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w~Der Kampf um den Siidpol*

Was bleibt nach dem Tode, wenn der Name nicht bleibt?
Und wie bleibt der Name? Wenn Geschichte er schreibt!
Wie schreibt er Geschichte, wenn er entdeckt, wenn er entdeckt!
Was sich unsern Blicken, bisher noch versteckt?
Was bleibt nach dem Tode, wenn nicht bleibt, wenn nicht bleibt der Ruhm?
Was bleibt nach dem Tode, grofie Tat, grofies Menschentum.
Es ging ins 20. Jahrhundert, jedes Land, jedes war entdeckt.
Nur der kalte Pol am Siiden, auf der Karte noch freies gefleckt?
Da begann der grofie Wettlauf, ihre Schiffe machten flott.

Zwei Kapitdne, Namenlose, spdter Amundsen und Scott.

Die Antarktis war bald erreicht, doch dann kam da schwerste, das schwerste Stiick.

Auf Schlitten die Fahrt ins Eis begann und kein Weg vom Ziel zuriick.
Und Hunger und Kiilte, Einsamkeit, linger noch als ein Jahr.
Und sie fragen immerzu, wie weit schon der andere, der andere war.
Nur der erste, nur der erste, héitte wirklich erreicht sein Ziel.
Nur der zweite, nur der zweite, wir' in den Augen der Menschen nicht viel.
Und sie hetzten ihre Hunde und sich selber gnadenlos,
denn der eine wiirde scheitern, und der andre wdr' bald grofs.
Doch als Scott an den Siidpol kam, da stand schon Amundsens Fahne fein.
Da brach der Frost von draufien her ihm tief in das Herz hinein.
Kein Petroleum half mehr, und kein Denken an Frau und Kind.
Und erfrorn mit ihm sind vier Mann, im ewigen Eis umhiillt.
Was bleibt nach dem Tode, wenn der Name nicht bleibt?
Und wie bleibt der Name? Wenn Geschichte er schreibt!
Was bleibt nach dem Tode, wenn nicht bleibt, wenn nicht bleibt der Ruhmn?
Was bleibt nach dem Tode: grofle Tat, grofies Menschentum!
Was bleibt nach dem Tode, wenn nicht bleibt, wenn nicht bleibt der Ruhm?
Was bleibt nach dem Tode: grofle Tat, grofies Menschentum!
Was bleibt nach dem Tode...

,Der Kampf um den Siidpol* Interpret: Stern-Combo Meiflen 1976
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Preface

The original work presented in this thesis was conducted during my tenure in the work group of Dr.
Nadja C. Bigall from December 2013 to November 2016 in the institute for physical chemistry and

electrochemistry of the Gottfried Wilhelm Leibniz University of Hanover.

During this period I participated in the project “Materialien aus Uberstrukturen MaBgeschneiderter
Kolloidaler Nanokristallbausteine” (MUKoN) within the framework of the project NanoMatFutur

(supporting code 03X5525) of the federal ministry of education and research (BMBF).

The thesis includes two articles and two manuscripts (submitted), which were written by myself as
first author as well as four articles as first or co-author, respectively and a patent which are not
included in this thesis but listed in the appendix. The following section clarifies the author

contributions for each of the articles.

The first article in chapter 2.2 was written by myself with the kind support of my co-workers. I
developed the fabrication method of the cryoaerogelation and tested it for noble metal and
semiconducting nanoparticles. I investigated the crucial parameter for fabrication and developed
immobilization techniques that allow the shaping of the resulting monoliths. I characterized the
systems via optical spectroscopy and transmission as well as scanning electron microscopy (TEM
and SEM). Dr. Sara Sanchéz-Paradinas synthesized the CdSe/CdS quantum rods and did the
fluorescence measurements on the resulting CdSe/CdS cryoaerogels. Suraj Naskar helped with
additional SEM measurements. Natalja Wendt conducted nitrogen and krypton adsorption
measurements to determine the surface of the cryoaerogels. Giammarino Pugliese did the TGA
measurements. Under my supervision Cansunur Demirci fabricated the first hematite cryoaerogels
with nanoparticles which were fabricated by Imme Kretschmer. Dr. Jan Poppe confirmed with his
electrochemical active surface measurements the adsorption measurements of Natalja Wendt for

the platinum cryoaerogels. Finally Dr. Massimo Colombo, Prof. Detlef W. Bahnemann, Prof. Peter



Behrens and especially Dr. Nadja C. Bigall helped with valuable discussions and corrections of the

work.

The second manuscript in chapter 2.3 was again written by myself with the kind support of my co-
workers. I showed the possibility of creating multicomponent aerogels via cryoaerogelation and
could investigate the parameters to control the distribution of the components as well as the amount
of components. I could demonstrate, that the optical properties can be influenced and that multi
component cryoaerogels can be employed as photocatalyst in methanol assisted hydrogen evolution
out of water. Carsten Giinnemann supported me by fabricating hematite noble metal systems and
characterized the systems via UV-Vis spectroscopy. Saher Hamid conducted the hydrogen
evolution experiment and Suraj Naskar assisted with the SEM characterization particularly the
energy dispersive x-ray measurements (EDX). Prof. Detlef W. Bahnemann and Dr. Nadja Bigall

improved the work trough their discussion and corrections.

The third manuscript was written by me together with Torben Kodanek and the support of our co-
workers. Torben Kodanek synthesized silver nanoparticles of around 50 nm with varying shell
thickness from zero to 13 nm. I employed the cryoaerogelation method to fabricate macrospic
monoliths as well as cryoaerogelfilms with thicknesses of around 10um. The assemblies had
defined distances to investigate plasmon coupling effects in three-dimensional systems. Torben
Kodanek and I characterized the nanoparticles as well as the films and monoliths via UV-Vis
spectroscopy and conducted TEM characterization of the colloidal nanoparticles and the resulting
cryoaerogelfilms and —monoliths. Suraj Naskar assisted with SEM characterization and Dr. Dirk

Dorfs and Dr. Nadja C. Bigall supported us with scientific discussions and corrections of our work.

The fourth article was written by myself with the kind support of Dr. Massimo Colombo and Dr.
Nadja C. Bigall. I fabricated all employed nanoparticles and cryoaerogel monoliths and
characterized them via UV-Vis spectroscopy, TEM and SEM. Together with Dr. Massimo

Colombo we performed the catalytic measurements in the Italian Institute of Technology in
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Genova. Both, Dr. Massimo Colombo and Dr. Nadja C. Bigall helped me while writing the article

with constructive criticism and suggestions.
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Abstract

This thesis focuses on the possibilities of assembling nanoparticles into voluminous, highly porous
superstructures, commonly known as aerogels. It will give an overview over the existing
techniques so far as well as highlight the synthesized aerogel materials and their properties. In

addition potential applications of aerogels, mentioned in literature, are spotlighted.

The main part of this work revolves around the development of a complete new assembling method
for aerogels, namely the cryoaerogelation. This technique, which employs freezing nanoparticle
solutions and subsequent lyophilisation, is intensively studied with electron microscopy, optical
spectroscopy as well as catalytical measurements. Through this in depth characterization it is
possible to understand the formation mechanism, the morphology of the cryoaerogels and in
addition the properties of the resulting monolith. Furthermore this thesis demonstrates how multi
component aerogels can be realized and that the monoliths can be shaped and immobilized on
supports via the cryoaerogelation, which exceeds state of the art methods so far. Finally,
investigations on the catalytic and photocatalytic properties reveal potential application for the
synthesized materials. The work was published in two articles in international renowned journals

and has two submitted manuscripts. The cryogelation procedure is patented in Germany.

Keywords: Aerogel, Nanoparticle, Freeze Drying, Fabrication Method,



Zusammenfassung

Diese Dissertation befasst sich mit den Moglichkeiten, Nanopartikel aus kolloidalen Losungen in
voluminsse und hochpordse Uberstrukturen zu iiberfithren, welche gemeinhin auch als Aerogele
bekannt sind. Dabei wird ein Uberblick iiber bestehende Herstellungsverfahren gegeben und es
werden einzelne interessante Materialgruppen und deren Eigenschaften vorgestellt. Zusitzlich

werden Anwendungsbeispiele aus der Literatur betrachtet.

Der Hauptteil dieser Dissertation befasst sich mit der Entwicklung eines neuartigen
Herstellungsverfahrens, namentlich dem Kryoaerogelierverfahren. Bei diesem Verfahren werden
Nanopartikel in kolloidaler Losung eingefroren und anschlieend gefriergetrocknet. Die daraus
entstehenden Kryoaerogel werden intensiv durch Elektronenmikroskopie, Spektroskopie und
katalytische Testverfahren untersucht, um anhand dieser Charakterisierungen, Riickschliisse auf
den Entstehungsmechanismus ziehen zu kdnnen. Dadurch ist es moglich, ein Verstdndnis fiir die
Morphologie der resultierenden Monolithe und deren FEigenschaften zu entwickeln und die
entscheidenden Einflussparameter aufzuzeigen. Weiterhin wird in dieser Arbeit die Herstellung
von Multikomponentenkryoaerogelen gezeigt, denen beliebige Monolithformen vorgegeben
werden und welche auf unterschiedlichen Substraten immobilisiert werden konnen. Abschlielend
zeigen Untersuchungen der katalytischen und photokatalytischen Eigenschaften vielversprechende
Ergebnisse und zeigen damit mogliche Anwendungen fiir die hergestellten Materialien auf. Diese
Dissertation wurde in Form von zwei Artikeln in international anerkannten Fachzeitschriften
bereits veroffentlicht und zwei weitere Manuskripte in Fachzeitschriften eingereicht sowie das

Kryoaerogelierverfahren in Deutschland bereits patentiert.

Schlagworter: Aerogel, Nanopartikel, Gefriertrocknen, Herstellungsverfahren
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1. Introduction

1.1 Motivation

Nanoparticles (NP) are fascinating. This simple statement can be easily explained by the properties
of the particle fraction between 1 nm and 100 nm. And since NP properties can significantly
change from their respective bulk material, it creates high interest in science to understand the
differing characteristics. It also raises the desire to exploit unique features for future applications.
In the last 10 years there are more than 250.000" scientific publications engaging the field of NP
synthesis, characterization or applications. This proofs that NP research is a hot topic in science.
Altered properties of NPs are for example significant increased specific surface areas. This
characteristic is common for all NP independent of the material type and is caused by increasing
surface to volume ratio with decreasing particle diameter. Although this fact seems trivial it has a
huge impact on catalytical applications, since speed limiting steps like pore diffusion processes are
shortened and saturation of catalyst surface with reactant is delayed due to the higher number of
reactive sites. The employment of NP in catalysis therefore further improves reaction kinetics.
Melting point depression for NP materials is another characteristic that is accompanied by a
decreasing particle diameter. For example gold NPs with a size of 2.5 nm have a melting point of
around 300°C compared to the melting point of bulk gold at 1064°C.[1] Other changes of
properties are material dependent. For example metal particles can show a collective oscillation of
their electron density. If the metal particle size is much smaller than the wavelength of the visible
light, especially in the range of NPs from 1 nm to 100 nm, it is possible to create a resonance of
this oscillation localized within the particle.[2] This localized surface plasmon resonance (LSPR)
or commonly referred to as plasmon can be excited by light and cause colloidal gold solutions to be
e.g. red depending on the particle size and shape. Additionally, the band structures of materials
become more discrete resulting e.g. in the occurrence of gaps within metal band structures leading

to fluorescent metals.[3, 4] Or for semiconducting materials if the NP size is in the range of its

! Retrieval of SciFinder Database from 21.09.2016 with articles containing the word ,,nanoparticle”



exciton Bohr radius, the band gap will be strongly size dependent and widen for decreasing particle
sizes, since the energy levels become discrete.[5, 6] This phenomena, called quantum confinement,

is already exploited and quantum dots are e.g. employed in modern display techniques.[7]

The synthesis of NPs with the above mentioned fascinating and unique properties are well studied
and demonstrated for the wet chemical bottom up approaches. Referring to top down methods such
as laser ablation or grinding will lead to broad particle size distribution and therefore a blurring of
the properties instead of sharp characteristics.[8-11] However, employing wet chemical approaches
gives colloidal NPs solutions with limited applications. As a result a lot of scientists are trying to
transfer NP out of their solutions into macroscopic structures, while keeping the NP properties.
Different methods have been developed each with certain advantages or disadvantages. For
example co-sputtering or depositions techniques can already retain the properties of e.g. plasmonic
NPs but are limited to thin films, lacking specific surface area when coming to applications such as
plasmon enhanced catalysis[12-14] or sensing.[9, 15-17] One of the most promising methods is the
gelation of NPs into hydrogels and subsequent supercritical drying, the so called aerogelation.[18,
19] The big advantage of this procedure is the fabrication of highly voluminous and ultra light
macroscopic superstructures of NP, which still have a huge specific surface area, quantum
confinement or LSPR. Yet, the aerogelation also comes with a drawback, namely being a complex
procedure due to chemically adjusting the surface of the NP to obtain gels and a high energy effort

to supercritical dry the gels, mostly with carbon dioxide (CO,).

At the time of starting this thesis it can be asserted, that there is a need for optimizing techniques
for the transfer of NP from their synthesis solution into superstructures. This need is reasoned on
the one hand by the desire to exploit the unique properties of NP to improve catalytical, optical or
sensing devices. On the other hand existing techniques can be improved by the means of simplicity,
scaling for industrial application and economical factors. This thesis dedicates its focus to optimise

the synthesis of aerogels to improve drawbacks of the technique, while keeping the advantages.



1.2 Nanoparticles

1.2.1 Synthesis

To assemble nanoparticles into aerogels they have to be synthesized first. In general there are two
approaches to fabricate the necessary building blocks. One way is the decrease of the particle size
by breaking, grinding or etching solid material.[20, 21] These procedures, which are called top
down methods, have the disadvantages of a poor control over the size distribution, material
composition and shape of the resulting nanoparticles. The other synthesis route is the wet chemical
approach, which starts from a precursor solution and is called bottom up method. The method
offers high control over particle size distribution, material composition and shape but is in return
more complex compared to the top down routes. However, bottom up methods can be considered
as the state of the art synthesis routes in nanochemistry, when producing quantum dots, complex
heterogeneous structures or narrow particle distributions. In principal the wet chemical approach
employs a precursor solution which is precipitated in a precisely controlled way. For the
precipitation diverse reducing agents and ligands for stabilization as well as different precursor
concentrations and varying temperatures to influence the seed growth and nucleation kinetics are
applied. As example two particle syntheses shall be highlighted due to their importance for this
thesis. The citrate reduction method from Enustun et al.[22] enables to reduce dissolved noble
metal salt with citrate as reducing agent during boiling the precursor solutions. The resulting
nanoparticles are already stabilized trough the very same citrate. If a stronger reducing agent is
employed, such as sodium borohydride, the reduction of the gold metal salt can be realized already
at room temperature and can be transferred for silver, palladium and platinum as well. However,
the synthesis in organic solvents will allow even higher control over the nanoparticles such as
narrow size distributions. More sophisticated syntheses are necessary to synthesize
heterostructures. For example CdSe/CdS quantum rods are fabricated by the seed mediated growth
approach of Carbone et al.[23] First seeds of CdSe are synthesized by decomposing CdO in a

mixture of high boiling long chained organic solvents (e.g. tri-n-octylphosphine oxide,



hexylphosphonic acid, and octadecylphosphonic acid) and subsequently adding a second precursor
(e.g. tri-n-octylphosphine-selenium) in the hot precursor solution. By adjusting the time at which
the solution boils at 380°C the CdSe seed size can be controlled precisely. In a second step CdS
crown will be grown on the seeds, employing the very same system but with a different precursor
(e.g. tri-n-octylphosphine-sulfur) and the previously synthesized CdSe seeds. Applying different
ligands lead to different shapes of the nanoparticle, because of their affinity to different facets of

the seed.

1.2.2 Nanoparticle Properties

Depending on the type of material and the particle size different physical properties can be
observed. To understand the effects that might occur during synthesis and the assembly of the
nanoparticles they shall be explained shortly. However, this work will not provide an in-depth
explanation, since it is beyond the scope of this work and further reading is recommended on

plasmonic and electronic properties of semiconductors.[5, 24, 25]

Three types of materials are distinguished within solid state physics, namely metals,
semiconductors and insulators. In metals electrons can move freely through the crystal lattice due
to overlapping atomic orbitals. Under specific conditions, the electrons on the surface can be
excited by e.g. light in the visible range into collective oscillations. These oscillations (or energy)
dissipate very fast due to the propagation of the oscillations over the whole bulk. However, when
the crystallite size decreases into nanometer scale the induced oscillations can’t propagate freely,
but are restricted to the nanoparticle. This localized charge carrier density oscillations induce high
scattering and absorption phenomena. Depending on the excitation energy the oscillation can be
brought into resonance, and absorption and scattering increase significantly. This effect is known
as localized surface plasmon resonance (also LSPR or plasmon in short) and is illustrated in figure

1.
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Figure 1. Illustration of the charge carrier density oscillation in metal nanoparticle induced by light.
Note that the charge carrier are restricted to the nanoparticle and that the electric field is considered

to be homogeneous over the whole particle (electrostatic approximation is valid)

To describe the phenomena in a quantitatively way some simplifications are necessary. If for
example the particle size is much smaller than the wavelength of the light, and therefore the
penetration depth of the light is bigger than the particle, the electric field over the particle can be
considered as homogenous (for bigger particles the electric field will decrease exponentially with
the penetration depth). With this condition, also called the electrostatic approximation, the cross

section for scattering and absorption of a spherical particle can be calculated as follows:

8 e(w)—&em 2
Osca(@) = k* - -mR® [—g(w)ﬂgm (1)
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o is the cross section for scattering (sca) or absorption (abs), w is the frequency, k is the wave
number, R is the radius of the sphere and ¢ is the dielectric function of the material of the
nanoparticle and ¢, is the dielectric function of the surrounding medium (for the derivation refer to
[26]). The extinction of a nanoparticle will be the sum of absorption and scattering. From the
equations (1) and (2) we can derive the optical behavior of the nanoparticles. With increasing
particle volume the absorption will increase linear, while the scattering increases quadratic. In other

words, scattering becomes more dominant as the particle size increases. Another important finding



is, that the scattering or absorption has a maximum if the denominator becomes 0. For ¢(w) = —2¢,,
the LSPR will occur and is only dependent on the dielectric functions of the material and its
surroundings. However, this approximation is not completely accurate. As already mentioned for
bigger particles the electrostatic approximation is not valid and the approximation was performed
for spheres. Other shapes like nanorods, can have multiple LSPRs (e.g. in longitudinal and
transversal direction). In addition the dielectric function for very small particles is not a constant
but depends on the size. The parameters which define the energetic position of the LSPRs are

particle size, shape and material.

When investigating semiconductors, the electronic structure differs from metals. Derived from the
molecular orbital theory semiconductors consist of a finite but high number of overlapped atomic
orbitals forming so called bands.[27] In semiconductors there are the valence band and the
conduction band, which is separated from the valence band through the band gap. For bulk
materials this band gap is considered to be a constant. However, when the particle size decreases, it
also decreases the number of atoms and therefore the number of atomic orbitals (as illustrated in
figure 2). For example, nanoparticles of the size of 3 nm will have roughly estimated around 1000
atoms (depending on the material). Thus, the “bands” become more discrete and the band gap will
increase. Yet, calculation of the band gap is very extensive due to the high number of atoms for
bigger particles (e.g. 10 nm range between 25.000 and 35.000 atoms depending on the material).
Therefore a more adaptive approach is the concept of the effective mass of the charge carriers.[28]
This concept derives from solid state theory and investigates the interaction of semiconductors
when excited. An electron from the valence band will be excited into the conduction band, if a
photon of the corresponding energy is absorbed. As result a positive charge, referred as hole h”,
will be created in the valence band. Due to the dimensions of the nanoparticle, the electron and
hole are restricted in their mobility, forming a bound pair also described as exciton. The average

distance of these two particles is referred to as exciton bohr radius.
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Figure 2. The quantum confinement effect illustrated on the example of CdSe. VB and CB are
abbreviations for valence band and conductive band, respectively. The energy of the band gap
increases with decreasing particle size and VB and CB become more discrete. The cube refers to the
solid bulk material, while the spheres corresponds to CdSe seeds of the size of around 6 nm (red),

around 4 nm (yellow) and around 2 nm (green).

Decreasing the particle size will further decrease the mobility and increase the energy needed to
“activate” the exciton and results in a broadening of the band gap. If the exciton bohr radius is
small enough, namely in the range of the particle size, these phenomena can be mathematically
described with the particle in the box model. Brus[29] then combined the particle in a box model
with the effective mass approach and derived the following equation to estimate the band gap in

dependence of the crystallite size:

h2m2 [ 1 1 1.8e2
ENP=Ebulk+_n< + *)— c 3)
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E is the energy of the band gap of the nanoparticle (NP) or the solid bulk material (bulk), h is the
planck constant, R is the radius of the nanoparticle, m; is the effective mass of the excited electron,

my, is the effective mass of the excited hole, e is the elementary charge and € the permittivity.



1.2.3 Nanoparticle Interactions in Assemblies

The above mentioned nanoparticle properties will effect each other in assemblies and influence the
physical behavior of the resulting superstructures significantly. Therefore it is crucial to understand
the possible interactions between the nanoparticles, which are expected. In general possible
interactions in assemblies are: plasmon-plasmon and semiconductor-semiconductor. Plasmon-
semiconductor interactions are investigated recently and very complex. They can occur as e.g. near
field enhancement[30] for separated nanoparticles or quenching of the exciton (also referred to as
hot electron injection)[31] for nanoparticles in contact. However the plasmon-semiconductor

interactions are not part of this work.

Plasmon-plasmon interactions may occur when two or more plasmonic particles are brought into
defined distances to each other or even have direct contact. In the previous sections we reported
already about propagating oscillations in bulk materials. If several plasmonic nanoparticles are in
direct contact to each other within an assembly, the charge carrier oscillations can also propagate
between the particles. Despite being restricted to the assembly, the energy of the oscillation will
vary, depending on the number of particles, broadening the absorption signals.[32] This behavior
can also be observed for agglomerates. However, broadening optical signals are not only related to
propagating plasmons. The scattering through nanoparticles increases quadratic with increasing
particle volume, as already demonstrated in equation (1). When assembling plasmonic
nanoparticles the scattering will dominate the extinction spectra, resulting in high extinction
especially at higher wavelength. Yet, when plasmonic properties can be brought into defined
distances to each other the resonances can couple and further increase the absorption.[33, 34] A
detailed investigation and explanation of such superstructure is part of this thesis and will be given

in section 3.2.

Semiconductor-semiconductor interactions are also of high interest for researcher. These
interactions are not necessarily restricted to superstructures but can be employed also in
heterostructure synthesis or better known as band gap engineering. The structure of nanoparticles

(or assemblies) is modified to influence the mobility of the exciton within the structure. For

10



example, by combining a semiconductor A with a specific band gap with a semiconductor B
(which possess a wider band gap with an energy level of the valence band below the valence band

of semiconductor A — type I structure) as illustrated in Figure 3.

m -

Conduction Band

Eg,CdSe Eg,CdS

Valence Band

Figure 3. Band gap engineering on the example of a CdSe core CdS quantum rod. The energy gap of

CdS is much bigger than CdSe and therefore excitons excited in CdS will transfer to CdSe.

As result an electron hole pair created in semiconductor B will be transferred to semiconductor A
because of the lower energy of the band gap. Subsequent, the average distance of the electron hole
pair and the non-irradiative recombinations decrease (because lower energy band gaps enable less
non-irradiative processes). The specific combination of semiconductor materials is often reported
as band gap engineering and can be of type I materials, such as the example or type II. Such
heterostructures possess high quantum efficiency and are realized as core-shell quantum dots[35,
36] or quantum rods[23] and even more sophisticated structures like double quantum well quantum
dots.[37] Tailoring nanoparticle heterostructures is an extensively studied field within the
nanochemistry and further explanations would be out of scope of this thesis. Observations of
influencing the exciton mobility could be also made in assembled nanoparticle superstructures.
Sanchéz-Paradinas et al.[38] demonstrated delocalized excitons in quantum rod aerogels proofing

the influence of nanoparticle assemblies on their physical properties.
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1.3 Aerogels

1.3.1 Fabrication Techniques

Following the IUPAC Definition, aerogels are “gels comprised of a microporous solid in which the
dispersed phase is a gas”.[39] Since this definition is somewhat abstract, it shall be explained in
more detail. The main volume fraction of an aerogel is pore volume which is usually filled with air.
The solid material forms a filigree and well interconnected network building the macroscopic
object. Consequently aerogels have properties such as low density, high specific surface areas as
well as low thermal conductivity due to air as main component. Aerogels can have further
properties such as transparency (see figure 1) or catalytic activity depending on the material of the

filigree network.[40-42]

AEROGEL

ANGEWANDTE

Figure 4. Transparent silica aerogel from[40]. Reprinted with permission of Wiley-VCH.

While different materials and properties of aerogels will be discussed in later sections, this first
section will show the general possibilities to fabricate aerogels. The very first aerogel was

fabricated by Kistler in 1931.[18] He postulated that it would be possible to replace the liquid
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within jellies with a gas without the jelly suffering from shrinkage. For this hypothesis he utilized
the sol-gel process to fabricate jellies e.g. of silica, alumina, etc. This first step is already important
as a filigree network of solid material will only be obtained if the gel formation out of the precursor
occurs slow. To be more specific the growth rate of the nanoscaled particles which are formed
within the solution has to be at the same speed or slower as the crosslinking between the NPs. If the
growth rate is faster, dense precipitates instead of voluminous jellies will be fabricated. This step is
very time consuming and Kistler took more than one week to prepare one gel.[43, 44] He then
exchanged the liquids of the jellies to suitable ones with a low critical point like ethanol or ether
and dried them supercritical in an autoclave. Due to the raise of temperature and pressure over the
critical point the fluid is “converted directly into a permanent gas without discontinuity”.[18]
Capillary forces, which usually occur at evaporation of liquids, can be prevented because of the
supercritical drying, thus enabling the exchange liquid to gas in jellies or gels without shrinkage.
The process is also illustrated in figure 2. If the drying of the jelly or “wet gel” is performed under
standard conditions the resulting monolith would be a xerogel, which has significant lower porosity
and specific surface area compared to aerogels. The difference to aerogels is the strong shrinkage

during the drying process because of the capillary forces while the liquid evaporates.[40]
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Figure 5. Illustration of the sol-gel process with subsequent aerogel formation. A precursor solution
(e.g. of a metal alkoxid) is hydrolyzed resulting first in the formation of small particles and later on in

the formation of jellies. The liquid is exchanged and the jelly supercritical dried to obtain the aerogel.

Kistler fabricated inorganic aerogels of silica, alumina and tungstic oxide as well as organic
aerogels of agar, gelatine and cellulose.[18] While the process fits perfect for the synthesis of metal
oxide aerogels such as the oxides of silicon and aluminium, it is difficult to transfer this process to
other inorganic materials. Yet NPs of noble metals or semiconducting materials show far more
interesting properties due to the occurrence of plasmons or fluorescence. Therefore adjusted
fabrication procedures were necessary. However, since the sol gel process utilises hydrolisation and
polymerisation it was only logical that further organic aerogels were synthesized. In 1989 the work
group around Pekala published the first resin-based aerogels by the polycondensation of resorcinol
with formaldehyde (RF aerogels).[45] A subsequent treatment of these RF aerogels at high
temperatures under inert atmosphere lead to the first carbon aerogels. And soon silica and RF
aerogels were modified to improve their mechanical properties by e.g. crosslinking through the
group of Leventis.[46, 47] Starting from 2004 until 2007 the group around Brock developed and
published a new procedure, which allowed the aerogel formation for NP out of stable colloidal

solutions.[19, 48-50] The mechanism of this method was intensely studied and aroused wide



interest in the community of NP research. They first synthesized metal chalcogenide NPs and
capped them with thiol ligands. In this way they obtained stable colloids, which they subsequently
destabilized. By a controlled ligand removal they induced the gelation process. The ligand removal
could be achieved via chemical oxidation or photochemical oxidation of the capping agents.
Afterwards the solution of the gel is exchanged to remove oxidation agents and to employ a liquid
with a low supercritical point. In literature different gel types can be found like e.g. hydrogel or
acetogel. It refers to the liquid in which the gel is kept and gels which are kept in water or aceton
will be described as hydrogels or acetogels, respectively. In principal this procedure can be applied
to all colloidal systems and can be considered as state of the art preparation technique for aerogels
built from NPs. It also enables the synthesis of aerogels that partly retain the properties of the
employed NP building blocks (see next section). However, for each system the surface chemistry
has to be adjusted. Each employed ligand requires a proper removal technique and in addition the
controlled destabilisation needs time. Up to now, many groups are searching for new ways to start
and control the gelation. There are reports on the gelation start through centrifugation,[51]
heating,[52, 53] irradiation with light in the visible or uv range.[49] Liquid exchanges are
performed multiple times in order to remove liquids with high critical points completely, since they
could interfere in the drying process. Also all fabrication steps demand a certain level of handling
to not destroy the very fragile hydrogel. Closing on fabrication techniques it should be stated that
there are methods to obtain aerogels from sols or colloidal NP solution. Yet, they are complex
multi step processes and time consuming which makes a scale up for industrial application difficult

and expensive.

1.3.2 Materials & Properties

All aerogels have some common properties as previously mentioned. They are in detail: low
density, high specific surface area as well as low thermal conductivity. They can be directly
derived from the principal nature of aerogels consisting of a filigree network of matter and mostly
pores filled with air. However since there are many materials that can be employed in aerogels,

there are also many aerogels and properties can vary enormously between each other. Especially
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when coming to NP based aerogels, and the NPs itself show unique properties like e.g. localized
surface Plasmon resonances[54, 55], photoluminescence[56] or phonon scattering.[S7] However,
this section won’t give a complete overview over all employed aerogel materials, since there are
more than 10.000° publications in the last 10 years alone. Its aim is to give a brief introduction
which material types are synthesized and which properties can be expected of such aerogels. In
general literature divides between single component aerogels and multicomponent aerogels. Yet
this separation is not distinct since alloyed NP of CdSe/CdS or Pt/Ag are to be found in the single
component section. It refers more to the employed starting material if there was one component
(e.g. CdSe/CdS quantum dots) applied for aerogel fabrication or multiple components (e.g.
quantum dots with noble metal NP). Within this classification there are also different materials
employed ranging from (noble) metals, metal oxides, metal chalcogenides, organic particles to

carbon.

1.3.3 Metal Oxide Aerogels

Metal oxide aerogels are the longest known types of aerogels and also the probably most applied
ones too. Starting in 1931 Kistler demonstrated the possibility for silica and alumina aerogels as
well as others. Beside, being unique in appearance and properties there was no direct application
and therefore interest in his findings were low. Maybe this was reasoned by the high time
consumption for the gel preparation. Faster reactions only lead to non voluminous precipitates. In
1960s the work group around Teichner expanded the idea from Kistler by using alkoxysilanes (e.g.
tetraethoxsilane (TEOS)) as precursor in the sol-gel process and performing the reaction in
methanol as solvent. This allowed a faster synthesis of the gels and avoided additional solvent
exchanges. They were able to synthesize also titania, zirconia as well as other metal oxide aerogels
by employing metal alkoxides as precursors .[58] Brinker et al. then introduced a two step
synthesis in which the precursors were prehydrolized and in the second step a defined amount of
aqueous acid or base was added to start gelation.[59] This enabled the group of Hrubesh et al. to

fabricate aerogels with a broader density range.[60] The properties of metal oxide aerogels are

% SciFinder request from 18.10.2016 with the keyword ,aerogel” gives 10.195 article in the past 10 years



fascinating and soon industry started fabrication on a technical scale. Since alkoxysilanes are very
expensive BASF, Henkel or Hoechst developed adjusted synthesis routes by replacing the
alkoxysilanes with sodium silicates.[61-64] Many of the materials i.e. silica aerogels have a high
transparency as it is shown in figure 1. The density of these materials are in the range between
0.003 and 1 gcm® while the specific surface area can be up to 1600 m* g ' depending on the
synthesis route and of course the employed metal oxide.[40, 42, 60, 65, 66] The thermal
conductivity for silica aerogels was determined in the range of 0.017 to 0.021 W m 'K ' (bulk
silica would be 1.38 W m 'K ").[40, 67] It is extremely low and is visualized in figure 3.
Summarizing metal oxide aerogels are well investigated, can be synthesized with a high level of

control, and silica aerogels already found their way into industrial application.

Figure 6. Silica aerogel with extremely low thermal conductivity from[40]. Reprinted with permission

of Wiley-VCH.

1.34 (Noble) Metal Aerogels

Although there were different attempts to fabricate metal aerogels it was not achieved until 2009.
Literature reported so far of metal doped oxides or carbon based aerogels.[65, 68, 69] The first
reported pure (noble) metal aerogels were synthesized in 2009 by the workgroup of

Eychmiiller.[70] They were able to produce aerogels from gold, silver and platinum NP. NPs were



obtained by a modified citrate reduction method and subsequent destabilizing the colloidal solution
in a controlled way with hydrogen peroxide lead to voluminous hydrogels. Supercritical drying of
the obtained hydrogels leads to voluminous monoliths. The obtained monoliths with densities of
0.016 g cm ™ and specific surface areas of around 48 m* g ' (see figure 4).[70] This surface area
seems low, but when concerning metal and noble metal aerogels one has to consider the
significantly high atomic weights of the corresponding elements, that result in low specific surface

areas.

Figure 7. First noble metal (A) hydrogels and (B) aerogels made of gold and silver and (C) the

elemental distribution from[70] Reprinted with permission of Wiley-VCH.

However unique properties of the (noble) metal NPs, such as localized surface plasmon resonance
(LSPR) could not be retained in the final superstructure. Around the same time the workgroup of
Leventis et al. synthesized metal aerogels by the approach of nanosmelting.[71] For this technique
metal oxides were gelated and subsequently pyrolized to reduce the metal oxides to their respective

metal. Aerogels made of Co, Ni, Sn, Cu and Fe were fabricated and it could be shown that such
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aerogel had huge specific surfaces up to 163 m> g '.[71] However the technique is limited to
materials that can be reduced at high temperatures and through the need of carbon the aerogels are
mixed materials in the end. Furthermore Eychmiiller and his coworkers reported on the attempt of
in-situ reduction of noble metal precursor for direct gel formation similar to the original sol-gel
method from Kistler. They fabricated B-cyclodextrin modified Pd aerogels with specific surface
area up to 92 m’ g ' which are up to date the highest reported surfaces for pure noble metal
aerogels.[72-74] Yet some problems remain. The existing techniques won’t enable the desired
degree of control over metal aerogels e.g. controlling plasmon-plasmon interactions. When coming
to the accessibility of particle surfaces and retaining the NP properties, such as LSPR, within the
aerogel it needs to be improved by the means of employing less ligands or prevent the occurrence

of interparticle interactions.

1.3.5 Metal Chalcogenide Aerogels

Already in 1997 first attempts were made by the group of Gacion et al. to synthesize metal
chalcogenide aerogels.[75] They employed CdS NPs and created wet gels using the sol-gel process.
Yet they did not dry the gels supercritically but under ambient conditions and therefore obtained
xerogels of CdS. The first aerogels consisting of metal chalcogenides were reported in 2005 by the
workgroup of Brock et al.[19] Here, stable colloids of CdS, CdSe, ZnS NPs were synthesized and
subsequently capped the NPs with thiol groups. The capping of the NPs was then slowly removed
by chemical oxidation (for CdSe photochemical oxidation) to induce the gelation process (see

figure 5).
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Figure 8. Comparison between a xerogel (right), a wet hydrogel (middle) and a supercritically dried
aerogel of CdS from [19]. Reprinted with permission of the American Association for the

Advancement of Science.

However it is not the only way to produce metal chalcogenide aerogels. The very same group
employed the thiolysis of metal precursor to obtain GeS aerogels[76] and another route would be
the crosslinking between small metal chalcogenide clusters as reported by Bag et al.[77] Finally all
gels were supercritically dried with CO,. All these synthesis routes lead to a wide variety of metal
chalcogenide materials such as PbS,[78] CdTe,[79] ZnS,[19] GeS[49] etc. with interesting
properties. The fabrictated CdS and ZnS aerogels of Brock had densities of 0.07 and 0.34 gcm
and specific surface areas ranging from 120 up to 250 m* g 'and the other metal chalcogenides are
in the same range.[19] Yet the most fascinating property were strongly emitting aerogels of e.g.
CdSe/ZnS[80] or CdTe[79]. Just recently it could be shown that the radiative lifetimes within
CdSe/CdS quantumrod aerogels were extremely prolonged compared to their colloidal solution
(see figure 6).[81] This might be a hint that the pathways of electrons and holes in assembled
superstructure can be modified with direct effects on the lifetime of electron/hole pairs and the

quantum efficiency of the radiative processes.[81]
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Figure 9. Photographs of highly luminescent CdSe/CdS (A) hydrogels and (B) corresponding aerogels
under daylight (top) and uv-light (bottom) from [60]. The effect of increasing oxidizing agent (H,0,)

can be observed from left to right. Reprinted with permission of Wiley-VCH.

Naskar et al. reported on CdSe platelets with a CdS crown, so called quantum wells, which exceeds
>10% quantum yield in the final aerogel.[82] Closing on metal chalcogenide aerogels the
techniques allows a proper transfer of the colloidal NP into assembled superstructures while
retaining most of the properties of the single building blocks to certain extend. Yet they are still

complex multi step procedures which are time consuming.

1.3.6 Organic and Carbon Aerogels

Reporting on organic and carbon aerogels is an especially wide research area with outstanding
properties such as density, surface area as well as adsorption behavior. Or to express the properties
in a more popular way: It is the world record section. Since the formation of organic and carbon
aerogels is very close related to each other they shall be discussed together in this section. In

principal there are two strategies for the fabrication. The first approach would be the cellulose
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based aerogel. It was developed by Kistler around the same time as the silica aerogels.[43] It
exploits the dissolution and the coagulation of cellulose in different liquids. The second approach
would be the resin based aerogels, in this case a resin precursor is crosslinked in a catalyzed
polycondensation reaction. The first resin-based aerogel was reported by the group of Pekala et al.
by starting a polycondensation reaction of resorcinol with formaldehyde (RF aerogel).[45] Short
after that report the first carbon aerogels were synthesized by the same group. They treated the
synthesized RF aerogel at high temperature (between 800 and 1200°C) under an inert atmosphere
to carbonize the RF aerogel.[83] A complete different synthesis for carbon aerogels are hard
templating methods. Here a highly porous inorganic (mostly silica or zeolites) template is
infiltrated with a carbon precursor (e.g. furfuryl alcohol) and after carbonization the template is
dissolved.[84, 85] Carbon aerogels synthesized via hard templating are characteristic for their
regular mesoporosity. In general, organic and carbon aerogels show densities below 0.1 g cm > and
specific surface areas up to 720 m* g '.[45] Close related to the group of carbon aerogels are the
aerographenes. These materials consist of carbon nanotubes that were crosslinked with graphene
oxide sheets. Densities of below 0.16 mg cm ™ were achieved, being the least dense solid material

known at this moment (see figure 7).[86]

Figure 10. The currently least dense solid material known: “Ultra Flyweight Carbon Aerogel”

from[86]. Reprinted with permission of Wiley-VCH.

22



The specific surface area of this material is compared to its density with around 270 m” g rather
low. To obtain higher specific surface areas carbonized RF aerogels were further activated with
CO,.[87] However the highest reported specific surface areas were carbon aerogels after the hard
templating method employing zeolites as templates. So far surfaces up to 3800 m* g ' were
reported surpassing even the highest surfaces of silica aerogels.[88] The employment of preformed
structures not only allows huge surface areas but also generates a hierarchical pore system which
can be optimized for transport behavior within the aerogel and separation processes. In addition
these materials show high absorption capacities at high absorption rates. For example aerographene
shows 68.8 to 720 g g ' s ' absorption rates depending on the absorbed liquid or material.[86] At
the same time carbon and organic aerogels are mechanically strong unlike the pure metal or metal
chalcogenide aerogels.[86] Like the metal oxide aerogels the organic and carbon aerogels are
known for a long time now and well investigated. Properties of resulting aerogels can be controlled

very well.

1.3.7 Multi Component Aerogels

As shown in the previous sections, there are already a wide range of properties that the
corresponding aerogels possess. However through combining multiple components further
interactions and therefore new properties can occur. The right combination of components can also
eliminate drawbacks from aerogel properties i.e. mechanical stability. Yet it is far from easy to
combine different components in one aerogel especially since the crucial crosslinking or gelation
step needs to be adjusted very carefully. This section will present the most investigated or
promising concepts for multi component aerogels namely inorganic-organic hybrid materials,

metal-metal oxide and metal-semiconducting (i.e. metal chalcogenides) NPs.

The term inorganic-organic hybrid aerogels is unspecific. When talking about these materials, in
literature inorganic is often related, but not limited to ceramic comoponents such as silica, alumina,
etc.[40] Especially since silica is the oldest and best investigated component for aerogels.[18, 40]

The main reasons for synthesizing hybrid materials are, beside broadening the spectrum of possible
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aerogels and their properties, to adjust specifically properties such as hydrophobicity or elasticity

by functionalizing surface groups of silica (see figure 8).[46, 89-92]

Figure 11. Increasing the elasticity of silica aerogels by employing mixtures of alkoxysilanes and

organosilanes as precursor from[91] Reprinted with permission of Elsevier.

It also improves the mechanical stability. Additionally the basic properties such as low density or
high specific surface are retained. A general synthesis route is the addition of organic linker
molecules such as dyes, enzymes etc. in the sol before the gelation. Depending on chemical
interactions between inorganic precursor and organic molecule the aerogel network can be a matrix
embedding the inorganic part, an interpenetrating network of both components or a modified
inorganic network with functionalized groups. Reported organic components for silica aerogels are
poly(2-vinylpyridine) as polymer matrix and N,N-dimethylacrylamide for interpenetrated
networks.[93, 94] The modification of surface groups is reported several times and can be
performed with alkoxysilanes in which one or more groups are replaced by for example alkyl or
aryl groups.[46, 89, 95] There are also approaches which are very similar to metal organic
frameworks. Here, organic spacer are brought in between small silica cluster and depending on the
employed spacer the specific surface can be increased.[96] Density and specific surface in general
depend on the composition of components but are in the similar range as the single component

aerogels.[97-100]

Metal-metal oxide materials have a very high potential for application. Combining the advantages

of the high specific surfaces and often an “inert” nature against chemical reactions of metal oxide
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(i.e. silica) with the catalytic properties of metal NPs promises a new generation of catalysts, filter
material or in medical applications. The fabrication can be performed in different ways. The
already synthesized metal oxide aerogel can be impregnated with metal salt precursors and
subsequently treated under reducing conditions in H, atmosphere.[69, 101] Since the conditions at
the supercritical drying can be already reducing, especially if hydrogen is mixed in the autoclave,
another option would be to incorporate metal salts already in the sol-gel process.[102-105] Already
in 1937 Foster and Keyes synthesized with Pt/SiO, and Ni/SiO, the first metal-metal oxide aerogels
in that way.[68] Currently these mixed aerogels are also fabricated by employing colloidal solution
of different components and co-gelate them.[106-108] Properties of the combined materials are
often very similar. For example silica aerogels with metals (Pt, Mg, Ti or Cu) have reported
specific surfaces in the range of 70 to 700 m* g ' based on the total aerogel mass.[69, 101-103]
Close related to the metal-metal oxide aerogels are the mixed metal oxides. They are easily
fabricated over the sol-gel process as long as the condensation rates are similar. If the reaction rates
differ too much, phase segregation may occur.[109, 110] There was also the effect of “core-shell”
structure observed, when the slower reacting component forms a shell around the sol particles of

the faster reacting component.[111]

The group of metal-metal chalcogenide aerogels is the most recent field of aerogels and up to now
there are barely reports on mixed metal-semiconductor aerogels. However, from a physical point
this concept is the most interesting one. The idea is to employ semiconducting NPs with a high
efficiency of creating electron-hole pairs with long lifetimes and combine them with metal particles
(e.g. platinum). Through the higher Fermi level of the metal, the excited electron of the
semiconductor is more likely to transfer to the metal instead of going back to its ground state via
irradiative or non-irradiative processes. With this excited electron (sometimes also referred as hot
electron) chemical reactions could be catalyzed on the surface of the metal. For that concept short
pathways between metal and semiconductor material are absolutely necessary and aerogelation is
one possible method of obtaining macroscopic objects which fulfill these requirements. So far,

there are reports on the cogelation of a metal and a semiconducting NP for the system Ag with
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CdTe by the Eychmiiller group[112] (see figure 9) and Ag with CdSe by the Arachchige

group.[113]
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Figure 12. Mixed aerogels from Au and CdTe under daylight (top) and UV-light (bottom) with

increasing Au ratio (from left to right) from [112]. Reprinted with permission of Wiley-VCH.
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14 Cryogels as Alternate Synthesis Route for Highly

Porous Assemblys

The most crucial part in fabricating aerogels is the transfer of the voluminous network out of its
solution to obtain a dry gel. When the solution evaporates, usually capillary forces destroy the
filigree network leading to strong shrinkage of the gel. Kistler solved the problem by supercritically
dry his gels and therefore avoid capillary forces due to evaporation. However, this is not the only
possibility to avoid the evaporation of a liquid. When water is frozen (ice temperature below 0°C)
and the ambient pressure is decreased below 6mbar, a liquid phase of water won't exist anymore.
Instead if energy is applied and the temperature rises again, the ice crystal will sublimate. This
method is already known as freeze drying and is widely applied in life science. Freeze drying
should be able to dry gels without shrinkage. However, reports on freeze dried materials always
presented powders and no voluminous structures.[40, 114] This is most likely due to one big
problem. Ice crystals expand during freezing and when a hydrogel is completely frozen, the filigree
network will eventually be destroyed through the ice itself. Moor et al.[115] revealed that the ice
crystallite size depends strongly on the freezing velocity. However even with their highest freezing
rates living tissues still suffered damage from the freezing process. Therefore a preformed structure
will always suffer damages when frozen over. Yet, there is another possibility which exploits the
ice crystal formation. Zhang et al. [116] extensively investigated the interactions between
nanoparticles and freezing aqueous solutions and came up with a model which describes the
particle behaviour. Depending on the size nanoparticles are pushed away from the growing ice

crystal or immobilized within the ice crystal (see figure 10).
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Figure 13. Qualitative theoretical framework for the inclusion of particles in ice. oy, is the interfacial
free energy between the solid and the liquid phase, and ops and op;, are the surface free energies
between the particle and the solid phase and the particle and the liquid phase, respectively. Reprinted

with permission of Nature Publishing group.

Thanks to this model a critical ice growth velocity can be derived. At this velocity nanoparticles

become overgrown by the ice crystal and can be expressed as:

Acay
V., =
31R

“

v, is the critical ice growth velocity, Ao is the balance of the surface forces at the
ice/solution/particle boundaries, a, is the average intermolecular distance, n is the dynamic
viscosity of the fluid and R is the radius of the nanoparticle. If the freezing velocity and the
nanoparticle size are adjusted accordingly the nanoparticles can be assembled by the ice itself
whereas the ice crystals act as a template. Zhang et al.[117] even discovered the possibility of
aligning assemblies if the freezing gradient is directed. However he could only show such
behaviour for polymers but in principal this techniques should also apply for any other

nanoparticles.
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1.5 Applications

The properties of aerogels excel their respective bulk material properties often by more than a
magnitude. The specific surface area is a good example by increasing several magnitudes between
aerogel and bulk material. This can be exploited for various applications especially in catalysis.
There are many reports on catalytic properties of aerogels. For example for noble metal aerogels as
electrocatalysts,[118] nitrogen doped carbon aerogels for oxygen reduction reaction[119] or mixed
metal oxides as catalyst for hydrogenation[120] or car exhaust catalyst.[41] There are plenty of
reviews which list possible application of aerogels in (electro)catalysis.[40, 118, 121, 122] The
porosity and surface makes aerogels also suitable filter and absorbens material. Espacially
carbon[121, 123] and silica aerogels.[124, 125] The most popular application of a silica aerogel by
the means of public perception was for stardust collection (see figure 11).[126] In this stardust
collector silica aerogels acted as filter material, which could resist the high velocity of the space
dust, slowing it down and captivate it. Due to the low weight it was better suited than any other

material.
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Figure 14. Image of stardust cometary particle collector made of silica aerogels from [127]. Reprinted

with permission from Springer Science + Business Media, LLC 2006.
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For carbon aerogels there are also reports for the application as battery electrodes or even
supercapacitors.[121, 128] Silica aerogels with their low thermal conductivity and high optical

transparency are employed as air-glass or thermal insulation material (see figure 12).[129, 130]

Figure 15. Super-insulating aerogel glass developed within an European project (ENK6-CT-2002-
00648) for energy efficiency from[130] Reprinted with permission from Springer Science + Business

Media, LLC 2006.

Aerogels can be even applied for noise cancellation in acoustics.[40, 131] Although nearly every
report on aerogels lists possible application, they are not often found in the everyday life or within
industrial technology. The main reason for that is that aerogel fabrication is complex, time
consuming and therefore expensive. However, taking into account that the intensive research of
aerogels started around 20 years ago, there surely will be optimized methods or even development

of new procedures which overcome current existing problems.
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2. Development of a New Procedure for

Aerogel Fabrication

2.1 Summary

As described earlier in the section of the aerogel materials and applications, current fabrication
techniques are complicated and time consuming while being not able to fully retain colloidal
properties. The following two papers report on the development of a complete new fabrication
procedure namely cryoaerogelation and demonstrate how the resulting superstructure can be
influenced and controlled. The method focuses on the assembling of colloidal NPs by freezing
them in liquid nitrogen and subsequent freeze drying. With this, it is possible to avoid evaporation
of the liquid phase which usually leads to the destruction of gel structures due to capillary forces.
Instead the cryoaerogelation, as shown in section 2.2, exploits the sublimation of water at pressures
below 6.1 mbar. With the whole process being completely physical, it allows to assemble every
colloidal NP in an aqueous solution. The versatility could be demonstrated by synthesizing
cryoaergoels from Au, Ag, Pd and Pt. In addition cryogels were made from metal oxides (hematite)
as well as metal chalcogenides. The shape and properties of the employed NPs could be retained to
some extent. Adjusting the surface chemistry was not necessary and therefore the employment of
oxidizing agents could be disclaimed. The resulting cryoaerogel structures also differ from
hydrogelated aerogels. While the last mentioned usually shows a well interconnected wire like
network, cryoaerogels possess sheets made of few NP layers in thickness and with a lateral
dimension in the size of micrometer. These sheets form well interconnected network building up
the macroscopic monolith. For the first time noble metal aerogels could be shown that still posses
plasmonic properties. If the volume fraction of NPs exceeds 0.1 vol% the cryoaerogelation shows
no shrinkage during the fabrication process. With this it is possible to shape the resulting aerogel
monolith. We were able to produce tube-like and more sophisticated structures like e.g. a smiley by

employing silicon molds. The cryoaerogelation enables also the immobilization of aerogel



structures on various employed substrates. Furthermore, if a temperature gradient is applied like in
e.g. oriented freezing, the whole aerogel film on the substrate gets a preferred orientation along the
temperature gradient. Section 2.2 demonstrates the mostly perpendicular orientation of aerogel-
sheets on a substrate and while focusing on the structures and the procedure of the cryoaerogelation
itself, section 2.3 demonstrates the possibility of fabricating tailored multi-component
cryoaerogels. Several metal-metal oxide aerogels were fabricated such as noble metal-titania
aerogels, noble metal-hematite aerogels as well as platinum-metal oxide hydroxides (of Ni, Co,
Mn). It is shown that the amount and number of materials can be freely varied. In addition,
investigations of the component distribution revealed the influence of the surface charge of the
employed NP. The surface charge can be switched via ligand exchange and subsequently influence
a homogeneous or heterogeneous distribution of NPs on a micrometer scale. The resulting optical
properties were found to be a mixture of the single components and occurring particle interactions.
Furthermore section 2.3 demonstrates the application of such multi component cryoaerogels in
photocatalytic hydrogen evolution reaction as a proof of principle measurement. It could be shown
that comparable values for hydrogen evolution in aerogels were achieved, but with a much faster
and less complex synthesis route. Furthermore the comparison of colloidal solution and the
cryoaerogels revealed a significant increase in performance through the cryoaerogelation making it

a valuable strategy to optimize materials.
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Abstract: A versatile method to fabricate self-supported
aerogels of nanoparticle (NP) building blocks is presented.
This approach is based on freezing colloidal NPs and
subsequent freeze drying. This means that the colloidal NPs
are directly transferred into dry aerogel-like monolithic super-
structures without previous lyogelation as would be the case for
conventional aerogel and cryogel fabrication methods. The
assembly process, based on a physical concept, is highly
versatile: cryogelation is applicable for noble metal, metal
oxide, and semiconductor NPs, and no impact of the surface
chemistry or NP shape on the resulting morphology is
observed. Under optimized conditions the shape and volume
of the liquid equal those of the resulting aerogels. Also, we
show that thin and homogeneous films of the material can be
obtained. Furthermore, the physical properties of the aerogels
are discussed.

Ever since the first synthesis of aerogel structures from
colloidal NP building blocks in 2005} there has been much
interest in these self-supporting superstructures. This is
mostly because of the large surface-to-volume ratio of these
monoliths, being close to that of their building blocks, in
combination with them being assembled into a self-supported
and macroscopic monolith.”! For the development of macro-
scopic materials with nanoscopic properties, the formation of
this kind of aerogel superstructure is widely recognized to
have been a quantum leap, since the macroscopic monoliths
exhibit many of the nanoscopic properties, such as size
quantization for many different quantum dot building blocks,
or plasmon—-exciton interactions in mixed aerogels>* To
date, when fabricating aerogels and aerogel-like structures
(that is, nanosponges, metal foams)P® chemical gelation

(sol-gel), dealloying, or deposition methods are employed to
create self-supported structures, followed by subsequent
drying or template removal.>>™ One major drawback of
the conventional aerogel synthesis is that the synthetic route
is a multistep procedure,?%! because the colloidal NPs first
need to be destabilized in a controlled way in order to form
hydro- or alcogels? and only once these superstructures
have formed they can be transformed to aerogels by super-
critical drying.>2*?] The nano- and microscopic morphologies
of the superstructure are strongly dependent on the destabi-
lization step which means that solvents, surfactants, zeta
potential, and especially the type of destabilizing procedure/
agent are critical parameters for the nanoscopic morphology
of the resulting gels, so that the chemical gelation procedure
needs to be adjusted for each system.'>'” The synthesis of
aerogels can be time consuming, complex, and expensive.
Furthermore, conventional lyogelation methods are fre-
quently accompanied by syneresis effects, so that it is very
difficult to synthesize special external shapes, which in turn
would be of interest for possible applications. Herein, we
propose an alternative assembly method (see Figure 1) based
on a physical process. By freezing aqueous NP colloids in situ
and subsequent freeze-drying, monolithic aerogels are
obtained that consist of a self-supported network of thin
platelets building up the gel network, the platelets being
mostly 2D assemblies of the NP building blocks. The
advantage of our strategy is the suitability for many different
NP systems, since there is no chemical selectivity. Under
optimum conditions, the volume and shape of the liquid equal
the volume and shape of the resulting aerogel. Additionally
we show that thin and homogeneous films of the monolith can
be obtained.
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Freezing and subsequent drying

@ 4 X
X

@ water @ ice

Figure 1. Freezing mechanism (top line) of a droplet of metal nano-
particle colloid in liquid nitrogen from colloidal solution (left) to
frozen system (right) and subsequent removal of the ice template
(bottom) by lyophilization.

. metal nanoparticle

By fast freezing aqueous colloidal NP solutions, which
were as droplets injected directly into liquid nitrogen, and by
subsequent freeze drying the frozen objects, we obtained
highly porous and voluminous monolithic aerogels consisting
solely of the respective material. These self-supporting
aerogels have densities ranging from 20 to 60 mgem >,
representing around 0.2 % of the density of the corresponding
bulk materials, which is similar to other reported NP
aerogels.™ Tt should be noted that this equals approximately
the volume fraction of the particles in the original colloidal

Figure 2. A) Photographs of aerogels of Au, Ag, Pd, Pt, Fe,0;, and
CdSe/CdS rod-like NPs (scale bar: 1 cm). B) Influence of NP volume
fraction of the colloidal solution on the final volume of the monolith,
both resulting from 1 mL Pd-colloid (volume fractions of 2.5x107*%
and 0.25% from left to right, respectively). C) Examples for a variety of
shapes possible by cryogelation route: smiley in a Petri dish or thin
film on glass slide.
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solution. With this method, we were able to synthesize
aerogel materials of noble metal NPs, as well as metal oxide
and semiconductor NPs. For example, in Figure 2 A, photo-
graphs of aerogels are shown, consisting of Au, Ag, Pd, and Pt,
as well as of hematite NPs (Fe,0;) and of quantum rods (CdS
rods grown around CdSe seeds, which are known to exhibit
high fluorescence quantum yields and large Stokes
shifts).1”?%! This shows a major strength of this method,
namely being versatile towards many different NP materials
from aqueous solution. Furthermore, this method is also
applicable for different ligand molecules. Citrate, thioglycolic
acid, and mercaptosuccinic acid covered nanoparticles were
for example successfully tested for synthesizing Pt aerogels by
means of this cryogelation method (Supporting Information,
Section S3). However, it should be noted that when employ-
ing fluorescent NPs such as the CdSe/CdS seeded nanorods
(Supporting Information, Section S2), the ligand concentra-
tion should be low enough to yield a morphology similar to
those of other nanoparticles. At the same time the ligand
concentration must be high enough to ensure that the
resulting monoliths are still fluorescent.

The aerogel monoliths show no shrinkage in comparison
to the frozen colloid droplets, if the NP concentration (NP
volume fraction) is at least 0.1 % before freezing (Figure 2B).
Instead, a clear shrinkage or collapse of the macroscopic
structure was observed, when the volume fraction of the NC
concentration was below 0.1 %. Interestingly, for the higher
NP concentrations, the shape of the frozen colloid resembles
the shape of the resulting aerogel (Figure 2 C). For example,
films on glass substrates could be fabricated by the doctor
blade method, and other shapes (see “smoking smiley” in
Figure 2 Cleft and Supporting Information) were synthesized.
Therefore, our new cryogelation method is advantageous in
comparison to conventional acrogels (and xerogels) resulting
from lyogelated gels, which are frequently accompanied by
syneresis?* 1221 (j e the gels are usually smaller than the
colloid liquid). This fact opens the opportunity to create more
sophisticated macroscopic shapes. That is, for possible indus-
trial applications the desired shapes can be realized.

In Figure 3, scanning electron (SEM) micrographs and
transmission electron (TEM) micrographs of a Pd aerogel are
shown in four different magnifications. In general, the
microscopic structure of our aerogels consists of highly
porous, non-ordered, and well-interconnected networks of
10 nm to 100 nm thin sheets of several um lengths and widths,
(see inset in Figure 3B) and of wires, which again consist of
rolled-up sheets (see Supporting Information, Section S4).
Most of the sheets, which build up the free-standing gel
network, appear bent, and they exhibit a surface roughness on
the nanometer scale. As can be derived from TEM images
(Figure 3C, D), the surface roughness is caused by NPs which
are assembled mostly laterally to build up the mesoporous
sheets.

In the microscopic regime, the morphologies of the
aerogels of different nanomaterials investigated were similar,
always consisting of networks of sheet-like assemblies of the
NPs and enrolled sheets. The microscopic morphologies were
found to be similar for different sizes of the employed
nanoparticles (investigated from 3.5 nm to 120 nm diameters)
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Figure 3. Electron microscope images of a Pd aerogel. SEM images
show the interconnected network (A) with a closer look onto the thin
sheets (B) and their thickness (inset in B). TEM images reveal
mesopores within sheets (C) build of randomly oriented quasi-spher-
ical NPs (D). The inset shows direct contact of the NPs and white
bars the (111) face of Pd (lattice distance was measured to be 2.2 A;

previously reported value: 2.246 A).%!

and shapes (spheres and rods; Supporting Information,
Sections S4-S6) of NPs, materials (Au, Ag, Pt, Pd, hematite,
CdSe/CdS), and also for different surface ligands (for
example, citrate, mercaptopropionic acid, thioglycolic acid,
and chloride ions/hydroxides) as long as the ligand concen-
trations are low (1 to 2 weight percent; Supporting Informa-
tion, Section S7) in comparison to the inorganic NP concen-
tration.

For samples such as Pd, Pt, and hematite NPs, as well as
CdSe/CdS nanorods, the shapes and sizes of the building
blocks are retained, and they assemble randomly oriented to
get in contact with each other hence forming the sheet-like
structures with free interstitial spaces resulting in high
porosity (see Figure 3C, D). We observed an increasing
thickness of the nanosheets with higher concentrations
(volume fraction) of the colloids employed.

It should be noted that in most but not in all cases the sizes
and shapes of the NP building blocks were retained:
exceptions were Au and Ag, for which deviations in the
crystallite sizes were observed (Supporting Information,
Section $4).

Based on our observations from electron microscopy and
macroscopic appearances, we postulate the following gelation
mechanism for our cryogelation method (see Figure 1):
during the fast freezing, the NPs are excluded from the ice
crystallites and assemble in the space between them. This
effect is supported by the observations and derived model of
Zhang et al.,” who observed that when freezing NP solutions
with high-enough freezing speed, the NPs are not built into
the ice crystallites (which in turn only takes place for low
freezing speed). This effect has also already been exploited in
techniques such as directional freezing.?**! In our system, by
fast freezing (according to Moor),” many small ice crystal-
lites are rapidly formed. Therefore, the NPs are pushed to the
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crystallite boundaries. A continuous network of the crystallite
boundaries filled with NPs is built, which is responsible for the
self-supporting nature of the aerogel after ice template
removal. A critical NP concentration is needed to form
a sheet network with sufficient mechanical stability for
providing a self-supported monolith. The observed strong
shrinkage at lower NP concentrations is attributed to a poor
interconnection of NPs and NP sheets with each other. The
higher the NP concentration before freezing, the more NPs
are driven in the space between the ice crystals, resulting in
thicker assemblies and hence thicker sheets in the aerogel
network (see also the Supporting Information, Section S6).
The ice removal in the cryogelation process has to be
performed by freeze drying to circumvent capillary forces,
which appear at the liquid phase and which would lead to
destruction of the filigree network.

To date, the highest specific surface area measured by
nitrogen adsorption measurements and also by electrochem-
ical methods is in the order of 33 m?g™! (6.4 x 10° m*mol ),
which was measured for a Pt NP aerogel from a 0.025 vol %
concentrated solution. This is in the same order of magnitude
as the maximum specific surface geometrically estimated for
the same NP size (3.5nm quasi-spherical particles) of
74m*g~'. The specific surface area of these aerogels is
hence comparable to other metal foams (9 to 81 m*g1)[627]
and (bi)metallic aerogels (46 to 92 m*>g~").**3"I The nitrogen
adsorption measurements also confirmed the presence of
macro- and mesopores (for detailed discussion of nitrogen
adsorption and electrochemical measurements, see the Sup-
porting Information, Section S8). From the external dimen-
sions of our aerogels and their total mass, the porosity was
estimated to be 99.4% for Pd and 99.7 % for Pt, Ag and Au
aerogels.

In Figure 4, some of the specific properties obtained of the
different NP aerogels are highlighted (for a detailed dis-
cussion of the various aerogels, see the Supporting Informa-
tion, Section S9). The aerogels as synthesized from CdSe/CdS

A Cdse/Cds

B Au(top)/Ag (bottom)
400
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§ $ 8
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3 ; : :
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Wavelength | nm Wavelength / nm

Figure 4. A) Spectroscopic investigation of the CdSe/CdS aerogels
(top: absorption, bottom: emission spectra) determined by means of
an integrating sphere. B) absorption (solid line) and extinction (long
dashed line) spectra of the aerogels from Au (top) and Ag NPs
(bottom).
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nanorods (Figure 4 A) exhibit fluorescence, and the band
edges of CdSe and CdS are still recognizable in their
absorption spectra. We observe a shift to longer wavelengths
for both emission and absorption spectra, which we attribute
to the interparticle interactions caused by the close proximity.
A decrease in luminescence quantum yield in comparison to
the aqueous NP solution is observed (from 24 % to 14 % for
thin aerogel films and 4.8% for aerogel monoliths).

The absorption and extinction spectra of both Auand Ag
aerogels (Figure 4 B) show a drastic change in comparison to
the pristine NP solutions (see the Supporting Information).
However, most notably, the aerogels exhibit extinction and
absorption maxima, which we attribute to localized surface
plasmon resonances and interplasmon coupling, )

In conclusion, in the recent work we have shown the
fabrication of aerogels of pure noble metal, metal oxide, and
semiconductor NPs by freezing and subsequent freeze-drying.
These aerogels are self-supporting, non-ordered, and highly
voluminous structures, with a particle density similar to the
respective colloidal solution, without any chemical gelation
agent or difficult solvent exchange and removal step. If
fabricated on substrates, oriented thin films can be achieved,
and the cryogelation method also allows different desirable
shaping of the monoliths. The resulting aerogels exhibit high
specific surface areas with accessible NCs. The assembly
method can partially retain the nanoscopic properties of
suitable building blocks such as size quantization (including
photoluminescence) and plasmonic behavior. The developed
procedure is easy, fast and extremely versatile towards
different materials, NP shapes, and surface ligands, and is
likely expandable to many more aqueous colloidal NP
systems.
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1. Experimental Section

Solutions of the noble metal nanoparticles were synthesized following slightly modified previously reported methods for gold,
silver, palladium and platinum.!? All solutions were filled with distilled water (18 MQ cm) to reach a total volume of 500 mL including
the noble metal precursor and reducing agent solutions and were stirred vigorously throughout the whole reaction to ensure complete
mixing of the liquids. For the synthesis of gold nanoparticles, we used 29 mL of a 0.2 wt% tetrachloroaurate (lI1) trinydrate solution
(ABCR, 99.99%) at room temperature. A total amount of 11.6 mL of a 1 wt% trisodium citrate dihydrate (ABCR, 99.0%) were added
to the gold precursor solution and after 30 seconds 5.8 mL of a 0.17 wt%, ice-cold sodium borohydride (Fluka, = 99%) were quickly
injected. The yellow solution turned to red immediately.

For the synthesis of silver nanoparticles we used 12 mL of a 0.2 wt% silver nitrate (Alfa Aesar, 99.9%) solution which was heated to
100 °C. Subsequently, we added 11.6 mL of a 1 wt% trisodium citrate dihydrate solution, and after 30 seconds, 5.5 mL of a 0.076
wit% ice-cold sodium borohydride solution was quickly injected. The color of the solution turned to yellow immediately.

For the synthesis of platinum nanoparticles 36.2 mL of a 0.2 wt% platinum(lV)chloride (acros, 99%) in water solution were boiled for
1 min at 100 °C and a total amount of 11.6 mL of a 1 wt% trisodium citrate dihydrate solution was added. After 30 seconds, 5.5 mL of
a 0.076 wt% ice-cold sodium borohydride solution were quickly injected in the above mixture and the color changed from yellow to a
dark brown.

For the synthesis of palladium nanoparticles 0.0513 g palladium(ll)chloride (Sigma Aldrich, 99.999%) were dissolved in 37 wt%
hydrochloric acid (Sigma Aldrich, reagent grade) with a molar ratio equal to 1:2 and filled up to 100 mL with distilled water. The
temperature of the solution was raised to 80 °C, and then 11.6 mL of a 1 wt% trisodium citrate dihydrate solution was added. After 30
seconds, 5.5 mL of a 0.076 wt% icecold sodium borohydride solution were quickly injected, and stirred for 10 minutes at 80 °C. The
color of the solution changed from yellow to black.

A ligand exchange was carried out with the platinum colloid by exchanging citrate against thioglycolic acid (TGA, Sigma Aldrich
>99%) and mercaptosuccinic acid (MSA, Sigma Aldrich >99%) as described in literature.”) High concentration of ligands were used
to ensure complete exchange. For 1 L of Pt-colloid (2.8 x 10™*M) an aqueous solutions of MSA (2.6 g, 10 mL) or TGA (50 mL, 70 mM)
solution was added dropwise under stirring, adjusting the pH to 12 for TGA or 7 for MSA with NaOH (0.1 M) and stir for 24h in the
dark.

Synthesis of CdSe/CdS nanorods. The nanocrystals are synthesized following a seeded growth approach™ which is based on the
anisotropic growth of CdS over previously prepared spherical CdSe seeds. In a first stage the CdSe seeds are prepared by mixing
Tri-n-octylphosphine oxide (TOPO, ABCR 99 %) (3.0 g), Octadecylphosphonic acid (ODPA, PCI Synthesis 99 %) (0.280 g) and CdO
(Alfa Aesar, 99.99 %) (0.060 g) in a 50 mL flask. The reaction mixture was heated to 150 °C and degassed under vacuum for 1 hour.
In order to dissolve the CdO and to obtain a clear and colorless solution, the temperature was raised to 300 °C under nitrogen flow.
At this point, 1.8 mL of Tri-n-octylphosphine (TOP, ABCR 97 %) was injected into the flask, and the temperature was allowed to rise
up to 380 °C. Once the temperature had reached 380 °C, a 1:1 Se (Alfa Aesar, 99.99%): TOP solution (0.058 g Se + 1.8 mL TOP)
was quickly injected. For obtaining red fluorescent CdSe seeds the temperature was allowed to recover before cooling the solution to
room temperature. The synthesized seeds were washed by repeated precipitation with methanol and redissolution in toluene, and
were finally dissolved in toluene. The synthesis of the CdSe/CdS nanorods was based on the above-mentioned work. Briefly, CdO
(0.240 g) was mixed in a flask with TOPO (12.0 g), ODPA (1.12 g) and hexylphosphonic acid (HPA, PCI Synthesis 99 %, 0.32 g).
The flask was first degassed under vacuum for about 1 hour at 150 °C and then heated up to 300 °C under nitrogen. Once the
temperature had reached 300 °C, 7.2 mL of TOP was injected and the resulting solution was heated to 380 °C under nitrogen. At this
point, @ TOP solution containing sulfur precursor (0.52 g S + 7.2 mL TOP) in which the seeds in toluene (the concentration of dots in
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the toluene solution was always 400 uM) are dissolved was quickly injected. After injection, the temperature was allowed to recover
to the pre-injection temperature before removing the heating mantle. The nanorods obtained were washed several times and finally
stored in 8 mL toluene. The CdSe/CdS nanorods were phase transfered from organic to aqueous solution by exchanging the ligands
of the as-prepared nanoparticles (TOP/TOPQ) with 3-mercaptopropionic acid (MPA, Sigma Aldrich =z 99 %)."! Briefly, two batches of
750 pL of the as-prepared nanoparticles from toluene solution were precipitated with methanol and re-dissolved in 10 mL hexane.
This solution was mixed with 10 mL of a solution consisting of 10 mL methanol, potassium hydroxide (3.56 mmol) and the
corresponding ligand MPA, (2.78 mmol). After shaking for one hour, the organic phase was discarded by a separation funnel and the
aqueous part containing the nanoparticles with the thiol ligands was centrifuged. Finally, the solid from the two batches was
redissolved in a total volume of 900 pL of aqueous 0.1 M potassium hydroxide solution. Before the preparation of the gels, the
solution was washed once up to three times with water in a centrifuge filter tube (Amicon Ultra-15 Centrifugal Filter form Merck
Millipore). This cleaning step eliminates the excess ligand used in the phase transfer.

Synthesis of hematite nanoparticles. The hematite nanoparticles were synthesized following the hydrolysis method of Faust et al.l®
First, 150 mL of a 0.1 M iron-llI-chloride hexahydrate (Sigma Aldrich, >99%) were injected dropwise into 600 mL boiling distilled water.
The solution was additionally boiled for 5 min under reflux and then cooled down with an ice bath. The resulting clear solution was
then dialized against distilled water to increase the pH and remove ionic species.

Cryogelation. All colloids (noble metals, hematite, CdSe seeded CdS rods) were used at room temperature. In a solvent resistant
ultrafiltration cell (Merck Millipore), by means of a 10 kDa polyethersulfon membrane (Sartorius Stedim) and at a pressure of 5-6 bar,
the volume of the colloids was reduced from 500 mL to 50 mL. These 50 mL were then filled into a centrifuge tube with an inbuilt filter
(Vivaspin 20, 30kDa, Sartorius or Amicon Ultra-15, 10kDA, Merck Millipore), and the volume of the solution was further reduced to 5
mL or even 0.5 mL depending on the intended volume fraction (at 3800 rcf for 3 to 10 min). Then the solutions were washed three
times with 15 mL deionized water. Subsequently, the colloids were immediately frozen via direct injection in liquid nitrogen. In the
liquid nitrogen, the samples were kept for additional 5 minutes. Finally, the samples were placed into a freeze dryer (Christ) at <0.05
mbar for 24 to 48 h, and the resulting aerogels were stored under ambient conditions.

Thin films. Thin aerogel films were prepared by doctoral bladeing of NC colloids on NaOH treated glass slides and subsequent
immersion in a liquid nitrogen bath. NaOH treatment was done by dipping glass slides (microscope slides, Roth) for 2h in a 5M NaOH
solution at room temperature, rinse them with distilled water and subsequent drying at 80°C for 15h. Finally the thin films were dried
for 2h in a freeze dryer (Christ) at <0.05 mbar for 24 to 48 h.

Thermogravimetric analyses (TGA). TGA were carried out using a TA Instruments TGA Q500. Samples were heated at 5°C/min in
N5 flow (50 mL min’).

Scanning electron microscopy (SEM). SEM was performed using a JEOL JFM 6700F electron microscope operated at 2 kV. The
samples were prepared by placing small aerogel pieces onto an adhesive carbon polymer pad.

Transmission electron microscopy (TEM). TEM was performed by a FEI Techai G2 F20 electron microscope, operated at 200 kV.
The samples were prepared by ultrasonicating the aerogel in water for 30 seconds followed by drop casting onto a copper mesh
(Quantifoil) covered with a carbon film and drying under vacuum. Alternatively, the TEM grids were prepared by slightly pressing the
carbon coated cupper grids on the aerogel samples.

X-ray diffraction (XRD). XRD was carried out using a Bruker D8 Advance in reflection mode.

Nitrogen sorption measurements were carried out on.a Quantachrome Autosorb 3. From the adsorption isotherms, specific surface
areas were determined using the Brunauer-Emmett—Teller (BET) method. The pore size distributions were calculated by the density
functional theory from the desorption branch of the isotherm. Both analyses were performed with the help of the software ASiQwin
2.0 from Quantachrome.

Optical spectroscopic measurements UV/Vis absorption spectra of the noble metal colloids were recorded using a 3 mL quartz
cuvette and the spectrophotometer Cary 5000 (Agilent Technologies) equipped with an integrating sphere (Labsphere). Fluorescence
measurements were performed with a Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon Inc.). Absorbance and
photoluminescence (PL) spectra of the films and monoliths were acquired in a Dual-FL (HORIBA Jobin Yvon Inc.) equipped with a
Quanta-¢ integrating sphere (HORIBA). Time-correlated single photon counting (fluorescence lifetime) measurements were
performed on a Fluoromax-4 combined with the Fluorohub TCSPC unit, using two pulsed diodes (operating at 368 nm and 454 nm,
respectively) with a pulse fwhm of less than 1.6 ns and a repetition rate of 500 kHz. All spectra were measured at room temperature.
Electrochemical characterizations. The Pt cryogels were dispersed in water by sonication for about 15 min to yield a platinum
concentration of 1 mg mL™'. Subsequently, 4 uL of this cryogel dispersion were dropcasted onto glassy carbon disc electrodes (CH
Instruments, 3 mm diameter) and the solvent was evaporated by drying at 85 °C for 10 min. Cyclic voltammetry experiments were
conducted in a five-necked electrochemical cell using a conventional three-electrode setup and a PARSTAT 4000 electrochemical
workstation (Princton Applied Research). The Pt-modified glassy carbon electrode, an Ag/AgCI (3 M NaCl) and a Pt wire were used
as working, reference and counter electrode, respectively. A Haber-Luggin capillary was used to minimize the uncompensated
solution resistance and to avoid contamination by chloride ions. All experiments were carried out in 0.5 M sulfuric acid, which was
deaerated by purging the cell with nitrogen for about 15 min prior to the measurements. The electrochemical surface area (ECSA)
was determined from the charge associated with the underpotential deposition of hydrogen by integrating the peaks in the range
between 0 and 0.4 V vs RHE and subtraction of the capacitive contribution. For Pt a specific charge of 210 pF cm™was assumed.
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2. Nanoparticle characterization

Quasi-spherical noble metal nanoparticle (gold, silver, palladium, platinum)
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Figure SI-2.1. Extinction spectra (left diagram) of the synthesized aqueous noble metal nanoparticle solutions (solid lines) and the
100 times concentrated solution (re-diluted for comparison). Particle size distribution (right) of the synthesized noble metal
nanoparticles. The diameters were 3.3 nm + 0.4 nm (Au), 8.6 nm + 2.3 nm (Ag), 3.6 nm + 0.6 nm (Pd), and 3.8 nm £ 0.7 nm (Pt).
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CdSe/CdS quantum rods
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Figure SI-2.2. Extinction spectra (left) of the CdSe/CdS quantum rods (solid lines) and their emission spectra (dashed line). The
PLQY was determined to be 51% (with a lifetime of 19.8 ns) in the organic solution and 23.6% (with a lifetime of 18 ns) in aqueous

solution after the phase transfer (right). Particle size distribution (not shown) gives 36.4 nm + 2.9 nm rod length and 5.7 nm £ 0.8 nm
rod thickness.
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Figure SI-2.3. Extinction spectra of the hematite nanoparticles (left) and x-+ay diffraction pattern to confirm hematite modification
(right). Sample preparation modified particle size and therefore alfows no crystallite size determination via Debye-Scherrer equation.

Black solid bars represent reflexes for bulk hematite semiconductor!”’ Particle size distribution (not shown) gives a particle diameter
of8.5nm +1.9 nm.
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3. Ligand exchange experiments

Ligand exchange experiments have been conducted on 3.5 nm Pt particles to check the influence on the structure and the stability of
the resulting monoliths. We observed that the mechanical stability of the aerogel monoliths has increased after ligand exchange. We
did not observe any change in the nanoscopic structure (meaning interparticle distances or shape - see SI-3.1). However there might
be a slight influence on the microscopic structure. We observe a slightly different ratio of sheets to wires when changing the surface
ligands from citrate to MSA and TGA.

Figure SI-3.1: SEM micrographs show the morphology of Pt aerogels fabricated from different ligands. The ratio of sheets to wires
seem to increase slightly but no other changes could be observed. In the TEM images/micrographs we cannot observe any influence
of the ligands on the nanoscopic assembling or on the size or the shape of the Pt nanoparticles. There is no difference in interparticle
distances visible.
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4. Electron microscopic imaging of the aerogels

The following pictures show aerogels of gold (Sl-4.1), silver (SI-4.2), palladium (SI-4.3), platinum (SI-4.4), CdSe/CdS quantum rods
(SI-4.5), and hematite (SI-4.6) in different magnifications from SEM and TEM and in addition TEM images after the catalytic
experiments for the noble metals.

Figure SI-4.1. (A & B) SEM images of the macroscopic network of a gold aerogel. (C) SEM image of the assembly from gold
nanoparticles into thin sheet-like structures. (D) TEM images of the sheet-like structure (E & F) TEM image of deformed gold
nanoparticles in the sheets. The inset shows different lattice orientation of the (111) face from gold nanoparticles assembled in thin
sheets.
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B

Supporting Information 4.2. A & B) SEM images of the macroscopic network of a silver aerogel. C) SEM image of the assembly
from silver nanoparticles into thin sheet-lfike structures. D, E) TEM images of the sheet-like structure F) TEM image of deformed silver
nanoparticles in the sheets. The inset shows different lattice orientation of the (111) face from silver nanoparticles assembled in thin
sheets.
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Supporting Information 4.3. (A & B) SEM images of the macroscopic network of a palladium aerogel. (C) SEM image of the
assembly from palladium nanoparticles into thin sheet-like structures. (D) TEM images of the sheet-like structure (E & F) TEM image
of assembled palfadium nanoparticles in the sheets. The inset shows different lattice orientation of the (111) face from palfadium
nanoparticles assembled in thin sheets.
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Supporting Information 44. (A & B) SEM images of the macroscopic network of a platinum aerogel. (C) SEM image of the
assembly from platinum nanoparticles into thin sheet-like structures. (D) TEM images of the sheet-like structure (E & F) TEM image
of assembled platinum nanoparticles in the sheets. The inset shows different lattice orientation of the (111) face from platinum
nanoparticles assembled in thin sheets.

[ 61




WILEY-VCH

Supporting Information 4.5. (A B) SEM images of the macroscopic network of a CdSe seeded CdS rod aerogel. (C) SEM image of
the assembly from CdSe seeded CdS rod nanoparticles into thin sheet-like structures. (D) TEM images of the sheet-like structure

(E,F) TEM image of assembled CdSe seeded CdS rod nanoparticles in the sheets. The inset shows direct contact of CdSe seeded
CdS nanorods assembled in thin sheets.
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Supporting Information 4.6. (A & B) SEM images of the macroscopic network of a hematite nanoparticle aerogel. (C) SEM image of
the assembly from hematite nanoparticles into thin sheet-like structures. (D) TEM images of the sheet-like structure (E F) TEM image
of assembled hematite nanoparticles in the sheets. The inset shows direct contact from hematite nanoparticles assembled in thin
sheets.
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5. Shaping of the aerogels

If the volume fraction of nanoparticles increases over 0.1 vol% no shrinkage was observed for the resulting monoliths. This allows the
possibility to shape the monolith into desired geometries. For example, thin films immobilized on glass slides can ease the handling
for characterization and have in addition a less complex geometry compared to monolith. We prepared oriented thin films by doctor
bladeing of the NC colloid, subsequent freezing and freeze drying. With this method we could produce oriented thin films with a
thickness of around 20 pm (see SI-5.1 to 5.3). In addition trough using a mold, many more shapes can be acquired (see Scheme in
SI-5.4 and 5.5). However due to the fragile nature of the aerogels it is possible that the shaped aerogels break during drying. To
prevent such events the ligand concentration can be increased.

Liquid Liquid Liquid
nitrogen nitrogen nitrogen

Figure SI-5.1. Scheme of the thin film fabrication
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Figure SI-5.2 SEM images in top view of thin film aerogels of Au, Ag, Pd, Pt, hematite, and CdSe/CdS.
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Hematite

Figure SI-5.3 SEM images of thin film aerogels in the cross section of hematite (left) and CdSe/CdS with different intended film
thicknesses.
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Figure SI-5.4. Scheme of the template approach for shaping aerogels and resulting aerogel structure
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Figure SI-5.5 Shaping of the aerogels by the template approach to create a 3D smiley. (From left to right) The NP colloid is filled in a
silicon mold and frozen in liquid nitrogen. While freezing due to the expansion of the water volume a “nose” is growing (note that this
can happen all over the smiley). The mold is removed after freezing (where the smiley broke in the mouth area and had to be “fixed”
with a “cigar’) and subsequent dried. A difficulty during the shaping is mainly the breaking apart of the shape due to the fragile nature
of the aerogels.
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6. Size/volume fraction dependency

We varied the concentration of the 3.5 nm Pt NCs (or the volume fraction of NC) in the colloid from the synthesis concentration (0.5
mM equalling a volume fraction of 2.5-10™ vol%) to a 1600 times concentrated solution (0.8 M equalling a volume fraction of 0.4
vol%). We can observe that the volume fraction has only little influence on a nanoscopic level. In general sheets made out of Pt NCs
are formed. Sheets made from the original synthesis solution consist of about 2 NC layer (Figure SI-6.1 A), while the sheets from
solutions with higher volume fractions show less porosity and more and more NC layer (Figure SI-6.1 from B to D). On a macroscopic
level we see that aerogels with low volume fractions suffer a huge shrinkage, while increasing the volume fraction leads to lower
shrinkage. Above a threshold of 0.1% volume fraction no shrinkage can be observed.

In addition we checked the influence of different sizes of NCs, ranging from 3.5 to 120 nm. As can be seen in Figure SI-6.2 the
sheets still consist of assembled NCs. Since the patrticle size is bigger, the sheets also become thicker and the pores are wider. Apart
from that effect they were pretty similar to the 3.5 nm Pt NCs. As long as the volume fraction is kept above 0.1% the aerogels suffer
no shrinkage. When using a mixture of different particle sizes the biggest ones will form the sheets, while the smaller ones assemble
in the pores in between (Figure SI-6.2 D). However the assembling in this case is hot homogenous but will give areas where the
number of a certain particle size is higher than in the rest of the sheet.

Figure SI-6.1. TEM images of platinum aerogels with a volume fraction of 0.00025 (A, corresponds to the synthesized particle
colloid), 0.0025 (B), 0.025 (C) and 0.25 (D).
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Figure Si-6.2. TEM images of platinum aerogels with a nanoparticle size of 3.5 nm (A), 15 nm (B), 40 nm (C) and mixed particle
sizes ranging from 3.5 nm to 120 nm (D).
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7. TGA & XRD measurements

Thermo gravimetric analysis (TGA) (see Figure SI-7.1) reveals that the residual water and organic compounds (especially citrate
ligands from the nanoparticles synthesis), have a mass fraction smaller than 2 wt% for all aerogels except the one from palladium.
The palladium aerogel, instead, exhibit a weight loss of around 10 wt% at around 120 °C. Summarizing the TGA measurements we
can say that our noble metal superstructures are self-supporting and do not have a very high organic content. One should notice, that
due to the lightweight nature of the samples (sample mass in the range of mg) the signal to noise ratio becomes pretty strong and
effects like apparent increase of mass can occur (as can be seen for the Pd aerogel sample)

XRD measurements (see Figure SI-7.1) confirmed for all aerogels the face centered cubic crystal structure of the noble metals as
expected. Calculations of the crystallite sizes via Debye-Scherrer equation® showed average sizes of approximately 16 nm, 8 nm, 3
nm, and 3 nm for gold, silver, palladium, and platinum, respectively, which also confirms that only the size of the gold is altered during
the aerogelation. This observation is in good agreement with the observations from TEM measurements. We attribute the growth of
the NCs to the possibly enhanced pressure in the interstitial places between the ice crystallites where the particles are assembled
during the freezing process.
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Figure SI-7.1. TGA measurements (feft) of the Au, Ag, Pd and Pt aerogels. XRD measurements (right) of the gold, silver, palladium
and platinum aerogels. Bars represent literature values for the (111), (200) and (220) reflexes respectively.” % The corresponding
crystallite size for the (111) reflex via Debye-Scherrer equation were found to be 16 nm, 8 nm, 3 nm and 3 nm for gold, silver,
palfadium and platinum, respectively.

8. Specific surface area measurements

Physisorption

Due to their well interconnected structure the aerogel monoliths exhibit large specific surface areas in nitrogen adsorption
measurements, as can be seen in Figure SI-8.1. All adsorption isotherms of the aerogels exhibit [IUPAC type 3 behavior. Specific
surface areas estimated via the Brunauer-Emmett-Teller equation (BET)"'* were larger than 15 m’ g' for silver and palladium and
amounted to 33 m’g”' for platinum. It was not possible to derive a specific surface area for gold samples since the adsorption
isotherms could not be fitted with the BET approach. In comparison, the very same particles dried under ambient conditions showed
specific surface areas far below the quantification limit. In agreement with the morphologies as derived from electron microscopy
images, all isotherms exhibit sorption hystereses due to capillary condensation in the pores. The broad hysteresis without specific
features is in agreement with a broad distribution of mesopores. Pore size distributions calculated from the desorption isotherm using
density functional theory (DFT) show the presence of a majority of mesopores in the size range from 5 to 10 nm, which corresponds
to the distances and small pores between the nanoparticles within the sheets as observed in SEM/TEM.
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Figure SI-8.1. Nitrogen physisorption isotherms for the gold, silver, palladium and platinum aerogels. Filled squares denote
adsorption, empty squares denote desorption.

Electrochemically active surface area

With cyclovoltametric (CV) measurements the electrochemically active surface area (ECSA) for the platinum aerogels (Figure SI-7B)
was determined. Here, the surface area is calculated from the signal of hydrogen adsorption on the Pt surface under consideration of
the electric current. We observe within the first 10 scans a sharpening of the CV signal due to the decomposition of the organic ligand.
We then cycled for several hundred runs and observed a weakening of the electric current, indicating a decreasing ECSA. In Figure
SI-7C the ECSA is plotted against the CV cycles. After 4 cycles a maximum is reached at 16 m? g™' that can be explained through the
complete decomposition of the organic ligand. Afterwards the ECSA is steadily decreasing until after 500 cycles a plateau is reached.
This decrease of surface is due to a transformation of the 3.5 nm spherical particles into flakes with a size of 10 to 20 nm (see Figure
SI-7D).
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Figure SI-8.2. Cyclovoltammetric measurement of a Pt aerogel with TGA ligand out of a 1000 times concentrated solution (volume
fraction 0.25%).

18

70



WILEY-VCH

'_‘E .
Q) .
o
E
3
s 10 e
® g .
S N
t 8
@
= 7
Q
€ 6
[}
E —4
Q
S s
° .
ks
o 4
1 10 100 1000

Scan number

Figure SI-8.3. Electrochemically active surface area (ECSA) plotted against the CV cycles.

Figure Si-8.4. Influence of the CV measurements on the Pt aerogel with TGA ligand as determined by TEM.

9. Optical characterization

As already shown in Figure 1 the monoliths of Au and Ag have a coloured appearance which is greyish-green for silver and brownish-
red for gold. This colour is most likely based on the presence of localized surface plasmon resonances (LSPRs). An appropriate
optical characterisation of the aerogel monoliths is quite complex, since the light travels different light paths due to inhomogeneities in
the thickness of the monoliths. Therefore, for the optical investigation, aerogel films were prepared on glass slides via doctor bladeing
(see Figure SI-7.2) by employing colloids with a nanocrystal volume fraction of 0.25%. With this method we were able to synthesize
mostly regular structures with a film thickness of ~20 uym. Scattering-free absorption (by means of an integrating sphere) and
extinction measurements of the Ag films (Figure 4B in the manuscript) show absorption maxima near the LSPRs of the colloidal NPs,
(at 380 nm and 510 nm for the Ag and Au aerogel, respectively), which is slightly shifted to smaller wavelengths, probably due to the
different dielectric function of the surrounding medium (air) in comparison to that of the previous one (water). The absorption peak
itself is broadened, which can be explained with the deformed, partly grown and connected particles (observable by TEM). For silver
aerogels, an additional absorption band at 440 nm can be observed, which we attribute to the presence of larger particles, which was
also observed by TEM measurements.

Due to the difference between extinction spectra and absorption spectra (the first mentioned also containing contributions due to
scattering), an interesting behavior can be noted for both gold and silver nanoparticles: first of all, the absence of a Rayleigh
scattering background which would be of higher intensity towards smaller wavelengths should be mentioned. Instead, an increase of
the extinction due to scattering is observed for both samples towards larger wavelengths (for Ag, even a maximum is present at
approximately 750 nm). It is likely that this behavior is caused by LSPRs of the plain-like nanoparticle assemblies (or by interplasmon
coupling). This assumption is supported by the absorption spectra, which are weaker in intensities at this region of the spectrum (and
in the case of silver also exhibit a maximum at larger wavelengths), since the plasmon scattering intensity being higher for
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resonances corresponding to larger objects is a typical LSPR behavior. Therefore, we conclude that for both Au and Ag aerogels,
plasmonic behavior is still observed, a pronounced optical behavior which is differing from that of the pristine colloidal solutions.

The CdSe/CdS aerogel monoliths and films were also characterized by means of an integrating sphere. Both monoliths and films
exhibit similar absorption behavior with respect to the colloidal solution. The monolith exhibits a sharp absorption onset at the core
position (603 nm). The absorption of the monolith furthermore is saturated at short wavelengths, which is an effect of the morphology
and size of the sample: the excitation beam is larger and partially passes beside the monolith. The first CdS absorption onset is found
at 463 nm for all three samples (solution, film and monolith). The core peak in the case of the film is not visible due to the low
intensity of this signal and the type of measurement based on optical fiber. However, the presence of the core is confirmed by the
emission spectra. The emission spectra of the film and the monolith aerogels excited at 454 nm show narrow band edge emission
peaks (FWHM = 31 nm and 36 nm, respectively), which means that the size distribution of the nanoparticles in solution is kept in the
solid structures. Compared to the rods in solution, the maximum in the emission peak is shifted to larger wavelengths for the gel in
the film and the monolith, which can be explained by an increased rod-to-rod coupling in the dense in-plain assemblies (see Figure
Sl-4.5F), as previously reported in works on hanocrystal superstructures''?. The slight broadening of the emission spectra in
comparison to those of the hanocrystal solution further confirms this assumption.

The photoluminescence quantum yield (PLQY) for the aerogel film was determined in absolute mode to be 14 %, with a
measured luminescence decay time of 10 ns (excitation wavelength: 454 nm). Both PLQY and lifetime decrease slightly when
assembling the rods on the film by cryogelation compared to the values of the aqueous solution. On the other hand, the monolith
shows 4.8% PLQY (in absolute mode), and 7.5 ns measured lifetime. In this case, PLQY and lifetime decrease strongly with respect
to the aqueous solution. This is the typical behavior of homogeneous quenching, in which the decrease in the measured quantum
efficiency is typically followed by a decreased in fluorescence lifetime. And this can be explained by an increment in non-radiative
processes. Homogeneous quenching is also confirmed by fluorescence decay measurement, showing typical monoexponential
decay curves for the nanorods assemblies.
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Figure SI-9.2. Normalized emission decay of the monolith (left) and film (right). The color lines are the measured data. The solid
black lines comrespond to a monoexponential fit. Insets: normalized emission decay from 1 to 1/e for a clear reading of the lifetime.

The solution used in this experiment was washed once (as already mentioned previously in the experimental section). When
using non-washed samples, the aerogel structure observed in the SEM was completely different from those aerogels fabricated with
the other types of nanoparticles due to the excess ligand. When washing the solutions three times, we observed a complete
quenching in the fluorescence of the aerogel due to the loss of a high amount of ligands. A single wash was chosen then for all the
experiments carried out with the rods because it provides the proper ligand concentration to yield a morphology similar to those of
other nanoparticles.
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ABSTRACT In this article we demonstrate the fabrication of tailored multi component
cryoaerogels from colloidal nanoparticles via the cryogelation method. With this method it
is possible to control the amount of components very precisely. Furthermore, the
distribution of the different nanoparticle components in the resulting monolithic structure

is shown to be adjustable by simply mixing calculated amounts of colloidal nanoparticle
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solutions with a suitable surface charge. The optical properties of synthesized titania-noble
metal cryoaerogels are investigated in dependency of the composition. In addition titania-
platinum cryoaerogels were tested for photocatalytic applications such as hydrogen
evolution and showed a significant increase in performance and stability compared to their
respective colloidal solutions. While showing comparable results for hydrogen evolution
with aerogels as reported in literature, the fabrication is much faster and less complex and

therefore might enable future industrial application.

Aerogelation is one way to assemble nanoparticles into macroscopic structures. These materials
show unique features such as low density, low thermal conductivity and high specific surface
area, which cannot be obtained by conventional materials."? Aerogels found already applications
as filter material for stardust or transparent thermal insulation even though only a few materials
such as silica have been employed so far.> * However, the potential of aerogels is still not fully
exploited, since recently they can be fabricated of colloidal nanoparticles such as (noble) metal,
semiconductors as well as metal oxides.” *'? Hence, it is more and more possible to tune
aerogels with desired properties by using specific nanoparticles such as photoactive or
conductive components, as well as catalytic components which are highly selective.® >
Combined with the advantages of large specific surface area and large interface area between the
components, and therefore shorter path lengths (e.g. in diffusion processes), aerogels are
expected to be excellent catalysts and sensors.'>'® Yet, there are barely reports on aerogels
applied in areas like catalysis industry or electronics for two main reasons. One reason is, that the
stability (mechanical and thermal) of aerogels has not met the requirements for the aimed

applications so far or when the requirements were met, the complexity in fabrication makes them

. s 13,14,17 - . -
unsuitable for larger scale application. > ™ ** Second, composite materials (which can overcome
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the lack of stability) have certain limitations in distribution of the materials and yields that can be

1,19, 20

used to obtain aerogels. Recently we reported on a new method of fabricating aerogels, the

cryoaerogelation.”

This method allows the employment of different nanoparticles without
complex adjustments on the surface chemistry, as long as it is in an aqueous solution. Hence, this

method seems promising also for low-cost and large scale aerogel fabrication. However, it needs

to be investigated in respect of its potential for multicomponent acrogelation.

In the present work we demonstrate, that by cryogelation we are able to fabricate mixed
composite cryoaerogels. We show that this route has basically no restriction on the inserted
components and enables a freely variable composition ratio. This supports catalyst design e.g. for
photocatalytic hydrogen evolution or many further applications. In detail, this article shows the
fabrication of TiO,-noble metal, hematite-noble metal as well as metal oxide hydroxide-Pt
aerogel systems. We can control the distribution of the components within the aerogel by
adjusting the C-potential of the employed nanoparticles. Furthermore, we can adjust the interface
area between the two components in the resulting monolith by freely varying the composition
ratio of the employed nanoparticles. We investigate how the optical properties of noble-metal
TiO; cryoaerogels vary with changing the component ratios. Finally, we show proof-of-principle
measurements for hydrogen evolution reaction with TiO,-Pt cryoaerogels exhibiting 5.1 mmol

h! g_1 for 1 wt% Pt content, which are promising results comparable to recent literature values.

Results and Discussion

We synthesized multicomponent monoliths of metal oxide-metal cryoaerogels after the
cryogelation method. The resulting monoliths are highly voluminous, porous and

lightweight. The series of material combinations includes hematite-noble metal (Au, Ag,

77



Pt), TiO,-noble metal as well as metal oxide hydroxides-Pt. (see figure 1). Although they
have different macroscopic appearances in color due to varying material and component
ratios, the microscopic morphology is for all synthesized cryoaerogels similar. The
morphology can be described as interconnected thin sheets, which again are made of

assembled nanoparticles. To simplify, the morphology is a 3D structure made of 2D

assemblies.

Figure 1 Various cryogelated aerogel monoliths from mixed systems. Cryoaerogel of (A)
MnO(OH)-Pt (1 wt%), (B) CoO(OH)-Pt (1 wt%), (C) NiO(OH)-Pt (1 wt%), (D)
hematite-Ag (50 wt%), (E) hematite-Au (50 wt%), (F) TiO-Ag (50 wt%) and (G) TiO;-Au

(50 wt%) were synthesized.

The structure is a result of freezing the aqueous colloidal solution, where the formed ice
crystals act as template for the nanoparticles in order to yield the final cryoaerogel

structure. The mechanism was described already in our earlier report.?! It has to be
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mentioned, that for pure TiO, and hematite systems the monoliths easily disintegrate and
are better described as voluminous powder. The fragile nature of the pure metal oxide
system can be explained with low attractive interactions between the particles. While the
intraparticle interactions (namely ionic bonding) are quite strong due to close proximity
and high difference in electronegativity of the oxygen and metal ions, the interparticle
interactions are relatively weak, which is mainly due to the fact that the average atom
distances between the neighboring nanoparticles are higher than within the
nanoparticles.22 Furthermore additional Coulomb forces may occur due to the application
of ligands.

While being in a colloidal solution the ligands serve to stabilize the nanoparticle due the
surface charge and prevent agglomeration. Out of the aqueous solution the {-potential is
of no concern.” ** However, humidity at ambient conditions in a highly porous system
may still effect the ligands on the particle surface. Therefore weak Coulomb interactions
between the particle surfaces may occur and have to be taken into account. The
presumptive reason for the monolithic structure to be self-supportive at all, is that
cryogelation itself is presumably already a cold sintering technique for nanoparticles of a
colloidal solution by applying pressure through ice crystals. Additionally the employment
of ligands may lead to crosslinking effects and contribute to the cohesion of the monolith.
Besides the stabilizing ligands for the noble metal nanocrystals (namely citrate and
DMAT ligands remaining partially after excessive ultrafiltration) no further ligands were
present to achieve the monolithic cryoaerogels, in order to warrant the accessibility of the

nanoparticles in the superstructures. Yet, it would also be a possibility to add higher
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amounts of ligands to create more crosslinking interactions like e.g. intercalation of steric
ligands on purpose to obtain more stable monoliths.

Raising the metal content or applying heat treatment (for example 150°C) to these cryoaerogels
leads to increased stability of the metal oxide monoliths which can be explained by two reasons.
Firstly, sintering through pressure or heat can decrease interparticle distances and therefore
enhance the mechanical and thermal stability.”? However care should be taken with the annealing
parameters since e.g. sintering at higher temperatures such as 400°C resulted in strong shrinkage
or collapse of our metal oxide hydroxide cryoaerogels. Secondly, by adding the significantly
smaller noble metal nanoparticles, voids within the nanoparticle assembly sheets were filled with

material decreasing the average interparticle distances within the monolithic structure.

We found that the {-potential of the nanoparticles influences the distribution within the colloid
and therefore in the subsequent aerogel. It is a well-known method to stabilize nanoparticles in
colloidal solution with a {-potential of the same charge, creating repulsion forces between the
particles and preventing agglomeration. This repulsion also takes place when mixing two

different colloids and prevents attachments of particles on each other.

When freezing this mixed colloidal solution and subsequently freeze drying it, we found a local
segregation in the final assembly as can be seen for the TiO,-Pt cryoaerogel (see figure 2A). We
found local islands of Pt in the size of several hundred nanometer for 50 wt% and often TiO,
nanoparticles with no attached Pt. The TiO; cryoaerogel with 1 wt% Pt shows minor
inhomogeneous distributions, meaning regions of TiO, nanoparticles with no Pt nanoparticles in
the surrounding area and local areas with a high concentration of Pt nanoparticles in the size of
50 nm. Since we can measure by DLS (see figure S2) that by simply mixing the two types of

nanoparticles no agglomeration takes place, we attribute the compound segregation in case of the
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cryoaerogels to the higher mobility of the smaller Pt nanoparticle being immobilized after the
TiO, nanoparticles. However, if for example via ligand exchange, the {-potential of the
employed nanoparticle is changed to opposite charges, we observed for the same TiO,-Pt
nanoparticle systems attraction of the nanoparticles to each other, giving a homogeneous

material distribution in the resulting monolith (see figure 2B).

™ £ i ’fw’j ho 0% & -
{-potential @pH 5.9 | &% [-potential @pH 5.9

TiO,: +26.9 mV Y 5 Gl TiO,: +26.9 mV
\ " & Pt (citrate): -26.3 mV

Figure 2 Component distribution of cryogelated aerogels in dependence of the surface
potential of the employed nanoparticles. Left images (A) show a partly segregation of the
nanoparticles due to same surface potential (Pt nanoparticles with 2-
Dimethylaminoethanethiol (DMAT) ligands). The inset shows the TiO,-Pt cryoaerogel

(black bar represents 1 cm). Right images (B) demonstrate attraction of nanoparticle due

81



to different surface potential leading to a homogeneous component distribution. The inset

shows the TiO;-Pt cryoaerogel (black bar represents 1 cm).

We assume the attachment happens already in solution, shortly after mixing, due to the opposite
surface charges. However, this assumption it is difficult to proof, since scattering-based
techniques such as DLS are unsuitable upon colloid mixtures of such different sizes. We
investigated the colloidal solution by TEM immediately after mixing the solutions, (see figure
S1) as well as after cryogelation (figure 2). The distribution of the particles was found to be
homogenous, meaning every TiO, or hematite nanoparticle has noble metal nanoparticle as
direct neighbour in nearly all cases (exception: employment of already agglomerated Ag
nanoparticles in the colloidal solution, see figure S6). However, the attachment of the noble
metal to the metal oxide nanoparticles in this case could also be a consequence of the TEM grid

preparation due to drying effects.

By adjusting the C-potential through ligand exchange we achieved always the intended
homogeneous or heterogeneous component distribution for the TiO,-noble metal and hematite-
noble metal systems. The homogeneous compound distribution on a larger scale was proven by

EDX mappings during SEM imaging (see SI Figure S3).

In a different set of experiments, we found that the composition of cryogelated aerogels can be
freely varied by simply mixing the calculated amounts of colloidal nanoparticle solution. We
prepared TiO2 cryoaerogels with different loadings of Pt, Ag and Au. For the TiO,-Pt system we
selected, beside 0 and 100 wt% Pt nanoparticles, the optimal metal loading for water splitting
applications (1 wt% after Kaise™) as well as equivalent mass (50 wt%) and equivalent volume

(84 wt%) of the employed nanoparticle fractions. The (-potential was negative for the Pt and
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positive for TiO,, which is necessary in order to obtain a homogeneous distribution of the
components (as discussed above). Characterization with transmission electron microscopy shows
the distribution of the nanoparticles for all compositions (see figure 3). In these cryoaerogels,

nearly all Pt nanoparticles were directly attached to the TiO, surface.

i 50 % Pt

Figure 3 TEM characterization of TiO, cryoaerogels with increasing platinum loading
ranging from 0 to 100 % Pt yield. Surface potential was positive for TiO, and negative for
Pt nanoparticles ensuring homogenous distribution. The lower right image shows a SEM

image to demonstrate the morphology in the micrometer size.

The optical characterization of cryoaerogel films from TiO;-Ag as well as TiO;-Au systems
show that the properties of the employed single components (namely the occurrence of localized

surface plasmon resonances LSPRs) could be transferred into multi component cryoaerogels (see
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figure 4). The optical spectrum of the final mixed monolith is influenced by the optical properties
of both components. Generally all spectra show absorption maxima at 350 nm, which

corresponds to the band gap of TiO; of a nanoparticular size.

— 0 wt% Au
— 1 wit% Au

. — 50 wt% Au

- - - Au NP (colloid)

Normalized absorption

400 600 800
wavelength (nm)

Figure 4 Normalized absorption spectra of mixed composite cryogelated aerogel films for
the systems TiO,-Au with composition ratios of 0 wt% (pure TiO, cryoaerogel), 1 wt% Au

and 50 wt% Au. Black dotted lines show the spectra of the respective particle colloids.

The spectra of the systems of TiO,-Au with 1 wt% and 50 wt% Au show an extinction maximum
around 540 nm. The bathochromatic shift of the LSPR of 15 nm compared to the colloidal

solution can be explained by the change of the dielectric function caused by a changed
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environment (see figure 4). The broadening of the maximum is presumably caused by
interplasmon interactions caused by the various different interparticle distances in the assembled
superstructure.”® ¥’ In conclusion, the optical spectra of the mixed cryoacrogel films differ
significantly compared to that of the pure TiO, cryoaerogel. This means that the optical
properties of the resulting monolith can be influenced to a certain degree by adjusting the ratio of

both compounds.

Due to their good surface accessibility in combination with the ability of facile separation from
the reaction mixture, gels are of interest for solution-based catalysis. In the present case, the
fabricated cryoaerogel monoliths from mixed components are of potential interest for
applications like e.g. in photocatalytic hydrogen evolution, due to their exact tunability of the
compound ratios. For proof-of-principle, we therefore tested TiO,-Pt systems with varying Pt
amounts of 1, 50 and 84 wt% for their capability of hydrogen evolution from water under
illumination with a 1000 W xenon lamp under assistance of methanol as hole scavenger. We
choose this reaction since it is well investigated and enables comparison of the fabricated

cryoaerogels with hydrogelated aero ge]s.13

First we varied the amount of Pt in the system TiO,-Pt (see Figure 5). The highest hydrogen
evolution could be observed for systems with 1 wt% Pt as already reported previously.”> We
measured the average specific hydrogen evolution to be 5.1 mmol h™* g ™! for 1 wt% Pt, 3.0 mmol
h™' g™ for 50 wt% Pt and 1.0 mmol h™" g™ for 84 wt% Pt and compared to the data of a non-
gelated mixed TiO,-Pt colloid (with 1 wt% Pt). Compared with literature (da Silva et al.'’
achieved for a hydrogelated aerogel system with similar compositions 6.9 mmol h™! g”! but with

an 400 W Hg lamp) we achieve comparable hydrogen evolution rates for aerogels, yet with a

faster and less complex fabrication method.
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Figure S Specific hydrogen evolution for TiO,-Pt cryoaerogels with varying Pt content of
1 wt%, S0 wt% and 84 wt% and the colloidal solution of TiO, with 1 wt% Pt to compare

the effect of the cryoaerogelation with the colloidal solution.

The average specific hydrogen evolution was measured to be 3.1 mmol h™' g™! for the colloidal
solution with 1 wt% Pt. We attribute the ability of producing hydrogen within the colloidal
nanoparticle solution to the adsorption of the oppositely charged particles. It presumably takes
place as soon as the two colloidal solutions are mixed because of the opposite zeta potential of
the Pt (which we measured to be — 50.3 mV + 1.5 mV @ pH 7) and TiO, nanoparticles (26.9 mV
+ 03mV @ pH 7). The average performance for hydrogen evolution after cryogelation
(integrated over the illumination time of 240 min) is raised by around 60% for cryoaerogels in

comparison to the nanoparticle mixture. In addition the performance over time becomes more
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stable compared to the colloidal system. This is probably due to the immobilization of the
particles into fixed macroscopic structures (see discussion above — “cold sintering”), while the
colloidal solution is only loosely bound through surface charges. The surface charge, especially
from TiOs, can locally change during the hydrogen formation reaction® leading to attaching and
detaching of Pt nanoparticles onto and from TiO; nanoparticles, which leads to a decrease of the
efficiency over time. For the cryogelated system we also observe spikes during the measurement.
We attribute these spikes to the nanoporous structure of the cryogel. Produced hydrogen can be
captured in these porous structures and is promptly released when reaching critical

concentrations.

Conclusion

Fabricating composite aerogels via cryogelation of nanoparticle solutions offers a high degree of
control over the resulting properties of the monoliths. Material compositions and particle
distributions within the gels can be freely varied, and by this variation also the optical properties
can be adjusted. We found in our experiments that the {-potential, material and the composition
ratio of the employed nanoparticles are the crucial parameters for tuning the aerogel properties.
This high degree of control can e.g. be exploited to fabricate tailored cryoaerogels for
(photo)catalysis. Further applications such as optical or electronical sensing can be thought of.
We could demonstrate with our cryoaerogel comparable hydrogen evolution rates compared to
the best literature values for hydrogelated aerogels, and showed a significant increase of
performance and stability compared to that of the respective colloidal solutions. Since the

cryogelation synthesis is less complex as well as faster in comparison to previous gelation
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methods, our results might make the cryoaerogelation interesting for creating a new generation

of tailored photocatalysts, catalysts and sensors.

Methods

Materials

Dihydrogen tetrachloroaureate hexahydrate (99,99%), dihydrogen tetrachloroplatinate (IV)
hexahydrate (ABCR, 99.95%), trisodium citrate (reagent grade) and sodium hydroxide (reagent
grade) was purchased from ABCR. Sodium borohydrate (99,9%) was purchased from Fluka.
Silver nitrate (>99.0%) and iron (III) chloride hexahydrate (99%) were purchased from Alfa
Aesar. 2-Dimethylaminoethanethiol (DMAT, >99%), TiO2 nanoparticles (P25), MnCl, -4H,0,
(>99.0%), CoCl,6H,0, (399.0%), NiCl,-6H20 (>99.0%) and 37% hydrogen peroxide were
purchased from Sigma Aldrich. All chemicals were used as received. Deionized water (DI) was

used to dissolve the metal salts as described below.

Nanoparticle synthesis

Noble metal nanoparticles were prepared with the modified citrate reduction method from
Enustun ef al.’® In detail, for Au nanoparticles we used 29 mL of a 0.2 weight percent (wt%)
dihydrogen tetrachloroaureate hexahydrate aqueous solution stirring in a total volume of 500 mL
deionized water. Then 11.6 mL of a 1 wt% trisodium citrate solution are added, and after 30 s a
subsequent injection of 5.8 mL containing 0.07 wt% sodium borohydride and 1 wt% trisodium
citrate. The solution turns immediately from yellow to red. For Pt nanocrystals a 1 L flask with
36.2 mL of an aqueous 0.2 wt% dihydrogen tetrachloroplatinate (IV) hexahydrate solution was

added to a total volume of 500 mL of deionized (DI) water. The solution was stirred and heated
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until boiling. 11.6 mL of a 1 wt% trisodium citrate solution were added and stirred for 30 s to
reach the boiling point again. Subsequently, 5.5 mL of an ice cold sodium borohydride solution
with 0.076 wt% were added. The solution immediately changed from yellow to brown colour.
Ag nanocrystals were prepared similarly using 12 mL of an aqueous 0.2 wt% silver nitrate
solution as noble metal precursor. When adding sodium borohydride the solution changed from

colourless to yellow.

Hematite nanoparticles were synthesized following the method described by Faust et al?*’ 150
mL of a 0.1 M iron (III) chloride hexahydrate solution were added dropwise into 600 mL of
boiling water under stirring. The solution turned to red immediately and was boiled under reflux
for further 5 min. The solution was then dialyzed (dialyze tubes Medicell International, MWCO
12-14000 Dalton) for three days, with the tubes placed inside the distilled water, and was

changed around 6 to 8 times.

Metal oxide hydroxide nanoparticles were synthesized following a modified synthesis route
described by Deng et al.*® by preparing a 1 wt% precursor solution of the corresponding metal
(II) chlorides (MnCl,-4H,0; CoCl,-6H,0; NiCl,-6H,0). To 10 mL of the precursor solution, 12
mL of a 1 wt% trisodium citrate solution (ABCR, 99%) were added and heated to 50 °C until the
solution became coloured (formation of metal complexes). From this solution the metal oxide
hydroxide nanoparticles were precipitated using a calculated volume (47 pL for the MnCl,
solution and 167 uL for the CoCl, and NiCl, solution) of a mixture of 1 g sodium hydroxide

carefully (!) dissolved in 5 mL 37% hydrogen peroxide.

Ligand exchanges were performed by adding 0.33 mmol DMAT per mL of a 0.011 M Pt

NANOPARTICLE solution and letting the solution stir for 4 h at 40°C. The solution was washed
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3 times with a tenfold volume of DI water over a centrifuge filter (Amicon Ultra-15, 10 kDa,

Merck Millipore).
Cryoaerogel synthesis

The cryoaerogels were synthesized following a modified synthesis route from Freytag et al.! To
achieve volume fractions of nanoparticles of 0.1% or higher, we concentrated the colloidal
solution of the single nanoparticles. Noble metal solutions were concentrated by a factor of 1000,
hematite by a factor of 100, which equals a final volume fraction of 0.1 vol% of nanoparticles.
Concentration of the colloidal solutions was achieved by an ultrafiltration cell (Solvent resistant
filtration cell, Merck Millipore) with a pressure of 5.5 bar filtering over a regenerated cellulose
membrane (10 kDA, Satorius Stedim) and subsequent filtration via ultrafiltration centrifuge
filters (Amicon Ultra-15, 10 kDa, Merck Millipore) in a centrifuge at 3800 rcf for 10 min. The
concentrated colloidal solutions were mixed according to the intended and calculated compound
composition (0 wt%, 1 wt%, 50 wt%, 84 wt%, 100 wt%) and subsequently added dropwise into
liquid nitrogen to obtain monoliths, or knife bladed on washed FTO glass substrates and
subsequently dipped in liquid nitrogen. After freezing for approximately five minutes, the
monolith and film samples were brought into a freeze dryer (Christ, Alpha LD 1-2) and kept

under vacuum (< 0.05 mbar) for 24 h (monoliths) or 6 h (films).
Characterization

UV/Vis absorption spectra of mixed TiO2-noble metal cryoaerogels immobilized on the FTO
glass substrate were recorded using slide holder and the spectrophotometer Cary 5000 (Agilent
Technologies). Scattering free absorption measurements were carried out in the same

spectraphotometer equipped with an integrating sphere (Agilent DRA 2500) measuring the films
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in center mount position. Scanning electron microscopy (SEM) was performed using a JEOL
JFM 6700F electron microscope operated at 2 kV. The samples were prepared by placing small
aerogel pieces onto an adhesive carbon polymer pad. Energy dispersive x-ray spectroscopy
(EDX) measurements were carried out in the same device operated at 10 kV using a EDX
detector (Oxford Instruments INCA 300). Transmission electron microscopy (TEM) was
performed by a FEI Tecnai G2 F20 electron microscope, operated at 200 kV. The samples were
prepared by pressing a carbon film coated copper mesh (mesh width 300 um, Quanitfoil) gently
onto the monolith or film. The particle size was (additionally to TEM imaging) determined using
dynamic light scattering (DLS). For this measurement, a cuvette was filled with 3 mL colloid
and directly measured (Zetasizer ZSP, Malvern Instruments). {-potentials were measured using a

disposable folded capillary cell (DTS 1070, Malvern) within the Zetasizer ZSP.
Photocatalysis measurements

For photocatalysis measurements 25 mg of the respective cryoaerogel monolith with varying
composition (0 wt%, 1 wt%, 50 wt%, 84 wt%, 100 wt%) were redispersed in 10 vol% aqueous
methanol (Roth, 99%) solution (photocatalyst concentration 0.5 g L), initial suspension volume
50 mL, irradiation time 4 h, irradiation intensitypsog4so 30 mW cm'z). A continuous double jacket
quartz glass reactor attached to a quadruple mass spectrometer (QMS (Hiden HPR-20)) has been
used in order to carry out the photocatalytic test reactions. Argon (Ar) was used as a carrier gas
with a constant flow rate of 10 ml/min. In order to maintain the temperature of photocatalytic
reaction a thermostat was used at 20 °C. For the removal of dissolved molecular oxygen Ar was
purged into the suspension for 30 minutes. Later on the reactor was closed and flow of Ar gas
was continued for 60 minutes until no traces of any other gas can be detected by QMS. Once the

stabilization of the system achieved, the lamp was switched on and illumination was continued
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for 4 hours. An Osram XBO 1000 Watt Xenon Arc Lamp in Miuller LAX 1000 lamp housing
was used as a light source. A sudden increase in the production rate for molecular hydrogen was
detected immediately after the start of illumination. After 4 hours of illumination, as the lamp
was switched off a decrease in the production rate for molecular hydrogen was observed. The
advantage of using this system is that the time course for the reaction products can be monitored

during the photocatalytic experiments. The details of QMS set-up are described by kandiel et

al >t
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Figure S1. TEM imaging of the system TiO,-Pt (1 wt%) showing (A) the colloidal solution with
same Z-potential for both components, (B) the colloidal solution with opposite Z-potential for
both components, (C) the cryoaerogel with same Z-potential for both components, and (D) the
cryoaerogel with opposite Z-potential for both components. Note, that for the colloidal solution

drying effects take place during the TEM preparation.
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Figure S2 DLS measurements of the system T10,-Pt (1 wt%) of the pure T10O, nanoparticle and

the mixtures immediately after addition of Pt nanoparticle with the same Z-potential (DMAT) and

opposite Z-potential (citrate).
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Figure S3 EDX mappings from SEM imaging of the cryoaerogel systems hematite-Pt, hematite-
Au, TiOp-Pt and TiO,-Ag (always 1 wt% noble metal amount), revealing homogeneous

distribution within the cryoaerogels.
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Figure S4 (-potential of the Pt nanoparticle before and after exchange of the surface ligands.
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Figure S5 Size distribution measured by DLS for Pt nanoparticle before and after ligand

exchange. The increase in size can be explained by the increased hydrodynamic radius of the

particle and was not observed in TEM.
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Figure S6 Normalized absorption spectra of TiO;-Ag cryoaerogel films with varying
composition ratios of 0 wt%, 1 wt%, 50 wt% Ag yield and TEM image of the cryoaerogel with
TiOx-Ag (50 wt %) showing local segregation due to agglomerated Ag NP already in the

solution.

Figure S6 shows the normalized absorption spectra of TiO,-Ag systems with 0, 1 and
50 wt% of silver NP within the cryoaerogel. The increase of the amount of the optically
active component (Ag nanoparticles), results in a more pronounced absorption maximum
at 400 nm, which is caused by the LSPR of silver. For the system with 1 wt% Ag, the
absorption of the plasmon resonance is broadened compared to the colloidal NP. This

' In

effect may be caused by agglomerated silver particles or propagating plasmons.
addition a bathochromic shift of the LSPR maxima can be observed, which is in part
attributed to the change of the dielectric constant of the surrounding media (from water to
titania), and in part to interplasmon interactions caused by aggregated Ag nanoparticles.
For the 50 wt% Ag aerogel we additionally observe an extinction maximum at around

560 nm. This is probably related to the higher amount of silver and therefore the

~s . 2
occurrence of interplasmon coupling.
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3. Controlling Nanoscopic Properties within

Macroscopic Objects

3.1 Summary

In literature an often claimed aim is the transfer of NP out of their respective solution while
keeping all the properties. LSPRs, for instance are possible for sputtered targets or could be shown
for deposited single particle. However voluminous macroscopic structures were not achieved so
far. In section 3.2 the cryoaerogelation method is employed to create plasmonic macroscopic
monoliths and adjust the resulting properties. Ag NPs were chosen because of their characteristic
LSPR in the visible region. The NP were coated with silica shells ranging from 0 to 13 nm and
assembled into voluminous monoliths as well as thin aerogel film on glass substrates. It could be
shown that depending on the distance of the Ag NP to each other, the position of the LSPR was
shifted. In detail a bathochromatic shift can be observed of around 12 nm for increasing silica shell
thicknesses. Furthermore new extinction maxima arise if the NPs are in contact with each other,
while with shells of 13 nm or more the spectra of the resulting monolith resemble the spectrum of
the colloidal solution. This observation is very complex. In an approach, it is explained as interplay
of plasmon coupling, mie scattering and propagating plasmons. In summary, section 3.2
demonstrates the successful transfer of colloidal NP into macroscopic, voluminous cryoaerogels

pointing out a possibility to bridge the gap from nanoscopic properties to macroscopic objects.
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ABSTRACT: Aerogels can bridge the nanoscopic to the macroscopic world. One physical phenomenon typically limited to
the nanoscopic world is the occurrence of localized surface plasmon resonances (LSPRs), which are observed in conduc-
tive nanoparticles. Once brought into close contact, assemblies or superstructures of these nanoparticles often lose their
plasmonic properties in the transition stage towards the bulk material. Therefore, LSPRs are typically not observed in
macroscopic objects. The present work aims at voluminous nanoparticle-based aerogels with optical properties close to
that of the initial colloidal solution and the possibility to control the final plasmonic properties by bringing plasmonic
particles into defined distances. In detail, Ag nanoparticles with silica shells ranging from o to 12 nm are employed as
building blocks, which are assembled from their solution into macroscopic three-dimensional superstructures by freezing
and subsequent lyophilization. These cryogelated aerogels are synthesized as monoliths or thin films in which the
plasmonic Ag nanocrystals are arranged in defined distances due to their silica shell. The resulting aerogels exhibit con-
trollable plasmonic properties ranging from a behavior similar to that of the building blocks for the thickest shell to a
strongly particle-particle interaction dominated behavior for smaller shells or bare Ag particles.

1. Introduction bling colloidal nanoparticles are insufficient, especially in

Optical properties of nanoparticles have raised a con- terms of controlling optical properties of the resulting

siderable amount of interest in the last years. While the macroscopic objects. Literature describes various meth-
; ; P )

effects of e.g. localized surface plasmon resonances ods for one- and two-dimensional assemblies. Up

(LSPRs) are known and researched for more than 100 to now there is no satisfying procedure to build volumi-
years” > a fundamental understanding of the physics be- nous macroscopic structures while retaining control on
hind them was only obtained in the past two decades.>” the plasmonic properties. Yet, one possible method to
Nanochemistry utilized this knowledge for modifying the retain  the nanoparticle properties and  exploit
optical properties of materials by two complementary interparticle interactions could be aerogel formation.” *
routes. The first route is to synthesize tailor-made nano- In principle there are two different methods to create
particles by chemically controlling their composition, size these highly voluminous and porous systems, namely

and shape.®? Following this route allows to modify the hydrogelation-based aerogelation or cryogelation-based
optical properties to a large extent (e.g. the spectral posi- aerogelation. Hydrogelated aerogelation is the supercriti-
tion of the LSPR).* ™ The second route is the assembly of cal drying of previously created jellies or hydrogels of
nanoparticles into arrays or self-assembled ordered struc- metal oxides or polymers over sol-gel processes as devel-

S w . ; ; 2, 23
tures, and exploiting interparticle interactions like plas- oped by Kistler et al. or of gelated nanocrystals of
mon coupling.> ¥ Typically, both methods need to be different materials via adjuzsting the surface chemistry as

: ; i . 2429 :
combined when it comes to utilization of nanomaterials was developed recently. Cryogelation as a route to

in applications like sensing, spectroscopy or in (pho- aerogels was recently published, and is based on freezing
to)catalysis.* > 7 B Pswever. tha possibilities of assem- aqueous colloidal nanoparticle solutions in liquid nitro-
* :
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gen and freeze dry them.** The fabrication of
hydrogelated aerogels is time consuming, has certain
limitations in arranging the nanoparticles and could so far
not show plasmonic properties in the resulting aerogel.
Cryogelated aerogels are fabricated much faster and with-
out the limitations from adjusting the surface chemistry.

In this work we investigate the impact of assembling
nanoparticles into macroscopic monolithic aerogels using
the cryogelation method. We concentrate on the optical
properties of Ag nanoparticle aerogels without a silica
shell and with two differently thick silica shells to fabri-
cate voluminous macroscopic aerogels with optical prop-
erties close to that of the colloidal solution. These parti-
cles are assembled either as micrometer thin aerogel films
on glass supports or as macroscopic monolithic aerogels.
By assembling the particles with tuned silica shell thick-
nesses, the plasmonic cores are brought into defined
distances to each other, which enables controlling the
plasmonic coupling. The aerogels are investigated for
their optical properties as well as their morphology via
spectroscopic and electron microscopical characteriza-
tions, respectively. Finally we discuss the sophisticated
nature of the aerogel extinction spectra which are affected
by a complex interplay of plasmon coupling and further
optical effects.

2. Experimental Section

Materials: Ethylene glycol (99 %) was purchased from
ABCR. Polyvinylpyrrolidone (M,, 55000, PVP), sodium
hydroxide (> 98 %, NaOH), acetone (99 %), (3-
aminopropyl)trimethoxysilane (97 %, APTMS), sulfuric
acid (95-97 wt%, H,SO,) and ammonium hydroxide solu-
tion (28-30 wt%, NH,OH) were purchased from Sigma
Aldrich. Silver nitrate (99.85 %, AgNO,) was purchased
from Acros. 2-propanol (99.5 %), hydrogen peroxide
(35 wt%, H,O,) and ethanol (99.8 %) were purchased
from Roth. Tetraethyl orthosilicate (> 99.8 %, TEOS) was
purchased from Merck. All chemicals were used as re-
ceived. Deionized water was used to disperse both the
synthesized Ag mnanocrystals and Ag-SiO, core-shell
heterostructures.

Synthesis of colloidal Ag nanocrystals: The colloidal Ag
nanoparticles were synthesized according to the proce-
dure of Zhang et al.* Initially, 2.5 g PVP was dissolved
under vigorous stirring in 200 mL ethylene glycol. Then
0.5g AgNO, was added to the same solution. After the
dissolution of the Ag precursor, the reaction mixture was
heated up to 130 °C with a heating rate of around
7.4 °C/min and the reaction was allowed to proceed for
9o min. When the solution has reached room tempera-
ture again, the nanocrystals were precipitated by adding
800 mL acetone. Finally, the sample was separated from
the reaction mixture employing centrifugation at 3773 g
for 15 min, followed by the redispersion in 40 mL deion-
ized water.

Synthesis of  colloidal Ag-SiO, core-shell
heterostructures: In order to grow a silica shell around the
colloidal Ag nanoparticles, a procedure described by
Zhang et al. was performed.* First of all, 7.52 mL of the in

water dispersed Ag nanocrystals was dissolved in 8o mL
isopropanol using an ultrasonic bath. Subsequently, the
solution was stirred at 40 °C for 30 min, followed by the
addition of 4 mL NH,OH. After the temperature has be-
come stable again, a specific TEOS amount was injected
into the reaction mixture initiating the shell growth. The
thickness of the silica shell could be controlled by the
added quantity of the silica precursor. In this regard, the
TEOS amount was 20 pL and 8o pL respectively, in order
to receive two different shell thicknesses. In total, the
reaction was allowed to proceed under stirring for 2 h at
40 °C. The resultant heterostructures were washed suc-
cessively several times with water and ethanol. Finally,
the Ag-SiO, core-shell nanoparticles were redispersed in
4 mL deionized water.

Synthesis of cryoaerogels: As previously reported by us
for the gelation of other nanoparticles,® the Ag-SiO, col-
loid were initially washed by means of a centrifuge filter
(Merck Millipore, 10 kDa regenerated cellulose mem-
brane) and concentrated up to a nanoparticle volume
fraction of around 0.2 %. For preparing aerogel films the
support (e.g. glass slides) has to be cleaned with piranha
acid (H,0,:H,SO, 1:5) and can be functionalized by stor-
ing the slides for several hours in 5 M NaOH or APTMS to
provide a better wetability and binding of the aerogel to
the substrate. Subsequently, the concentrated nanoparti-
cle colloid was doctoral bladed on the functionalized
support and immediately dipped in liquid nitrogen. After
5 min in the liquid nitrogen bath the slide was brought
into a freeze dryer (Christ, Alpha 1-2LD plus) for at least
4 h with a pressure of 0.025 mbar. The aerogel monoliths
were prepared by drop-wise addition of the concentrated
colloid direct into liquid nitrogen stored in a 20 mL vial.
After storing it for around 10 min in liquid nitrogen, the
complete sample vial was placed inside a freeze dryer for
at least 24 h with a pressure of 0.025 mbar. For the fabri-
cation of thin cryogelated aerogel films on a substrate, we
first prepared the substrate by cleaning with piranha acid
(H,SO,:H,0,) and eventually functionalizing with NaOH
or (3-aminopropyl)trimethoxysilane (APTMS). Then the
colloidal solution was brought on the substrate via doctor
blading and immediate dipping into liquid nitrogen.

Optical characterization: The UV-VIS extinction spectra
of the colloidal solutions were measured in a 3 mL quartz
cuvette with a path length of 10 mm in transmission mode
using a Cary 5000 spectrophotometer from Agilent Tech-
nologies. Absorption measurements were recorded with
the same spectrophotometer equipped with an Agilent
DRA-2500 integrating sphere and the cuvette always in
center-mount position. For the measurements, the col-
loids were diluted with deionized water. Thin aerogel
films and aerogel monoliths were measured in the same
way using a film holder and a 1 mL quartz cuvette with a
path length of 4 mm, respectively.

Scanning electron microscope analysis: The samples
were measured with an electron microscope JEOL JFM
6700F operating at 2 kV. Samples were prepared by plac-
ing small pieces onto an adhesive polymer carbon pod on
top of the sample holder.
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Transmission electron microscope analysis: TEM anal-
yses were performed by means of a FEI Tecnai G2 F2o0
microscope, equipped with a field emission gun operated
at 200 kV. For this purpose, the colloidal solutions were
initially diluted with deionized water and then dropped
on a carbon coated copper grid (Quantifoil, 300 mesh). In
the case of aerogels, the grid was carefully pressed several
times against the sample.

3. Results and Discussion

First of all, a solution of spherical Ag nanocrystals was
synthesized according to the method reported by Zhang
et al. as described in the experimental section.* Here, Ag"
ions were reduced by ethylene glycol in the presence of
polyvinylpyrrolidone (PVP) at high temperatures produc-
ing nanoparticles with a mean diameter of 68 + 12 nm
(Figure S1, Supporting Information). The benefits of this
synthesis are the simple scalability and the high quantity
of nanoparticles, which are essential for the preparation
of aerogels by lyophilization. As can be seen from the UV-
VIS spectrum (Figure 1A, black curve), the sample exhib-
its an increased extinction in the wavelength regime from
350 nm to 500 nm with a maximum at 415 nm. This char-
acteristic feature of nanoscaled silver is ascribed to the
occurrence of the so-called LSPR and results from the
resonant density oscillation of the conduction band elec-
trons. In addition to the absorption, resonant scattering
contributes increasingly to the LSPR as expected for this
size regime (Figure S1, Supporting Information). In the
case of small Ag nanoparticles with a radius less than 15
nm absorption entirely dominates their optical proper-
ties.” However, the scattering rises drastically with in-
creasing nanoparticle size and eventually becomes the
prevailing component due to its r° dependency (r being
the radius), while the absorption efficiency scales only

with r32®

After synthesizing spherical Ag nanocrystals, these par-
ticles were coated with a defined silica shell which is sup-
posed to act as spacer material.”® Following the Stéber
method, nanoparticles were dispersed in isopropanol and
treated with tetraethyl orthosilicate (TEOS) under alka-
line conditions to accelerate the shell growth. In contrast
to the often used citrate ligand, PVP ensures the stabiliza-
tion of nanoparticles without any aggregation in alcohols
and additionally promotes the silica coating.>* By chang-
ing the TEOS amount, the shell thickness can be adjusted
precisely, whereby the distance d between the silver cores
is finally determined in the three-dimensional aerogels.
For the investigation two different shell thicknesses plus
pure Ag nanoparticles without silica were employed. The
corresponding transmission electron microscope (TEM)
images of the colloidal Ag-SiO, core-shell
nanoheterostructures are illustrated in Figure 1B and 1C.
As can be seen, by means of the Stéber method a uniform
coating around the Ag nanocrystals was realized, with a
thickness of 4.6 + 0.8 nm and 12.0 + 1.5 nm, respectively.
Moreover, it should be noted, that no multi-core
nanoheterostructures were observed; indeed each

——Ag-SiO, (5 nm)
——Ag-SiO, (12 nm)

Normalized extinction E

300 400 500 600 700 800
Wavelength / nm
. m

¢
)
bos
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Figure 1. Normalized extinction spectra (A) of colloidal
Ag nanocrystals (black curve) and colloidal Ag-SiO, core-
shell heterostructures possessing a silica shell thickness of
5 nm (red curve) and 12 nm (blue curve), respectively. The
measurements were performed in water for all samples.
The arrow indicates the shift to longer wavelengths after
the shell growth. The lower part shows the corresponding
transmission electron microscope (TEM) images of the
colloidal Ag-SiO, samples with a shell thickness of 5 nm
(B) and 12 nm (C).

LR

nanoparticle contains a single silver core. With regard to
their optical properties, the extinction spectra do not
reveal any significant changes after the encapsulation
(Figure 1A). However, the LSPR of the colloidal Ag-SiO,
heterostructures is slightly shifted to longer wavelengths
(bathochromic shift) compared to the one of the starting
material. This spectral displacement is expected for silica
coatings due to the alteration of the refractive index of
the surrounding medium. Generally, the LSPR wavelength
and the refractive index of the medium exhibit a propor-
tional relationship in the spectral range addressed here>
The change of the surrounding from water to silica leads
to an increase of the refractive index at the particle sur-
face from 1.33 to about 1.483% ¥ Consequently, a batho-
chromic shift is both expected and observed.

To fabricate cryogelated aerogel monoliths the colloidal
solutions were concentrated and the solutions were in-
jected dropwise into a vial filled with liquid nitrogen.
Afterwards, the frozen colloidal solutions were trans-
ferred into a lyophilizer and freeze dried for 24 h. As
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Figure 2. Photographs and TEM images of cryogelated Ag aerogels without silica shell (A), with a 5 nm silica shell (B) and

a 12 nm silica shell (C). The black bar represents 1 cm. Scanning electron microscope image (D) reveals the microscopic
morphology of interconnected, one layer thin sheets build from the Ag nanoparticles with a 12 nm silica shell.

already reported for other materials, during the freezing
of'the colloids, the Ag-SiO, nanoparticles are pushed into
the voids between the ice crystals. Here, the building
blocks assemble into sheet-like structures, consisting of
approximately 1 to 4 layers of nanoparticles, which are
interconnected with each other and randomly oriented
(Figure 2D) hence building up the macroscopic monolith.
Simplified, the resulting monoliths can be described as
randomly oriented two-dimensional sheets building a
three-dimensional structure.

The resulting aerogel monoliths are highly voluminous
and have an estimated density of around o0.03g cm™,
which corresponds to a relative density of around 0.3 % of
the bulk silver. The porosity is calculated to 99.7 % with a
pore size between the sheets in the micrometer range,
while the pores within the sheets are nanometer sized. As
can be seen from the photographs in Figure 2, the
cryogelated monoliths can be distinguished already by
means of their appearance. The monolith made out of Ag
cores with a 12 nm silica shell shows a yellow brownish
color (Figure 2C), which is similar to that of the starting
colloidal solution. The aerogel composed of particles with
a 5 nm shell has a green grayish appearance which is not
similar to that of the solution (Figure 2B). In the case of
the bare Ag, the monolith exhibits a reddish to violet
color (Figure 2A). As will be discussed later, this change
in appearance is attributed to an interplay of various opti-
cal effects whose contributions depend on the employed
building blocks.

Subsequently, the frozen films were dried within a
lyophilizer for about 1 h. We observed similar effects for

the thin aerogel films immobilized on glass substrates as
for the monoliths (Figure 3). Again nanoparticles are
assembled into thin sheets forming an interconnected
network (Figure 3E). However, when immobilized on a
substrate the sheets have a preferred orientation standing
mostly perpendicular on the substrate (Figure 3D). This
observation can be explained by the temperature gradient
while dipping the glass in liquid nitrogen. The technique
of aligning structures by an applied temperature gradient
is known as directed freezing and was also exploited in
our earlier work.?* *® Similar as in the case of monoliths,
the aerogel films have distinct optical appearances result-
ing from the same mechanisms occurring in the mono-
liths. Further SEM and TEM images of the fabricated
aerogel monoliths and films can be found in Figures S3 to
S8 of the Supporting Information.

The last part of this work focuses on the optical proper-
ties of these three-dimensional nanoparticle aerogels. The
monoliths could only be characterized in terms of their
optical properties by means of reflectance measurements,
since their volume is too big for transmission experi-
ments. Therefore, we concentrate on the aerogel films as
in contrast to the monoliths they were optically charac-
terized by both extinction and absorption measurements.
To ensure a better comparability, the UV-VIS spectra of
the cryogelated aerogel films as well as of the related
colloidal solutions are presented in Figure 4.

In the case of the pure Ag aerogel film, the extinction

spectrum (Figure 4A, red solid curve) exhibits two bands
whose maxima are located around 403 nm and 657 nm,
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Figure 3. Photographs an TEM images of doctoral bladed Cogelated Ag aergel films on a glass substrate without silica
shell (A), with a 5 nm silica shell (B) and with a 12 nm silica shell (C). The black bar represents 1 cm. Scanning electron

microscope image (D) reveals that the nanoparticle sheets preferably stand perpendicular on the substrate. As can be seen
in the inset the thickness of the film is approximately 10 nm. The sheets itself are again build from Ag nanoparticles with a

Lty

12 nm silica shell (E) similar to the monolithic aerogels.

respectively. Due to its spectral position we attribute the
short-wavelength peak to LSPR excitation in the nanopar-
ticles. We conjecture that the reason for its rather pro-
nounced appearance is the coverage of the Ag
nanocrystals by insulating PVP ligands from the synthesis
which hampers electronic interparticle transport. Hence,
the short-wavelength peak represents optical features of
single particles in the spectrum. However, their assembly
to aerogel film induces a strong LSPR broadening and a
spectral  shift of 12nm to shorter wavelengths
(hypsochromic shift) compared to the one of the colloidal
solution (Figure 4A, solid curves).

The corresponding absorption spectrum of the same
sample (Figure 4A, red dashed curve) reveals a further
interesting finding. In contrast to the extinction graph,
the long-wave band has vanished and instead a small
shoulder at around 590 nm can be noticed. The shape
difference between the extinction and the absorption
spectra in the long-wavelength range leads us to the con-
clusion that besides LSPR excitation further optical effects
play a role which mainly contribute via scattering or re-
flection. Possible effects include the excitation of propa-
gating surface plasmons in the aerogel sheets, scattering
effects due to the surface roughness induced by deposit-
ing the material on the glass surface (see Figure 3D), and
the formation of an effective medium formed from silver
and air the effective refractive index of which may lead to
spectrally inhomogeneous reflection. The shape differ-
ences between the extinction and absorption spectra are

also found for the aerogels consisting of Ag particles car-
rying a silica shell (Figure 4B and C). Both a precise un-
derstanding of the interplay of the abovementioned ef-
fects as well as a simulation of the optical properties of
the complex surface structures is beyond the scope of this
paper. However, we will discuss in detail the behavior of
the short-wavelength peak as this can clearly be attribut-
ed to single-particle LSPR origin and its conservation
during aerogel formation is the aim of this work. General-
ly, two tendencies become apparent by comparing the
spectra of the three aerogel films (Figure 5A): While the
extinction in the long-wavelength part of the spectrum
decreases with increasing silica shell thickness, the LSPR
peak exhibits a bathochromic shift. In other words, an
increasing shell thickness leads to an increasing similarity
between the optical properties of the colloidal particles
and the aerogels.

The bathochromic shift of the short-wavelength peak
can be explained as follows: In contrast to the colloidal
solution, the individual nanocrystals in such assemblies
are in direct contact with each other. As a result of this,
the plasmon oscillations of the individual Ag nanocrystals
can strongly interact with each other which is known as
plasmon coupling. The efficiency of the coupling depends
on the distance between the plasmonic cores defined in
this case by the silica shell thickness. An established ex-
planation of the mechanism is provided by the plasmon
hybridization theory, which will be introduced via a di-
mer2** If two plasmonic nanocrystals form a pair with a
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Figure 4. Normalized extinction (solid line) and normalized absorption (dashed line) spectra of the cryogelated aerogel
films (red curve) as well as the corresponding colloidal solution (black curve): Ag (A) as well as Ag-SiO, with a shell
thickness of 5 nm (B) and 12 nm (C).

defined distance to one another, also known as a dimer,
the individual dipolar plasmon modes can be oriented in
4 different ways to each other, as illustrated in Figure 5B.>
342 On the one hand, the oscillations are able to occur in
a parallel or antiparallel fashion along the interparticle
axis, which are labeled as longitudinal- or o-modes. In
contrast, the transversal-modes (m-modes) refer to orien-
tations of the dipolar plasmon modes perpendicular to
the interparticle axis. Considering the coupling ability to
the incident light, both the longitudinal and transversal
antiparallel configuration is not capable of inducing any
surface plasmon, since the resulting net dipole moment
becomes zero for identical spheres. Nonetheless, these so-
called dark modes can turn into dipole-active as a conse-
quence of symmetry breaking, for instance, through dif-
fering particle sizes. Here, the net dipole moment devi-
ates from zero. As opposed to this, the parallel orientation
always provokes a surface plasmon; therefore, these
modes are classified as bright. From a mechanistic view-
point, the parallel alignment influences the restoring
forces within the nanocrystals determining the resonance
wavelength of the plasmon. Looking at the o-mode, the
charge accumulations due to the induced polarization are
arranged in a head-to-tail manner with alternating signs.
Consequently, the restoring forces are supposed to be

Ag-SiO,
shell thickness: 5 nm

Normalized optical density

300 400 500 600 700 800
Wavelength / nm

Extinction (solution)
Extinction (film)
----- Absorption (solution)
————— Absorption (film)

reduced resulting in a bathochromic shift of the plasmon
in relation to the one of an isolated nanocrystal. Accord-
ingly, this effect continues to increase with decreasing
interparticle distance. In contrast, an opposite behavior
will be observed for the m-mode. Here, the restoring forc-
es rise, leading to a hypsochromic shift, since the charge
distribution exhibits a side-by-side orientation. In previ-
ous work we have shown that the distance dependence of
the interparticle coupling in head-to-tail configuration at
small particle separations is much stronger than the effect
of the side-by-side coupling.”” * Hence, we attribute the
bathochromic shift of the LSPR extinction maxima, which
can be observed for increasing silica shell thicknesses to
o-mode coupling.

To summarize, the investigation of the Ag and Ag-SiO,
aerogel films have revealed that the optical properties
originate from different mechanisms. In this context, the
degree of plasmon coupling as well as the occurance of
further optical effects greatly depends on the interparticle
distance defined by the silica shell thickness. While a
shell thickness of 12 nm leads to optical properties similar
to the ones of the colloidal solution, the bare Ag aerogel
film spectrum is heavily distorted in comparison to the
colloidal case.
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Figure 5. Normalized extinction (A) spectra of the
cryogelated aerogel films: Ag (black curve) as well as Ag-
SiO, with a shell thickness of 5 nm (red curve) and 12 nm

(blue curve). Panel B shows a scheme of the plasmon
coupling in a dimer.

Finally we turn to a discussion of the optical properties of
the cryogelated monoliths. As can be seen from the reflec-
tance spectra (Figure So, Supporting Information), the
spectral signature of all samples possesses a minimum at
324 nm, which becomes more defined with decreasing
silica shell thickness.® This feature is ascribed to the so-
called plasma edge and typically appears in the reflec-
tance spectra of bulk materials. In comparison with the
aerogel films, the processes affecting the optical proper-
ties in these structures are considerably more complex
and not easy to explain due to the irregular arrangement
of the sheet-like structural units. However, the same ten-
dency becomes apparent like in the case of the aerogel
films, by considering the development of the plasma edge.
This means, that the optical properties of the monoliths
more and more resemble the behavior of a bulk material
with decreasing silica shell thickness.

4. Conclusion

In summary this work shows the fabrication of macro-
scopic, porous and voluminous silver nanoparticle struc-
tures with plasmonic single-particle characteristics con-
served in the final object. While the assembly does not

modify the silver nanoparticle itself, predominantly
plasmonic coupling occurs in dependence of the
interparticle distance. These distances - and hence the
optical properties of the aerogels - can be controlled and
adjusted by employing silica shells of varying thickness.
The observed plasmon coupling can be explained with the
plasmon hybridization model. Concluding, we were able
to demonstrate the fabrication of macroscopic aerogels
with controllable nanoscopic plasmonic properties.
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Figure S1. UV-vis spectra (A), particle size distribution (B) and TEM image (C) of the colloidal Ag nanocrystals. In the
UV-vis spectra, the resonant scattering (blue curve) was calculated by the subtraction of the absorption (red curve) from
the extinction (black curve).
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Figure S2. Shell thickness distribution of two different samples of colloidal Ag-SiO, core-shell heterostructures obtained

by the addition of 20 pL (red) and 8o pL (blue) TEOS. The silica shell thickness was determined on the basis of TEM im-

ages.
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gel films. It can be seen, that the sheets are oriented perpendicular to the substrate, while the nanoparticle are in close
proximity.
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Figure S4. SEM (A+B) and TEM (C+D) characterizations of Ag nanoparticles with a 5 nm silica shell assembled into mi-
crometer thick aerogel films. It can be seen that the sheets are preferably oriented perpendicular to the substrate, while
the nanoparticles have a distance of around 10 nm.
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Figure S5. SEM (A+B) and TEM (C+D) characterlzatlons of Ag nanopamcles with a12 nm sﬂlca shell assembled into mi-
crometer thick aerogel films. It can be seen that the sheets are preferably oriented perpendicularly to the substrate, while
the nanoparticles have a distance of around 24 nm.
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Figure S6. SEM (A+B) and TEM (C+D) characterizations of pure Ag nanoparticles assembled into macroscopic, porous
monolithic aerogels. The nanoparticles are in close proximity.
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Figure S7. SEM (A+B) and TEM (C+D) characterizations of Ag nanoparticles with a 5 nm silica shell assembled into mac-
roscopic, porous monolithic aerogels. The nanoparticles have interparticle distances of around 10 nm.
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Figure $8. SEM (A+B) and TEM (C+D) characterizations of Ag nanoparticles with a 12 nm silica shell assembled into mac-
roscopic, porous monolithic aerogels. The nanoparticles have interparticle distances of around 25 nm.
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Figure Sg9. Normalized reflectance spectra of the cryogelated aerogel monoliths. These spectra show the bare Ag (black
curve) as well as the Ag-SiO, core-shell heterostructures with a shell thickness of 5 nm (red curve) and 13 nm (blue curve).
The arrow marks the plasma edge of silver located at around 324 nm.
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4. From Knowledge to Application —

Possibilities of Cryoaerogels in Catalysis

4.1 Summary

Since the cryogelation method enables the assembling of noble metal NPs i.e. platinum, while
retaining their huge specific surface area, thus cryoaerogels are of high interest for catalytic
applications. Additionally this procedure does not require surface chemistry which means the
absence of oxidizing agents or complexing ligands. As a result the surfaces of the NP should be
accessible, allowing catalytic reactions. Therefore the noble metal cryoaerogels presented in
section 4.2 were throughout investigated for their catalytic activity and evaluated regarding their
potential for actual application. Noble metal NPs from gold, silver, palladium and platinum were
synthesized after a modified citrate reduction method, concentrated and assembled into monoliths
by freezing the colloidal solution and subsequently freeze drying them. The monolith of platinum
showed already high activity at room temperature by visibly catalyzing the oxidation of residual
citrate ligands. The conversion of carbon monoxide to carbon dioxide was chosen as a model
reaction for the catalytic activity and all fabricated monolith were measured. Furthermore the
influence of particle concentration and size on the catalytic activity was determined. It was found
that all noble metal aerogels showed catalytic activity at 200°C. While this could be expected for
platinum and palladium it is surprising and not reported for gold and silver of this particle size so
far. The platinum and palladium aerogels showed 100% conversion already at 175°C. Compared
with literature the Tsgjgniion Were similar. However the performance of the Tsoexincion Was much
lower at around 160°C which could be attributed to the nature of the full material catalyst.
Furthermore CO conversion could be observed already at room temperature for Pt and Pd but
declined very fast through the saturation of active sites with COy species at this temperature.
Experiments on the thermal stability of the monoliths showed sintering of the particle within the

cryoaerogel to a size of around 10 to 20 nm which did not change afterwards. The performance of



platinum, silver and gold decreased while the palladium was stable over several runs. Concluding
the section showed for the first time the direct testing of aerogel monoliths, without destroying
them. It could be shown that these aerogels are capable of catalysis and that the material is much

lighter than conventional catalysts.

Another interesting application in photocatalysis was already demonstrated in section 2.3.
Multicomponent titania-platinum cryoaerogels possess promising hydrogen evolution rates and are
significantly higher compared to their respective colloidal solution. Compared to literature values,
the hydrogen evolution rates are similar to the best reported aerogels, yet with a much faster and

less complex synthesis route.
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Abstract: The catalytic properties of cryogelated noble metal aerogel monoliths
out of agueous colloids are investigated using the oxidation of carbon monox-
ide (CO) as a model reaction, in order to evaluate their potential for catalytic
applications. Aerogels built of self-supporting platinum (Pt) and palladium (Pd)
nanocrystals (NCs) have a directly accessible catalyst surface and show catalytic
performance similar to state of the art catalysts while being support-free and
therefore ultralight materials. In addition, these materials provide properties like
room temperature CO conversion and spontaneous catalytic reactions. However,
full material aerogel catalysts come with the side effect of limited thermal stabil-
ity, which will have to be overcome in future.

Keywords: aerogels; catalysis; cryogelation; freeze drying; noble metals.

1 Introduction

Colloidal nanocrystals (NCs) provide a set of unique physical properties.
Having a huge surface-to-volume ratio is one of the most known properties
and is true for all NCs regardless of their material. This peculiarity makes
them interesting for many catalytic applications. Today NCs are employed as
catalysts for a wide variety of reactions such as, e.g. alkylations, hydrogena-
tions, selective oxidation reactions [1]. They are used as tunable catalysts in
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oxygen reduction reactions, as magnetically separable catalysts in oxidation
and epoxidation and catalyze C-C coupling reactions like, e.g. the Suzuki
reaction [1-5]. However, for the application as a colloidal catalyst system the
particles have to be separated after the reaction [4, 6, 7]. Alternatively, they
can be deposited onto a support and immobhilized like, e.g. embedding them
into metal organic frameworks, on metal oxides, on carbon supports or infil-
trating them in aerogels [2, 8-10]. However, the interactions of NCs with the
support can dramatically affect their properties [11, 12]. If, on the one hand,
this interaction largely determine the catalytic activity, on the other hand, it
prevents the exploitation of the catalytic function of the bare metallic NCs,
which could exhibit peculiar features. As an example, self-supported nano-
porous structures made of Au showed unique catalytic properties which are
not achievable with supported Au NCs [13]. However, the fabrication methods
for these kinds of structures are tedious and intrinsically limited, thus calling
for novel preparation methods that could be applied to other metallic NCs. A
way to overcome these problems could be hydro- or aerogelation of metals and
metal oxides [14-18]. It is reported that high voluminous structures out of NCs,
which also partly possess the properties of their respective colloidal solution,
can he achieved [16, 19, 20]. Nonetheless aerogelation itself is a complicated
multi-step process. It also takes time to gelate the NCs of the solution and fah-
ricate a hydrogel prior to usually supercritical drying for yielding the aerogel.
Just recently we reported on a different fabrication method of aerogels via fast
freezing and subsequent freeze drying [21]. With this method it is possible to
reduce the complicated multistep aerogelation procedure to become a fast two-
step synthesis and therefore provides an applicable way for industrial nano-
structured catalyst fabrication. In addition this method allows shaping and is
therefore of great interest for actual shaped monoliths for catalytic reactions.
In the future, combining this nanostructuring method with existing support
technologies might overcome the lack of mechanical stability.

In the present work we test the catalytic properties and evaluate the suitabil-
ity of cryogelated noble metal NCs aerogel monoliths as heterogeneous catalysts.
We concentrate on aerogels made from noble metal NCs, especially platinum
(Pt), as it is broadly used in heterogeneous catalytic reactions. We investigate
the aerogels’ morphology, their thermal behavior as well as their performance
for CO conversion. In addition and to the hest of our knowledge, this is the first
report on catalysis measurements of aerogel monoliths made of NCs which could
be directly measured as heterogeneous gas phase catalysts, without any previous
milling or re-dispersion and deposition on substrates.
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2 Experimental section

2.1 Nanocrystals synthesis

For the synthesis of the noble metal NCs, we use the modified citrate reduction of
metal salts from Enustun and Turkevich [22]. Ina 1L flask 36.2 mL of an agueous
0.2 wt% dihydrogen tetrachloroplatinate (IV) hexahydrate (ACS, 99.95%) solution
was diluted with deionized (DI) water to a total volume of 500 mL. The solution
was stirred and heated until boiling. Then 11.6 mL of a 1 wt% trisodium citrate
solution (ABCR, 99%) were added and stirred for 30 s. Subsequently 5.5 mL of an
ice cold sodium borohydride solution (Fluka >99%) with 0.076 wt% were added.
The solution immediately changed the color from yellow to brown. Au NCs were
prepared with the same method using 12 mL of an aqueous 0.2 wt% silver nitrate
(Ag NO,) (Alfa Aesar, 99%) solution instead of dihydrogen tetrachloroplatinate
(IV) hexahydrate. When sodium borohydride is added the solution changes from
colorless to yellow.

For Pd NCs 0.051 g of Pd(Il)chloride (0.288 mmol, Sigma Aldrich, 99.999%)
were dissolved in 10 mL DI water and 37% hydrochloric acid (Sigma Aldrich,
reagent grade) with a molar ratio of 1:2 and heated until the solution was clear.
Afterwards it was diluted with distilled water to a total volume of 500 mL. The
temperature of the solution hefore sodium horohydride addition was 80°C.
The addition of trisodium citrate and sodium horohydride was the same as for
Pt and Ag.

Gold nanocrystals (Au NCs) can be synthesized at room temperature using
29 mL of an aqueous 0.2 wt% hydrogen tetrachloroaurate (III) trihydrate solu-
tion (ABCR, 99.99%) diluted to 500 mL total volume with DI water. Thirty seconds
after the addition of 11.6 mL of a 1 wt% trisodium citrate solution, 5.8 mL of an
aqueous 0.07 wt% sodium horohydride solution were added. The solution imme-
diately changed from yellow to red.

2.2 Aerogel fabrication

According to our previous results [21], beside employing an agueous solution
of the NCs, the requirement for aerogel fabrication via the cryogelation method
is a volume fraction of NCs of at least 0.1%, in order to avoid shrinkage of the
resulting monoliths. After the synthesis the particles were washed and concen-
trated by factor 100 over an ultrafiltration cell with a 30 kDa regenerated cellulose

126



4 =— A Freytagetal. DE GRUYTER

membrane (Satorius Stedim) and a pressure of 5.5 bar. This solution can be stored
for several weeks. To prepare them for aerogel fabrication the colloidal solution
was concentrated again by factor 10 by means of centrifuge filters (Amicon Ultra
15, 10 kDa, Merck Milipore). These solutions were then injected into liquid nitro-
gen, cooled for 10 min to ensure complete freezing and subsequently freeze dried
at a pressure lower than 0.05 mbar for at least 24 h (see Figure 1). If the struc-
ture is not completely dry, the remaining ice would melt and the structure would
collapse.

2.3 Catalytic experimental setup

Catalytic activity measurements were carried out in a custom made flow-
microreactor system (i.e. a quartz tube with internal diameter =4 mm inserted
in an electric furnace) where aerogel masses in the range of 15-40 mg were
loaded between two quartz wool layers. For each experiment, the reactor
was flushed for at least 30 min with a inert gas mixture of 6% O, balanced
with He and afterwards heated from 25 to 200°C at 5°C/min while flowing
40-80 Ncc/min (norm cubic centimeters per minute: at standard pressure and
room temperature) of reaction mixture (1.3% v/v CO, 10% v/v O,, balance He),
and then cooled back to room temperature. The CO and CO, outlet concen-
trations were continuously measured by means of a nondispersive infrared
(NDIR) photometer (ABB Uras 26).

Freeze drying>| 4 ‘
‘.. ‘

@ Noble metal nanoparticle C} Ice crystal ‘ Colloidal NP solution Liquid nitrogen

Fig. 1: Freezing mechanism of the aqueous NCs solution (left) in liquid nitrogen. Ice crystals
form all over the liquid drop, pushing the NCs into a filigree network superstructure. After
removing the ice crystals through freeze drying the self-supporting highly-porous NCs
superstructure remains (right).
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3 Results and discussion

3.1 Electron microscopy characterization

The macroscopic structure of the resulting aerogel monoliths can be described as
highly porous, voluminous and therefore with low density. Weighing the mono-
liths gives masses ranging from 20 mg for Au and Pd NC aerogels to 60 mg for Au
and Pt NC aerogels. With an applied starting solution volume of 1 cm? and the
visual confirmation of no shrinkage during cryogelation a density ranging from
20 to 60 mg cm™ can be estimated. This corresponds to 0.2% of the respective
bulk material density. Using electron microscopy the micro- and nanostructure of
the monolith is characterized (see Figure 2).

On a microscopic scale the monoliths can be described as thin, intercon-
nected sheets with random orientation forming the highly porous structure of
the monoliths. The sheets show, in many cases, the tendency to bend or start to
enroll. Within this structure wires can also be found which might be completely
enrolled sheets. Higher magnifications and switching to transmission electron
microscopy (TEM) reveals that the sheets are built up from the single NCs with
random orientation. Through various scanning electron microscopy (SEM) and
TEM images the thickness of the sheets can be estimated from perfectly perpen-
dicular oriented sheets and is in the range of 5-50 nm corresponding to one to
10 particle layers for the given particle size. The shape and the size of the single
NCs (see Supporting Information) do not change during the formation of the Pt
aerogel. The structures shown are also representative for Pd aerogels. A more
detailed characterization of the structure of the noble metal aerogels and their
starting colloids can be found in our previous report [21]. However, softer (i.e.
in terms of Young’s modulus where Au and Ag have 79 and 83 GPa, respectively,
while Pt has 168 GPa) noble metals show deformations of the NC. For example,
in Au aerogels we observe ~10 nm platelets in lateral dimension instead of 4 nm
spheres as already shown in our previous work [21].

3.2 Catalytic activity

For a full examination of the catalytic potential of the aerogels, the conver-
sion of CO to CO, was chosen. This model reaction is frequently used to char-
acterize new materials,’ and the results obtained can be transferred to other

1 327 publications in 2014.
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Fig. 2: Electron microscopic characterization of a Pt aerogel. SEM images showing the
microscopic structure (A and B), which can be described as thin, interconnected sheets

and wires. The inset in A shows the macroscopic Pt aerogel made from 1 mL of a 100 times
concentrated NC solution (volume fraction of Pt NC ~0.025%/black bar is equal to 1 cm).
Higher magnifications reveal the assembly of single NCs to form the just described sheets.
Transmission electron microscope images (C and D) show that the NCs within the sheets are
randomly oriented and retain the shape and size of the starting solution as already reported
in our earlier work [21].

heterogeneous reactions, and they have also relevance from an industrial point
of view (e.g. diesel oxidation catalysts, hydrogen production from fossil fuels)
[23-25].

Figure 3A shows the first two test runs of a Pd aerogel with a total addition of
1.3% v/v CO. The results indicate clearly an excess of CO,_ species around 3000 s
elapsed time in the first run. We can observe this behavior for all aerogels (Au,
Ag, Pt and Pd) and we attribute it to the removal of residual citrate ligands from
the NCs surface. This is confirmed by the second reaction cycle, where the C
balance is respected throughout the whole reaction cycle. In the case of the Pt
aerogel, the removal of the ligands results in a violent reaction. By tilting the
vial of the aerogel, the monolith starts a spontaneous oxidation as can be seen
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Fig. 3: (A) The CO_species composition of a Pd aerogels over the first two test cycles showing
additional Cin the first run at around 3000 s due to ligand oxidation. (B) Image series of the
“exploding” Pt aerogel. (C) Image of the Pt aerogel after the “explosion”.

in Figures 3B and C. This “explosion” is most likely related to the high specific
surface and catalytic properties of Pt. The oxidation is also observed under inert
atmosphere (while being in the freeze dryer flushed with nitrogen after drying)
but with a pale colorless flame, which is attributed to the lack of oxygen. Addi-
tionally, this spontaneous oxidation can be inhibited, e.g. by changing the
ligands of the Pt NCs from citrate ligands to thiol ligands (such as mercapto-
propionic acid or mercaptosuccinic acid) before freezing. Alternatively, when
lowering the NCs volume fraction below 0.025%, spontaneous oxidations was
not observed.

The catalytic performances of the gels towards CO oxidation after this first
“activation” cycle, can be seen in Table 1. Pt performs best and shows full con-
version, as well as Pd, while Ag showed lower catalytic activity. Surprisingly,
Au shows up to 40% conversion although the crystal size with ~10 nm is much
bigger than 5 nm, which was reported as the minimum size before [26]. We also
checked the influence of the NCs size and found that the catalytic performance
decreased with increasing NCs size, which is most likely due to the decreasing
specific surface area for bigger particles. To benchmark the aerogel activity, we
prepared Pt NCs (5 wt%) on alumina by colloidal deposition with the very same
particles. This technique is commonly employed to prepare state-of-the-art
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Tab. 1: Catalytic activity in gas-phase CO oxidation with ignition and extinction temperatures
(T,,) and weight hourly space velocity (WHSV).

Metal Nanocrystal  Volume fraction T,, ignition/ WHSV
size (nm) of NC before T, extinction (Ncchtg™)
freezing (%)  temperature (°C)

Pt 4 0.25 160/113 170k
4 0.025 182/142 170k

10 0.25 196/160 140 k

15 0.25 174/129 140 k

Pt on ALO, benchmark 4 5 wt% 165/144 240 k
Pd 4 0.25 174/151 170 k
4 0.025 197/195 140 k

Au ~10 0.25 300° 130 k
~10 0.025 No activity -

Ag 10 0.025 198/197 130 k

240% CO conversion.

model catalysts based on metallic NCs [27]. While the ignition temperature
(temperature at which 50% conversion is reached during a heating transient)
of the aerogel and of the supported NCs is similar in both cases, the extinc-
tion temperature (temperature at which 50% conversion is reached during
a cooling transient) is lower in case of the aerogel (i.e. the gel outperforms
the supported catalyst) as can be seen in Figure 4A. The hysteresis phenom-
ena have been extensively studied over Pt/AL O, catalysts and has often been
ascribed to the local overheating of the NCs due to the exothermicity of the
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Fig. 4: (A) CO conversion in dependence on the temperature for different particle sizes. The
best performance was achieved for gels built from 4 nm particles. The dotted line shows the
benchmark experiment with the 4 nm particles deposited on alumina as it is state of the art for
catalyst preparation. (B) Time evolution of the COx concentration at room temperature showing
immediate conversion and self-poisoning for Pt and Pd aerogels.
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CO oxidation reaction [28-32]. Our monolith is characterized by a fully active
catalytic surface and by a better heat transfer in comparison with the Pt NCs
deposited on alumina, where the support (i.e. AL,O,) acts as a heat sink. This
property might justify the better performances of the aerogel in comparison
with the supported catalyst.

The Pt and Pd monoliths show CO oxidation catalytic activity already at
room temperature, proving the accessibility of the NCs surface. The activity
drops then to zero within few 100 s of exposure to the CO/O, mixture (Figure
4B), in line with the well known poisoning effect of CO on the surface of Pt
and Pd catalysts [33-35]: when carbon monoxide is fed at room temperature,
the molecules adsorb onto the catalyst surface and convert to CO, (as can be
seen in Figure 4B). So at first, all sites on the surface are available for reac-
tions. However, at this temperature the reaction sites are blocked over time from
the very same CO, which strongly binds to the metal surface hence leading to
a decrease of activity. Thus, to enable fast kinetics for a full and continuous
carbon monoxide conversion in our Pt or Pd aerogel samples, temperatures up
to 200°C are necessary.

As shown in an earlier report [21], when varying the volume fraction of the
NCs we observe a threshold at 0.25 vol% for yielding monoliths with the same
volume as the employed NCs colloid. Below this value the aerogel monoliths
shrink due to insufficient building blocks and therefore a partly or even com-
plete collapse of the network structure. However, the particle layer of the sheets
become also thinner up to a point were only sheets with a particle monolayer
could be observed. While concentrations of 0.0025 vol% and below yielded no
usable monolith, concentrations of around 0.025 vol% do (although they suffer
strong shrinkage of around 70% during drying). Figure 5 shows the comparison
of Pd and Pt, which was the most active material and therefore the best choice

Pt

100Ld|

75/
- ---0.025% vol. fraction
50— 0.25%

25

0= : J : , : o

50 100 150 200 50 100 150 200
Temperature (°C)

CO conversion (%)

Fig. 5: Comparison of the CO conversion of aerogels made from Pd and Pt NCs. The solid lines
show aerogels made from a start solution with 0.25% vol% NCs volume fraction while the
dashed lines show those made from 0.025%.
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to observe dependencies of morphology and catalytic performance. It turns out
that lower volume fractions in the starting solutions have a negative impact on
the catalytic performance of the aerogels. While the T, ignition is similar, the
T,, extinction temperature is around 20-30 K higher. The temperature decrease
is related to the heat transfer within the aerogel and could be already observed
in the system with Pt/AIZOB. Thinner sheets have a lower heat transfer and there-
fore a faster decrease in catalytic performances. The CO conversion, which can be
seen for Pd below 125°C can be attributed to the oxidation of the surface ligands.
Because of the low ligand amount, this can not be observed for Pt aerogels.

3.3 Thermal and catalytic stability

The thermal stability of the noble metal aerogels was investigated in the range
within 25°C-200°C (as can be derived from Figure 6). All monoliths show shrink-
age during the catalytic measurements. While Au and Ag aerogels show extremely
low thermal stability and decreasing catalytic activity within the first runs, the
catalytic activity of Pt is more stable but also decreases over five runs with an
approximately 15 K higher T, (see Figure 6A). Instead, Pd shows a completely
stable performance in the entire temperature range (r.t. -200°C) for several runs
(Figure 6B). TEM images of cycled Pt samples (Figure 7) were measured, showing
that the NCs in the aerogel-building sheets are sintered together. However,
the aerogel samples have still their porous and polycrystalline nature with an
increased domain size of <20 nm.
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Fig. 6: (A) CO conversion of Pt aerogels over six cycles (each cycle takes 120 min). The T, igni-
tion temperature increases with each cycle showing a decreasing performance. (B) CO conver-

sion of Pd aerogels over six cycles (each cycle takes 120 min). The T, ignition temperature does
not change at all.
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Fig. 7: TEM characterization of a Pt aerogel (volume fraction 0.025%) before (A and C) and after
catalytic measurements (B and D) in two different magnifications.

4 Conclusion

Summarizing, it is possible to employ noble metal aerogel monoliths as hetero-
geneous catalysts. These aerogels synthesized by the cryogelation method have
accessible NCs and exhibit good catalytic performance comparable to state of
the art prepared catalysts. To the best of our knowledge, this is the first report
on catalysis measurements of metal NCs based aerogel monoliths which could
be directly employed as heterogeneous gas phase catalysts, without any previ-
ous milling or re-dispersion and deposition on substrates. Aerogel catalysts
outperform supported catalysts in terms of heat transfer and active material per
total weight including the support. As a drawback, pure noble metal aerogels
displayed limited thermal stability and nearly all materials showed decreasing
catalytic activity over several runs. An exemption thereof was Pd aerogels which
exhibited a significantly higher stability. In future, further experiments will have
to be conducted in order to overcome the above-mentioned problems so that the
full potential of such full catalysts without additional support material can be
exploited. The potential of pure noble metal gels themselves is unquestionable,
although further work is needed to optimize their behavior as heterogeneous
catalysts.
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Transmission electron microscopical characterization of the noble metal nanocrystals

Fig. 1: Transmission electron microscopical characterization of Au, Ag, Pd and Pt nanocrystals from their aqueous solution
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Particle size distribution of the noble metal nanocrystals
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Fig. 2: Particle size distribution for the noble metals nanocrystals in their aqueous colloidal solution (100 NCs counted). The
mean diameter of this particle was determined to 3.4 + 0.6 nm for Au, 10.7 + 2.3 nm for Ag, 3.4 £+ 0.6 nm for Pdand 3.8 + 0.9

nm for Pt
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3. Closing Remarks

Within this thesis a complete new procedure to synthesize aerogels, namely the cryoaerogelation,
was developed. This method allows the prementioned control over particle interactions as well as
the immobilization of aerogels on substrates. It outperforms current aerogel synthesis by enabling
further techniques such as shaping of aerogels or being less complex (i.e. no surface chemistry or

solvent exchange are needed) and faster than state of the art methods.

In detail, in section 2.2 it was discovered that aqueous colloidal NP solutions with volume fractions
of NPs higher than 0.1vol% can be assembled into aerogel structures by freezing the colloidal
solution with liquid nitrogen and subsequently freeze dry the materials. The resulting monoliths
possess densities around a hundredth to a thousandth of the corresponding bulk material density
and have a morphology which can be described as NP assembled into two dimensional sheets
which again form a well interconnected three dimensional structure. Since this structure is caused
by the ice crystals, which form at the freezing, it can be found every time even if the components
are varied. The specific surfaces are within the magnitude of reported literature values and as
components noble metals (Au, Ag, Pd, Pt), metal oxides (hematite) as well as metal chalcogenides
(CdSe/CdS) were realized. Plasmonic properties could be demonstrated for noble metal aerogels of
Au and Ag. Additionally shaping and immobilization of aerogels was demonstrated by

synthesizing a smiley aerogel and doctoral blading.

Furthermore the thesis demonstrates in section 2.3 the synthesis of multicomponent cryoaerogels
with mixed components of hematite, titania, metal oxid hydroxides of cobalt, manganese and nickel
as well as noble metals (Au, Ag, Pt). The resulting monoliths can be synthesized in various desired
composition ratios and the distribution of components within the aerogel can be controlled via
surface charges of the NPs. The morphology and density is similar to earlier fabricated aerogels,

while the optical spectra differ strongly due to varying composition.

The optical properties of resulting cryoaerogels can be adjusted very well according to section 3.2.

The thesis demonstrates on the example of plasmonic silver NPs with and without silica shells



(which serves as spacer), how defined interparticle distances in three dimensional structures can be
realised. This results in different optical behaviour of the monolith, which can be observed already
by eye. The investigation showed that cryoaerogels from silver NPs without a shell showed a
complex spectrum with interplay of mie scattering, propagating plasmons as well as interplasmon
coupling. It strongly differs to the spectrum of the colloidal solution. However, when employing
silver particles with silica shells of 12 nm the optical spectrum of the cryoaerogel resembles the
spectrum of the colloidal solution and especially propagating plasmons and interplasmon coupling

can be prevented.

Finally this thesis investigated in section 4.2 the ability of the newly synthesized cryoaerogels for
actual application in catalysis and photocatalysis. The conversion of CO to CO, is chosen as model
reaction for the catalytical measurements. The reaction is of importance in automotive application
and the lightweight nature of cryoaerogels might further contribute in realising cryoaerogel
catalysts. The measurements demonstrated that the surface of the noble metals is active and
accessible. For Pt and Pd a significant conversion of CO can be observed already at room
temperature. However the conversion decreases rapidly because of CO strongly binding to the
metal surfaces at this temperature. Continuous full conversion was observed for Pt and Pd at
around 180°C and 200°C respectively. While needing higher temperature for full conversion Pd did
not show decreasing performance over several hours. Compared with state of the art prepared
alumina/Pt catalyst the performance was similar. However, due to the nature of a full material
catalyst and therefore having no heat sink through inert material, the extinction temperature

T's0, extinction 1S around 30 K lower compared to the benchmark material.

The hydrogen evolution reaction from water with methanol was chosen as model reaction for the
photocatalytical measurements of the mixed composite cryoaerogels in section 2.3. For that a series
of composition ratios was synthesized and measured. The titania cryoaergel with 1wt%
photodeposited Pt showed a specific H, evolution of around 6.0 mmol h™" g™'. It performs similar
compared to the best Pt/TiO2 aerogel described in literature, despite being faster and much cheaper

to synthesize.
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This thesis expands the methods for synthesis of highly voluminous and porous superstructures of
assembled NPs by the cryoaerogelation. It is faster and less complex compared to existing
synthesis routes. In addition it enables aerogel processing such as shaping and direct
immobilization and fabrication in one step. The tested optical and catalytical properties are
promising and as a result of this high commercial potential, the method got already patented.
However to fully exploit the potential of this method further work is necessary, which is beyond
the scope of this thesis. The high degree of control for assembling NPs could be demonstrated for
voluminous plasmonic superstructures but may be even more interesting for the metal-metal
chalcogenide material combinations to achieve e.g. fluorescence enhancement, etc. Further
research needs to be conducted on the mechanical and thermal stability to adjust to requirements of
actual applications by e.g. mixing different components of metal, metal oxides and metal
chalcogenides. The implementation in Additional immobilization techniques such as inkjet printing
or 3D printing is interesting to transfer cryoaerogels from the lab into application e.g. printing high
surface area electrodes for hydrogen evolution reactions. Cooperations showed also a high potential
of noble metal aerogels to sense very specific heavy metals and might be applicable as heavy metal
sensor. In general the next important step for this method would be to define a sensor or catalyst
system, with or without an industry partner, to realize a final product. With the mentioned
advantages such as fast production and simplicity, the cryoaerogelation should contribute to the
transfer of recent research in the nanoscopic world into macroscopic objects and even might bridge

the gap from laboratory experiment into industrial application.
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