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„Der Kampf um den Südpol“ 

 

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, große Tat, großes Menschentum. 

Es ging ins 20. Jahrhundert, jedes Land, jedes war entdeckt. 

Nur der kalte Pol am Süden, auf der Karte noch freies gefleckt? 

Da begann der große Wettlauf, ihre Schiffe machten flott. 

Zwei Kapitäne, Namenlose, später Amundsen und Scott. 

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

Auf Schlitten die Fahrt ins Eis begann und kein Weg vom Ziel zurück. 

Und Hunger und Kälte, Einsamkeit, länger noch als ein Jahr. 

Und sie fragen immerzu, wie weit schon der andere, der andere war. 

Nur der erste, nur der erste, hätte wirklich erreicht sein Ziel. 

Nur der zweite, nur der zweite, wär' in den Augen der Menschen nicht viel. 

Und sie hetzten ihre Hunde und sich selber gnadenlos, 

denn der eine würde scheitern, und der andre wär' bald groß. 

Doch als Scott an den Südpol kam, da stand schon Amundsens Fahne fein. 

Da brach der Frost von draußen 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 umhüllt. 

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 Ruhm? 

Was bleibt nach dem Tode: große Tat, großes Menschentum! 

Was bleibt nach dem Tode, wenn nicht bleibt, wenn nicht bleibt der Ruhm? 

Was bleibt nach dem Tode: große Tat, großes Menschentum! 

Was bleibt nach dem Tode... 

 

„Der Kampf um den Südpol“ Interpret: Stern-Combo Meißen 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 Überstrukturen Maßgeschneiderter 

Kolloidaler Nanokristallbausteine“ (MÜKoN) 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 
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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 Günnemann 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 10µm. 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,  
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Zusammenfassung 

Diese Dissertation befasst sich mit den Möglichkeiten, Nanopartikel aus kolloidalen Lösungen in 

voluminöse und hochporöse Überstrukturen zu überführen, welche gemeinhin auch als Aerogele 

bekannt sind. Dabei wird ein Überblick über bestehende Herstellungsverfahren gegeben und es 

werden einzelne interessante Materialgruppen und deren Eigenschaften vorgestellt. Zusätzlich 

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 Lösung eingefroren und anschließend gefriergetrocknet. Die daraus 

entstehenden Kryoaerogel werden intensiv durch Elektronenmikroskopie, Spektroskopie und 

katalytische Testverfahren untersucht, um anhand dieser Charakterisierungen, Rückschlüsse auf 

den Entstehungsmechanismus ziehen zu können. Dadurch ist es möglich, ein Verständnis für die 

Morphologie der resultierenden Monolithe und deren Eigenschaften 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 können. Abschließend 

zeigen Untersuchungen der katalytischen und photokatalytischen Eigenschaften vielversprechende 

Ergebnisse und zeigen damit mögliche Anwendungen für die hergestellten Materialien auf. Diese 

Dissertation wurde in Form von zwei Artikeln in international anerkannten Fachzeitschriften 

bereits veröffentlicht und zwei weitere Manuskripte in Fachzeitschriften eingereicht sowie das 

Kryoaerogelierverfahren in Deutschland bereits patentiert. 

 

Schlagwörter: 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 250.0001 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 

                                                           
1
 Retrieval of SciFinder Database from 21.09.2016 with articles containing the word „nanoparticle“ 
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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 (CO2).  

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. 
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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, 
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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: 

𝜎𝑠𝑐𝑎(𝜔) = 𝑘4 ∙ 83𝜋𝑅6 [ 𝜀(𝜔)−𝜀𝑚𝜀(𝜔)+2𝜀𝑚]2    (1) 

𝜎𝑎𝑏𝑠(𝜔) = 𝑘 ∙ 4𝜋𝑅3𝐼𝑚 [ 𝜀(𝜔)−𝜀𝑚𝜀(𝜔)+2𝜀𝑚]    (2) 

σ is the cross section for scattering (sca) or absorption (abs), ω is the frequency, k is the wave 

number, R is the radius of the sphere and ε is the dielectric function of the material of the 

nanoparticle and εm 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 
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is, that the scattering or absorption has a maximum if the denominator becomes 0. For ε(ω) = −2εm 

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: 

𝐸𝑁𝑃 = 𝐸𝑏𝑢𝑙𝑘 + ℎ2𝜋22𝑅2 ( 1𝑚𝑒∗ + 1𝑚ℎ∗) − 1.8𝑒2𝜀𝑅    (3) 

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, 𝑚𝑒∗  is the effective mass of the excited electron, 𝑚ℎ∗  is the effective mass of the excited hole, e is the elementary charge and ε the permittivity. 
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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 
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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. 

 

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] 

 

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 
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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.[57] However, 

this section won´t give a complete overview over all employed aerogel materials, since there are 

more than 10.0002 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 

                                                           
2
 SciFinder request from 18.10.2016 with the keyword „aerogel“ gives 10.195 article in the past 10 years 
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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 g cm−3 while the specific surface area can be up to 1600 m2 g−1 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−1 K−1 (bulk 

silica would be 1.38 W m−1 K−1).[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. 

1.3.4  (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 

Eychmüller.[70] They were able to produce aerogels from gold, silver and platinum NP. NPs were 
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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−3 and specific surface areas of around 48 m2 g−1 (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 m2 g−1.[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 Eychmüller 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 β-cyclodextrin modified Pd aerogels with specific surface 

area up to 92 m2 g−1 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 CO2. 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 g cm−3 

and specific surface areas ranging from 120 up to 250 m2 g−1and 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 (H2O2) 

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−3 and 

specific surface areas up to 720 m2 g−1.[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−3 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. 
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The specific surface area of this material is compared to its density with around 270 m2 g−1 rather 

low. To obtain higher specific surface areas carbonized RF aerogels were further activated with 

CO2.[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 m2 g−1 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−1 s−1 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 H2 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/SiO2 and Ni/SiO2 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 m2 g−1 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 Eychmüller group[112] (see figure 9) and Ag with CdSe by the Arachchige 

group.[113]  

 

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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1.4 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. σSL is the interfacial 

free energy between the solid and the liquid phase, and σPS and σPL 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: 

𝑣𝑐 = ∆𝜎𝑎03𝜂𝑅       (4) 

vc is the critical ice growth velocity, ∆𝜎  is the balance of the surface forces at the 

ice/solution/particle boundaries, a0 is the average intermolecular distance, η 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. 

 

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 
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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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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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3.2 Macroscopic Aerogels with Contollable Nanoscopic 

Plasmonic Properties 
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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 T50,ignition were similar. However the performance of the T50,extinction 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 COx 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 
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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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5. 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 
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(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 CO2 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 

T50, extinction is 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 H2 evolution of around 6.0 mmol h−1 g−1. 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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