His results are shown in Figure 2.2a-b. Figure 2.2¢-d shows the electric
modes for different orders.
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Figure 2.3: Mie theory - calculations. Silver nanospheres in water calculated using

https://nanocomposix.com/pages/mie-theory-calculator.

Mie theory involves rather complex mathematics and physics, but there are several
tools now available to calculate the optical properties of spherical nanoparticles in
seconds. Figure 2.3 shows exemplary calculations for silver nanoparticles in water.
Again, we see that the absorption dominates for small particles. With increasing
size, the relative contribution of the scattering increases, until the scattering clearly
dominates. Lastly, it is worth noting that for larger particles higher-order modes
appear. For small particles much smaller than the wavelength of light, the spectra
look much simpler and can be approximated by dipoles. We will further study this
limit in the next section.



2.2 A theoretical description of plasmonic nanoparticles 13

2.2.2 A simplification for small spherical nanoparticles

Mie’s calculations work for spherical particles of any size, but the solution is rather
complicated. For sufficiently small nanoparticles, much smaller than the wavelength
of light, a quasistatic approximation of Maxwell’s Equations can be used. In this case,
the phase of the harmonically oscillating eletromagnetic field can be assumed to be
constant over the particle volume. This means that the field can be considered to
be spatially uniform, apart from a time varying factor (Ege**~%! ~ Eqe~™!). We
can then solve the simplified problem of a particle in an electrostatic field and add
the harmonic time dependence later. For this, we will follow the description from the

book of Stefan A. Maier.**

Figure 2.4: Quasistatic approximation. A homogenous, isotropic sphere of radius a - much
smaller than the wavelength of light - in a uniform, static electric Field E = Eyz. At sufficient
distance from the sphere, the field lines are parallel to the z-direction. The surrounding medium is
isotropic and non-absorbing with the dielectric constant €, and we describe the dielectric response
of the sphere by the complex number €. 6 is the angle between the position vector r and the z-axis.

In this electrostatic approach, we are interested in a solution of the Laplace equation
for the potential:

Vi =0 (2.3)

From the potential ¢, we will then be able to calculate the electric field E = —V¢.

The geometry of our system is shown in Figure 2.4: A homogeneous isotropic
sphere of radius a is placed in a uniform, static electric Field E = Eyz. At a sufficient
distance from the sphere, the field lines are parallel to the z-direction. The surround-
ing medium is isotropic and non-absorbing with the dielectric constant ¢,, and we
describe the dielectric response of the sphere by the complex number € (technically,
it is described by the dielectric function €(w)). 6 is the angle between the position
vector r and the z-axis.

This system has azimuthal symmetry and the general solution of Equation 2.3 is:**

o(r,0) = Z[Alrl + Bir~ I Py(cos(h)). (2.4)

=0
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Here, P(cos(f)) are the Legendre Polynomial of order [. We require that the potentials
remain finite at the origin:

Gin(r,0) = i Apint' Pi(cos()) (2.5a)
1=0
Gout(r,0) = i[Al,outrl + Blﬁutr_(lﬂ)]]%(cos(@)). (2.5b)

=0

The coefficient A; p,, Aj out and By o, can now be determined from the boundary con-
ditions at r — oo and r = a.

At r — oo we require the electric field to be —FEyz = — FEgrcosfl, which results in
At out = —Ep and A4,y = 0 for [ # 1. At r = a we require the equality of tangential
and normal components of the electric field:

1 8¢m o 1 aqbout
w00 | _, a0 |_, (2.68)

a¢zn - 1 aQsout
i e = (2.6b)

The application of the boundary conditions in Equation 2.6 ultimately leads to:*!

3€m,

€ €Em

oin = — Eqrcost (2.7a)

3 cosl
>

pout = —Eyrcost + ;j:;:; Ey .

(2.7b)

If we take a closer look at Equation 2.7b we can rewrite it by introducing the

dipole moment p = 4meye,,a’ -Eo:

p-r

d)out - —EQT’COSQ + T 3
4mene,T

(2.8)

From this we can see that the application of a field to a nanoparticle induces a
dipole moment. If we further introduce the polarizability a, defined as p = €ye,,aEq,
we finally arrive at:

€— €
€+ 2¢,,

It is apparent that the polarizability experiences a resonant enhancement under
the condition that |e+ 2¢,,| is minimized. Based on the classic Drude model, €(w) is a
complex term whose real (Re[e(w)]) and imaginary (Im[e(w)]) parts can be estimated
as a function of the excitation wavelength, the plasma frequency of the bulky metal,
and the collision frequency of the free electron gas®*

For the case of a small or slowly-varying I'm[e] around the resonance, Equation 2.9
simplifies to

a = 4ra’

(2.9)

Rele(w)] = —2€,, (2.10)
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This relationship is also called the Frohlich condition and the associated mode (in
an oscillating field) the dipole surface plasmon of the metal nanoparticle. The same
relation can also be recovered by taking only into account the first mode in Mie theory.
For coinage metals, the resonance condition is satisfied under visible-light excitation.

The electric field can be evaluated from the potentials (E = —V¢). The resonance
in o also implies a resonant enhancement of both the internal and dipolar fields. Apart
from the large cross-sections we already saw in Mie theory, this field-enhancement at
the plasmon resonance is the basis for many applications related to catalysis or sensing,
some of which we will discuss in more detail throughout this thesis.

Let us return to the absorption and scattering properties that we discussed in Mie
theory, now in the quasi-static approximation.

From « the corresponding cross section for scattering and absorption Cy.,; and
C.s can be calculated to””

8T €—¢€
2 4 6 m
sca - = 5 B — 2.11
t=galel =3 e+ 26, (2.11a)
€—€
Cops = kI = Anka’Im | —= 2.11b
b mla] = drka’Im €+2€m] ( )

Again, we see that both the absorption and scattering are resonantly enhanced
at the dipole particle plasmon resonance. The plasmonic structure collects photons
over a region larger than its physical size (as an antenna does) and concentrates that
energy in a much smaller volume. Notably, the absorption cross section scales with
a® while the scattering cross section scales with a®. As in Mie theory, we see that
while absorption is dominant for very small nanoparticles, the relative contribution
of the scattering to the extinction increases with increasing size. To summarize, in
the quasistatic approximation we can think of localized surface plasmon resonances as
resonances in the polarizability of the electron cloud. The electric field exerts a force
on the electrons, polarizing the electron cloud. This picture is illustrated in Figure
2.5.

Figure 2.5: A small nanoparticle in an oscillating electric field. The electric field exerts a force
on the electron cloud. The polarization is maximized at the localized surface plasmon resonance.
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2.2.3 Beyond spherical particles

In the last decades, the synthesis of colloidal nanoparticles has been extended beyond
spherical gold nanoparticles to both other metals but also more complex geometries.
A few examples will be presented in Chapter 3. While spherical geometries have been
treated by Mie-theory or in the quasi-static approximation, more complex geometries
do not have analytical solutions to Maxwell’s equations, and we have to resort to
numerical methods. Finite-Difference Time-Domain (FDTD) simulations are a com-
monly used numerical method to model and solve Maxwell’s equations, which govern
the behavior of electromagnetic waves. The FDTD method discretizes both time and
space and advances the electromagnetic fields over small time steps, computing the
fields at each spatial point. The fields are then updated at each time step using the
finite-difference approximation of Maxwell’s equations. This process is repeated over
many time steps to obtain a complete simulation of the electromagnetic fields.

Y
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2.2.4 Near fields
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Figure 2.6: Near fields. Electric field distribution for gold nanoparticles with different geometries
excited with linearly polarized light in free space. From left to right: Gold sphere, radius 90 nm;

Gold rod, length: 76 nm radius 8 nm; Gold triangle, side length 105 nm. Adapted with permission
f 28

from Ref.

In the framework of Mie theory, it is also possible to calculate the fields in the
vicinity of the particle surface (near field).'” The near field refers to a distance of a few
nanometers from the metallic structure, generally much smaller than the wavelength
of light. The far-field and near-field resonances correlate quite well, although the
positions and shapes of the peaks are slightly different.'” Again, beyond spherical
particles, the near fields are calculated using simulations. Some illustrative examples
are shown Figure 2.6. In the near-field region, the plasmon resonances are highly
confined. Depending on the geometry, the fields near the particle surface can exhibit
complex spatial patterns and can form hotspots where the intensity reaches values
that are many orders of magnitude larger than the incident fields. This so-called
field enhancement and can be utilized for surface-enhanced spectroscopy and sensing,
among others.
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2.2.5 Plasmon Decay

The plasmon resonance is damped by two competing processes that depend on the
size and shape of the nanoparticle, as well as the refractive index of the surrounding
medium. One is a radiative decay into photons, dominating for larger particles. The
second is a non-radiative process due to absorption. The non-radiative decay is due to
the creation of electron-hole pairs via either intraband exciations with the conduction
band or interband transitions, which for noble metal particles are from lower-lying
d-bands to the sp conduction band. Damping is often characterized by the ”line
width” of the plasmon resonance, which is a measure of how ”sharp” or "narrow” the
resonance peak is. A smaller linewidth corresponds to a more efficient trapping of
energy in the plasmon mode and a longer plasmon lifetime.

Excitation Landau damping Carrier relaxation Thermalization
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Figure 2.7: Plasmon Decay. Photoexcitation and subsequent relaxation processes following the
illumination of a metal nanoparticle with characteristic timescales. The large optical cross section of
the plasmonic nanoparticle leads to a large absorption of light and high local fields. In the first ~
1-100 fs localized surface plasmons dephase, and excited electron—hole pairs are produced by Landau
damping and other photon—electron interactions. Hot electrons are represented by the purple areas
above the Fermi energy Er and hot holes distrubtions are represendet by the blue area below Ep.
Subsequently, the hot carriers will redistribute their energy by electron-electron scattering processes
(100 fs - 1 ps) and electron-phonon scattering (1 ps - 10 ps). Finally, on a timescale of 100 ps to 10
ns, via phonon-phonon interactions. Adapted from Ref.,?? the bottom left is adapted from Ref.?"

Shorter lifetimes due to faster dephasing result in a broadening of the plasmon
resonance, and the line width of the plasmon resonance I' is characterized by the time
constant T5. The line width of the plasmon resonance then reads

r—2" (2.12)

The strength of a plasmon resonance can also be expressed using the notion of a
quality factor Q = E,.s/T.
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The decay dynamics are well described by different processes that occur on different
time scales, illustrated in Figure 2.7: At the very beginning, localized surface plasmons
dephase, and excited electron—hole pairs are produced by Landau damping and other
photon—electron interactions. During this short period, the excited electron—hole pairs
described by a highly non-thermal distribution decay either through the re-emission of
photons or the multiplication of carriers via electron—electron interactions (< 100 fs).
Subsequently, the relaxation from this non-Fermi to a quasi-Fermi electron distribution
through electron-electron (e-e) scattering (100 fs - 1 ps) and electron-phonon (e-ph)
scattering (1 — 10ps), Ultimately, on a relatitely long timescale, thermal energy is
released into the environment, through phonon-phonon (ph-ph) scattering (< (100 ps
-10ns)).*"3? For very small particles, where the bulk electron mean path is larger than
the particle diameter, the dephasing of the coherent oscillation is further increased due
to elastic scattering at the particle surface. This process is called chemical interface
damping (not shown).

To summarize, the effects induced by the excitation and relaxation of localized
surface plasmons can be favourably listed as electromagnetic near-field enhancement,
charge-carrier excitation and local heating effects. In the following section we will
summarize the learnings from the entire theoretical Section 2.2.

2.3 A phenomenological summary

While Section 2.2 provided a theoretical and physical picture of localized surface
plasmon resonances and their effects, this section is a phenomenological summary,
illustrated on the right.

Localized surface plasmon resonances (LSPRs), are a phenomenon that occurs in
small metallic particles when they are exposed to light. When light hits the surface
of the particle, it excites the electrons in the metal, causing them to oscillate. There
is a resonance frequency at which the particle interacts strongly with the light. This
is the localized surface plasmon resonance.

The excitation of LSPRs, has multiple effects

1. In the vicinity of the nanoparticle, the intensity of light can be orders of mag-
nitude higher than the incident intensity. Additionally, the field is confined in
nanometer-sized volumes. By changing the geometry or combining particles with
small interpaticle distances, the magnitude of these so-called ”hot spot” can be
increased, resulting in very high fields. In this sense, plasmonic nanoparticles
act as concentrators of light, which can be exploited in photovoltaics, sensing,
or catalysis.

2. The excitation of localized surface plasmon resonances results in the genera-
tion of high-energy charge carriers, so called ”hot electrons” or "hot holes”.
These charge carriers can be extracted for a variety of applications, such as
photovoltaics or photocatalysis.

3. The oscillation of electrons in the nanoparticle ultimately generates heat. Again,
there are numerous photothermal applications, ranging from cancer therapies to
catalysis.
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In essence, the unique ability of metal nanoparticles to strongly interact with light
is attributed to their localized surface plasmon resonances. With significant potential
for both medical and energy conversion applications, it is critical to explore the various
ways in which this strong optical response can be tuned across the electromagnetic
spectrum. Before delving into the current understanding and the state-of-the-art in
Section 2.4, let us take a closer look at the properties and parameters that affect the
resonances.
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Figure 2.8: Tunability of the resonances. (a) Mie theory calculation of the extinction cross
section of spherical nanoparticles (radius 60 nm) made of silver, gold and copper in water. (b) Mie
theory calculation of the extinction cross section of spherical silver nanoparticles (radius 30 nm)
embedded in different media (n = 1 is vacuum or air, n = 1.33 is water, n = 2 is silicon nitride).
(c) Mie theory calculation of the extinction cross section of spherical gold nanoparticles of different
sizes in water. (d) Illustration of the shape dependence of the normalized scattering cross section in
Ag nanoparticles. d is adapted with permission from Ref.?®
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Material. Most importantly, the resonant wavelength of a metallic nanoparticle is
influenced by the choice of material. Some common materials used in plasmonics in-
clude gold, silver and copper, and aluminum. Figure 2.8a shows the extinction cross
section of spherical nanoparticles (radius 60 nm) made of different materials in water.
Medium. The plasmonic properties of the metal structure are also affected by the
dielectric constant of the surrounding medium. This is illustrated in Figure 2.8b, for
the same silver nanoparticle of radius 30 nm embedded in different media.

Size. Apart from the material and medium, the plasmonic characteristics of a metal
nanostructure are influenced by its size. A metal structure can sustain localized sur-
face plasmon resonances when its size is comparable to or smaller than the wavelength
of the incident light. With increasing size, the resonance position redshifts, as can be
seen in Figure 2.8c.

Shape. The resonance can be tuned by changing the shape from a spherical nanopar-
ticle to more complex geometries, as shown in Figure 2.8d.

Coupling. When multiple metal structures are brought into close proximity, their
plasmons can couple to form new plasmon modes with unique properties.

2.4 Plasmonic nanoantennas for energy conversion

The unique optical properties make plasmonic nanoparticles promising candidates for
energy conversion applications. Generally, these processes include the conversion of
light into electrical energy (photovoltaic), thermal energy (photothermal), and chem-
ical energy (photocatalytic). In the following, we will present an overview of our
current understanding of how plasmonic nanoparticles can contribute in these three
areas, with a focus on photocatalytic applications.

2.4.1 Photovoltaic

This paragraph is only a brief introduction to plasmonic nanoparticles in photovoltaic
applications, as photovoltaics is not a topic in this thesis. Photovoltaic systems that
employ plasmonic nanoparticles can improve the efficiency of solar cells in two main
ways. First, in a direct plasmonic solar cell, plasmons are used as the active photo-
voltaic material, relying on the hot carrier generation. Second, in a plasmon-enhanced
solar cell, plasmonic enhancement is achieved through various mechanisms, including
far-field scattering, near-field enhancement, and charge carrier transfer. Far-field scat-
tering increases the absorption efficiency by decreasing reflections at the surface and
by increasing the length of the optical paths of incident photons in the absorbing
medium.*® This is illustrated in Figure 2.9a. Plasmonic nanomaterials can also con-
fine electromagnetic waves at the metal-dielectric interface and produce high intensity
near-fields, again resulting in increased absorption,® as illustrated in Figure 2.9b. In
addition, high-energy charge carriers generated by plasmon excitation can be injected
into a nearby semiconductor.”® For more information on this topic, the interested
reader is referred to the review by Jang et al.*
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Figure 2.9: Plasmonic nanoparticles for photovoltaics. (a) Far-field scattering increases the
absorption efficiency by decreasing reflections at the surface and by increasing the length of the
optical paths of the incident photons in the absorbing medium. (b) Plasmonic nanomaterials can
also confine electromagnetic waves at the metal-dielectric interface and produce high-intensity near-
fields, again resulting in an increased absorption. Inspired by Ref.*
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Figure 2.10: Photothermal therapy. (a) Photothermal therapy involves the delivery of nanopar-
ticles into tumors, followed by laser irradiation to induce nanoparticle heating leading to cancer cell
death. (b) Extinction coefficient of oxygenated blood as a representative tissue. (c) The absorption
cross section of gold nanorods with varying aspect ratios with a fixed effective radius of 40 nm. (a)
Adapted with permission from Ref.*® (b) Adapted with permission from Ref.’® (c) Adapted with
permission from Ref.?”

2.4.2 Photothermal

We have already seen in a previous sections that with plasmon excitation, heating
is unavoidable. These inherent losses were long considered detrimental, but in re-
cent years, a number of photothermal applications have emerged. The field that
exploits the heat generation of plasmon excitation is called Thermoplasmonics. Ap-
plications include protein denaturation, photothermal cancer therapy, drug and gene
delivery, heat-assisted magnetic recording, photoacoustic imaging, plasmonic-induced
nanochemistry, photothermal imaging, solar steam generation generation, and single
living cell experiments®® and to the interested reader I recommend the book by Guil-
laume Baffou from 2017, or the more recent reviews.*”** An example of plasmonic
nanoparticles exploited for photothermal treatments is shown in Figure 2.10. Pho-
tothermal therapy involves the delivery of nanoparticles into tumors, followed by laser
irradiation to induce nanoparticle heating leading to cancer cell death. Light absorp-
tion by healthy tissues needs to be avoided by employing wavelengths where biological
tissues have a low extinction coefficient. This is illustrated in Figure 2.10b, where the
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extinction coefficient of oxygenated blood (on a log scale) versus wavelength is shown.
The biological window ranges from around 700 to 1400 (the water absorption bands
are not considered here).”® Thus, it is desirable to synthesize nanoparticles with light
absorption in the near-infrared (IR) window. With the absorption wavelength tunable
from visible to IR, plasmonic nanorods are suitable candidates for bioapplications. As
shown in Figure 2.10c, increasing the aspect ratio of the gold nanorods gradually shifts
the longitudinal absorption peak.®”

2.4.3 Photocatalytic

This section is based in part on our recent review on hybrid plasmonic catalysts, which
we will discuss in more detail in Chapter 5. For millions of years, nature has used the
sun as its primary energy source by photosynthesis during which sunlight is used to
split water and produce energy-rich chemical compounds from CO,. Inspired by this,
artificial photosynthesis has become one of the most important research fields in the
past decade. It consists mainly of two types of processes: one is water splitting into
hydrogen (Hsy) and oxygen (Oz) or the Hy production from Ha-containing compounds,
and the other is the reduction of CO, into fuels and chemicals, such as carbon monox-
ide, hydrocarbons, and oxygenates. These products are generally termed solar fuels.
In artificial photosynthesis, the first step is to harvest and concentrate the solar energy
in molecular-sized regions. Plasmonic nanoparticles are promising materials to per-
form these tasks, due to their exceptional absorption and their ability to control light
and heat at the nanoscale.?>*'** Therefore, plasmon-assisted catalysis is a young
but growing field. For the interested reader I recommend the following reviews,***0
perspectives’ ™ and book™ covering different topics of the area. Some of these re-
sources focus on the theoretical aspects and the working mechanisms of plasmonic
photocatalysis.”*® Others discuss reactions driven by a particular plasmon-induced
phenomenon, such as hot carrier generation,” photothermal effects® or both.”® Fur-
thermore, Devasia et al. focus on the possibility of controlling reaction pathways with
plasmonic systems.’” Finally, some reviews focus on particular reactions, such as the
applications of plasmonic catalysts to organic transformations®™ or the CO, reduction
reaction (CO2RR).” It should be noted that in the field, two types of plasmon-assisted
reactions are grouped under the term ”plasmon-assisted catalysis”: photocatalytic
processes (typically thermodynamically favorable, AG < 0, with G the Gibbs free en-
ergy) and photosynthetic processes (thermodynamically unfavorable, AG > 0). For
simplicity, from now on they will be referred to as photocatalytic. Among the large
list of recently demonstrated plasmon-assisted reactions, Table 2.1 shows a few partic-
ularly relevant reactions towards the generation of solar fuels: Hy generation reactions
and CO;, reduction reactions.

Hydrogen generation

Because hydrogen can be burned with no greenhouse emissions, it is a promising
candidate to replace fossil fuels. Hydrogen has a high gravimetric energy density
of 33.3 kWhkg ™', which is almost three times higher than that of gasoline (12.4
kWhkg 1).04% Tt is stable and can be liquefied, stored, or transported through
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Reaction Fuel
H. production

NH;BH; + 3H,O — NH,B(OH) + 3H, Hydrogen
(Ammonia borane hydrolytic dehydrogenation)

NaBH, + 4H,O — NaB(OH), + 4 H, Hydrogen
(Sodium borohydride hydrolytic dehydrogenation)

HCOOH — COs + Hy (Formic acid dehydrogenation) Hydrogen

2H,0 +4e —— 20y + Hy (Water splitting) Hydrogen

CO, reduction
COy+2H" +2¢ — CO+H,0 Carbon monoxide
COy +2H" +2¢” —— HCOOH Formic acid
COy+4H" +4e —— HCHO + H,0 Formaldehyde
COy+6H" +6e —— CH3;0H + H,O Methanol
COy+8H" +8¢ — CH, + 2H,0 Methane
2C0, 4+ 12H" + 12" — CyH;OH + 3H,O Ethanol

Table 2.1: Reactions towards solar fuel production. Adapted with permission from Ezendam et al.%°

pipelines. However, the majority of hydrogen is still produced from fossil fuels, re-
sulting in excessive carbon emissions.”® For hydrogen to become a sustainable fuel, it
must be produced from renewable energy sources.

Photocatalytic hydrogen sources can be grouped into: 1. water. Solar hydrogen pro-
duction via water splitting is especially attractive, since both water and sunlight are
abundant. Materials for photocatalytic water splitting are either investigated towards
their performance of full water splitting, where Hy and Os evolution should occur in a
stoichiometric 2:1 ratio, or by using a sacrificial hole acceptor, for only the hydrogen
evolution reaction (HER). This simplifies research and prevents charge recombination.
However, this sacrificial agent should also be cheap and abundant, as otherwise this
could become a new bottleneck for the reaction to be scaled up. 2. other hydrogen
containing compounds. While hydrogen has a high energy content per mass, its energy
content per volume is poor. This makes storing enough hydrogen, e.g. on-board of
means of transport, difficult. A possible solution is chemical storage in compounds
with a higher storage density. This has resulted in compounds with a high hydrogen
content, such as formic acid (HCOOH),*® ammonia borane (NH3;BH3)% or sodium
borohydride (NaBH,)% gaining attention, especially for mobile and portable applica-
tions.

Carbon dioxide reduction

Carbon dioxide (CO,) is one of the main greenhouse gases that contributes to climate
change.’” CO, conversion can have the two-fold benefit of decreasing its atmospheric
concentration while also producing fuels. Compared to hydrogen production, reactions
for CO4 conversion are much more complex, as a variety of reaction pathways coexist.
Possible products include carbon monoxide (CO), formic acid (HCOOH), methane
(CHy), methanol (CH30H), ethane (CyHg), propane (C3Hg), ethanol (CH3CH,OH),
among others. These products require a different number of charge transfers, as shown
in Table 2.1, and contain a different number of carbon atoms. Products with two or
more carbon atoms, the so-called C2+ products, are desirable but difficult to produce.
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Several steps can be involved, leading to the possibility of branching reaction pathways
and various products being produced simultaneously. Therefore, a suitable large-scale
photocatalyst for CO, reduction should not only present high efficiency but also high
selectivity to one product.

One of the first plasmonic catalysis examples of CO5 reduction was reported by
Yu et al.®® and is illustrated in Figure 2.11. Here, a colloidal suspension of 12 nm
gold nanoparticles was employed to reduce CO,. The nanoparticles promoted both
the formation of CH, (Figure 2.11a) and CoHg (Figure 2.11b), depending on both the
wavelength and the photonflux. One of the most striking features of this report was
the tunability of the reaction pathway, as it was dependent on both the energy of the
photons and photon flux. This shows not only that plasmonic catalysts allow the use
of visible light to drive kinetically challenging, multielectron reactions, but that they
also enable control of mechanistic pathways and selectivity by appropriate choice of
the light excitation characteristics.

Figure 2.11: Plasmonic nanoparticles for CO; reduction. Schematic representation showing
how light excitation influences hydrocarbon product selectivity. (a) the plasmonic excitation of
AulNPs causes a hot electron to be transferred to adsorbed CO5 to form a radical ion intermediate,
CO2* (or its hydrogenated form). After this rate-determining step (RDS for C1 generation), the
formed CO5*® (or its hydrogenated form) proceeds through a cascade of hot-electron- and proton-
transfer steps to result in CHy4 generation. (c¢) When the hot-electron-transfer rate is large (e.g.,
at high light intensity under interband excitation), more than one electron transfer can take place
within the surface residence time of adsorbed COs, resulting in the simultaneous activation of two
COy adsorbates (RDS for C2 generation). The formed CO5°® intermediate pair can undergo C-C
coupling. Subsequent transfer of a series of hot electrons and protons results in the formation of
CyHg. Adapted with permission from Ref.%®

Other reactions

Apart from the generation of solar fuels, plasmonic catalysts have shown great promise
in a wide range of commercially relevant reactions that typically require harsh condi-
tions. In this way, plasmon-assisted catalysis could assist in carbonizing the chemical
industry. For example, plasmonic gold nanoparticles have been used as efficient cata-
lysts for the hydrogenation of nitrobenzene to aniline,’” an essential precursor in the
production of dyes and pharmaceuticals. Similarly, plasmonic palladium nanopar-
ticles have been used as catalysts for the Suzuki-Miyaura cross-coupling reaction,”
which is widely used in the pharmaceutical industry to synthesize biaryl compounds.
Plasmonic nickel nanoparticles have been used as catalysts for the dehydrogenation of
alkanes to produce alkenes,”" which are important intermediates in the production of
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polymers and other chemicals. Furthermore, plasmonic materials have been used to
catalyze the photodegradation of pollutants such as dyes and organic contaminants
in water,”” which is an important application in environmental remediation. These
examples demonstrate the potential of plasmon-assisted catalysis to revolutionize the
chemical industry by making chemical reactions more efficient and environmentally
friendly.

Challenges and mechanisms in plasmon-assisted catalysis

One of the biggest challenges facing plasmon-assisted catalysis is the price of syn-
thesizing and manufacturing plasmonic materials for large-scale industrial applica-
tions. Even though laboratory-scale research has shown encouraging results, plasmon-
assisted catalysis’s scalability continues to be a significant obstacle. However, attempts
to scale up the technology are limited by the relatively poor plasmonic efficiency. To
solve these issues, scalable and affordable plasmonic material synthesis techniques
must be created, and the design of plasmonic materials and catalytic reaction condi-
tions must be optimized for greater efficacy and selectivity. To optimize plasmonic
catalysts for future applications, a more in-depth understanding of the enhancement
mechanisms is necessary.

The picture of localized surface plasmons drawn in Section 2.3, shows three main
effects of localized surface plasmon excitation, namely near-field enhancement, hot-
electron generation, and heat. All three effects can be exploited for catalysis. We
have seen in Section 2.2.5 that these three effects occur on different timescales after
excitation. However, under continuous-wave excitation, these three main effects occur
simultaneously. This makes them difficult to disentangle. Additionally, this picture
is oversimplified when it comes to plasmon-assisted catalysis. When a molecule is ad-
sorbed on the catalyst surface, several mechanisms can affect a possible reaction. They
are summarized in Figure 2.12. We will first discuss the three main charge excitation
mechanisms that have been proposed throughout the literature:™® The first, shown
in Figure 2.12a, is indirect hot-electron transfer mechanism. Here, hot electrons are
generated in the metal via non-radiative decay of a localized surface plasmon and then
transferred to the molecule. The second, shown in Figure 2.12b, is direct intramolec-
ular excitation mechanism. The localized surface plasmon induces direct excitation
from the occupied state to the unoccupied state of the adsorbate. And the third is di-
rect hot-electron transfer mechanism. Here, electrons are resonantly transferred from
the metal to the molecule through interfacial electronic transitions; this mechanism is
sometimes called plasmon-induced resonance energy transfer™ (similar to Forster res-
onant energy transfer known as FRET). In addition, far-field scattering and near-field
enhancement can enhance the absorption of nearby molecules. Finally, an increase
in temperature that inevitably results from the plasmon decay can accelerate reac-
tions; this mode of enhancement does not differ from thermal catalysis. The rate of
(photo)catalytic reactions depends exponentially on the temperature via the Arrhe-
nius relation. For this reason, even small uncertainties in the determination of the
temperature of the catalytic active sites can result in large over- or underestimations
of the reaction rate enhancement due to nonthermal plasmonic effects.
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Figure 2.12: Excitation mechanisms for plasmon-induced chemical reactions. (a) ndirect
hot-electron transfer mechanism. Hot electrons (e~) generated via nonradiative decay of a localized
surface plasmon transferred to the molecule. (b) Direct intramolecular excitation mechanism. The
localized surface plasmon induces direct excitation from the occupied state to the unoccupied state of
the adsorbate. (c) Direct charge transfer mechanism. The electrons are resonantly transferred from
the metal to the molecule. (d) Manipulating the coupling constants between photons, electrons,
and phonons allows one to tune the relative weight and energy distribution of each plasmon-derived
phenomenon. This can alter the reaction pathway by selecting different channels to travel along the
potential energy surface. This is highlighted in the inset as a new coordinate system of the potential
energy surface for a plasmonic photocatalytic reaction. The excited electronic state may possess a
lower activation barrier for the generation of products (linked to efficiency) as well as new valleys
(linked to selectivity). (a-c) From Ref.,” reprinted with permission from AAAS.(d) Adapted with
permission from Ref.”
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All of these mechanisms can be used to alter the reaction pathways, illustrated
in Figure 2.12d. Manipulating the coupling constants between photons, electrons,
and phonons allows one to tune the relative weight and energy distribution of each
plasmon-derived phenomenon. This can alter the reaction pathway by selecting differ-
ent channels to travel along the potential energy surface. The excited electronic state
may possess a lower activation barrier for the generation of products, as well as new
valleys.” In this way, reactions can be accelerated, the selectivity toward a desired
product can be improved, and new, otherwise thermodynamically hindered, products
can be generated. However, it is difficult to disentangle the contributions of the var-
ious mechanisms at play. Single-particle studies have emerged as a powerful tool for
addressing this issue, providing a way to investigate individual nanoparticles. In the
following chapter, we will address this in more detail, starting with the limitations of
ensemble measurements.
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Single particle studies

This chapter focuses on the fabrication techniques for single particle arrays
and summarizes the techniques for studying plasmonic nanoparticles for
energy conversion. The first section discusses the limitations of ensemble
measurements and the advantages of single-particle techniques. The second
section gives an overview of fabrication methods for single-particle arrays.
Finally, the third section summarizes various single-particle techniques,
such as dark-field microscopy, electron microscopy, and single-molecule
maicroscopy, as well as spectroscopic techniques. This chapter provides a
comprehensive understanding of single-particle techniques for optimizing
plasmonic nanoparticles in energy conversion applications.
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3.1 Limitations of ensemble measurements

When trying to establish structure-property correlations of any (nano)material, en-
semble averaging can be a serious obstacle. This is because heterogeneity in size,
shape, nanostructure, and chemical composition is a general feature among particles
at the nanometer and atomic level. Even across a single plasmonic nanoparticle, prop-
erties such as the catalytic activity can be non-uniform because of the existence of
active surface sites and electric-field distributions, among others. Since many param-
eters directly influence performance for a variety of applications, their heterogeneity
hinders the formation of a more in-depth understanding. To find an answer to the
ensemble averaging problem, the field of ”Single-particle plasmonics” has emerged
over the past decade. Methods based on atomic force microscopy (AFM), dark-field
spectroscopy, Raman spectroscopy, electron microscopy, and super-resolution fluores-
cence microscopy have made significant progress and revealed fascinating insights.
Throughout this thesis, we study the optical, catalytic, and photothermal properties
of different plasmonic nanoparticles at the single-particle level. This chapter will first
provide an overview of the single-particle fabrication techniques that facilitate these
studies (Section 3.2), followed by an overview of single-particle techniques in Section
3.3.

3.2 Fabrication of single particle arrays

Since Faraday’s pioneering experiments in the 1800s (see Section 2.2), a wide variety
of protocols have been developed to synthesize metallic particles of various shapes
and sizes with high yields. However, only in the past two decades have these methods
been refined to generate high-quality colloidal samples with good control over the
average size and shape. Moreover, the rapid development of nanofabrication facilities
has led to new methods for fabricating nanosized metal structures using lithographic
techniques. This section will give a brief overview of the fabrication of metal particle
arrays using wet-chemical and lithographic methods. This section is not intended to
describe all the methods available for the preparation of metal particles. Instead, the
aim of this section is to provide a brief overview. There are a number of high-quality
review papers that provide a more in-depth explanation on both wet-chemistry”® "
and lithographic techniques.?®

3.2.1 The assembly of colloidal nanoparticles

Colloidal synthesis Colloidal metal nanoparticles can be synthesized using a vari-
ety of methods, for example, laser ablation, electrochemical reduction, and chemical
reduction. The wet-chemical synthesis of metal particles is based on the reduction of
metal ions in solution. When a specific shape of metal particles is required, chemicals
that act as "shape directing” agents are often added to the solution. These protocols
have been empirically developed, and there is still no clear picture of how shape con-
trol works. However, the field has advanced significantly in the last two decades, and
a wide range of metal particle shapes can now be synthesized with high yields™® ™ .
There are various shapes that can be achieved in colloidal metal nanoparticles, such as
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Figure 3.1: Colloidal synthesis. (a) exemplary illustration of a chemical synthesis of metal
nanoparticles by the reduction of metal ions in solution. To control the size, shape and chemi-
cal composition, the concentration of precursors, temperature, surfactants and reaction time are
controlled. (b-g) An exemplary selection of electrom microscopy images of possible metal nanopar-
ticles. (b) Gold nanorods, adapted from Ref.* (c) Superspherical gold nanospheres, adapted from
Ref.®! (d) Silver nanocubes, adapted from Ref.,** (e) Gold nanoarrows, adapted from Ref.** (f)
Elemental mapping of gold nanorods (red) with a silver shell (green), adapted from Ref.*! (g) gold
nanoparticle trimes, adapted from Ref.®"

spheres, rods, cubes, triangles, stars, and many more. The shape of the nanoparticles
can be controlled by various factors, such as the synthesis method, the concentra-
tion of the precursors, the temperature, the surfactants used, and the reaction time.
Figure 3.1 shows an exemplary selection of possible structures. Although colloidal
chemistry offers methods for producing a wide range of nanoparticles with various
sizes, shapes, material compositions, and surface functionalities, their controlled de-
position and assembly on arbitrary positions of substrates to enable single-particle
investigations continues to be a significant challenge. In the following, we will discuss
two techniques that allow the controlled positioning of colloidal particles with high
precision.

Optical printing In 2010, the groups of Norbert Scherer at the University of
Chicago®™ and Jochen Feldmann” at the Ludwig-Maximilians-Universitiat of Mu-
nich demonstrated almost simultaneously the optical printing of single spherical gold
nanoparticles. In the following, I will provide a brief overview of the method and the
current state-of-the-art, based on a recent review by Violi et al.”!

An overview of the optical printing process is shown in Figure 3.2. A colloidal sus-
pension of nanoparticles with a specific net electric charge is brought into contact with
a substrate with the same charge sign. In this way, electrostatic repulsion prevents the
nanoparticles from spontaneously depositing on the substrate. The fundamental ob-
jective of optical printing is to use optical forces on the nanoparticles to break through
this repulsion barrier at precise points on the substrate, where the nanoparticles are
deposited. A laser beam that is precisely focused onto the substrate is employed to
accomplish this. The process can be summarized in three steps:
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Figure 3.2: Optical printing of colloidal nanoparticles. (a) Scheme of optical printing of
colloidal nanoparticles. In the solution on top of the substrate the nanoparticles are in Brownian
motion. A laser is focused onto the sample. When a particle enters the beam, the optical forces print
it onto the substrate. After printing, the sample is advanced to the next desired position. (b) The
substrate and the particles have the same surface charge to avoid a spontaneous deposition. If the
optical forces are high enough to overcome the electrostatic potential barrier, the particle is printed
onto the substrate and held in place by the attractive van der Waals forces. (c) A dark field image of
a printed array of gold nanospheres. (d) Unisotropic nanoparticles can be printed with a controlled
orientation. (e) Multiple particles can be arranged in close proximity. c is adapted from Ref."° d is
adapted from Ref.,®" e is adapted from Ref.®®

1. A nanoparticle is in free diffusive Brownian motion until it randomly reaches
the capture volume of the excitation beam.

2. Once inside the capture volume, optical forces drive the nanoparticle toward the
substrate.

3. At distances between the nanoparticle and the substrate on the order of a few
tens of nanometers, other forces become relevant. These are the electrostatic
repulsion and the van der Waals attraction, as described by DLVO (Derjaguin-
Landau-Verwey-Overbeek) Theory. Electrostatic repulsion dominates for larger
distances, whereas van der Waals attraction dominates for small distances. The
addition of both results in the formation of a potential barrier. If the optical
forces are large enough to overcome this barrier, the nanoparticle will be printed
onto the substrate and adheres through van der Waals forces.

This methodology has been applied to print more complex geometries, two of which
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are shown in Figure 3.2. First, it is possible to print gold nanorods with polarization
control by employing linearly polarized lasers. An example is shown in Figure 3.2. A
linearly polarized 1064 nm focused laser beam was used to trap and orient nanorods
with longitudinal plasmon resonance at 724 nm. Then, a co-aligned linearly polarized
532 nm laser was switched on to print the nanorod on the substrate. The authors
found that the highest orientational control was achieved if the trapping and printing
lasers were polarized perpendicularly to each other.®” The second example shows
dark-field and scanning-electron-microscopy (SEM) images of Ag-Au heterodimers
printed with a set distance of 60 nm, equal to the diameter of both particles. The
nanoparticles were printed on-resonance using wavelengths of 405 and 532 nm for silver
and gold nanoparticles, respectively. This not only allowed the particle to be printed
at arbitrary distances, but also the orientation of the dimer was well controlled.®*

Currently, the lateral printing accuracy is comparable to the diameter of the
nanoparticles,®® a higher precision could be achieved, for example, by using an opti-
cal tweezer to controllably position the particle in the focus of the printing beam, or
by engineering more complex optical profiles. To make this technique applicable to
industrial fabrication, for which large substrate areas are required, the speed of print-
ing needs to be greatly increased. Instead of trading off speed for accuracy, another
possibility is to parallelize the process. By using multiple laser beams, or, as shown
by Nedev et al., by using a spatial light modulator, to create a pattern of multiple
laser foci, several nanoparticles can be printed simultaneously.”?

Template-assisted self-assembly Template-assisted assembly is an umbrella term
for techniques that employ a nanostructured template to assemble colloidal nanopar-
ticles. Forces guiding the assembly can be, for example, capillary forces, electrostatic
forces, and gravitational forces.*>* %" The template is often a replica of a nanostruc-
tured silicon master, where the master is fabricated using nanolithography (Section
3.2.2). The master can then be reused hundreds of times to create the same replica.®
Template-assisted assembly has a number of advantages compared to nanolithogra-
phy. First, it reduces the long writing times associated with large-scale patterning.
Second, the crystallinity of nanolithographically fabricated structures is typically poly-
crystalline, whereas that of colloidal nanoparticles is often monocrystalline. Last, it
also allows for the assembly of certain 3D geometries that cannot be fabricated using
nanolithography, such as spheres.

In the following, I will focus on the assembly using capillary forces, as used later in
Chapter 4. Capillary assembly is essentially a controlled dewetting process in which
the meniscus of an evaporating droplet containing particles is moved over a predefined
topographical template. Capillary forces at the meniscus act as the driving force to
assemble the particles into the predefined sites, i.e., two-dimensional (2D) arrays of
“traps”. Above a critical contact angle value, the horizontal force exerted by the liquid
meniscus becomes high enough to prevent particles from depositing on a flat substrate,
leading to selective immobilization of the particles inside the nanostructured traps
(3.3b). A more in-depth discussion can be found in Ref.”® In addition to nanoparticle
concentration and surface functionalization, evaporation speed and contact angle must
also be controlled. To this end, a setup as illustrated in Figure 3.3a can be used.

Using capillary-assisted particle assembly, a variety of geometries have been real-
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Figure 3.3: Template-assisted self-assembly (a) Schematic illustration of a setup for template-
assisted self-assembly. It shows a setup using capillary forces, similar to what was used in Chapter
4. Essential elements are an evaporation-induced flow field, the local trapping capillary force (F.),
the creation of a dense, stable particle suspension at the evaporating front (the accumulation zone),
the nanostructured template, and the controlled movement of the meniscus. (b) Zoom in of (a) in
the printing region. The capillary force pushes the nanoparticle back, where it falls into a hole in the
nanostructured template. (c) Scanning electron images of nanoparticles assembled with capillary
forces. Possible structures include (from left to right) nanospheres, nanorods, sperical dimers, cube
dimers edge-to-edge cube dimers, corner-to-corner; bowties, trimers. (d) Template-assisted self-
assembly facilitates fast large scale patterning (arrays of sizes on the oder of cm?) (c) adapted from
Refs.”% 91 (d) adapted from Ref.*"

ized. This includes, for example, spheres, rods, sphere dimers, dimers made of triangles
(bowties), as well as cubes with both face-to-face and edge-to-edge alignment (Figure
3.3c). In many cases, the nanoparticles are assembled into predefined trenches on a
poly(methylsiloxane) (PDMS) stamp that is a replica of a silicon master. For the fur-
ther applicability of this method, the assembled nanoparticles have to be transferred
onto substrates in a free-standing form, increasing their accessibility. This is often
done by simply bringing the PDMS stamp into contact with the desired substrate,
followed by releasing the stamp. However, this technique suffers from poor printing
yields. This limitation can be overcome by using polymethylmethacrylat (PMMA)
instead of PDMS. Instead of mechanically removing the stamp after printing, PMMA
can be dissolved in acetone, leaving only the nanoparticles adsorbed on the substrate
and improving the printing yield to around 98 %.% In this way, capillary-force based
assembly can be used to produce large-scale free-standing arrays of nanoparticles (Fig-
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Figure 3.4: Electron beam lithography. Electron beam lithography is the most commonly em-
ployed nano lithography tool. This illustration shows the most essential steps when employing a
positive electron beam resist.

Top-down fabrication strategies generally result in well-ordered and highly periodic
plasmonic arrays. They can be prepared with high reproducibility and structural ho-
mogeneity. There are several top-down fabrication techniques, such as electron beam
lithography (EBL), reactive ion etching (RIE), focused ion beam (FIB), and nanoim-
print lithography (NIL), among others. EBL is one of the most common nanofabri-
cation methods that employ a focused beam of electrons to create periodic plasmonic
nanostructures. In the following, we will briefly describe the process. In EBL, the
substrate is usually made of glass or silicon. Here, glass is the obvious choice for opti-
cal transmission measurements. The most important steps of the fabrication process
are shown in Figure 3.4a. First, the substrate is coated with electron-sensitive resist
via spin coating. The resist undergoes chemical changes upon exposure to the electron
beam. In a so-called "positive resist”, the electron beam breaks polymer backbone
bonds and turns the exposed polymer into fragments of lower molecular weight. Dur-
ing the second step, called ”development”, a solvent developer selectively washes away
the lower molecular weight fragments and leaves the unexposed portion of the resist
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film intact. The desired material is then added onto the substrate via thin-film de-
position techniques, such as thermal evaporation. The residual resist, which is also
covered by the deposited material, is subsequently dissolved, leaving behind the de-
sired pattern. A crucial requirement is that the deposited film is not continuous over
the patterned and nonpatterned regions, which is achieved by a sufficient height dif-
ference between the resist and the deposited material. The high lateral resolution of
EBL relies on the use of the electron beam for exposure, which can be focused down
to a few nanometers and is limited by the beam column rather than the wavelength
of the electrons. On the downside, the equipment is expensive and each pattern must
be written individually; thus, the fabrication of large-scale substrates is both costly
and time-consuming. Additionally, it is not possible to use lithographic techniques to
fabricate certain three-dimensional structures, such as spheres or concave cubes.

3.3 An overview of relevant single particle tech-
niques

This section provides a brief overview of single-particle techniques used to study plas-
monic nanoantennas for energy conversion. The following is not a comprehensive
list; instead, the focus is on the most relevant techniques for the following chapters
of this thesis. We will discuss both spectroscopic and microscopic techniques. For
experimental details, please refer to Appendix 7.

3.3.1 Dark-field scattering

Dark-field scattering is the most widely used optical tool for single-nanoparticle in-
vestigation. Dark-field refers to the fact that, in contrast to regular bright-field illu-
muniation, the background appears dark. This is because the signal does not include
the unscattered beam. In Dark-field, the particle is illuminated with a hollow cone
of light. This is achieved by using a condenser with two numerical apertures (NAs)
NAZ" and NA™ . The scattered light from the particle is collected by an objective
with a lower NA (NA,,; < NA™ ). In this way, the incident illumation is not collected
and only the light scattered by the particle reaches the detector. If we recall that the
scattering of plasmonic nanoparticles shows distinct resonances that depend on the
material, size, geometry and its surroundings (Chapter 2.3), it becomes clear that the
scattering signal carries a lot of information. In this way, it can be used to optically
characterize samples and also to monitor refractive-index changes in the surroundings.
This has applications for sensing, catalysis, and nanothermometry.

Dark-field microscopy can be achieved in reflection or transmission. In reflection,
excitation and collection occur through the same objective, and the condenser is in-
tegrated into the collection objective. The transmission configuration is shown in
Figure 3.5a. The condensor lens focuses the light onto the sample. Typically, im-
mersion oil ensures refractive index matching of the space between the condensor and
the substrate. The objective lens collects the scattered light. In both reflection and
transmission configurations, the collected light is collimated in the back focal plane
of the objective and sent either to a camera for dark-field microscopy or spatially
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Figure 3.5: Working principle of a dark field scattering setup. (a) Illustration of the illu-
mination and collection in the transmission configuration. The light is incident on the sample at a
high angle and not collected through the collection objective. Only the light scattered by the sample
is detected. (b) The scattered light can be send either to a camera for imaging, or light is filtered
through a pinhole for confocal detection and send to a spectrometer. (¢) Exemplary true color dark
field image of gold nanorods (red) and gold nanospheres (green) on a substrate. (d) The scattering
of the gold nanospheres and gold nanorods. (c) and (d) are adapted from Ref.'""

filtered through a pinhole and coupled to a spectrometer for dark-field spectroscopy
(Figure 3.5b). In Figure 3.5¢ we see an exemplary true color dark field image of
plasmonic nanoparticles on a substrate. The scattering shows distinct colors, namely
red (gold nanorods) and green (gold nanospheres).'”’ The scattering spectra of two
exemplary nanoparticles are shown in Figure 3.5d, where a difference in the peak
position (dashed lines) and the line width (arrows) can be seen.'” In ensemble mea-
surements, the line width is usually masked by inhomogeneous broadening effects due
to morphology dispersions. Although dark-field scattering is a powerful technique to
determine resonance positions and linewidth, the quantitative determination of the
scattering cross-section is more difficult, as the amplitudes change drastically with
excitation and collection angles.'"!

While throughout this work we will use dark-field scattering for the characteri-
zation of nanoantennas only, it has also been employed to track chemical reactions
and to gain a more fundamental understanding of plasmonic nanoparticles. Three
examples are shown in Figure 3.6.

First, in Figure 3.6a the heterogeneity of seeminlgy identical gold dimers is re-
vealed.'”? The SEM image on the left shows two gold dimers. Figure 3.6a also shows
representative dark-field scattering spectra of seven individual dimers. Although the
dimers look similar under SEM, none of the spectra look exactly alike. The dashed line
shows the average position of the longitudinal mode, as extracted from 46 dimers. The
histogram of the position of the longitudinal mode illustrates the broad distribution
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Figure 3.6: Single particle darkfield measurements. (a) The heterogeneity of plasmonc
nanoparticles. From left to right: SEM image, dark-field scattering specta, histogram of the po-
sition of the longitudinal mode. (b) Monitoring chemical reactions. Shown here is the changing
scattering spectrum during the growth of gold nanorods by reduction of AuCly~ (c) Temperature
dependence of plasmon dephasing. Left shows the FWHM against temperature and the calculated
dephasing time, following the same trend. Right shows exemplary scattering spectra for 5 K and 100
K from which the FWHM was extracted. (a) adapted from Ref.,'"? Copyright American Chemical
Society 2019. (b) Adapted from Ref.,'’® Copyright Springer Nature 2008. (c) adapted from Ref.,'"*
copyright De Gruyter 2020

of the peak position (696 + 20.8 nm). Figure 3.6b shows how the resonance position
extracted from the dark-field scattering spectra of the nanoparticles can be used to
gain information about catalysis.!”® Here, the monitored reaction is the growth of
gold nanorods from the reduction of AuCl, . Within 8 minutes, the aspect ratio
of the rod changed from 2.87 to 3.01, corresponding to a redshift in the dark-field
scattering spectrum. From this, the authors were able to determine that this corre-
sponds to an addition of ~ 100 gold atoms per second. The final example shown in
Figure 3.6¢ shows the temperature dependent full-width-half-maximum (FWHM) of
the dark-field scattering spectra of a single Au nanowire on top of an Au film.'"* The
authors found that the FWHM increased by 5.8% when the temperature increased
from 5 to 150 K. exemplary spectra for 5 K and 100 K are shown on the right. This
temperature-dependent study allows for further insight into the damping processes of
plasmonic nanoparticles. Similar to Figure 3.6b, dark field scattering can also be used
to monitor changes in the refractive index in the surroundings of the nanoparticle
due to plasmonic heating. Overall, Dark-field is a very versatile method and is easy
to use. However, its limitation is that the scattered intensity scales as the squared
volume of the nanoparticles. Therefore, for small particles, dark-field scattering is
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easily overwhelmed by signals from dielectric impurities, substrate roughness, or even
thermodynamic fluctuations of the medium. Its application to small objects requires
very clean substrates, as background scattering starts to obscure the measurements.
The size limit is around a few tens of nanometers (~30 nm for gold nanospheres)
under standard conditions.!””

3.3.2 Surface enhanced Raman scattering

Surface-enhanced Raman scattering (SERS) is a spectroscopic technique that uses
nanostructured metal surfaces or metal nanoparticles to enhance the Raman scattering
signal from molecules.'"* 'Y Raman scattering is named after C.V. Raman, an Indian
physicist who discovered the effect in 1928.''Y When light is scattered by a molecule, a
small fraction of the scattered photons changes their energy. The frequency shift from
the excitation frequency is related to the vibrational energy levels of the molecule.
This is illustrated in Figure 3.7a. Because each molecule has a unique vibrational
fingerprint, Raman scattering provides information about the chemical composition
of a sample. However, Raman spectroscopy has a low sensitivity as a result of the
very low cross-section of typical molecules. That is why an enhancement is needed.
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Figure 3.7: Surface enhanced Raman scattering. (a) Raman scattering is inelastic light scatter-
ing with a molecule. The Raman spectrum on the bottom is a plot of the intensity of the scattered
light as a function of frequency. The peaks in the spectrum correspond to the vibrational modes
of the molecules. (b) Surface-Enhanced Raman Scattering is a variation of Raman scattering that
enhances the Raman signal by several orders of magnitude. The signal scales to the power of four
with the local fields that can be enhanced through plasmonics. (c) Illustration of a setup to measure
Raman signal. A single wavelength is used to excite the sample.

The enhancement effect of SERS is due to several factors. The first is the strong
electromagnetic field near the resonantly excited nanoparticle, which in turn enhances
the Raman scattering signal from nearby molecules (Figure 3.7b). The SERS enhance-
ment is often approximated by averaging |E|*/|Ey|*, where Ej is the incident (laser)
field amplitude and E is the local field amplitude due to field enhancement.''! In addi-
tion to near-fields, a chemical enhancement effect from the metal surface can also play
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arole. Overall, the SERS enhancement factor regularly reaches 10°, making it possible
to detect single molecules or molecules that have a weak Raman signal.'t% 112 113
SERS has a wide range of applications in materials science, biotechnology, and
environmental science. Its applications include studying the structure and properties
of materials at the nanoscale, identifying and quantifying small molecules in complex
mixtures, and detecting and analyzing biological molecules such as proteins, DNA,

and cells.'"®
a Reaction intermediates c Thermometry
P |6
- (% PP o e
&':‘ ey . — ~ )= is: A[ wo'sl + e-mm/kla]
N é o y .~ v
a6
\ "*\1.5._» rY) ’(

Antistokes

e Ll

Normalized Intensity

o bl

1 1 1
-1000  -500 0 500 1000
Raman Shift [cm™]

Figure 3.8: Examples of SERS for nanoantennas for energy conversion.(a) Plasmon-assisted
COs reduction on Ag nanoparticles. Discrete events of adsorption and product generation on individ-
ual nanoparticles allow insight into reaction intermediates. (b) Catalytic behavior of hot electrons
in dimers with varying gap sizes. (c) Thermometry. The ratio of the Stokes to anti-Stokes ratio
depends on the temperature of the molecule. (a) is adapted from Ref.!'* (b) is adapted from Ref.'!
(c) is adapted from Ref.'!¢

In the context of plasmon-driven catalysis, a single laser is commonly used to
both drive catalytic processes and excite the SERS signals of reactants and products,
avoiding the need for elaborate setups. Measurements can be performed in both trans-
mission and reflection microscope configurations; the reflection configuration setup is
shown in Figure 3.7c. In a typical SERS measurement, a molecule is adsorbed onto
the surface of the plasmonic metal, and a focused laser beam is used to excite the
plasmonic metal as well as the molecule. Typically, a notch filter blocks out the ex-
citation wavelength and transmits only the Raman signal to a spectrometer. SERS
measurements are often performed on densely packed nanoparticle films and clusters
of nanoaprticles, where abundant interparticle gaps strongly enhance the Raman sig-
nal. '’

More recently, systematic single-particle SERS measurements have provided valuable
catalytic information,''” %122 and a few examples are presented in Figure 3.8a-b.
Figure 3.8a illustrates that the temporal information on chemical species present can
be exploited to gain mechanistic insight and monitor reaction intermediates. For
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example, Kumari et al.''* followed a plasmon-assisted CO, reduction on Ag nanopar-
ticles. The authors captured discrete events of adsorption and product generation
on individual nanoparticles. In this way, the authors were able to observe a surface
intermediate, hydrocarboxyl (HOCO -), which represents the very first step in plas-
monic COs reduction. This first step is the transfer of a le—/1h+ pair from the Ag
nanoparticle to COs. A second example is shown in Figure 3.8b. Nan et al. studied
the catalytic behavior of hot electrons by monitoring a plasmon-meditated dehalo-
genation with varying interparticle distances of a gold dimer. The authors found that
by reducing the gap from 20 to 10 nm the reaction rate could be sped up more than
two times. A further reduction of the gap size did not improve the reaction rate
even though the field-enhancement was significantly higher. Third, an example not
directly related to catalysis is shown in Figure 3.8c. The SERS signal from molecules
can be used to probe the local temperature''®!'** by monitoring the ratio of Stokes
and anti-Stokes emission. For an anti-Stokes process to happen, the initial state
cannot be the ground state, but it must be one of the excited vibrational states. As
these excited states are poorly populated at room temperature, the anti-Stokes signals
are weak compared to the Stokes signals. Upon increasing temperature, these vibra-
tional states become more populated, increasing the probability of anti-Stokes Raman
events. It should be noted that in this way it is possible to probe the temperature of
SERS active molecules in viccinity of plasmonic nanoparticles, which is not necessar-
ily the same as the temperature of the nanoparticle itself. Beyond the applications
discussed here, single-molecule SERS has also been combined with super-localization
microscopy.'?* 2% Overall, SERS is a powerful technique for detecting and analyzing
molecules with high sensitivity and specificity.

3.3.3 Photoluminescence spectroscopy

In addition to the widely known and very commonly utilized absorption and scattering
of plasmonic nanoparticles, they also exhibit photoluminescence (PL). An exemplary
PL spectrum of a gold nanoparticle is shown in Figure 3.9a. The shape of the spectrum
closely resembles that of the scattering and absorption spectrum. A single wavelength
is used to excite the nanoparticle, shown in green. A notch filter is employed to block
the excitation laser from the measured spectrum (Figure 3.9b). At shorter wavelengths
lies what is called anti-Stokes (AS) PL, and the Stokes PL is at higher wavelengths
from the excitation. These names resemble the SERS terminology of Section 3.3.2.
However, the origins of the photoluminescence are not fully understood and three
proposed mechanisms are illustrated in Figure 3.9b. Interband transitions from the d
to sp band in gold result in luminescence in gold films, occurring at wavelengths up
to around 550 nm. However, these transitions are not possible for longer wavelengths,
where PL of plasmonic gold nanoparticles is still observed. Two mechanisms have
been proposed to explain luminescence at these longer wavelengths: an electronic
Raman process, which involves inelastic scattering,'*”'?® and a photoluminescence
process resulting from intraband transitions.'* !

Figure 3.10 shows a technique that is relevant to energy conversion and which we
will employ in Chapters 5 and 6. It allows the extraction of temperature informa-
tion from the photoluminescence spectra of plasmonic nanoparticles. This technique
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Figure 3.9: Photoluminescence spectroscopy. (a) An exemplary PL spectrum of a gold nanopar-
ticle with the anti-Stokes emission at shorter wavelengths and Stokes emissions at longer wavelengths
from the excitation laser (dashed line). (b) Potential explainations for PL from plasmonic nanopar-
ticles (i) Interband PL (ii) electronic Raman scattering (iii) Intraband PL. (c) Illustration of a setup
to measure the PL of plasmonic nanoparticles.
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Figure 3.10: Anti-Stokes photoluminescence thermometry. (a) Schematic illustration of the
heating of a NP at different irradiances achieved by scanning a confocal beam across the NP. (b)
Confocal image of an 80 nm AuNP color coded by irradiance on the NP, numbers 1 to 3 corresponding
to the labeling in (a). (c) Calculated temperature as a function of the excitation irradiance. Solid
black line: Temperature calculated using the mean photothermal coefficient. Adapted from Ref.!3?
Copyright 2021 American Chemical Society.

is called anti-Stokes (AS) thermometry. It takes advantage of the fact that upon
illumination with a continuous-wave (CW) laser, the AS part of the photolumines-
cence spectrum of plasmonic nanoparticles shows a temperature dependence.'®® This
technique has been used for the thermal characterization of individual monometallic
Au nanoparticles such as disks,"** pyramids,'®* rods,'*%*" bowties,'*® spheres,#% %"
and cylinders.'’ Various implementations of AS thermometry have been reported, as
reviewed by Baffou.'*! Recently, a new implementation called hyperspectral AS ther-
mometry was introduced, which retrieves the photothermal coefficient 8 of individual
nanoparticles from a single PL hyperspectral image.'** The photothermal coefficient
describes the linear increase in temperature with irradiance. The method is summa-
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rized in Figure 3.10. The same laser is employed to heat the nanoparticle and excite
the photoluminescence. Depending on the position of the focused beam with respect
to the nanoparticle, the nanoparticle experiences a different irradiance and therefore
has a different temperature. The hyperspectral confocal image shown in Figure 3.10b
provides 10 x 10 PL spectra that are grouped and subsequently averaged considering
similar irradiance values. The classification criterion is the excitation irradiance I;*.
Then all possible ratios between binned PL spectra are calculated. These ratios are
fitted to the expression in Equation 3.1 to extract the photothermal coefficient f; ;.
Finally, all obtained photothermal coefficients 3; ; are averaged to obtain a single 3
for the scanned NP. The temperature of the nanoparticle at certain irradiance can
then be calculated as T' = Ty + B1 (Figure 3.10c).
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Unlike other optical methods for single-particle thermometry of metals,'*? such as

those based on fluorescence,'** Raman,'** DNA-PAINT, %6 optical rotation,*” or
refractive index variations,'*® hyperspectral AS thermometry is non-invasive, label-
free, and does not require any additional characterization or prior knowledge of the
nanoparticles or the properties of the medium.

3.3.4 Electron microscopy

Electron microscopy uses a beam of electrons instead of light to form an image of a
sample. As a result of the shorter wavelength of electrons, it allows imaging at much
higher magnifications and with a higher resolution than is possible with traditional
light microscopy. In electron microscopy, a beam of high-energy electrons is directed
at the sample, and the resulting interactions between the electrons and the sample
produce an image. This image can provide detailed information about the shape, size,
and composition of the sample.

The higher resolution achieved with electron microscopes is related to the diffrac-
tion limit postulated by Ernst Abbe in 1873.'* The diffraction limit is a fundamental
constraint on the resolution of any imaging system, including electron microscopes,
because of the wave nature of the particles or radiation used for imaging. The resolu-
tion of an imaging system can be approximated as follows.

A
T 2NA

where d is the resolution, A is the wavelength of the imaging radiation, and NA is
the NA of the objective lens.

For electron microscopes, the imaging particles are electrons that have a wave-
length determined by their kinetic energy through the applied accelerating voltage.
The typical wavelength of electrons in electron microscopes is on the order of a few
picometers to a few tenths of an angstrom. This short wavelength allows electron mi-
croscopes to achieve much higher resolution compared to light microscopes, which are
limited by the longer wavelength of visible light (400-700 nm). There are several dif-

d (3.2)
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Figure 3.11: Electron microscopy. Schematic representations of a scanning electron microscope
(left) and a transmission electron microscope (right).

ferent types of electron microscopy, of which scanning-electron-microscopy (SEM) and
transmission-electron-microscopy (TEM) are shown in Figure 3.11. Each type of elec-
tron microscopy has advantages and limitations, and the choice of technique depends
on the specific scientific question. SEM (shown on the left) is generally better suited
for imaging a sample’s surface at high resolution. It generates images by scanning an
electron beam across the sample and detecting secondary electrons emitted from the
surface. SEM is particularly useful for visualizing sample topography and morphol-
ogy, and it can also provide information about the surface’s elemental composition.
TEM (shown on the right), on the other hand, is better suited to image a sample’s
internal structure at high resolution. In TEM, an electron beam passes through the
sample, and the image formed by detecting the electrons that have passed through
the sample is formed. TEM can provide detailed information about the structure of a
material, such as the crystal structure, defects, and interfaces. Electron microscopy
is often used to characterize the size, shape, and arrangement of metal nanoparticles,
which can strongly affect the plasmonic properties of materials.

In addition to this optical characterization (such images appear frequently through-
out this thesis, for example, in Figures 3.1, 4.3, 4.4), the high resolution of electron
microscopy can also be employed to track chemical transformations induced by plas-
mon excitation. In 2017, Cortés et al. imaged a hot-electron-driven reaction on silver
bowtie nanoantennas. The authors used the ability of hot electrons to locally re-
duce the terminal group of a self-assembled molecular layer that covers the surface of
the nanoantenna (Figure 3.12a-b). This modification was spatially localized using 15
nm gold nanoparticles (AuNPs) specially designed to react only with the converted
molecules(Figure 3.12¢-d). SEM imaging was used to record the position of the re-
porter nanoparticles (NPs) after plasmon excitation, thus progressively mapping the
reactivity of the nanoantennas (Figure 3.12e). A 2D histogram of 100 bowties shows
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Figure 3.12: Example of electron microscopy for nanoantennas for energy conversion.(a)
Silver bowties were modified with a monolayer of 4-NTP. (b) 4-NTP-coated antennas were illumi-
nated for different times at their longitudinal plasmon resonance wavelength (633 nm) with a power
density of 1 W cm™2. (c) Subsequently, the sample was incubated over night with a AuNP sus-
pension. (d) Scheme of the reaction from 4-NTP to 4-ATP that involves 6 electrons. (e) Scanning
electron image of a silver bowtie after the reaction and incubation with AuNPs. The AuNPs allow
the visualization of the reaction sites with nanometer resolution. Scale bar 100 nm. (f) 2D histogram
of the reactive sites on 100 silver bowtie nanoantennas. Adapted from Ref.'°"

that the reaction occurs predominantly in the gap of the dimer (Figure 3.12f). Elec-
tron microscopy allows to image the reactive sites with subparticle resolution, however,
generally not in operando conditions. Therefore, it is difficult to gain insight into the
reaction dynamics. This can be achieved with the method that we will introduce next:
Single-molecule localization microscopy.

3.3.5 Single-molecule localization microscopy

In the previous section, we discussed electron microscopy, a powerful imaging tech-
nique that provides high-resolution images at the nanometer scale. We introduced the
concept of the diffraction limit, which explains the fundamental resolution constraints
when using visible light. Despite these limitations, visible-light microscopy has sig-
nificant advantages over electron microscopy. For instance, it is considerably easier
to work with under operando conditions, allowing dynamic insights into various pro-
cesses, such as plasmonic catalysis. In recognition of the groundbreaking development
of a group of techniques that overcame the diffraction limit, the 2014 Nobel Prize
in Chemistry was awarded for the invention of super-resolution microscopy. Among
these innovative techniques is single-molecule localization microscopy.
Single-molecule localization microscopy (SMLM) is a term that describes all micro-
scopical techniques that achieve super-resolution by localizing individual fluorescent
molecules with high precision. In this section, we discuss the fundamental principles
of SMLM and introduce an example of this technique applied to plasmon-assisted
catalysis. The fundamentals are illustrated in Figure 3.13. First, it should be noted
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Figure 3.13: Single-molecule localization microscopy. (a) Simplified Jablonski diagram of a
fluorophore. (b) Illustration of total internal reflection microscopy. Only fluorophores close to the
surface are excited, this results in low background and allows single fluorophores to be detected.
(c) Nlustration of a setup for single-molecule localization microscopy. (d) Illustration of the data
acquisition and processing.

that the technique relies on fluorescence, i.e. labeling. Second, in order to detect
individual fluorescent molecules, the background has to be reduced to a minimum.
This can be achieved by employing total internal reflection (TIRF) | illustrated in
Figure 3.13b. If light is incident above a critical angle onto an interface from a higher
to lower refractive index, the beam is reflected and an evanescent field is created on
the sample side. There are different configurations to achieve this, shown in Figure
3.13c is objective-based TIRF. Here, the beam is focused on the back focal plane of
a high NA objective. When this focus point is moved off the central axis, the angle
of the illumination column can be adjusted to reach the critical angle and achieve
TIRF. The evanescent field generated at the sample interface decays exponentially
and ensures that only fluorophores in close proximity to the surface (generally around
200 nm) are excited, which recudes the background. The imaging process of SMLM
then involves the acquisition of a series of images in which only a small subset of
fluorophores is activated at any given time (shown in Figure 3.13d), ensuring that in
a diffraction-limited area only one emitter is present at a given time. The position of
each activated fluorophore is then determined with sub-diffraction-limited precision
by fitting its point spread function (PSF) to a Gaussian function:

I(z,y) = lyexp |— (z=20)° _ (y—b0)" + B (3.3)

2 2
202 20,

where [(z,y) is the intensity at position (x,y), Iy is the peak intensity, (xq,yo) is
the center of the Gaussian (corresponding to the position of the fluorophore), o, and
o, are the standard deviations of the Gaussian in the x and y directions, respectively,
and B is the background intensity.

The localization precision, dgprras, Which is the uncertainty in determining the
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Figure 3.14: Examples of SMLM for nanoantennas for energy conversion. (a) DNA-Paint
can be used to image plasmon hybridisation. (b) After illuminating the antenna off fano resonance,
the thiol bonds on the disks are cleaved, rendering them dark in the DNA-Paint images. (c) After
illuminating the antenna on fano resonance, the thiol bonds on the rod are cleaved, rendering it
dark in the DNA-Paint images. (d) A plasmon-assisted fluorogenic reaction allows the imaging of
catalytic sites with nanometer resolution under operando conditions. Catalytic hotspots on linked
Au-Au nanorod nanostructure. (e) Quantitative super-resolution mapping of catalytic products on
a nanostructure. Grey line: structural contour of the nanostructure from its SEM image in (f). (f)
SEM image of linked Au-Au nanorod encapsulated in mSiOs in (b). (b-c) adapted from Ref.,'?!
Copyright American Chemical Society 2018. (e)-(f) adapted from Ref.!*?> Copyright American
Chemical Society 2018.

position of a single molecule, depends mainly on the number of photons v N detected.

d
dsmrmv X N (3.4)

where d is the diffraction limit according to equation 3.2. By localizing many
individual molecules on a series of frames and reconstructing the image, SMLM can
achieve a resolution in the range of 10-20 nm, significantly improving the diffraction-
limited resolution of conventional fluorescence microscopy.

In the context of Plasmonics, SMLM has been used, for example, to image plas-
mon hybridization using DNA paint.'! This is illustrated in Figure 3.14a-c. Here, the
surface of the nanoantennas is coated with a single-stranded DNA using a gold-thiol
bond. Depending on the wavelength and polarization of light, different plasmonic
modes of the system can be excited. The hot-electrons generated from this excitation
were used to drive the desorption of the thiolated molecules from the surface. By
performing DNA paint measurements after this plasmon-assisted reaction by subse-
quently adding imager strands (a complementary DNA strand with a fluorophore),
the authors were able to visualize the different modes. The imager strands transiently
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bind to the remaining docking strands, allowing single-molecule localization. A second
example is shown in Figure 3.14d-f. Here, Zou et al. used a plasmon-assisted fluoro-
genic reaction on top of gold nanorod dimers and showed that there was a chemical
hot spot in the gap. This example shows the potential of SMLM for plasmonic catal-
ysis under operando conditions, which, in addition to the below diffraction spatial
information, also allows kinetic insight. In the following chapter, Chapter 4, we will
utilize this technique along with other methods introduced in this chapter. Our focus
will be on studying the spatial distributions of plasmon-assisted catalysis to gain a
deeper understanding of the underlying mechanisms.









Spatial distributions in
plasmon-assisted catalysis

In the previous Chapter, we explored the benefits of single-particle techniques in the
study of plasmonic nanoparticles for energy conversion. Now, we delve deeper into
the subject matter by fabricating single-particle arrays and employing single-molecule
super-resolution fluorescence microscopy. Our aim s to understand the mechanisms of
plasmonic catalysis at the individual-particle level. Specifically, we observe plasmon-
assisted catalysis in situ on ordered arrays of gold nanorods with subparticle resolution.
Our study investigates two regimes: excitation tuned to the reactant and excitation
tuned to the plasmon resonance. The results provide valuable insights into the spatial
distribution of enhancements and the underlying mechanisms of plasmonic catalysis,
which can inform the design and optimization of plasmonic nanocatalysts for energy-
related chemical reactions.

Based on
Simone Ezendam, Julian Gargiulo, Ana Sousa-Castillo, Joong Bum Lee, Yoon Sung

Nam, Stefan A. Maier, and Emiliano Cortés. Spatial distributions of single-molecule
reactivity in plasmonic catalysis, under review at ACS Energy Letters

Figure 4.0 - Single-molecule fluorescence microscopy. Artistic representation of single-
molecule fluorescence data. Bright spots are a few pixels in size and correspond to diffraction-limited
single-molecule events. The single events can be fitted to obtain a final resolution far below the
diffraction limit.
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4.1 (Gaining mechanistic insight

In Chapter 2.4.3 we have seen that the reactivity of plasmonic catalysts is dictated by
a complex interplay between photons, localized surface plasmons, carriers, phonons,
and molecular states.” To optimize the design of plasmonic catalysts, it is important
to understand the specific enhancement mechanism behind a reaction, but this can
be a complex task.?”°% 7193 Approaches to address this challenge include measuring
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Figure 4.1: From optical to chemical hot spots in Plasmonics. Spatial distribution of dif-
ferent phenomena influencing chemical activity in plasmon-assisted chemistry. Adpated from Ref.”
Copyright 2019 American Chemical Society. Inset “Catalytic activity in dark” adapted from Ref.!%*
Copyright 2013 American Chemical Society

reaction rates at different wavelengths, light intensities, and catalyst surface temper-
atures.'” These experiments are often performed at the ensemble level and therefore
are limited by the inherent heterogeneity of nanostructures.'”® To overcome this limit
and obtain more detailed insights, several single-particle techniques have been ex-
plored.'®” Each technique is based on the detection of photon or electron signals that
report on the reactants, products, catalysts of the reaction, or changes in the environ-
ment caused by the reaction.'”® We have discussed many of these techniques in more
detail in Chapter 3.3, the following is a short summary. Among the single-particle
approaches is single-particle surface-enhanced Raman spectroscopy (SERS),'?! 122159
which allows, for example, the identification of reaction intermediates and insight
into the reaction kinetics.!'*'%Y However, it is generally diffraction limited, works
only for SERS-active molecules, and has low throughput. Other techniques such as
atomic force microscopy (AFM)'®! and scanning electron microscope (SEM)'* have
been used to image reaction products on plasmonic nanostructures. However, these
scanning techniques are invasive and generally performed ex-situ, and therefore do
not provide quantitative information on the reaction kinetics. Single-molecule super-
resolution fluorescence microscopy has been shown to be a powerful tool to study
catalysis at the nanoscale employing fluorogenic model reactions,'”* 1?71 but can
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also be extended to non-fluorogenic reactions.'™ It allows in operando imaging of re-
actions with microsecond temporal resolution and nanometer spatial resolution. While
the temporal resolution allows for more insight into the reaction kinetics, the spatial
resolution allows for a deeper understanding of the enhancement mechanisms. The
latter is illustrated in Figure 4.1. Recently, single-molecule fluorescence microscopy
has been applied to study plasmonic catalysis with sub-particle resolution. Zou et al.
imaged catalytic hotspots by monitoring a surface reaction but did not independently
excite different modes of the plasmonic system,'® while Hamans et al. monitored a
purely photo-driven reaction in the vicinity but without access to the plasmonic metal
itself, therefore exploiting only the near field. Thus, in the following, we will design a
plasmonic model system that, for the first, time, allows all possible mechnanisms to
be explored.

4.2 Designing a plasmonic model nanoreactor
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Scheme 4.1: Illustration of the studied catalyst and potential enhancement mechanisms.
High-energy charge carriers, enhanced electro-magnetic fields and increased temperatures are impor-
tant potential drivers of plasmon-enhanced catalysis. Hot-charge carriers can be extracted from the
plasmonic metal only, whereas temperature and field enhancement extend into the vicinity of the
plasmonic structure. The studied gold nanorods have two resonances, resulting in different reactivity
patterns depending on the mechanism at play. This can be exploited to obtain mechanistic insight.

In this study, we aim to address these limitations by utilizing ordered arrays of gold
nanorods (AuNRs) coated with an accessible porous silica shell as nanocatalysts.
By utilizing single-molecule super-resolution fluorescence microscopy, we directly ob-
served and quantify the catalytic enhancements with subparticle resolution. We study
two regimes: excitation tuned to the reactant and excitation tuned to the plasmon
resonance. Our investigation of the correlations between the spatial distribution of
turnover events, catalytic enhancements, temperature, and local electric field enhance-
ment aims to provide a more controlled and systematic study of the enhancement
mechanisms in plasmon-enhanced catalysis.

To study the two regimes mentioned above, we carefully designed the dimensions of
the plasmonic model nanoreactor using optical simulations. The rationale behind the
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design is summarized in Scheme 4.1. Plasmon-enhanced catalysis can be driven by
high-energy charge carriers, enhanced electromagnetic fields, and increased temper-
atures. Hot-charge carriers can be extracted only from the plasmonic metal, while
temperature and field enhancement can extend into the vicinity of the plasmonic
structure. Contrary to nanospheres, nanorods have not only one but two resonances,
depending on the polarization employed: a longitudinal resonance and a transversal
resonance. The two resonances result in different reactivity patterns, depending on
the mechanism involved. The longitudinal resonance is red-shifted from the transver-
sal resonance, and the cross sections (both absorption and scattering) are significantly
higher at this wavelength. The goal was the following: The reactant molecule absorbs
around the transversal resonance, and a 561 nm laser is used for the excitation. A
second red-shifted wavelength can then be used to excite the longitudinal resonance,
in our case we tuned the longitudinal resonance to our second excitation wavelength
of 647 nm. In Chapter 2.3 we have seen that the resonance positions depend not only
on the dimensions and material of the plasmonic component, but also on its surround-
ings. Therefore, we included a mesoporous silica shell, water, and a glass substrate
in our simulations. The mesoporous shell facilitates the detection of reaction prod-
ucts by temporally trapping them and reducing quenching on the catalyst surface.'%?
Appendix A.8 provides more details on the simulation setup. Figure 4.2 shows the
results of the optimized structure with the following dimensions: a length of [ = 51
nm and a radius of » = 13 nm. The mesoporous silica shell was designed as a sphere
with a radius of 95 nm.
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Figure 4.2: Results of FDTD simulations of the AuNR@mSiO; on a substrate in water.
Scattering, absorption and extinction cross sections, z-normal field enhancement maps at 561 nm
(green) and 647 nm (red) (a)-(c) Transversal polarization (d)-(e) Longitudinal polarization.

D
o

2000

-
o
o
o

a
o
o

Cross section [nm?]
-
o
o
o

Cc
20
15
10
5
0

0

N ! | )
500 550 600 650 700 750
Wavelength [nm] e |EP/|Eq2

N
o
o
o
o

7500
5000

ross section [nm

C
N
a
S
S)

1 1 1 1
0500 550 600 650 700 750
Wavelength [nm]



4.3 Ordered arrays of individual plasmonic nanoreactors 55

4.3 Ordered arrays of individual plasmonic nanore-
actors

After deciding on the desired dimensions of the nanoparticless, we next synthesized
AuNRs with a length of 51+ 7nm and a width of 28+ 3nm using a previously re-
ported seed-mediated process with some modifications (Appendix A.3).!™ We then
coated the nanorods with an ~ 95 nm mesoporous SiOs (mSiOs) shell (Figure 4.3a
and Appendix A.4). The measured bulk extinction of the system is shown in Figure
4.3b. It shows two characteristic peaks, corresponding to the transversal and longitu-
dinal localized surface plasmon resonance (LSPR).

Typically, colloidal catalysts deposited on substrates have irregular interparticle spac-

a b Measured bulk extinction
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Figure 4.3: Colloidal gold nanorods. (a) Exemplary TEM image of the gold nanorods with a
mesoporous silica shell (AuNR@mSiOs). The inset shows the average dimensions. (b) The measured
bulk extinction in water of the catalyst shown in (a).

ings, making it difficult to study the enhancement mechanisms at the single-particle
level. Using arrays of nanocatalysts instead offers the advantage of investigating
a large number of equivalent systems at once. This allows for a more controlled
and systematic study of the enhancement mechanisms and simplifies cross-correlation
with other single-particle techniques, such as scanning-electron-microscopy (SEM) and
dark-field spectroscopy. Therefore, we used interfacial template dissolution interfacial
patterning® to pattern individual AuNR@mSiO, on a coverslip. This technique was
introduced in more detail in Chapter 3.2.1, a simplified scheme is shown in Figure 4.4a.
In short: the single particles were assembled into a patterned polymethylmethacrylat
(PMMA) template. To this end, the particle suspension was sandwiched between the
PMMA template and a clean glass coverslip, which was moved across the assembly
template to position the particles within designated trap sites (shown on top). To
print the patterned particles, the PMMA template was pressed onto the desired sub-
strate and subsequently dissolved in acetone, leaving the AuNR@m-SiO, particles on
the cover glass substrate (shown on the bottom).

A SEM image of zoom in of an exemplary array with a controlled spacing of
2pm is shown in Figure 4.4b. A dark-field scattering image of the same area is
shown in Figure 4.5a. In the average single-particle dark-field scattering spectrum
(shown in Figure 4.5b) only one characteristic peak appears around the position of the
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Figure 4.4: Assembly into arrays.(a) Assembly of the colloidal catalyst into ordered arrays on a
substrate by templated dissolution interfacial patterning (TDIP). (b) Exemplary SEM image of a
zoom in of the patterned surface.

longitudinal LSPR of the AuNRs. This is expected, as the absorption dominates for
the transversal resonance of our small AuNRs. The final sample was then assembled
under a microfluidic channel to ensure a continuous supply of reactants and mounted
on an inverted total internal reflection (TIRF') microscope (Figure 4.6a and Appendix

AT).
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Figure 4.5: Darkfield characterization. (a) The same area as imaged in Figure 4.4b under a
darkfield microscope. (b) Single-particle scattering spectra of the AuNR@mSiOs (top) and simulated
scattering cross section (bottom).

4.4 In operando single-molecule plasmonic cataly-
sis

The fluorogenic reaction we followed is the reduction of weakly-fluorescent resazurin
(Rz) to fluorescent resorufin (Rf) (Figure 4.6a-b).

The absorption and emission properties of both molecules are shown in Figure
4.6b. We use a 561 nm continuous-wave laser with circular polarization in TIRF
configuration to excite the fluorescent product Rf. The fluorescence quantum yield
of resazurin (0.11) is much smaller than that of resorufin (0.75),' in addition, an
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Figure 4.6: The reaction-catalyst system.(a) Schematic representation of the catalyst, reaction
and setup. Weakly-fluorescent resazurin is converted to fluorescent resorufin in presence of hydroxy-
lamine and the gold surface of the catalyst. The sample is illuminated with a circularly polarized 561
nm (green) continuous wave laser in total internal reflection, in part of the experiments a second laser
(647 nm, red) is employed. (b) Left: Absorption properties of the system. Normalized resazurin
and resorufin absorbance measured in borate buffer and normalized absorption cross section of the
AuNR@mSiOgcatalyst in water. Green and red vertical lines show the wavelengths employed in
the measurements. Right: Only the product molecule resorufin is imaged. Emission spectra of the

weakly fluorescent reactant resazurin and fluorescent product resazurin in borate buffer. The yellow
bar shows the detection window.

emission bandpass filter between 580-600 nm in the detection pathway ensures that
the detected fluorescent events belong to resorufin.

The absorption cross-section of the AuNR@QmSiO, catalyst is also shown in Figure
4.6b. In some experiments, we used a second laser at 647 nm to excite the longitudinal
LSPR. At this wavelength the absorption of both resorufin and resazurin is almost
negligible (with ~ 0.9% and ~ 4% absorption compared to 561 nm).

It should be noted that the excitation wavelength of 561 nm partially overlaps
with the transversal resonance of the AuNR@QmSiO,. This excites photoluminescence
emission that results in a constant background for fluorescence imaging (as seen in
Figure 4.7a). We used this photoluminescence emission to find the position of each
AuNR@mSiO,. In this way, the reactivity of each NP can be tracked under different
reaction conditions.

Typically, we acquired at least 10.000 frames with an integration time of 30 ms.
Each conversion event from resazurin to resorufin appears as a fluorescence burst on

top of the background (Figure 4.7a). After drift correction and background subtrac-
tion, the events were localized with a precision of < 30 nm and assigned to a NP
(Figure 4.7c-d and Appendix A.7). In this way, we gained temporal and spatial infor-
mation on each catalytic event. For each AuNR@QmSiO,, we obtained a super-resolved
2D histogram of reactivity and the reaction dynamics, as shown in Figure 4.7b.
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Figure 4.7: In operando single molecule catalysis. (a) Illustration of the in operando imaging
method. Fluorescent events are detected and super localised on top of photoluminescence background
of AuNR@mSiOs. All scale bars 500 nm. (b) From the processed data, both spatial and temporal
distributions of turnover events can be extracted. Events generally last 1 frame and are localized
with a precision of < 30 nm.

4.4.1 Probing the reactant accessibility to the gold surface

First, we verified whether the surface of the
AuNRs was accessible through the porous silica

shell. An accessible Au surface is essential to 1or — ?o"g“ﬂjﬁgjfjx'jgﬁfne
probe whether the hot-electron mechanism plays :ZZ:
an important role in the plasmon-enhanced mech-

o
anism (see Figure 4.1). AuNPs have previously . 2::
been shown to catalyze the reductive deoxygena- ok
tion of resazurin to resorufin by hydroxylamine 201}
in the absence of light.'® Therefore, we com- 0

0.00 0.05 010 0.15

pared the activity of the AuNRs under two con- Activty [/e]

ditions. First, with 200 nM resazurin alone and
second, adding 100 nM of hydroxylamine. In both Figure 4.8: Turnover rates with and
cases, the reactants were supplied in excess.'%1%%  without 100 pM hydroxylamine. His-
To image the product formation in the single- togram of the average turnover rate of
. ., the same AuNRs under both conditions.
mol‘eculle experlments we cannot completely avoid To approximate dark conditions, the ir-
excitation with the 561 nm laser. Therefore, the agiance (< 5 x 106 Wm2)
measurements were done at a low irradiance be-
low 5 x 106 Wm™2.
This minimizes the effect of light on the reaction rates. The histograms of the
average turnover rates under both conditions are shown in Figure 4.8. When hy-
droxylamine was added to the same AuNRs, the average turnover rate showed a
significant increase (from 2 x107% s7' to 25 x1073s™! on average). The drastic in-
crease in turnover rate upon inclusion of hydroxylamine shows that the Au surface
was indeed accessible. All the following experiments were performed in the presence
of both resazurin and hydroxylamine.

168
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4.4.2 The effect of photo-exciting the reactant

The photoexcitation of resazurin has been shown to greatly
o o increase its ability to be reduced to resorufin through a num-
ber of different pathways.!0% 06160175177 Ty investigate the
role of field enhancement, we investigated the power depen-
dence of the reaction when illuminated at 561 nm (illustrated
on the left), a wavelength that excites both resazurin and re-
sorufin. For each individual NP, the excitation irradiance was
calculated at the position of the NP (see Figure 7.9) for de-
tails). Figure 4.9 shows the average resorufin production rates
against irradiance. The uncertainty for the highest irradiance
is larger because it contains fewer NPs (11 vs. more than 200
in the lowest bin). The activity was significantly affected by
the excitation irradiance. For low irradiances, activity increases with increasing irra-
diance. At irradiances larger than 40 x 10° Wm™2 the turnover rate saturates. The
rate of product formation is expected to be dependent on the number of available
photoexcited resazurin (Rz*) molecules present, given by:

Kaps X [ x I
kabs XfXI+krel

[Rz*] = X [Rz] (4.1)

Where k., is the absorption rate constant, k,.; is the relaxation rate constant,
is the excitation irradiance, and f is a wavelength-dependent factor to convert the
irradiance to a photon flux. The number of Rz* can not grow indefinitely because it
saturates for high irradiances where Rz* approaches the value of Rz. However, this is
not the only reason why the activity saturates in Figure 4.9 (see Appendix A.10 and
A.12). The saturation is also not due to mass transport (see Appendix A.13 for more
details). Most likely, the reaction is limited by the saturation of catalytic sites on the
Au surface and can be explained by a Langmuir-Hinshelwood mechanism for surface
reactions,'™ similarly to what has been reported for the reaction in the absence of
light.'® The reaction rate is then given by

BRz"](1)
(1+ B x [Rz](I))

where C' is the reaction rate in the absence of light,"””*'™ and [Rz*](I) is the
irradiance-dependent concentration of photoexcited Rz* given by equation 4.1. Close
to the AuNR, the irradiance I is given by I = e x I, where [ is the excitation
irradiance and e is the intensity enhancement factor. We performed simulations to
calculate the local electric field enhancement (see Appendix A.8 for details). Figure
4.10a shows the calculated intensity enhancement e = % at 561 nm assuming un-
polarized light at normal incidence. The average value on the Au surface is e ~ 10
(see Appendix A.8 for details). The solid line in Figure 4.9 shows the reaction rate
fitted versus the excitation irradiance at 561 nm given by equations 4.1 and 4.2, with
good agreement. It should be noted that a first-order dependence on Rz* has been
assumed in the equation 4.2. Alternative modeling using higher-order dependencies is

presented in Appendix A.11). The fitting yields an activity in dark of only 7 x1073

+C (4.2)
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Figure 4.9: Reaction kinetics enhanced with 561 nm illumination. Average turnover rates
against binned green irradiance with 200 nM resazurin and 100 pM hydroxylamine. The solid line
is given by equation 4.2, with A = 0.045 s~!,B = 9.556 pM !, C' = 0.007 s~! and [Rz*](I) given
by equation 4.1 with I = 10 x Iy, keps = 2731 m? mol_l, kreg = 1.43 x 10° s7! and f = 4.686
W s pmol . Bins contain at least 10 particles and the error bars are the standard error of the mean.

s~!. This means that the conversion of resazurin to resorufin is enhanced up to 700%
from dark. In summary, the activity enhancement of the catalyst by excitation with
561 nm can be fully explained by the photoexcitation of Rz, benefitting from the local
field enhancement due to the plasmonic AuNR.

4.4.3 Spatial distributions of reactivity

To gain more insight into the reaction mechanism, we examine the spatial distribu-
tion of reactivity. Figure 4.10b shows an exemplary scatter plot of the position of
conversion events. Our AuNRs are small, with dimensions comparable to our local-
ization precision of &~ 30 nm. Therefore, it is not possible to distinguish catalytic
hot spots within a single AuNR. Nevertheless, it is a noticeable fact that conversion
events are also observed at locations far from the Au surface. In the following, we
will focus on two groups of events: i) The Superficial ones, within < 50 nm from
the NPs’s center, and ii) The ones Far from the surface, with positions in the range
between 80 to 120 nm from the NPs’s center. The upper panel of Figure 4.10c shows
the resorufin production rates per unit area versus the excitation irradiance for both
groups. The activity is higher for Superficial events. However, the fraction of events
belonging to the Far group increases with increasing irradiance. The lower panel of
Figure 4.10c shows the ratio between Far and Superficial activities. The difference
in the irradiance-dependence of both groups indicates that two reaction pathways are
present: The Au-catalyzed reaction occurring on the surface, and a second reaction
pathway not involving the surface. An alternative way of visualizing the information
is through the cumulative distribution, which is defined as the percentage of events
occurring within a certain range from the NPs’s center. These are shown in Figure
4.10d for three excitation irradiances. In the range of distances up to 50 nm, the dis-
tributions are practically identical, independently of the excitation irradiance. This is
consistent with a reaction occurring predominantly at the Au surface. On the other
hand, increasing the excitation irradiance allows the reaction to occur at positions
farther from the Au NR. For example, the radius containing 60 % of events increased
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Figure 4.10: Spatial distributions of reactivity. (a) Simulated field enhancement e = T under
561 nm illumination with unpolarized light. Scale bar is 50 nm. (b) Illustration of the Superﬁczal
and Far regions used in (c). Not drawn to scale. (c) Top: Turnover rates of the superficial and
far events normalized by the unit area, including only particles with more then 50 events. Each
bin contains at least 19 NPs. Bottom: The ratio of the activity far/superficial, illustrating different
kinetics. Error bars are standard error of the mean. (d) Cumulative radii of the events at different
irradiances. There is no difference in the spatial distribution with increasing green irradiances close to
the AuNRs. At higher green irradiacne there is small shift towards larger cumulative radii, illustrated
at 60%.

from 80 nm to 84 nm when the excitation irradiance increased from 9 x 106 W m™2
to 19 x 10° Wm~2. Two mechanisms for the catalytic enhancement away from the
surface lay at hand but are difficult to disentangle: electromagnetic fields and tem-
perature. A discussion into these mechanisms can be found further below, after we
present the next experiments, which will allow more insight.

4.4.4 The effect of the plasmon resonance

To further understand the role of plasmon excitation on cat-
alytic activity, we next illuminated the AuNRs with a 647 nm
laser (illustrated on the left). This laser is tuned only to the
longitudinal LSPR of the AuNRs, with negligible absorption
of the resazurin (Figure 4.7) and therefore allows us to disen-
tangle the photoexcitation of resazurin and from the plasmon
excitation. At this wavelength, the absorption cross section of
the AuNRis significantly higher (04s(647nm) = 5488x nm?
compared to gus(561nm) = 1523x nm?), resulting in a higher hot electron gener-
ation and temperatures. For each AuNR, we calculated its activity enhancement
(AE), defined as the ratio between the reaction rate with both 647 nm and 561 nm
illumination divided by the rate with only 561 nm illumination

AE — <7, ff >647nm+561nm

(4.3)
off >561nm
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The 561 nm irradiance was kept below saturation, ranging from 7 to 15 x10°
Wm™2. Figure 4.11 shows the median activity enhancement against the binned 647
nm irradiance, which increases from ~ 1.02 for an irradiance of 71 x10° m? to 1.28
when the irradiance reaches 105 x10° Wm™2. Noticeably, these enhancements are
much lower than what can be achieved with illumination at 561 nm at similar irradi-
ances.
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Figure 4.11: The effect of the plasmon resonance. Influence of red irradiance on reaction
kinetics. Median single-particle activity enhancements against binned red irradiance and estimated
temperature increase. Includes AuNRs within the full-width-half-maximum (FWHM) of both green
and red irradiance. Each bin contains 13-25 AuNRs.

One possible mechanism for the observed plasmonic enhancement when excited
at 647 nm is a photothermal effect. Figure 4.12 shows temperature increase maps
calculated using the Finite Element Method and accounting for collective heating
effects, (for details, see Appendix A.9). The maps correspond to illumination with
561 nm (left) and 647 nm (right). The temperature increases produced by the 561
nm laser are more than 20 times smaller (0.15 K) and therefore neglected in the
overall temperature increase upon illumination with 647 nm. Figure 4.11 (upper axis)
shows the Activity Enhancement versus the temperature increase of the AuNR, with
a positive correlation. From the activity data alone, we can only speculate about the
enhancement mechanism: At 647 nm, the excited hot electrons in AuNR should have
enough energy to reduce resazurin.'®® On the other hand, an enhancement of 28%
and a temperature increase of around 4 K are not enough to confirm or rule out a
thermal contribution.

Again, further insight into the mechanistic details of the reaction system can be
obtained by looking at the spatial distribution of reactivity. Figure 4.13 shows the
cumulative radial distributions of events, with (red) and without (green) illumina-
tion with the 647 nm laser at an irradiance of 105 x10° Wm™2. Interestingly, both
distributions overlap, and we do not observe a preferential increase in the reaction
rate of events far from the AuNR upon plasmon excitation. Furthermore, the radius
containing 60 % of events remains practically unchanged.

This observation indicates that the driving mechanism for the reaction pathway
visible in Figure 4.10 observed Far from the NR and not involving the Au surface
is photoexcitation of resazurin and not a thermal effect. Such a reaction pathway is
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Figure 4.12: Temperature profiles at different irradiances. (a) 15 x 10° Wm~2 of 561 nm

irradiance. (b) 105 x 105 Wm~2 of 647 nm irradiance. Scale bars are 50 nm.

compatible with a photodriven disproportionation reaction, as previously observed by
Hamans et al.'>® The Superficial reaction pathway appears to benefit from enhanced
absorption of the AuNR at 647 nm. However, if we compare this turnover rate en-
hancement with 647 nm to the one at 561 nm, it is 20 times lower. Namely, 600% from
dark with 561 nm irradiance vs 28 % enhancement with 647 nm, at similar irradi-
ances. This suggests that, in this reaction system, the photoexcitation of the reactant
molecule is the dominant driver, in contrast to the enhancement of the absorption of
the catalyst.
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Figure 4.13: Unaffected spatial distributions. Cumulative spatial distribution close the nanopar-
ticle center (a) and away from the center (b). Median of the 25 AuNR in the highest red irradiance
bin of Figure 4.11. The spatial distribution upon excitation of the longitudinal resonance is unaf-

fected.
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4.5 Conclusions

In summary, we have used single-molecule localization microscopy to study plasmon-
enhanced catalysis with super-resolution. By exploiting the subparticle resolution, we
were able to spatially track different possible reaction mechanisms exhibiting distinct
spatial distributions. Our findings indicate that the enhancement of the studied reac-
tion is largely attributed to the photoexcitation of the reactant molecule Rz. There-
fore, a design strategy for catalysts optimized to similar reactions is the maximization
of the plasmonic field enhancement. Similar reaction pathways have recently been
proposed, for example, for the dissociation of the S-S bond in dimethyl disulfide™ or
O, dissociation.'™ Another approach, for example for Hy generation or CO, dissoci-
ation, is to combine the plasmonic antenna with molecular photosensitizers®® 80183
into hybrid systems. To maximize the turnover rate in these types of reactions, the
plasmonic field enhancement should be tuned specifically to the absorption of the re-
actant molecule. In this way, the turnover rates can be maximized at low irradiances
and facilitate the design of plasmonic nanoparticles to drive chemical transformations
without the use of high-intensity lasers. One key take-away is that rate enhancement
mechanisms depend not only on the plasmonic structure itself but also largely on the
reaction being studied. For example, while field enhancement was the major contrib-
utor to the studied reaction, other reactions may rely on hot-electrons or temperature
effects.

Building upon this understanding, the next chapter of this thesis discusses recent de-
velopments in hybrid plasmonic photocatalysts for solar fuel generation. Instead of
having a molecule directly exposed to such strong fields, another approach would be
for a second catalytic material to occupy this role, creating hybrid structures in which
the performance is enhanced compared to the monometallic counterpart. However,
the role of temperature in these systems is often overlooked. To address this issue, we
have implemented a single-particle nanothermometry technique for bimetallic plas-
monic nanoparticles, which allows us to investigate the link between morphology and
light-to-heat conversion.









Hybrid plasmonic catalysis

This chapter on hybrid plasmonic photocatalysis builds upon the previous chapter’s
understanding of plasmonic enhancement’s potential to improve catalytic reactions.
By combining plasmonic nanoparticles with other catalytic materials, the performance
of photocatalysts can be further enhanced. Here, we review the combination of plas-
monic nanomaterials with catalytic metals, semiconductors, perovskites, 2D materials,
metal-organic frameworks, and electrochemical cells. We provide a critical analysis
of the state-of-the-art in hybrid plasmonic photocatalysts, identify the best perform-
ing plasmonic systems, and discuss their potential for designing a new generation
of plasmonic catalysts. We learn that, even though temperature plays a critical role
in plasmonic photocatalysis, in many studies it is not adressed appropriately. For
this reason, we implement a single-particle nanothermometry technique for bimetallic
plasmonic nanoparticles and investigate the link between morphology and light-to-heat
conversion. The results contribute to a better understanding of energy conversion pro-
cesses in plasmon-assisted catalysis.

Based on

S. Ezendam, M. Herran, L. Nan, C. Gruber, Y. Kang, F. Grobmeyer, R. Lin, J.
Gargiulo, A. Sousa-Castillo, and E. Cortés. Hybrid Plasmonic Nanomaterials for Hy-
drogen Generation and Carbon Dioxide Reduction, ACS Energy Letters, 2022%

J. Gargiulo, M. Herran, I. L. Violi, A. Sousa-Castillo, L. P. Martinez, S. Ezendam, M.
Barella, H. Giesler, R. Grzeschik, S. Schliicker, S. A. Maier, F. D. Stefani, E. Cortés.
Single particle thermometry in bimetallic plasmonic nanostructures. Under review at
Nature Communications'®*

Figure 5.0 Artistic representation of different hybrid plasmonic catalysts. Simplified from Figure
5.1. By combining plasmonic nanoparticles with other materials, synergystic effects arise.
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In the first part of this chapter we will analyze the state-of-the-art in hybrid plas-
monic photocatalysis, including the combination of plasmonic nanomaterials with cat-
alytic metals, semiconductors, perovskites, 2D materials, metal-organic frameworks,
and electrochemical cells. In this way, we aim to learn which is the best material combi-
nation and how the energy can be extracted most efficiently. A quantitative comparison
of the demonstrated activity and selectivity of these materials for solar fuel generation
i the liquid phase is presented. This critical assessment allows for benchmarking the
state-of-the-art of hybrid plasmonic photocatalysts against other existing heterogeneous
catalysts and identification of the best performing plasmonic systems for designing a
new generation of plasmonic catalysts.

5.1 Hybrid plasmonic nanomaterials for solar fuels

In Chapter 2.4.3 we have seen the various processes through which the excitation of
localized surface plasmon resonances can drive reaction and the potential they offer
for alternative reaction pathways towards desired products. However, the catalytic
activity of typical plasmonic metals is low. For this reason, an increasing number
of so-called hybrid plasmonic nanostructures have been investigated.'®~'?Y Here, the
plasmonic metal is combined with another, typically catalytic, material with synergis-
tic effects. With the field of plasmonic catalysis experiencing exponential growth over
the past decade, it is important to assess the materials that have been explored so far,
not only in comparison to one another but also in relation to existing heterogeneous
catalysts for solar fuel production. Such benchmarking can provide insight into the
progress and achievements made thus far, as well as demonstrate the potential of this
novel form of (photo)catalysis in the pursuit of sustainable catalysis and clean energy
production. In this review, we will focus on the significant strides made in the de-
velopment of hybrid nanomaterials for the production of solar fuels through plasmon
excitation. Many systems with great potential have been investigated for plasmonic
catalysis in the gas phase.”% 871891917197 However, in this review, we are limiting the
examples to reactions under mild reaction conditions (i.e., heterogeneous catalysis in
the liquid phase). In addition, we will narrow the scope of this review to the reactions
that are relevant for solar fuel production, namely Hy generation and COs reduction,
but we will be as broad as possible regarding the evaluation of different types of novel
hybrid systems, i.e. not only limit to metals and semiconductors but also include
plasmonic hybrids with perovskites, 2D materials and metal-organic frameworks for
both pure photocatalysis and photoelectrocatalysis. With the increasing complexity
and diversity of hybrid plasmonic nanostructures comes the necessity of a quantitative
comparison among them. Here, we propose a series of standard metrics that should
be reported for future plasmonic catalysts. Identifying the best performers is essential
to design future plasmonic platforms for solar fuel production.

First, we briefly elaborate on the motivation to employ plasmonic materials for
photo (electro) catalysis and enumerate the enhanced properties that can be obtained
in hybrid nanostructures. Second, we describe the reactions to produce solar fuels that
are the focus of interest of this review. Third, we present the performance metrics that
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will be used to compare different materials/systems. In the main section of the review
article® recent developments in each of the single hybrid systems are reviewed at
length. However, in this Chapter, for brevity, we will only include the final discussion
that summarizes and compares the different hybrid systems for each reaction in a
meta-analysis.

5.1.1 Properties of hybrid plasmonic nanomaterials.

Plasmonic nanoparticless interact strongly with light through the excitation of local-
ized surface plasmon resonance (LSPR), which correspond to the coherent oscillations
of their free electrons coupled to the electromagnetic field.?* Plasmonic materials are
typically metals with negative real permittivity (i.e., with high concentration of free
electrons) such as silver (Ag), gold (Au), copper (Cu), etc. The plasmon resonances
are highly tuneable, and their frequency can cover the ultraviolet (UV), visible, and
near-infrared (NIR) region of the electromagnetic spectrum (i.e., the totality of solar
emission).”> When resonantly illuminated, the absorption cross sections of plasmonic
nanoparticless reach tens of times their geometrical size, making them efficient har-
vesters of light. In addition, plasmonic nanoparticless can act as solar light antennas.
They can concentrate light in small volumes of typically a few nm? near their surface,
where the intensity can reach values as high as 10° the solar one.*! That volume
is on the order of molecular sizes, transforming the plasmonic nanoparticless into
nanoreactors within molecular scales.
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Figure 5.1: Hybrid plasmonic photocatalysts. Top. Overview of the hybrid plasmonic systems.
From left to right: Metal, Semiconductor, Perovskite, 2D, MOF and Electrochemistry. Bottom.
Desirable properties of an ideal photocatalyst. The plasmonic component can harvest light and
transfer the energy through charge carriers, heat and electromagnetic fields. Non-plasmonic materials
can add or enhance catalytic properties. The hybrid system can show enhanced stability, selectivity
or activity through various mechanisms, e.g. effective charge transfer, surface chemistry or enhanced
absorption. Adapted with permission from Ref.%"
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There is a variety of plasmon driven processes that can affect the activity and
selectivity of target molecules.”™” Plasmon resonances are of mixed optoelectronic
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nature, and as such, the energy from incoming light is partly stored in the kinetic
energy of charge carriers and in the electromagnetic field. These resonances can de-
cay radiatively or transfer their energy to a charge carrier. This highly energetic
charge carrier then relaxes during which secondary and lower energy charge carri-
ers are excited and ultimately heat is released to the surrounding of the plasmonic
nanoparticless. This means that a resonantly illuminated plasmonic nanoparticle can
supply a broad range of energy quanta, from highly energetic charge carriers with the
energy of the incoming photons (= 2 — 3 e V) to thermal phonons (& 0.025 e V). A
nearby molecule or material can use these energy quanta to perform a chemical trans-
formation in thermal or nonthermal ways. The versatility of plasmon-driven processes
offers the opportunity to obtain alternative reaction pathways towards a desired but
kinetically or thermodynamically unfavourable product. For example, they can op-
erate in a particular intermediate step of a reaction, altering the pathway towards a
different product.'> '

However, the catalytic activity of typical plasmonic metals (Au, Ag, Cu, etc.) for
solar fuel production is comparatively low.'”?%" In recent years, plasmonic compo-
nents have been interfaced with other nanomaterials, searching for superior hybrid
plasmonic nanocatalysts. These hybrid plasmonic catalysts are summarized in the
top half of Figure 5.1. The promising properties of plasmonic nanoparticles are com-
bined with additional enhanced photocatalytic properties from the second material
that are in many cases not present in the single-component counterparts. The bottom
half of Figure 5.1 schematizes some of the properties that are desirable (and poten-
tially obtainable) in a hybrid plasmonic catalyst. While the plasmonic component
harvests light and supplies energy through charge carriers, heat, or electromagnetic
fields, a second (non-plasmonic) component can, for example, improve the interaction
with target molecules, enhance the stability of the system or enlarge the lifetime of
excited carriers. In the following, we present the particular opportunities that each
material /interface opens for plasmonic catalysis.

Core-Shell Alloy Core-Satellite
F S
¢ |
@ Catalytic Metal Q V)
Plasmonic Metal v @

Figure 5.2: Illustration of bimetallic hybrids with different configurations. Adapted with permission
from Ref.%"

Plasmonic metal - metal. The catalytic activity of plasmonic metals can be
improved by combining plasmonic metals with common catalytically active metals
such as Palladium (Pd), Platinum (Pt), Rhodium (Rh), etc. The inclusion of such
metals can help lower the activation energy of a reaction step or enhance the adsorp-
tion/desorption dynamics of reactants/products on the surface of the nanocatalyst. In
addition, combining the two metals modifies the electronic energy bands close to their
interface, potentially facilitating charge flow, reducing the chemical potential of the
charge carriers, and enhancing their extraction.”’! In bimetallic systems, the decay of
plasmon resonances gets altered, favouring non-radiative (excitation of carriers, heat
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generation) versus radiative channels (scattering).®”*'*2%% Interestingly, the spatial
distribution of absorption can be shifted towards the catalytic metal generating car-
riers exactly where they are more reactive.'??204205

Plasmonic metal - semiconductor. The lifetime of photoexcited charge car-
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Figure 5.3: Schematic representation of charge transfer at the Schottky barrier of a Metal-
Semiconductor interface. Adapted with permission from Ref.”

riers in plasmonic metals is typically less than 1 ps.?®?°® This time is usually too
short for the carriers to act on an adsorbate, a detrimental fact for the overall reac-
tivity of the system. Longer charge carrier lifetimes can be attained by interfacing
the metal with a semiconductor. The decay of the plasmon can generate charge
carriers in the semiconductor through three main mechanisms. First, photoexcited
electrons in the metal with sufficient energy can be transferred across the Schottky
barrier’’” to the conduction band of the semiconductor, in a process called indirect
electron transfer.”>?"® Second, a plasmon can decay by directly exciting an electron
into the conduction band of the semiconductor and a hole in the metal, in a process
called plasmon-induced charge-transfer transition’”® or direct electron transfer.** 2"
The third mechanism is a plasmon-induced resonant energy transfer,”'%?!! where an
electron-hole pair is excited in the semiconductor. The presence of a Schottky barrier
at a metal /semiconductor interface’’” traps electrons as, depending on the potential
difference, electrons with different energies can be harvested?'>?' and can be pre-
vented or delayed from coming back to the metal.”’® Furthermore, structural defects
and/or vacancies in the semiconductor can also act as electron traps enhancing their
lifetime and are usually the most reactive sites.?'* These processes allow electrons to
become available in the semiconductor to drive reduction reactions while holes remain
in the metal for oxidation reactions.** Inversely, there have also been demonstrations
of semiconductors harvesting the holes.'”"?'> Without the photoexcited electrons in
the plasmonic metal, wide bandgap semiconductors like titanium dioxide (TiO) are
photocatalytically active only in the UV. The energy transfer mechanisms from the
plasmonic material to the semiconductor extend their operational wavelength range,
accommodating a larger fraction of the solar spectrum and potentially increasing the
solar-to-fuel conversion efficiency.**?!°
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Plasmonic metal - perovskite. Perovskites are a versatile subclass of semiconduc-

Figure 5.4: Schematic representation of a plasmonic-perovskite hybrid system. Adapted with per-
mission from Ref.%"

tors with attractive optoelectronic and catalytic properties. They are characterized
by their ABXj3 crystal structure, where ’A’ and 'B’ represent cations and 'X’ an anion
(Figure 5.4a). As semiconductors, the physical and chemical properties of perovskites
leading to a catalytic enhancement are generally as described above. This is especially
true for ABOj3 type perovskite oxides, which are cost efficient and can accommodate
a wide range of substituting and doping elements to modulate their electronic and
catalytic properties, but are generally photocatalytically active only under UV irra-
diation owing to their wide bandgap. Their combinination with plasmonic materials
allows the absorption of visible light, making irradiation of wavelengths with photon
energies below the bandgap of the perovskite accessible.?!”??’ Both charge or energy
transfer from the plasmonic material to the perovskite can occur.??"??> The perovskite
oxides are in many ways very similar to semiconductors included in the general semi-
conductor section; However, the perovskite category is included in this review due
to a second type of perovskite, namely ABXj3 type perovskite halides (X=F, Cl, Br,
I). They have a tunable absorption across the entire visible spectrum?”® as well as
long carrier lifetimes.?”* In addition to the benefits discussed above, by combining
perovskite halides and plasmonic materials the characteristic absorption spectra of
both components can be matched such that the strong near-field enhancement of the
plasmonic nanoparticle can significantly enhance the absorption of light by the halide
perovskite, potentially boosting their catalytic performance.

2D
Metal

Figure 5.5: Schematic representation of a 2D material loaded with plasmonic metal structures of
various shapes, sizes, and chemical compositions. Adapted with permission from Ref.%”

Plasmonic metal - 2D. A 2D material is the cocatalyst with the largest possi-
ble available surface. Of particular interest are materials with outstanding electrical
conductivity and mobility, such as carbon-based 2D and transitional metal-based 2D
materials. The photogenerated electrons in the plasmonic nanoparticles can transfer
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to the 2D material, where they benefit from a longer lifetime that promotes sub-
strate reactivity.””” Furthermore, electrons can accumulate in the 2D material or
promote the formation of charged excitons (with more than one electron coupled to
a hole).??%?*" This accumulation facilitates reactions that require multiple electrons.
Finally, the presence of defects, dopants, or oxygenated functional groups in the 2D
material can act as catalytic sites for specific reactions.?*®

Plasmonic metal - MOFs. Metal-organic frameworks (MOFs) are ordered peri-
odic structures formed by nodes of metal ions linked by organic ligands.?*"%*! Plas-
monic materials can gain interesting properties relevant to catalysis when combined
with this versatile class of porous materials.”** 2% First, MOFs can act as substrates
that provide support and increase stability.”?” Second, they are highly versatile in
composition and pore size, allowing structural tailoring according to the application.
For example, their organic linker can be adjusted to catalyse a specific reaction or co-
reaction.?”® This property makes them promising systems to achieve high selectivity
of product formation. Third, they can be structurally designed so that their catalytic
centers lie in the near-field enhancement region of the plasmonic component, enhanc-
ing their absorption.?”” Fourth, their high porosity can allow an extraordinarily large
surface area for a reaction to occur®®” or the preconcentration of reactants next to the
plasmonic nanoparticles.’’ Finally, MOFs can also act as a charge carrier mediator
to enhance the efficiency of electron-hole pair separation efficiency.’*!
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Figure 5.6: Types of plasmonic metal - MOF hybrids. Adapted with permission from Ref.%°

Plasmon-assisted Electrochemistry. Electrocatalysis, like photocatalysis, has
been extensively studied in recent years.?*? While promising, electrochemical reactions
often require high overpotentials. Plasmonic materials can enhance the performance
of electrocatalytic systems by using solar energy. This can result in lower electrical
energy consumption and higher product formation, manifested as a reduced overpo-
tential or increased current density.?**?*® The introduction of a plasmonic material
can also modify the chemical landscape, which can affect selectivity by triggering or
enhancing otherwise thermodynamically and/or kinetically hindered reactions.”*®

5.1.2 Plasmon-assisted reactions towards solar fuel genera-
tion.
In this review, we discuss hybrid photocatalysts with at least one plasmonic component

that is resonantly illuminated. This excludes, for example, systems where the presence
of a plasmonic metal can have a positive impact on the catalytic activity of the system
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but is either not illuminated or illuminated in a region with negligible absorption.?"%4%

Among the large list of recently demonstrated plasmon-assisted reactions, we focus on
a few particularly relevant reactions toward the generation of solar fuels: Hy generation
reactions and CO, reduction reactions. We introduced these reactions in Chapter
2.4.3, but to recapitulate:

1. Hydrogen can be a replacement for fossil fuels, given its high energy density,
stability, and ability to be stored and transported. However, current hydrogen
production methods result in excessive carbon emissions, and thus, hydrogen
needs to be produced from renewable energy sources. Photocatalytic hydrogen
production from water and hydrogen-containing compounds is of interest, with
water splitting being particularly attractive due to the abundance of water and
sunlight.

2. Reducing atmospheric carbon dioxide and producing fuels through carbon diox-
ide conversion. The reactions for carbon dioxide conversion are complex and can
lead to various products with different numbers of charge transfers and carbon
atoms. Producing desirable C2+ products is challenging due to the possibility
of branching reaction pathways and simultaneous production of multiple prod-
ucts. A suitable large-scale photocatalyst for carbon dioxide reduction should
have high efficiency and selectivity to one product.

An overview of all reactions of interest can be found in Table 2.1.

5.1.3 Performance metrics

The main challenge when comparing different hybrid nanocatalysts is to find quan-
titative and relevant performance metrics. In the previous Chapter this was straight
forward, as single-molecule microscopy allows the determination of turnover rates at
the single-particle level. However, catalysts are more commonly evaluated in bulk and
different aspects of a catalyst performance may be evaluated, such as its activity, se-
lectivity, stability, or temperature of operation. However, it is not straightforward to
determine metrics depending only on the nanocatalyst’s intrinsic properties because
its performance may be strongly altered by reaction conditions such as the illumi-
nation characteristics or reactant concentration. The typically reported performance
metrics used in the field are discussed in the following. Table 5.1 summarizes the
metrics that will be extracted from the original manuscripts, for the tables summa-
rizing each hybrid system, the reader is referred to Ref."’ Activity is quantified by
the formation rate of a product (amount of product generated per time per mass of
hybrid catalyst, Eq. 5.1). It should be noted that this metric assumes a linear relation
of product formation with respect to time and catalyst concentration, which is often
not the case.?*”

nproduct [meI]

R = :
MAasSnhybrid catalyst [g] X tzme[h]

(5.1)

In this review, we will use the formation rate (Eq. 5.1) as the main metric for activity,
as it is most commonly reported. If it is not possible to extract the formation rate,
the turnover frequency (TOF) or turnover number (TON =TOF xtime) is reported
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in the tables. Across the literature, the TOF is used with conflicting definitions. In
hybrid nanomaterials where the reaction occurs in only one of the components, the
number of catalytic sites might be used instead of the total mass of the catalyst. This
value is rarely reported because it is difficult to determine because information on the
number of active catalytic sites is not always available or might fluctuate over time.
Instead, TOF is more commonly referred to as the mole of product molecules per mole
of catalyst per time (Eq. 5.2).

Nproduct [mOI]
Nhybrid catalyst [mol] X tzme[mm]

TOF = (5.2)

The key role of illumination in plasmon-assisted catalysis is not reflected in the activity
metrics discussed so far. Therefore, the quantum efficiency (QE) should be used as a
complementary metric (Eq. 5.3).?”" Tt is defined as the number of reacted electrons
per absorbed photon and determined for a specific wavelength. Whenever a quantum
efficiency is reported, it is usually the apparent quantum efficiency (AQE), defined
as the number of reacted electrons per incident photon (Eq. 5.4). This is the case
because the number of absorbed photons is often difficult to determine. The AQE is
a lower bound for the QE and will be used in this review whenever it is reported.
N,

QEF = e 100% (5.3)
absorobea photons

NT@GC ea etectrons
AQE = ted electrons . 100% (5.4)

Nincident photons

In photo-electrocatalysis, the metrics reported are different from the ones for pho-
tocatalysis. A metric for the activity is the overpotential (mV) at a given current
density (mA cm™2) (or vice versa). The onset potential (mV), the potential at which
the reaction starts to occur, describes the reaction energy barrier. Finally, the Tafel
slope (mV dec_l), obtained by plotting the overpotential as a function of the loga-
rithm of the current density, is used to estimate the reaction kinetics of the system.
Selectivity is a major concern for COy conversion. For photocatalytic systems, it is
generally reported as the ratio between the formation rate of the major product and
all products in percent (Eq.5.5).

Selectivity = Dmajor product . 1(0% (5.5)

Nall products

For electrocatalytic systems, the Faradaic efficiency is more commonly reported. It
describes the proportion of reacted electrons facilitating the formation of a certain
product.

The stability of the catalyst is referred to as the longest investigated time under
operando conditions in which its acticity did not significantly decrease. Whenever the
stability was not examined, the experiment duration is reported in the table instead.
Temperature is an important parameter that modulates the rate of reactions through
the Arrhenius law. Illuminated plasmonic systems offer the opportunity of driving
reactions at mild conditions, without the need for high external temperatures. Here,
whenever possible, the operating temperature of the reactor will be used as a metric.
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Photocatalysts

Activity Formation rate
[imolg=*h~! or pmolg 'h~te ! |

Apparent Quantum Efficiency (AQE) [%]

Selectivity Selectivity [%]

Stability Stability [h]
Duration [h]

Temperature Reactor Temperature [°C]

Light enhancement Activity enhancement factor (LE/PE)
Plasmonic enhancement

Table 5.1: Performance metrics for hybrid plasmonic catalysts

It must be noted that this value might strongly differ from the surface temperature
of the nanocatalysts.”"

The light enhancement (LE) aims to quantify the contribution of light to a given re-
action. When doing this, one should also compensate for the temperature increase
upon illumination,®” however this is not frequently done. Here, it will therefore sim-
ply be estimated as the ratio between the activity (i.e., formation rate or TOF) of a
nanocatalyst in the presence and in the absence of light.

Similarly, the plasmonic enhancement (PE) is the activity ratio of the illuminated sys-
tem in the presence and absence of the plasmonic component. In photo-electrocatalysis,
the enhancements are evaluated as a shift in the overpotential at a current density of
10 mA cm ™2 of the reactions.

5.1.4 State of the art of hybrid plasmonic catalysis

In this section, we will summarize and compare the performance of the hybrid plas-
monic photocatalysts reviewed. We quantitatively compare photocatalysts according
to their activity and selectivity, breaking down the different reactions of interest for
hydrogen production and CO, reduction.

In many of the examples reviewed here, the information on reaction conditions
is incomplete. In addition, even when reported, conditions vary among the different
examples. Nevertheless, we believe that insightful conclusions can be drawn from the
comparison of formation rates. Although the comparison between two photocatalysts
is not exact under different conditions, we will focus here on evaluations of orders of
magnitude in the produced formation rates. In doing so, we aim at identifying the
best performers and the ones with the highest potential among the multiple hybrid
plasmonic catalysts demonstrated in the last years.

Figure 5.7 shows the formation rates extracted from all tables in this review for
photocatalytic Hy generation (Figure 5.7a) and COs reduction (Figure 5.7b). The
exploration of plasmonic systems for Hs has been the most extensive, accounting



5.1 Hybrid plasmonic nanomaterials for solar fuels 77

for 71 % of the manuscripts reviewed here. Among the systems used for Hy pro-
duction, the most popular were plasmonic metal-2D catalysts (38 %), followed by
metal-electrochemistry (25 %), metal-semiconductor (18 %), metal-perovskite (7 %),
metal-metal (7 %) and metal-MOF (5 %). For CO; reduction, the most popular
were also plasmonic metal-2D catalysts (25 %), followed by metal-electrochemistry
(20 %), metal-semiconductor (18 %), metal-metal (17 %), metal- MOF (13 %), and
metal-perovskite (7 %). The range of formation rates reported and the most efficient
systems depend on the reaction under study. We will now break down the analysis
into the different reactions of interest.
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Figure 5.7: Hybrid plasmonic nanomaterials for the generation of hydrogen. Formation
rates for Hy generation for the different hybrid photocatalysts reviewed here. Adapted with permis-
sion from Ref.%”

Hybrid plasmonic nanomaterials for photocatalytic hydrogen produc-
tion. The performance of different plasmonic catalysts will be evaluated for the
following three hydrogen production reactions: Ammonia borane dehydrogenation,
formic acid dehydrogenation, and water splitting.

The hydrolytic dehydrogenation of ammonia borane was found to be the hydrogen
generation reaction with the highest formation rate. An outstandingly high formation
rate of 108 pmol g~ h=! at 40 °C was observed employing core-shell Ag@Pd nanostruc-
tures.?”? To put this number into context, one of the highest reported performances
of heterogeneous catalytic systems for hydrolysis of ammonia borane at room tem-
perature is 69.8 mol/min using porous PtysPdssnanoparticles®® This translates to 3
%107 pmol g~ h~! if a molar ratio of 25 % Pt and 75 % Pd is assumed. Therefore,
the core-shell Ag@Pd nanostructures offer a comparable performance with just a 1.3
nm layer of Pd and a relatively mild illumination source of 50 mW cm™2 (on the order
of half the average solar irradiance).

The hydrogen generation from formic acid dehydrogenation was possible with
formation rates between 10 and 10° pmolg='h~!, as shown in Figure 5.7a. The
metal-metal AgPd catalyst loaded on 2D graphitic carbon nitride nanosheets achieved
the highest formation rate (2 x10° pmolg='h™'). Furthermore, Au nanoparticles
interfaced with a metal (Pd) or semiconductor (CdS) were also capable of pho-
tocatalysing formic acid dehydrogenation with formation rates in the order of 10°
pmol g=t h=1.2°%:2%% However, metal-semiconductor systems were able to reach these
formation rates at room temperatures, while the highest activities in metal-metal
systems required temperatures between 40-50 °C. In addition, semiconductors are
typically cheaper and more abundant than catalytic metals, indicating that metal-
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semiconductors systems could be preferred for this reaction over metal-metal systems.
Overall, the best activities for photocatalytic hydrogen generation from formic acid
with plasmonic systems are comparable to the activity of heterogeneous catalysis
at room temperature and without light, where formation rates on the order of 10°
pmol g~ h~! were also achieved, e.g. using 2.2 nm Ags,Pdsg nanoparticles.”””

Reviewing Hs generation from water splitting reactions, we observed formation
rates between 10° and 10° pmol g~ h™!. The highest activity was 3.5 x10° pmolg=! h™*
achieved using plasmonic Ptnanoparticles incorporated into nanostructured TiO,,**°
closely followed by a dual metal-semiconductor system including both Au@CdS and
Ag@SiO, and achieving 2 x10° pmolg=th~! at a temperature of 15 °C.?* In addi-
tion, using metal-metal ZnCu plasmonic alloys, formation rates on the order of 10°
pmol g~ h~! were also achieved, illustrating an interesting demonstration that does
not utilize Au or Ag.>°” At room temperature, metal-metal hybrids showed lower for-
mation rates in the order of 10 pmolg=!'h~!. Interestingly, there is another example
of an efficient photocatalyst that does not use Au or Ag as the plasmonic component.
Cunanoparticles interfaced with WS, nanosheets produced 10* pmol g=' h=! of hydro-
gen under 1 solar irradiation.?”® Finally, it has been shown that it is possible to drive
water splitting reactions using perovskites. However, up to date, most examples still
show limited efficiencies on the order of 10*> pmolg='h~!. Remarkably, the highest
plasmonic activities for water splitting are one order of magnitude larger than the
best activities achieved by other non-plasmonic graphitic carbon nitride-based photo-
catalysts.?”” 2" This demonstrates that plasmonic nanomaterials have a substantial
potential for water splitting reactions.

Hybrid plasmonic nanomaterials for photocatalytic COz reduction. As
shown in Figure 5.7b, the formation rates for COs reduction are in general lower
than for hydrogen production, in the range of 107! to 10? pmolg='h~!. Moreover,
we can observe that the main product of many catalysts for COy reduction is CO
(56 %), followed by CHy (32 %). Figure 5.7¢ shows formation rate of each reaction’s
main product versus its selectivity. The plot has less points than Figure 5.7b because
selectivity is less commonly reported. Interestingly, in the cases where it is reported,
it is greater than 50 %. It must be noted that there is a lack of examples where
products with more than one carbon (such as CoHg, CoHy and C3Hg) are produced
with high selectivity. However, these chemicals have been obtained as minor products
in numerous publications. Figure 5.7d shows the reported minor products for CO,
reduction, showing that C-C coupling reactions are possible with plasmonic catalysts.
This is a very interesting but poorly explored route so far.

To date, the highest reported performance for producing CO was obtained using
Agnanoparticles deposited onto a MOF. Specifically, MIL-101(Cr)/Ag showed a CO
production of 8x10? pmolg='h~! at 50 °C, with a selectivity of 61.3 %.?" The
hybrids with the next best production rates are plasmonic-2D Ag/rGO achieving
102 pmolg~'h™! at 45 °C, with a high selectivity close to 100 %.?*> Furthermore,
plasmonic-semiconductor systems formed by Au/CdSe-CuyO obtained a CO formation
rate of 80.2 pmol gt h=1.2%% It should be noted that to date, there have been no reports
of bimetallic plasmonic nanoparticles for this reaction. The highest activity obtained

with plasmonic hybrids is comparable to what can be achieved by a non-plasmonic
g-C3N, nanosheet with B-H bonding decorated MOF (~ 10% pmol g~ h~1).0*
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Figure 5.8: Hybrid plasmonic nanomaterials for CO2 reduction. (a) Formation rates from
COg3 reduction for the different hybrid photocatalysts reviewed here. The dashed line illustrates the
order of magnitude achieved with prominent examples of non-plasmonic catalysts. (b) Formation
rate vs. selectivity and (c) Histogram of the number of publications vs. the minor products reported.
Adapted with permission from Ref.%"

The second main product obtained from the reduction of CO, was CHy. This
reaction requires multiple electron transfers and therefore CH, is more difficult to
produce than CO. The best catalysts for producing CH; were metal-semiconductor
materials. A system consisting of Ag nanoparticles combined with N-doped TiO,
nanosheets achieved a formation rate of 79 pmol g~! h™! with almost 100 % selectivity.
Similarly, Au and AugPd; nanoparticles were also combined with TiO, nanosheets
providing 79 and 13 pmol g~'h~! formation rates of CHy, respectively. A plasmonic-
2D material Au/MoS,, also showed a CH, production rate on the same order of
magnitude, achieving 20 pmolg='h~! with a selectivity of 98 %. It should be noted
that CH4 production from CO, was also demonstrated with metal-metal and metal-
MOF systems but with lower activities. The formation rates for CH, production
with plasmonic systems are still lower than those recently achieved by non-plasmonic
photocatalytic systems such as g-C3N, nanosheet with B-H bonding decorated MOF
(1.5x10* pmol g~ h™') or titanium carbide compounds (786 pmol g=! h~1).26%,269

Finally, there are two examples worth mentioning where methanol and formic acid
were obtained as main products with close to 100 % selectivity using plasmonic-MOF
systems. First, Au nanoparticles incorporated in a zeolitic imidazolate framework
(ZIF-67) produced 2 x10* pmolg='h™! of methanol under irradiation from a solar
simulator.?®” Second, hybrids of porphyrin frameworks loaded with Au nanoparticles
produced 40 pmol g~ h=! of formic acid at room temperature.”® These two examples
show the great potential of plasmonic-MOF systems for selective reduction of CO,
into solar fuels.

Owutlook. We have critically reviewed and benchmarked a large set of recently
reported hybrid plasmonic materials for solar fuel production. Remarkably, the hy-
drogen formation rates achieved by plasmonic catalysts are comparable to state of the
art technologies, with the advantage of generally employing milder reaction conditions
or less expensive materials, such as metal-semiconductor or metal-2D hybrids. How-
ever, most of these examples were performed with irradiances larger than expected for
sunlight-driven catalysis. To reach or surpass these formation values with irradiances
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comparable to sunlight, further development of sunlight concentrators or focusing
devices is still needed as well as novel reactor designs that can maximize light pene-
tration and absorption. Scalability of these technologies seems possible but is scarcely
explored so far.'>?" On the other hand, carbon dioxide reduction with plasmonic
catalysts has not yet shown such appealing results as hydrogen generation. In gen-
eral, the selectivity and efficiency for this reaction when employing hybrid plasmonic
materials is still far from excellent electrocatalysts reported in the literature. In this
sense, the combination of plasmonic materials with metal organic frameworks appears
as a promising route to explore, with few but remarkable results so far. Additionally,
the combination of more than two types of materials into higher-order plasmonic hy-
brid systems may not only allow the exploitation of the properties of the respective
two-component hybrid systems but may also introduce new synergies.?*”?%® Finally,
even though we have focused only on solar fuels, plasmonic hybrids could also face
interesting opportunities for the production of highly valuable chemicals that in most
cases require the use of expensive precious metal (electro)catalysts.”®” In this con-
text, earth-abudant plasmonic materials have rarely been explored for catalysis; Al,
TiN, some metal oxides, among others are materials that deserve further attention.
Interestingly, plasmonic materials as support of single catalytic atoms could also be-
come a promising route for the future development of the field.?”® From the analysis
of the systems reported in here - the combination of plasmonic materials with also
earth-abundant hybrid materials, such as nitrides (TiN, g-C3N,) and MOFs may lead
to new routes towards efficient and selective sustainable catalysis.

5.1.5 Challenges in hybrid plasmonic catalysis

In the vast majority of the systems explored so far, the plasmonic component was
either Au or Ag. Figure 5.9a shows a histogram of the main plasmonic component
among the hybrid systems in this review. 68 % use Au, 25 % use Ag and only 7 % use
a different material. Reasons for this preference may include the high photostability of
Au and the availability of versatile protocols to shape Au into different nanomorpholo-
gies with tailored resonances along the visible spectrum. Earth-abundant plasmonic
materials have been less explored.

Basing hybrid plasmonic catalysts on expensive, rare metals is a bottleneck in the
development of sustainable large-scale photocatalytic methods. New abundant plas-
monic materials such as Al,71727 Cuy, 192219257, 208,274 \[o 275 metal oxides,’”**"® metal
nitrides’™ or even 2D materials,”*” are emerging candidates in plasmonic catalysis.
However, they have been relatively unexplored until now. Moreover, hybrid combina-
tions of these materials are a very interesting and emerging field to explore further.
Research in these directions and with these materials could merge plasmonic catalysis
with sustainable and large-scale solar-to-chemical energy conversion routes, disclosing
the real potential for the industrial application of these concepts.

Another key parameter in (electro)photocatalysis is the light source. Figure 5.9b
shows the histogram of the illumination sources among the manuscripts reviewed here.
The most used lamp is the Xenon lamp, because its emission spectrum resembles the
solar one in the wavelength range of 290-700 nm.”*® They account for 68 % of the
examples, followed by monochromatic laser light with 9 %. Lasers are chosen to
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Figure 5.9: Histograms of (a) the main plasmonic component and (b) illumination source used in
the manuscripts reviewed. Adapted with permission from Ref.%"

match the plasmonic absorption peak of the used photocatalyst and are a useful tool
to study the wavelength dependence of their properties. In addition, they can pro-
vide higher irradiances. The third most frequent illumination source is light-emitting
diodes (LEDs), 8 %. 365 nm LEDs are particularly popular for electrochemical COq
reduction, as they can induce the generation of allyl alcohol on Ag/Cu hybrids. Only
7 % use AM 1.5 G sources, which are the standard for solar simulators.

Quantitative comparison among different photocatalysts is challenging due to the
existing discrepancies in the reported metrics and the high number of relevant experi-
mental parameters involved, usually not reported.?!”*Y We believe that the field can
benefit from standardization of reported activity metrics and measurement conditions.
The adopted metric should incorporate information on the amount of catalyst and the
intensity of the employed light. For this reason, we propose the implementation of
the following activity metric:

¢ _ Nproduct [mOI] (56)

Meatatyst|MOl| X timelh] X irradiance[mW cm=2

Where nyroduet 1s the amount of product generated, ¢ is the time interval, m atqiyst 15
this mass of illuminated catalyst and [ is the incident light irradiance. This quantity
will only be meaningful if measured far from saturation, i.e. with a linear dependence
on time and catalyst concentration in a large excess of reactants. Plasmonic systems
have resonances, and therefore their activities are expected to be wavelength depen-
dent. For this reason, the spectral composition of the illumination source must always
be reported. Standardization of the light sources employed would allow a proper com-
parison among systems. The reasonable choice for the field of artificial photosynthesis
would be AM 1.5 global light sources. Additionally, to investigate the role of the spec-
tral composition of light on the efficiency, measurements of single-wavelength yields
using monochromatic irradiation may be useful.

In addition, variations in the geometry of the photoreactors could also lead to
discrepancies in the reported performances, even with the same employed catalyst.?*
To overcome this issue, the field could benefit from the establishment of a standard
photocatalyst, to be used as an internal reference at each laboratory, in a similar
fashion as it was proposed for semiconducting photocatalytic materials.?*!
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To ensure a fair comparison of plasmonic catalysts, it is crucial to evaluate those
that operate at similar temperatures. However, a mere 47% of the reviewed manuscripts
have reported on controlled reactor temperatures. Even when a controlled tempera-
ture is reported, it is challenging to assess the role of temperature on catalytic enhance-
ment. This is because the temperature at the catalyst surface may be considerably
different from the bulk temperature. Measuring or modeling this temperature is not
a simple task, and it becomes even more complicated for hybrid materials and more
complex geometries. In the second part of this chapter, we will address this challenge.

The second part of this chapter addresses the challenge that we concluded the first
part with - assessing the role of temperature on catalytic enhancement in plasmonic-
assisted catalysis. This is done by investigating the light-to-heat conversion of one of
the hybrid systems we introduced, bimetallic nanoparticles, which combine plasmonic
metals with catalytic metals. Specifically, the results of modeling and single-particle
measurements will be presented, aimed at investigating the link between morphology
and light-to-heat conversion of colloidal Au/Pd nanoparticles with two different con-
figurations: Auw core-Pd shell and Au core-Pd satellites. We show that the inclusion
of Pd as a shell significantly reduces the photothermal response compared to that of
the bare Au cores. However, the inclusion of Pd as satellites keep the photothermal
properties almost unaffected. These findings contribute to a better understanding of
energy conversion processes in plasmon-assisted catalysis, particularly in relation to
the role of temperature.
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5.2 Single particle thermometry in bimetallic plas-
monic nanostructures

Plasmonic metals are used in a broad range of applications due to their ability to effi-
ciently confine and manipulate light into a subwavelength scale.?*?*> Most plasmonic
materials are intrinsically lossy, meaning that their use is always accompanied by the
generation of heat.'**?%% In the so-called field of thermoplasmonics, thermal effects
have been exploited in a wide range of applications.'**?** Despite this, quantitative
and accurate experimental measurements of the generated nanoscale thermal fields
remain a challenge, hindering the understanding of the mechanisms behind experi-
mental results.'*! 2%

One area of research where reliable measurements of temperature are of special
concern is plasmon-assisted catalysis.”’ This was discussed in more detail in Chap-
ters 2.4 and 5.1, the following is a short summary. Processes associated with plas-
mon excitation and decay can be beneficial for the chemical transformation of nearby
molecules in a variety of ways.”"" ™% These include charge carrier generation and
injections, enhancement of the electromagnetic fields, resonant near-field energy trans-
fers, and heating. All these phenomena can occur simultaneously under illumination,
complicating the mechanistic understanding of energy flow during plasmon-assisted
catalysis. In particular, understanding the role of heat is critical since the rates of
chemical reactions usually present an exponential dependence on the temperature,
as dictated by the Arrhenius law.?* Therefore, small temperature variations could
lead to significant changes in the reaction rates. For this reason, significant efforts
are being done to disentangle thermal and non-thermal effects in plasmon-assisted
catalysis,!?% 199190, 2877289 and the problem of reliable assessment of temperature has
been identified as one of the bottlenecks for the development of the field.*”>2%%:290 A
deeper understanding and control of the mechanisms that accelerate reactions would
be valuable to achieve superior efficiencies, milder reaction conditions (under solar
irradiances and without bulk-scale heating or pressuring of the reactor),'®” or the
manipulation of reaction pathways.?”!2%2

Despite the high potential of plasmon-assisted catalysis, traditional plasmonic met-
als are intrinsically poor catalysts for many reactions of interest. This has motivated
the search for new nanocomposites that combine plasmonic metals with conventional
catalytic metals (such as Pd, Pt, Rh, etc.), as we discussed in Chapter 5.1.19%:20%:29% Tn
recent years, several morphological configurations of multimetallic plasmonic nanopar-
ticles have been tested, such as spherical core-shell, nanocubes,””” partially coated
nanoparticles,?* alloys,”” core-satellites,?’%?"" and core-shell trimers,?”® demonstrat-
ing promising results in artificial photosynthesis and the production of solar fuels.”” %
However, the addition of new materials to a plasmonic nanoparticle also alters the
processes of light absorption and heat conduction, in non-trivial ways depending on
the overall composition of the material and its spatial distribution.?*>2?9-392 Here,
this challenge is addressed both theoretically using an analytical model, simulations
and experimentally.
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The experimental technique we will employ was introduced in Chapter 3.3.3 - Anti-
stokes (AS) thermometry. In short, AS thermometry takes advantage of the fact that,
upon illumination with a CW laser, the AS part of the photoluminescence (PL) spec-
trum of plasmonic nanoparticles shows a temperature dependence.'® Unlike other
optical methods for single particle thermometry of metals,'*? it is non-invasive, label-
free and does not require any extra characterization or prior knowledge about the
nanoparticles or the medium properties. This technique has been used for the ther-
mal characterization of individual monometallic Au nanoparticles such as disks,'**
pyramids,'** rods,"% 3" bowties,'*® spheres,'?* % and cylinders,'*’ but not for hy-
brid plasmonic systems.

Here, the optical and photothermal properties of bimetallic plasmonic nanoparti-
cles are studied. First, Au@Pd core-shell nanoparticles with different shell thicknesses
are designed to investigate changes in their on-resonance photothermal response. It
is shown that a Pd shell strongly reduces heat generation compared with naked Au
cores. The experimental studies are complemented with an analytical model for the
photothermal response of CS-nanoparticles. Second, the effect of the geometric con-
figuration of bimetallic plasmonic nanoparticles is assessed. Pd is shaped as either a
shell or as satellites around the same Au nanospheres, keeping the plasmon frequency
almost unaffected. It is found that the absorption of light is larger if Pd is included
as satellites around the Au core than if it is included as a shell, which is reflected
in a higher measured photothermal coefficient. This highlights the role of the Au-Pd
interfaces in the photothermal response. These results shed light on the role of the
catalytic material in the photon-phonon conversion processes of plasmonic-catalytic
hybrids.

5.2.1 Theoretical estimations in core shell nanoparticles

In this section, we first discuss how the addition of a palladium shell changes the optical
properties of the system. We will evaluate whether the nanoparticle temperature
can still be assumed to be constant, as this is an assumption that is made in AS
thermometry. Additionally, we discuss the role of the substrate in both the light
absorption and heat dissipation. Finally, we predict a range for the experimental
values, based on thermal constants from the literature.

\J

Figure 5.10: Gold palladium core shell nanoparticles. Illustration of gold palladium core shell
nanoparticles with increasing shell thickness. Adapted with permission from Ref.!'%*
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Simulated optical properties

When a second material is introduced to the gold nanoparticles, the optical as well
as the thermal properties change. In particular, a change in absorption changes the
amount of heat generated. Additionally, different materials have different thermal
properties, leading to a change in the heat dissipation to the environement. Figure
5.12 shows the absorption, scattering and exctinction cross section of the same gold
core with increasing palladium shell thickness. The plasmon is damped, as can be
seen by a broadening of the linewidth.?"® Increased damping could be due to surface
effects (increased electron-surface scattering, plasmon decay into interfacial states) or
bulk effects (ohmic damping in the Pd shell).?** % 1In the following, we will first
estimate how this change affects the photothermal properties and then evaluate this
experimentally using Antistokes thermometry.

To model the optical properties of the core-shell particles, we simulated the optical
cross sections for different palladium shell thicknesses in water (Figure 5.11. For the
single-particle measurements later, the particles will be deposited on a substrate. The
interface between the particle and the substrate is not easy to model at the nanoscale
and we therefore investigated three geometries: the core-shell particles were either
put directly on the substrate, embedded 2 nm or at a height 2 nm from the substrate
(illustrated in Figure 5.11b). The absorption cross sections in Figure 5.12 shows
the results for the 67 nm Au cores. The simulations show that the inclusion of the
substrate has an effect of max. 3 % on the absorption cross section and the effect of
the variation of the substrate height is even smaller. All the values at a wavelength
of 532 nm (this is the wavelength used in in the experiments later) are summarized
in Table 5.2.

a b point contact 2nm -2nm

Figure 5.11: Optical modelling of the interface. (a) Sketch of the gold palladium core shell
nanoparticle in water. (b) Illustration of the zoom in of the three modelled substrate geometries.

Au 67 nm core No substrate substrate at 0 nm substrate at 2 nm  substrate at -2 nm

Pd 0 nm 1.4469 1.4490 (0.15%) 1.4494 (0.17%) 1.4490 (0.14%)
Pd Inm 1.3640 1.3814 (1.28%) 1.3791 (1.11%) 1.3843 (1.49%)
Pd 2nm 1.2855 1.3089 (1.82%) 1.3056 (1.56%) 1.3129 (2.13%)
Pd 3nm 1.2380 1.2637 (2.08%) 1.2601 (1.79%) 1.2681 (2.43%)
Pd 4nm 1.2137 1.2407 (2.23%) 1.2371 (1.93%) 1.2452 (2.59%)
Pd 5nm 1.2060 1.2338 (2.31%) 1.2302 (2.01%) 1.2382 (2.67%)
Pd 6nm 1.2112 1.2393 (2.32%) 1.2358 (2.04%) 1.2436 (2.68%)

Table 5.2: Calculated absorption cross sections at 531.4 nm (10~!4 m?) and their dependence on the
presence of a substrate at different distances.
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Figure 5.12: Optical cross sections of Au-Pd coreshell nanoparticles. Calculated for 67 nm
cores and palladium shell thicknesses from 0 to 6 nm (from dark to light). The line style is as follows.
Dashed: no substrate, solid: substrate at 0 nm distance from the nanoparticle, dotted: nanoparticle
embedded into substrate by 2 nm. Adapted with permission from Ref.'8

A theoretical model for the thermal properties

Under CW illumination, a gold nanosphere has a homogeneous temperature,'*® TN

and we will now prove that this is the case in gold-palladium core-shell nanoparticles

as well. The parameters used for the analytical model are shown in Figure 5.13a.
The temperature field T(r) of core@shell nanoparticles can be calculated using the

heat diffusion equation: —m—28r(r287’T) = q. Therefore, for a system in which the

core is material 1, the shell is material 2 and the surrounding medium is material 3,
the solution with radial symmetry in the steady state reads:

— c
r<b:T(r)= —6—:117’2 + ?0 +c (5.7a)

— c
b<7“<a:T(7“):—6—:22r2+?2—|—03 (5.7b)
r>a:T(r)= —674 + s (5.7¢)
(5.7d)

where ¢y to c¢; are integration constants. c5s=T(o0)=T, with T equal to room
temperature. Non-divergence at T(0) leads to cy=0. The four other constants can be
obtained from the following boundary conditions. The calculated constants can be
found in Appendix B.3.

1. Energy conservation demands that the integrated heat flux J crossing interface
2-3 should be equal to the absorbed heat Q by the nanoparticle.

2. Heat flux conservation at the interface 2-3
3. Temperature boundary condition at the interface 2-3

4. Temperature boundary condition at the interface 1-2
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Figure 5.13: Heat diffusion for a spherical core-shell nanoparticle. (a) Geometry of the
system. (b) The temperature within the particle (core and shell) can assumed to be constant. A list
of the parameters used can be found in B.3. (c) Schematic of the system composed of a nanoparticle
in a medium of thermal conductivity 3 close to a substrate with thermal conductivity k4. Adapted
with permission from Ref.'®?

From these expressions, it can be shown that % < 1073, meaning that

temperature variations inside the nanoparticle are negligible. In that case, the tem-
perature inside the nanoparticle becomes

NP _ 1 Ry I
= ATkga T dmaz ) CovstBre T To (5:8)

We can now define the photothermal coefficient 3 as
TNP = Bl + T (5.9)

where TV and T, are the temperature of the particle in the presence and absence of
light, respectively. For our system, beta becomes

1 Rth
B = ( - 23) Tabs (5.10)

dmrsa  4ma?

Equation 5.10 dictates that the photohermal coefficient 3°° depends on the radius
of the nanoparticle (a), the interfacial thermal resistances between the shell and the
surrounding media (Kapitza, R%, ;. ;) and the conductivity of the surrounding media
(kmy0). Figure 5.13b shows the calculated temperature increase T(r)-Ty as a function
of the radial coordinate r for a 67 nm gold nanoparticle with a 2 nm Palladium
shell immersed in water under illumination at 532 nm with an irradiance of Ig,.=1
mW /um?. The temperature is practically constant inside the nanoparticle, since
it only predicts a small drop VT (4,_pg) at the Au/Pd interface, shown in Figure
5.13b. The temperature variations within the nanoparticle are 10~3 times smaller than
the temperature increase on the surface. Hence, the nanoparticle can be described
by a single, uniform temperature TN?. This is a consequence of the high thermal
conductivities of Au and Pd with respect to water and the high electronic thermal
conductance of the Au/Pd interface that allows efficient heat transfer through electron-
electron scattering.*’”

For a nanoparticle on a substrate there is no analytical solution, however, this
problem is equivalent to solving the electrostatic problem of charge sources in front of
an infinite planar conductor because both are governed by the Laplace equation. In
analogy to the electrostatic image method, the effect of the substrate can be calculated
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by considering a virtual charge image on the substrate side. This is illustrated in
Figure 5.13c. For a spherical nanoparticle located at the position (0,0, R®) with total
absorbed heat @), the virtual image is a point source —@Q located at (0,0, —R°). The
temperature 7" at a position R outside the nanoparticle and the upper medium is the
sum of the real and virtual heat sources:

T(R) = -2 (1 Fa = ks 1 ) (5.11)

" Adnky |R| K4+ k3 |R|

where |R| and |R'| are the distances to the real and virtual sources, respectively. The
average surface temperature (T%) on a spherical nanoparticle of radius a in contact
with the substrate can be calculated to be (see the appendix B.3 for details):

) = 2 (1 l'“‘_F”?’)zf < (5.12)

dmars 2 K4+ K3 4raks

2 \ Ka+kK3
nanoparticle in a homogeneous medium )/(4makxs), multiplied by a factor f =1 —

where f = 1 — 1 <M> The result is the well-known expression of an isolated

% (ﬁ) For a nanoparticle immersed in water on a glass substrate, the value of

f is 0.875. For a point contact, this simple method works well, as we confirmed by

a b c
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Figure 5.14: Influence of substrate calculated by COMSOL Multiphysics.(a) 2D view of the
simulation setup of the NS in water. (b) 2D view of the simulation setup of the NS on a substrate.
The inset shows a zoom in, the particle touches the substrate in one point. (c) Resulting temperature
profiles from the center of the NS in x direction. Adapted with permission from Ref.'®*

performing numerical calculations in COMSOL Multiphysics. More details on the
simulation can be found in Appendix B.3 (Figure 7.20). The geometries are shown
in Figure 5.14a-b. As can be seen in Figure 5.14c, the resulting temperature in
the nanosphere (NS) on the substrate is 87.8 % of the temperature of the NS in
water. Remarkably, this value is in high agreement with the obtained using the image
method (87.5 %). However, at the nanoscale, heat dissipation that occurs through
the substrate is not easy to model. The assumption of a point contact between the
nanoparticle and the substrate is a simplification. We see that practically no deviations
occurs when small deviations occur when the shell is modelled as an icosahederon
(the faceted structure resembles the colloidally synthesized particles more closely)
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Figure 5.15: Thermal modelling of the interface. (a) The Pd shell is simulated as a sphere (left)
and an icosahedron. The icosahedron can be placed on the substrate with a single point of contact
(middle) or a facet contact (left). (b) The temperature profiles from the center of the nanoparticles
in x direction. Adapted with permission from Ref.'®*

and brought into contact with the substrate with one of its facets (Figure 5.15).
For simplicity and to allow an easy extension to other materials, will use the simple
calculation of the image method.

Theoretical results

The calculation requires several thermodynamical constants for which accurate ex-
perimental values are scarce. This is the case for example for the Kapitza resistance
between Pd and water RY", . For this reason, we have included a maximum and a
minimum calculated value, to represent the large dispersions of available data in the
literature. A list of used parameters is shown in Table 5.3. To correctly estimate
the temperature, one needs to accurately predict the absorption cross section. We
will later experimentally determine the photothermal coefficient of colloidal core shell
particles with a core size of around 67 nm, so we will use them as an example here.
To account for the inherent size distribution, we numerically calculate the absorption
cross section for sizes between 63.6 nm and 71 nm (Table 5.4, for details see Appendix
B.3).

Parameter Min value Max value
RZLWHZO 4x1079 m? K W1308,309 15x1072 m? K W—1310,
RY o 1.8x1079 m? K W= 2.4x107% m* K W19

Km0 0.6 W m~! K114 0.68 W m~! K11
KGlass 1 Wmt Kt 1.2 Wm™! K114

Tabs Table 5.4

a (rpg) b+Pd shell thickness

b (ray) 63.6 nm (size distribution) 71 nm (size distribution)

Table 5.3: Parameters for photothermal coeflicient estimation in Au@Pd CS-nanoparticles. Adapted
with permission from Ref.!8*
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Pd shell thickness 63.6 nm Au 71 nm Au

0 nm 1.3268 1.5985
1 nm 1.2391 1.5537
2 nm 1.1594 1.4904
3 nm 1.1131 1.4457
4 nm 1.0909 1.4200
5 nm 1.0866 1.4104
6 nm 1.0947 1.4122

Table 5.4: Absorption cross sections depending on the Pd shell thickness at 531.4 nm (in units of
1071 m?) for core sizes of 63.6 nm and 71 nm Au, all in water and on a glass substrate (distance 0
nm). Adapted with permission from Ref.'®!
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Figure 5.16: Theoretically estimated photothermal properties. Adapted with permission from
Ref. !5

5.2.2 Antistokes thermometry on single core shell nanopar-
ticles

Figure 5.17a illustrates the colloidal nanoparticles. They consist of gold nanospheres
(AuNSs) with a diameter of 67 nm, and Au@Pd core-shell (CS) nanoparticles with
an Au core of 67 nm and Pd shells of ~2 and ~4 nm in thickness. The nanoparticles
were prepared using a seed-mediated growth strategy.?’® This method starts with
the synthesis of small (seed) AuNS and the subsequent growth to the desired size, as
described in Appendix B.3. Two different shell thicknesses were obtained by varying
the ratio of Au core to Pd salt. The three colloids are stabilized in water by means of
cetyltrimethylammonium chloride (CTAC) capping. Figure 5.17b shows transmission-
electron-microscopy (TEM) images of the colloidal nanoparticles obtained. The Au
nanoparticles are spherical, while the Au@Pd are more faceted. The spatial distri-
bution of the two metals measured by Energy Dispersive X-Ray Spectroscopy (EDX)
is presented as an inset in the bottom panel of Figure 5.17b. While the Au signal is
confined to the core region, the Pd signal is uniformly distributed around the entire
particle, as expected for a homogeneous coverage. Particle size histograms were ob-
tained from TEM images and are shown in Figure 5.17c. The median diameter of the
AuNS is (66.6 £+ 0.2) nm with a standard deviation of o = 1.3 nm, while the two CS-
nanoparticles colloids have median sizes of (71.5 £ 0.1) nm with a standard deviation
of 0 = 1.2 nm and (73.8 & 0.2) nm with a standard deviation of ¢ = 1.7 nm. These
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Figure 5.17: Fabricated gold palladium core shell samples. Visual illustration (a) and TEM
images of the three different studied nanoparticles (b) Scale bars: 100 nm. The inset shows an EDX
with the spatial distribution of the two metals. Au is shown in magenta and Pd in cyan. (c) Size
distributions. Medians are indicated with a black line and displayed in the labels. Sample sizes are
N > 70 in all cases. (d) ) Dark-field images of optically printed grids of individual nanoparticles.
Scale bar: 1 pm. In all figures, blue, orange and green correspond to Au67 NS, Au67QPd2, and
Au67@Pd4, respectively. Adapted with permission from Ref.'%*

values correspond to median Pd thicknesses of (2.4 £ 0.3) nm, and (3.6 £ 0.3) nm,
respectively. In addition, Inductive Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) was employed to quantify the Pd to Au mass ratio of each CS-nanoparticle.
Using this information, the thicknesses of the Pd shells were estimated to be (1.8 +
0.4) nm, and (3.4 4+ 0.4) nm, as described in Appendix B.3. For simplicity, we name
the colloids Au67 NS, Au67@Pd2 and Au67@Pd4. To study optical and photothermal
properties at the single particle level, arrays of well-separated individual nanoparti-
cles were fabricated on glass substrates using optical printing. Exemplary dark-field
images of the optically printed grids are displayed in Figure 5.17d. A general intro-
duction to optical printing and dark field can by found in Chapter 3.2.1 & 3.3.1, more
details can be found in the Materials & Methods in Appendix B.1. Having ordered
arrays ensures the nanoparticles are isolated and facilitates the automation of data
acquisition and allows the collection of larger datasets. It must be noted that the
printing process does not alter the stability or composition of the nanoparticles, as
further discussed Appendix B.3.

Figure 5.18 shows darkfield scattering spectra of the printed nanoparticles, as well
as photoluminescence spectra excited with CW laser excitation at 532 nm. The shape
of the PL spectra follows the characteristics of the scattering one, as previously re-
ported for other nanoparticles.’'*'® The amplitude of the photoluminescence emis-
sion decreases with increasing Pd thicknesses. This decrease is a result of the Pd
damping the plasmon resonance of the Au core, in line with the optical simulations
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Figure 5.18: Optical characterization of single Au@Pd core-shell nanoparticles. (a) Aver-
age of single particle scattering spectra, normalized to their maximum. (b) Average of single particle
PL emission spectra, excited with 1 mW /um? of laser light at 532 nm. Grey band with no data
corresponds to the laser rejection filter. Adapted with permission from Ref.'%*

in Figure 5.12.

After the optical characterization of the individual nanoparticles, their photother-
mal response was measured using hyperspectral Anti-Stokes thermometry with a CW
532 nm laser. The technique, as introduced by Barella et al.,'** allows single-particle
photothermal characterization by scanning a laser over the nanoparticle (see Appendix
B.1 for experimental details). In this way, heating and PL excitation are performed
simultaneously with the same beam. Throughout the scanning, the relative position
between the beam and the nanoparticle changes, leading to different excitation irradi-
ances and hence different steady state temperatures. For each nanoparticle, a square
raster scan consisting of 10 x 10 pixels in the range of 0.8 x 0.8 pm? is performed. On
each pixel, the PL spectra is measured with an integration time of 2.5 s. In such a
manner, a set of one hundred temperature-dependent PL emission spectra is collected.
Figure 5.18b shows three PL spectra for different levels of irradiance for an illuminated
Aug;@Pdy CS-nanoparticle. Processing the set of acquired PL spectra allows one to
find the photothermal coefficient (3, defined as

T = Bl + Ty, (5.13)

where TNY and T} are the temperature of the particle in the presence and absence
of light, respectively. For details on data acquisition and processing, see Appendix
B.1. Figure 5.19a shows histograms of the measured photothermal coefficients for
the three systems under study. The median value obtained for the AuNS is Sau67 =
(51+1) Kpm? mW ™!, in line with the one reported by Barella et al. for 64 nm AuNS
(Barella; et al. 2021). Interestingly, a significant reduction of 3 is observed for the
CS-nanoparticles. The obtained median values of the Au67@QPd2 and Au67@QPd4 were
Bausrapae = (38£1) Kpm? mW ! and Baugrapas = (35+1) Kpm?> mW !, respectively.
The standard deviation of the three measurements is ¢ = 8 K pym? mW ™. Figure 5.19b
(solid lines) shows the temperature increase versus excitation irradiance as in the
theory section, corresponding to the median 3 of each type of nanoparticle. In dashed
lines, the maximum irradiances used in each experiment are shown. The maximum
temperature reached by the nanoparticles was around 100 °C. It must be noted that at
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Figure 5.19: Photothermal properties of single Au@Pd core-shell nanoparticles. (a) His-
tograms of the experimental measured £ for the three systems under study. Blue: Au67 NS, Orange:
Au67@QPd2, Green: Au67QPd4. At least 85 different nanoparticles were measured for each system,
with a maximum of 250 nanoparticles. Solid lines indicate the maximum and minimum theoretical
calculation of photothermal coefficient 5 versus thickness of the Pd shell using Equation 2. Pa-
rameters used in the calculus are listed in the Materials and Methods Section. (b) F) Temperature
increase versus irradiance for the three studied systems. Blue: Au67 NS, Orange: Au67@QPd2, Green:
Au67@QPd4. The dashed lines correspond to the maximum irradiances used in the experiments. In
all calculations and experiments presented in this figure, the nanoparticles are immersed in water
and irradiated at 532 nm. Adapted with permission from Ref.'%

these temperatures, the nanoparticles are stable and no changes in their scattering or
PL spectrum were observed during or after the measurements (see appendix B.3). The
solid black lines in Figure 5.19a correspond to the photothermal coefficient 8 predicted
in the theoretical section for Au@Pd CS-nanoparticles as a function of the Pd shell
thickness, for nanoparticles on glass, surrounded by water and illuminated at 532 nm,
as in the experiments. The calculations reasonably predict the experimental trends.
However, it must be noted that for Au@QPd, half of the measured CS-nanoparticles
had a value below the predicted range. This could be due to several factors:

e An overestimation of the absorption cross sections: The simulations predict a
10 nm blue shift in the resonant frequency of CS-nanoparticles, which is not
observed experimentally. However, considering that the resonances are broad, a
10 nm detuning of the spectrum versus the excitation wavelength only modifies
the absorption cross sections by less than 2%.

e The influence of the surfactant CTAC in the thermal resistance of the Pd-water
interface.?"®

e An overestimation of the factor f accounting for the effect of the substrate in heat
dissipation. For a spherical nanoparticle immersed in water on a glass substrate,
f takes a value of 0.875. However, Au@QPd CS-nanoparticles are faceted, as
shown in Figure 5.17, and can present a larger contact area with the substrate,
enhancing heat dissipation. Thermal simulations estimate a value of f= 0.843
for faceted nanoparticles, which is 4% smaller than its spherical counterpart.

To summarize, accurate theoretical predictions require a complete knowledge and
modeling of every geometrical boundary, also including the liquid-substrate interface.
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Having a precise description of all these factors is challenging, making most predic-
tions only approximate, and reinforcing the need for methods able to measure the
temperature of nanoscale objects in their operation environments (i.e., in situ).

5.2.3 Core satellite nanoparticles

The functionalities of bimetallic nanostructures are not only determined by the ma-
terial composition, but also by the spatial distribution of the constituents.?’° In the
following, the effect of morphology on light-to-heat conversion for different Au-Pd
bimetallic structures is investigated. To this end, we compare the photothermal prop-
erties of the naked cores, a core-shell and a core-satellite configuration. We have
already seen how the optical properties change with the incorporation of a Pd shell,
let us now take a look at what happens for Pd satellites.

Figure 5.20: Gold palladium nanoparticles with different geometries. Illustration of spherical
gold palladium core shell nanoparticles with different geometries. Adapted with permission from
Ref.!84

Optical properties of core-satellite nanoparticle

Core-satellite nanoparticles can be achieved, for example, by solvent-induced elec-
trostatic self-assembly between a positive CTAC capped Au nanoparticle and nega-
tive Polyvinylpyrrolidone (PVP) capped Pd satellites. Therefore, the gap between
both surfaces is expected to be on the order of magnitude of the size of the capping
molecules. To investigate the role of the gap size on the optical properties, we per-
formed numerical simulations. To this end, 50 palladium satellites of 6.5 nm diameter
were evenly distributed around a 60 nm gold core. Figure 5.21 shows the absorption
cross sections for the particles with different gap sizes. We found that the change in
absorption at 532 nm, relative to an Au core without satellites, was small. Based on
these results, we expect that the photothermal properties of the core-satellite system
resemble those of the naked core more than those of the core-shell system.

Photothermal properties of core satellite particles

To compare the influence of the geometric distribution of the second metal, we used
the same Au nanoparticles with a diameter of 60 nm with Pd in two different configu-
rations: 1) assembled with (6.3 £ 0.2) nm spherical Pd satellite nanoparticles (named
Au60-Pd-sat) and ii) coated with a homogeneous (1.8 £+ 0.3) nm Pd shell (named
Au60@Pd2). Figure 5.22 shows an illustration of the three synthesized systems, as
well as their corresponding TEM images. Detailed characterizations of the three sys-
tems are provided in Appendix B. The average number of satellites per nanoparticle
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Figure 5.21: Absorption cross sections of core satellite nanoparticle. (a) . (b) Absorption
cross sections for different gap sizes between the satellites and the Au surface. Adapted with per-
mission from Ref.'®*

of the Au60-Pd-sat was estimated to be (Ns) = (51 £ 6). ICP-AES was employed
to quantify the Pd to Au mass ratio Mpg/My, of each system, yielding the values
Mpg/Ma, = (0.073 £+ 0.004) and Mpy/Ma, = (0.036 £+ 0.002), for Au60@Pd2 and
Au60-Pd-sat respectively. This means that the amount of Pd is on the same order of
magnitude for both configurations, being the total mass of Pd in the satellites approx-
imately half the mass in a 2 nm Pd shell. Arrays of single AuNS 60 nm and Au60@Pd2
CS-nanoparticles were fabricated through optical printing on glass substrates. The
Au60-Pd-sat were deposited by a drop-casting method, because the solution was not
stable enough for the optical printing process. Next, the photothermal coefficient of
each system was determined using hyperspectral AS thermometry. The resulting his-
tograms are presented in Figure 5.22. The median photothermal coefficient for the
Au 60 NS cores was Baus0 = (47 £ 1) Kpm?>mW ™! with a standard deviation of 8
Kpm?mW ™. Remarkably, there’s no significant difference with the median value
for the core-satellites Baus0_pd—sat = (46 + 1) Kpm? mW ™!, with a larger standard
deviation of 13 K pm?mW ™. If the PL is mostly emitted by the Au, the measured
corresponds to the temperature of the core. This result can be explained by a small
reduction of the absorption cross section of the Au60-Pd-sat system with respect to
the Au cores, as discussed in Appendix B.3. On the contrary, a significant reduction
of the photothermal coefficient is observed for the CS-nanoparticles, with a median
of Bauwsoardsz = (29 £ 1) Kym?mW ! and a standard deviation of 5 Kpm?>mW ™,
in line with the results presented in the previous section of this work. Overall, the
experiments of this section point out that the presence of an interface between the
two metals is crucial, as it dictates the photothermal response of the bimetallic nanos-
tructures. The direct contact between Au and Pd enhances surface damping of the
Au plasmon, leading to a poorer quality factor and lower absorption.
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Figure 5.22: Photothermal comparison between core-shell and core-satellites AuPd
nanoparticles. (a)-(c) TEM images of the synthesized nanoparticles. (d) Histograms of the

experimental measured photothermal coefficient 8 for the three systems on glass substrates and im-
mersed in water, at 532 nm. Adapted with permission from Ref.!%*

5.2.4 Predictions for other metal-metal hybrids

The expression found through the thermal model can in principle be used to predict
the photothermal response of Au@M core shell nanoparticles of dimensions similar to
the ones studied in this chapter. Here, Au is the core material, and M is a different
metallic shell material. Evaluating Equation 5.8, we realize that the main parameters
that determine the response are the metal-solvent resistance (Kapitza), the size of the
shell, the role of the substrate and the absorption cross-section (o/4“*M). If we assume
the same shell thickness as in this work, and the substrate and interfacial resistances
cause a similar effect in the heat dissipation, it is the absorption cross section g4, that
determines the temperature increase in such structures. Figure 5.23 shows the tem-
perature increase calculated from the simulated absorption cross sections. It is worth
mentioning that this is an approximate model. For Au@QPd core-shell nanoparticles
this model correctly predicted the trend and similar temperatures. The data shown
in Figure 5.23 is expected to be an estimation of the expected temperature of isolated
metal-metal core-shell nanoparticles on a substrate, however, the heat flow across the
metal-metal interface as well as the interaction with the substrate should be carefully
evaluated, since a change in resistance would impact the temperature.
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Figure 5.23: Predictions for other metal-metal hybrids. Predicted temperature increase as
a function of wavelength, corresponding to an irradiance of 1 mW pm=2. All systems are Au@M

core-shell nanoparticles with a core size of 60 nm and a 2 nm shell. Adapted with permission from
Ref. '8

5.3 Conclusions

In this chapter, we have looked at the latest developments in hybrid plasmonic photo-
catalysis for solar fuel production. Plasmonic nanoparticles show promise for efficient
hydrogen generation and carbon dioxide reduction reactions by confining solar energy
into molecular regions. Combining plasmonic nanomaterials with other catalysts has
produced results comparable to non-plasmonic catalysts that are typically powered
by fossil fuels. However, there are still some gaps in our understanding, such as the
role of temperature in the enhancement mechanism.

To address these gaps, we have introduced a photothermal model for bimetallic
core-shell nanoparticles that allows the estimation of temperature for a wide range of
systems. Additionally, we have introduced a characterization technique that helps to
address these gaps by providing insight into the link between the nanoparticle struc-
ture and heat generation. Anti-Stokes thermometry is a label-free, non-invasive, and
in situ technique that can be equally useful to study other complex/hybrid plasmonic
interfaces with catalytic relevance, including metal-semiconductors or metal-organic
materials.

By integrating plasmonic photocatalysis and photothermal characterization tech-
niques, we can better understand the role of temperature in catalysis and improve the
development of new, efficient, and sustainable energy conversion technologies.

In the next chapter, we will move closer to large-scale applications and move away
from single particles.






Beyond single particles

This final chapter of the thesis builds upon the knowledge gained from single-particle
studies of plasmonic nanoparticles. The focus is on extending the use of anti-Stokes
thermometry to ensembles of multiple identical particles, providing guidelines on how
to perform this extension and validating the accuracy and reliability of the tech-
nique. The use of planar structures, known as "metasurfaces,” is explored as an
attractive strategqy for scaling up plasmonic nanoparticle systems for industrial ap-
plications. These structures derive their properties from the collective response of
individual nanostructures, and their properties can be tuned through the material used
and the subwavelength geometry and size of the meta-atoms. The findings of this
study provide valuable insights into how to optimize plasmonic nanoparticle systems
for various applications such as plasmonic sensors, solar energy conversion, and pho-
tothermal therapy. This work highlights the importance of single-particle studies in
understanding the properties of plasmonic nanoparticles and how this knowledge can
be applied to scale up these systems for industrial applications.

Based on

E. Cortés, F. J. Wendisch, L. Sortino, A. Mancini, S. Ezendam, S. Saris, L. de S.
Menezes, A.Tittl, H.Ren, and S. A. Maier. Optical Metasurfaces for Energy Conver-
sion, Chemical Reviews, 2022%

S. Ezendam, L. Nan, I. Violi, S. A. Maier, E. Cortés, G. Baffou, and J. Gargiulo.
Anti-Stokes Thermometry for Plasmonic ensembles. in preparation.

Figure 6.0 - Scaling up plasmonics. Artistic representation of a metasurface. Many hundreds
of nanoparticles are ordered on a substrate and give rise to new phenomena.
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6.1 Scaling up plasmonics

Single-particle studies are crucial to our understanding of plasmonic nanoparticles
and their properties. By investigating individual nanoparticles, we learn how to opti-
mize them for energy conversion applications. However, while single-particle studies
are essential to guide the design of plasmonic nanoparticle systems, scaling up these
systems for industrial applications presents several challenges.

1. Plasmonic nanoparticles typically use expensive materials such as gold and sil-
ver, which can be a barrier to scaling up their production for energy conversion
applications. Developing cost-effective synthesis methods and exploring alterna-
tive materials is important to reduce the overall cost of plasmonic nanoparticles.

2. Plasmonic nanoparticles in laboratory environments are typically fabricated in
small quantities using methods that are difficult to scale up. Developing ef-
ficient and cost-effective synthesis methods is crucial to enable the large-scale
production of plasmonic nanoparticles.

3. Plasmonic nanoparticles in large photoreactors are not used efficiently. When
light enters a colloidal dispersion, some of it is absorbed or scattered by the
nanoparticles, and the remaining light continues to propagate through the solu-
tion. However, as light travels deeper into the solution, it encounters more and
more nanoparticles, which absorb or scatter a greater proportion of the remain-
ing light. This means that a large fraction of the expensive material cannot be
used to its full potential.

For the third problem mentioned, moving from colloidal suspensions to a planar
configuration is an attractive strategy. These planar structures are often called ” meta-
surfaces”. These “metasurfaces” (from Greek pera, meta, meaning beyond) derive
their properties from the shape of their sub-wavelength and nano-sized building blocks,
often described as 'metaatoms’, that govern their resonant properties. In addition,
new properties can arise. These are summarized in the following section.

6.2 Collective effects

2y iy .-y

meta-atom (0D) meta-line (1D) metasurface (2D)

Figure 6.1: Periodic arrangements of plasmonic resonators. Building higher dimensional
meta-arrays from single meta-atoms. Adapted from Ref.?® Copyright American Chemical Society
2022.

The functionalities of single plasmonic resonators discussed in previous chapters
can be further extended when the single nanostructures are arranged into periodic
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arrays. In this context, the resonators, often called meta-atoms, can be arranged into
one-dimensional (1D) arrays, or metachains, in two-dimensional (2D) metasurfaces
and, with more extensive fabrication processes, into three-dimensional (3D) metama-
terials (Figure 6.1). Most of the research is focused on the realization of metasurfaces,
due to the wider parameter space to tailor their properties in the 2D array. In this
context, meta-atom geometries utilized for optical metasurfaces range from simple
rods or disks to more complex shapes such as split-ring resonators or dimers with
broken symmetry. When a unit cell consists of multiple structures, it is sometimes re-
ferred to as a meta-molecule instead of a meta-atom. At its core, the electromagnetic
response of the array is based on the properties of the meta-atom, which can be tuned
both in the material used and the subwavelength geometry and size, as discussed in
the previous Chapters. However, when the meta-atoms are engineered in periodic
arrays, novel phenomena can arise because of the collective response of the individual
nanostructures.

6.2.1 Near-field coupling

Going from individual resonators to the case of two or more nanoparticles, their ar-
rangement in space also influences the electric field (E-field) enhancement and reso-
nance properties. Nanoparticle dimers, formed from two nanoparticles separated by
small nanoscale gaps significantly smaller than their resonance wavelength, can show
significant near-field coupling and create a plasmonic hot spot in the resulting cavity.
In such hotspots, the electric field enhancement can reach very high values, as illus-
trated in Figure 6.2a. This phenomenon can be extended further from dimer structures
to 1D, 2D, and 3D arrays of nanostructures. Compared to the single structure, this
hybridization of plasmonic resonances leads to significant spectral shifts accompanied
by higher local electromagnetic field intensities in the nanometer-sized hotspots.
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Figure 6.2: Collective optical response. (a) Near-field coupling of two (b) Electron microscopy
image of a plasmonic nanoantenna array sustaining high Q factor surface lattice resonances (SLRs).
(¢) Numerical finite-difference time domain (FDTD) calculations of the transmission spectrum of
this metasurface for excitation light polarized along the x direction. Inset: numerical calculation
of the electric field for a unit cell, for both localized surface plasmon resonance (LSPR) and SLR
resonances, in the x—y plane. (a) adapted from Ref.?® (b-c) adapted from Ref.*'"
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6.2.2 Plasmonic surface lattice resonances

A second possible collective response is achieved when the in-plane oscillations of the
field scattered by single meta-atoms are in-phase with the field scattered by the neigh-
boring structures in the periodic array. This effect is illustrated in Figures 6.2b-c and
leads to the emergence of the so-called SLR resulting in a significant improvement of
the quality factor.?'® SLRs are a result of far-field (radiative) coupling of the individ-
ual scatterers by in-plane diffraction orders of the periodic array. When particles are
randomly distributed, the scattered fields of surrounding particles that impinge on a
given particle have no large effect. However, high Q-factor SLR resonances can emerge
when the particles are periodically arranged with a wavelength of Aspr = Nepy - P,
where A\gpr is the wavelength of the SLR resonance, n.,, is the refractive index of
either the substrate or the surrounding medium (e.g. air), and P is the period of the

array.’!”

6.2.3 Collective heating
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Figure 6.3: Collective thermal response.Numerical simulations carried out on a square (1 x 1
nm?) lattice of 16 nm spherical gold NPs with a particle interdistance of p = 100 nm. (a) Temperature
map when illuminating the NP lattice with a CW uniform laser beam. I = 3.2 x 10®* Wm~2. (b)
Temperature cross cut. Adapted from Ref.*?" Copyright 2013 American Chemical Society.

Apart from the near- and far-field coupling discussed in the previous sections, a
third phenomenon has to be taken into account when many plasmonic nanoparticles
are in close proximity. When illuminating a large number of gold nanoparticles, even
when dispersed in solution, the temperature profile throughout the system may no
longer be localized around each nanoparticle due to collective thermal effects.®*! The
temperature can become uniform throughout the ensemble of nanoparticles, although
the size of the heat sources is nanometric.”*’ The temperature increase of a given
nanoparticle now has two contributions: First AT, the increase in temperature of a
single particle and second AT delivered by the surrounding nanoparticles. Figure
6.3 illustrates this effect. Numerical simulations of a 1 x 1 pm? square array with
a uniform continuous-wave (CW) illumination are shown in Figure 6.3a. The tem-
perature cross cut in Figure 6.3b shows a delocalization regime, where the collective
heating is higher than the individual heating. Theoretical expressions for a variety of
geometrical arrangements and illumination conditions can be found in the manuscript
from Baffou et al.,**" the following are the relevant equations for a Gaussian illumina-
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tion of an infinite square array. The single-particle temperature increase at the center
of the illumination can be estimated as

oapsI(0)  In(2)oas P

ATS = = .
0 ATRR w2 H2RR

(6.1)

Here, o4 is the absorption cross section, (0) is the irradiance at the center of the
beam, P is the power measured at the sample position, H is the full-width-half-
maximum (FWHM) of the Gaussian beam, % is the averaged thermal conductivity
of the surrounding medii and R is the Laplace radius®’! that takes into account the
geometry of the individual nanoparticle. The collective temperature increase at the
center of the illumination can be estimated as

wsP [In(2) 1 44/In(2)A
AT o Tab 1— ) 2
0 R 47 HA < mH (6:2)

where A = p? and p is the particle distance. The occurrence of a localization vs.
delocalization regime can be predicted by considering a dimensionless parameter (o
that estimates the ratio ATp s/ ATp ext-

_ 3HR

o (6.3)
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Figure 6.4: Examples of metasurfaces for photocatalysis. (a) Core—shell Cu/Pt lattices with
individual LSPRs and collective plasmonic SLRs. (b) Refractory TiN metasurfaces as broad-band
solar light absorbers. (a) Adapted from Ref.*?? Copyright 2021 American Chemical Society. (b)
Adapated from Ref.??* Copyright 2021 American Chemical Society.

The following list summarizes some of the most important benefits of metasurfaces
for energy conversion that make them stand out compared to current technologies and
are discussed in more detail in reference:*

e Tunable absorption across solar spectrum
e Dynamic tuning of optical properties
e Conversion of photons into different energies

e Fine-tuned absorption for enhanced power conversion
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e Compact and cost-effective photodetectors with advanced functionalities

Enhanced sensitivity of chemically selective spectroscopies

Localized absorption where needed

Higher absorption at lower volumes

e Conversion of light into heat for thermal nanophotonics

Increased photocatalytic efficiency through charge-carrier concentration

Two examples in which the properties of plasmonic metasurfaces are exploited for
plasmon-assisted water splitting are shown in Figure 6.4. In one example, Deng et
al. fabricated a 2D array of bimetallic Cu—Pt core—shell nanoparticle lattices.”** As
discussed in Chapter 5, such bimetallic systems are expected to act as good photo-
catalysts for hydrogen evolution reaction (HER) due to the combination of highly
catalytically active Pt sites with the plasmonic effects of Cu. In addition to interband
transitions and the LSPR modes of single Cu particles, the lattices are engineered
to exhibit a strong SLR mode in the near-IR region to extend the absorbed solar
energy range of the material (Figure 6.4a). Excitation of either mode is expected to
generate hot-carriers on plasmonic Cu, which can then be injected on the overlaying
Pt shell. Wavelength-dependent measurements exciting the LSPR and SLR modes
revealed the largest photocurrent densities under near-IR illumination. In this way,
the SLRs were shown to be the main contributor to the observed photocurrent en-
hancement under white-light illumination, surpassing LSPR excitations with 2-fold
improvement in HER catalytic activity because of greater light absorption and highly
confined electromagnetic fields exhibited by the lattice modes. A second example is
shown in Figure 6.4b. Refractory plasmonic materials have received great attention
for various applications due to their low cost, high temperature resistance, and easy
processability.***3%° In a very recent example, Yu et al. showed that titanium nitride
(TiN) nanodisc metasurfaces, fabricated by electron beam lithography (EBL), can
be used to realize broad near-unity absorption (92% of incident light) compared to
TiN thin film absorption (42% of incident light).*”® This increase was attributed to
the emergence of a broad LSPR mode after nanostructuring, which peaks at 700 nm.
The LSPR mode complements the high-energy interband transitions of the material
to cover the entire visible range. The hot-carriers generated on the TiN metasur-
face are then utilized by a polymer HER catalyst deposited on top of the structure,
with a threefold enhancement in photocatalytic Hy production efficiency compared to
thin-film control samples.

Similarly to single nanoparticles discussed in the previous chapters, the mecha-
nisms that lead to enhancement are multi-varied and need to be addressed carefully.
In the following, we discuss a technique that allows the direct measurement of the
temperature of ensembles of nanoparticles on a substrate, as is the case for metasur-
faces.
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6.4 Anti-Stokes thermometry for plasmonic ensem-

bles

Anti-Stokes (AS) thermometry is a promising method for measuring the temperature
of plasmonic nanoparticles. It takes advantage of the fact that upon illumination
with a continuous-wave laser, the AS part of the photoluminescence spectrum of the
particles shows a temperature dependence. AS thermometry is a novel technique that
works at the single-particle level. In Chapter 3.3.3, we introduced this technique and
applied it in Section 5.2 to study individual nanoparticles. There are only a limited
number of techniques that can operate with such a high sensitivity, making compar-
ison of results difficult. Until now, its measurements have only been validated with
theoretical estimations or macroscopic heating. In this section, we demonstrate the
implementation of AS thermometry for plasmonic ensembles. Here, at the ensem-
ble level, our results are supported not only by theoretical estimates,*" but also by
temperature measurements using quadriwave lateral shearing interferometry.'*® This
allows us to establish not only AS thermometry for plasmonic ensembles but also
verify the method itself.

6.4.1 From one nanoparticle to plasmonic ensembles

We will limit the discussion to the case where both heating and photoluminescence ex-
citation are performed simultaneously with the same laser, which is the most common
scenario. For AS thermometry, the laser needs to be tuned to the resonance of the
nanoparticle to have both anti-Stokes and Stokes emission, where there is typically
also absorption. To explain the conditions under which AS thermometry is valid for
ensembles of nanoparticles, let us first take a closer look at the method previously
published for individual nanoparticles.'*> For one nanoparticle, the anti-Stokes
(Ias(A, Aexe, T)) and Stokes (Ig(A, Aeze)) photoluminescence is given by:

]AS(/\’ )\eacca T) X fI(Ie:cc)fPL()‘7 )‘ezc)n(/\7 Aeaccy T) (64)

IS()\v )\exc) X fI(]exc)fPL()\a Aemc) (65)

Here, f; describes the dependence of the signal intensity on the excitation irra-
diance ... (often assumed to be linear), fpy is the intrinsic photoluminescence, and
n(A, Aeze, T') is the temperature-dependent distribution of states responsible for the
anti-Stokes emission.

The function n(7") expresses the energy distribution of the thermally available
states that provide the extra energy for anti-Stokes emission. It has already been
established that n(T") is well described by a Bose-Einstein (BE) distribution in the
context of anti-Stokes emission of plasmonic nanoparticles under continuous-wave ex-
citation:'*®

1

[EN-ECel/hsT _ | (6.6)

n(>\7 )\emcv T) =
e
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Here, kp is the Boltzmann constant, and 1" refers indistinctly to the lattice or the
electron gas temperature, as differences between the two temperatures are negligible
under most experimental conditions with continuous-wave illumination. More details
on alternative modeling can be found in the Appendix C.3.

We extract the temperature from the anti-Stokes ratios at two different tempera-
tures:

as I f(Leaes) el PN = EQerc)l/bsTy — 1

nj I]AS = f([exc,j) elEN)—E(eze)/kTi —

(6.7)

Assuming that the temperature is linear with the irradiance T' = Ty + S1eze, this
expression has only one free parameter, 3, which is the photothermal coefficient. For
each pair of irradiances i, j, we extract a value of 3;; from a fit to ijs , and then
determine the average value of (.

For an ensemble of nanoparticles, the collected signal is the sum of the indi-
vidual signals, as illustrated in Figure 6.5:

N
11135'()\’ /\exm T) X f(Iexc> Z fPL,k(/\7 )\emc)n<)\a )‘eacca Tk) (68)
k
Here, fpr is the intrinsic photoluminescence of particle k and T}, is the tempera-
ture of particle k£, and N is the number of nanoparticles that are being measured. It
should be noted that we have assumed here that all particles show the same depen-
dence on intensity f(lezc)-

1 2 N
>
n=1
AS(1, T) S

Figure 6.5: Collective anti-Stokes signals. Left: Illustration of the constant temperature of the NV
particles whose photoluminescence is collected. The anti-Stokes signal detected on the spectrometer
is the sum of the individual signals. Right: Illustration of the conditions for measuring collective
heating using anti-Stokes Thermometry (not to scale). A collection of nanoparticles in an array with
pitch p are excited with a Gaussian beam of size s... and therefore heated at the same time. The
collection size s.,; must be smaller than the excitation to ensure that photoluminescence is detected
from an area where the particles can be assumed to have the same temperature.

Now, we can imagine two scenarios under which this expression can be simplified.

First, we could be dealing with a collection of non-identical particles that all have the
same temperature. Equation 6.8 would then simplify to:

N
IJI\L‘/S(Aa )\exca T) X f(Iexc) ( Z fPL,k(Aa )\exc)) n(>\’ )‘6900? T) (69)
k
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Equation 6.9 can be simplified even further under the assumption of identical
particles:
1% (N Acaer T) ¢ f(Lewe) N foL (A, Aeze) (A Acge, T) (6.10)

In both cases, for non-identical and identical particles, the intrinsic photolumines-
cence is canceled out when computing the AS ratios:

AS _ HAS _ J(Leae,i) elEN=EQe)l/kpT; 1 (6.11)
LN ,J f(]ea:c,j) elEN)—EXex)/kTi — ] ’

This is identical to the single-particle equivalent (Equation 6.7). To simplify the
discussion, in the following, we consider a square array of identical nanodisks, shown
in Figure 6.5. However, the technique could be employed for disordered nanoparticles
and /or non-identical nanoparticles, as long as the assumotion of a constant temper-
ature across the collection of nanoparticles is valid. We design the properties of the
array to ensure that we are in a delocalization regime throughout the collection area,
where the temperature profile is smooth throughout the system despite the nanomet-
ric nature of the heat sources. This approximation is only true for the center of the
illuminated array, and therefore the excitation size should be significantly larger than
that of the collection.

6.4.2 Optimizing sample and setup

In this section, we describe the sample and setup used to investigate the collective
heating of nanoparticles via AS thermometry. We designed three different sizes of
disks with resonances close to our excitation wavelength of 647 nm, so that we have
significant Stokes and anti-Stokes emission. The simulated dimensions are D = 70
nm (D070), D = 100 nm (D100), D = 150 nm (D150), with heights of 40 nm. The
simulated optical properties of the single disks are shown in Figure 6.6.

Disk D070 Disk D100 Disk D150

) 0 1 1 L 0 I 1 N
500 600 700 800 900 500 600 700 800 900 500 600 700 800 900

Wavelength [nm] Wavelength [nm] Wavelength [nm]

Cross section [x 10° nm?]

Figure 6.6: Optical simulations of single disks. Simulated scattering, absorption and extinction
cross sections of disks with 70, 100, and 150 nm dimater and 40 nm height.

The sample layout is illustrated in Figure 6.7a. The arrays are 40 x 40 pm?, with
a pitch of 250 nm for D070 and D100, and for D150 the pitch was increased to 350
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nm. Figure 6.7b shows the optical transmission of three exemplary arrays measured in
water, together with the excitation wavelength of 647 nm that is used for photothermal
measurements.

Recent implementations of anti-Stokes thermometry for single nanoparticles such
as Ref.'*” or the previous chapter 5.2, rely on a confocal excitation and detection
scheme. To achieve wide-field illumination and simultaneously excite thousands of
nanoparticles, we focused a 647 nm laser on the backfocal plane of the imaging objec-
tive, as shown in Figure 6.7c. This epi-widefield illumination has a FWHM of around
18 pm, and the emitted photoluminescence is spatially filtered using a fiber with a
core size of 400 pm. This corresponds to a collection size in the sample of around 6
nm. Before reaching the spectrometer, the signal is filtered with a rejection filter for
the 647 nm laser. With a pitch of 250 nm, this means that within the FWHM of the
Gaussian illumination there are around 4000 nano particles, and the signal collected
is from around 450 nanoparticles in the center of the beam.

To ensure that the assumption of a delocalization regime is valid, we calculated the
value of (¢ (according to Equation 6.3, explained in Section 6.2.3), which corresponds
to the ratio between collective and individual heating. For an excitation beam of
18 nm (FWHM), ¢ is between 0.027 and 0.041, indicating that we are indeed in a
delocalization regime and that the assumption of constant temperature throughout
the collection area is valid.

a Array of disks Transmission in water

Sample widefield
P illlumination

| D=70nm, p=1250 n Objective

1 Dichroic Laser
1.00F-D = 100 nm, p = 250 M __o filter
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Figure 6.7: Setup and sample. (a) Exemplary SEM and dark-field images of the arrays. SEM
images of the D = 70 nm disks, dark-field image of the D = 100 nm array. (b) Normalized transmis-
sion in water of arrays with three different disk sizes. Dashed line illustrates the laser wavelength of
647 nm. (c) Hlustration of the setup. The 647 nm excitation laser is focused on the backfocal plane
of the objective to achieve wide-field illumination. The emitted photoluminescence is transmitted to
a spectrometer after being spatially filtered using a fiber.

6.4.3 Photothermal properties of arrays of gold nanodisks

To determine the photothermal coefficient (/3) for each array, we performed photolu-
minescence measurements at seven different laser power settings. Before each mea-
surement, the arrays were illuminated for 2 min at maximum power, to stabilize the



6.4 Anti-Stokes thermometry for plasmonic ensembles 109

signal. We believe that the initial change in signal can be attributed to both a bleach-
ing of the background and a possible annealing effect, during which the disks likely
reshape to more a of a dome-like geometry. We attribute this change to a reshaping
of the antennas during heating. In this reshaping process, the disks would most likely
round out into a dome-like shape. This is supported by a change in the transmission
and single-particle dark-field spectra (for more details, see Appendix C.2). Figure 6.8a
displays four representative photoluminescence spectra obtained from a D100 array,
while the bottom portion shows some of the anti-Stokes and Stokes ratios. The Stokes
ratios were relatively constant, althought compared to usually reported although they
are less then linear with excitation intenstity. The anti-Stokes ratios exhibited a char-
acteristic slope that could be fitted using Equation 6.11, where we have substituted
f(Leze) for Is(les.), the integrated intensity of the Stokes signal. The dashed lines
indicate the resulting fits. The histograms in Figure 6.8b depict the obtained pho-
tothermal coefficient values for all three types of arrays. In particular, the D100 array
demonstrated the highest photothermal coefficient, consistent with numerical simula-
tions that showed that the D100 disks had the highest absorption cross section at the
excitation wavelength of 647 nm.
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Figure 6.8: Photothermal measurements. (a) Overview of the data and analysis of photolumi-
nescence spectra. The top panel shows the full photoluminescence spectra, which consist of both
the anti-Stokes and Stokes components, here the spectra using four different laser powers are shown.
The bottom panel displays the anti-Stokes and Stokes ratios, with the anti-Stokes fitted for the beta
value shown in orange. (b) Histograms of the photothermal coefficients for the three different disk
sizes. The photothermal coefficients were obtained from the photoluminescence spectra using pho-
tothermal analysis.

6.4.4 Comparison with wavefront imaging

Next, we verify our findings with quadriwave lateral shearing interferometry (QLSI).
This technique was first introduced by Baffou in 2012.'*® The data were analyzed
following the methodology outlined in Baffou’s original publication. To minimize any
potential sources of heterogeneity in the sample and experimental setup, we took
temperature measurements in the same sample positions with the same excitation
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Figure 6.9: Quadriwave shearing interferometry. (a) Illustration of the setup to measure
temperature using quadriwave shearing interferometry. (b) Exemplary extracted 2D temperature
map.

power and in the same setup, almost simultaneously. The setup is as shown in a
previous figure (Figure 6.7b), with the exception that an additional lamp in a Kohler
configuration is included and the signal is directed to a wavefront analyzer comprised
of a CCD camera with a modified Hartmann grating. The basics of the QLSI setup
are illustrated in Figure 6.9a. The grating detects changes in the wavefront due
to changes in the refractive index, from which the temperature of the sample can
be calculated quantitatively. An exemplary temperature map is included in Figure
6.9b. To compare these measurements with the temperature measurements using AS
thermometry, we extract the temperature of the center of the array. It is noteworthy
that this is the first time that QLSI and AS thermometry have been compared with
another technique, thereby verifying the accuracy of both methods against each other.

Comparison of experimental results Figure 6.10 shows the experimental results
for both techniques, QLSI and AS thermometry, with a good fit. This shows that
both QLSI and AS thermometry allow a reliable temperature estimation of plasmonic
ensembles. Additionally, we estimated the temperature increase theoretically. The
single and collective heating can be calculated using Equations 6.1 and 6.2. The
values of the absorption cross sections were taken from Figure 6.6 and the results are
shown in Figure 6.10a (dashed lines). Although the trends are predicted reasonably
well, the temperatures for D100 are overestimated by more than a factor of two.
This might be caused by an overestimation of the absorption cross section. The
correct estimation relies not only on the estimation of the correct sizes, but also on
the correct shape. The simulations shown in Figure 6.6 were performed under the
assumption of a perfect disk with the desired size. However, at the time of submission
of this thesis, we have not yet acquired scanning-electron-microscopy (SEM) images
of the disks, as the sample is with our collaborator Guillaume Baffou for further
characterization. As we suspect a reshaping process, we try an alternative model with
more rounded geometry, called a "dome”, as discussed in Section 6.4.3. The results
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Figure 6.10: Verification of measured temperatures. (a) Experimental results of QLSI and AS
thermometry. The line shows the temperature increase against maximum irradiance estimated from
the median photothermal coefficient 3, shaded area shows the 1st and 3rd quantile. Data points show
the temperature determined by QLSI. Dashed line estimated temperature increase at the center of
the array calculated from Equations 6.1 and 6.2 for both disk-shaped nanoparticles. (b) Same as in
(a) but the theoretical estimations are shown for dome-shaped (dash-dotted line) nanoparticles.

are shown in Figure 6.10b. Our measurements with both QLSI and AS thermometry
are within this theoretically predicted range defined by the disks and domes. The
theoretical estimations can most likely be improved with further characterizations
of the sample, such as exact dimensions to improve the accuracy of the simulated
absorption cross sections, or the experimental measurement of the absorption cross
section.®”® However, this illustrates the applicability of AS thermometry, which does
not require any previous characterization for the temperature measurements.

6.5 Conclusions

In conclusion, we have demonstrated the applicability and accuracy of anti-Stokes
thermometry for investigating the collective heating of plasmonic ensembles. We
designed and manufactured square arrays of gold nanodisks with varying sizes and
investigated their photothermal properties. By employing anti-Stokes thermometry
and quadriwave lateral shearing interferometry to measure the temperature, we were
able to validate the accuracy and reliability of both techniques. Our experimental
results showed a good agreement between the two techniques, further establishing anti-
Stokes thermometry as a reliable method for temperature estimations in plasmonic
ensembles. This further validates anti-Stokes thermometry also for single-particles,
where a comparison is techniqually more difficult.

Until now, anti-Stokes thermometry has mainly been used at the single-particle
level. Here, we have shown that it can be extended to ensembles of multiple identical
particles, and provided guidelines on how to perform this extension. It must be noted
that the method can be further extended to non-ordered arrays or non-identical parti-
cles and is therefore useful for the wide ranges of applications of plasmonic ensembles,
such as photothermal therapy, plasmonic sensors, and solar energy conversion.






Conclusions and Outlook

In this thesis, I have explored the fundamental mechanisms underlying plasmon-enhanced
catalysis using single-molecule localization microscopy, investigated the role of temper-
ature in hybrid plasmonic photocatalysts for solar fuel generation, and demonstrated
the applicability and accuracy of anti-Stokes thermometry for investigating the collec-
tive heating of plasmonic ensembles such as metasurfaces.

Our study of plasmon-enhanced catalysis revealed that the enhancement of the
studied reaction is largely attributed to the photoexcitation of the reactant molecule.
We identified that maximizing the plasmonic field enhancement is crucial for opti-
mizing catalysts for similar reactions. By tuning the plasmonic field enhancement
to the absorption of the reactant molecule, we can maximize turnover rates at low
irradiances, enabling the design of plasmonic nanoparticles for driving chemical trans-
formations without the use of high-intensity lasers.

In the investigation of hybrid plasmonic photocatalysis, we highlighted the impor-
tance of understanding the role of temperature in the enhancement mechanism. We
introduced a photothermal model for bimetallic core-shell nanoparticles and a char-
acterization technique, anti-Stokes thermometry, which allowed us to establish a link
between nanoparticle structure and heat generation. This label-free, non-invasive, and
in situ technique can be extended to other complex/hybrid plasmonic interfaces with
catalytic relevance, providing valuable insights into their behavior.

Lastly, we successfully demonstrated the applicability and accuracy of anti-Stokes
thermometry for investigating the collective heating of plasmonic ensembles. By com-
paring the results obtained from anti-Stokes thermometry and quadriwave shearing
interferometry, we validated the reliability of both techniques. This study not only
provides valuable insights into the photothermal properties of plasmonic ensembles
but also paves the way for future research on their potential applications in areas such
as photothermal therapy, plasmonic sensors, and solar energy conversion, where meta-
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surfaces (more than single particles) are a prominent research direction to efficiently
exploit the light-matter interactions of plasmonic nanoantennas. Furthermore, our
findings emphasize the importance of developing and validating advanced characteri-
zation techniques, such as anti-Stokes thermometry, to improve our understanding of
the complex behavior of nanomaterials and their interactions with light.

In conclusion, this thesis has contributed to the advancement of plasmonic nanoan-
tennas for energy conversion by shedding light on the underlying mechanisms, inves-
tigating the role of temperature in hybrid plasmonic systems, and validating a novel
characterization technique for temperature estimation. The insights gained from this
work will be instrumental in guiding the design of more efficient and sustainable en-
ergy conversion technologies, as well as expanding our understanding of plasmonic
materials and their applications.

As during any PhD we had many good (and bad ideas) along the way, and never
enough time to explore them all. I want to use this final chapter not only to summarize
findings within this thesis and highlight their relevance, but also to suggest promising
routes to explore. To keep this section concise, I will only provide a brief overview
of these ideas here, but I have included a few more details and preliminary results in
Appendiz D.

For example, in the area of single-molecule localization microscopy for plasmonic catal-
ysis, it would be beneficial to use ordered arrays and orient the nanoantennae on the
substrate to disentangle the effect of different resonances and map distinct catalytic
hotspots. To this end, we experimented with various protocols to create porous silica
films on top of these samples, and I have included our optimized protocol in Appendix
D.1. In addition, we propose that mapping the near-field of plasmonic antennae would
be a valuable shift in focus, as we have found that the model reaction system is largely
driven by near-field enhancement. Furthermore, we have explored a different reaction
system using a CO-sensitive fluorescent probe, which could be useful in mapping the
technologically relevant COy reduction. Details on these ideas can be found in Ap-
pendiz D.2.

In the field of nanothermotry, we have established anti-Stokes thermometry as a tool
to characterize the photothermal properties of ensembles of plasmonic nanoparticles.
Going forward, we believe that this technique will be useful for monitoring the tem-
perature of catalysts in situ. One particularly interesting example is surface lattice
resonances, which have been shown to enhance photocatalytic activity more than indi-
vidual localized surface plasmons. In this context, we suggest that the surface lattice
resonance wavelength could be used to drive photocatalysis, while the photolumines-
cence could be excited at the localized surface plasmon resonance, allowing for in situ
temperature monitoring.
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A Supplemental material associated with Chapter
4

A.1 Chemicals and Materials

Tetraethylorthosilicate 98 % (TEOS), ammonium hydroxide solution 28 - 30 % (NH4OH),
tetrachloroauric acid (HAuCl,3 HyO), cetyltrimethylammonium bromide (CTAB), sodium
borohydride (NaBHy), silver nitrate (AgNOsj), L-ascorbic acid (CgHgOg), concen-
trated hydrochloric acid (HCI, 37 %), hydroxylamine hydrochloride (5540), resorufin
sodium salt (R7017) were purchased from Sigma-Aldrich. 20x borate buffer (28341),
resazurin sodium salt (R12204) and fluorescent beads (F8801) were purchased from
Thermofisher. All chemicals were used as received. Pure grade ethanol and Milli-Q
grade water were used in all preparations.

A.2 Optical characterization

TEM images were obtained using a JEOL JEM 1010 transmission electron micro-
scope operating at an acceleration voltage of 100 kV. SEM images in Figure 1 and
7.2 were obtained using a field emission scanning electron microscope (Zeiss). UV-
Vis absorbance spectra in HyO were recorded on a Perkin-Elmer UV /Vis/NIR spec-
trophotometer LAMBDA 750 and collected from a 1-cm path length quartz cuvette.
Dark-field images and scattering spectra were taken using a WITec microscope (Ger-
many) using a 100x air objective with 0.9 NA (Zeiss, Germany). The single-particle
catalysis measurements are described detail in A.7.

A.3 Synthesis of gold nanorods (AuNRs)

AuNRs were synthesized following the seed-mediated method with some modifica-
tion.!'™ To prepare the seeds, 25 pL of 50mM HAuCl, solution was added to 4.7 mL
of 0.1 M CTAB and slowly stirred for 5min at 27- 30 °C. Then, 300 pL of a freshly pre-
pared 0.01 M NaBH, solution was rapidly injected under vigorous stirring. After 1 min
the solution was kept 3h unstirred. To prepare the gold nanorods, 41.8 pL. HAuCly
(0.1196 M) is added to 10mL, CTAB (0.1 M); the mixture is gently shaken and kept
for 10 min thermostated at 27 °C in a water bath to ensure complexation between gold
salt and CTAB. Afterwards, 45 pL of AgNO3 (0.01 M) is added to the mixture, which
is gently shaken for few seconds. Subsequently, 15.4nL of HCI (37%) was added
and 80 pL of ascorbic acid solution (0.1 M) is then added to the growth solution and
thoroughly shaken turning colorless immediately. Finally, 10 pL. of seedsQCTAB is
added to the mixture and the solution is vigorously shaken and then left undisturbed
at 30°C for 12h. The dimensions obtained from TEM were 51+ 7nm of length and
28+ 3nm of thickness.
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A.4 Mesoporous silica coating of AuNR and etching treat-
ment

A solution of AuNR (5mlL, 0.35 mM) was added dropwise under sonication to a so-
lution of CTAB (25mg), water (5mL), ethanol (4 mL) and ammonia (120 pL). Then,
150 uL of a 20 % (v/v) TEOS solution in ethanol was added dropwise to the previous
suspension under sonication. This mixture was stirred for 48h. Subsequently, the
mixture was centrifugated and redispersed in ethanol four times to remove unreacted
species (4500 RPM, 20 min). Finally, to remove CTAB and make larger mesopores, an
etching process was used as previously described with some modifications.!”> AuNRm-
SiOg were re-suspended in 11 mL ethanol/water (10:1) solution. Subsequently, 70 pL
0.1 M NaOH was added. The solution was put in an oven, unstirred, at 90 °C for 2 h.
After that, the nanostructures were recovered as precipitates after centrifugation at
4500 RPM, 20 min, and were then washed thoroughly with ethanol three times. The
AuNRm-SiOy nanostructures were redispersed in ethanol (10mL). Figure 7.1 shows
the extinction spectra with and without mmSiO, in water.
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Figure 7.1: Mesoporous silica coating of AuNRs (a)-(b) TEM images before and after etching,
(c) UV-VIS spectra of the AuNRs in water with and without mSiOs.

A.5 Assembly into arrays

The AuNRm-SiO, were positioned as arrays on glass using a template dissolution in-
terfacial patterning (TDIP) method as previously reported.® First, using a custom-
built setup, single AuNRm-SiO, particles were assembled via capillary-assisted parti-
cle assembly into a topographical PMMA template stripped from a Si master sub-
strate using polyimide tape. A small volume of the particle suspension (100 pL)
was sandwiched between the PMMA template and a clean glass coverslip, which was
moved across the assembly template at a uniform speed of 2 pms~! using a piezoelec-
tric motor. The motion created a receding meniscus at the coverslip edge allowing
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the AuNRm-SiO, particles to experience the convective and capillary forces at the
vapor /liquid/solid substrate contact line necessary to position the particles within
the designated trap sites. To print the patterned particles, the polyimide tape con-
taining the PMMA template was pressed down against a precision cover glass (#1.5
H thickness, 22mm x 22mm, Thorlabs) pre-cleaned by sonication in acetone and
isopropanol, dried with Ny gas, and O, plasma treated for 2min. The tape-attached
cover glass was fully immersed in an acetone bath for 1- 1.5 h, after which the dissolu-
tion of PMMA in acetone removed the tape from the cover glass to leave behind the
AuNRm-SiO, printed on the cover glass substrate. Figure 7.2 shows exemplary SEM
images of the arrays at different magnifications.

Figure 7.2: SEM images of assembled AuNR@mSiO-.

A.6 Size distributions of the AulNR with silica

Figure 7.3 shows the distribtuions of the AuNR width and lengths, as well as the
radius of the AuNR@mSiO, distributions.

A.7 Single-molecule fluorescence microscopy

The setup All single-molecule fluorescence experiments were performed on a home-
built objective-type total internal reflection (TIRF) fluorescence microscope based
on a Nikon TI Eclipse microscope. A continuous-wave circularly polarized 561 nm
laser (Cobolt Jive) was used to excite both the fluorescence of the catalytic product
resorufin and to enhance the reaction rate. A continuous-wave circularly polarized
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Figure 7.3: Measured size distributions of the AuNR@mSiO; nanoparticles. Number inset
shows the average and standard deviation.

laser of wavelength 647 nm (OBIS 647 nm LX) was used to excite the longitudinal
resonance LSPR of the catalyst. Both lasers were combined and reflected onto the
sample with a dichroic beamsplitter (Quad Line Beamsplitter zt405/488/561/647rpc
flat, Chroma). A 100x 1.49 oil immersion objective (CFI Apochromat TIRF 100XC
oil) was used for both excitation and collection. The fluorescence was filtered (FF01—
586/20, Semrock) and detected by an EMCCD camera (Evolve 512) operated with
an electromagnetic gain of 200, sensitivity of 3¢/ADU and an integration time of 30
ms, resulting in a frame rate of around 15 frames/s, depending on the size of the
region of interest. The pixel size in this configuration was determined to be around
163 nm. A simplified scheme is shown in Figure 7.4. Z drift was corrected during
the measurement using a home-built focus lock system based on a CW 850 nm laser
(LDMS850, Thorlabs) and a z-motor (ES10ZE Focus Controller, Prior).
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Figure 7.4: Schematic illustration of the fluorescence microscopy setup.

Final sample preparations and reactant flow After UV-ozone cleaning 10 hours
at 1 hour intervals, each interval followed by washing with EtOH to ensure the pores
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were open, the sample was mounted on a microfluidic channel with a volume of 30
nl (sticky-Slide VI 0.4, Ibidi). The aqueous reactant solution containing 200 nM
resazurin, 0.1 - 10 mM in borate buffer was flowed through the channel at a rate of 15
pL min~! using a syringe pump ( Model 100, KDScientific). At these concentrations,
reaction rates have been reported to no longer be sensitive to reactant concentra-
tions.'%® After adding a new reactant, we waited 15min before acquiring any images.

Drift correction and background subtraction 7 drift was corrected during the
measurement. After the measurement, the first steps of the data analysis are to
remove the xy drift and to remove the background. To remove xy drift we relied on
the photoluminescence background of the AuNRs and AuNR clusters. To this end,
the image stack is segmented into bins of 25 frames and the average of each stack is
compared to the first stack. An exemplary drift trajectory is shown in Figure 7.5.

After drift correction, the background was removed by subtracting the average of

x and y drift
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Figure 7.5: Drift correction. Calculated x and y drift.

each stack from each stack (Figure 7.6).
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Figure 7.6: Background subtraction. (a) Exemplary frame and profile in before background
subtraction (b) Same as (a) but after background subtraction.
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Figure 7.7: Identification and localization of events. (a) Identifications in one frame with low
threshold of 500. (b) Histogram of the gradient of the identified noise with treshold determination.
() the same frame with remaining localizations after thresholding.

Identification and localization of events After drift and background correction,
the image stacks are processed to identify and localize turnover events using functions
from Picasso.*"

Here, events are identified using two characteristics: the box size, depending on the
actual point spread function and pixel size (in our case 7 pixels), and the thershold
of gradient. The number of detected events is very sensitive to the selected mininum
net gradient. To avoid introducing any bias by manually selecting the minimum net
gradient, we use the following automated approach, visualized in Figure 7.7 using the
Picasso GUI but typica<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>