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Summary 

Heat transport is a key energetic process in nanostructured materials and 

devices, e.g., for (opto)electronics, thermoelectrics, and thermal insulation. The 

indispensable comprehension of nanoscale thermal transport can be motivated by 

(i) the demand for novel technologies to solve energy problems by using more 

efficient ways of energy generation, storage, and usage, and by (ii) the demand for 

heat management due to the miniaturization of electronic devices which may lead 

to localized, increased energy densities in devices. Accordingly, thermal transport 

in nanostructured materials is in the focus of current research activities.  

Notwithstanding, little is known about thermal transport in colloidally 

structured materials. This is all the more surprising considering their unique 

properties, for instance, the flexibility of the material composition (e.g., polymers, 

inorganic materials, or hybrid materials), and the possibility to adjust the packing 

symmetry and the interfaces or surface chemistry. Furthermore, colloidal 

assemblies are readily available on relatively large scales. Therefore, colloidal 

superstructures represent a suitable model system, which allows for developing a 

detailed understanding of the underlying physics and for studying the governing 

structure-property relationships.  

In this thesis, colloidal crystals consisting of silica hollow spheres or hybrid 

materials were used to understand heat transport phenomena. First, the extremely 

low polydispersity of the silica hollow sphere particles was highlighted using 

transmission electron microscopy (TEM), and different scattering methods: 

dynamic and static light scattering (DLS and SLS), as well as small-angle X-ray 

scattering (SAXS). The well-defined structure of the silica hollow spheres – tens of 

nanometer shell thickness and hundreds of nanometer particle size – is of great 

importance to assemble them into highly ordered colloidal assemblies. 
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These hierarchically structured 3D nanomaterials based on such hollow spheres 

were characterized in the second part regarding the heat transport. Here, the 

influence of the geometry of the hollow silica spheres (size and shell thickness), the 

gaseous conduction (open- vs. closed-pore conduction), the symmetry of the whole 

assembly (close-packing vs. random close-packing), the bonding strength between 

adjacent spheres, and the microstructure within the silica shell were elucidated. 

Additionaly, finite element modeling helped to clarify the heat transport in 

colloidal assemblies further. Generally, the silica hollow sphere colloidal 

assemblies are highly insulating. This can be traced back to the amorphous nature 

of the silica, a large number of interfaces, and the low density of the arrays. The 

lower limit of the thermal conductivity was found to be less than 10 m W m-1  K-1 in 

vacuum.  

In the final part, nanoscale heat transport phenomena were studied in hybrid 

materials: core-shell particle colloidal crystals and binary colloidal assemblies.  

In binary colloidal assemblies comprising hollow silica spheres and polymer 

latex particles, the colloids were randomly mixed. The thermal conductivity 

increases in these colloidal glasses with increasing polymer content without any 

percolation threshold. This trend can be well described by the effective medium 

theory. Finite element modeling clarified that a percolation threshold is only 

apparent for large thermal conductivity contrasts of the two types of particles. 

However, by heating the binary mixtures above the glass transition temperature 

of the polymer, a continuous polymer network was formed with nanoinclusions 

of the hollow spheres leading to a distinctly increased thermal conductivity at a 

certain polymer volume fraction. 

Instead of mixing silica hollow spheres with polymer particles, one can also tune 

the polymer/silica ratio just by the core-shell particle morphology. Here, in 

contrast to the hollow capsules, the core is filled with polystyrene instead of air. It 

has been shown that the effective thermal conductivity increased with an 

increasing polymer volume fraction. The temperature-dependent transport 
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properties, however, strongly depended on the encapsulation efficiency of the 

polymer core. Leakage can occur for shell thicknesses up to about 15 nm. 

Nevertheless, temperatures much higher than the glass transition temperature of 

the polymer were necessary for the polymer to leak out of the capsule.  

The understanding of heat transport in core-shell particles is of peculiar interest 

for phase change materials. Quite importantly, nanostructured phase change 

materials may suffer severe undercooling effects. The undercooling effect in 

confined systems was investigated using water inside the hollow silica spheres. 

Heterogeneous nucleation is suppressed due to the confined geometry leading to 

a delayed ice crystallization by as much as – 40 °C. The effect of undercooling is 

shown for water but also matters for encapsulated polymer. 

In conclusion, this thesis demonstrates the enormous potential offered by 

colloidally structured materials to the emerging field of smart thermal 

nanomaterials. Prospectively, a wide range of further studies can be conceived to 

exploit the potential that has been demonstrated within this thesis. One focus may 

be laid on multifunctional materials, in which the thermal properties are combined 

with (i) electrical conductivity leading to thermoelectric materials, (ii) optical 

properties to obtain for instance transparent insulation materials, or (iii) improved 

mechanical properties. 



  

Zusammenfassung 

Wärmetransport ist ein wichtiger energetischer Prozess in nanostrukturierten 

Materialien und Bauteilen, z.B. im Bereich der (Opto)elektronik, der 

Thermoelektrik und der Wärmeisolation. Das Verständnis für Wärmetransport in 

nanostrukturierten Materialien ist dabei insbesondere relevant wegen (i) der 

Nachfrage nach neuartigen Technologien zur Lösung von Energieproblemen 

durch effizientere Methoden der Energieerzeugung, -speicherung und -nutzung 

und (ii) der Notwendigkeit des Wärmemanagements aufgrund der 

Miniaturisierung von elektronischen Bauteilen. Letzteres kann zu lokalisierten, 

erhöhten Energiedichten in Bauteilen führen. Dementsprechend hat die 

Untersuchung des Wärmetransports in nanostrukturierten Materialien einen 

wichtigen Platz in der aktuellen Forschung eingenommen. 

Trotzdem ist bisher nur wenig über Wärmetransport in kolloidal-strukturierten 

Assemblierungen bekannt. Dies ist umso verwunderlicher, betrachtet man die 

einzigartigen Eigenschaften, wie zum Beispiel die Bandbreite an möglichen 

Materialien (Polymere, anorganische Materialien oder Hybridmaterialien) und die 

Möglichkeit, die Symmetrie der Packung und die Grenzflächen- und 

Oberflächenchemie einzustellen. Weiterhin sind kolloidale Baugruppen relativ 

einfach in großen Mengen herstellbar. Somit stellen kolloidale Assemblierungen 

ein geeignetes Modellsystem dar, um ein fundiertes Verständnis der zugrunde 

liegenden Physik zu erhalten und die Struktur-Eigenschafts-Beziehungen zu 

untersuchen. 

In dieser Arbeit wurden Wärmetransport-Phänomene mit Hilfe von kolloidalen 

Kristallen untersucht, welche aus Silica-Hohlkugeln oder Hybridmaterialien 

bestehen. Zunächst wurde die extrem niedrige Polydispersität der Hohlkugel-

Partikel mit verschiedenen Streumethoden (dynamische und statische 

Lichtstreuung, sowie Kleinwinkel-Röntgenstreuung) herausgestellt. Die gut 
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definierte Struktur – ~10 – 100 nm Schalendicke und ~100 – 1000 nm Partikelgröße 

– ist von großer Bedeutung, um hochgeordnete kolloidale Strukturen aufzubauen.  

Diese dreidimensionalen Materialien, welche auf Hohlkugeln basieren, wurden 

im zweiten Teil hinsichtlich des Wärmetransports charakterisiert. Dabei wurden 

insbesondere der Einfluss der Geometrie der Hohlkugeln (Größe und 

Schalendicke), des Wärmetransports über die Gasphase (offenporiges vs. 

geschlossenporiges Volumen), der Symmetrie der Packung (dichteste vs. 

ungeordnete Kugelpackung), der Bindungsstärke zwischen benachbarten 

Partikeln und der Mikrostruktur innerhalb der Schale im Detail aufgeklärt. 

Zusätzlich wurden die Untersuchungen mit der Finite-Elemente-Methode 

unterstützt. Zusammenfassend konnte der stark wärmeisolierende Charakter der 

Silica-Hohlkugeln gezeigt werden. Dies kann auf die amorphe Struktur des 

Siliciumdioxids, der großen Anzahl an Grenzflächen zwischen den Partikeln und 

die geringe Dichte des Materials zurückgeführt werden. Die niedrigste 

Wärmeleitfähigkeit betrug dabei weniger als 10 m W m-1 K-1 in Vakuum. 

Im letzten Teil wurden Wärmetransport-Phänomene auf der Nanoskala in 

Hybrid-Materialien untersucht: Binäre kolloidale Kristalle und kolloidale Kristalle 

bestehend aus Kern-Schale-Partikeln.  

Für die binären kolloidalen Assemblierungen wurden Silica-Hohlkugeln und 

Polymerlatex-Partikel mit dem Ziel einer zufälligen Anordnung gemischt und 

hinsichtlich des Wärmetransports charakterisiert. Dabei konnten eine Abnahme 

der Wärmeleitfähigkeit mit zunehmendem Polymergehalt und eine 

Übereinstimmung mit der Effektiv-Medium Theorie nachgewiesen werden. Eine 

Perkolation trat jedoch nicht auf, da die Unterschiede in den Wärmeleitfähigkeiten 

zwischen den beiden Partikeln zu gering waren. Diese Ergebnisse wurden mit der 

Finite-Elemente-Methode unterstützt. Erst durch das Erhitzen der binären 

Mischungen über die Glasübergangstemperatur des Polymers konnte ein 

perkolationsfähiges Polymernetzwerk gebildet werden, was zu einer deutlich 
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erhöhten Wärmeleitfähigkeit ab einem bestimmten Polymer-Volumenanteil 

führte.  

Anstelle des Mischens von Hohlkugeln mit Polymerpartikeln kann das 

Polymer/Silica-Verhältnis auch durch die Kern-Schale-Partikelmorphologie 

abgestimmt werden. Hier ist – im Gegensatz zu den Hohlkugeln – der Kern mit 

Polystyrol anstelle von Luft gefüllt. Dabei zeigte sich eine Zunahme der 

Wärmeleitfähigkeit mit zunehmendem Anteil an Polymervolumen. Bei 

temperaturabhängigen Messungen stellte sich heraus, dass bei einer Schalendicke 

bis ~15 nm, Polymer aus den Kapseln austrat und somit die Wärmeleitfähigkeit 

aufgrund der Vergrößerung der Grenzfläche anstieg. Allerdings waren hierfür 

Temperaturen weit über der Glasübergangstemperatur des Polymers nötig. Das 

Verständnis des Wärmetransports in Kern-Schale-Partikeln ist insbesondere für 

Phase-Change-Materialien von Interesse. Allerdings kann bei nanostrukturierten 

Kern-Schale-Materialien eine Unterkühlung (verzögerte Kristallisation) auftreten. 

Dies wurde im Folgenden anhand von wassergefüllten Silica-Hohlkugeln 

untersucht. Dabei zeigte sich eine verzögerte Eiskristallisation bei etwa -40 °C, da 

die heterogene Keimbildung aufgrund der begrenzten Geometrie unterdrückt 

wurde. Die Wirkung der Unterkühlung wurde für Wasser gezeigt, ist aber auch 

für verkapseltes Polymer relevant.  

Zusammenfassend zeigt diese Arbeit das enorme Potenzial von 

kolloidal-strukturierten Materialien in dem aufstrebenden Bereich der 

intelligenten thermischen Nanomaterialien. Vorausblickend kann ein breites 

Spektrum weiterer Studien konzipiert werden, um das in dieser Arbeit bewiesene 

Potenzial auszuschöpfen. Ein Schwerpunkt kann dabei auf multifunktionelle 

Materialien gelegt werden, bei welchen die thermischen Eigenschaften mit 

weiteren Eigenschaften kombiniert werden. Beispiele hierfür wären (i) eine 

Kombination mit elektrischer Leitfähigkeit, um thermoelektrische Materialien zu 

bekommen, (ii) eine Verbesserung der optischen Eigenschaften, um beispielsweise 

transparente Isoliermaterialien zu erhalten, oder (iii) die Optimierung der 

mechanischen Eigenschaften.  



  

1 Motivation 

Heat transport and the thermal performance of nanostructured materials is of 

major interest for many technological applications, such as insulation materials1, 

thermal cloaks2, thermal barrier coatings3, and thermoelectric materials4-6. 

However, there are many other technologies for which the ability to manipulate 

heat is important even if it is not the primary goal, for instance for phase change 

materials7 or for nanoscale (opto)electronic devices7-8. While nanostructured 

materials can solve energy problems by using more efficient ways of energy 

storage, usage, and generation, the miniaturization of electronic devices and the 

increasing energy density can lead to localized, high temperatures (hot spots). 

Thus, nanoscale heat transfer is a key energetic issue for the functioning and 

stability of nanostructured materials and devices.9-10 

Colloidally self-assembled materials represent a versatile model system to 

understand the fundamentals of heat transport in nanostructured materials and 

the governing structure-property relationships. This can be traced back to 

numerous key features of colloidal crystals (Figure 1.1): (i) ease of fabrication, (ii) 

approachability to hierarchical nano- and mesostructured materials, (iii) flexibility 

of the material composition (polymers, metal oxides, composite materials, etc.), 

(iv) adjustment of the packing symmetry, and (v) adjustment of the 

interfaces/surface chemistry. These unique properties, which are unified in 

colloidal assemblies are utilized in this work to show the great potential to 

understand and tune heat transport on the nanoscale. As a model system, hollow 

silica colloidal crystals are in the focus of this work. These arrays distinguish 

themselves as a highly insulating material class. Importantly, the hollow sphere 

assemblies provide the opportunity to tune the microporosity, the geometry of the 

capsules (size and shell thickness of the hollow spheres), the pore arrangement 

(close-packing and random close-packing), and even the bonding strength 

between adjacent spheres properly. Moreover, this concept was transferred to 

other hybrid materials, such as core-shell particle colloidal crystals and binary 
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particle mixtures consisting of hollow spheres and polymer particles. These two 

materials can be used as a model system to understand heat transport in phase 

change materials and even assess the percolation mechanism.11 

 

Figure 1.1. Overview of the benefits of colloidal assemblies regarding their heat transport 
properties.  

 

This thesis will start with an overview of the fundamentals of colloidal 

assemblies (Chapter 2.1) with a general introduction to colloidal materials, their 

stability, and their assembly. Subsequently, the basics of heat transfer in dielectric 

materials are introduced in Chapter 2.2 with a focus on thermal transport in bulk 

matter, porous matter, and colloidal crystals. After the introduction about colloids 

and their heat transport properties, a ‘Materials and Methods’ part follows in 

Chapter 3. Here, the synthesis and characterization of the particles and the particle 

assemblies are described. Chapter 4 gives an overview of the different 

contributions, which follow in Chapter 6 – 11. In the last chapter, the main results 

and concepts of the presented publications are wrapped up. Based on these results 

implications for future research directions will be given, and the attention for the 

underexplored world of thermal transport in colloidal materials will be raised. 



  

2 Theoretical Overview 

2.1 Colloidal Crystals 

Colloids have been gaining an increasingly scientific and technological interest 

in the last decades. Significant progress has been made in the preparation of 

colloidal particles of various sizes, shapes and surfaces chemistry. These particles 

are used as building blocks to create colloidal assemblies with a great potential for 

a new generation of devices.  

The topics in the following chapters cover the key aspects of synthesis of colloids 

and their assembly into ordered three-dimensional particle arrays.  

2.1.1 Colloids 

Colloids are defined as objects with at least one dimension in the range of 1 nm 

to 1 µm, dispersed in a medium.12 They can exist of any nature (solid, liquid, or 

gas). Well-known examples for colloids in nature are concrete, milk, and smoke.13 

 

Figure 2.1. Overview of typical dimensions in the range of the colloidal domain. Adapted 
from Wang et al.14 with permission from The Royal Society of Chemistry.  

 

Colloids can be further distinguished between colloidal dispersions, association 

colloids (micelles) and colloidal molecules.15 Due to their relevance as building 
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blocks for the formation of colloidal assemblies, solid colloidal dispersions are 

used in this work. They can be synthesized with a broad range of structural 

features including (i) the particle size and the size distribution, (ii) the type of 

material, (iii) the shape, and (iv) the surface functionalization.16 This diversity of 

parameters enables the tuning of the properties of the colloids, and their assembled 

structures, leading to a material class with a great potential for devices with novel 

properties in various fields, such as chemical sensing and biosensing17, 

filtering/sieving18, or photonics19-20, to name a few.  

The majority of colloidal particles are spherical. This shape is driven by the 

minimization of the interfacial free energy during the nucleation and growth 

process in bottom-up approaches.21 In case, the particles are monodisperse in size 

(<5 % size distribution), spherical particles favor the hexagonal closed-packed 

structure (fcc and hcp).22 Thus, the shape of the colloids is one of the driving force 

which determines the symmetry of the assembled structure. 

Various synthesis methods can be found in the literature to obtain spherical 

colloids, from organic (polymer) and inorganic materials. Well-kown methods 

used to synthesize polymer colloids are the emulsion polymerization21, 23, micro-24-

25 and miniemulsion26-29, emulsifier-free emulsion polymerization30-31, and 

dispersion polymerization32-33. The particle sizes available by these methods span 

the whole range of the colloidal domain. For the synthesis of monodisperse 

particles in a sufficient amount, the emulsifier-free emulsion polymerization and 

dispersion polymerization are suitable methods. Therefore, the polymer colloids 

are prepared with the help of these two approaches in this work. More details 

about the mechanisms can be found therefore in the Material Part in Chapter 3.1.1.  

Inorganic colloidal particles with a low polydispersity are typically synthesized 

by precipitation or sol-gel processes.34 Among the available building blocks, 

amorphous silica spheres are the most studied inorganic particles. The synthesis 

of monodisperse silica colloids is usually done by the so-called Stoeber method.35 

In this process, a dilute solution of tetraethyl orthosilicate (TEOS) in ethanol is 
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hydrolyzed under basic conditions. As a result, particle diameters in the range of 

50 nm to 2 µm are obtained.21  

The concept to achieve monodisperse particles is similar for both, inorganic and 

organic particles. In most cases, they involve a nucleation and growth step. These 

two steps need to be separated to obtain monodisperse particles. This is 

summarized by the so-called LaMer theory.36-37  

The properties of spherical colloids can be extended by modifying their 

surface.38-39 This concept can be expanded by coating of colloidal particles with a 

shell of a different material. Moreover, the opportunity arises to remove the core 

by either calcination or by dissolution.40 As a result, a new material class, hollow 

spheres, are formed. In this thesis, polymer particles are coated with a silica shell 

of variable thickness using a modified Stoeber process. By calcining the core-shell 

particles, hollow silica nanoparticles were obtained. Details about the synthesis 

method and the tuning of the structural properties are further described in 

Chapter 3.1.2. 

2.1.2 Colloidal Stability 

In general, colloids in dispersion are thermodynamically unstable with respect 

to the bulk phase.41 This originates from the surface energy minimization 

phenomenon.41 However, colloids can be kinetically stabilized. The 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory explains the kinetic 

stability.42-44 It elucidates the conditions of stability and instability of colloidal 

dispersions by a combination of van der Waals attraction and electrostatic 

repulsion. These forces are also referred as DLVO forces and are briefly described 

in the following.  

Attractive van der Waals forces arise from the orientation of dipoles which may 

be (i) two permanent dipoles, (Keesom orientation forces), (ii) dipole – induced 

dipole (Debye induction forces), (iii) induced dipole – induced dipole (London 

dispersion forces). The magnitude and range depends on the size and geometry of 
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the particles, their surface chemistry, and the medium via the Hamaker constant 

A. For monodisperse, spherical colloids with a radius R, and interparticle distance 

d, with R >> d, the van der Waals free energy VA is given by Equation (2.1).  

= − 12  

 

(2.1) 

Electrostatic stabilization results from charges distributed over the colloidal 

objects causing an electric field. This electric field attracts counter ions leading to 

the formation of an electrical double layer. As a result, the approach of two 

like-charged particles causes a repulsion. The origin of the surface charge can be 

traced back, e.g., on dissociation of surface groups. The charge densities and spatial 

distribution functions are described by the Poisson-Boltzmann equation.13 For low 

potentials, the analytical solution is expressed by the linearized 

Poisson-Boltzmann equation with the electrostatic repulsion being proportional to 

e-κd, where κ is the inverse Debye length and d the interparticle distance.  

 

Figure 2.2. DLVO theory. (a) Energy-distance curve for electrostatically stabilized colloids. 
The total interaction potential (black curve) results from attractive and repulsive 
interactions between two colloidal particles. The dashed line represents the Born repulsion 
at very small distances. (b) Schematic representation of the electrostatic repulsion and the 
van der Waals interaction. Adapted from Israelachvili45 with permission from Elsevier. 
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The DLVO potential, as a sum of the electrostatic repulsion and the van der 

Waals attraction forces as a function of the interparticle distance d, is shown in 

Figure 2.2. Furthermore, the hard-sphere repulsion potential due to the overlap of 

atomic electron clouds (Born repulsion) at distances smaller than the particle 

radius is included, usually modeled as d-12 dependence.  

The repulsive interaction energy decreases exponentially with interparticle 

distance, while the attractive interaction energy decreases inversely with the 

interparticle distance. Figure 2.2 shows the predomination of the van der Waals 

interactions at small and large distances. At extremely small (Born repulsion) and 

intermediate (electric double layer) distances, the repulsive forces predominate. 

This interplay leads to two minima and one maximum. The latter one is sometimes 

referred to as energy barrier. Particles which reach the primary minimum 

irreversibly agglomerate. This can be prevented by a sufficiently high energy 

barrier depending on the surface charge and the salt concentration. The second 

minimum is referred to as flocculation which is usually a reversible process. Thus, 

the requirement for colloidal stability is to have an energy barrier that is much 

larger than the thermal energy of the particles (~kbT).  

Apart from the stabilization by an electrical double layer (electrostatic 

repulsion), colloids can be stabilized by macromolecules, which are attached to the 

surface of the particles. This steric repulsion emerges as soon as the interparticle 

distance becomes less than twice the unperturbed layer thickness, resulting in 

either overlapping, or compression of the polymer chains.46 This induces an 

increase in the polymer density in the interaction zone, leading to strong repulsion 

due to (i) the osmotic pressure increase, and (ii) the entropy reduction by the 

restriction.46 The steric repulsion depends on many parameters, such as the 

polymer coverage of the colloidal surface, the solvent, and the type of the surface 

bonding. Advantages of the steric repulsion are the relative insensitivity to the 

presence of electrolytes, and the polarity of the dispersion medium. However, the 

presence of polymers can lead to attractive forces between particles by bridging 

flocculation47 or depletion attraction48 as well.  
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Apart from the repulsive and attractive forces, external forces are present in 

colloidal dispersions.22 These are Brownian motion (diffusion force) and 

gravitational forces, which cause particles to sediment. As long as the Brownian 

force is stronger than the gravitational force, the particles remain suspended.49 

With increasing particle size, gravitational forces become more important, leading 

to a sedimentation. Apart from the particle dimension, the density contrast 

between colloids and medium plays an major role in the sedimentation process.50 

Sedimentation is one way to assemble colloids. In the following, various 

assembly processes are presented.  

2.1.3 Colloidal Assembly 

Colloidal particles with well-defined size distributions can self-assemble into 

long-range ordered lattices.51-52 Thereby, multiple reversible interactions occur to 

assemble subunits into stable arrays. The formed structure is in a thermodynamic 

minimum, resulting from the equilibration of various interactions.52  

Three-dimensional colloidal self-assembly strategies are most relevant to receive 

nanostructured materials for various applications, such as the heat transport.53-56 

Common methods to achieve colloidal assemblies are sedimentation57-58, 

centrifugation59-60, vertical (lifting) deposition61-64, spray coating65, doctor blade 

coating66, spin-coating67-68, filtering69-70, and evaporation-induced self-assembly71-

73. These methods are schematically depicted in Figure 2.3.  
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Figure 2.3. Schematic representation of common 3D assembly methods. (a) Sedimentation, 
(b) centrifugation, (c) vertical deposition, (d) spray coating, (e) doctor blade coating, (f) 
spin-coating, (g) filtering, (h) plain dispersion drying. Adapted with permission from 
Vogel et al.22. Copyright 2015 American Chemical Society.  

 

The main difference between the assembly methods presented in Figure 2.3 is 

the accessible thickness of the colloidal assemblies and the quality and size of the 

crystalline domains. For instance, highly ordered colloidal crystals can be obtained 

by evaporation-induced self-assembly of monodisperse polymer particle 

dispersions. On the other hand, colloidal glasses with a random close-packing can 

be fabricated rapidly by filtering the colloidal dispersions. These two processes 

were also used in this work due to their simplicity and the high quality of the 

resulting free-standing colloidal assemblies, and are therefore further described in 

Chapter 3.1.3. 

 

  



2 Theoretical Overview   10 

2.2 Basics of Heat Transfer in Dielectric Hard Materials 

Colloidal assemblies are commonly composed of amorphous materials. For a 

complete understanding of thermal transport in such materials, a comparative 

introduction to heat transport in crystalline and amorphous bulk materials is given 

(Chapter 2.2.1). Subsequently, the attention is directed towards the features of 

thermal transport in porous materials (Chapter 2.2.2). The last chapter deals with 

the heat transport in colloidal crystals.  

2.2.1 Heat Transfer in Bulk Matter 

The heat in materials is transferred from high to low temperature areas. The heat 

flow can be described by Fourier’s law of heat conduction:  

= − ∙  (2.2) 

where κ is the thermal conductivity, q the heat flux density and ∇T the temperature 

gradient. The law of heat conduction states that the time rate of heat transfer 

through a material is proportional to the negative temperature gradient (δT/δx), 

which is the driving force.  

Three different mechanisms exist for thermal transport: radiative (mediated by 

photons), convective (mediated by the physical movement of heat carriers), and 

conductive.74 For many materials, like colloidal assemblies, the dominant 

mechanism is thermal conduction.  

Crystalline materials 

In dielectric, crystalline materials, the thermal energy is conducted by 

propagating lattice vibrations with a set of characteristic frequencies. The energies 

of the lattice vibrations are quantized by  

= +
1
2 ℎ  (2.3) 
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where n is an integer, which is zero at 0 °C and h is the Planck’s constant. If the 

solid is heated/cooled, E will increase/decrease in integer steps of hv. The 

similarity between this process and the absorption/emission of light (photons) is 

evident. Therefore, the quantum unit of lattice vibrational energy is called a 

phonon.  

By treating phonons as quasi-particles, the thermal conductivity can be described 

by the Debye equation: 

=
1
3  (2.4) 

where Cν is the heat capacity, νg the phonon velocity, and Λ the average phonon 

mean free path (MFP), which is the average traveling distance between two 

successive collisions.  

Table 2.1. Typical heat transfer properties at 293 K: Lattice spacing l, Debye 
temperature θD, phonon MFP Λ, and thermal conductivity κ.75-76 

 θD [K] Λ [nm] κ [W/mK] 

Diamondc 1860 315 2300 
Sapphirec 600 4.0 46 
Siliconc 645 43 153 
Silicaa 290 0.6 1.4 

c crystalline structure, a amorphous structure. 

 

The phonon MFP can range from 1 nm to more than 1 µm, depending on the 

material and its temperature and as a result on the existing scattering mechanisms 

(see Table 2.1). Conceivable interactions are (i) phonon-phonon scattering, (ii) 

phonon-boundary scattering (iii) phonon-impurity scattering, (iv) phonon-

imperfection scattering, and (v) phonon-grain boundary scattering. The different 

scattering mechanisms are depicted in Figure 2.4a.  
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Figure 2.4. (a) Phonon scattering mechanism in dielectric materials: Phonon-phonon 
scattering, phonon-boundary scattering, phonon-impurity scattering, 
phonon-imperfection scattering, and phonon-grain boundary scattering. Adapted from 
Ashegi77 with permission from AIP Publishing. (b) Typical temperature-dependence of 
dielectric materials. Adapted from Kaviany78 with permission from Cambridge University 
Press. 

 

Phonon-phonon collisions result from the anharmonicity of the lattice potential 

and dominate in pure crystals. The process can be divided into the normal process 

(N-process) and the Umklapp process (U-process).79 The U-process is necessary to 

obtain thermal equilibrium, due to the formation of a thermal resistance (i.e., finite 

thermal conductivity). This process is almost entirely dominating at high 

temperatures. The probability of these processes decreases with decreasing 

temperatures. As a result, the phonon MFP and the thermal conductivity increase 

with  T-1 until reaching a maximum at about 10 % of the Debye temperature θD 

(compare Table 2.1).80 Further temperature reduction leads to a decrease of the 

thermal conductivity, following the T3 dependence of the heat capacity.81 In this 

temperature regime, boundary scattering dominates. The location of the maximum 

depends on the sample size, defects, and crystal size. In nanostructured materials, 

the maximum is lower in magnitude and shifted to higher temperatures.74, 81 

At very high temperatures, the thermal conductivity is independent of the 

temperature leading to a minimum thermal conductivity value due to the MFP 

being comparable to the interatomic spacing. However, most materials melt below 

this temperature. A typical temperature dependency of a dielectric crystalline 

material in comparison to an amorphous one is depicted in Figure 2.4b. The 
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thermal conductivity in amorphous materials is significantly reduced compared to 

crystalline materials. Furthermore, the temperature-dependency is different. This 

is discussed in the following section, covering heat transport in amorphous 

materials. 

Amorphous materials 

Amorphous materials exhibit no translational symmetry or periodicity. The 

structural defects/disorder leads to significant wave scatterings and even 

localization of the wave propagation.82 Thus, the thermal conductivity is strongly 

reduced (e.g., amorphous silicon has a thermal conductivity of ~1 – 4 W m-1 K-1, 

while its crystalline counterpart has a thermal conductivity of 148 W m-1 K-1).81 

Therefore, the vibrational modes cannot be longer named extended phonon waves. 

A new concept arose by Allen and Feldman to describe disordered vibrational 

modes (vibrons).83-84 They classify these vibrons in propagons, diffusons, and 

locons. Propagons are propagating and delocalized (i.e., phonon-like), and are 

typically found in the low-frequency range of the vibrational spectrum (see the 

spectrum of vibrons for a model of amorphous silicon, Figure 2.5). Diffusons are 

non-propagating and delocalized modes, located in the middle-frequency range. 

Propagons and diffusons are also called extendons due to their delocalization. The 

mobility edge marks the transition from delocalized to localized modes (locons). 

Locons are non-propagating and spatially localized modes and are typically found 

in the high frequency range of the vibrational spectrum. 

The fundamental differences in the vibrating modes between amorphous and 

crystalline materials lead to completely different temperature dependencies of the 

thermal conductivity.85 While the thermal conductivity of crystalline materials 

decreases at high temperatures, the thermal conductivity of amorphous materials 

increases monotonically over the whole temperature range.86 Moreover, the 

dependency at low temperatures is different for disordered materials. They show 

a T2-dependence, instead of a T3-dependence.87 The increase at high temperatures 
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results not only from the increased heat capacity but also from stronger 

anharmonic coupling between the modes.85, 88 

 

Figure 2.5. Vibrational spectrum of a model of amorphous silicon. Adapted from Allen et 
al.84 with permission from Taylor & Francis Group.  

 

2.2.2 Heat Transfer in Porous Matter 

Colloidal crystals comprise nanosized pores. Therefore, for a complete 

understanding of heat transfer in these materials, one has to consider further 

contributions emerging from the heat transfer through the gaseous phase.   

Besides, the heat transport via solid conduction (Chapter 2.2.1), gaseous 

conduction, convection, and radiation contribute to the overall thermal 

conductivity κtot (see Equation (2.5)).  

κ = κ + κ + κ + κ  (2.5) 

Radiation (κrad) describes a phenomenon by which solid pore surfaces emit a 

radiation spectrum, centered in the infrared (IR), which is absorbed by other solid 

pore surfaces and reemitted. Radiative transport increases with decreasing 

density.89 Thus, it plays a tremendous role in low-density materials, like aerogels. 

For colloidal crystals, the contribution is negligible due to their relatively high 

density.  
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Convection (κconv) is the transfer of heat due to the movement within the gas 

phase. It is negligible in materials with pore sizes below 4 mm.90 Thus, it does not 

influence the heat transport through colloidal crystals either.  

While radiation and convection are negligible in colloidal assemblies, the 

gaseous conduction (κgas) is an important process. It is affected by the size of the 

pores. In smaller pores, the number of elastic collisions between gas molecules is 

reduced. This mechanism becomes dominant when the pore size reaches the mean 

free path of the gaseous phase (Knudsen effect). In this regime, the gaseous thermal 

conductivity is governed by the following equation: 

= , ∙
(1 + 2 ∙ )

= , ∙

(1 + / )
 (2.6) 

where κgas,0 is the thermal conductivity of the gas when moving freely, β is a 

constant for the effectiveness of the energy transfer between gas molecules and the 

solid pore walls (commonly between 1.5 and 2)91, Kn is the Knudsen number, Φ is 

the porosity of the sample and p1/2 is the pressure p, at which the value of the 

gaseous thermal conductivity is half of the maximum value for the free gas. The 

Knudsen number is defined as the ratio of the mean free path to the characteristic 

system size. The MFP at ambient pressure and ambient temperature is ~70 nm in 

air and ~200 nm in helium.92 Thus, in colloidal crystals, the gaseous conduction is 

strongly influenced by the Knudsen effect.  

Porous materials are composite materials, consisting of a gaseous and a solid 

phase. The effective thermal conductivity of composite materials can be described 

by using binary mixing models. The most noted ones are the parallel, the series, 

the Maxwell-Eucken 1 and 2 and the effective medium theory (EMT) model.93-94 

The respective equations of the models and their schematic structures are shown 

in Figure 2.6. The lower and upper bound are provided by the series and parallel 

model, in which the layers are aligned either perpendicular or parallel to the heat 

flow. These models are not realistic assumptions for colloidal crystals. A better 

description is provided the Maxwell-Eucken models or the EMT model. The 
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Maxwell-Eucken model assumes inclusions of a dispersed phase in a continuous 

matrix, which are not in contact with each other. In the Maxwell-Eucken 1 model, 

the thermal conductivity of the dispersed phase is lower than the thermal 

conductivity of the continuous phase, contrary to Maxwell-Eucken 2 model. The 

EMT model describes a two-component system with a random distribution of the 

single components.  

 

Figure 2.6. Binary mixing models describing the thermal conductivity of a two-component 
system: The series, the parallel, the Maxwell-Eucken (ME) and the effective medium 
theory (EMT) model and the corresponding equations. In the ME 1 model, 1 is the 
continuous phase, whereas, in the ME 2 model, 1 is the dispersed phase. Adapted from 
Carson et al.93 with permission from Elsevier. 

 

2.2.3 Heat Transfer in Colloidal Crystals 

As mentioned in the motivation, colloidal assemblies possess several interesting 

key features: (i) singular structural control, (ii) flexibility of material composition 

(polymers, metal oxides, composites, etc.), (iii) approachability to nano- and 

mesostructured length scales, (iv) adjustment of the symmetry (close-packing vs. 

random close-packing), and (v) adjustment of the interfaces. Furthermore, they are 

readily available in large quantities due to the ease of fabrication.  

These characteristics of colloidal crystals enable to use them as a model system 

to understand heat transport in nanostructured materials. The conceptual insight 
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gained from colloidal assemblies can be adapted easily to other nanostructured 

and nanoparticulate systems.  

The most relevant contributions to the overall thermal conductivity are (i) solid 

conduction and (ii) gaseous conduction (compare Chapter 2.2.2). The solid 

conduction is significantly reduced in colloidal materials. This can be traced back 

to several scattering mechanisms of the vibrational modes emerging in these 

nanostructured materials: boundary, grain-boundary, imperfection, or impurity 

scattering (compare Chapter 2.2.1). Besides the reduced solid conduction, 

conduction through the gaseous phase is also strongly reduced due to the small 

pore sizes existing in these ensembles (Knudsen effect, Chapter 2.2.2).  

In literature, the thermal transport of colloidal assemblies is barely reported. 

Besides the contributions in Chapter 6 – 11, two other examples of the heat 

transport in dielectric colloidal crystals can be found in the literature.54, 95 These 

will be introduced in the following.  

Nutz et al.54 investigated the thermal transport properties of sub-micron sized 

monodisperse polystyrene (PS) particles (366 nm), densely packed in a 

face-centered cubic lattice (fcc). The freestanding PS colloidal crystals are prepared 

via a simple self-assembly process. The high ordering of the particles is highlighted 

in Figure 2.7a,b. The light microscopy image (a) shows bright Bragg reflections 

over the whole assemble due to the regular structure. The high ordering is 

confirmed by the scanning electron microscopy images (b). The pore sizes are fully 

controlled by the diameter of the colloidal spheres and occupy 26 vol.% of the 

nanoporous open-cell structure. The concomitant high amount of interfaces and 

small interparticle contact area lead to a very low thermal conductivity of only 

51 m W m-1 K-1 in vacuum at a comparatively high density of 0.75 g/cm-3. 

Compared to its bulk counterpart (κ = 140 m W m-1  K-1), the thermal transport is 

strongly limited. Furthermore, these soft colloidal assemblies possess an 

interesting feature upon heating above the glass transition temperature Tg. Due to 



2 Theoretical Overview   18 

the loss of the colloidal superstructure during the film formation process, the 

thermal conductivity increases by about 270 % (Figure 2.7c).  

 

Figure 2.7. Thermal transport properties of polystyrene colloidal crystals. (a) Side-view optical 
microscopy image, (b) side-view SEM image of the colloidal crystal, and (c) temperature-dependent 
thermal conductivity. Adapted from Nutz et al.54 with permission from Elsevier.  

 

A new material class, called inverse opals, can be built up by using the colloidal 

crystal structure as a template material.20, 96-98 Inverse opals exhibit a high degree 

of interconnected porosity with pore sizes usually in the range of <100 – 1000 nm. 

Ma et al.95 investigated the thermal transport in silicon inverse opals with pore 

sizes and shell thicknesses in the range of 420 – 900 nm and 18 – 38 nm. Owing to 

the low density of the inverse opal, the thermal conductivity range from 0.6 to 

1.4 W m-1 K-1 at 300 K. Interestingly, the temperature dependence of these 

structures varies significantly from the expected κ ~ T3 scaling law at low 

temperatures (Chapter 2.2.1), following a k ~ T1.8 dependency. The different 

behavior can be traced back to coherent phonon grain boundary scattering due to 

uniform grains across the sample.  

This is an impressive example how colloidal assemblies can help to understand 

fundamental heat transport features due to their structural control and small 

accessible length scales. 



  

3 Materials and Methods 

3.1 Materials 

Monodisperse colloidal particles are well-defined building blocks. Due to their 

low polydispersity, these particles can be assembled into highly ordered 

three-dimensional materials with a remarkably precise structural control, i.e., 

colloidal crystals.  

The following section provides the preparation of monodisperse polymer 

particle. Afterwards, the coating of the polymer particles with silica and the 

subsequent calcination step to obtain silica hollow spheres are indicated. The last 

section covers the assembly methods used to prepare colloidal crystals and 

colloidal glasses.  

The following materials were used as received: styrene (≥99%, Aldrich), 

2,2′-azobis(2-methylpropionamidine)dihydrochloride (AIBA; 97 %, Aldrich), 

[2-(methacryloxy)ethyl]-trimethylammonium chloride (MTC; 70 % solution in 

water, Polyscience), polyvinyl-pyrrolidone K30 (PVP; Mw ∼ 55 kgmol−1, Aldrich), 

tetraethylorthosilicate (TEOS; ≥ 99%, Aldrich), and ammonium hydroxide 

solution (30-33 % in water, Aldrich). Ethanol (EtOH) was used in technical grade, 

and water was taken from a Millipore Direct Q3UV unit for the entire synthesis 

and purification steps. 
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3.1.1 Synthesis of Polymer Nanoparticles 

Basics of Emulsifier-free Emulsion Polymerization 

The focus in this section will be laid on the synthesis of polystyrene particles via 

emulsifier-free emulsion polymerization.30 This method was used to obtain PS 

latex beads in the size range of up to ~450 nm. Larger polymer particles were 

synthesized by using dispersion polymerization. 

The schematic illustration of an emulsifier-free emulsion polymerization is 

depicted in Figure 3.1. 

 

Figure 3.1. Schematic illustration of the emulsifier-free emulsion polymerization using 
AIBA as an initiator. Adapted from Vollmert99 with permission from Springer Verlag. 

 

The mechanism of the emulsifier-free emulsion polymerization was studied by 

Hansen and Ugelstad.100 Macroscopic monomer droplets emerge by vigorous 

stirring in the continuous water phase. Due to the low, but finite solubility of the 

monomer, some molecules are dissolved in the aqueous phase (1). The water 

soluble initiator (e.g., AIBA) is thermally decomposed into charged radicals (2). 

After initiation in the water phase (3), the radicals add monomer units, until a 

critical chain length is reached. These oligomers with a charged end group become 
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water insoluble, collapse into globules and form particle nuclei (4). This step is 

called homogeneous nucleation. Several of such nuclei assemble to form a stable 

primary particle, which is stabilized by ionic groups at the interface (5). In the 

following, the polymerization proceeds by diffusion of the monomer from the 

monomer droplets (6), forming a latex particle (7).  

 

Emulsifier-free Emulsion Polymerization - Experimental Procedure 

The synthesis was carried out in a three-necked flask, equipped with a reflux 

condenser and a gas inlet, under a slight argon flow. The flask was charged with 

230 mL water, 26 mL styrene, 0-300 µL MTC, and 1.8 g PVP K-30. The reaction 

mixture was heated to the reaction temperature of 70 °C at a stirring speed of 

850 rpm. After an equilibration time of 30 min, 0.6 g AIBA dissolved in 10 mL 

water, were added to initiate the polymerization. After nucleation, the stirring 

speed was reduced to 450 rpm. The reaction was carried out overnight. To 

terminate the polymerization, the mixture was exposed to ambient atmosphere. 

 

Emulsifier-free Emulsion Polymerization - Results and Discussion 

The emulsifier-free emulsion polymerization offers the opportunity to tune the 

overall particle size in a broad range. Therefore different parameters are adjusted: 

the concentration of the (co)monomer and the initiator, the temperature, the 

stirring rate, the ionic strength, and the amount of steric stabilizer. Without 

disregarding the monodispersity, the best results can be affected using the 

comonomer concentration.  
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The particle diameter as a function of the comonomer concentration is shown in 

Figure 3.2. 

 

Figure 3.2. The size of the polystyrene particle as a function of the volume of the 
comonomer solution MTC. The synthesis specifications are described in the main text. The 
black squares represent a down-scaling of the synthesis by the factor of 0.5. The right 
column shows scanning electron microscopy (SEM) images of the corresponding particles.  

 

By adjusting the comonomer volume between 0 and 300 µL, the particle size can 

be varied between 130 and 440 nm with a low polydispersity of less than 5 %. The 

higher the comonomer concentration, and thus, the electrostatic stabilization is, the 

smaller the particle diameter gets. Nevertheless, larger particles are hardly 

achievable using emulsifier-free emulsion polymerization. Therefore, the 

dispersion polymerization technique was used.  

 

Basics of Dispersion Polymerization 

The dispersion polymerization is a type of precipitation polymerization. While 

the monomer and initiator are soluble in the reaction medium, the formed polymer 

is insoluble. The dispersion polymerization takes place in a homogeneous medium 

of monomers with a free-radical initiator and a polymeric stabilizer dissolved in 

an appropriate solvent. At an elevated temperature, the initiator decomposes, and 
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the radical adds solubilized monomer units, forming oligomeric radicals. This 

proceeds until a critical chain length is reached, leading to a phase separation and 

the formation of primary particles. This step is termed nucleation. In the following, 

the particle formation step starts. The particle nuclei are unstable and rapidly 

aggregate with each other. The formed particles are stabilized by the dispersing 

agent which adsorbs at the interface. In this step, all of the oligomeric radicals, and 

nuclei are captured by the mature particles and the particle formation step is 

completed. Subsequently, the polymerization proceeds within the particles, 

leading to monodisperse polymer latex beads.  

 

Dispersion Polymerization - Experimental Procedure 

In the following, the dispersion polymerization is described for the particles F, 

resulting in a particle diameter of 955.8 ± 24.8 nm (see Table 3.1). 

Table 3.1. Parameters which can be tuned in a dispersion polymerization to change the 
particle diameter.  

 EtOH 
[mL] 

Water 
[mL] 

MTC 
[µL] 

AIBN 
[g] 

Diameter 
[nm] 

A 120 30 500 0.068 493.7 ± 13.5 
B 136 14 400 0.136 587.1 ± 13.0 
C 120 30 350 0.068 724.2 ± 41.3 
D 136 14 100 0.136 830.3 ± 14.1 
E 120 30 200 0.102 889.9 ± 23.4 
F 120 30 200 0.136 955.8 ± 24.8 
G 136 14 200 0.136 1278.6 ± 15.5 
 

The dispersion polymerization was carried out in a single-neck flask connected 

to a KPG stirrer. First, 130 mL ethanol, 14 mL water, 10 mL styrene, and 5 g PVP 

were purged with argon, while heating the reaction mixture to 75 °C. After an 

equilibration time of 30 min, the gas inlet was removed, and 0.136 g AIBN 

dissolved in 6 mL ethanol were added to initiate the polymerization. At once, the 

stirrer was set to 60 rpm. After 1.5 h, 400 µL MTC were added. The reaction was 
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carried out overnight. To terminate the polymerization, the mixture was exposed 

to ambient atmosphere. 

 

Dispersion Polymerization - Results and Discussion 

The particle size can be tuned by several parameters in a dispersion 

polymerization.101-102 In this thesis, the ethanol/water-ratio, the amount of 

comonomer, and initiator was varied, as depicted in Table 3.1. This enables the 

tuning of the particle diameter in the range of 490 and 1280 nm. The SEM images 

of the particles A, D, F, and G are shown in Figure 3.3. 

 

Figure 3.3. Scanning electron microscopy (SEM) images of polystyrene particles, 
synthesized via dispersion polymerization.  

 

Larger particle sizes can be achieved by reducing the comonomer (A and C, B 

and D) and the initiator concentration (E and F), and by reducing the 

ethanol/water ratio (F and G). The increase of the comonomer concentration 

increases the amine functional groups at the surface of the PS spheres, and 

therefore the surface electric charge.101 This reduces the size of the particles. The 

increase of the initiator concentration reduces the number of free radicals in the 

polymerization. This leads to lower molecular weight oligomers, which are more 

stable in the medium. Thus, fewer nuclei are generated, which grow to larger 

polymer spheres.103 By changing the ethanol/water ratio, the polarity of the 

dispersion medium increases, leading to a reduction of the size of the polymer 

spheres.101 
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3.1.2 Synthesis of Hollow Silica Nanoparticles  

Basics of the Hollow Silica Nanoparticle Synthesis 

For the above-mentioned polymerization techniques, polyvinylpyrrolidone 

(PVP) is used as a steric stabilizer. This enables the direct coating of a silica shell 

upon the polymer particles without any further modifications, like charge 

inversion.42, 44 The prepared core-shell particles can be calcined afterward to 

remove the polymer core and to obtain silica hollow spheres. The different steps 

to get silica hollow nanospheres are schematically shown in Figure 3.4.  

 

Figure 3.4. Schematic representation of the synthesis of silica hollow spheres. (1) Synthesis 
of the polystyrene template particles, stabilized by polyvinylpyrrolidone, (2) coating of 
the polymer particles with silica to obtain core-shell particles and (3) removal of the 
polystyrene core by calcining at temperatures above 500 °C.  

 

The coating of the polystyrene template particles with a silica shell is achieved 

by a modified Stoeber condensation process.35 The amount of precursor, used in 

the synthesis, allows the adjustment of the silica shell thickness. The experimental 

procedure is described in the following. 

 

Hollow Silica Nanoparticle Synthesis – Experimental Procedure 

For the core-shell particle synthesis, a certain amount of TEOS was added to 

17.5 mL ethanol, 1.3 mL ammonium hydroxide solution, and 2.5 mL aqueous 

polystyrene dispersion (~10 wt.%). The TEOS volume was adjusted to obtain a 

certain shell thickness (see next section). After stirring at 500 rpm for ~18 h, the 
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particle dispersion was purified by several centrifugation steps. Subsequently, the 

polystyrene core was removed by calcining the particles at 500 °C for 12 h in air.  

 

Hollow Silica Nanoparticle Synthesis – Results and Discussion 

The facile synthesis method of the silica hollow nanoparticles enables the 

opportunity to change the particle morphology broadly. Parameters, which can be 

tuned are the diameter of the particles, the shell thickness, and the 

microstructure/porosity of the silica shell.  

The size of the inner pore diameter can be adjusted by changing the size of the 

polystyrene template particles. A size series of particles between 185 and 990 nm 

is shown in Figure 3.5. Here, the shell thickness, which is given by the dark shaded 

ring surrounding the hollow core, is comparable for all capsules (~20 nm).  

 

Figure 3.5.Transmission electron microscopy (TEM) images of silica hollow nanoparticles 
with a diameter of 185 – 990 nm and a comparable shell thickness of about 20 nm. 

 

The size series in Figure 3.5 shows the impressively low polydispersity of the 

size and the shell thickness. The surface of the particles appears smooth. 

Furthermore, no formation of aggregates/clusters or sinter necks between the 
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spheres is observed. The particles are rather individually redispersed in ethanol by 

ultrasonication and deposited on a carbon-coated TEM grid. For the larger 

particles, some buckling is observable. This can be traced back to the preparation 

of the TEM samples and the forces affecting the stability of the hollow spheres. The 

problem can be avoided by increasing the shell thickness. A shell thickness series 

with a size of 15 – 55 nm is shown in Figure 3.6. Here, the inner core diameter is 

comparable (~300 nm) for all particles.  

 

Figure 3.6. Transmission electron microscopy (TEM) images of silica hollow nanoparticles 
with shell thicknesses between ~15 and 55 nm and a comparable inner core diameter of 
~300 nm.  

 

For the shell thickness series depicted in Figure 3.6 and two other series, the shell 

thickness versus the particle diameter is shown in Figure 3.7a. Impressively, it 

shows the broad range of shell thicknesses and particle diameters available by this 

synthesis method. Furthermore, it is possible to predict the shell thickness of the 

particles (t), knowing the diameter of the polystyrene template particle (d) and the 

volume of tetraethyl orthosilicate (VTEOS) added during the synthesis: 

= 111.55 ∙
( )

∙ + 7.36 = 35.51 ∙
( )

+ 7.36 (3.1) 

Figure 3.7b shows the plot to determine the shell thickness. Therefore, the 

volume of TEOS per particle surface area is plotted versus the shell thickness. It is 

evident that a good correlation exists between the different shell thickness series. 

Furthermore, the fit of Equation (3.1) describes the correlation. Thus, it is easily 

possible to predict the shell thickness.  
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Figure 3.7. Shell thickness series of hollow silica nanoparticles for three different 
polystyrene template particles with diameters of 220, 320 and 414 nm. (a) Shell thickness 
versus particle diameter and (b) shell thickness versus volume TEOS per particle surface 
area. The black line represents the fit of Equation (3.1). 

 

Another significant advantage of this synthesis method is the possibility to 

prepare large amounts of hollow silica nanoparticles. Figure 3.8 shows large scale 

approaches of silica hollow spheres with quantities of several grams.  

 

Figure 3.8. Large-scale synthesis approaches of silica hollow spheres with quantities of 
several grams. The color of the particle powders differs according to the size of the 

particles. The size increases from left to right: 256 ± 5 nm, 319 ± 5 nm, 423 ± 8 nm.  
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The color of the particle powders in Figure 3.8 depends on the size of the hollow 

spheres and can be traced back to Mie scattering.104 The size of the particles 

increases from left to right from 256 to 423 nm. 

3.1.3 Colloidal Assembly 

The assembly methods, used in this thesis, are introduced in the following. For 

the preparation of highly ordered colloidal particle assemblies (colloidal crystals), 

the evaporation-induced self-assembly process was applied.73 This method is 

illustrated in Figure 3.9 and shows the fabrication of silica hollow sphere colloidal 

crystals. 

 

Figure 3.9. Schematic illustration of the evaporation-induced self-assembly of the 
core-shell particles and the subsequent calcination step to obtain silica hollow sphere 
colloidal crystals. Reprinted from Ruckdeschel et al.105 with permission from Wiley VCH. 

 

The evaporation of the water occurs mainly near the air-water interface. This 

pushes the colloids towards the meniscus. After the formation of a few array layer, 

the solution flow will start to compensate the water loss caused by the evaporation 

in the top layers. This forces the colloids to move into the vacancies between the 

spheres, forming a close-packed structure. The assembled close-packed particle 

arrays possess a (111)-like plane parallel to the air-water interface.73 

For the preparation of HSNP colloidal crystals (Figure 3.9), core-shell particles 

are assembled and calcined afterward. Photographic images of these monoliths are 

shown in Figure 3.10. The color of the colloidal crystals is purple due to their 

comparable outer diameter of ~270 nm. From (a) to (c), the color is less pronounced 
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due to an increased scattering, originating from the increasing shell thickness (14, 

27, and 42 nm).  

 

Figure 3.10. Photographic image of colloidal crystals, consisting of silica hollow spheres. 
The size of the particles is about 270 nm for all samples. However, the shell thickness 
increases from a to c (14, 27, and 42 nm). Reprinted from Ruckdeschel et al.105 with 
permission from Wiley VCH. 

 

A disadvantage of the described assembly process is the relatively long 

preparation time (~several days) due to the slow evaporation of the solvent. A 

faster process (~several minutes) to obtain colloidal arrays represent the vacuum 

filtration process (Figure 3.11). Due to the rapid assembly, the ordering of the 

particles is random, leading to colloidal glasses. Thus, this is a facile preparation 

method for random close-packed structures.  

 

Figure 3.11. Schematic setup of the vacuum filtration system to prepare colloidal glasses. 
Reprinted from Ruckdeschel et al.105 with permission from Wiley VCH. 
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The difference in the ordering by using these two methods is highlighted by the 

SEM and optical microscopy images in Figure 3.12. Whereas the crystalline 

arrangement features Bragg colors in the optical microscopy image (a), the 

amorphous one shows only a diffusive scattering (b). This is validated by the 

corresponding SEM images (c, d).  

 

Figure 3.12. Scanning electron microscopy images (a, b) and optical microscopy images (c, 
d) of hollow silica nanoparticle colloidal assemblies showing either a crystalline packing 
(a, c) or an amorphous ordering (b, d). Adapted from Ruckdeschel et al.105 with permission 
from Wiley VCH. 
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3.2 Methods 

Several methods were used in this thesis to characterize the particles (shape, size, 

size distribution, and microstructure), the assemblies (symmetry, and density), 

and the thermal properties (specific heat capacity, and thermal diffusivity). The 

most frequently used techniques are summarized in Figure 3.13.  

 

Figure 3.13. Overview of the most frequently used characterization methods in this work.  
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In the following, the different methods will be introduced shortly. For more 

detailed information, the cited literature is recommended.  

3.2.1 Particle Characterization 

The particles were characterized by scanning and transmission electron 

microscopy (SEM, TEM), small-angle X-ray scattering (SAXS), and nitrogen 

sorption measurements.  

SEM106 is a type of electron microscope which creates images of a sample by 

scanning the surface with a focused electron beam. By the interaction of the 

electrons with the sample, various scattering events occur, which give information 

about the surface topography and the composition. In this work, the SEM was used 

as a tool to analyze the shape, size, and size distribution of the polystyrene particles 

and the polystyrene-silica core-shell particles. For the imaging of the hollow silica 

spheres, the TEM107-108, another type of electron microscope, was used. It produces 

images of a sample by an electron beam transmitting the specimen. The interaction 

of the electrons within the sample creates an image. Due to the transmission of the 

electrons, information about the size and the shell thickness of silica hollow 

spheres are received. The shell thickness is given by the dark shaded ring 

surrounding the hollow core (Figure 3.13). Furthermore, the porosity of the shell 

is imaged. However, at large shell thicknesses, the contrast between the inner core 

and the silica shell becomes too weak. In that case, the SAXS109 technique is the 

preferred method to determine the shell thickness. Small-angle X-ray scattering 

clarifies the structure of particles in terms of averaged particle sizes or shapes. 

Thereby, a sample is illuminated by X-rays, and the scattered intensity is measured 

by a detector as a function of the scattering angle. The measurements are typically 

made at very small angles (~0.1 – 5°). Thus, with decreasing scattering angle, 

increasingly larger structural features on the length scale of nanometers 

(~1 – 100 nm) can be resolved. This clearly covers the range of the silica shell 

thicknesses of the hollow spheres. For finer geometric information about the 

microporosity of the shell and the overall surface area, Nitrogen sorption 



3 Materials and Methods   34 

measurements110-111 were performed. The isotherms were recorded at 77 K 

between 0 and 100 kPa which corresponds to the full range of p/p0 (p0 is the 

saturation pressure). During the measurement, nitrogen is passed over the sample 

at 77 K, and the adsorbed quantity is determined (adsorption). Subsequent 

pressure reduction within the apparatus releases some of the nitrogen molecules 

from the surface. The result is an adsorption-desorption isotherm. In a certain 

pressure range (p/p0 = 0.05 – 0.3), the quantity of the adsorbed or released gas is 

proportional to the surface, the so-called BET surface area. The pore volumes and 

the pore sizes are usually determined by the non-local density functional theory 

(NLDFT) based on statistical methods.110 

3.2.2 Assembly Characterization 

The colloidal assemblies were characterized by scanning electron microscopy 

(SEM), optical microscopy, and density measurements.  

SEM106 is briefly described in the section before. It was used for the particle and 

the assembly characterization. However, for the latter one, the colloidal arrays 

were mounted in a particular specimen holder to enable the imaging of the 

side-view images. Hence, the packing symmetry could be determined. However, 

for an extensive impression of the symmetry, the use of the optical microscopy112 

is useful. Thereby, the sample is placed under the bright-field optical microscope 

to obtain side-view images of the colloidal assembly. For a close-packing of 

particles in the size range of the light, distinct Bragg reflections are detected. 

Whereas for random close-packed structures, only a diffusive scattering is 

observed.  

Moreover, the densities of the colloidal assemblies were determined. This is of 

peculiar interest for the thermal transport properties, because of the necessity to 

know this parameter to calculate the thermal conductivity (Chapter 3.2.3). The 

density was most frequently resolved by measuring the weight and the volume of 

the colloidal assembly. For the volume determination, a 3D non-contact surface 

profiler was used. It captures the volume by scanning the surface.  
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3.2.3 Thermal Characterization 

The thermal conductivity can be calculated by multiplying the thermal 

diffusivity by the density and by the specific heat capacity. The latter one was 

measured with the help of the differential scanning calorimetry (DSC), and the 

thermal diffusivity was measured by using xenon flash analysis (XFA). 

The specific heat is the amount of heat per unit mass required to raise the 

temperature by one degree Celsius. It was measured in this work by DSC113 using 

a sapphire standard calibration. Thereby, the measured heat flow can be converted 

into the specific heat capacity [Jg-1K-1].  

The most important method, used in this thesis, was the XFA. It is described in 

the following in more detail. With the xenon flash analysis, the thermal diffusivity 

α [cm2s-1] was measured. This thermophysical property describes how fast 

temperature diffuses through a material. The XFA setup and a typical 

measurement signal, fitted with an appropriate fit model, are depicted in 

Figure 3.14.  

 

Figure 3.14. Setup of the xenon flash analysis (XFA), and a typical measurement signal of 
a hollow silica sphere colloidal crystal, fitted by the radiation fit model. Reprinted from 
Ruckdeschel et al.105 with permission from Wiley VCH. 
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Before the measurements, the 3D colloidal assemblies were coated with a thin 

graphitic layer (high emissivity) on both sides to ensure a proper absorption of the 

applied energy. Then, the specimen was subjected to a temperature increase at the 

bottom of the sample by a short xenon light flash. As a result, heat is conducted 

through the sample due to the temperature gradient. At the rear surface, an 

infrared (IR) detector measures the time-dependent temperature increase. By 

fitting the measurement signal with an appropriate model, the effective thermal 

diffusivity of the measured sample is received. For most cases, the radiation fit 

model is suitable. This model represents an extension to the finite-pulse and heat 

loss corrections given by the Combined fit model from Dusza114. In contrast, it 

allows for an amount of the xenon flash to be directly transmitted to the rear 

sample surface, leading to an instantaneous temperature jump analogous to 

Blumm et al.115.



  

4 Overview of the Thesis  

 

Figure 4.1. Graphical overview of the thesis.  
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4.1 Synopsis 

This work consists of six individual contributions, which are presented in the 

form of manuscripts, dealing with transport phenomena in silica hollow spheres 

and hybrid materials. Four of the contributions are published in peer-reviewed 

journals, and two of them are currently submitted to peer-reviewed journals (see 

Chapter 4.2). A graphical overview of the different contributions is given in 

Figure 4.1. In the following, the main results and the connection between the 

individual manuscripts will be presented.  

Monodisperse colloidal hollow spheres are well-defined building blocks that 

inherently possess two distinct length scales – tens of nanometer shell thickness, 

and hundreds of nanometer particle size. These structural features can be easily 

adjusted during the synthesis with high precision (Chapter 3.1.1 and 3.1.2). 

Remarkably, these hollow spheres exhibit an extremely low polydispersity in size 

and shell thickness. This was addressed in a detailed scattering study (Chapter 6) 

using dynamic and static light scattering (DLS and SLS), small-angle X-ray 

scattering (SAXS), as well as transmission electron microscopy (TEM).  

The low polydispersity of the silica hollow spheres facilitates to use them as 

building blocks in 3D assembly processes (see Chapter 3.1.3). The received 

hierarchically structured materials, i.e., colloidal crystals, feature a uniquely 

well-defined structure across multiple length scales. Hence, these materials can be 

used as a model system to study open- and closed-porous nanoscale heat transport 

(Chapter 7 – 8). The different structural properties, which influence the thermal 

transport in colloidal assemblies are schematically depicted in Figure 4.1 

(Nanoinsulation). 

Chapter 7 describes the influence of the geometry of the hollow silica spheres 

(size and shell thickness), the gaseous conduction (open- vs. closed-pore 

conduction), the symmetry of the whole assembly (close-packing vs. random 

close-packing), and the bonding strength between adjacent spheres on the heat 

transport. The experimental data was further supported by finite element 
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modeling (FEM). While the bonding strength was decreased in this study, it was 

increased in Chapter 8 by calcining the colloidal crystals at elevated temperatures 

(500 – 950 °C). This did change not only the bonding strength, but also the 

microstructure of the silica shell (microporosity and rigidity). The elucidation of 

the influence of these two effects on the heat transport is the purpose of this work 

(Chapter 8). In general, hollow silica colloidal assemblies were found to be highly 

insulating. This can be traced back to the low density, the small pore sizes 

(Knudsen effect, Chapter 2.2.2), the amorphous structure with its various 

scattering phenomena, and a large number of interfaces. Thus, HSNP colloidal 

arrays are a nanoinsulation material with superior properties compared to 

alternatives such as polymer foams – which may be flammable – and silica aerogels 

– which may be challenging to produce. In general, the thermal conductivity 

decreases for large diameters and thin shell thicknesses, a large microporosity and 

a less rigid silica network (low calcination temperatures), a lower symmetry of the 

particle array, and a low interfacial bonding between adjacent spheres. The lower 

limit in vacuum was found to be less than 10 m W m-1  K-1. 

The previous studies reveal the great potential to comprehend heat transport 

phenomena in nanostructured materials. In the following, the concept is 

transferred to hybrid materials: binary colloidal crystals (Chapter 9) and core-shell 

particle colloidal crystals (Chapter 10). 

In Chapter 9, the heat transport through binary colloidal crystals is discussed. 

For this purpose, hollow silica spheres and poly(methyl methacrylate-co-n-butyl 

acrylate) (P(MMA-co-nBA)) particles were mixed in different particle volume 

fractions from 100 % polymer to 100 % hollow spheres. The thermal conductivity 

increases with increasing polymer content without any percolation threshold. By 

FEM, it was found, that a percolation threshold is only apparent for large thermal 

conductivity contrasts of the two particle types (κ1/κ2 > 500). However, one kind 

of percolation network can be formed by heating the assembly above the glass 

transition temperature of the polymer. As a result, a continuous polymer network 

was formed with nanoinclusions of the hollow spheres leading to a distinctly 
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increased thermal conductivity at a certain polymer volume fraction. This 

temperature-induced percolation is a measure of the structural integrity of the 

particle ensemble accompanied by a demixing of the hollow spheres during film 

formation.  

Chapter 10 deals with the thermal transport properties of core-shell particle 

colloidal assemblies. In these structures, the core is filled with polystyrene instead 

of air. Additionally, to the investigation of the thermal properties as a function of 

the composition (size and shell thickness) at room temperature, the heat transport 

was monitored in dependence of the temperature. As opposed to a monotonous 

increase as observed for the silica hollow spheres (Chapter 8), the thermal 

transport increases significantly at temperatures way above the glass transition 

temperature of the polystyrene for some of the assemblies. As this strongly 

depends on the morphology, core-shell particle colloidal crystals are a suitable 

model system due to their versatility. The understanding of heat transport in these 

systems is of peculiar interest for phase change materials. Notably, for the phase 

change application, the suppression of the crystallization must be considered 

when reducing the size of the particles. This is shown for water in Chapter 11, but 

matters also for encapsulated polymer. 

The nucleation in confined systems is studied on individually dispersed silica 

hollow spheres in water (Chapter 11). The focus was laid on finding of 

homogeneous nucleation inside the capsules beside the common heterogeneous 

nucleation in the bulk water phase. Therefore, the particles with an inner pore 

diameter of ~140 – 590 nm and a comparable shell thickness of ~20 nm were 

redispersed in water, and the ice nucleation process was monitored using 

differential scanning calorimetry (DSC) and dielectric spectroscopy (DS). It was 

found that with decreasing pore diameter, the heterogeneous nucleation is 

suppressed due to the confined geometry.  
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In the following, the individual contributions are summarized separately. 

Monodisperse Hollow Silica Spheres: An In-Depth Scattering Analysis – 

Chapter 6 

In this chapter, impressively narrowly size-distributed hollow silica 

nanoparticles are analyzed using transmission electron microscopy (TEM) and 

different scattering techniques: dynamic and static light scattering (DLS and SLS), 

as well as small-angle X-ray scattering (SAXS). A quantitative agreement among 

all methods was found as described in the following.  

The monodisperse HSNPs inherently possess distinct length scales – hundreds 

of nanometer of the total diameter (262 – 316 nm), tens of nanometer of the shell 

(16 – 44 nm), a few nanometer micropores within the shell. The homogeneity and 

the morphology of the capsules were determined by transmission electron 

microscopy. A TEM image of the particles with the smallest diameter and the 

thinnest shell is depicted in the inset in Figure 4.2a. The shell is represented by the 

dark rim surrounding the hollow core. The size and the shell thickness were 

studied on a statistical ensemble using DLS. The obtained hydrodynamic radii Rh 

are in good agreement with the results obtained from TEM measurements. 

Furthermore, SLS experiments were performed to investigate the radius of 

gyration Rg and the form factor P(q). Considerably, for the particle with the 

thinnest shell, the ratio Rg/Rh equals almost 1, which is the value for an ideal 

homogeneous hollow sphere with an infinitely thin shell. Consistently, this ratio 

decreases with increasing shell thickness. The SLS measurements can assess a 

second length scale, the shell thickness by using a form factor model. It delivers 

values comparable to the TEM measurements. However, the SLS is restricted to 

very small q-values, and the form factor is, therefore, only partially accessible. The 

q-range can be expanded by using SAXS. As a result, up to 20 diffraction orders of 

the silica hollow sphere form factor were resolved, proving the narrow size 

distribution. Furthermore, the data obtained from SLS and SAXS could be 

combined to a master curve (Figure 4.2a) covering a q-range of four orders of 
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magnitude. This scattering profile comprises two sorts of contributions: one 

originating from the particle diameter, and one from the shell thickness. A core-

shell form factor analysis (red line in Figure 4.2a) is suitable to describe all 

structural features across all length scales. 

 

Figure 4.2. Hollow silica nanoparticles with a diameter of 262 nm and a shell thickness of 
16 nm. (a) Superposition of static light scattering (SLS) and small-angle X-ray scattering 
(SAXS). The structural features of the master curve (black dots) can be fitted by a single 
analysis using a core-shell form factor (red line). The inset shows a transmission electron 
microscopy (TEM) image of the corresponding silica hollow spheres. (b) Form factor 
analysis by SLS to investigate the scattering contrast of water-filled HSNP-500 °C (black 
squares) and air-filled HSNP-950 °C (blue circles) particles. The red lines represent a form 
factor model for spherical core-shell particles with equal (solid line) or different (dashed 
line) scattering contrasts between the core and the surrounding medium (water). All data 
shown are normalized to 1. Adapted from Ruckdeschel et al.116 with permission from 
Springer International Publishing. 

 

Moreover, the hollow silica particles were calcined at high temperatures (950 °C 

instead of the calcination at 500 °C). This leads to microstructural changes 

(decrease in BET surface area and closure of the micropores) and, therefore, to an 

even better resolved SAXS pattern, especially in the high q-region. However, the 

closure of the micropores prevents the water infiltration into the capsule for thick 

shells. This leads to a strongly altered SLS profile due to a different scattering 

contrast between the core and the surrounding medium (blue squares, 

Figure 4.2b). Notably, the SAXS profiles of the capsules calcined at 950 °C do not 
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show any significant changes due to the insensitivity to the change in the scattering 

contrast. 

In summary, the tight control over the two structural length scales – size and 

shell thickness- enables the application as a future calibration standard for TEM, 

and for scattering techniques (DLS, SLS, and SAXS). Furthermore, the low 

distribution in size opens the opportunity to use them as a model system for ice 

nucleation, as described in the following, or as building blocks to prepare colloidal 

assemblies.  

Understanding Thermal Insulation in Porous, Particulate Materials – 

Chapter 7 

In colloidal assemblies, heat is mainly conducted through the solid, and the 

gaseous phase (open- and closed-pore volume). The other heat transport 

mechanisms (via convection or radiation) are negligible due to the small pore sizes, 

the transient measurement, and the small temperature difference applied in the 

used characterization method (xenon flash analysis, XFA). The different thermal 

transport pathways are depicted in Figure 4.3.  

 

Figure 4.3. Thermal transport pathways in silica hollow sphere colloidal assemblies. The 
red-framed boxes mark the relevant contributions. Reprinted from Ruckdeschel et al.105 
with permission from Wiley VCH. 
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In the following, the heat conduction through the solid and gaseous phase is 

described as a function of the structure of the HSNP colloidal assemblies. 

Structural parameters, which influence the heat transport are, e.g., the geometry of 

the capsules (size and shell thickness), the packing symmetry (close-packing vs. 

random close-packing), and the bonding strength. These structural features will be 

elucidated concerning the heat transport, starting with the geometry of the 

particles. Therefore, two sets of series were synthesized: the size series and the 

shell thickness series. In the size series, the diameter of the particles was altered 

between 267 and 469 nm with a comparable shell thickness of ~15 nm, whereas in 

the shell thickness series, the diameter of the particles was kept constant at 

~270 nm while the shell thickness was adjusted between 14 and 40 nm. The 

corresponding TEM images of the HSNPs are depicted in Figure 4.4a. These reveal 

the extremely low distribution in size and in shell thickness, which is essential for 

the assembly process when building up colloidal crystals.  

 

Figure 4.4. Silica hollow sphere colloidal crystals. (a) Transmission electron microscopy 
(TEM) images of the particles, (b) optical microscopy, and (c) scanning electron 
microscopy (SEM) side-view images of the colloidal crystals. Reprinted from Ruckdeschel 
et al.105 with permission from Wiley VCH. 
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The highly ordered structure is featured by bright colors resulting from Bragg 

reflections in the optical microscopy side-view images (Figure 4.4b), as well as by 

the SEM side-view images (Figure 4.4c). Detailed information about the synthesis 

and the assembly process can be found in Chapter 3.1.  

The geometry of the silica hollow spheres influences the thermal transport 

properties significantly. Counter-intuitively, a decreasing particle size and 

increasing shell thickness lower the temperature diffusion through the assembly, 

which is expressed by a reduced thermal diffusivity α [cm2s-1]. By contrast, the 

thermal conductivity κ [W m-1 K-1] behaves inversely. It increases with decreasing 

core/shell ratio as depicted in Figure 4.5a. This behavior is observed in vacuum 

(0.05 mbar) and helium (1000 mbar). However, due to the additional transport 

pathway through the gaseous phase, the thermal conductivity in helium is 

substantially higher. The lowest thermal conductivity in vacuum is found to be 

~27 m W m-1  K-1 and in helium ~43 m W m-1 K-1 for the particles HS-469/17 with the 

largest diameter (469 nm) and a thin silica shell (17 nm). To quantify the individual 

contributions of the solid and gaseous transport (open-pore volume and 

closed-pore volume), finite element modeling (FEM) is used. The simulated heat 

flux density image is illustrated as an inset in Figure 4.5a. It already shows the 

preferred thermal transport through the solid silica shell, and the lower 

contribution of the closed-pore volume to the total thermal conductivity compared 

to the open-pore volume. This is also quantitatively confirmed by an integration 

of the heat flux densities. 

However, the geometry is not the only decisive parameter for the heat transport 

properties of silica hollow sphere colloidal crystals. The number and strength of 

the interparticle contact points are also relevant features. The number of contact 

points is decreased by reducing the packing symmetry from a close-packing 

(HS-469/17-c) to a random close-packing (HS-469/17-a). Thereby, for the largest 

particles, the effective thermal conductivity is lowered by 23 % to only 

21 m W m-1 K-1 in vacuum (see Figure 4.5b). In helium, the additional gaseous 
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conduction overwhelms, leading to a comparable effective thermal conductivity of 

the crystalline and the amorphous sample.  

 

Figure 4.5. Heat transport properties of silica hollow sphere colloidal assemblies. (a) 
Influence of the particle geometry on the effective thermal conductivity in vacuum 
(0.05 mbar) and helium (1000 mbar). The inset shows the heat flux density image for a 
cross-section through the colloidal crystal consisting of the largest particles HS-469-17, 
obtained from finite element modeling (FEM). (b) Influence of the packing symmetry and 
bonding strength on the colloidal assembly consisting of the particles HS-469/17. The 
acronym c represents the crystalline particle array, the a stands for the amorphous 
packing, and the aa represents the amorphous packing with a reduced interparticle 
bonding strength. Adapted from Ruckdeschel et al.105 with permission from Wiley VCH. 

 

The reduction of the interparticle bonding strength was achieved by calcining 

the core-shell particles before the assembly process (HS-469/17-aa). As a result, the 

spheres possess only weak interparticle van der Waals forces. In all previous cases, 

the core-shell particles were calcined after the assembly. Thus, covalent bonds are 

formed between adjacent spheres. The reduction of the interparticle bonding 

strength further reduces the effective thermal conductivity in vacuum to only 

8 m W m-1 K-1. However, the low thermal conductivity cannot be maintained under 

atmospheric conditions due to the overwhelming thermal transport through the 

gaseous phase, as described beforehand (see Figure 4.5b). In air under ambient 

conditions, the effective thermal conductivity is as low as ~35 m W m-1  K-1. Overall, 
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these particulate materials can be considered as a non-flammable and dispersion 

processable insulation material as a replacement for commercial polymer foams. 

In this contribution, the colloidal crystals were calcined at 500 °C. In the 

following, the impact of higher calcination temperatures (up to 950 °C) on the 

structural properties and, hence, on the heat transport of HSNP colloidal crystals 

will be further characterized.  

Hollow Silica Sphere Colloidal Crystals: Insights into Calcination Dependent 

Thermal Transport – Chapter 8 

In the previous section, the influence of various structural parameters on the 

transport of heat was investigated and adjusted to find the lower limit of the 

thermal conductivity in HSNP colloidal assemblies. In this contribution, the aim is 

not to get a record-breaking ultra low thermal conductivity, but to use the highly 

defined hierarchical structure as a platform to study further fundamentals of heat 

transport in amorphous particle-based materials regarding the calcination 

temperature. 

Therefore, we prepared colloidal crystals consisting of HSNPs with a diameter 

of 316 ± 4 nm and a shell thickness of 44 ± 2 nm (Chapter 3.1). Correlative light and 

electron microscopy (CLEM) side-view images of the colloidal ensembles in 

Figure 4.6a, calcined at 500 °C, highlight the highly ordered close-packed array of 

the building blocks. By using simple calcination steps (500, 650, 800, and 950 °C), 

(i) the internal microstructure and (ii) the interfacial contact points are significantly 

changed. The altered microstructure is expressed by a reduction of the total surface 

area and a loss of the microporosity, by an increase of the Q4 Si atoms, and by an 

increase of the rigidity of the silica network. These microstructural changes were 

received from nitrogen sorption analysis, hyperpolarized 129Xe NMR studies, and 

solid-state MAS 29Si NMR measurements. Despite the microstructural changes, the 

macroscopic structure of the hollow spheres and their colloidal crystals remain 

unchanged with higher calcination temperatures.  
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The influence of the calcination temperature on the heat transport is shown in 

Figure 4.6b. Here, the focus is on the solid conduction through the silica network. 

Thus, the thermal conductivity was determined in vacuum. At room temperature, 

the thermal conductivity increases with increasing calcination temperature from 

71 m W m-1 K-1 (500 °C) to 140 m W m-1 K-1 (950 °C). For all samples, the thermal 

conductivity increases with increasing measurement temperatures. However, the 

slope differs. It decreases from κ ~ T0.5 for 500 °C to κ ~ T0.4 for 950 °C calcination, 

hinting to the stiffening of the silica network. As a reference, quartz glass possesses 

a proportionality of κ ~ T0.3. 

 

Figure 4.6. (a) Correlative light and electron microscopy (CLEM) side-view images of the 
HSNP colloidal crystal calcined at 500 °C. (b) Thermal conductivity of HSNP colloidal 
crystals calcined at different temperatures (500 – 950 °C) as a function of the measurement 
temperature in vacuum. (c) Thermal conductivity as a function of the BET surface area 
and the calcination/annealing temperature (inset) in vacuum at 25 °C. (d) Schematic 
representation of the internal structural changes and the increase of the interparticle 
bonding within the colloidal ensemble. Adapted from Ruckdeschel et al.55 with permission 
from The Royal Society of Chemistry. 
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In the further discussion, the focus is laid on the measurements at 25 °C, still in 

vacuum. Figure 4.6c depicts the influence of the microstructural changes in the 

thermal conductivity. With increasing calcination temperature, the BET surface 

area decreases, leading to a significantly reduced heat transport. However, this 

change in the microstructure is accompanied by a closure of the micropores, a 

small increase in Q4 Si atoms, a higher rigidity (increased spin-lattice relaxation 

time), and an increase of the interparticle bonding (Figure 4.6d). To grade the 

interfacial bonding in comparison to the microstructural changes, the thermal 

properties of annealed colloidal crystals are investigated. For this purpose, the 

core-shell particles are calcined at 950 °C before the assembly process. 

Subsequently, the colloidal crystals are annealed at 450 – 950 °C. As a result, these 

particle arrays are only sensitive to changes in the interparticle bonding strength 

since the internal structure already resembles a highly condensed network with a 

small surface area, a high rigidity, and closed micropores. The thermal 

conductivity data of the annealed samples are depicted as open symbols in 

Figure 4.6d. They reveal the higher contribution of the interfacial bonding than 

microstructural changes in the amorphous shell material.  

With this study and the previous one, the great potential of silica hollow spheres 

as an insulation material, and a model system to understand fundamental heat 

transport in particulate, porous materials was demonstrated. It was found that the 

thermal conductivity decreases for large diameters and thin shell thicknesses, a 

large microporosity and a less rigid silica network (low calcination temperatures), 

a lower symmetry of the particle array, and a low interfacial bonding between 

adjacent spheres. The lower limit was found to be less than 10 m W m-1  K-1 in 

vacuum and ~35 m W m-1  K-1 in air. Moreover, it was shown that the inner pore 

gaseous conduction has a minor contribution to the overall heat transport. In the 

following the study is expanded towards hybrid materials.  
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Thermal Transport in Binary Colloidal Glasses: Composition Dependence 

and Percolation Assessment – Chapter 9 

In this chapter, important aspects of binary colloidal assemblies regarding the 

heat transport properties are addressed. Firstly, nanostructured binary composite 

materials of any mixing ratio without any cluster formation or demixing were 

fabricated by a simple filtering method (Chapter 3.2.2). As a result, random 

close-packed structures with well-distributed HSNPs and polymer particles are 

formed. Secondly, the thermal transport properties of these binary composites are 

studied in vacuum, and compared with various mixing models (Figure 4.7a).  

In pure silica hollow sphere colloidal glasses (particle diameter ~420 nm and 

shell thickness ~25 nm), the heat transport is limited due to several structural 

parameters (low density, large amount of interfaces, low packing symmetry, and 

low interfacial bonding) and amounts to only 13 m W m-1  K-1. These features are 

examined in detail in Chapter 7. The thermal conductivity of P(MMA-co-nBA) 

polymer particle colloidal glasses is about 57 m W m-1 K-1. By mixing these two 

types of particles, the thermal conductivity can be adjusted within these 

boundaries. The small contrast between the two thermal conductivities results in 

the absence of percolation. By FEM, it was found, that a thermal conductivity ratio 

of at least 1:500 is needed to observe percolation through binary colloidal glasses. 

On that account, a particle mixture of HSNPs and diamond particles features 

percolation pathways with a threshold at 27 % diamond particles.  

The comparison of the experimental data to the most common mixing models 

(Figure 4.7a) shows that the EMT model delivers the best agreement. However, at 

low and high ratios, the Maxwell-Eucken model also fits quite well to the data. In 

these regions, the assumption of separated inclusions is valid since the minority 

particle phase is dispersed in the majority phase.  
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Figure 4.7. (a) Thermal conductivity of binary colloidal glasses measured at 25 °C in 
vacuum in comparison to common mixing models: effective medium theory (EMT), series, 
parallel, Maxwell-Eucken (ME) 1 and 2 model. The inset shows a side-view scanning 
electron microscopy (SEM) image of a binary colloidal glass with 50 % polymer particles 
and 50 % HSNPs (red-colored). (b) Thermal conductivity of the binary colloidal glasses 
before (closed symbols) and after heating to 150 °C (open symbols), measured at 25 °C in 
vacuum. The red dashed line represents the EMT model. The inset depicts a side-view 
SEM image of a binary colloidal glass with 50 % polymer particles and 50 % HSNPs after 
the heating process. Reprinted with permission from Ruckdeschel et al.117.  

 

In the second part of the work, the binary colloidal assemblies were heated up to 

150 °C. Thereby, the polymer particles soften, leading to a loss of the interparticle 

interfaces. Accordingly, a continuous polymer network forms at a polymer content 

>50 %, which can be understood as a threshold for structural integrity. This is 

manifested by an increased heat transport as depicted in Figure 4.7b. By 

considering the structural changes of the assembly upon heating, the 

temperature-induced percolation is rather a measure of the structural integrity of 

the overall particle ensemble. As soon as the polymer particles constitute the 

majority phase, the structural integrity starts to break down. Hence, the EMT 

model (red dashed line in Figure 4.7b) is not suitable anymore to describe the 

system due to the concomitant phase separation upon annealing. The SEM image 

(inset in Figure 4.7b) qualitatively supports this assertion. 
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Interface and Morphology Control of the Thermal Conductivity in Core-Shell 

Particle Colloidal Crystals – Chapter 10 

In this contribution, the heat transport properties of polystyrene-silica core-shell 

particle colloidal crystals are investigated. The purpose is to quantify the influence 

of the core-shell particle dimensions (size and shell thickness) on the thermal 

transport. Therefore, two series were synthesized: a size series with particle 

diameters in the range of ~270 – 480 nm and a comparable shell thickness of 

~15 nm, and a shell thickness series with a silica shell of 15 – 42 nm and an overall 

particle diameter of ~270 nm. All hybrid particles possess a high structural 

precision, which facilitates the subsequent assembly into hexagonally ordered 

colloidal crystals.  

For the size series, the thermal conductivity decreases with increasing size from 

61 m W m-1 K-1 to 44 m W m-1 K-1 in vacuum. By heating the colloidal assemblies up 

to 200 °C, a step-like increase is observed at temperatures above the glass transition 

temperature Tg of the polystyrene (Figure 4.8a). This can be attributed to polymer 

leaking through the silica shell. Thus, the contact between adjacent spheres is 

improved, and the interfacial contact resistance is decreased. The leakage 

temperature depends on the overall particle size and increases with decreasing 

particle diameter.  

 

Figure 4.8. Thermal conductivity of polystyrene-silica core-shell particles in vacuum. (a) 
Size series, (b) shell thickness series, and (c) comparison of the core-shell particle 
assemblies with polystyrene and silica colloidal crystals. Reprinted from Ruckdeschel et 
al.118.  
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For the shell thickness series, the thermal conductivity increases with increasing 

shell thickness from 61 to 87 m W m-1  K-1 in vacuum (Figure 4.8b). Notably, the 

increasing shell thickness leads to a suppression of the polymer leakage. As a 

result, the thermal conductivity stays at a comparable level after heating. Slight 

differences can be traced back to the loss of absorbed water during the heating 

process.  

In the following, the core-shell particles are compared to polystyrene latex and 

silica particle colloidal crystals. The thermal conductivities at room temperature 

are depicted in Figure 4.8c. For the same outer diameter (shaded in gray), the 

colloidal crystals of the solid silica spheres possess the highest thermal 

conductivity, and the pure polystyrene beads the lowest. However, by heating of 

the colloidal arrays, this trend reverses. While the thermal conductivity of the silica 

colloidal crystals does not increase upon heating, the thermal conductivity of the 

polystyrene arrays increases significantly up to 147 m W m-1  K-1. The large increase 

can be explained by the softening of the polystyrene upon heating above the Tg 

leading to a loss of interfaces.  

For a phase change application, the size and the shell thickness have to be 

adjusted, so that the capacity of latent heat storage is maximal. Important is the 

shell thickness to seal the inner core. While the increase of the thermal conductivity 

helps to distribute heat, the leakage of the core material restricts the storage 

capacity in the long term. Furthermore, for the phase change application, the 

suppressing of the crystallization must be considered when reducing the size of 

the particles. This is shown for water in Chapter 11 but also matters for 

encapsulated polymer. 

Homogeneous Nucleation of Ice Confined in Hollow Silica Spheres – 

Chapter 11 

In this work, hollow silica nanoparticles are employed as a confining medium to 

control the ice nucleation mechanism. For this purpose, a series of hollow capsules 

with comparable shell thicknesses (~20 nm) and comparable microporous cavities 
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(~2 – 3 nm), but different diameters (~190 – 640 nm), were redispersed in water. 

The length scales available in HSNPs significantly affect the ice nucleation. This is 

studied by differential scanning calorimetry (DSC) and dielectric spectroscopy 

(DS). The DSC measurements at a cooling rate of 10 °C/min show two exothermic 

peaks: a major one at about -20 °C and a smaller one at about -40 °C. The two peaks 

can be assigned to water crystallization outside (heterogeneous nucleation) and 

inside (homogeneous nucleation) of the hollow particles. The major part of the 

water is outside of the spheres and produces, therefore, the main signal (-20 °C).  

Similar results were obtained by DS. The high dielectric permittivity and its 

temperature dependence can serve as a fingerprint for the mechanism of ice 

nucleation. For bulk water, the dielectric permittivity increases upon cooling. After 

freezing, a low value corresponding to the limiting high-frequency permittivity of 

hexagonal ice (ε'~3.2) is reached. At a cooling rate of 5 °C/min, bulk water freezes 

at -7.9 °C. A similar behavior of the dielectric permittivity is observed for the 

redispersed hollow spheres. First, the value increases upon cooling, followed by a 

discontinuous decrease within the range from -7 to -11 °C to a permittivity value 

of ~4.5. On further cooling, a second small step exists toward a permittivity of ~3.7, 

which can be assigned to the homogeneous nucleation process. Moreover, we 

showed that the homogeneous nucleation process could be enhanced compared to 

the heterogeneous one by increasing the concentration of hollow spheres in the 

water phase. The results are validated by measuring polystyrene-silica core-shell 

particles as a reference material. Expectably, the homogeneous nucleation does not 

occur in this system. Overall, the narrow size distributed hollow silica particles 

have a great potential to use them to understand fundamental phenomena, like ice 

nucleation.  
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4.2 Individual Contribution to Joint Publications 

The results presented in this thesis were obtained in collaboration with others 

and are published or submitted as indicated below. In the following, the 

contributions of all authors to the publications are designated. The asterisk denotes 

the corresponding authors. 

Apart from the following contributions, I want to refer to a review written in 

collaboration with Fabian Nutz under the supervision of Prof. Markus Retsch. In 

this review with the title “Thermal Transport in Colloidal Crystals”, submitted to 

a peer-reviewed journal in 2017, we provide a fundamental introduction to the 

physics of thermal transport, followed by an overview of common assembly 

strategies to obtain colloidal assemblies and the measurement methods to 

determine the thermal properties of colloidal materials. Finally, the recent 

literature about heat transport in colloidal assemblies is presented.  

 

Chapter 6 

This work was published as a full paper in Nano Research (Nano Res., 2016, 9, 

1366) with the title  

“Monodisperse Hollow Silica Spheres: An In-Depth Scattering Analysis” 

by Pia Ruckdeschel, Martin Dulle, Tobias Honold, Stephan Förster, Matthias 

Karg, and Markus Retsch*. 

I planned the experiments, synthesized the hollow silica nanoparticles and 

characterized them using TEM and SEM. I did the SAXS fitting under the guidance 

of Martin Dulle, who performed the measurements. Furthermore, I was involved 

in scientific discussions and wrote parts of the manuscript (experimental part). 

Tobias Honold and Matthias Karg performed the SLS and DLS measurements and 

the corresponding evaluation. Stephan Förster was involved in scientific 

discussions. The manuscript was written by Matthias Karg and Markus Retsch.  
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Chapter 7 

This work was published as a full paper in Nanoscale (Nanoscale, 2015, 7, 10059) 

with the title  

“Hollow Silica Sphere Colloidal Crystals: Insights into Calcination 

Dependent Thermal Transport” 

by Pia Ruckdeschel, Tobias W. Kemnitzer, Fabian Nutz, Jürgen Senker, and 

Markus Retsch*. 

A significant part of the experimental work of this publication was conducted 

during my master thesis in the group of Prof. Retsch. I planned the experiments, 

designed and synthesized all particles and performed the characterization, except 

for the solid-state NMR measurements. In addition, I wrote parts of the 

manuscript. The NMR spectra were recorded by Tobias Kemnitzer. Fabian Nutz 

was involved in scientific discussions. Jürgen Senker co-supervised the project, 

and Markus Retsch supervised the project and wrote the manuscript.  

 

Chapter 8 

This work was published as a full paper in Advanced Functional Materials (Adv. 

Funct. Mat., 2017, 27, 1702256) with the title  

“Understanding Thermal Insulation in Porous, Particulate Materials” 

by Pia Ruckdeschel, Alexandra Philipp, and Markus Retsch*. 

I planned all experiments, designed and synthesized all particles and performed 

the necessary characterization. Furthermore, I wrote the manuscript. Alexandra 

Philipp performed the FEM simulations and was involved in scientific discussions. 

Markus Retsch supervised the project and corrected the manuscript.  
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Chapter 9 

This work was published as a full paper in Physical Review E (Phys. Rev. E., 2018, 

97, 022612) with the title  

 “Thermal Transport in Binary Colloidal Glasses: Composition Dependence 

and Percolation Assessment” 

by Pia Ruckdeschel, Alexandra Philipp, Bernd A. F. Kopera, Flora Bitterlich, 

Martin Dulle, Nelson W. Pech-May, and Markus Retsch*. 

I planned all experiments, designed and synthesized all particles and performed 

the necessary characterization. Furthermore, I wrote the manuscript. Alexandra 

Philipp performed the FEM simulations and was involved in scientific discussions. 

Bernd A. F. Kopera, Martin Dulle, and Flora Bitterlich supported the FEM 

simulations. Nelson W. Pech-May helped with the formatting of the manuscript. 

Markus Retsch supervised the project and corrected the manuscript.  

 

Chapter 10 

This work was published as a full paper in Advanced Materials Interfaces (Adv.  

Mater. Interf., 2017, 4, 1700963) with the title  

“Interface and Morphology Control of the Thermal Conductivity in Core Shell 

Particle Colloidal Crystals” 

by Pia Ruckdeschel and Markus Retsch*. 

I planned all experiments, designed and synthesized all particles and performed 

the necessary characterization. Furthermore, I wrote the manuscript. Markus 

Retsch supervised the project and corrected the manuscript.  
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Chapter 11 

This work was published as a full paper in Journal of Physical Chemistry B (J. 

Phys. Chem. B, 2017, 121 (1), 306-313) with the title  

“Homogeneous Nucleation of Ice Confined in Hollow Silica Spheres” 

by Yang Yao, Pia Ruckdeschel, Robert Graf, Hans-Jürgen Butt, Markus Retsch, 

and George Floudas*. 

I synthesized all particles (core-shell and hollow silica nanoparticles) and 

characterized them using TEM and nitrogen sorption analysis. Furthermore, I 

helped Yang Yao with the DSC and DS measurements and was involved in 

scientific discussions. Markus Retsch co-supervised the project. George Floudas 

supervised the project and wrote the manuscript. Robert Graf and Hans-Jürgen 

Butt were involved in scientific discussions. 
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4.3 Graphical Table of Contents 

Monodisperse Hollow Silica Spheres:                          
An In-Depth Scattering Analysis 

Pia Ruckdeschel, Martin Dulle, Tobias Honold, 
Stephan Förster, Matthias Karg, and Markus Retsch  
(Nano Res., 2016, 9, 1366) 

Well-defined hollow silica spheres are an 
important class of building blocks for 
hierarchically structured materials, drug 
delivery, and catalysis. Using a q-range covering 
four orders of magnitude by combining SLS and 
SAXS, we highlight their exceptionally narrow 
size distribution, the influence of scattering 
contrast, and demonstrate quantitative 
agreement with TEM and DLS measurements. 

 

 

Understanding Thermal Insulation in 
Porous, Particulate Materials  

Pia Ruckdeschel, Alexandra Philipp, and Markus 
Retsch                                                                       
(Adv. Funct. Mat., 2017, 27, 1702256) 

Colloidal assemblies represent a model 
platform to understand heat transport in 
nanostructured materials. Using the uniquely 
well-defined structure of monodisperse hollow 
silica particles, a material with an extremely low 
effective thermal conductivity of 8 m W m-1 K-1 in 
vacuum can be systematically designed. Control 
parameters are the particle geometry, the 
interparticle bonding strength, and the ensemble 
symmetry. 
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Hollow Silica Sphere Colloidal Crystals: 
Insights into Calcination Dependent 
Thermal Transport 

Pia Ruckdeschel, Tobias W. Kemnitzer, Fabian Nutz, 
Jürgen Senker, and Markus Retsch                             
(Nanoscale, 2015, 7, 10059) 

This versatile study demonstrates the 
calcination dependent thermal transport of silica 
hollow sphere colloidal crystal for the first time. 
Calcining the assembly, noticeably changes the 
microstructure and the interfacial contact points, 
and, subsequently, changes the thermal 
conductivity. Overall the thermal conductivity 
changes from only 71 to 141 m W m-1 K-1 by 
changing the calcination temperature from 500 to 
950 °C. 

 

 

Thermal Transport in Binary Colloidal 
Glasses: Composition Dependence and 
Percolation Assessment 

Pia Ruckdeschel, Alexandra Philipp, and Markus 
Retsch                                                                     
(Phys. Rev. E, 2018, 97, 022612) 

The random mixing of hollow silica spheres 
and polymer latex particles forms a composite 
material, which can be used as a model system to 
determine the heat transport properties of binary 
colloidal mixtures. The effective thermal 
conductivity can be well described by the 
effective medium theory. However, upon 
heating film formation of the polymer leads to a 
mismatch to existing mixing models. We confirm 
our experimental data by finite element 
modeling with a focus on the percolation 
mechanism.  
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Interface and Morphology Control of the 
Thermal Conductivity in Core Shell 
Particle Colloidal Crystals  

Pia Ruckdeschel and Markus Retsch                   
(Adv. Mater. Interf., 2017, 4, 1700963) 

Nanostructured composite materials are 
investigated concerning their thermal properties. 
These materials show interesting effects 
depending on the size and the shell thickness. A 
precise structure-property relationship study 
was conducted, finding the lowest thermal 
conductivity of particles with a large diameter, a 
thin shell thickness, and the highest polymer 
content. The polymer leakage and further effects 
concerning core-shell particles are studied in 
detail. 

 

 

Homogeneous Nucleation of Ice Confined 
in Hollow Silica Spheres 

Yang Yao, Pia Ruckdeschel, Robert Graf, 
Hans-Jürgen Butt, Markus Retsch, and George 
Floudas                                                                                   
(J. Phys. Chem. B, 2017, 121, 306) 

Ice nucleation is studied in hollow silica (HS) 
spheres. These hierarchical materials comprise 
micropores within the silica network, which are 
confined to a ∼20 nm shell of a hollow sphere 
(with diameters in the range ∼190 – 640 nm). The 
multiple length scales involved in HS spheres 
affect the ice nucleation mechanism. We find 
homogeneous nucleation inside the water-filled 
capsules, whereas heterogeneous nucleation 
prevails in the surrounding dispersion medium. 
We validate our findings for a series of hollow 
sphere sizes and demonstrate the absence of 
homogeneous nucleation in the case of 
polystyrene-silica core-shell particles.  
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Abstract 

We fabricated exceptionally narrowly distributed hollow silica nanoparticles 

that inherently possess two distinct length scales – tens of nanometer of the shell, 

and hundreds of nanometer of the total diameter. We characterize these structural 

entities in great detail using dynamic and static light scattering (DLS and SLS), 

small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). 

We demonstrate quantitative agreement among all methods. Highlights of this 

materials class unraveled by this in-depth characterization are: The ratio between 

the radius of gyration (SLS) and the hydrodynamic radius (DLS) equals almost 

unity corresponding to ideal capsules. We are able to resolve up to 20 diffraction 

orders of the hollow sphere form factor in SAXS proving their narrow size 

distribution. Data from light and X-ray scattering can be combined to a master 

curve covering a q-range of four orders of magnitude assessing all hierarchical 

length scales of the form factor. The measured SLS intensity profiles strongly 

change, when the scattering contrast between the interior and exterior is altered, 

whereas the SAXS intensity profiles do not show any significant change. This tight 

control on two structural length scales in one simple and robust colloidal building 

block renders them suitable as a future calibration standard. 

6.1 Introduction 

The ability to generate highly defined, hierarchically structured materials from a 

few nanometer up to a several micrometer scale is a key prerequisite for the 

realization of future functional devices. Potential applications for such 

hierarchically structured materials lie in the field of energy conversion, energy 

storage, catalysis, and separation.1-4 Generally, two strategies are being followed 

to access such structures, namely top-down and bottom-up approaches. Top-down 

approaches allow for an exquisite control on the symmetry and shape of the 

desired nanostructure. Bottom-up approaches rely on the (directed) self-assembly 

of molecular or colloidal building blocks into superstructures of defined length 
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scales and symmetries.5-6 Their size and shape translate directly into the assembled 

superstructure.7-8 Quite expectedly, any short-comings such as ill-defined shapes 

or a polydisperse particle size will deteriorate the properties of bottom-up 

constructed devices and structures. 

For building blocks, which range in the colloidal domain, from a few nm up to 

several µm, scattering techniques such as small-angle X-ray scattering (SAXS) or 

light scattering (dynamic: DLS or static: SLS) are well-established and commonly 

being used. These techniques, which yield reciprocal space information, can be 

complemented by imaging techniques such as atomic force microscopy (AFM), 

scanning, or transmission electron microscopy (SEM or TEM).9-10 On the contrary, 

all of these techniques require reliable standards for instrument calibration. In 

particular for scattering techniques, current calibration standards such as Ag-

behenate,11-13 Ag-stearate,13 or rat collagen14-15 only embody one single length scale 

and may be prawn to light degradation or dehydration. Alternatively, narrowly 

distributed colloidal suspensions consisting of polystyrene, poly(methyl 

methacrylate), or silica are being used.16-20 In these cases, several standards of 

different sizes need to be employed to cover the desired q-range. This can be 

overcome by using monodisperse silica hollow spheres.  

Such hollow sphere structures have increasingly been in the focus of research.10, 

21 Potential applications such as dye-sensitized solar cells, gas sensor, 

heterogeneous catalysis, supercapacitors, or drug delivery vehicles10, 21 capitalize 

on the high surface area, microporosity and free volume of these hollow objects. 

Furthermore, due to their intrinsically hierarchical structure (the overall particle 

diameter and the shell thickness), hollow spheres feature a powerful platform to 

generate three-dimensional materials, which embody multiple length scales. 

In this communication, we employ hollow silica nanoparticles with an extremely 

small polydispersity. This allows us to resolve unprecedented details in ensemble 

averaging techniques, which are typically compromised by the particle size 

distribution. In particular, we compare the characterization by transmission 
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electron microscopy (TEM), dynamic light scattering (DLS), static light scattering 

(SLS), and small-angle X-ray scattering (SAXS). We will discuss in detail how these 

methods can be used to extract in-depth information and emphasize the potential 

application of silica capsules as calibration standard material. Furthermore, we 

will investigate the influence of the scattering contrast within such particles on the 

different scattering techniques. 

6.2 Results and Discussion 

We focus on three distinct hollow spheres, which are based on the same template 

core particle but with increasing shell thickness. Transmission electron microscopy 

is able to resolve the overall structural information such as particle diameter and 

shell thickness, as well as local information on the homogeneity of the capsule. 

Figure 6.1 shows a two-dimensional projection of the hollow spheres, deposited 

on a carbon-coated grid.  

 

Figure 6.1. Transmission electron microscopy analysis of hollow silica spheres with 
increasing shell thickness. (a) 15.7 nm shell thickness features a granular shell, which 
becomes smoother with increasing silica layer thickness (b) 21.4 nm and (c) 43.7 nm. 

 

The shell thickness can be deduced from the dark rim around the hollow center, 

as this represents the area of highest matter density along the electron beam path. 

Since we used the same template particles for our system the outer diameter 

increases with increasing shell thickness, accordingly. The particles cover a range 

from 131 nm to 158 nm in radius. The shell thickness was measured to be 15.7 nm 

(A-500), 21.4 nm (B-500), and 43.7 nm (C-500), respectively. TEM gives an 
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additional qualitative insight into the homogeneity of the shell as can be deduced 

from the gray scale contrast across the hollow center. One can recognize that a 

slight variation on a length scale of a few nanometers is visible for the thinnest 

shell, which can be explained by the fabrication process. This is done by Stöber 

condensation, where silicate nanoclusters nucleate in the ethanolic dispersion and 

precipitate onto the oppositely charged template surface. Further growth of these 

initial clusters leads to the formation of a homogenous surface, which becomes 

smoother with increasing shell thickness. It is also apparent that the PS core 

removal step by calcination does neither impede the integrity of the silica shell nor 

change the crystallinity (see XRD spectra of amorphous silica material in 

Figure S6.1 in the Supporting Information, Chapter 6.7). The integrity of the silica 

shell can also be confirmed by SEM images in Figure S6.2 and Figure S6.3a. No 

holes or cracks are visible. Furthermore, the particles can be redispersed on an 

individual level with no cluster or sintered necks being present in the TEM images. 

To study the size and size distribution of the hollow particles on a statistical 

ensemble, we employed dynamic and static light scattering. Figure 6.2a shows 

typical intensity-time autocorrelation functions measured at a scattering angle of 

45° which is sufficiently lower than the first form factor minimum of the colloids. 

All correlation functions show a monomodal decay, which could be analyzed by 

the method of inverse Laplace transformation based on the CONTIN algorithm 

(red solid lines). The distribution functions of the hydrodynamic radius Rh 

obtained from this CONTIN analysis (Figure 6.2b) provide only single size 

distributions with small variances. In order to proof the diffusive behavior of the 

particles in dispersion, angle dependent measurements were performed. The mean 

relaxation rates Г, obtained from CONTIN analysis of each autocorrelation 

function, depend linearly on the square of the scattering vector q and feature 

intercepts close to zero (Figure 6.2c). This is indicative of purely translational 

diffusion being probed in the scattering volume. 
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Figure 6.2. DLS analysis of hollow spheres after redispersion in water. (a) Intensity-time 
autocorrelation functions recorded at a scattering angle of 45°. The red solid lines are fits 
from CONTIN analysis. (b) Distribution of the hydrodynamic radius as obtained from the 
relaxation rate distributions G(Г) from CONTIN analysis of the autocorrelation data. (c) 
Angle-dependent analysis of the relaxation rate Г. The inset demonstrates a slight 
dependency of the diffusion coefficient on the scattering angle. 

 

However, the inset in Figure 6.2c shows a slight dependence of the apparent 

diffusion coefficient , = Г  on the scattering angle. A potential reason for this 

angle dependence is a concentration effect within the hollow sphere dispersion. In 

order to determine the hydrodynamic radius with very high accuracy we extracted 

the translational diffusion coefficient by linear regression of the angular dependent 

data shown in the inset in Figure 6.2c. The intercept of the linear fits provided the 

diffusion coefficients ,  according to , = , (1 + ∙ ). The respective 

hydrodynamic radii Rh obtained from the diffusion coefficients using the Stokes-

Einstein equation ( , = ) are listed in Table 6.1. The hydrodynamic radii are 

increasing from sample A-500 to C-500 and hence with increasing shell thickness, 

which is in very good agreement with the results from TEM analysis. 

SLS was used to investigate the radius of gyration Rg and the form factor P(q) of 

the samples. Due to the relatively small size of the particles, the Guinier region is 

sufficiently covered for measurements at small angles. Figure 6.3a shows the 

results of SLS measurements in the low q limit in a Guinier representation. All 

datasets show a linear dependence and could be analyzed by linear regression 

(solid lines) providing the radius of gyration according to ln( ) = − . The 
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obtained values for Rg are listed in Table 6.1 and show an increase with increasing 

shell thickness (A-500 to C-500). For an ideal homogeneous hollow sphere with an 

infinitely thin shell the, ratio between Rg and Rh should equal unity. In contrast for 

a solid sphere one, would expect a ratio of Rg/Rh = 0.775. In fact, sample A-500, 

which has the thinnest silica shell, provides a ratio Rg/Rh = 0.988 which is very close 

to unity. As expected, the ratio decreases with increasing shell thickness. 

Table 6.1. Summary of the results from DLS and SLS measurements at 25°. 

Sample DLS SLS  SLS TEM 

 Rh 

[nm] 

Rg a 

[nm] 

Rg/Rh Rhollow b 

[nm] 

RC/S c 

[nm] 

ΔR c 

[nm] 

R 

[nm] 

dshell 

[nm] 

A-500 138 ± 3 136 ± 1 0.988 126 133 14.6 131 ± 2 15.7 ± 1.0 

B-500 144 ± 2 142 ± 1 0.987 129 140 21.6 135 ± 2 21.4 ± 0.8 

C-500 179 ± 1 166 ± 1 0.928 143 167 48.6 158 ± 1 43.7 ± 1.6 

a The values were obtained from the slope analysis of linear fits in the Guinier plots shown in Figure 6.3 (first 
8 data points not considered). Considering all data points measured with the HeNe laser (632.8 nm) the 
values are: 134 nm, 139 nm and 165 nm for sample A-500, B-500, C-500.  
b These values were obtained from fits to the SLS scattering curves using a form factor model for an ideal 
hollow sphere with an infinitely thin shell using Equation (6.1). 
c These values were obtained from fits to the SLS scattering curves using a form factor model for a spherical 
core/shell particle using Equation (6.2) and (6.3). 

 

Figure 6.3b shows the scattering intensity as a function of the scattering vector 

as obtained from SLS. In order to cover a broad range of momentum transfer q, we 

employed two lasers with different wavelengths (632.8 nm and 532 nm) for the SLS 

investigation and merged the datasets by simple multiplication with constant 

multipliers. The first form factor minimum is resolved for all samples in the higher 

q-region of the SLS profiles. With increasing shell thickness the position of the 

minimum shifts to lower q values, which is in good agreement with the increasing 

particle radii. As a first attempt to describe the experimental data, we used the 

simple form factor model for hollow spheres with infinitely thin shells to fit the 

SLS data: 

( , ) = [ ]   (6.1) 
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The fits using this model are shown as red lines in Figure 6.3b. Very good 

agreement between the experimental data and this fit is found for all samples. The 

sphere radii from this analysis are listed in Table 6.1 and follow nicely the trend of 

the radii obtained from DLS and TEM. Compared to the values of Rg from Guinier 

analysis the sphere radii from this simple form factor (Equation (6.1)) are slightly 

smaller which illustrates that the shell thickness is finite.  

Due to the very good data quality and the small error bars of the SLS data, we 

employed a more complex form factor model to describe the experimental data. 

For this, we used a spherical core-shell model:22 

( , , ∆ , ∆ , ∆ ) = [ ( , + ∆ , ∆ ) − ( , , ∆ − ∆ )]   
(6.2) 

 

with 

( , , ∆ ) = ∆ ∙ 3 ∙
( )

  (6.3) 

  

Here, R is the radius of the core, ΔR the thickness of the shell, ∆η1 the scattering 

contrast between the core and the surrounding matrix (here: ∆η1 = 0, implying that 

the core of the hollow spheres is infiltrated by water) and ∆η2 the scattering 

contrast between the shell and the matrix (water). The radius of the core-shell 

particle is consequently, RC/S = R + ΔR. The fits are shown as black lines in the 

graphs of Figure 6.3b. Again the fits describe the experimental data very 

accurately. The values for R and ΔR obtained from this analysis are listed in 

Table 6.1. The values for the shell thickness are very close to the values obtained 

from TEM analysis and show the expected increase in shell thickness from sample 

A-500 to C-500. The sphere radii show the same tendency and are in very good 

agreement with the radii from TEM. Moreover, the radii from this form factor 

analysis are very close to the values of Rg obtained from Guinier analysis.  
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The results from DLS and SLS measurements reveal the very low polydispersity 

in size and shell thickness of all three hollow particle systems. They perform 

equally well to known colloidal particle standards but have the advantage of 

assessing a second length scale – the shell thickness – in SLS measurements. 

Furthermore, looking at the Rg/Rh ratio, hollow silica spheres should be considered 

as a calibration standard for both DLS and SLS. 

 

Figure 6.3. Results from SLS measurements: (a) Guinier plot for hollow spheres with 
increasing shell thickness. The solid lines are linear fits. (b) Form factor analysis 
demonstrates a minimum at high q, which shifts to lower q for larger particle diameters, 
i.e. particles with increasing shell thickness. The red solid lines are fits using a form factor 
of hollow spheres with an infinitely thin wall according to Equation (6.1). The black solid 
lines are fits using a form factor for spherical core-shell particles according to Equation 
(6.2) and (6.3). The scattering contrast of the core was set equal to the surrounding medium 
(water). 

 

However, these light scattering measurements are restricted to very low values 

of q and the form factor is only partially accessible. Hence, we used SAXS 

(Figure 6.4) covering a much broader q-range and in particular larger values of q 

to investigate the form factor and size distribution of the colloids. The high contrast 

of the silica hollow spheres (in air) made it possible to measure to very low q values 

of 0.026 nm-1 in our SAXS setup (see Materials and Methods) and it also resulted 

in a very good signal/noise ratio even at high q values. The samples were 

measured as a dry powder in air. The first apparent feature in all SAXS 

measurements is the low polydispersity of the different spheres. Usually, the form 



6 Monodisperse Hollow Silica Spheres: An In-Depth Scattering Analysis 83 

factor minima that arise from the overall size of such a hollow sphere are being 

smeared out due to a slight size variation. In contrast, all our samples under 

investigation showed many form factor oscillations (over 2 orders of magnitude 

in q). In the case of these samples, the usually negligible effect of pinhole smearing 

is the main reason for the suppression of highest orders of form factor oscillations. 

 

Figure 6.4. SAXS analysis of hollow silica spheres (black dots) and the corresponding fits 
using a form factor for spherical core-shell particles (red lines). (a)-(c) Due to the 
monodispersity of our hollow sphere particles, up to 20 diffraction orders can be resolved. 
The scattering profile consists of the superposition of contributions from the total particle 
diameter and the shell thickness, respectively. The shell thickness increases from 14 nm 
(A-500), to 19 nm (B-500), and 43 nm (C-500). The initial slope decreases from q-2 to q-4 
indicative of a change in local curvature. (d) Calcination of sample A at 950 °C leads to 
microstructural changes within the SiO2 network, which results in an even better resolved 
SAXS spectrum. 

 

It is apparent that the scattering profile comprises two sorts of contributions: one 

originating from the total particle size, one from the shell thickness. The particle 
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radius results in narrowly spaced oscillating modes, for which up to 20 diffraction 

orders can be resolved. These are superimposed by fewer oscillations originating 

from the silica shell. While for the 15 nm shell only one minimum can be inferred, 

up to six additional minima contribute to the scattering profile in case of the 44 nm 

shell. The SAXS curves were quantitatively analyzed by the same core-shell model 

as the SLS data. The fits to the data are the red lines in Figure 6.4. The model can 

very accurately describe the scattering of the different samples and allows us to 

obtain very precise values for the shell thickness and total particle radius. The 

fitted data are summarized in Table 6.2. The agreement for both, shell thickness 

and total particle radius, are excellent compared to TEM and SLS. For comparison, 

the TEM data are listed in Table 6.2 as well. 

Table 6.2. Summary of the results from SAXS measurements and comparison to the TEM 
analysis. 

Sample SAXS TEM 

 Ro 

[nm] 

σ (Ro) Ri 

[nm] 

σ (Ri) dshell 

[nm] 

R 

[nm] 

dshell 

[nm] 

A-500 128.0 0.15 114.5 0.015 13.5 131 ± 2 15.7 ± 1.0 

B-500 134.0 0.09 115.0 0.015 19.0 135 ± 2 21.4 ± 0.8 

C-500 157.5 0.04 115.0 0.020 42.5 158 ± 1 43.7 ± 1.6 

A-950 120.5 0.06 106.5 0.011 14.0 123 ± 2 15.9 ± 1.1 

 

With increasing shell thickness the local environment of the hollow sphere 

changes. Its scattering properties transition towards the behavior of solid spheres, 

which can also be seen in the SAXS curves. The initial decay of intensity with 

momentum transfer is shifting from q-2 (sample A-500) to q-4 (sample C-500). This 

is due to the local curvature that in case of sample A-500 is very small and similar 

to a thin flat sheet. With increasing thickness of the silica shell, this changes and 

starts to resemble the curvature of a solid sphere.  

Another interesting effect can be observed by calcination of sample A at high 

temperatures (950 °C). As discussed recently, calcination at elevated temperatures 
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leads to a range of microstructural changes within the SiO2 network.23 These 

changes are reflected in an even better-resolved SAXS curve, especially in the high 

q-region. The background is reduced by one order of magnitude and allows an 

even more precise evaluation of size and polydispersity (see Table 6.2). As 

mentioned above all samples are so narrowly distributed that the pin hole setup 

with a beam size of 100 μm x 100 μm and a 300K Pilatus detector is causing more 

smearing than the sample itself. We interpret this sharpening of the SAXS 

spectrum as a decrease of randomly distributed scattering sites within the silica 

shell, which manifests itself in a decrease of BET surface area and a loss in 

microporous volume.23 The overall geometry of the hollow sphere remains by and 

large unchanged during the calcination process. The form factor fitting yields an 

outer and inner radius Ro = 120.5 nm and Ri = 106.5 nm, respectively, which 

corresponds to a shrinkage of about 6 %. The shell thickness remains unchanged 

at dshell = 14.0 nm. For comparison, the TEM images of the sample A-950 are shown 

in the Figure S6.3b, c. The data of the size and shell thickness are listed in Table 6.2 

as well. The TEM measurements are comparable to the SAXS data, showing a 

shrinkage of 6 %. 

Hollow silica spheres feature a range of advantages over existing calibration 

standards. They possess a high scattering contrast (SiO2 – air), which reduces the 

measurement time necessary to obtain spectra of low noise and embody two length 

scales in their form factor, which can be precisely tuned from 10 nm to several 100 

nm. Furthermore, SiO2 is a chemically robust material, which is stable as an 

aqueous colloidal dispersion as well as dry powder and does not need to be 

protected from light or heat. The colloidal stability is underpinned by light 

scattering data of sample B-500*, measured more than six months after 

redispersion in water (see Figure S6.4 and Table S6.1). The form factor analysis 

demonstrates no detectable changes to the monodispersity or the particle 

dimensions.  

In order to fully assess the hierarchical structure of hollow silica spheres, we 

demonstrate the possibility to combine the form factor data from SLS and SAXS to 
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a single master curve (Figure 6.5a). As can be seen, the respective q-ranges hardly 

overlap but can be nicely stitched to result in a full q-range coverage of almost four 

orders of magnitude. With the appropriate adjustment of the absolute scattering 

intensity, this master curve can be built for all three samples under investigation. 

This full master curve can then again be fitted by the core-shell form factor 

(Equation (6.2), Figure 6.5b). The fit curve (red line) captures all relevant features 

of both, the SLS and SAXS data. 

 

Figure 6.5. Superposition of SLS and SAXS. (a) Adjusting the absolute scattering 
intensities of SLS and SAXS measurements allows for the construction of a master curve. 
The scattering data span a range of almost four orders of magnitude for the samples under 
investigation. (b) All structural features of the master curve can be fitted by a single 
analysis using a core-shell form factor. 

 

This master curve is only accessible when comparable relative scattering 

contrasts are present in both, the SLS and SAXS measurements. We demonstrate 

this by the investigation of air-filled (empty) silica spheres dispersed in water. Such 

particles are accessible via calcination at 950 °C, which closes the micropores in the 

silica shell as demonstrated previously.23 For the case of the thickest shell (sample 

C-950), the micropores are completely closed so that water cannot infiltrate 

anymore. This is proved by cryo-TEM images in Figure S6.5b, c. 

The SLS measurements of the sample C-950 (see Figure 6.6a) show that different 

scattering contrasts between the core and the surrounding matrix strongly 
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influences the SLS profile (∆η1  from Equation (6.2) changes from ∆η1 = 0 to ∆η1 < 0). 

Instead of a minimum at high q values, a broad maximum is present for sample 

C-950. The dashed red line represents a simulation of the form factor using the 

same geometric parameters, but with an adjusted scattering contrast to resemble 

the air-filled core. On the contrary SAXS is not sensitive to this change in scattering 

contrast, as the scattering cross section of the Si atoms in the shell is the dominant 

contribution in this case. This is corroborated by nearly identical SAXS profiles of 

the dry powder (indicated by vertical grey lines in Figure 6.6b) and its water-filled 

and dispersed counterpart (C-500). Consequently, the shape of the form factor is 

not altered. A slight shift towards higher q values in case of the C-950 sample can 

be explained by a small shrinkage during calcination in analogy to sample A-950 

outlined above (see Table S6.2 in the Supporting Information, Chapter 6.7). 

 

Figure 6.6. Influence of the scattering contrast. (a) Form factor analysis by static light 
scattering. SLS data of water filled C-500 (black squares) and air-filled C-950 (blue circles) 
in water. The red line is the corresponding fit of sample C-500 using a form factor for 
spherical core-shell particles with equal scattering contrasts of the core and the 
surrounding medium (see Figure 6.3b). The red dotted line is a simulation of the form 
factor for spherical core-shell particles with different scattering contrasts between the core 
(air) and the surrounding medium (water). All data shown are normalized to 1. (b) SAXS 
analysis of hollow silica spheres C-500 (black squares) and C-950 (blue circles) after 
redispersion in water. The SAXS curves were quantitatively analyzed by the same 
core-shell model as the SLS data. The small shift of the form factor towards higher q-values 
is due to a small amount of shrinkage of the hollow spheres upon calcination at 950 °C. 
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We find a similar trend for sample B-950 with a thinner shell. In this case, 

however, some capsules can still be infiltrated by water leading to a mixture of 

empty and water-filled silica capsules (see Figure S6.5a). The SLS profile, therefore, 

presents an intermediate between the fully filled and fully empty case 

(Figure S6.6). 

6.3 Conclusion  

In this contribution, we demonstrated a detailed and thorough analysis of 

impressively narrowly size-distributed hollow silica particles. These hierarchically 

structured objects comprise two distinct length scales: the total particles radius 

(hundreds of nm) and the shell thickness (tens of nm). We used TEM, 

(angle-dependent) DLS, SLS, and SAXS measurements to describe their structural 

features and scattering properties fully. The size of the hollow spheres ranged from 

131 to 158 nm in radius and 16 to 44 nm shell thickness, respectively. Our results 

show an outstanding quantitative consistency among the various methods. These 

hollow spheres possess a close to ideal capsule morphology with the ratio Rg/Rh 

being almost unity for the thinnest, yet stable, shell. We further investigated the 

scattering properties of these hollow spheres over a range of four orders of 

magnitude. A simple core-shell form factor analysis is sufficient to describe all 

structural features across all length scales. SAXS analysis gave further insight into 

the bending curvature, which transitions from membrane-like towards solid 

spheres with increasing shell thickness. Changes to the relative scattering contrast 

between the particle interior and exterior lead to marked changes in the SLS data, 

whereas the intensity profile of the SAXS measurement is not influenced. 

This detailed analysis shall be used as reference and guidance for the 

investigation of well-defined colloidal objects. Whereas the presented methods are 

being considered “standard” techniques and have been widely applied in many 

fields, we want to emphasize the good agreement between ideal theoretical models 

and the corresponding experimental data. Furthermore, we advocate 

monodisperse hollow silica spheres to be used as a calibration standard for 
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small-angle scattering experiments in the future. Their core advantages are high 

scattering contrast for visible light and X-rays, long-term stability as a dry powder 

and aqueous dispersion, as well as incorporation of two defined length scales. 

6.4 Experimental Section 

Materials 

Styrene (≥99 %, Aldrich), 2,2′-azobis(2-methylpropionamidine) dihydro-

chloride (AIBA; 97 %, Aldrich), [2-(methacryloyloxy)ethyl]trimethylammonium 

chloride (MTC; 70 % solution in water, Polyscience), Polyvinylpyrrolidone K30 

(PVP; Mw ~ 55 kg/mol, Aldrich), tetraethyl orthosilicate (TEOS; ≥ 99 %, Aldrich) 

and Ammonium hydroxide solution (30 – 33 % in water, Aldrich) were used as 

received. Ethanol (EtOH) was used in technical grade and water was taken from a 

Millipore Direct Q3UV unit for the entire synthesis and purification steps. 

Synthesis of Monodisperse Hollow Silica Nanoparticles 

The synthesis of monodisperse hollow silica nanoparticles comprises three steps. 

First monodisperse polystyrene (PS) latex particles were synthesized by 

emulsifier-free emulsion polymerization. The reaction was carried out in a 500 mL 

three-neck flask, equipped with a gas inlet and a reflux condenser. Solid chemicals 

were dissolved in water prior to addition. Firstly, 200 mL water, 26 mL styrene, 

1.8 g PVP and 100 µL MTC were heated to the reaction temperature of 70 °C at a 

stirring speed of 850 rpm using a large egg-shaped magnetic stirring bar. After 

equilibrating for 20 min, 600 mg AIBA initiator, dissolved in 40 mL water, were 

quickly added to initiate the polymerization. After nucleation, the stirring speed 

was reduced to 450 rpm and the polymerization was allowed to continue overnight 

at 70 °C under a slight inert gas flow. In the second step, the PS template particles 

were coated with a silica shell to obtain core/shell particles. The silica coating was 

achieved by a Stoeber condensation process.24 Therefore, various amounts of TEOS 

were added to an 81.2 vol.% EtOH, 10.7 vol.% H2O, 6.1 vol.% NH4OH solution 
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containing 10.7 gL-1 PS latex beads. The thin, medium and thick shell was achieved 

by adjusting the TEOS content to 2.1 vol.%, 3.2 vol.%, and 8.7 vol.%, respectively. 

The condensation reaction was conducted at room temperature overnight with 

stirring at 500 rpm with a magnetic stirring bar. The core/shell particles were 

purified by repeated centrifugation and redispersion in water. In order to prepare 

hollow spheres, the sample was dried and calcined in a furnace (Nabertherm 

L5/11/P33) at 500 °C or 950 °C in air for 12 h. The hollow spheres could be 

redispersed in water using mild sonication in a sonication bath. 

Characterization 

SLS and DLS measurements were performed on a standard goniometer setup 

(ALV, Langen, Germany) equipped with a HeNe laser (JDSU, USA) with 

λ = 632.8 nm and a maximum output power of 35 mW as well as a Verdi V-2 

(Coherent, USA) with λ = 532 nm and a maximum output power of 2 W. All 

measurements were performed at 25 °C. The temperature was adjusted by a 

toluene matching/temperature bath. The temperature was controlled by a PT100 

thermocouple placed in the toluene next to the sample. For SLS measurements in 

angular steps of 2° were performed in a range of 25 – 155° (λ = 532 nm) and 20-60° 

(λ = 632.8 nm) to cover a q-range of 0.005 – 0.03 nm-1. DLS measurements were 

performed in an angular range of 25 – 75° (λ = 532 nm) in steps of 10°. At each 

angle, three intensity-time autocorrelation functions were recorded. The samples 

were prepared from dry material. A small amount of the solid was dispersed in 

water using 30 minutes of sonication at low power (50 %). When the sample was 

completely dispersed, a small amount of the dispersion was further diluted with 

water and filtered using a 5 µm PTFE syringe filter. The sample was directly 

filtered into dust-free cylindrical quartz cells for light scattering. The intensity-time 

autocorrelation functions measured in DLS were analyzed by inverse Laplace 

transformation with the CONTIN algorithm using the software AfterALV 1.0d by 

Dullware. This analysis provided the average relaxation rate <Γ> as a function of 

scattering angle. The SLS data measured with two different laser wavelength were 

merged and fitted using the software SASfit (version 0.93.2) by J. Kohlbrecher.22 
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All SAXS data reported here were measured using the small-angle X-ray system 

“Double Ganesha AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-

based system is a rotating anode (copper, MicoMax 007HF, Rigaku Corporation, 

Japan) providing a micro-focused beam at λ = 0.154 nm. The data are recorded by 

a position sensitive detector (PILATUS 300K, Dectris). To cover the range of 

scattering vectors between 0.026 – 2.5 nm-1 different detector positions were used. 

The samples were put inside a small envelope made of Kapton (powder) or filled 

in a capillary (liquid samples). The circularly averaged data were normalized to 

the incident beam, sample thickness, and measurement time before subtraction of 

the signal of the Kapton envelope/air. Then the resulting curves from different 

detector distances were merged to yield one curve. The fitting was done using 

Scatter with the vesicle model.25 

Transmission electron microscopy (TEM) images were performed on a Zeiss 

CEM 902 instrument in bright field imaging mode at an acceleration voltage of 

80 kV. Samples were prepared by dropping 10 µL of a diluted colloidal dispersion 

of redispersed silica hollow nanoparticles onto carbon-coated copper grids. After 

10 s excess solution was blotted with a filter paper.  

For cryo-TEM imaging, diluted colloidal dispersion of redispersed silica hollow 

spheres was dropped on a copper grid coated with a lacey carbon film. 

Subsequently, most of the liquid was blotted with a filter paper, leaving a thin film 

stretched over the holes. Then the sample was instantly shock frozen by plunging 

them rapidly into liquid ethane and cooled to approximately 90 K by liquid 

nitrogen in a temperature-controlled freezing unit (Zeiss Cryobox). The frozen 

specimen was inserted into a cryo transfer holder (CT3500, Gatan) and transferred 

to a Zeiss EM922 Omega energy-filtered TEM instrument. The imaging was carried 

out at an acceleration voltage of 200 kV and temperatures around 90 K.  

Powder X-ray diffraction (XRD) measurements were carried out using a STOE 

STADI P (CuKα1 radiation) diffractometer in transmission geometry, equipped 

with a fast, high-resolution silicon strip detector DECTRIS Mythen1K. The samples 
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were mounted on a flat disk using Scotch® tape. A step size of 0.2° and integration 

time of 20 s was used. 
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6.7 Supporting Information 

 

Figure S6.1. Powder XRD measurements of the hollow silica nanoparticle samples A-500, 
B-500, C-500 and C-950. 

 

 

Figure S6.2. Scanning electron microscopy (SEM) images of the samples A-500, B-500 and 
C-500. 

 

 

Figure S6.3. (a) Scanning electron microscopy (SEM) image and (b, c) transmission 
electron microscopy (TEM) images of the samples A-950. 
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Figure S6.4. Long-term stability of silica hollow spheres in water. The blue circles show 
static light scattering data of sample B-500*, measured more than six months after 
redispersion in water. The black circles show SLS data of the sample B-500 measured 
shortly after redispersion. The red solid lines are fits using a form factor of hollow spheres 
with an infinitely thin wall according to Equation (6.1). The black solid lines are fits using 
a form factor for spherical core-shell particles according to Equation (6.2) and (6.3). The 
scattering contrast of the core was set equal to the surrounding medium (water). 

 

Table S6.1. Long-term stability of silica hollow spheres in water. Comparison of SLS 
measurements at 25°.of sample B-500 and B-500*, which has been redispersed in water 
more than six months ago. 

Sample SLS 

 Rg a 
[nm] 

RC/S c 
[nm] 

ΔR c 
[nm] 

B-500  142 ± 1 140 21.6 
B-500* 142 ± 1 141 22.0 

a The values were obtained from the slope analysis of linear fits in the Guinier plots (first 8 data points not 
considered).  
c These values were obtained from fits to the SLS scattering curves using a form factor model for a spherical 
core/shell particle using Equation (6.2) and (6.3) 
* Sample B-500 has been redispersed in water more than six months ago.  
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Figure S6.5. Cryo TEM of hollow silica nanoparticles after redispersion in water. (a) B-950, 
(b) C-500 and (c) C-950. 

 

 

Figure S6.6. Form factor analysis by static light scattering. SLS data of B-500 (black circles) 
and B-950 (blue circles). The red line is the corresponding fit of sample B-500 using a form 
factor for spherical core-shell particles with equal scattering contrasts of the core and the 
surrounding medium (see Figure 6.3b). The grey line is a simulation of the form factor for 
spherical core-shell particles with different scattering contrasts between the core (air) and 
the surrounding medium (water). All data shown are normalized to 1. 

 

Table S6.2. Comparison of SAXS measurements of hollow silica spheres as a dry powder 
(C-500) and dispersed in water (C-500** and C-950**). 

Sample SAXS 

 Ro 
[nm] 

σ (Ro) Ri 
[nm] 

σ (Ri) dshell 
[nm] 

C-500 157.5 0.04 115.0 0.020 42.5 
C-500** 157.5 0.04 115.5 0.030 42.0 
C-950** 152.5 0.04 111.0 0.025 41.5 
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Abstract 

Silica hollow nanosphere colloidal crystals feature a uniquely well-defined 

structure across multiple length scales. This contribution elucidates the intricate 

interplay between structure and atmosphere on the effective thermal diffusivity as 

well as the effective thermal conductivity. Using silica hollow sphere assemblies, 

one can independently alter the particle geometry, the density, the packing 

symmetry, and the interparticle bonding strength to fabricate materials with an 

ultralow thermal conductivity. Whereas the thermal diffusivity decreases with 

increasing shell thickness, the thermal conductivity behaves inversely. However, 

the geometry of the colloidal particles is not the only decisive parameter for 

thermal insulation. By a combination of reduced packing symmetry and 

interparticle bonding strength, the thermal conductivity is lowered by additionally 

70 % down to only 8 m Wm−1 K−1 in vacuum. The contribution of gaseous transport, 

even in these tiny pores (<200 nm), leads to minimum thermal conductivities of 

~35 and ~45 m W m−1 K -1 for air and helium atmosphere, respectively. The 

influence of the individual contributions of the solid and (open- and closed-pore) 

gaseous conductions is further clarified by using finite element modeling. 

Consequently, these particulate materials can be considered as a non-flammable 

and dispersion processable alternative to commercial polymer foams. 

7.1 Introduction 

In our age of limited energy resources, a strong need for sustainable and efficient 

thermal insulation technologies has evolved. Thus, the ability to thermally insulate 

pipes, walls, entire houses, or even ourselves from extreme cold and hot conditions 

is of high importance. Hence, humans have been developing insulating materials 

for thousands of years, trying to reduce their thermal conductivity as efficiently as 

possible. Insulation materials have the natural capacity to inhibit the transmission 

of heat by exhibiting high volume fractions of a gaseous phase or by introducing a 
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large number of interfaces, leading to an efficient thermal insulation.1-2 

Conventional insulation materials are fiberglass, mineral wool, and polymer 

foams.2 The decisive performance quantity is given by the thermal conductivity κ, 

which describes the steady-state amount of thermal energy (heat) that can be 

transferred along a given temperature gradient. Current polymer foam based 

materials possess thermal conductivities of about 20 – 40 m W m-1  K-1.3 One 

approach to achieve even higher thermal insulation properties is the 

implementation of the Knudsen effect by (i) the replacement of air with other gases 

or vacuum, or by (ii) reducing the pore size below the mean free path of air.3 

However, maintaining a certain gas or even vacuum inside a porous material is 

challenging. Thus, the reduction of the pore size seems to be a more promising 

way to obtain a super-insulating material. Examples for nanoporous materials are 

aerogels, which in most cases comprise silica (SiO2) as the solid skeleton 

backbone.4-8  

Whereas silica aerogels are excellent materials for thermal insulation due to their 

nanoporosity, their widespread application is still limited compared to polymer 

foams or organic fibers and fleeces. Major obstacles are their poor mechanical 

properties and their laborious and energy intensive fabrication, which in most 

cases involves supercritical drying using carbon dioxide.9 The good insulation 

properties of silica aerogels inspired researchers to find other nanomaterials with 

similar or better properties.9-13 Among these materials, silica hollow spheres are a 

promising insulation material, due to their structural analogy to silica aerogels. 

Their high thermal insulation capability has already been shown in powder 

measurements of silica hollow spheres.14 However, from these measurements, 

conclusions about the influence of the size and shell thickness are impossible due 

to the ill-defined order within the powder specimens. Furthermore, it is not 

possible to detect any influences of the contact area and bonding strength between 

the silica hollow spheres. In contrast, our contribution unleashes for the first time 

the full potential of colloidal crystals for the understanding of thermal transport 

on small length scales. This is based on their periodically ordered structure, their 

large number of interfaces, and the possibility to adjust the surface chemistry.15 
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Whereas the optical properties are well known for colloidal crystals, the thermal 

properties are far from being fully understood.16 Recent contributions in this field 

are investigations on nanocrystal arrays, inverse opals17-18, organoclay 

nanolaminates1 and colloidal nanoparticle assemblies12-13, 19-20.  

Understanding thermal transport in nanomaterials is not only essential for 

steady-state thermal insulation, but also for non-steady-state insulation like 

refrigeration or fire protection.21-22 In both cases, the aim is to minimize the 

temperature increase in a closed area, surrounded by heat or fire for a certain time. 

Thus, there are two requirements for a material used for non-steady-state 

insulation. First, the material’s thermal conductivity should be as low as possible 

to minimize the amount of energy conducted into the system. Second, the 

volumetric heat capacity (density and specific heat capacity) should be large, so 

that the accumulated energy is absorbed to minimize the temperature increase. 

The material specific property for characterizing the non-steady-state heat 

conduction is the thermal diffusivity. It is defined as the ratio of thermal 

conductivity to volumetric heat capacity. Materials with low thermal diffusivities 

are polymer materials. However, these materials are inherently not 

flame-retardant without modifying the polymer or incorporating flame retardant 

compounds.23 Silica hollow sphere colloidal crystals could contribute to the 

solution of this problem due to their low thermal diffusivities as shown later.  

In this paper, we will address the following questions: What is the fundamental 

limit of the thermal conductivity that can be achieved by such hollow sphere 

ensembles? What are the governing structure-property relationships? Therefore, 

we will present a holistic study of the thermal insulation capabilities of hollow 

silica nanoparticle assemblies. Our findings are of general importance to rationally 

understand and improve the thermal insulation capability of nanoporous 

materials. We will investigate the influence of (i) the aspect ratio of the hollow 

particles (size and shell thickness), (ii) the symmetry of the colloidal assembly 

(crystalline vs. amorphous packing), (iii) the surrounding atmosphere by gas 

pressure-dependent thermal conductivity measurements, (iv) the closed- and 
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open-porous volume and (v) the bonding strength between adjacent spheres in the 

assembly. 

7.2 Results and Discussion 

Silica Hollow Sphere Colloidal Crystals 

The synthesis of monodisperse core-shell particles is divided into two steps: 

(i) the synthesis of polystyrene (PS) template particles via emulsifier-free emulsion 

polymerization24 and (ii) the coating of the PS spheres with a silica shell using a 

templated Stoeber condensation process25. The well-defined colloids are 

subsequently crystallized into superstructures via a simple evaporation-induced 

self-assembly process (see Scheme S7.1 in the Supporting Information, 

Chapter 7.7), followed by a calcination step (heat treatment at 500 °C) to burn out 

the PS core of the core-shell particles. As a result, hollow silica nanoparticle 

colloidal crystals are obtained. Further experimental details are described in the 

Experimental Section. 

The narrow size distribution of the core-shell particles leads to ordered colloidal 

crystals (CCs) with a high packing density straightforwardly and reproducibly. 

Exemplary photographic images of such hollow sphere (HS) colloidal crystals with 

different shell thicknesses are shown in Figure S7.1 in the Supporting Information 

(Chapter 7.7). All three samples exhibit a purple color due to their same outer 

particle diameter of ~270 nm. However, the CCs become more and more opaque 

with increasing shell thickness (from left to right), resulting from an increased 

scattering. Thus, the CCs become more and more opaque.  

The thermal transport properties and the density of the assembled HS structures 

are governed by two structural parameters: the shell thickness and the size of the 

particles. Our synthetic protocol allows adjusting these two quantities 

independently and thus, to study their influence on the macroscopic thermal 

transport. We base our investigation on five different hollow silica nanoparticles 

as depicted in Figure 7.1. 
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Figure 7.1. Hollow silica nanoparticles and their corresponding colloidal crystals. 
(a) Transmission electron microscopy (TEM) images of the individual particles, 
(b) side-view optical microscopy images, and (c) scanning electron microscopy (SEM) 
images of the colloidal crystals.  

 

To highlight the contribution of the overall particle size and the shell thickness 

separately, we prepared two different series. In the first, the diameter of the 

particles was altered between 267 and 469 nm with a constant shell thickness of 

about 15 nm (size series). In a second set, the size of the particles was kept constant 

at ~270 nm, while the shell thickness was adjusted between 14 and 40 nm (shell 

thickness series). The relevant structural parameters obtained from transmission 

electron microscopy (TEM) are summarized in Table 7.1. All samples exhibit a low 

polydispersity of about 1 %. Besides TEM measurements, the monodispersity is 

also confirmed by small-angle X-ray scattering (SAXS, Figure S7.2). The low 

polydispersity of the particle size results in narrowly spaced form factor minima, 

which are superimposed by further minima, which indicate the low polydispersity 

of the shell thickness.26 The analysis of these scattering curves gives comparable 

values for the size and shell thickness as the evaluation of the TEM images 

(Table 7.1). In the following, the values obtained from SAXS analysis are used for 
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the nomenclature of the hollow spheres: HS-xxx/yy, where xxx is the diameter and 

yy is the shell thickness. 

 

Table 7.1. Summary of data received from TEM, and SAXS measurements, as well as 
density measurements of the colloidal crystals. 

  TEM SAXS a) Density b) 
 d t d t ρ(c) 
 [nm] [nm] [nm] [nm] [gcm-³] 

HS-469/17 468.8 ± 3.0 18.2 ± 1.2 469.0 16.5 0.235 ± 0.009 
HS-387/15 383.5 ± 5.3 15.2 ± 1.1 387.0 14.5 0.244 ± 0.014 
HS-267/14 264.4 ± 2.6 12.9 ± 0.6 267.0 14.0 0.370 ± 0.006 
HS-267/27 270.5 ± 4.1 26.9 ± 1.0 267.0 27.0 0.702 ± 0.007 
HS-267/40 268.7 ± 3.8 40.4 ± 1.4 266.0 40.0 0.883 ± 0.022 

a)The fitting was performed using the software Scatter with a vesicle model.27 The standard deviation of the 
outer radius is 0.014 - 0.022 and for the inner radius 0.06 - 0.15. b) The density of the silica shell can be found 
in Table S7.1. 

 

Figure 7.1b shows optical microscopy side-view images of the CCs of the hollow 

nanospheres. A bright opalescence is visible in all samples pointing to a 

close-packed structure. We label these colloidal assemblies with the appendix c, 

referring to the crystalline state (e.g., HS-469/17-c). For the shell thickness series 

(HS-267/14-c, HS-267/27-c, and HS-266/40-c) the observed color is identical due 

to the same outer diameter of ~270 nm, as mentioned beforehand (Figure S7.1). In 

contrast, the size series exhibits different colors depending on the particle 

diameter. The long-range order of the nanospheres in a hexagonal close-packed 

structure is further confirmed by scanning electron microscopy (SEM) images 

(Figure 7.1c). Based on the optical microscopy and SEM images, the volume 

fraction of the particles in the CCs can, therefore, be assumed to be close to 74 %, 

which is the theoretical value for an ideal close-packed structure. The densities of 

the colloidal crystals ρ(c) were determined by measuring the volume, and weight 

of the CCs (for details see Supporting Information, Chapter 7.7) and are 

summarized in Table 7.1. Here, values between 0.235 gcm-3 for HS-469/17-c and 

0.883 gcm-3 for HS-266/40-c were obtained. Hence, a broad range of densities 

below conventional bulk materials (ρ > 1 gcm-3) is covered. The density of the silica 

shell can be calculated with the help of the effective density of the colloidal crystals 
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yielding values between 1.7 and 1.9 gcm-3 (see Table S7.1). The sample HS-387/15 

exhibits a slightly lower silica density (1.5 gcm-3) caused by an increased 

microporosity as depicted in the nitrogen sorption data in Figure S7.3 and 

Table S7.2. The BET surface area (246 m2g-1) and the pore volume (0.41 cm3g-1) of 

HS-387/15 are slightly higher compared to the other hollow silica spheres, for 

which the BET surface area ranges between 150 – 180 m2g-1 and the pore volume 

amounts to 0.18 – 0.33 cm3g-1. Thereby, the micropore diameter shows a broad 

distribution with a maximum < 5 nm for the different silica hollow nanospheres. 

Overall, no significant influence of the microporosity on the thermal transport is 

expected. 

 

Thermal Transport Properties of Silica Hollow Sphere Colloidal Assemblies  

We investigated the thermal transport properties by the xenon flash analysis 

(XFA). The setup and a common measurement signal along with its radiation fit 

are provided in Figure S7.4. In brief, a sample, coated with a thin graphitic layer 

on both sides, is subjected to a temperature increase due to a short xenon light flash 

illuminating the bottom surface of the specimen. The absorbed heat is conducted 

through the sample. At the upper surface, an infrared (IR) detector measures the 

time-dependent temperature increase. Subsequently, the measurement signal is 

fitted with an appropriate one-dimensional heat diffusion model (i.e., the radiation 

model), giving the effective thermal diffusivity of the measured sample. The great 

advantage of this method is the possibility to control the temperature and the 

surrounding atmosphere (pressure, gas type) in a precise manner.  

The individual contributions of the heat transport in porous materials are solid 

conduction, open- and closed-pore volume gaseous conduction, radiative 

transport, and convection. The different mechanisms are depicted in Scheme 7.1. 

The contribution from convection is negligible due to the small pore sizes. 

Additionally, radiative thermal transport can be neglected due to the transient 

measurement and the small temperature difference applied in an XFA. Thus, the 

heat transport is mainly governed by solid and gaseous conduction. We want to 

point out that xenon flash analysis measures the effective thermal diffusivity owing 
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to the porosity of the colloidal ensemble. For reasons of readability, however, we 

will talk about thermal diffusivity and conductivity, respectively, throughout this 

paper. In the following sections, we will describe the individual contributions of 

the thermal transport as a function of the structure of the silica hollow sphere 

colloidal crystals.  

 

Scheme 7.1. Thermal transport pathways in a silica hollow sphere colloidal crystal: Solid 
conduction, gaseous conduction through the open-pore and closed-pore volume, radiative 
transport, and convection. The red framed boxes mark the thermal pathways critical for 
silica hollow sphere colloidal crystals. 

 

Thermal Diffusivity of Silica Hollow Sphere Colloidal Crystals 

How fast is temperature diffusing through a hollow sphere colloidal crystal? 

Considering that, the thermal diffusivity has to be considered. For an 

understanding of the contribution of the solid and the gaseous conduction through 

the colloidal assemblies, the experiments were conducted in vacuum (0.05 mbar) 

and in helium in the range of 1 and 1000 mbar.  

The thermal diffusivity under vacuum conditions (0.05 mbar) is solely governed 

by the thermal conduction across the solid silica network. It should be noted that 

the contact area between two adjacent spheres was measured to be comparable for 
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all particles (0.60 – 0.77 % of the particle surface area). Hence, an influence of the 

contact area can be excluded.13 Our data show that the actual size of the hollow 

spheres does not strongly affect the thermal diffusivity, which remains constant at 

around 1.6·10-3 cm2s-1 (Figure 7.2a). Conversely, the shell thickness exerts a strong 

impact on the thermal diffusivity, with a systematic decrease by about 27 % when 

increasing the shell thickness (Figure 7.2b). Thus, a larger amount of material slows 

down the temperature diffusion. These low thermal diffusivity values are 

comparable to common bulk polymer materials.28 

 

Figure 7.2. Thermal transport properties of silica hollow sphere colloidal crystals. 
(a, b) Pressure-dependent thermal diffusivity of the size series (a), and the shell thickness 
series (b). (c, d) Pressure-dependent thermal conductivity of the size series (c), and the 
shell thickness series (d). 

 

Quite expectedly, for both, the size series (Figure 7.2a) and the shell thickness 

series (Figure 7.2b), the thermal diffusivity increases with increasing helium 
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pressure. This is due to the additional temperature diffusion pathway through the 

gaseous phase at high helium pressures. However, it is interesting to consider the 

quantitative changes. The increase of the thermal diffusivity is more pronounced 

for larger particles than for smaller ones. It amounts to 37 % (α = 9.0·10-4 cm²s-1) for 

the samples HS-469/17-c and HS-387/15-c and only 20 % (α = 4.3·10-4 cm²s-1) for 

HS-267/14-c when decreasing the particle size. An explanation for the different 

sensitivity to helium atmosphere can be given by comparing the interparticle void 

sizes29 (see Table S7.3) with the mean free path of helium (~200 nm).30 The 

octahedral voids, as a measure for the upper limit, range from 194 to 110 nm for 

the largest and smallest hollow sphere, respectively. Consequently, the mean free 

path of helium is comparable or greater than the open-pore volume of the voids. 

This implies that gas-wall interactions predominate over the collision of the gas 

molecules with each other (Knudsen diffusion).31 The confinement effect is the 

strongest for the smallest particles, resulting in the smallest additional temperature 

conduction across the gaseous phase, whereas a higher amount of temperature 

transfer can be expected for the larger particles.  

In contrast, the thermal diffusivity increases from vacuum (0.05 mbar) to helium 

at 1000 mbar by about 20 % for all shell thicknesses. This corresponds to a thermal 

diffusivity difference Δα of 4.3·10-4 cm²s-1 for the thinnest shell to 3.3·10-4 cm2s-1 for 

the thickest shell. Hence, the increase of the thermal diffusivity from vacuum to 

helium is rather similar for all shell thicknesses due to the same outer diameter. 

Slight differences can be explained by the impact of the decreasing inner pore 

volume. A more detailed investigation on how the heat spreads between the solid 

phase and the internal and external pore volume is given later on by finite element 

modeling. 

 

Thermal Conductivity of Silica Hollow Sphere Colloidal Crystals 

How much energy is conducted across a hollow sphere colloidal crystal? For this, 

we determined the effective thermal conductivity κ, which can be calculated based 

on the effective thermal diffusivity α, the heat capacity cp, and the density ρ of the 

colloidal crystal using the following equation:  
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= ∙ ∙  (7.4) 

The heat capacity was averaged over four different silica hollow spheres with 

different sizes and shell thicknesses (see Figure S7.5). Its mean value at 25 °C 

amounts to (0.748 ± 0.031) Jg-1K-1. The density values are summarized in Table 7.1. 

In Figure 7.2c and d, the resulting pressure-dependent thermal conductivities are 

given.  

The lowest thermal conductivity values are observed in vacuum due to the 

absence of heat transport pathways through the gaseous phase. While the thermal 

diffusivity is more or less size independent, the thermal conductivity exhibits a 

clear size dependence (Figure 7.2c). The lowest thermal conductivity is obtained 

for the colloidal crystal comprising the largest particles (HS-469/17-c). In vacuum, 

a value of 27 m W m-1 K-1 is achieved, and in helium, at 1000 mbar the thermal 

conductivity amounts to 43 m W m-1  K-1. The comparable density of HS-387/15-c 

and HS-469/17-c results in a very similar thermal conductivity, whereas the 

thermal conductivity of HS-267/14-c is significantly higher. 

We also found a shell thickness dependent thermal conductivity (Figure 7.2d). 

In contrast to the thermal diffusivity, an opposing trend is present: The thermal 

conductivity in vacuum increases by about 43 % from 46 m W m-1 K-1 to 

82 m W m-1 K-1 with increasing shell thickness. When using helium as a gas 

medium, the thermal conductivity ranges from 59 m W m-1 K-1 to 104 m W m-1  K-1. 

For decreasing particle sizes, a reduction in the thermal conductivity difference 

between vacuum and helium is found (Δκ = 15.8 m W m-1  K-1 for HS-469/17-c to 

Δκ = 12.1 m W m-1 K-1 for HS-267/14-c). This agrees with the thermal diffusivity 

data, and can be traced back to the more pronounced Knudsen effect for the 

smaller particles. On the other hand, for the shell thickness series, a constant 

difference between vacuum and helium is expected due to the same outer pore 

diameter. However, we find that the increase from vacuum to helium is more 

pronounced for the thickest shell (Δκ = 22.1 m W m-1  K-1) compared to the thinnest 

shell (Δκ = 12.1 m W m-1  K-1). This can be explained by a slight densification of the 

silica shell with increasing shell thickness. The role of the inner pore volume will 

be elucidated in the next chapter by FEM simulation. 
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Figure 7.3 summarizes the thermal diffusivity and thermal conductivity 

properties of our hollow silica spheres colloidal crystals. From that, insights into 

the fundamental limit of thermal insulation, solely based on the hollow sphere 

geometry, can be deduced. From the vacuum measurements, it is apparent that 

larger shell thicknesses are needed to reduce the thermal diffusivity. However, the 

reduction in thermal diffusivity is over-compensated by the concomitant density 

increase. Consequently, the thermal conductivity increases with shell thickness 

and tends toward a plateau. Increasing the size of the hollow spheres does not 

strongly influence the thermal diffusivity. Therefore, the density of the colloidal 

ensemble governs the effective thermal conductivity. Lower thermal 

conductivities (< 27 m W m-1 K-1) could be achieved by larger particles with thin 

shells. However, this would come at a compromised structural integrity of the 

colloidal ensemble, since the stiffness of hollow silica particles scales with the 

square of the shell thickness t2 and inversely with the radius of the particle R-1.32 

Overall, the thermal diffusivity and thermal conductivity cannot be lowered 

simultaneously just by the appropriate particle design. 

 

 

Figure 7.3. Atmosphere dependent thermal transport properties of silica hollow sphere 
colloidal crystals. (a) Thermal diffusivity and (b) thermal conductivity in helium and air 
at 1000 mbar as well as vacuum at 0.05 mbar. The lines are a guide to the eye. 

 

Additional thermal transport pathways in the open-porous structure are opened 

by using nanoporous systems in air or helium. The thermal transport properties in 
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ambient air are located between the helium and vacuum measurements due to a 

lower gaseous thermal conductivity compared to helium (air: 25 m W m-1  K-1 

compared to helium: 153 m W m-1 K-1).33 However, this is not the case for the larger 

particle diameter, especially for sample HS-469/17-c, where a similar thermal 

conductivity is obtained in air and helium. An explanation for this is water 

condensation, which can be adsorbed by the hygroscopic silica network during 

measurement in ambient air. The incorporation of water does not occur in helium 

and vacuum due to preconditioning of the samples at 200 °C in vacuum before the 

thermal transport determination. When conducting the experiments with dry 

nitrogen, the thermal conductivity of the assembly with the largest spheres 

(HS-469/17-c) is reduced by 13 %, compared to moist air, yielding a thermal 

conductivity of 37 m W m-1  K-1 in nitrogen (red crosses in Figure 7.3). Altogether, 

our measurements indicate a fundamental limit of the thermal conductivity at 

around 35 m W m-1  K-1 for hollow silica nanoparticle ensembles in air. This is based 

on the interplay between solid and gaseous heat conduction. Furthermore, care has 

to be taken to avoid vapor condensation, which will further increase the overall 

thermal conductivity. Whereas the measured values of the thermal conductivity 

are higher compared to silica aerogels, they are well comparable to commercial 

polymer foams. Yet, these hollow sphere ensembles possess several advantageous 

features: breathable due to their open porous structure, dispersion-processable like 

spraying or painting, and non-flammable based on the SiO2 network. 

 

Finite Element Modeling of the Thermal Transport in HS Colloidal Crystals 

In the following, we compare our experimental results to the data obtained from 

finite element modeling (FEM). The aim of the FEM simulation is to gain insights 

into the contribution of the open- and closed-pore volume to the total heat 

transport through silica hollow sphere colloidal assemblies.  

For the steady-state simulations, hollow spheres were arranged in a face-

centered cubic (fcc) unit cell packing (see Figure S7.7). A constant hot and cold 

temperature is imposed on the entire lower and upper face, while all other 

boundaries are set thermally insulating. Thus, a temperature gradient is formed, 
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with a heat flux in the direction of the cold face. The effective thermal conductivity 

is calculated according to Fourier’s equation of heat conduction: 

=
/
/ℎ 

(7.2) 

where  is the numerically computed heat flow rate normal to the cross-sectional 

area  (= ℎ ) of the unit cell, Δ  the temperature difference ( − ), and ℎ the 

unit cell edge length. Further details about the model are described in the 

Supporting Information.  

Figure 7.4a shows the calculated thermal conductivity for the different silica 

hollow sphere geometries in vacuum and helium, with different thermal contact 

conductances hc between silica and helium (0 W m-2 K-1 – continuity). The solid/gas 

thermal contact conductance is an unknown variable and needs to be reasonably 

estimated, while the thermal contact resistance between adjacent spheres is 

assumed to be zero. In the absence of gas, heat is only transported through the 

silica network. For this case, the thermal conductivity of the silica shell material 

was adjusted such that similar values were obtained for the simulation and the 

experimental data. We found a thermal conductivity of the silica shell material of 

κ = 331 m W m-1  K-1 to describe our system adequately. This is comparable to 

nanostructured silica thin films reported by Coquil et al.34. By introducing helium 

to the network, additional heat conduction pathways arise. The thermal 

conductivity of helium was reduced compared to its bulk value due to the 

Knudsen effect occurring in small pores. The applied thermal conductivities in the 

open- and closed-pores are summarized in Table S7.5.  
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Figure 7.4. Finite element method modeling. (a) Influence of the thermal contact 
conductance hc between silica and helium on the total thermal conductivity of silica hollow 
sphere colloidal crystals and comparison to vacuum. (b) Thermal conductivity of silica 
hollow sphere colloidal crystals in vacuum, helium, and air assuming a thermal contact 
conductance hc of 40 W m-2 K-1. The input data used for the simulations in (a) and (b) can 
be found in Table S7.4 and Table S7.5, respectively. (c) Heat flux density analysis for a 
thermal contact conductance of 40 W m-2 K-1 between the silica network and helium for 
HS-469/17-c. The thermal conductivity values used for helium in the open- and closed 
pores are listed in Table S7.5. The integrated heat flux densities of the different phases are 
listed in Table S7.7. 

 

At a thermal contact conductance of 0 W m-2 K-1, only the gas in the open-pore 

volume can contribute to the total heat transport. For this case, the increase in the 

thermal conductivity was found to be too low compared to the experimentally 

determined data in helium. Thus, a small amount of the heat has to be also 

transferred through the closed-pore volume. We found a relatively low thermal 

contact conductance of 40 W m-2 K-1 between the solid spheres and their gaseous 

environment to be suitable for our system. Higher thermal contact conductance 

values of 200 W m-2 K-1 (green crosses) and continuity (orange crosses), which 

means that no thermal contact resistance exists, are also shown in Figure 7.4a. It is 

apparent that these parameters overestimate the thermal conductivity of the 

colloidal crystals. They also do not replicate the geometry-dependent trend 

adequately. 

The thermal transport properties are plotted in Figure 7.4b for different gases, 

using a thermal contact conductance of 40 W m-2  K-1. The theoretically obtained 

values are in good agreement with the measured ones (Figure 7.3). For all 
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surrounding atmospheres, the thermal conductivity decreases with decreasing 

shell thickness and increasing particle diameter. The additional thermal transport 

through the gaseous phase increases the thermal conductivity from vacuum to 

helium. The simulations in (dry) air are located between helium and vacuum. By 

looking at the helium and vacuum data, it can be seen that the relative change in 

thermal conductivity is lower for smaller particles. This is based on an increased 

thermal conductivity reduction of the gas phase due to the geometric constriction. 

Consequently, the highest increase is obtained for the largest particle diameter and 

thus, the largest interstitial pore sizes in the assembly (HS-469/17-c). For the shell 

thickness series, i.e. the same open pore sizes, the increase in the thermal 

conductivity between vacuum and helium is comparable. This again demonstrates 

the important interplay between thermal conductance along the solid silica 

backbone and the gaseous environment. Whereas the specific particle design could 

greatly reduce the thermal conductivity of the hollow silica nanoparticle network, 

this high thermal insulation capacity is counteracted by thermal transport across 

the increased gas volume. 

Moreover, heat flux densities and heat flux streamlines can be deduced from the 

FEM simulation. In Figure 7.4c, the distribution of the heat flux density is shown 

for a cross-section through HS-469/17-c. One can infer a lower contribution of the 

closed-pore volume (gas encapsulated in the hollow sphere) to the total thermal 

conductivity compared to the open-pore volume. Still, thermal transport through 

the silica shell is preferred. The predominating heat transport through the solid 

phase is further emphasized by the heat flux streamlines (Figure S7.7b, bottom), 

which are bent towards the silica shell. Additionally, heat flux density images and 

streamlines for different helium gas thermal conductivities (153 m W m-1  K-1 for 

bulk helium, 95 m W m-1 K-1 for 436 nm pores, and 50 m W m-1  K-1 for 135 nm pores) 

are compared in Figure S7.7a. The decrease of the helium thermal conductivity due 

to an increased confinement, leads to a decreased heat flux in the open-pore 

volume, whereas the heat flux in the closed-pore volume stays at a low level. 

Integration of the heat flux densities provides a quantitative impression of the 

respective transport pathways. The values are summarized in Table S7.7. For the 
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colloidal crystals consisting of the particles HS-469/17 and a thermal contact 

conductance of 40 W m-2 K-1, 67 % of the heat is transported through the silica, and 

33 % through the gaseous phase. From that, 18 % of the heat transport occurs 

through the open-pore volume and 15 % through the closed-pore volume. 

 

Lower Limit of Thermal Transport Properties of Silica Hollow Sphere Colloidal 

Assemblies 

How can the thermal diffusivity be further reduced in hollow sphere ensembles? 

Without changing the particle geometry, there are two possibilities: 1) the 

reduction of the interparticle contact points from 12 (close-packing) to ~6 (random 

close-packing) and 2) the reduction of the interparticle bonding strength. The first 

option can be realized by reducing the packing parameter from a colloidal crystal 

towards a colloidal glass with a random close-packed (rcp) structure. The 

structures of such colloidal glasses are shown in Figure 7.5. In contrast to the 

crystalline assemblies, these colloidal glasses are labeled with the appendix a 

referring to the amorphous symmetry (e.g., HS-469/17-a). 

The SEM images show the random packing of the hollow nanospheres, which 

causes a diffuse scattering in the optical microscopy image (see Figure 7.5a – c).35 

Thus, due to the missing crystallinity, no Bragg reflections are visible. For these 

colloidal glasses, the density was measured to be 0.208 – 0.314 gcm-3, which is a 

reduction of 9 – 15 % compared to the colloidal crystals. The influence of the 

packing parameter on the thermal diffusivity is shown in Figure 7.5d. In vacuum, 

the temperature diffusion is slower and causes a drop of the thermal diffusivity by 

about 15 %. This can be explained by the lower density and the reduction of the 

interparticle contact points due to the glassy structure. In helium at 1000 mbar, the 

thermal diffusivity of colloidal glasses is comparable or even higher than the 

temperature diffusion through the crystalline counterpart. Thus, while a reduced 

solid conduction persists in the glassy state, an increased gaseous conduction 

originates due to the greater open-pore volume. The increased gaseous conduction 

is especially noticeable for large particles (HS-387/15-a and HS-469/17-a). For 

smaller particles, the Knudsen effect is still dominating and thus, reduces the 
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thermal diffusivity in helium. Noteworthy, the point at which the temperature 

diffusion of the amorphous glass is higher than the colloidal crystal shifts to lower 

pressures with increasing pore sizes. In the following, the influence of the density 

reduction and thermal diffusivity changes on the thermal conductivity will be 

discussed.  

 

 

Figure 7.5. Silica hollow sphere colloidal glasses. (a – c) SEM and side-view optical 
microscopy images of colloidal glasses consisting of hollow spheres (a) HS-267/14, (b) 
HS-387/15, and (c) HS-469/17. (d) Pressure-dependent thermal diffusivity data of 
amorphous assemblies (open symbols) in comparison to colloidal crystals (closed 
symbols). 

 

Figure 7.6a gives the helium pressure-dependent thermal conductivity of hollow 

nanosphere colloidal crystals (closed symbols) and colloidal glasses (open 

symbols). Indeed, the reduction of the packing density reduces the solid thermal 

conduction by 23 – 27 % in vacuum due to the decreasing density and decreasing 

amount of contact points for all particles under investigation. The lowest thermal 

conductivity was measured to be 21 m W m-1 K-1 for HS-469/17-a. However, for the 



7 Understanding Thermal Insulation in Porous, Particulate Materials 119 

gaseous thermal conductivity, one needs to distinguish between small and large 

hollow silica nanoparticle packings. The small particles (HS-267/14-a), the thermal 

conductivity is reduced over the whole pressure range. This is different for the 

colloidal glasses consisting of the larger particles (HS-387/15-a and HS-469/17-a). 

For these, the thermal conductivity is comparable or even higher than for the 

crystalline assemblies, after exceeding a certain helium pressure. This intersection 

point is located at lower pressures for larger particles due to the increasing pore 

sizes. Besides the measurements in vacuum and helium, we also determined the 

thermal conductivity in air. The comparison of the different surrounding 

atmospheres is shown in Figure 7.6b. Analogous to the crystalline samples, the 

thermal conductivity in helium and air are comparable for the colloidal glasses. 

Only in the case of the smallest particles, a significant difference between the 

measurements in air and helium atmosphere is observed. This can be traced back 

to the adsorption of water, as discussed beforehand. 

 

 

Figure 7.6. Thermal conductivity of silica hollow sphere colloidal crystals and amorphous 
glasses. (a) Pressure-dependent thermal conductivity of amorphous assemblies (open 
symbols) in comparison to colloidal crystals (closed symbols). (b) Comparison of different 
surrounding atmospheres (from bright to dark: vacuum (~0.05 mbar), air (~1000 mbar), 
and helium (1000 mbar)). 

 

Overall, the transition to a colloidal glass resulted in a lower thermal 

conductivity AND lower thermal diffusivity for all particles in vacuum. However, 

this reduction in temperature and heat transport is counteracted by the additional 



7 Understanding Thermal Insulation in Porous, Particulate Materials 120 

gaseous transport through the concomitantly generated free volume. After all, the 

lowest thermal conductivity (42 m W m-1 K-1) in helium and air was measured for a 

colloidal crystal with 469 nm large hollow nanospheres (HS-469/17-c). 

 

The adjustment of the bonding strength between adjacent spheres is another 

possibility to reduce the transport of thermal energy further. The influence of the 

interparticle bonding strength, and therefore, the interfacial thermal conductance 

was already shown in an earlier contribution.12 In this, the bonding strength was 

enhanced by increasing calcination temperatures from 500 to 950 °C. This led to 

stronger covalent bonding between adjacent spheres and hence, resulted in an 

increased thermal conductivity. Here, we want to decrease the interfacial bonding 

between the hollow silica spheres to reduce heat transport. Thus, we calcined the 

hollow silica spheres before the assembly process. As a result, the spheres will only 

possess weak van der Waals contact forces. Thus, altered heat transport properties 

are expected by the reduction of the bonding strength.36 To access the lower limit 

of the thermal conductivity for such a colloidal assembly, the hollow spheres with 

the largest diameter (469 nm) and the lowest packing density (colloidal glass) were 

utilized. The resulting structure is called HS-469/17-aa (Figure 7.7). Its thermal 

conductivity in helium at 1000 mbar is comparable to the colloidal glass structure 

HS-469/17-a and the crystalline assembly HS-469/17-c, introduced beforehand. 

This shows the predominant thermal transport through the gaseous phase, 

independent from the symmetry of the assembly. The influence of the contact 

strength becomes dominant for measurements at lower gas pressures. In vacuum, 

the thermal conductivity of the colloidal glass (HS-469/17-aa) shows an extremely 

low thermal conductivity of about 8 m W m-1 K-1. Thus, a thermal conductivity 

reduction of 61 % is achieved solely by reducing the interparticle bonding strength. 

This significant decrease of the heat transport can be traced back to a 

simultaneously drastic reduction of the thermal diffusivity (see Figure S7.8). The 

heat capacity remains unchanged, and the density of 0.190 gcm-³ is comparable. 

Compared to the hollow spheres assembled in a crystalline symmetry and calcined 

after the assembly (HS-469/17-c), the thermal conductivity in vacuum is even 
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reduced by 70 % by combining the effect of reduction of interparticle contact points 

and reducing their bonding strength.  

 

 

Figure 7.7. Influence of the number of contact points and the interparticle bonding 
strength on the thermal conductivity for assemblies with 469 nm-sized hollow spheres. 
HS-469/17-c is a colloidal crystal, HS-469/17-a is an amorphous colloidal glass, and 
HS-469/17-aa is an amorphous colloidal glass without covalent interparticle bonds. 

 

The effect of the bonding strength can also be rationalized by FEM-simulating a 

thermal contact conductance between individual spheres (see blue circular areas 

in Figure S7.9a. By increasing the thermal resistance, the thermal conductivity 

decreases significantly (see Figure S7.9b). Thus, very low thermal conductivities 

and diffusivities can be achieved by reducing the bonding strength, and 

consequently by lowering the thermal contact conductance between adjacent 

hollow spheres. Nevertheless, this material engineering will be only effective 

under vacuum conditions, as gaseous conduction will be the path of the least 

resistance and therefore be the dominant contribution.  
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7.3 Conclusion 

In summary, we presented a holistic picture of the thermal transport properties 

of dense silica hollow nanoparticle packings. At first, we focused on the influence 

of the geometry of the hollow spheres: size and shell thickness. Therefore, the 

thermal diffusivity is mainly influenced by the shell thickness. An increasing shell 

thickness lowers the temperature diffusion. An opposing trend was found for the 

thermal conductivity. Here, the thermal conductivity is decreased by increasing 

the size of the particles and by reducing the shell thickness. Thus, the lower the 

density, the lower the thermal conductivity. A concomitant reduction of the 

thermal diffusivity and conductivity by the particle geometry is not possible. 

Furthermore, using finite element modeling, we were able to show that the heat 

transport through the gas phase is mainly dependent on the open-pore volume. 

The internal particle volume plays a less significant role.  

In the second part, we focused on the number and strength of the interparticle 

contact points. Here, we changed the packing density of the spheres in the 

assembly and the bonding strength between adjacent particles. The combination 

of both effects resulted in a strong reduction of 70 % of the thermal conductivity 

and diffusivity in vacuum. This can be advantageous for both, steady- and 

non-steady-state state, thermal insulation applications. For a colloidal crystal 

consisting of 469 nm hollow spheres with a shell thickness of 16.5 nm, we found a 

thermal conductivity of only 8 m W m-1  K-1 in vacuum. This ultra-low thermal 

conductivity, however, cannot be maintained under atmospheric conditions due 

to the overwhelming thermal transport through the gaseous phase. Nevertheless, 

a low thermal conductivity (~35 m W m-1  K-1) can be achieved with this material 

class, which is comparable to established polymer based insulation materials. 

Altogether, this comprehensive study about the interplay of vacuum and 

gas-dependent thermal diffusivity and thermal conductivity in nanostructured 

materials will help to create novel insulation materials. 
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7.4 Experimental Section 

Materials 

Styrene (≥99%, Aldrich), 2,2′-azobis(2-methylpropionamidine)dihydrochloride 

(AIBA; 97 %, Aldrich), 2-methacryloxyethyltrimethylammonium chloride (MTC; 

70 % solution in water, Polyscience), polyvinylpyrrolidone K30 (PVP; 

Mw ∼ 55 kgmol−1, Aldrich), tetraethylorthosilicate (TEOS; ≥ 99%, Aldrich), and 

ammonium hydroxide solution (30 – 33 % in water, Aldrich) were used as 

received. Ethanol (EtOH) was used in technical grade, and water was taken from 

a Millipore Direct Q3UV unit for the entire synthesis and purification steps. 
 

Synthesis of silica hollow spheres 

Monodisperse polystyrene (PS) particles were synthesized by emulsifier-free 

emulsion polymerization. The synthesis was carried out in a three-necked flask, 

equipped with a reflux condenser and a gas inlet, under a slight argon flow. For 

the polystyrene template synthesis of sample HS-267/14, 100 mL water, 13 mL 

styrene, 100 µL MTC, and 0.9 g PVP K-30 were heated to the reaction temperature 

of 70 °C at a stirring speed of 850 rpm. After an equilibration time of 30 min, 0.3 g 

AIBA, dissolved in 20 mL water, were added to initiate the polymerization. After 

nucleation, the stirring speed was reduced to 450 rpm. The reaction was carried 

out overnight. Seeds of varying diameter were obtained by using different 

amounts of MTC, PVP, and AIBA. 

The polystyrene particles were used as seeds for coating with a thin silica shell 

by the Stöber process. For sample HS-267/14, 2.2 vol.% TEOS were added to an 

81.3 vol.% EtOH, 10.5 vol.% water, 6.0 vol.% ammonium hydroxide solution 

containing 93 mgmL-1 PS latex particles. Core-shell particles with thicker shell 

thicknesses were obtained by increasing the TEOS volume.  

The polystyrene core was removed by calcining the particles at 500 °C for 12 h in 

air. For the thermal transport measurements, the core-shell particles were 

assembled into colloidal assemblies before the calcination process.  
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Assembly into colloidal crystals and glasses 

The colloidal crystals were obtained by slow evaporation of a concentrated 

particle dispersion (7 wt.%) in a Teflon beaker with a diameter of 2 cm under 

ambient conditions. To obtain colloidal glasses ~ 1 mL ammonia hydroxide 

solution was added in several steps during the evaporation process.  

 
 

Characterization methods 

TEM measurements were performed with a JEOL JEM-2200FS energy filtered 

electron microscope operated at an acceleration voltage of 200 kV. Zero-loss 

filtered  images (ΔE ~ 0 eV) were recorded with a bottom mounted CMOS camera 

system (OneView, Gatan) and processed DM 3.11 image processing software 

(Gatan). 

SEM images were taken on a Zeiss Leo 1530 instrument using InLens SE 

detection as well as Everhart-Thornley detection at acceleration voltages of 2 and 

3 kV. 

SAXS data were measured using the small-angle X-ray system Double Ganesha 

AIR (SAXSLAB). The X-ray source of this laboratory-based system is a rotating 

copper anode (MicroMax 007HF, Rigaku Corporation) providing a micro-focused 

beam at λ = 0.154 nm. The data were recorded by a position-sensitive detector 

(PILATUS 300 K, Dectris). To cover the range of scattering vectors between 0.026 

and 2.6 nm-1 different detector positions were used. The measurement was 

performed at room temperature, using a powder of hollow silica nanoparticles 

packed in a capillary tube. The scattering data were evaluated with a vesicle fit in 

the program SCATTER.27  

Nitrogen sorption measurements were recorded on a Quantachrome 

Autosorb AS-1 pore analyzer at 77 K. All samples were preconditioned in vacuum 

at 350 °C for 12 hours before the measurements. For the data evaluation, the 

Quantachrome ASiQ v3.0 software was used. The specific surface areas were 

calculated using the Brunauer-Emmett-Teller (BET) method. Pore volumes and 

pore size distributions were obtained by applying the nonlocal density functional 
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theory (NLDFT) adsorption branch model for silica materials with cylindrical pore 

geometry. 

Differential scanning calorimetry (DSC) measurements were carried out using a 

Discovery DSC 2500 (TA Instruments). Compressed powders of the hollow 

spheres (10 – 16 mg) were scanned in covered aluminum pans under a dry 

nitrogen purge of 50 mLmin−1 over a temperature range from -50 to 210 °C with a 

heating rate of 20 °Cmin−1. The heat capacity was determined according to the 

ASTM E1269 standard test method using a standard sapphire sample. Two heating 

cycles on each sample were conducted. For the evaluation, the second heating cycle 

was used.  

Thermal diffusivity measurements of the colloidal crystals were performed on 

an XFA 500 XenonFlash apparatus (Linseis) equipped with an InSb infrared 

detector. Before the measurements, the samples were coated with a thin graphite 

layer (approx. 15 µm) on each side to ensure a good absorbance at the bottom and 

a high emissivity at the top side of the sample. The thickness of the graphite layer 

is negligible compared to the thickness of the colloidal crystals (600 – 1100 µm). 

The samples were preconditioned at 200 °C for 15 min in vacuum to eliminate any 

potential contribution from intercalated water inside the silica network. The 

measurements were performed on at least three samples at 25 °C in vacuum 

(~0.05 mbar), helium (1 – 1000 mbar), nitrogen (~1000 mbar), and air 

(~1000 mbar). The pressure-dependent measurements in helium are possible by 

controlling ventilation valves and two pressure gauges (coarse and fine vacuum). 

The received data were evaluated by the software AproSoft Laser Flash Evaluation 

v1.06 using the radiation fit model (see Figure S7.4).  

The thicknesses of the colloidal crystals were determined with a Litematic VL-50 

(Mitutoyo). 

The density of the colloidal crystals was determined from the mass and volume 

of the monoliths. The volume was measured using a 3D digital surface profiler 

(Keyence V-3100) and the mass was determined by weighing the colloidal crystals. 
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7.7 Supporting Information 

 

Scheme S7.1. Schematic illustration of the evaporation-induced self-assembly of 
core-shell particles and the subsequent calcination to obtain silica hollow sphere colloidal 
crystals. 

 

 

Figure S7.1. Photographic image of silica hollow sphere colloidal crystals with a particle 
diameter of ~270 nm and shell thicknesses of (a) 14 nm (HS-267/14), (b) 27 nm 
(HS-267/27), and (c) 40 nm (HS-266/40). 
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Figure S7.2. Small-angle X-ray scattering (SAXS) analysis of silica hollow nanospheres 
(black dots) and the corresponding fits using a form factor for spherical core-shell particles 
(red lines). (a, b, c) Size series, (a, d, e) Shell thickness series. 

 

 

Figure S7.3. Nitrogen sorption data of silica hollow spheres. (a) Nitrogen 
adsorption/desorption isotherms, and (b) pore size distribution calculated by DFT 
method. The lines are a guide to the eye. 
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Table S7.1. Density of the silica shell considering the porosity.a) 

 HS-

469/17 

HS-

387/15 

HS-

267/14 

HS-

267/27 

HS-

267/40 

Calculated density of 

the shell including meso- 

and micropores [gcm-³] 

1.68 1.52 1.83 1.93 1.81 

a) Recalculation of the density of the silica shell: The density of the bulk silica measured by helium pycnometry 
gives a value of 2.2 gcm-³. The bulk silica density has to be corrected due to the porosity of the shell. The 
recalculation is based on a 74 % volume filling and the geometric parameters of the individual silica spheres. 

 

Table S7.2. Summary of data received from nitrogen sorption measurements.  
  N2 sorption measurements 
 BET surface 

area 
DFT surface 

area 
Pore volume Pore size 

 [m²g-1] [m²g-1] [cm3g-1] [nm] 
HS-469/17 169.4 142.1 0.30 3.8 
HS-387/15 246.3 224.9 0.41 3.3 
HS-267/14 184.8 155.0 0.33 2.6 
HS-267/27 152.2 136.1 0.20 2.6 
HS-266/40 164.5 147.4 0.18 2.6 
 

Table S7.3. Voids in silica hollow sphere colloidal crystals with a packing parameter of 
74 %. 

Voids HS-469/17-c HS-387/15-c HS-267/14-c 
Octahedral 194 nm 160 nm 110 nm 
Tetrahedral 105 nm  87 nm 60 nm 
Exchange sites 72 nm 60 nm 41 nm 
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Figure S7.4. a) Schematic setup of the xenon flash analysis (XFA), modified from 
Ruckdeschel et al.12. The setup allows controlling the surrounding atmosphere in a precise 
manner. The measurement chamber is closed during the measurement and holds vacuum 
conditions of about 0.05 mbar, which is limited by the gas-tightness of the sample 
chamber. We define this as “vacuum” measurement. Furthermore, we are able to supply 
air, nitrogen, or helium to the sample chamber. By using controlled ventilation valves and 
two pressure gauges (coarse and fine vacuum), we can control the respective gas pressure 
between 1 and 1000 mbar. b) Typical measurement signal of a hollow silica colloidal 
crystal modeled with a radiation fit. The radiation fit model represents an extension to the 
finite-pulse and heat loss corrections given by the Combined fit model from Dusza (L. 
Dusza, High Temperatures – High Pressures, 1995, 27, 467-473). However, it allows for an 
amount of the Xenon flash to be directly transmitted to the rear sample surface, leading to 
an instantaneous temperature jump analogous to Blumm et al. (J. Blumm, J. Henderson, 
O. Nilsson and J. Fricke, High Temperatures-High Pressures, 1997, 29, 555-560). 
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Figure S7.5. Differential scanning calorimetry (DSC) measurements of silica hollow 
spheres with different sizes and shell thicknesses (dotted lines) and the corresponding 
mean values calculated from the individual measurements (red squares). The mean heat 
capacity at 25 °C was found to be (0.748 ± 0.031) Jg-1K-1. 
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Finite element modeling of the thermal transport in HS colloidal crystals 

The FEM software COMSOL Multiphysics (version 5.2.1.262) is used for 

modeling the thermal transport in silica hollow sphere colloidal crystals. For this, 

hollow spheres are arranged in a face-centered cubic (fcc) unit cell packing. The 

outer radius of the sphere is constant for all systems, while the shell thickness is 

varied to get the same shell thickness-to-radius ratios as for the synthesized 

systems (HS-469/17: 0.0704, HS-387/15: 0.0750, HS-267/14: 0.105, HS-267/27: 

0.202, HS-266/40: 0.301). The unit cell edge length is chosen such that the contact 

(or overlap) area per particle is 0.6 % of the particle surface area, and therefore 

comparable to the experimental systems. For all simulations (except the data in 

Figure S7.9), the overlapping particles are fused into one object. Thus, no thermal 

resistance between the particles is considered. For the data plotted in Figure S7.9b, 

the thermal contact conductance between adjacent particles is varied between 10 

and 106 W m-2 K-1. To study the influence of surrounding gas (helium or air) on the 

total heat conduction, the inverse hollow sphere volume is added. The geometry 

of the colloidal crystal HS-469/17-c is exemplarily shown in Figure S7.6. 

 

Figure S7.6. The unit cell of the silica hollow sphere colloidal crystal HS-469/17-c. The 
different colors show the different phases (gray: silica shell, blue: internal pore volume, 
green: outer pore volume). A constant hot (Thot) and cold (Tcold) temperature is applied to 
the entire upper and lower face. The residual boundaries are thermally insulated. Thus, a 
temperature gradient forms, with a heat flux in the direction of the cold face.  
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Three materials, each with its own thermal conductivity, are assigned to the 

hollow silica colloidal crystal: silica, gas in open-pores, and gas in closed-pores. 

The properties of the materials are listed in Table S7.4 - Table S7.6. We used bulk 

material values, except for the gas thermal conductivity. This is justified by the 

amorphous microstructure of our material, where the thermal transport is 

governed by diffusive transport. The thermal contact between silica and gas is 

defined either as a union (no thermal resistance) or with a certain thermal contact 

conductance ℎ  (0, 40, and 200 W m-2 K-1). For the simulation, a constant 

temperature is applied to the lower ( ) and upper ( ) face of the unit cell. 

This defines the temperature gradient across the hollow sphere structure and 

serves at the same time as heat source and heat sink, respectively. Thermal 

insulation boundary conditions are imposed on all other surfaces of the unit cell. 

To obtain the effective thermal conductivity , the integrated heat flux normal 

to the upper surface is evaluated. Then, the effective thermal conductivity is 

calculated using Fourier’s equation of heat conduction: 

=
/
/ℎ 

(S7.1) 

where  is the heat flow rate normal to the cross-sectional area  of the unit cell, 

Δ  the temperature difference ( − ), and ℎ the unit cell edge length. 

The mesh is chosen fine enough to ensure mesh size independent thermal 

conductivity values. Detailed information on the FEM simulations is given in the 

respective figure and table captions. 
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Table S7.4. Specific heat capacity, density, and thermal conductivity used in FEM 
simulations.Table S7.6 

 COMSOL input values 
 Specific heat capacity Density Thermal conductivity 
 [Jg-1K-1] [kgm-3] [m W m-1 K-1] 

Silica 0.748 2203 331a) 
Helium 5.195b) 0.1615b) Table S7.5 

andTable S7.6 Air 1.005c) 1.1845c) Table S7.5 
a) The thermal conductivity of silica is chosen such that for HS-469/17-c (without gas) the same effective 
thermal conductivity is obtained as experimentally in vacuum, b) The specific heat capacity and density of 
helium at 1000 mbar and 25 °C was calculated according to Petersen (H. Petersen, The Properties of Helium: 
Density, Specific Heats, Viscosity, and Thermal Conductivity at Pressures from 1 to 100 Bar and from Room 
Temperature to about 1800 K, Jul. Gjellerup, 1970), c) The specific heat capacity and density of air at 
1000 mbar and 25 °C was calculated according to Dixon (J. C. Dixon, in The Shock Absorber Handbook, 
DOI: 10.1002/9780470516430.app2, John Wiley & Sons, Ltd 2007, p. 375ff.). 

 

Table S7.5. Pore size-dependent thermal conductivity κ of helium and air in the 
closed- and open-pores used in the FEM simulations for the determination of the effective 
thermal conductivity of silica hollow spheres colloidal crystals (see Figure 7.4a and b) as 
well as for the plot of the heat flux density and streamlines (see Figure 7.4c and 
Figure S7.7b).a) 

 Helium Air 
 κHe(ClosedPores) κHe(OpenPores) κAir(ClosedPores) κAir(OpenPores) 
 [m W m-1 K-1] [m W m-1 K-1] [m W m-1 K-1] [m W m-1 K-1] 

HS-469/17-c 94.9 50.2 20.9 14.8 
HS-387/15-c 87.6 44.1 20.2 13.6 
HS-267/14-c 72.2 33.7 18.3 13.7 
HS-267/27-c 67.9 33.7 17.7 13.7 
HS-266/40-c 62.8 33.6 17.0 13.7 

a) The pore size-dependent thermal conductivity for a pressure of 1000 mbar and a temperature of 25 °C is 
calculated according to Schiffres et al. (S. N. Schiffres, K. H. Kim, L. Hu, A. J. H. McGaughey, M. F. Islam, 
J. A. Malen, Adv. Funct. Mater. 2012, 22, 5251). The pore size of the closed-pores is the inner diameter of 
the hollow spheres. An average thermal conductivity for the open-pores is calculated from the averaged size 
of the tetrahedral and octahedral voids (see Table S7.3). 
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Table S7.6. Thermal conductivity of helium used in FEM simulations for the plot of heat 
flux density and streamlines of particle system HS-469/17-c (see Figure S7.7a). Here, the 
same thermal conductivity of helium is used for the closed- and open-pores.a) 

 Helium 
 κHe(bulk) κHe(436nm) κHe(135nm) 
 [m W m-1 K-1] [m W m-1 K-1] [m W m-1 K-1] 

HS-469/17-c 153.2 94.9 50.2 
a) The pore size-dependent thermal conductivity for a pressure of 1000 mbar and a temperature of 25 °C is 
calculated according to Schiffres et al. (S. N. Schiffres, K. H. Kim, L. Hu, A. J. H. McGaughey, M. F. Islam, 
J. A. Malen, Adv. Funct. Mater. 2012, 22, 5251). 

 

 

Figure S7.7. Finite element method modeling: Heat flux density (top) and streamlines 
(bottom) of particle assembly HS-469/17-c with a thermal contact conductance hc of 

40 W m-2 K-1 between the silica network and helium. (a) The thermal conductivity of 
helium is varied (see Table S7.6), with the same thermal conductivity of helium being 
assumed for the closed- and open-pores. (b) Different thermal conductivity values of 
helium are applied for the closed- and open-pores (see Table S7.5), taking into account the 
different helium thermal conductivities in the closed- and open-pore volume due to the 
Knudsen effect. The integrated heat flux densities of the different phases are listed in 
Table S7.7.  
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Table S7.7. Integrated heat flux densities of silica, open-pore, and closed-pore volume of 
particle assembly HS-469/17-c. For the simulation, a thermal contact conductance hc of 

40 W m-2 K-1 between the silica network and helium is used. The thermal conductivity of 
helium is varied to obtain the same (row 1-3) or different (row 4) helium thermal 
conductivities for the open- and closed-pore volume (see Table S7.6 and Table S7.5). The 
assumption of different thermal conductivities is the more realistic case due to different 
confinements, and thus Knudsen effects, present in a hollow sphere colloidal crystal.  

 
 

 

Figure S7.8. Thermal diffusivity of the colloidal assemblies HS-469/17-c/a with different 
amount of contact points and bonding strength.  

 

 Silica Open-pores Closed-pores 

 Heat flux density Heat flux density 

 

Heat flux 
density 

 [MWm-1] [%] [MWm-1] [%] [MWm-1] [%] 

κ(HeClosedPores) = κ(HeOpenPores) 
1.302 49.4 1.012 38.4 0.322 12.2 κ(Hebulk) =                                      

153 m W m-1 K-1 

κ(HeClosedPores) = κ(HeOpenPores) 
1.303 58.2 0.635 28.3 0.303 13.5 κ(He436 nm) =                                   

95 m W m-1 K-1 
κ(HeClosedPores) = κ(HeOpenPores) 

1.303 68.1 0.345 18.0 0.266 13.9 κ(He135 nm) =                               

50 m W m-1 K-1 
κ(HeClosedPores) ≠ κ(HeOpenPores) 1.302 66.8 0.345 17.7 0.302 15.5 
κ(He436/135 nm) =                                
95/50 m W m-1K-1 
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Figure S7.9. Finite element method modeling: (a) Unit cell of a face-centered cubic hollow 
silica sphere colloidal crystal (HS-469/17-c, without gas). The particles are not fused into 
one object. The blue circular areas mark the contact area between adjacent spheres. (b) 
Influence of the thermal contact conductance between the particles on the thermal 
conductivity.  
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Abstract 

Colloidal crystals consisting of monodisperse hollow silica spheres represent a well-

defined porous material class, which features a range of interesting optical, 

mechanical, and thermal properties. These hierarchically structured materials 

comprise micropores within the silica network, which are confined to a thin shell (tens 

of nanometers) of a hollow sphere (hundreds of nanometers). Using simple calcination 

steps, we markedly change the internal microstructure, which we investigate by a 

multitude of characterization techniques, while the meso- and macrostructure remains 

constant. Most importantly the rearrangement of the silica condensation network leads 

to a reduction in total surface area and loss of micropores as demonstrated by N2 

sorption and hyperpolarized 129Xe NMR studies. Spin-lattice relaxation shows a drastic 

increase of the rigidity of the amorphous network. These microstructural changes 

significantly influence the thermal conductivity through such a porous silica material. 

We demonstrate a remarkably low thermal conductivity of only 71 m W m-1  K-1 for a 

material of a comparatively high density of 1.04 gcm-3 at 500 °C calcination 

temperature. This thermal conductivity increases up to 141 m W m-1  K-1 at the highest 

calcination temperature of 950 °C. The great strength of hollow silica sphere colloidal 

crystals lies in its hierarchical structure control, which allows to further investigate how 

the internal microstructure and the interfacial contact points affect the transport of 

heat. 

8.1 Introduction 

Thermal insulation is an important and indispensable part of current strategies 

to lower our total energy consumption worldwide. For insulation applications 

most commonly highly porous materials are being used such as foams or mineral 

wool.1 These materials feature thermal conductivities between 30 to 40 m W m-1  K-1 

due to their combination of an amorphous matrix intercalated by a high volume 

fraction of air, both being poor heat conductors. Nevertheless, fairly thick layers 

(tens of cm) of these classic materials are necessary to achieve satisfactorily low 
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values of the overall thermal transmittance for their application in structures and 

buildings.  

Another well-investigated class of materials are silica aerogels.2-4 Quite similar 

to polymeric foams, they comprise an amorphous skeleton and a particularly low 

density. The network is composed of amorphous silica, which is massively 

nanostructured by the presence of micro-, meso-, and macropores. Aerogels 

feature one of the lowest reported thermal conductivities of all material classes and 

can reach below 20 m W m-1 K-1. They can, therefore, be considered super-

insulation materials, which could make their way into widespread applications.5 

From a scientific point of view, the total thermal conductivity κ of such an aerogel 

material is complex as it is influenced by four individual contributions. 

=  + + +  (8.1) 

  

These individual contributions depend critically on the actual porosity and 

microstructure of the respective aerogel material. Details can be found in the 

literature,1, 5-9 whereas we only want to give a short overview here. Convection is 

typically negligible due to the small pore sizes, which are present in aerogels. κgas 

greatly depends on the type of gas used to fill the free volume, which can take up 

to 99 % in aerogels. The pressure of the atmosphere determines this contribution, 

which is completely suppressed in vacuum. The dependence on the pressure of 

the atmosphere is expressed by the Knudsen formalism, which relates the mean 

free path of the gas molecule to the domain size of the pores, based on kinetic 

theory.10-11 κradiation depends on the temperature difference between the two 

surfaces of the aerogel monolith, the ambient temperature and the emissivity κ of 

these interfaces, which can be calculated using the Stefan-Boltzmann equation.8, 12 

Assuming that all pores are connected in series by air gaps, leads to a dependence 

on the pore size. Ideally, the contribution of thermal radiation becomes less with 

decreasing pore size. However, it has to be noted that pores much smaller than the 

wavelength of the IR radiation may be less effective in reducing this contribution.1 
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Furthermore, coupling between radiation and solid conduction can significantly 

alter the temperature distribution between the two material surfaces, which can 

result in higher contributions from thermal radiation.8 Ways to suppress radiation 

contributions are given by the introduction of absorbing or reflecting moieties.9, 12 

κsolid conduction increases with increasing density. Thermal energy is transported along 

the amorphous silica network by vibrational modes, which can be classified into 

propagons (propagating and delocalized) and diffusons (nonpropagating and 

delocalized).13-14 The third class of vibrational modes, locons (nonpropagating and 

localized), do not contribute significantly to thermal transport.15 Whereas a full 

atomistic understanding of thermal transport through amorphous silica still has to 

be established, Larkin et al. calculated that the contribution from propagating 

modes amounts to only ~ 6 % of the total thermal conductivity.15 At the same time, 

the thermal conductivity accumulation function saturates at a mean free path 

(MFP) of only 10 nm for amorphous SiO2, which reflects in an independence of the 

thermal conductivity from the layer thickness of the amorphous film.15 These 

calculations fit well to experimental data from Regner et al., who used broadband 

frequency domain thermoreflectance to measure the thermal conductivity 

accumulation function.16 More complicated systems, such as silica films with 

microporosity, however, are still elusive to be described by molecular dynamics or 

finite element simulations as shown by Coquil et al.17. Experimentally, no influence 

of the symmetry of the micropores was observed using the 3ω technique.18 

Considering the situation of silica aerogels, one has to further take the influence of 

thermal transport across interfaces into account, as the thermal energy has to 

diffuse through the individual nanoclusters.19 

Even though much progress has been made to fabricate silica aerogels over the 

last decades, the mandatory supercritical drying step still presents an obstacle to 

their widespread use and implementation to other technologies.2-3, 20 A work-

around to this delicate processing step is possible by the use of hollow spheres, 

which can be used in a vast range of applications by themselves.21 In particular 

hollow silica nanoparticles (HSNP) can be conveniently fabricated by a template 

polystyrene particle process and thereby allow access to monodisperse particles 
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with adjustable size and porosity.22 Monodisperse hollow silica particles feature 

intriguing properties such as a coloration effect caused by Mie resonance,23 as well 

as rich mechanical properties, both as single spheres22, 24 and in an ensemble 

structure.25-26 Such particles can be processed by standard dispersion technologies 

into various nano- and mesostructured films or they can be turned into dry 

nanoparticle powders. Whereas the record low densities of aerogels are hard to 

achieve in order to retain the structural integrity of the hollow spheres, they yield 

well-defined porous materials, which comprise a hierarchy of length scales. The 

silica shell can be as thin as 10 nm with an additional microporosity in the silica 

network. The size of the particles typically ranges from 100 nm up to several µm, 

depending on the size of the templating sphere. All these can be adjusted on a 

single particle level, with an additional length scale and symmetry to be added 

upon assembling those colloidal building blocks, which can result in crystalline or 

amorphous meso- or macrostructures.  

Despite their structural complexity and ease of fabrication, only little is known 

up to date on the thermal conductivity of ensembles of hollow silica spheres.27-30 

Previous studies showed indeed the low thermal conductivity of hollow silica 

powders in the range from 20 to 33 m W m-1 K-1. However, using the transient hot 

disk, the hotwire, or the 3ω technique, the authors did not specify details on the 

measurement parameters nor the micro- or mesostructure of the hollow sphere 

powder under consideration. In such granular materials, the contact points and 

adhesion between the spheres is of particular importance for the overall transport 

process along the silica network, as has been appreciated in previous studies, too.19, 

28 Here, we want to fully capitalize on the well-defined structure of colloidal 

crystals consisting of hollow spheres. Our aim is not to demonstrate a 

record-breaking ultralow thermal conductivity, but we want to introduce this 

material class as a platform to study the fundamentals of thermal transport in 

amorphous particle-based materials. Specifically, we want to answer the question 

how the internal microstructure of silica and the mutual contact points determine 

the thermal conductivity of the particle ensemble. We, therefore, measure 
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specifically the thermal transport processes through the solid silica network by the 

laser flash technique 

8.2 Results and Discussion 

As outlined in the experimental section we utilize hollow spheres of 316 nm 

diameter and 44 nm shell thickness. These are prepared by coating a polystyrene 

(PS) template with silica and ensuing calcination of the core/shell structure. 

Decomposition of the PS core sets in at about 300 °C. For quantitative combustion 

of the PS core, calcination has been carried out at 500 °C for 12 h. Thermal 

elemental analysis confirmed the complete combustion process by a lack of carbon 

in the 500 °C calcined spheres (see Table S8.1 in the Supporting Information, 

Chapter 8.7). This is also confirmed by thermogravimetric analysis (TGA), where 

a loss of ~2 % is observed due to the removal of intercalated water (Figure S8.5). 

Another 1 % of mass is lost up to 950 °C, which can be attributed to the removal of 

trace amounts of silica condensation products like water. During this core-removal 

calcination step, the outer diameter of the core/shell sphere shrinks by about 2 % 

when transitioning into hollow spheres. Uniformity and monodispersity are most 

important for a good structural control of the individual particle, as well as for the 

ensemble into a colloidal crystal, which defines the neighboring contact points. 

Transmission electron microscopy (TEM) images demonstrate the size and shape 

of the hollow spheres (Figure 8.1a-d). One can deduce that the spheres remain fully 

intact during the calcination cycle, they do not feature any cracks or dents. From 

the projection in the TEM, the shell thickness can be measured, which is given by 

the dark shaded ring that surrounds the hollow core. The surface of the spheres 

appears smooth (Figure S8.1), and the particles do not form aggregates or clusters. 

No sinter necks between the spheres or clusters can be seen in the TEM image, but 

they are rather individually redispersed in ethanol and deposited on the carbon-

coated TEM grid. Quite importantly, the hollow spheres demonstrate only a minor 

shrinkage of their diameter and shell thickness after being subjected to higher 

calcination temperatures up to 950 °C. As can be seen in Table 8.1, the diameter 
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slightly shrinks from 316 to 310 nm, whereas the shell thickness remains almost 

constant at 44 nm. In order to further characterize the shape of the hollow spheres, 

we performed SAXS measurements (Figure S8.2a). A multitude of diffraction 

orders can be observed, which are fitted using the form factor of a vesicle. The data 

match well to the TEM measurement and further prove the monodispersity of the 

hollow spheres.  

The functional properties of the hollow spheres only come into play when being 

assembled into a colloidal superstructure. We, therefore, used colloidal self-

assembly of the core/shell particles as well as hollow spheres calcined at 950 °C, 

both dispersed in water, in order to fabricate macroscopic monoliths of highly 

ordered colloidal crystals. Simple drying in PTFE beakers for several days turned 

out to be the most efficient way to obtain suitable monoliths.  

 

Figure 8.1. (a-d) TEM images of hollow silica nanoparticles at different calcination 
temperatures (500 - 950 °C). The particle dimensions remain constant for the various 
calcination temperatures and do not show any clustering. (e) Correlative light and electron 
microscope (CLEM) images of a HSNP colloidal crystal calcined at 500 °C. The bright 
colors are caused by coherent Bragg scattering. Most of the crystal is in a fully crystalline 
state as confirmed by the scanning electron microscopy (SEM) insets. 
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Figure 8.1e shows the side-view on a representative colloidal crystal after self-

assembly from core/shell particles and calcination at 500 °C. The thicknesses of 

colloidal crystals under investigation here ranged from about 390 to 875 µm. Due 

to the particle size of 316 nm, the crystallinity of the colloidal crystal can be 

assessed by its bright opalescent colors. Different lattice orientations are exposed 

to the surface, which causes a multitude of colors observable in Figure 8.1e. We 

used correlative light and electron microscopy to determine the crystallinity of the 

hollow sphere monolith. Two specific areas are highlighted in Figure 8.1e. The top 

area with greenish opalescence constitutes highly ordered, hexagonal periodicities 

of the hollow spheres. Such areas expand over a large range as single crystalline 

domains. As can be inferred by the opalescence, the vast majority of the hollow 

sphere ensemble is fully crystalline. Only at the very bottom, the long-range 

crystalline order is compromised and the particles appear to be in a jammed state 

with only small crystallites persisting. Based on this study, we can safely assume 

that the volume fraction of the particles in the colloidal crystal is close to its ideal 

value of 74 %. 

Table 8.1. Summary of data received from TEM, Pycnometry, and N2 sorption 
measurements. 

 TEM Density N2 sorption measurements c 

 d t ρ (CC) b SBET Vtot,DFT Vmic,DFT Vmic/Vtot 

 [nm] [nm] [g/cm³] [m²/g] [cm³/g] [cm³/g] [%] 

HS-500 316 ± 4 44 ± 2 1.044 113.9 0.101 0.028 27.4 

HS-650 316 ± 4 43 ± 2 1.037 70.0 0.087 0.010 11.0 

HS-800 314 ± 6 44 ± 2 1.050 26.3 0.053 0 0 

HS-950 310 ± 4 43 ± 2 1.047 19.7 0.045 0 0 
a d: diameter, t: shell thickness; b Density of the colloidal crystal (CC) calculated using the density of the silica 
shell obtained from helium pycnometry measurements (ρ(SiO2, shell) = 2.27 g/cm³) and assuming an fcc 
packing fraction of 0.74; c SBET: surface area calculated by using BET method, Vtot,DFT: total pore volume 
determined by using NLDFT model on silica at 77 K, Vmic,DFT: pore volume for pores with diameters smaller 
than 2 nm determined by using NLDFT model on silica at 77 K. 
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This value represents an upper limit since the amorphous components will 

slightly lower the real volume fraction. In combination with He pycnometry 

measurements, which resulted in a density of the silica shells – independent of the 

calcination temperature – of ρsilica, shell = 2.27 gcm-3, we can calculate the effective 

density of the hollow spheres colloidal crystal. For the hollow spheres under 

consideration here, we obtain ρHSNP, CC ≈ 1.04 gcm-3 (see Table 8.1). 

Whereas the geometric structure of a colloidal crystal consisting of hollow sphere 

particles remains almost identical for a large range of calcination temperatures, the 

internal structure changes quite considerably. Therefore any changes to the 

thermal conductivity can be linked to the microstructure of the silica shell. This 

internal structure is characterized by a certain surface area, a porosity defined by 

micropores, as well as the degree of condensation and the rigidity of the SiOx 

network. We used N2 adsorption isotherms as well as hyperpolarized 129Xe NMR 

spectroscopy to characterize the surface area and the pore size distribution within 

the silica shell (Figure 8.2). We find that the particles being calcined at 500 °C 

feature the largest BET surface area of about 114 m2g-1. Please note that we did not 

add any structure directing agents to the Stöber process to specifically increase the 

surface area or to template certain types or symmetries of micropores.18 The 

isotherms do not show any pronounced hystereses and point towards the presence 

of micropores (steep slope at low p/p0), mesopores of small diameter (shallow 

slope at intermediate p/p0), and macropores (Figure 8.2a). Upon calcination at 

higher temperatures, these mixed isotherms change considerably. The surface area 

gradually decreases, leading to a BET surface area of only 19.7 m2g-1 for the highest 

calcination temperature used in this study. Estimating the surface area of a hollow 

sphere powder of our particles leads to a slightly smaller surface area of 12.6 m2g-1 

when only the outer interface was accessible. Taking into account some surface 

roughness of the hollow spheres indicates that most of the silica shells are 

impassable for N2 after calcination at 950 °C. The drop in surface area is 

accompanied by a loss of total pore volume (from 0.101 cm3g-1 to 0.045 cm3g-1) and 

micropore volume (Figure 8.2c). In particular, no micropore volume can be 
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derived from the N2 isotherms at calcination temperatures beyond 800 °C anymore 

(Table 8.1). 

 

Figure 8.2. Internal structural characterization of hollow silica spheres in dependence of 
the calcination temperature: (a) Nitrogen adsorption and desorption isotherms measured 
at 77 K allow the determination of pore volume and surface area. (b) Pore radius 
distributions, calculated by applying NLDFT silica kernel based on a cylindrical pore 
model, indicate closure of the micropores at higher calcination temperatures. (c) BET 
surface area (squares) and pore volume (dots) as a function of calcination temperature. (d) 
129Xe NMR spectra of hyperpolarized xenon in silica hollow spheres as a function of the 
sample temperature. Even for the highest calcination temperatures a few micropores are 
still present in the silica shell. 

 

The pore size distribution obtained by NLDFT analysis, shown in Figure 8.2b, 

confirms the closure of micropores of about 5 – 8 Å in radius. Exceeding the 

information accessible by N2 sorption, the usage of hyperpolarized 129Xe NMR 

reveals more details of the internal structure at the highest calcination 

temperatures (Figure 8.2d). Two trends become obvious in the 129Xe spectra. 
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Considering the same measurement temperatures the signal intensity decreases 

with increasing calcination temperatures. This confirms the gradual closure of the 

micropores with increasing calcination temperature. From the limiting shifts 

δ(129Xe) ~ 57 ppm and 105 ppm determined at room temperature for the sample 

calcined at 500 °C two microporous cavities with diameters of 7 Å and 11 Å, 

respectively, were derived using the Fraissard model for cylindrical pore geometry 

(compare Table S8.2 in the Supporting Information, Chapter 8.7).31 This is in good 

agreement with the pore radius distribution calculated from the N2 sorption 

measurements. For all calcination temperatures, the 129Xe signals shift high-field 

with increasing measurement temperature due to the reducing Xe-Xe interactions 

as the pores gradually empty. Although for higher calcination temperatures the 

limiting shift could not be determined experimentally at room temperature due to 

the decreasing intensity, this trend indicates that even at 800 °C and 950 °C 

calcination temperature some microporous cavities remain (Figure 8.2d). This is in 

line with the decreasing micropore volume derived from the sorption data.  

The evolution of an asymmetry for the 129Xe gas peak at 0 ppm for all calcination 

temperatures is in line with filling mesoporous cavities at lower measurement 

temperatures (Figure S8.3a).32 These can be rationalized by the geometry of the 

contact points between adjacent spheres, which can be considered to be conical 

pores. 

Despite the rearrangement, which happens during the high-temperature 

calcination, the SiO2 network remains in its fully amorphous state. Powder XRD 

measurements on all four samples do not show any onset of crystallization 

(Figure S8.2b). Only broad halos, indicating the glassy state of the SiO2 network, 

can be observed. 
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Figure 8.3. Internal structural characterization of hollow silica spheres. (a) Deconvoluted 
projection of the 29Si spectrum of HSNP calcined at 500 °C; measured signal (black line), 
cumulative fit (open squares), simulated signals (orange lines), (b) Spin-lattice relaxation 
time of silica hollow spheres calcined at different temperatures. The closed symbols 
represent untreated and the open symbol pre-dried powder to remove water residues. 

 

As demonstrated by Zhang et al., silica networks obtained by the Stöber method 

predominantly consist of Si atoms, which are connected to three (Q3) or four (Q4) 

neighboring -O-Si- units. The ratio between Q3 and Q4 changes with increasing 

calcination temperature and ultimately leads to a fully condensed SiO2 network.24 

We also characterized our hollow silica spheres by solid state MAS 29Si NMR. The 

spectrum of a calcined sample at 500 °C is given in Figure 8.3a (the other spectra 

are shown in Figure S8.4). By deconvoluting the individual contributions from Q3 

and Q4 using a pseudo-Voigt function, we determined the ratio of Q4 to be already 

88 % in the 500 °C sample. This ratio increases up to 94 % for the case of 950 °C 

calcination (Table S8.2 in the Supporting Information, Chapter 8.7). It 

demonstrates a certain degree of rearrangement within the SiO2 network upon 

exposure to higher temperatures, yet the size of the particles stays constant. More 

prominently are the concomitant changes in the spin-lattice relaxation time T1 

(Figure 8.3b). We measured an increase from about 33 s for the hollow spheres 

calcined at 500 °C up to 6400 s for the highest calcination temperature. This clearly 

hints towards an increase of the rigidity of the still amorphous silica network, 

which may also improve the thermal transport capabilities. We confirmed that T1 

is almost independent of the amount of adsorbed water. This was observed at low 
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calcination temperatures by 1H NMR studies (Figure S8.3b). Whereas the broad 

water peak vanishes in the 1H NMR after the drying procedure, the T1 changes 

from 33 s to 20 s for the untreated and pre-dried samples calcined at 500 °C 

(compare Table S8.2 in the Supporting Information, Chapter 8.7).  

All these changes to the internal structure (surface area reduction, closure of 

micropores, increase of Q4 content and increase of rigidity) happen simultaneously 

during calcination and are depicted in Figure 8.4. 

 

Figure 8.4. Schematic representation of the internal structural changes upon 
high-temperature calcination. 

 

Besides the marked changes to the internal structure of the silica shell, the contact 

area between adjacent spheres can also be largely influenced by higher calcination 

temperatures. Colloidal crystals, with a hexagonally close-packed structure, 

feature twelve neighboring spheres around each particle. In vacuum, the thermal 

energy through such a colloidal structure can only be transported along the SiO2 

network. Therefore the contact points between adjacent spheres play a paramount 

role. Concomitantly to the changes of the internal structures, the degree of 

condensation between two spheres at the contact area is also likely to increase. 

These subtle changes, however, cannot be characterized or quantified, due to the 

small amount of atoms involved. From the SEM images (Figure S8.1) we can 

merely deduce that the contact points between the spheres increase slightly from 

(46 ± 13) nm at 500 °C to (64 ± 12) nm at 950 °C. In order to separate these two 

contributions to thermal transport (internal structural changes and contact area 

changes), we conducted two separate sets of experiments. In the first one, we 

assembled a colloidal crystal from core/shell particles. After calcination at 500 °C 
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we obtained the hollow sphere colloidal crystal. This monolith was repeatedly 

characterized after calcination at different temperatures of 650 °C, 800 °C and 

950 °C for 12 hours (solid symbols in Figure 8.6b). This experiment is sensitive to 

both types of internal and interfacial changes at the same time. In the second 

experiment, we self-assembled hollow silica spheres from an aqueous dispersion, 

which have beforehand been subjected to calcination at 950 °C. These hollow 

spheres featured a surface area of roughly 20 m2g-1, similar to the 950 °C calcined 

particles of the first experiment, indicating a comparable internal structure. 

Analogously to the samples of the first experiments (compare Figure 8.1e) a 

colloidal crystal with large monocrystalline areas was obtained (see Figure S8.8). 

The degree of crystallinity decreases from top to bottom with some amorphous 

areas at the lower end. The samples of this set of experiment are only sensitive to 

changes in the interfacial contact areas since the internal structure already 

resembles a highly condensed network with small surface area and closed 

micropores. Annealing of this colloidal crystal at elevated temperatures will 

consequently only strengthen the interfacial contact points but will leave the 

internal structure unaffected. By these two sets of experiments (calcined and 

annealed colloidal crystals), we can differentiate between contributions made from 

the internal structure and interfacial changes. 

We performed xenon flash analysis (XFA) on both types of hollow sphere 

colloidal crystals. The principle of measurement is depicted in Figure S8.6. A 

typical measurement along with its fit is provided in Figure 8.5a (further XFA 

measurement are shown in Figure S8.7 in Chapter 8.7 along with a description of 

the radiation fit model). At first, we investigated the temperature-dependent 

thermal diffusivity of a hollow sphere colloidal crystal from room temperature up 

to 200 °C (note that this sample has been calcined at 500 °C, and was stored at 

ambient laboratory conditions). The heating and cooling cycles are identical after 

the initial pre-conditioning as outlined in the experimental section (Figure S8.7b). 

The pre-conditioning removes adsorbed water in the silica shell (compare 1H NMR 

of HSNP calcined at 500 °C in Figure S8.3b). We conducted our experiments on at 

least three distinct samples of the hollow sphere colloidal crystals, each varying 
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slightly with respect to the overall sample thickness. Figure 8.5b shows only a 

small increase in thermal diffusivity α in the temperature range from 25 °C to 

200 °C. Using the equation  

= α · ρ ·  (8.2) 

  

the thermal conductivity κ can be calculated. As demonstrated above, the density 

ρ of the silica shell and therefore of the hollow sphere colloidal crystal does not 

change within this temperature range and stays almost constant up to calcination 

temperatures of 950 °C. The uncertainty of the density determination is about 9 %.  

 

Figure 8.5. LFA measurements of HSNP calcined at 500 °C. (a) Measured signal (black 
line) with radiation fit model (orange line). (b) Summary of the necessary input parameters 
(thermal diffusivity – black circles and mean specific heat capacity – orange triangles) to 
determine the thermal conductivity (black squares). 

 

Since we conduct our measurements in vacuum, we use the cp obtained from 

DSC measurements of the silica shell (from compacted hollow spheres). The 

specific heat capacity shows a monotonic increase in the temperature range of 

interest but is hardly influenced by the calcination temperature (see Figure S8.5b). 

We, therefore, used the same average temperature dependent cp for all samples 

under consideration here, which is close to the literature value of quartz glass 

(cp = 0.73 Jg-1K-1).33 The standard deviation of the cp amounts to about 2 %. The 

slightly reduced cp of our silica shell could be attributed to a small amount of 

porosity and differences in the network condensation, compared to fused quartz 
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glass reported in the literature. Combining the individual uncertainties of the 

thermal diffusivity, density, and specific heat, we find that the determination of κ 

is accurate to within ± 5 - 13 % for an individual measurement. Variations from 

sample to sample during the different calcination steps can be therefore regarded 

as the main source of error (details are reported in the Supporting Information 

(Chapter 8.7): uncertainty analysis of the thermal conductivity determination). We, 

therefore, show the average values and standard deviation of at least three 

independent samples in Figure 8.6.  

 

Figure 8.6. Thermal conductivity of calcined (closed symbols) and annealed HSNP 
colloidal crystals (open symbols). (a) Thermal conductivity of HSNP monoliths calcined 
at different temperature (500 – 950 °C) as a function of the measurement temperature. The 
dashed lines represent κ ~ Tx. (b) BET surface area and calcination temperature (inset) as 
a function of the thermal conductivity at 25 °C measurement temperature. (c) Schematic 
representation of the internal structural changes and the increase in interfacial adhesion 
within a colloidal crystal ensemble. 

 

Figure 8.6a shows all temperature-dependent data for one sample, which was 

calcined at 500 °C. The thermal conductivity of a hollow sphere colloidal crystal 

consisting of 316 nm diameter and 44 nm shell capsules is very low with 

κ = 71 m W m-1  K-1. The thermal conductivity increases monotonically to a value of 

κ = 91 m W m-1  K-1 at 200 °C, which is known for glassy materials at high 
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temperatures.34-35 It is higher compared to most bulk silica aerogels and previously 

reported hollow spheres, however, the effective density of colloidal crystal under 

investigation here is relatively high with ρ = 1.044 gcm-3. Calcination at elevated 

temperatures leads to a systematic increase in thermal conductivity, the absolute 

magnitude doubles at room temperature from κ = 71 m W m-1 K-1 (calcination at 

500 °C) to κ = 140 m W m-1  K-1 (calcination at 950 °C). In comparison to calcination 

dependent investigations that have been carried out on silica aerogel samples we 

attribute this increase not to a loss in methyl groups or increase in density, but 

solely to microstructural changes, since the density of our silica shell is constant 

from calcination between 500 and 950 °C.36 This is corroborated by a 

thermogravimetric analysis of the 500 °C calcined hollow spheres (Figure S8.5a). 

In the further discussion, we only want to focus on the thermal conductivity at 

25 °C. Concomitant with the increase in thermal conductivity at higher calcination 

temperatures, the standard deviation also increases. This can be understood by 

small, but random changes from sample to sample during the calcination process. 

Those changes can be the evolution of cracks or line defects or a change in the 

adhesion between the neighboring spheres. As outlined above, the individual 

spheres remain almost constant in size even at high calcination temperatures. 

However, within an ensemble of particles, those minute changes can accumulate 

to distinct defects. Such changes are small and we could not observe any structural 

changes by optical microscopy or SEM (see Figure S8.1). Since also the samples of 

annealed colloidal crystals demonstrate the same amount of increase in data 

scattering, the evolution of the mutual contact points seems to be the major source 

for this scattering. Additionally, an increase in thermal conductivity can lead to 

higher losses into the sample holder during the LFA measurement. This, in turn, 

can reduce the accuracy of the radiation fit model. 

Despite some scatter in the data, the unambiguous trend of an increase in 

thermal conductivity can be inferred from the inset of Figure 8.6b (closed symbols). 

Due to the well-defined structure, we can now relate this apparent increase to 

microstructural changes in the SiO2 network. We, therefore, plot the same data 



8 Colloidal Crystals Consisting of Hollow Silica Sphere Colloidal Crystals: Insights into Calcination 
Dependent Thermal Transport  159 

against the BET surface area, which changes sensitively with the calcination 

temperature as shown above. The reduction in surface area by a factor of almost 

six leads to a doubling of the thermal conductivity (Figure 8.6b, solid symbols). 

However, this change is accompanied by closure of micropores, a small increase 

in Q4 Si atoms (Figure S8.7c), a large increase in spin-lattice relaxation time, and 

most importantly an increase of the interfacial adhesion between the spheres. 

These changes are schematically shown in Figure 8.6c. The relative area (based on 

the total particle surface) involved in interfacial contact points, increases with 

higher calcination temperatures from ~6 % at 500 °C to ~13 % at 950 °C (see 

Figure S8.1). This can additionally contribute to an improved thermal transport 

between the individual particles due to less constriction resistance. We therefore 

also investigated the thermal transport properties of annealed colloidal crystals as 

outlined above. Figure S8.7d shows all temperature-dependent measurements of 

the annealed samples, similar to Figure 8.6a. The data from the 450 °C up to 950 °C 

annealed colloidal crystals are shown with open symbols in Figure 8.6b and 

correspond to a transition from Figure 8.6c II to III. The BET surface area of the 

hollow spheres and therefore of the colloidal crystal has already been reduced to 

only 20.3 m2g-1 prior to the colloidal crystal formation. This surface area does not 

change with increasing annealing temperatures any more, as the SiO2 network has 

already been brought into its highly condensed form. Consequently, the data lie 

on a straight vertical line in Figure 8.6b (open symbols). One recognizes that the 

loss of micropores and increase in rigidity of the silica network (i.e. the T1 

relaxation) leads to a distinct increase in thermal conductivity from 

κ = 71 m W m-1  K-1 to κ = 92 m W m-1  K-1 – while the interfacial contact between the 

spheres can be regarded similar to the 500 °C calcined crystal (closed black square). 

On the contrary, it demonstrates also the large influence of interfacial adhesion as 

the thermal conductivity is drastically reduced compared to the fully annealed case 

(open blue circles, κ = 154 m W m-1  K-1). Annealing at 650 °C, 800 °C, and ultimately 

950 °C strengthens the covalent linkage at the contact points of adjacent spheres, 

but will not change the internal structure any further (transition from Figure 8.6c 

II to III). This increase in adhesion reflects in a marked increase in thermal 
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conductivity of the annealed hollow sphere monoliths (open symbols) from 

κ = 94 m W m-1  K-1 (500 °C) to κ = 110 m W m-1 K-1 (650 °C), κ = 129 m W m-1  K-1 

(800 °C), and κ = 154 m W m-1  K-1 (950 °C). The final value of 154 m W m-1  K-1 is a 

little higher, compared to the calcined colloidal crystal (κ = 140 m W m-1  K-1). This 

could be due to the absence of shrinkage in case of annealing in contrast to 

calcination where the spheres shrink slightly from 316 to 310 nm (compare 

Table S8.1). This could reflect in fewer defects and broken contact points. 

What do we learn about the transport of thermal energy through such an 

amorphous, nanostructured silica material? The transport of thermal energy in this 

amorphous material is influenced by two distinct contributions: the microstructure 

of the “bulk” silica network (the thickness is only 44 nm) and the interfacial contact 

between the adjacent spheres. The influence of the bulk silica network can be seen 

by the difference between the colloidal particles calcined after (Figure 8.6b solid 

symbols) and before (Figure 8.6b open symbols) the assembly process. Assuming 

a comparable adhesion between the silica spheres at the respective calcination and 

annealing temperatures, the annealed colloidal crystals always demonstrate a 

higher thermal conductivity. Apparently, the minimum amount of micropores in 

combination with a higher degree of Q4 atoms and smaller BET surface area leads 

to less scattering of delocalized modes at point defects or interfaces. Furthermore, 

the increase in spin-lattice relaxation time can be interpreted as a measure to 

increase the coherence length of the vibrational modes in the amorphous network, 

which will result in an increased thermal transport. A similar effect has been 

reported for amorphous polymers, where weak van-der-Waals bonds have been 

replaced by stronger hydrogen-bonds.37 Accordingly, we also observe a decrease 

in the temperature dependence from κ ~ T0.5 for 500 °C calcination to κ ~ T0.4 for 

950 °C calcination (determined by a linear fit to a double-log plot of the κ vs. T 

graph). The annealed samples show a κ ~ T0.4 dependency, which slightly 

decreases with higher annealing temperatures (see Figure S8.7d). As a reference, 

fused quartz glass demonstrates a proportionality of κ ~ T0.3 in the respective 

temperature range between 0 °C and 200 °C. The temperature dependence of the 

thermal conductivity can give insights on how thermal energy is transported. For 
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crystalline materials the temperature-dependent thermal conductivity is known to 

scale with T-1 (at high temperatures) due to phonon-phonon Umklapp scattering.34, 

38 For disordered materials the scaling behavior exhibits typically a positive slope 

due to an increase in heat capacity and the diffusive thermal conduction of 

propagons and diffusons. In our amorphous material, we find the expected 

increase in thermal conductivity with increasing temperatures. This dependency, 

however, decreases slightly from T0.5 to T0.4 with increasing calcination 

temperature. We attribute this decrease to an increased anharmonic coupling 

between localized modes or between localized and delocalized modes, caused by 

the microstructural changes during the calcination.39 

Even more important, particularly when considering the small amount of atoms 

involved, are the interfacial contact points between the adjacent spheres. Due to 

the fcc structure, each particle contacts twelve neighboring particles. For the case 

of annealed colloidal crystals, the adhesion and the degree of crosslinking between 

the spheres, respectively, govern predominantly the thermal transport, since the 

internal structure is already fully condensed. Whereas we cannot quantify the 

bonding strength between the hollow silica particles, one can deduce from 

Figure 8.6b (open symbols) that the thermal conductivity can be increased by more 

than 160 %, when strengthening the contact points. Analogously to the calcined 

samples, a slight increase in the mutual particle contact area may also contribute 

to the enhanced thermal transport. 

The absolute thermal insulation properties of the hollow silica colloidal crystals 

presented here are less compared to their aerogel analogues; however, they still 

demonstrate a very low thermal conductivity in particular in the light of the 

relatively high density (ρ ≈ 1.04 gcm-3).  

8.3 Conclusion 

Colloidal crystals consisting of hollow silica nanoparticles represent a porous 

material class, with very well defined nano- and mesostructure. The 
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monodispersity of the constituting building blocks, which comprise two distinct 

length scales (44 nm shell thickness and 316 nm diameter), translates into highly 

ordered colloidal crystals. Yet, for thermal transport applications, this material can 

be considered entirely amorphous, due to the glassy microstructure of the 

condensed silica network. We employed a range of characterization techniques to 

determine the structural entities from the nano- to the macroscale. SAXS, electron 

and optical microscopy showed the structural integrity even after calcination up 

to 950 °C, whereas NMR, N2 sorption, and XRD demonstrated significant changes 

on the nanoscale. These changes result in an increase in thermal conductivity 

through this porous material. We identified two distinct contributions to this 

increase in thermal conduction. The first being internal structural changes of the 

condensed silica network, which are: loss of micropores, loss of BET surface area, 

increase in Q4 Si atoms and increase in spin-lattice relaxation time. The second 

being an increase in interfacial bonding between the individual spheres. Both 

result in a higher thermal conductivity of our porous silica material. Even though 

only a fraction of the total amount of Si and O atoms contribute to interfacial 

adhesion, the thermal conductivity predominantly depends on it. Combining low 

adhesion forces and microstructure leads consequently to the lowest thermal 

conductivity of κ = 71 m W m-1  K-1 for the system under investigation here. 

Colloidal crystals of hollow silica nanoparticles not only represent a highly 

insulating material. The well-defined structure further allows to thoroughly 

investigate thermal transport processes in amorphous silica materials. Further 

research will build upon these concepts and may lead to extremely efficient 

insulation layers. 

 

8.4 Experimental Section 

Materials 
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Styrene (≥99 %, Aldrich), 2,2′-azobis(2-methylpropionamidine) dihydro-

chloride (AIBA; 97 %, Aldrich), [2-(methacryloyloxy)ethyl]trimethylammonium 

chloride (MTC; 70 % solution in water, Polyscience), polyvinylpyrrolidone K30 

(PVP; Mw ~ 55 kg/mol, Aldrich), tetraethyl orthosilicate (TEOS; ≥ 99 %, Aldrich) 

and ammonium hydroxide solution (30 – 33 % in water, Aldrich) were used as 

received. Ethanol (EtOH) was used in technical grade and water was taken from a 

Millipore Direct Q3UV unit for the entire synthesis and purification steps.  

Synthesis of monodisperse hollow silica nanoparticles 

The synthesis of monodisperse hollow silica nanoparticles comprises three steps. 

First monodisperse polystyrene (PS) latex particles were synthesized by 

emulsifier-free emulsion polymerization. The reaction was carried out in a 500 mL 

three-neck flask, equipped with a gas inlet and a reflux condenser. Solid chemicals 

were dissolved in water prior to addition. Firstly 200 mL water, 26 mL styrene, 

1.8 g PVP and 100 µL MTC were heated to the reaction temperature of 70 °C at a 

stirring speed of 850 rpm using a large egg-shaped magnetic stirring bar. After 

equilibrating for 20 min, 600 mg AIBA initiator, dissolved in 40 mL water, were 

quickly added to initiate the polymerization. After nucleation, the stirring speed 

was reduced to 450 rpm and the polymerization was allowed to continue 

overnight at 70 °C under a slight inert gas flow. In the second step, the PS template 

particles were coated with a silica shell to obtain core/shell particles. The silica 

coating was achieved by a Stöber condensation process.40 Therefore 17.5 mL neat 

PS dispersion (9.14 wt.%) were diluted with 122.5 mL ethanol and 9.1 mL 

ammonium hydroxide solution and stirred at 500 rpm. After stepwise addition of 

13 mL TEOS the reaction was stirred overnight at room temperature. The 

core/shell particles were purified by repeated centrifugation and redispersion in 

water. In order to prepare hollow spheres, the sample was dried and kept in a 

furnace (Nabertherm L5/11/P33) at 500, 650, 800 or 950 °C in air for 12 h. The 

hollow spheres could be redispersed in water using mild sonication in a sonication 

bath. 
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Colloidal crystal via evaporation induced self-assembly of hollow silica 

nanoparticles  

To obtain colloidal crystals a concentrated aqueous solution of core shell 

particles (~ 7 wt.%) or hollow silica spheres (~ 5 wt.%) was slowly evaporated in a 

Teflon beaker with a diameter of 2 cm for several days. 

Characterization 

Transmission electron microscopy (TEM) images were performed on a Zeiss 

CEM 902 instrument in bright field imaging mode at an acceleration voltage of 

80 kV.  

Elemental analysis (EA) was performed on a Vario Elementar EL III apparatus.  

Nitrogen sorption measurements were carried out on a Quantachrome Autosorb 

AS-1 pore analyzer at 77 K. Prior to the measurements, all samples were 

preconditioned in vacuum at 350 °C for 12 hours. For the analysis, the 

Quantachrome ASiQ v3.0 software was used. The specific surface areas were 

calculated using the BET method. Pore volumes and pore size distributions were 

obtained by applying the nonlocal density functional theory (NLDFT) adsorption 

branch model for silica materials with cylindrical pore geometry.  

Solid-state 29Si NMR and hyperpolarized 129Xe NMR measurements were carried 

out on a Bruker Avance II spectrometer in combination with a 7.05 T magnet 

(Oxford) corresponding to a larmor frequency ω0 = 59.6 MHz for 29Si and 83.0 MHz 

for 129Xe equipped with a BVT 3000 VT-Unit (Bruker).41 Si spectra were recorded 

with single pulse excitation using a 7 mm triple resonance probe at a spinning 

frequency of 5 kHz. The chemical shifts were referenced to 

tris(trimethylsilyl)amine (2.4 ppm) relative to tetramethylsilane (TMS). A 90° pulse 

at a nutation frequency of 38 kHz was used. The repetition times were set to 60 s. 

The number of scans was adapted such that a sufficient S/N ratio was obtained. 
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Spin-lattice relaxation was measured by using a saturation recovery experiment 

with a pulse train of five 90° pulses to ensure complete saturation of the system. 

The spectra were deconvoluted using a pseudo-Voigt profile by fitting to the least 

squares. The formula of the applied profile is expressed by  

( ) = ∙ ∙
4 log 2

√ ∙
∙ exp −

4 log 2
( − ) + (1 − )

∙
2

[4 ∙ ( − )] +
 

(8.3) 

where A is the amplitude of the peak, δ0 is its center, η is the weight factor (1: 

Gaussian function, 0: Lorentzian function) and w is the full width at half maximum 

(FWHM). 

For variable-temperature (VT) hyperpolarized 129Xe NMR measurements a 5 mm 

wideline double resonance probe (Bruker) was used. The NMR chemical shifts 

were referenced to the signal of gaseous Xenon at 0 ppm. The probe was modified 

with a 3 mm inner diameter PEEK sample holder to incorporate hyperpolarized 

129Xe in continuous flow mode to the sample. The spectra were acquired with 

single pulse excitation using 52.62 kHz nutation frequency and 32 to 128 transients. 

The recycle time was set to 1 s and is not dependent on the spin-lattice relaxation 

but limited by the flow rate and the exchange between hyperpolarized and 

depolarized 129Xe in the pore.40 The hyperpolarized 129Xe was generated using a 

self-built polarizer. A gas mixture of Xe:N2:He = 1:2:97 (vol.%) at an overall 

pressure of 5 bar was irradiated with an 80 W diode laser (Coherent Inc.) at a 

central frequency of the Rb D1-line (l =  794.8 nm). The polarized gas was 

exchanged over the sample with a flow rate of about 200 cm3min-1. A polarization 

of ~ 5 % was reached. 

Solid-state 1H NMR measurements were carried out on a Bruker Avance III HD 

spectrometer using a 14.1 T magnet (Bruker Ascent) corresponding to a larmor 

frequency of ω0 = 600.1 MHz and a 1.3 mm double resonance probe at a spinning 

frequency of 62.5 kHz. Spectra were acquired with 8 transients at nutation 

frequency of 161 kHz and a repeating time of 5 s.  
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Small-angle X-ray scattering (SAXS) data reported here were measured using the 

small-angle-x-ray system Double Ganesha AIR (SAXSLAB, Denmark). The X-ray 

source of this laboratory-based system is a rotating anode (copper, MicoMax 

007HF, Rigaku Corporation, Japan) providing a micro-focused beam at 

λ = 0.154 nm. The data were recorded by a position sensitive detector (PILATUS 

300K, Dectris). To cover the range of scattering vectors between 0.026 – 2.6 nm-1 

different detector positions were used. The measurement was recorded using a 

powder of hollow silica nanoparticles between two Kapton foils at room 

temperature. The scattering curve was evaluated with a vesicle fit in the program 

SCATTER.42 

Powder X-ray diffraction (XRD) measurements were performed using a STOE 

STADI P (CuKα1 radiation, transmission geometry) diffractometer equipped with 

a fast, high-resolution silicon strip detector DECTRIS Mythen1K. The samples 

were mounted on a flat disk using Scotch® tape. A stepsize of 0.2° and integration 

time of 20 s was used. 

Differential scanning calorimetry (DSC) measurements were recorded using a 

Q1000 DSC (TA Instruments). Compressed powders of the hollow spheres 

(12 – 15 mg) were scanned in covered aluminum pans under dry nitrogen purge 

(50 mLmin-1) at different heating rates over a temperature range from -50 °C to 

200 °C with a heating rate of 10 °Cmin-1. The heat flow and heat capacity were 

calibrated using a standard sapphire sample. The received data was evaluated 

with Universal Analysis 2000 2.5A software. 

Thermogravimetric analysis (TGA) was done with a Mettler Toledo TGA/STDA 

851e Star System at a heating rate of 10 Kmin-1 under air flow. The initial sample 

weight was 16.8018 mg. 

Thermal diffusivity of the colloidal crystals was measured by xenon flash 

analysis (XFA) on an XFA 500 XenonFlash apparatus (Linseis) with an InSb 

infrared detector. The measurements were taken over a temperature range from 

25 to 200 °C in vacuum. Prior to the measurements, the samples were coated with 
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approximately 15 µm of graphite on each side. In order to eliminate any potential 

contribution from intercalated water inside the SiO2 network, we pre-heated the 

samples up to 200 °C for 15 min in vacuum. The received data was evaluated by 

the software AproSoft Laser Flash Evaluation v1.06. The thicknesses of the 

colloidal crystals were determined with a Litematic VL-50 (Mitutoyo). 

Correlative light-electron microscopy (CLEM) images were recorded on an Axio 

Imager.A2m (Carl Zeiss Microscopy) equipped with a motorized stage and a 

digital camera AxioCam ICc 1. Using the shuttle & find module the samples were 

transferred into a scanning electron microscope (SEM) Zeiss Ultraplus mounted 

on the sample holder KorrMik MAT universal B. SEM images were recorded on 

pre-defined spots based on the optical light microscope image using acceleration 

voltages between 2 and 3 kV and InLens SE detection as well as Everhart-Thornley 

detection (80/20 or 70/30 ratio). 
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8.7 Supporting Information 

Table S8.1. Elemental analysis – N, C, O content in HSNPs calcined at different 
temperatures.   

 N content [%] C content [%] O content [%] 

HSNP-500 0.054 0.254 0.317 

HSNP-650 0.021 0.067 0.106 

HSNP-800 0.026 0.035 0.010 

HSNP-950 0.025 0.069 0.002 

 

 

Figure S8.1. High magnification SEM images of HSNPs calcined at different temperatures 
(500 – 950 °C). No sinter necks between adjacent spheres can be observed, the particles 
retain their spherical shape and hexagonal assembly symmetry. 
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Figure S8.2. Internal structural characterization of HSNPs. (a) SAXS pattern for hollow 
silica nanoparticles calcined at 500 °C: experimental scattering profile (black line) and the 
fitting curve (orange line). The fit parameters are 315 nm diameter and 42.5 nm shell 
thickness, (b) XRD measurements of HSNPs calcined at different temperatures 
(500 – 950 °C). 

 

Table S8.2. Summary of data received from NMR measurements. 

 29Si NMR a 129Xe NMR c 

 Q4/(Q3+Q4) T1 relaxation 

time [s] 

Delta 

[ppm] 

Cylindrical pore 

[nm] 

HSNP-500 0.88 33 ± 7 (20 ± 2) b 57, 105 1.11, 0.71 

HSNP-650 0.92 96 ± 20 42, 105 1.42, 0.71 

HSNP-800 0.94 272 ± 60 - - 

HSNP-950 0.94 6400 ± 1000 - - 

a Relative amount of Q4 units and spin-lattice relaxation times obtained from solid state 29Si NMR, b Spin-

lattice relaxation time of HSNP-500 after drying to remove water residues, c Limiting shift of 129Xe and 

corresponding pore sizes according to the Fraissard model for cylindrical pore geometries. 

( ) =
243 ∙ 2.054

− 2.054 +  

δ = Limiting shift, DXe = VdW-Diameter of Xe 
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Figure S8.3. NMR characterization of HSNPs. (a) 129Xe NMR: Single xenon gas peak at 0 
ppm of silica hollow spheres at a measurement temperature of 298 K and 160 K, (b) 1H 
NMR spectra of silica hollow spheres calcined at different temperatures (500 – 950 °C). 
The dotted line shows a pre-dried sample. The stars mark the peak caused by adsorbed 
water. 

 

 

Figure S8.4. Deconvoluted projection of the 29Si spectra of HSNPs calcined at 500 – 950 °C; 
measured signal (black), cumulative fit (red), simulated signals (green, blue). 
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Figure S8.5. (a) Thermogravimetric analysis (TGA) results of silica hollow spheres 
calcined at 500 °C. The weight loss step (~ 2 %) at temperature up to 100 °C relates to the 
loss of adsorbed water. Another 1 % of mass is lost up to 950 °C, which can be attributed 
to the removal of trace amounts of silica condensation products. (b) Differential scanning 
calorimetry (DSC) measurements of the compacted silica hollow spheres calcined at 
500 – 950 °C and the corresponding mean values (orange dots).  
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Figure S8.6. (a) Photograph of a silica hollow sphere colloidal crystal with a diameter of 
2 cm, (b) XFA measurement principle and sample setup.  

 

In brief, the colloidal crystals were coated on the top and bottom side with a thin 

graphitic layer (< 20 µm). Using a short light flash from a Xe white light source (2 

ms) the bottom side of the sample is subjected to a temperature increase. The 

absorbed heat diffuses through the sample and consequently heats the top surface. 

An IR detector measures this time-dependent temperature increase. Using a 

radiation fit model the thermal diffusivity of the hollow sphere colloidal crystal 

sample can be extracted. 
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Figure S8.7. Xenon flash analysis (XFA) of silica hollow sphere colloidal crystals (a) 
Examples of LFA measurement signals of HSNP monoliths after calcination at elevated 
temperatures and the corresponding radiations fits (orange lines). The raw data were 
normalized to (0,1). Sample thicknesses were: 500 °C: 812 µm, 650 °C: 686 µm, 800 °C: 
654 µm, 950 °C: 665 µm. (b) Thermal diffusivity as a function of the temperature of a  
HSNP colloidal crystal calcined at 500 °C with heating (black) and cooling cycles (orange). 
(c) Thermal conductivity of HSNP crystals calcined at different temperatures in 
dependence of the degree of condensation, (d)Thermal conductivity of annealed colloidal 
crystals (450 – 950 °C), calcined at 950 °C prior to the assembly of the monoliths. The 
dashed lines represent κ ~ Tx. 

 

The radiation fit model represents an expansion to the finite-pulse and heat-loss 

corrections implemented in the Combined fit model from Dusza (L. Dusza, High 

Temperatures - High Pressures, 1995, 27, 467-473). It accounts for a portion of the 

Xe flash to be directly transmitted to the top surface, leading to an instantaneous 

temperature jump analogous to Blumm et al..( J. Blumm, J. Henderson, O. Nilsson 

and J. Fricke, High Temperatures-High Pressures, 1997, 29, 555-560). 
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Figure S8.8. Bright field microscopy image of a colloidal crystal consisting of HSNPs 
calcined prior to the assembly process (annealed colloidal crystal).  

 

Uncertainty analysis of the thermal conductivity determination 

In the following, the uncertainty analysis of an individual sample based on 

independent measurements for the 500 °C calcined HSNP colloidal crystal is 

shown exemplarily. The different contributions will be introduced separately: 

Thermal conductivity κ:  

= α ∙ ∙ = (
0.138 ∙

) ∙ ∙ (
( − ( − ) ) ∙

) 

 

Thermal diffusivity determination:  α = . ∙   

= ∙ + ∙ = (−
0.138 ∙

 ) ∙ + (
2 ∙ 0.138 ∙

) ∙  

 

Measured parameters and their standard deviation: 

Half-rise time t1/2: (0.926 ± 0.009) s 

Layer thickness d: (812 ± 8) µm 

Average thermal diffusivity and standard deviation: 
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α= (9.83 ± 0.22)·10-8 m²/s 

 

i) Heat capacity cp determination:   = ∑( ̅)² 

Average cp and standard deviation: 

cp: (0.683 ± 0.010) J/gK 

 

ii) Particle density ρ determination:   ρ = ( ( ) )∙
 

=

⎷
⃓⃓
⃓⃓
⃓⃓
⃓⃓ ∙ + ∙ + ∙ =

(−3 ∙ t(t − r) ∙ ) ∙ + (3 ∙ (r − t) ∙ ) ∙ +
( − ( − ) )

∙
 

 

Measured parameters and their standard deviation: 

Shell thickness t: (43.7 ± 1.6) nm 

 

Particle radius r: (157.9 ± 1.9) nm 

Density of the shell by He pycnometry ρSiO2: (2.27 ± 0.13) g/cm³ 

 

Average density and standard deviation: 

ρ= (1.044 ± 0.089) g/cm³ 

 

Calculation of the thermal conductivity κ: 
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= α ∙ ∙  
 
Standard deviation of κ: 

= ∙ + ∙ + ( ) ∙  

 

Average thermal conductivity and standard deviation: 

κ= (70.1 ± 6.3) mW/mK 

 

We determined the standard deviation for each calcination dependent thermal 

conductivity measurement of our samples and confirmed that the relative error is 

< 10 % for most of the cases. The highest uncertainty was found to be 13 %. 

We, therefore, conclude that the major source of uncertainty is given by 

variations from sample to sample. This is the data and uncertainty that we present 

in our manuscript, which is based on at least three independent samples at each 

calcination temperature. 
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Abstract 

The combination of various types of materials is often used to create superior 

composites, which outperform the pure phase components. For any rational design, 

the composite performance needs to be accurately described in dependence of the 

volume fractions of the component mixture. When approaching the nanoscale, the 

homogeneous mixture of various components poses an additional challenge. Here, we 

investigate binary nanocomposite materials based on polymer latex beads and hollow 

silica nanoparticles. These form randomly mixed colloidal glasses on a sub µm scale. 

We focus on the heat transport properties through such binary assembly structures. 

The thermal conductivity can be well described by the effective medium theory. 

However, film formation of the soft polymer component leads to phase segregation 

and a mismatch to existing mixing models. We confirm our experimental data by finite 

element modeling. This additionally allowed us, to assess the onset of thermal 

transport percolation in such random particulate structures. Our study contributes to 

a better understanding of thermal transport through heterostructured particulate 

assemblies. 

9.1 Introduction 

Nanostructured materials have been the driving force for the tremendous 

development of many modern technologies such as computational power and 

storage, sensors, or communication. Especially, (opto)electronic devices benefited 

from the ongoing miniaturization, which allowed to increase the device density 

according to Moore’s law. However, this miniaturization is also accompanied by 

an increased energy density and, consequently, by much higher, much more 

localized temperatures. Thus, it becomes increasingly important to control the way 

heat flows through these structures; one particular challenge is the dissipation of 

heat in electronic elements.1 Therefore, electrically insulating heat spreading 

materials are used to prevent the formation of hot spots, which reduce the lifetime 

and reliability of electronic materials.2-3 Common heat sinks are polymers filled 
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with a highly thermally conductive micro- or nanomaterial.4-5 The thermal 

properties of these polymer composites depend mainly on the geometry of the 

filler (i.e., shape and size)6, the volume fraction and distribution of the filler 

material in the matrix (lattice type)7, the contact between the filler particles8, and 

the thermal properties of the components8. Advantages of polymer filled materials 

are good mechanical properties and easy processing.  

For the application as heat spreading material, a composite material needs to 

enhance the effective thermal conductivity greatly compared to that of its neat 

matrix. The filler material is typically much more expensive and/or less available 

than the matrix component. Consequently, low loading fractions of the filler 

material are highly desirable. An important quantity to characterize the minimum 

amount of necessary filler is given by its percolation threshold. Percolation 

describes the formation of long-range connectivity in randomly ordered systems. 

Expectedly, the threshold shifts to lower filler volume fractions in composites by 

using small particles with a large aspect ratio9, a lattice type with a large number 

of neighbors (such as a face-centered cubic structure)7, and a low contact resistance 

between the filler particles10.  

The percolation theory can analytically describe the composition dependence of 

binary mixture of isotropic objects.7 It describes the relationship between the 

effective thermal conductivity of the composite, , and the volume fraction of 

the filler, ,  

∝  −  (9.1) 

where   is the thermal conductivity of the filler,  the percolation threshold 

and n the percolation exponent (typically 2 in a 3D experiment). Based on this 

equation, Mamunya et al.11 developed an analytic expression for the electrical 

conductivity in composites, which can be also assigned to the effective thermal 

conductivity (κeff):8  

=
−

− ∙ ( − ) +  (9.2) 

where κ1, κ2 are the thermal conductivities of the two components 1 and 2 

(κ1 >> κ2), F is the maximum filling packing factor (here: F = 1), Φc is the percolation 
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threshold (Φc = χc·F), which depends on the lattice structure (χc is the critical 

percolation probability, χc = 0.27 for random close-packed structures)12, Φ1 is the 

volume concentration of component 1, and  is a critical exponent, which depends 

on the dimension of the structure (3D structures: t = 2)7. However, the percolation 

theory cannot be applied to mixing ratios lower than the percolation threshold.  

Therefore, the thermal conductivity of a composite material is often predicted by 

binary mixing models. These can be applied to the entire mixing phase diagram. 

The most common ones are the series and parallel model, the Maxwell-Eucken 1 

and 2 model and the effective medium theory (EMT).13-14 These are summarized 

with their corresponding formulas in Figure S9.1 in the Supporting Information 

(Chapter 9.7). The upper and lower bounds are given by the parallel and series 

model, respectively, in which the layers are parallel or perpendicularly aligned to 

the heat flow direction. The Maxwell-Eucken model 1 and 2 assume separated 

inclusions in a dispersed phase.15 Thus, materials with percolating pathways 

cannot be described by the Maxwell-Eucken models. A better description is given 

by the effective medium theory (EMT) model. It considers a structure in which two 

components are randomly distributed with neither phase being dispersed or 

continuous. Thus, both materials can form heat conduction pathways depending 

on the respective volume fraction. 

 

Our contribution addresses two important aspects of composite materials. 

Firstly, choosing a colloidal approach, we are able to fabricate nanostructured 

colloidal materials with any mixing ratio, which otherwise often suffer from 

demixing or clustering. This allows us to investigate the applicability of the 

existing mixing models. Secondly, we shed light onto thermal transport 

percolation in an isotropic particle ensemble. We compare our experimental results 

with FEM simulation, which provides a deeper understanding of the percolation 

evolution. We base our study on two types of electrically insulating building 

blocks: polymer latex beads and hollow silica nanoparticles. These are 

self-assembled into randomly close-packed colloidal ensembles.  
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9.2 Results and Discussion 

Binary Colloidal Assemblies 

The binary colloidal assemblies are built from two types of particles with 

comparable outer diameters and surface charges: copolymer particles poly(methyl 

methacrylate-co-n-butyl acrylate) (P(MMA-co-nBA)) with a diameter of 441 ± 9 nm 

(zeta potential of -43 mV) and hollow silica nanoparticles (HSNPs) with a diameter 

of 423 ± 8 nm, a shell thickness of 25.3 ± 1.2 nm (zeta potential of -27 mV). The 

electron microscopy images of these particles are shown in Figure S9.2. Both 

images highlight the monodispersity of the particles. The polymeric particles 

feature a shrunk and rough surface due to the sensitivity of the PMMA to the 

electron beam.  

We used vacuum filtration (see Figure S9.3 and Experimental Section for more 

details) for the self-assembly process since this method enables a fast and facile 

assembly of the particles into a colloidal glass with a random distribution of the 

two particle types. Particularly, minor density differences do not influence the 

particle distribution in the colloidal glass using the filtration process. The number 

of polymer particles was varied from 100 % to 0 % particles (see Table S9.1). The 

comparable particle size and surface potential lead to a good particle distribution 

on the sub-µm scale in the composite. This is validated by side-view scanning 

electron microscopy (SEM) images. Figure 9.1a shows the 50/50-mixture with 

red-colored hollow spheres for easier identification. The other particle composites 

are shown in Figure S9.4.  

 

Thermal Transport Properties of Binary Colloidal Glasses – Percolation Effect 

The thermal transport properties of the colloidal glasses were determined by 

xenon flash analysis. The method allows the direct determination of the thermal 

diffusivity. The thermal conductivity κ can be calculated using the following 

equation:  

= ∙ ∙  (9.3) 

The specific heat capacity cp and density ρ data are shown in Figure S9.6.  



9 Thermal Transport in Binary Colloidal Glasses: Composition Dependence and Percolation 
Assessment  187 

Figure 9.1a shows the thermal conductivity data of the binary colloidal glasses 

for different polymer particle volume fractions. For a colloidal glass, consisting of 

hollow silica spheres (0P), the thermal conductivity is extremely low with a 

thermal conductivity of only 13 m W m-1  K-1. The heat transport is limited in these 

colloidal glasses due to several structural properties on the nano- and mesoscale.16-

17 These are (i) the hollow structure, which reduces the density to only 0.30 gcm-3, 

(ii) the large amount of interfaces due to the particulate structure, which increases 

the thermal resistance by means of interparticle constriction, and (iii) the low 

packing parameter of the particles to reduce the density and interparticle contact 

points even further. Thus, silica hollow sphere colloidal glasses represent a highly 

insulating material class. The thermal conductivity of the investigated 

P(MMA-co-nBA) particle colloidal glass is about 57 m W m-1 K-1 at a density of 

0.77 gcm-3, which compares well to the value reported for 366 nm polystyrene 

colloidal crystals.18 By mixing the two types of particles, the thermal conductivity 

can be tuned within these bounds. We find that the thermal conductivity increases 

monotonically with increasing polymer particle ratio within the colloidal 

assemblies. Thus, we do not find any sign of reduced thermal conductivity caused 

by mixing unlike particles, e.g., by additional interfacial resistances. We also 

cannot infer a distinct percolation threshold, which would be indicative for a 

preferred energy transport along a specific particle pathway.  

We compare now our binary colloidal alloys to the existing set of mixing 

models.13 The EMT model describes our system across the whole volume fraction 

range reasonably well. However, at low and high volume fractions, the 

Maxwell-Eucken (ME) models are also in reasonable agreement. For these regions, 

the separated inclusion assumption of the ME model is valid since the minority 

particle phase is dispersed in the majority phase. Furthermore, the parallel and the 

series model are not adequate for our colloidal alloys. Thus, besides the extreme 

mixing models, EMT and ME (in the respective volume fraction range) provide a 

reasonably good estimate of nanoscopically mixed materials. 
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Figure 9.1. (a) Side-view scanning electron microscopy (SEM) image of the colloidal 
assembly with a polymer particle volume fraction of 53 % (53P). The hollow spheres are 
red-colored. (b) Thermal conductivity data of the binary colloidal glasses measured in 
vacuum at 25 °C (black squares) in comparison to different mixing models: effective 
medium theory (EMT), series model, parallel model, Maxwell-Eucken (ME) model 1 
and 2.  

 

Finite element modeling (FEM) is a useful tool to validate and understand the 

experimental data. Figure 9.2a compares the experimental values to the simulation 

results based on a random close-packed particle structure with random binary 

particle selection. FEM allows the screening of various composition ratios easily. 

The resulting thermal conductivity data (solid circles and squares) are plotted 

along with the EMT mixing model (solid line). The data obtained from finite 

element modeling fits very well to the experimental data and are well described 

by the EMT model. Thus, FEM and the EMT model are both suitable methods to 

predict the thermal conductivity of binary colloidal glasses. Furthermore, the 

assumptions implemented in the FEM simulation such as diffusive thermal 

transport and no interfacial thermal contact resistance between adjacent spheres 

describe the experimental situation adequately well. 
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Figure 9.2. Finite element modeling (FEM) of binary colloidal assemblies with hollow 
silica spheres. (a) Thermal conductivity data of the binary particle mixtures and the EMT 
model in comparison to simulated data obtained from FEM. (b) Thermal conductivity data 
from FEM of binary colloidal glasses consisting of hollow spheres and diamond particles 
and the corresponding EMT model (black line). The gray lines show the EMT model for 
binary particle mixtures with a decreasing thermal conductivity difference (κ1:κ2) between 
the two types of particles. The blue dashed line represents the fit by a percolation model 
(Equation (9.2)). (c) The geometry of the binary colloidal glass with a diamond particle 
volume fraction of 36.5 % (blue particles) used for the FEM simulations and the 
corresponding heat flux streamlines for the different directions (x, y, and z).  

 

We can now use FEM simulations to investigate the onset of percolation in binary 

colloidal crystals in greater detail. Therefore, we selected two types of dielectric 

particles, which possess a large thermal conductivity contrast, which is 

experimentally hardly accessible: hollow silica nanospheres and diamond 

particles. The large thermal conductivity contrast should allow for a clear 

assessment of the percolation through the colloidal assembly. The FEM results in 

comparison to the EMT model are shown in Figure 9.2b. The formation of 

percolation pathways is found at a particle ratio of about 30 % diamond particles. 

This mixing ratio range coincides with the onset of a high degree of variability 
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between the individual simulation results. As outlined in the experimental part, 

each simulation was conducted along the x, y, and z axis of the simulation cube. In 

Figure 9.2c heat flow streamlines are shown for the different directions with a 

diamond particle volume ratio of 0.365. While in y- and z-direction the heat flow 

is relatively low (thermal conductivity of ~60 – 70 m W m-1  K-1), the heat flow in x-

direction shows a percolation pathway, which increases the thermal conductivity 

to ~23590 m W m-1  K-1. This large variability is indicative of a critical mixing ratio 

close to the percolation threshold. Owing to the hardware limitation of the size of 

our simulation cube, fully percolated pathways only span across distinct 

orientations at this regime. Increasing the number of diamond particles (> 50 %) 

leads to a colloidal glass with robust percolating pathways in all directions. The 

effective medium theory describes this mechanism also quite well but 

overestimates the thermal conductivity at high diamond particle ratios. The 

percolation threshold is visible at a diamond particle volume ratio of about 30 %. 

The explicit percolation model (Equation (9.2)) provides a better way to describe 

the simulated data. In this equation, κ1 and κ2 are the effective thermal 

conductivities of the pure hollow sphere or polymer particle colloidal assembly. 

Therefore, the maximum filling packing factor F equals 1. The percolation model 

is plotted in Figure 9.2b as a blue dashed line and shows a clear consistency with 

the simulated data above the percolation threshold at a mixing ratio of 27 %.  

To sum up, the EMT model describes the mixing of nanoparticles reasonably 

well, even for a significant difference between the distinct thermal conductivities. 

The percolation theory best describes the onset of percolation. Our results of the 

simulation thereby confirm the analytical solution. The ratio between the 

respective components should at least amount to 1:500 to observe a step-like 

increase in thermal conductivity (gray, solid lines in Figure 9.3b). 

 

Thermal Transport Properties of Binary Colloidal Glasses – Temperature-Dependency 

Exploiting the known temperature dependence of polymer colloidal crystals18, 

we followed an alternative route to investigate percolation in our binary colloidal 

mixture experimentally. Briefly, upon crossing the glass transition temperature 
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(Tg) of the constituting polymer, the effective thermal conductivity of a polymer 

colloidal crystal increases by 200 – 300 %. We, therefore, measured the 

temperature-dependent thermal conductivity data at 1000 mbar in helium. The 

thermal conductivity for the different particle ratios is shown in Figure 9.3a.  

 

The thermal conductivity of the pure hollow silica nanoparticle colloidal glasses 

shows a monotonic increase driven by the specific heat capacity, and no hysteresis. 

At the other extreme, the pure polymer particle glass exhibits the expected sharp 

increase of the thermal conductivity after exceeding the Tg due to the loss of the 

particulate structure (see SEM images in Figure 9.3d). The other particle mixtures 

feature a transient behavior between these two cases, however, with marked 

differences between the heating and cooling cycle. Figure 9.3b summarizes the 

differences before and after heating. In this case, any contribution from gaseous 

transport can be excluded since these data were measured in vacuum. While the 

thermal conductivity increases only minor up to 50 % polymer content, the rise is 

distinct for higher ratios, where the polymer constitutes the majority phase. This 

can be attributed to the formation of a continuous polymer network due to the loss 

of interfaces. Thus, heat can be conducted faster through the polymer phase, 

leading to a type of percolation after heating above the Tg (compare SEM image in 

Figure 9.3d). This is accompanied by an increase of the density shown in 

Figure 9.3c. Comparing this sort of percolation effect to the one discussed above, 

we find a discrepancy in the percolation onset. A percolating polymer network 

should form at about 27 % polymer beads; yet, the temperature induced 

percolation only sets in at polymer particle ratios > 50 %. Considering the 

concomitant increase in density, we conclude that the temperature-induced 

percolation is rather a measure of the structural integrity of overall particle 

ensemble. This starts to break down as soon as polymer particles constitute the 

majority phase. 
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Figure 9.3. (a) Temperature-dependent thermal conductivity of colloidal glasses in helium 
at 1000 mbar. (b) Thermal conductivity of the particle assemblies before and after heating 
to 150 °C in vacuum. The red dashed line represents the EMT model (Figure S9.1). (c) 
Density of the colloidal assemblies before and after heating to 150 °C. (d) Scanning electron 
microscopy (SEM) images of the colloidal assemblies after heating to 150 °C.  

 

The comparison of the molten film to the effective medium model reveals a 

second severe change to the homogeneity of the nanocomposite. The agreement 

between the EMT model and the measurement is much worse compared to the 

initial particle mixture. It now underestimates the thermal conductivity of high 

polymer mixing ratios and overestimates it at lower ratios. This hints towards a 
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concomitant phase separation upon polymer annealing. The SEM images after the 

heating cycle qualitatively support this interpretation. Particularly for the case of 

low hollow sphere contents (89P and 77P) areas with large hollow sphere 

aggregates – even with a high degree of local order – can be inferred. These could 

originate from a relocation of the silica hollow spheres upon polymer film 

formation and confirm the challenge to fabricate homogeneous composite 

materials on the nanometer scale. 

9.3 Conclusion 

We investigated the thermal transport properties of binary colloidal glasses 

consisting of hollow silica nanoparticles and P(MMA-co-nBA) polymer particles. 

Mixing these two types of particles enables the fabrication of a nanocomposite 

material with a homogeneous distribution of the two components. The thermal 

conductivity increases from 13 m W m-1  K-1 to 57 m W m-1 K-1 in vacuum, depending 

on the particle mixture. Established mixing models are suitable to describe the 

effective thermal conductivity adequately. However, no percolation threshold can 

be observed in these particle mixtures. This is also validated by finite element 

modeling and the effective medium theory. Using finite element modeling, we 

validated our experimental results and provided a thorough understanding of the 

percolation threshold. We find that the thermal conductivity ratio (κ1:κ2) between 

two types of particles must be at least 1:500 to observe a distinct step in the mixing 

ratio dependency. 

Heating the binary colloidal glasses above the glass transition temperature leads 

to a melting of the polymer and a loss of the interparticle interfaces. Thus, a 

continuous polymer network forms with solid particle inclusions for polymer 

contents > 50 %. This can be understood as a threshold of structural integrity. 

Concomitantly, the film formation induces a demixing of the hollow silica beads 

resulting in a heterogeneous structure. This is less well described by the EMT 

mixing model. Our study contributes to a thorough understanding of percolation, 
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structural integrity, and effective thermal transport properties in particulate 

nanocomposite materials. 

9.4 Experimental Section 

Materials 

Styrene (≥ 99 %, Aldrich), 2,2′-azobis(2-methylpropionamidine) dihydro-

chloride (AIBA; 97 %, Aldrich), [2-(methacryloxy)ethyl]trimethyl-ammonium 

chloride (MTC; 70 % solution in water, Polyscience), polyvinyl-pyrrolidone K30 

(PVP, Mw ∼ 55 kgmol-1, Aldrich), tetraethylorthosilicate (TEOS, ≥ 99 %, Aldrich) 

and ammonium hydroxide solution (30 – 33 % in water, Aldrich) were used as 

received. Methyl methacrylate (MMA, 99 %, Aldrich) and n-butyl acrylate (nBA, 

≥ 99 %, Aldrich) were purified by filtration over an alumina column (activated, 

basic, Brockmann I, Sigma-Aldrich). Ethanol was used in technical grade, and 

water was taken from a Millipore Direct Q3UV unit for the entire synthesis and 

purification steps.  
 

Synthesis of Hollow Silica Nanoparticles 

The synthesis of hollow silica spheres comprises three steps. (I) First, 

monodisperse polystyrene (PS) particles were prepared by emulsifier-free 

emulsion polymerization.19 For the synthesis, 1.8 g PVP were dissolved in 10 mL 

water and added to a 500 mL three-necked flask, equipped with a reflux condenser 

and a gas inlet. 225 mL water, 26 mL styrene, and 75 µL MTC were added. The 

emulsion was degassed and heated to the reaction temperature of 70 °C at a stirring 

speed of 850 rpm for 30 min. For the initiation of the polymerization, 0.6 g AIBA, dissolved 

in 5 mL water, were added. After the nucleation, the stirring speed was reduced to 

450 rpm, and the reaction was carried out overnight under an argon atmosphere. (II) In 

the second step, the polystyrene particles were coated with a thin silica shell by a modified 

Stoeber condensation process to obtain core/shell particles.20 For the synthesis, 1.9 vol.% 

TEOS were added to an 81.4 vol.% ethanol, 10.7 vol.% water, 6.0 vol.% ammonium 
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hydroxide solution containing 9.73 mgmL-1 PS latex particles. (III) Subsequently, the 

polystyrene core was removed by calcining the particles at 500 °C for 12 h in air.  

Synthesis of P(MMA-co-nBA) particles  

The polymer particles were prepared by emulsifier-free emulsion 

polymerization. For the synthesis, 450 mL water and a mixture of 40 ml and 10 mL 

MMA and nBA were added to a 1000 mL three-necked flask, equipped with a 

reflux condenser and a gas inlet. The emulsion was degassed and heated to the 

reaction temperature of 75 °C at a stirring speed of 650 rpm. After 15 minutes, 2 mL 

of acrylic acid were added to the mixture followed by a further equilibration step 

for 5 min. The polymerization was initiated by a rapid injection of 150 mg KPS 

dissolved in 5 mL water. After the nucleation, the stirring speed was reduced to 

400 rpm to avoid the formation of aggregates. The reaction was carried out 

overnight under an argon atmosphere. Residual reagents were removed by 

dialysis against water for five days, changing water twice a day. 
 

Assembly into Colloidal Glasses  

Colloidal assemblies were prepared by a vacuum filtration system from Merck 

Millipore (see Figure S9.3). As a filter paper, an MF-Millipore membrane filter with 

a pore size of 0.2 µm was used. The sample size was reduced by a Teflon inset with 

a diameter of 2 cm. After the assembly, the samples were dried in vacuum 

overnight.  
 

Characterization Methods 

Scanning electron microscopy (SEM) was performed using a Leo 1530 

instrument (Zeiss) using acceleration voltages of 2 or 3 kV. The images were taken 

with an InLens and Everhart-Thornley secondary electron detector.  

Differential scanning calorimetry (DSC) measurements were performed on a 

Discovery Q2500 DSC (TA Instruments). For the determination of the specific heat 

capacity the ASTM E1269 standard test method was used. Powders of the particles 

(~10 mg) were scanned in closed aluminum pans under a dry nitrogen flow of 



9 Thermal Transport in Binary Colloidal Glasses: Composition Dependence and Percolation 
Assessment  196 

50 mLmin−1 over a temperature range from -40 to 210 °C with a heating rate of 

20 °Cmin−1. Two heating cycles were conducted, whereas only the second cycle 

was used for evaluation.  

Thermal diffusivity measurements of the colloidal assemblies were performed 

on a xenon Flash apparatus (Linseis, XFA500) equipped with an InSb infrared 

detector. Before the measurements, the samples were coated with a thin graphitic 

layer (~15 µm) on each side to ensure a good absorbance at the bottom and a high 

emissivity at the top side of the sample. The thickness of the graphite layer is 

negligible compared to the thickness of the colloidal glasses (700 – 1500 µm). The 

measurements were performed on at least three samples in vacuum (~0.05 mbar) 

at room temperature, and in helium (1000 mbar) in the temperature range from 

25 to 150 °C. The received data were evaluated by the software AproSoft Laser 

Flash Evaluation v1.06 using the radiation fit model. The schematic setup and the 

corresponding measurement signal, fitted by the radiation model, are shown in 

Figure S9.5. 

The thicknesses of the colloidal glasses were measured using a Litematic VL50 

(Mitutoyo) measuring unit. 

The densities of the hollow sphere assemblies and the unmolten colloidal glasses 

(0P – 100P) were determined from the mass and volume of the monoliths. The 

volume was measured using a 3D digital surface profiler (Keyence V3100), and the 

mass was determined by weighing the colloidal glasses. The densities of the 

molten colloidal assemblies (27P – 100P) were measured using Archimedes' 

principle (buoyancy method). The colloidal glasses were hydrophobized by 

chemical vapor deposition using hexamethyldisilazane (HMDS) to avoid the 

adsorption of water by the hygroscopic silica network. 
 

Finite Element Modeling 

An amorphous structure of equally sized particles was compiled using a 

molecular dynamics simulation. Precisely, we used the gran/hooke 

pairpotential21-23 in LAMMPS on a set of 20000 particles that were pulled by a 

gravitational force to the bottom of a simulation box with periodic boundaries in x 
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and y direction. The g(r) of the resulting structure (Figure S9.7) shows the distinct 

features of a random sphere packing as described in literature.24-28 

This amorphous particle structure was used for the finite element modeling 

(FEM) of the effective thermal transport properties using COMSOL 

Multiphysics®. A random selection process assigned the two types of particles 

(hollow silica nanoparticles and P(MMA-co-nBA) particles) to the simulated 

colloidal glass, yielding a binary colloidal assembly with different polymer particle 

volume fractions. The particle size has been adjusted such that the mutual contact 

points between the spheres resemble the experiment. There, we find a relative 

contact area of about 0.6 – 1 % of the total particle surface area per contact point. 

The absolute value of this contact area is of minor relevance for the discussion as 

it will only offset the overall thermal conductivity. For the hollow silica spheres, 

the experimental shell thickness-to-radius ratio was used. Three cubes per mixture, 

each with around 100 particles, were cut out of the amorphous structure. The 

allowed number of particles in the cube is limited by the physical memory of the 

simulation computer (128 GB). An exemplary structure used for FEM is shown in 

Figure 9.2c. A temperature difference was applied to opposite faces of the cube, 

while all remaining surfaces were thermally insulating. Therefore, purely one-

dimensional thermal transport can occur. Furthermore, no thermal resistance 

between the particles was considered. The computed heat flux normal to the 

isothermal faces was used to calculate the effective thermal conductivity using 

Fourier’s law (see Equation (S9.1)). The simulation was conducted along all three 

directions (x, y, and z) of the cube. The same simulations were undertaken using 

diamond instead of P(MMA-co-nBA) to obtain data for a binary colloidal assembly 

having a higher thermal conductivity contrast. The specific heat capacity, density, 

and thermal conductivity of all materials used in FEM simulations are listed in 

Table S9.2. 
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9.7 Supporting Information 

 

Figure S9.1. Relative effective thermal conductivities κe for the series, the parallel, the 
Maxwell-Eucken (ME) and the effective medium theory (EMT) model and the 
corresponding equations. In the ME1 model, 1 is the continuous phase, whereas, in the 
ME2 model, 1 is the dispersed phase. Adapted with permission from Carson et al. (Carson, 
J. K.; Lovatt, S. J.; Tanner, D. J.; Cleland, A. C., Thermal conductivity bounds for isotropic, 
porous materials. Int. J. Heat Mass Tran. 2005, 48 (11), 2150-2158). 

 

 

Figure S9.2. (a) Transmission electron microscopy (TEM) images of the hollow silica 
nanoparticles, (b) Scanning electron microscopy (SEM) images of the P(MMA-co-nBA) 
particles. 
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Table S9.1. Designation of the binary colloidal assemblies and the corresponding 
polymer particle volume fraction.  

 100P 87.5P 75P 62.5P 50P 25P 0P 

Number of Polymer 

Particles [%] 

100 87.5 75 62.5 50 25 0 

Polymer Particle 

Volume Fraction  

1 0.89 0.77 0.65 0.53 0.27 0 

 

 

Figure S9.3. Schematic setup of the vacuum filtration system. The parts were held together 
by a spring clamp and put on a filter flask.  

 

SEM images, before heating:  
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Figure S9.4. Scanning electron microscopy images of the binary colloidal glasses 
comprising 100% - 0 % polymer particles.  

 

Figure S9.5. Schematic setup of the xenon flash analysis and the corresponding 
measurement signal with radiation fit. This fit model represents an extension to the finite-
pulse and heat loss corrections given by the Combined fit model from Dusza (L. Dusza, 
High Temperatures – High Pressures, 1995, 27, 467-473). By contrast, it allows the xenon 
flash to be partly transmitted to the rear sample surface, leading to an instantaneous 
temperature jump analogous to Blumm et al. (J. Blumm, J. Henderson, O. Nilsson and J. 
Fricke, High Temperatures-High Pressures, 1997, 29, 555-560). 
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Figure S9.6. (a) The density of the different binary colloidal glasses. (b) Differential 
scanning calorimetry (DSC) measurements of the particle mixtures.  

 

 

Figure S9.7. The radial distribution function of a random close-packed particle assembly 
from molecular dynamics simulation (program LAMMPS). The two red lines are at 3/d 
and 2/d. 

 

Fourier’s law of heat conduction: 

For the FEM simulation, a temperature difference was applied to opposite faces 

of the cube. This defines the temperature gradient across the colloidal structure 

and serves at the same time as a heat source and a heat sink, respectively. Thermal 
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insulation boundary conditions are imposed on all other faces of the cube. The 

computed heat flux normal to the isothermal faces was used to calculate the 

effective thermal conductivity using Fourier’s law: 

=
/
/ℎ 

 

(S9.1) 

where  is the heat flow rate normal to the isothermal faces,  the cross-sectional 

area of the cube, Δ  the temperature difference ( − ), and ℎ the cube edge 

length. 

 

Table S9.2. Specific heat capacity, density, and thermal conductivity of silica, 
P(MMA-co-nBA), and diamond used in FEM simulations. 

Specific heat 
capacity 
[Jg-1K-1] 

Density 
[gcm-3] 

Thermal conductivity 
[m W m-1 K-1] 

Silica 0.684 2.20 173a) 
P(MMA-co-nBA) 1.441 1.16 205 
Diamondb) 0.507 3.51 2,300,000 

a) The thermal conductivity of silica is chosen such that the same effective thermal conductivity is obtained 
as experimentally in vacuum. 

b) The literature values were obtained from Salazar (Salazar, A., On thermal diffusivity. Eur. J. Phys. 2003, 
24 (4), 351.) and Slack (Slack, G. A., Thermal Conductivity of Pure and Impure Silicon, Silicon Carbide, 
and Diamond. J. Appl. Phys. 1964, 35 (12), 3460-3466.). 
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Abstract 

We investigate the thermal transport properties of nanostructured composite 

colloidal assemblies. These are of importance for future phase change material 

applications, which increasingly address the µm and sub µm range. We use 

polystyrene silica core shell colloidal particles sizes of 270 – 460 nm and shell 

thicknesses of 15 – 42 nm as a structurally well-defined model system. We can deduce 

precise structure property relationships with the lowest thermal conductivity being 

observed for particles with a large diameter, a thin shell thickness, and the highest 

polymer content. Importantly, we find clear evidence for polymer leakage through 15 

nm silica shells when exceeding the glass transition temperature of the core polymer. 

This leads to a strong increase in thermal conductivity but also presents a lower limit 

for the silica shell thickness to contain a second phase. The leakage temperature is 

influenced by the overall particle size and can be completely suppressed by the use of 

thicker shell geometries. The leakage starts at temperatures way above the glass 

transition temperature of the polymer and is governed by the porosity of the silica 

shell.  

For a complete understanding, we discuss our findings in the light of colloidal 

crystals consisting of pure silica and polystyrene particles. Solid silica sphere colloidal 

crystals possess the highest thermal conductivity, pure polymer beads the lowest. This 

demonstrates to which extent the thermal transport properties can be solely adjusted 

by the particle composition and morphology.   

10.1 Introduction 

Nanomaterials and materials with nanostructured interfaces have attracted a lot 

of attention in the last decades. Besides the trend of achieving smaller and smaller 

structures, for example for microelectronics, the reduction of the structural size 

towards the nanometer scale established materials with novel properties 

compared to the corresponding bulk phase.1 This originates from the large 
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surface-to-volume ratio of nanomaterials, and the accompanying large number of 

interfaces.2 These unique properties have opened the opportunity for application 

such as catalysis3, energy conversion and storage4, photocatalysis5, sensing6, and 

photonics7. Quite recently, heat management has also increasingly attracted 

attention.8-9 Emerging applications based on nanostructured materials are thermal 

energy storage10-11, thermal barrier coatings12, thermal insulation13-14, and 

thermoelectricity15, to name a few.  

It is essential to have access to structurally and chemically well-defined materials 

to develop a good understanding of the heat transport in such nanomaterials. 

Colloidal assemblies provide a versatile platform to fulfill this challenging 

demand. Colloidal assemblies are highly ordered superstructures, consisting of 

monodisperse nanoparticles with a defined chemical composition.16 Key 

properties of colloidal superstructure comprise: (i) wide variability of material 

composition (i.e., polymer, metal oxides, and composites), (ii) scalability due to the 

ease of fabrication, (iii) adjustment of the symmetry (crystalline or amorphous 

packing), and (iv) large number of interfaces. Furthermore, with colloidal particles 

being available in sizes from a few nanometers up to micrometers17-20 a vast range 

of length scales with relevance to many diverse heat management applications can 

be addressed. 

Important concepts of thermal transport through colloidal assembly structures 

have been reported in the recent literature on nanocrystal arrays21-23, 

nanolaminates24, and colloidal crystals25-26. Briefly, a lot of interfaces in these 

(heterostructured) materials represent a strong interface resistance for the 

transport of thermal energy in the form of vibrational modes. Thus, colloidal 

assemblies have typically low thermal conductivities, and their thermal transport 

properties can be adjusted by modifying the composition, the interfacial binding 

strength, the packing symmetry, and order. In the quite common case of spherical 

colloidal building blocks, the effective thermal conductivity critically depends on 

the contact area and the interfacial adhesion between the individual spheres.25-26  
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The latent heat storage provides an emerging heat management application in 

phase change materials. The major goal is to convert excess heat into chemical 

energy using a first order transition (typically melting of low melting compounds 

such as wax). In principle two categories of phase change materials are being 

discussed: (i) the phase change material is the continuous majority phase with 

dispersed nanoparticle inclusion,27 (ii) the phase change materials is encapsulated 

and is used either in a dispersed state or as a dried particulate film (e.g., as a wall 

paint).28 In either case, the heat transfer through such highly heterostructured 

materials is of great importance for the melting and solidification process. This 

question becomes, even more, pressing with the continuing trend toward micro- 

and nano-encapsulation of phase change materials.10, 27-30 Therefore, one needs to 

control and understand the various contributions of thermal transport in 

colloidally derived materials as outlined above. 

This paper presents a thorough investigation of structure-property relationship 

of the thermal transport properties of polystyrene-silica core-shell particles. Silica 

is a promising shell material for future phase change applications due to its 

structural rigidity.28 We choose polystyrene as the core material due to its unbeaten 

monodispersity in the form of sub-µm latex beads, giving us a maximum of 

structural control. Clearly, it is not suitable as core material for phase change 

applications, so we will not assess any latent heat storage capacity of this system. 

Instead, using particles in the size range from 269 to 469 nm and shell thicknesses 

from 15 to 42 nm, we focus on the influence of the composition and the mutual 

interfaces on the temperature-dependent thermal diffusivity and conductivity. We 

contrast our findings to the respective pure particulate phases (pure PS and pure 

SiO2 beads) to provide a comprehensive picture on the thermal transport through 

such materials.  
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10.2 Results and Discussion 

Polystyrene Silica Core Shell Particle Colloidal Crystals 

We determine the influence of the particle size and morphology on the thermal 

transport properties via five different core-shell particles (size and shell thickness 

series). The monodisperse template particles are shown in Figure S10.1 in the 

Supporting Information (Chapter 10.7).  

We keep the shell thickness constant at ~15 nm, to single out the influence of the 

overall particle size. The resulting core-shell particle sizes range from 269 to 

479 nm. To elaborate the influence of the shell thickness, the overall particle size 

was kept constant at ~270 nm, and the shell thickness was adjusted between 14.5 

and 42 nm. The particle morphology was determined by evaluating scanning 

electron microscopy (SEM) images, and the shell thicknesses were identified using 

small-angle X-ray scattering (SAXS). The results and the corresponding core/shell 

ratios are summarized in Figure S10.2 and Table 10.1. For the nomenclature, the 

size or the shell thickness is used (CS-xxx). Both measurement techniques highlight 

the low polydispersity of the structural entities.31 

 

Table 10.1. The diameter (d), the shell thickness (t), and the PS/SiO2 ratio received from 
SEM and SAXS measurements, as well as the density of the corresponding colloidal 
crystals (CCs). 

  SEM SAXS  Densitya 
 d t PS/SiO2 ρ (CC) 
 [nm] [nm] [%] [g/cm³] 

CS-479 479 ± 13 18 79 0.80 ± 0.01 
CS-392 392 ± 6 15 79 0.82 ± 0.01 
CS-269/15 269 ± 5 14.5 71 0.89 ± 0.02 
CS-29 266 ± 5 29 48 1.01 ± 0.01 
CS-42 268 ± 5 42 32 1.08 ± 0.02 

a The densities were determined by measuring the volume and weight of the samples (see Experimental Part).  

The monodispersity of the core-shell particles enables an assembly into highly 

ordered 3D colloidal crystals with well-defined contact points and well-defined 

densities. Side-view images of the particle assemblies are shown on the left side in 
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Figure 10.1. The high ordering induces brilliant colors resulting from Bragg 

reflections. Another evidence for the dense packing is given by side-view SEM 

images (Figure 10.1, right side). This allows us to assume the volume fraction of 

the particles in the colloidal crystal to be close to its ideal value of 74 %. This is an 

upper limit since small amorphous regimes will lower this volume fraction. The 

resulting density ranges from 0.80 gcm-3 (CS-479) to 1.08 gcm-3 (CS-42).  

 

Figure 10.1. Bright field light microscopy and scanning electron microscopy (SEM) images 
of the core-shell particle colloidal crystals with three different sizes (479 nm, 392 nm, and 
269 nm). The opalescence (left panel) indicates a high degree of crystallinity throughout 
the entire colloidal monolith. The hexagonally close-packed structure is confirmed by SEM 
(right side). 

 

Thermal Transport Properties 

The thermal diffusivities of the colloidal crystals were determined by xenon flash 

analysis (XFA). It gives a measure of how fast temperature diffuses through a 

material. Hence, it is a measure of how fast a phase change material may exceed 



10 Interface and Morphology Control of the Thermal Conductivity in Core-Shell Particle Colloidal 
Crystals  214 

its melting point Tm. Details about the measurement method are provided in 

Figure S10.3 and the Experimental Part. The measurements were conducted in 

vacuum and helium in a temperature range from 25 °C to 200 °C. Using the 

thermal diffusivity α, the heat capacity cp, and the density ρ, the thermal 

conductivity can be calculated: 

= ∙ ∙  

 

(10.1) 

With the thermal conductivity, we gain knowledge about how much energy is 

conducted through a material. This is of relevance for the duration of the 

melting/solidification process. 

 

Size Influence 

First, the temperature-dependent thermal diffusivity for the three different sizes 

of core-shell particles are presented in Figure 10.2a. We find an increase of the 

thermal diffusivity with decreasing particle diameter by about 25 %. This can be 

traced back to a density increase from 0.80 gcm-3 to 0.89 gcm-3 and a slight increase 

in the contact area between adjacent particles (see Table S10.1). However, heating 

the colloidal crystal above the glass transition temperature (Tg) changes the 

thermal diffusivity tremendously. The thermal diffusivity increases strongly 

during the first heating cycle between 100 and 175 °C. For all sizes, a large 

hysteresis between the heating and cooling cycle is observed. During the second 

heating cycle, the thermal diffusivity remains at the higher level. This is 

exemplarily shown for CS-269 in Figure S10.4. This step-like increase is quite 

unexpected due to the silica shell surrounding the polystyrene particles, which is 

supposed to hinder the polystyrene to leak out. Furthermore, this step is 

broadened compared to polystyrene colloidal crystals, which possess a sharp 

phase transition at the glass transition temperature.26 

By using SEM, we could validate that indeed polymer leakage through the silica 

shell is the reason for this substantial increase in thermal diffusivity (Figure 10.2d). 
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This is indicated by necks emerging after the first heating cycle. The polystyrene 

leakage increases the thermal diffusivity at room temperature by about 80 – 115 %. 

This increase is strongest for the largest particles (CS-479) and less pronounced for 

the smallest particles (CS-269). It correlates well with the change to the neck size 

between adjacent spheres and thereby with the contact area (see Table S10.1). 

Before heating, the total contact area is measured to be between 11 % for the larger 

spheres and 13 % for the smallest ones. This reverses after the heating process with 

a total contact area of about 34 % for the largest spheres and only 29 % for the 

smallest particles. The stronger increase of the contact area of the sample CS-479 

explains well that the increase of the thermal diffusivity is more pronounced for 

these colloidal crystals.  

 

Figure 10.2. Thermal properties of the core-shell particle colloidal crystals CS-269, CS-392, 
and CS-479. The samples are measured in dependence of the temperature in vacuum. The 
open symbols and the dashed lines represent the cooling cycles. (a) Thermal diffusivity 
data, (b) specific heat capacity, and (c) thermal conductivity data. (d) SEM images of the 
core-shell particles of the size series after heating up to 200 °C.  

 



10 Interface and Morphology Control of the Thermal Conductivity in Core-Shell Particle Colloidal 
Crystals  216 

Using the temperature-dependent heat capacity (Figure 10.2b) and density 

(Table 10.1) of the individual particle we calculated the thermal conductivity 

(Figure 10.2c).  

At room temperature, the thermal conductivity of the colloidal crystals increases 

with decreasing particle diameter from 44 m W m-1  K-1 to 61 m W m-1 K-1. With 

increasing temperature, the thermal conductivity at first increases slightly as 

expected for amorphous materials. After exceeding the glass transition 

temperature, the thermal conductivity exhibits a strong and broad increase due to 

the leakage of the polystyrene through the silica shell. This transition is located 

between 125 °C and 175 °C for the smallest core-shell particles (CS-269) and 

between 100 °C and 150 °C for the larger core-shell particles (CS-392 and CS-479). 

In accordance to literature32, we want to stress that the differences in leakage 

temperature are not caused by changes in the glass transition temperature. This 

remains constant at about 105 °C for all samples (Figure 10.2b). Alternative 

explanations for the different leakage temperatures could be given by differences 

(i) in the Laplace pressure acting on the polystyrene melt surrounded by the silica 

shell,33 (ii) of the pressure on the polystyrene core caused by differences in the 

thermal expansion coefficient,32 or (iii) in the porosity of the silica shell. 

In general, the pressure has a strong effect on the viscosity of polymer melts. By 

increasing the pressure, the free volume between the polymer chains decreases, 

which is particularly important for amorphous polymers with large side groups 

such as polystyrene. Thus, Brownian motion of the chains is inhibited, and the 

viscosity increases.34-35 

The Laplace pressure is relatively low (less than 1 MPa) for all particle sizes, 

assuming a surface tension of 5 – 35 Nm-1 for the polystyrene melt.36 The different 

thermal expansion coefficients of the core (~2·10-4 K-1 < Tg < 6·10-4 K-1)37 and the 

shell (5.5·10-7 K-1)38 material generate an appreciable pressure at the glass transition 

temperature of about 60 MPa, and even higher beyond Tg32 However, this pressure 

increase is independent of the particle size. Therefore, we attribute the different 

leakage temperature to the meso- and macroporosity of the silica shell. While the 

microporosity is similar for all particles (see Figure S10.5 and Table S10.2), the 
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meso- and macroporosity differ between the particles although the shell thickness 

has been kept constant. To emphasize the porosity difference, the core-shell 

particles are calcined in air to remove the polymer core (Figure S10.6). It is 

apparent from the bright speckles on the silica shell that the macroporosity is 

higher for the larger particles CS-479 and CS-392 and lower for the smaller particles 

CS-269. Thus, the resistance to leak through the silica shell is higher for the smaller 

particles leading to a retarded release. This is further verified by an even smaller 

core-shell particle with a diameter of (216 ± 6) nm but a similar shell thickness of 

16 nm (Figure S10.7a,b). Here, the leakage starts at an even higher temperature at 

around 150 °C (Figure S10.7c,d) 

Overall we can conclude from the size dependence that nanostructuring and 

reducing the overall capsule size indeed helps to increase the thermal diffusivity 

and thermal conductivity. This may also be beneficial in the light of a rapidly 

responding phase change material. However, when using silica as the shell 

material, one has to consider leakage issues through the silica shell. Again, a 

reduced particle size is beneficial as the degree of meso- and macroporosity 

decreases with particle size. 

 

Shell Thickness Series 

To fully exclude any leakage issues, increasing the shell thickness is the obvious 

choice. We, therefore, synthesized particles with the same outer diameter of about 

270 nm but with shell thicknesses varying between 14.5 nm and 42 nm. Thus the 

polystyrene/silica ratio changes from 71 to 32 %. The change of the particle 

composition can also be followed by the heat capacity measurements for the three 

different particles (Figure 10.3). The heat capacity decreases with increasing 

amounts of silica. The measured heat capacities correspond well to the volume 

average of a mixture of pure PS and pure SiO2. Additionally, the step at the glass 

transition temperature of polystyrene becomes less pronounced for thicker shells. 
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Figure 10.3. The heat capacity of core-shell particles with 270 nm diameter but different 
shell thicknesses. The increasing ratio of SiO2 in the composite particle is reflected in a 
systematic decrease in the heat capacity. 

 

Whereas, the heat capacity decreases with increasing shell thickness, the density, 

and thermal diffusivity of the colloidal crystals behaves reversely (light 

microscopy and SEM side-view images are shown in Figure S10.8). The thermal 

diffusivity data, shown in Figure S10.9, exhibits an increase of the thermal 

diffusivity of about 36 % from the thinnest to the thickest shell. This can be traced 

back to the higher temperature diffusion through the silica component compared 

to the polymer network. Figure 10.4a-c shows the corresponding thermal 

conductivity data. The thermal conductivity increases by 43 % from 61 m W m-1 K-1 

to 87 m W m-1  K-1 at 25 °C with increasing shell thickness. Doubling the shell 

thickness from 15 nm up to 29 nm, was indeed sufficient to suppress the polymer 

leakage completely. Consequently, for the thicker silica shells CS-29 and CS42 (see 

SEM images, Figure 10.4d), the contact area between the particles did not change 

after the first heating cycle, and the thermal conductivity remained constant 

during the heating and cooling cycles. The small decrease of the thermal 

conductivity for the cooling cycle (Figure 10.4c) can be explained by the loss of 

absorbed water in the hygroscopic silica network. 
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Figure 10.4. (a-c) Temperature-dependent thermal conductivity of the core-shell particles 
with different shell thicknesses (a) CS-15, (b) CS-29 and (c) CS-42. The open symbols and 
the dashed lines represent the cooling cycles. (d) SEM images of the core-shell particles 
after heating up to 200 °C.  

 

Thus a sufficient encapsulation efficiency for potential phase change materials 

can be expected with a silica shell thickness between 15 – 29 nm. This, however, 

needs to be balanced to the overall volume fraction and therefore heat exchange 

capacity of the phase change material, as already pointed out by Salunkhe and 

Shembekar.28 

 

Influence of the Morphology 

Whereas the effect of the different capsule morphologies is important for a 

detailed understanding of thermal transport through such phase change 

architectures, we now want to complement our investigation by including the 

respective pure particle compositions. Therefore we synthesized solid silica and 

polystyrene spheres of comparable size to the core-shell particles CS-15, CS-29, and 
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CS-42. The size of the polystyrene particles is 261 ± 6 nm and of the silica particles 

265 ± 10 nm. Thus no size influence should be expected in these ensembles. 

For the thermal transport measurements the particles were assembled into 

colloidal crystals (Figure S10.10). Whereas in the polystyrene colloidal crystal 

(Figure S10.10b) Bragg colors are visible throughout the complete colloidal 

assembly, the silica colloidal crystal (Figure S10.10a) exhibits a minor crystallinity 

in two-thirds of the sample. This can be traced back to the higher density of the 

silica particles, which impede a high packing during the evaporation-induced 

self-assembly process. This will slightly reduce the thermal diffusivity and 

conductivity.  

First, we want to compare the temperature-dependent thermal transport 

through the pure silica pure polystyrene and CS-269/15 colloidal crystal 

(Figure 10.5a). We find a strong increase of the thermal diffusivity with increasing 

silica content. Thus, the highest thermal diffusivity at 25 °C is obtained for the pure 

silica colloidal crystal and amounts to 0.00104 cm2s-1.This is about 62 % higher than 

the pure polystyrene ensemble, and the core-shell sample falls in between. The first 

heating cycle reveals three distinct differences on the thermal transport: 1) the 

thermal diffusivity of the silica colloidal assembly remains almost constant over 

the whole temperature range, 2) the core-shell particle exhibit at first a slight 

decrease, followed by a broad increase after Tg, and 3) the pure polystyrene 

colloidal crystal shows a small decrease, followed by a large and sharp increase at 

Tg. The sharp increase of the polystyrene sample is due to the loss of the particulate 

structure and the formation of a relatively dense polymer film (Figure S10.11). The 

delayed transition of the core-shell particle assembly is now clearly visible. After 

cooling down to 25 °C, the temperature diffusion of the polystyrene and the 

core-shell particle assembly exceeds the thermal diffusivity of the silica colloidal 

crystal. This can be traced back to the increase in the contact area or the formation 

of a film for the polystyrene sample. The thermal conductivity data demonstrate a 

similar behavior (Figure 10.5b). It was calculated using the DSC data 

(Figure S10.12) and the density data (Table S10.3). It shows quite clearly the 

transition from the pure polymer to the pure silica phase, with the polymer being 
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the lowest conducting colloid structure. Upon film formation, this trend inverts 

and again reflects the respective contents of silica and polymer. While the pure 

SiO2 colloidal crystal remains unaffected, an increasing step in thermal 

conductivity can be inferred for lower shell thicknesses. The highest thermal 

conductivity is obtained for pure PS, which additionally increases its density upon 

film formation. Also, the transition itself is affected by the colloid architecture. It 

ranges from none (SiO2), to broad and delayed (thin core-shell), to sharp (pure PS). 

 

 

Figure 10.5. Thermal transport properties of polystyrene and silica particles in comparison 
to core-shell particles CS-269/15. (a) Thermal diffusivity data, and (b) thermal 
conductivity data. The open symbols and the dashed lines represent the cooling cycles. 

 

Figure 10.6a summarizes the influence of the morphology on the thermal 

conductivity at room temperature before and after heating (thermal diffusivity 

data are shown in Figure S10.13a). The initial thermal conductivity systematically 

increases with increasing density and increasing silica content. Hence, by tuning 

the morphology, the thermal conductivity was varied between 44 m W m-1  K-1 and 

91 m W m-1 K-1. Heating of these colloidal assemblies up to 200 °C further widens 
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the range up to 147 m W m-1  K-1 for the case of polystyrene. A sufficient 

encapsulation is reached latest by a 29 nm silica shell, preventing polymer leakage.  

 

Figure 10.6. Influence of the morphology on the thermal conductivity of the different core-
shell, polystyrene, and silica particle assemblies at 25 °C. (a) Influence of the morphology 
before and after heating to 200 °C on the thermal conductivity. The closed symbols show 
the vacuum data before heating, and the open symbols show the vacuum data after 
heating to 200 °C. (b) Influence of the additional gaseous transport through the colloidal 
assemblies on the thermal conductivity. The black data symbols show the vacuum 
measurements and the red crosses show the helium measurements at 1000 mbar.  

 

Influence of the Gaseous Thermal Transport 

Considering the open porous structure of such colloidal ensembles one can easily 

conceive the introduction of a second, continuous phase to increase the overall 

thermal transport through and within this structure. We focus on the influence of 

the gaseous thermal transport provided by the good thermal conductor helium. 

Figure 10.6b compares the thermal conductivity measured on the pristine colloidal 

ensembles at room temperature – under vacuum and helium conditions 

(Figure S10.13 shows the corresponding thermal diffusivity data). Expectably, the 

thermal conductivity in helium is higher for all colloidal assemblies due to the 

additional thermal transport through the gaseous phase. However, the increase 

compared to vacuum conditions differs. For the same outer diameter, the thermal 

conductivity increase is comparably independent of the material composition. This 

can be traced back to the comparable void sizes in the colloidal assembly, which 
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depends on the outer diameter of the particle.39 Thus, for an equal outer diameter 

of ~270 nm (gray-shaded area), the thermal conductivity increases by about the 

same amount (18 – 19 m W m-1  K-1). The influence of the helium becomes stronger 

when increasing the interstitial void size by using larger particles CS-392 and 

CS-479. There, a difference of up to 26 m W m-1  K-1 can be found between the 

vacuum and helium measurement. An even higher increase may be anticipated for 

other materials filling the interstitial space. Liquids or polymers, for instance, 

would not be influenced by the Knudsen effect, and thereby their thermal 

conductivity would not be constricted by the geometry of the small voids. 

10.3 Conclusion 

In summary, we have investigated the thermal transport properties of 

polystyrene-silica core-shell particle colloidal crystals as a structurally 

well-defined model system for future nanostructured phase change materials. We 

also compared these to their respective pure particle counterparts to provide for a 

comprehensive understanding of the morphologically controlled thermal 

transport through such heterostructures. The focus was laid on the influence of the 

morphology of the particles (size and shell thickness), and the interfaces between 

adjacent spheres in the assembly. We determined the thermal diffusivity, the 

specific heat capacity and the thermal conductivity in vacuum in dependence of 

the temperature (room temperature up to 200 °C), and the surrounding 

atmosphere (vacuum vs. helium).  

We found an increase in thermal diffusivity and thermal conductivity with 

decreasing particle size and increasing silica content. Consequently, the pure silica 

colloidal assembly features the highest thermal diffusivity and conductivity. 

Owing to the amorphous structure of silica shell, the thermal conductivity ranges 

consistently below 100 m W m-1  K-1, which could impede a fast response for a 

potential phase change application. An additional route to increase the 

temperature and heat distribution in such capsule ensembles is given by thermal 

transport through the open porous space between adjacent spheres. For helium as 
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a gaseous conductor, we found an increase of up to 26 m W m-1  K-1. This, however, 

depends on the size of the open porous voids. Using liquids or polymers instead 

as a second percolating network may further increase to overall thermal transport. 

For any phase change application, one has to carefully balance the ratio between 

the shell thickness and the core volume. Apparently, this ratio determines the 

capacity of latent heat storage, quite importantly there is also a lower limit to the 

shell thickness at which leakage of the core material occurs. For polystyrene, even 

a 15 nm silica shell thickness is not sufficient to fully seal the inner core. 

Consequently, leakage occurs at temperatures much higher than the Tg. While the 

concomitant increase in thermal conductivity of up to 115 % is certainly helpful for 

a better temperature and heat distribution in such materials, the loss of core 

material will deteriorate the storage capacity on the long run. 

Our findings are of great importance for heterostructured materials, in particular 

for systems with (nano)inclusions for future phase change applications. We 

demonstrated the relevance of the interparticle contact area, which governs the 

overall thermal transport, and the ability to use the particle morphology to tailor 

various temperature-dependent thermal properties. The particle size in return 

influences the physicochemical properties of its interior material such as the 

polymer mobility. We hope that this thoughtful insight into the morphology 

driven thermal transport behavior of particulate superstructures helps to conceive 

novel particle composition and particle ensemble designs, which may lead to high 

capacity and high response rate latent heat storage devices in the future.  

10.4 Experimental Section 

Materials 

Styrene (≥ 99 %, Aldrich), 2,2′-azobis(2-methylpropionamidine) dihydro-

chloride (AIBA; 97 %, Aldrich), [2-(methacryloxy)ethyl]trimethyl-ammonium 

chloride (MTC; 70 % solution in water, Polyscience), polyvinyl-pyrrolidone K30 

(PVP; Mw ∼ 55 kgmol-1, Aldrich), tetraethylorthosilicate (TEOS; ≥ 99 %, Aldrich) 
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and ammonium hydroxide solution (30 – 33 % in water, Aldrich) were used as 

received. Water was taken from a Millipore Direct Q3UV unit, and ethanol (EtOH) 

was used in technical grade for the entire synthesis and purification steps. 

Synthesis of Polystyrene and Polystyrene-Silica Core-Shell Particles 

Monodisperse polystyrene-silica core-shell particles were prepared in two steps. 

In the following, the synthesis procedure for the smallest particles with the 

thinnest shell (CS-269/15) is shown. First, monodisperse polystyrene (PS) particles 

were prepared by emulsifier-free emulsion polymerization.17 In a three-necked 

flask, equipped with a reflux condenser and a gas inlet, 100 mL water, 13 mL 

styrene, 100 µL MTC and 0.9 g PVP K-30 were introduced. The mixture was 

degassed and heated to the reaction temperature of 70 °C at a stirring speed of 

850 rpm. After an equilibration time of 30 min, 0.3 g AIBA, dissolved in 20 mL 

water, were added to initiate the polymerization. After nucleation, the stirring 

speed was reduced to 450 rpm. The reaction was carried out overnight under 

argon atmosphere.  

In the second step, the polystyrene particles were coated with a thin silica shell 

by a modified Stoeber condensation process to obtain core-shell particles.40 

Therefore, 2.2 vol.% TEOS were added to an 81.3 vol.% EtOH, 10.5 vol.% water, 

6.0 vol.% ammonium hydroxide solution containing 102.5 mg/mL PS latex 

particles.  

For the synthesis of larger PS particles less comonomer MTC, more initiator 

AIBA, and more solvent were used. The shell thickness was increased by using 

higher amounts of TEOS relative to the PS particles.  

Synthesis of Silica Particles 

Monodisperse silica particles were synthesized using a semi-batch seeded 

growth synthesis. Firstly, small seed particles were synthesized by the Stoeber 

process, using 5 mL TEOS and 10 mL ammonia (30 – 33 %) in 145 mL ethanol at 

40 °C. These particles had a hydrodynamic diameter of 86 nm. In the next step, 
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50 mL of the raw dispersion were filled into a flask and stirred with a magnetic 

stirrer at room temperature. TEOS (1:3 diluted with EtOH) and ammonium 

hydroxide solution (13.125 mL ammonia (30 – 33 %) and 1 mL Milli-Q water) were 

added to the solution in 21 steps over the course of two weeks. With each step, 

1 – 2 mL of diluted TEOS and 400 µL ammonium hydroxide solution were added. 

The final particle diameter was (265 ± 10) nm.  

Assembly into Colloidal Crystals and Glasses 

Colloidal assemblies were prepared by slow evaporation of a concentrated 

solution of the particles (∼7 wt.%) in a Teflon beaker with a diameter of 2 cm for 

several days. 

Characterization Methods 

Scanning electron microscopy (SEM) images were taken on a Leo 1530 

instrument (Zeiss) using acceleration voltages between 2 and 3 kV and InLens SE 

detection as well as Everhart-Thornley detection.  

Small-angle X-ray scattering (SAXS) data were measured using the small-angle 

X-ray system Double Ganesha AIR (SAXSLAB). The X-ray source of this 

laboratory-based system is a rotating copper anode (MicroMax 007HF, Rigaku 

Corporation), which provides a micro-focused beam at λ = 0.154 nm. The data 

were recorded by a position sensitive detector (PILATUS 300 K, Dectris). To cover 

the range of scattering vectors between 0.003 and 0.266 nm-1 different detector 

positions were used. The measurement was performed at room temperature, using 

a powder of core-shell particles packed in a capillary tube. The scattering data were 

evaluated using a vesicle fit in the program SCATTER.41  

Thermal diffusivity measurements of the colloidal crystals were performed on 

an XFA 500 xenon flash apparatus (Linseis) equipped with an InSb infrared 

detector. Before the measurements, the samples were coated with a thin graphite 

layer (approx. 15 µm) on each side to ensure a good absorbance at the bottom and 

a high emissivity at the rear surface of the sample. The thickness of the graphite 

layer is negligible compared to the thickness of the colloidal crystals 
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(600 – 1000 µm). The measurements were performed on at least three samples at 

25 °C in vacuum (~0.05 mbar), helium (1000 mbar) and air (~1000 mbar). The 

received data were evaluated by the software AproSoft Laser Flash Evaluation 

v1.06 using the radiation fit model.  

Differential scanning calorimetry (DSC) measurements were carried out using a 

Q1000 DSC (TA Instruments). Powders of the core-shell particles (11 – 20 mg) were 

scanned in covered aluminum pans under a dry nitrogen purge of 50 mLmin−1 

over a temperature range from -50 to 210 °C with a heating rate of 10 °Cmin−1. The 

heat flow and heat capacity were calibrated using a standard sapphire sample. The 

received data were evaluated with Universal Analysis 2000 2.5A software.  

The thicknesses of the colloidal crystals were determined with a Litematic VL-50 

(Mitutoyo). 

The densities of the unmolten core-shell and silica particle colloidal crystals 

were determined from the mass and volume of the monoliths. The volume was 

measured using a 3D digital surface profiler (Keyence V-3100), and the mass was 

determined by weighing the colloidal crystals. The densities of the polystyrene 

particle colloidal crystals and the molten core-shell particle colloidal crystals are 

performed using Archimedes' principle (buoyancy method) using a Mettler 

balance. The colloidal crystals are hydrophobized by chemical vapor deposition 

using hexamethyldisilazane (HMDS), to avoid the adsorption of water by the 

hygroscopic silica network, 

Nitrogen sorption measurements were taken on a Quantachrome Autosorb AS-1 

pore analyzer at 77 K. All samples were preconditioned in vacuum at 90 °C for 12 

hours before the measurements. The data evaluation was done using the 

Quantachrome ASiQ v3.0 software. The specific surface areas were calculated 

using the Brunauer-Emmett-Teller (BET) method. Pore volumes and pore size 

distributions were obtained by applying the nonlocal density functional theory 

(NLDFT) adsorption branch model for silica materials with cylindrical pore 

geometry. 
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10.7 Supporting Information 

 

Figure S10.1. SEM images of the polystyrene template particles. 
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Figure S10.2. Small-angle X-ray scattering of the core-shell particles. 
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Figure S10.3. Xenon flash analysis. (a) Schematic setup, modified from Ruckdeschel et al. 
(Ruckdeschel, P. et al. Hollow silica sphere colloidal crystals: insights into calcination 
dependent thermal transport. Nanoscale 2015, 7, 10059) and (b, c) two typical 
measurement signals of a core-shell colloidal crystal modeled with the combined fit model 
(b) and the radiation fit model (c). The radiation fit model extends the finite-pulse and heat 
loss corrections given by the combined fit model from Dusza (Dusza, L. Combined 
Solution of the Simultaneous Heat Loss and Finite Pulse Corrections with the Laser Flash 
Method. HTHP 1995, 27-28, 467-473). It considers radiation effects, leading to an 
instantaneous temperature jump analogous to Blumm et al. (Blumm, J.; Henderson, J.; 
Nilsson, O.; Fricke, J. Laser flash measurement of the phononic thermal diffusivity of 
glasses in the presence of ballistic radiative transfer. HTHP 1997, 29, 555-560). 
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Figure S10.4. Thermal conductivity data of the second heating and second cooling cycle 
(red squares) of the sample CS-269. The open symbols represent the cooling cycles.  

 

Table S10.1. Neck sizes and contact areas between adjacent particles of the size series in 
the colloidal crystals, determined by measuring the necks in the SEM images. Ac is the 
sum of the contact areas of a particle with its 12 neighbors in an fcc symmetry, and Ap is 
the surface area of a particle. The ratio Ac/Ap give the total contact area in relation to the 
particle surface area. 

 Before the heating After the heating 
 Neck size Ac/Ap Neck size Ac/Ap 
 [nm] [%] [nm] [%] 
CS-479 87.8 ± 13.1 10.8 154.8 ± 11.8 33.7 
CS-392 77.5 ± 12.6 12.0 123.51 ± 17.2 30.6 
CS-269 55.1 ± 10.0 12.6 83.5 ± 15.8 28.9 
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Figure S10.5. Nitrogen sorption measurements. (a) Isotherms, (b) Pore size distribution 
determined by DFT analysis. 

 

Table S10.2. Summary of data received from N2 sorption measurements. 

 N2 sorption measurements 
 BET SA DFT SA Pore vol. Pore size 
 [m²/g] [m²/g] [cc/g] [nm] 
CS-479 17.183 13.472 0.037 3.775 
CS-392 22.185 17.869 0.055 4.887 
CS-269/15 24.128 20.874 0.068 4.887 
CS-29 26.495 23.621 0.073 4.887 
CS-42 24.281 20.114 0.043 3.537 
 

 

Figure S10.6. Transmission electron microscopy images of the core-shell particles (a) 
CS-269, (b) CS-392, (c) CS-479) after calcining at 500 °C to remove the polystyrene core.  
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Figure S10.7. (a,b) Light microscopy side-view image (a) and SEM side-view image (b) of 
the colloidal crystal CS-216. (c) Temperature-dependent thermal diffusivity data of the 
colloidal crystal CS-216 in comparison to the size series. The open symbols and the dashed 
lines represent the cooling cycles. (d) SEM image of the particles CS-216 after heating to 
200 °C.  
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Figure S10.8. SEM images and bright field light microscopy images of the core-shell 
particle colloidal crystals with the similar diameter but different shell thicknesses (29, 42 
nm).  

 

 

Figure S10.9. Temperature-dependent thermal diffusivity of the core-shell particles 
possessing different shell thicknesses (15, 29, 42 nm). The open symbols and the dashed 
lines represent the cooling cycles. 
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Table S10.3. Summary of data received from SEM and SAXS measurements as well as the 
density of the resulting colloidal crystals. 

 SEM SAXS PS/Silica Density 
 da t  ρ (CC) b 
 [nm] [nm] [%] [g/cm³] 
PS 261 ± 6 - 100 0.76 ± 0.02 
SiO2 265 ± 10 - 0 1.28 ± 0.03 

 

 

Figure S10.10. Optical microscopy image of the (a) silica and (b) polystyrene colloidal 
crystal.  

 

 

Figure S10.11. SEM side-view images of the polystyrene films after heating up to 200 °C.  
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Figure S10.12. Specific heat capacity of the polystyrene and silica particles.  

 

 

Figure S10.13. Influence of the morphology on the thermal diffusivity of the different core-
shell, polystyrene, and silica particle assemblies at 25 °C. (a) Influence of the morphology 
before and after the heating up to 200 °C on the thermal diffusivity. The closed symbols 
show the vacuum data before the heating, and the open symbols show the vacuum data 
after the heating to 200 °C. (b) Influence of the additional gaseous transport through the 
colloidal assemblies on the thermal diffusivity. The black data symbols show the vacuum 
measurements and the red crosses show the helium measurements at 1000 mbar. 
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Abstract 

Ice nucleation is studied in hollow silica (HS) spheres. These hierarchical materials 

comprise ~3 nm pores within the silica network, which are confined to a ~20 nm 

shell of a hollow sphere (with diameters in the range ~190-640 nm). The multiple 

length scales involved in hollow silica spheres affect the ice nucleation mechanism. 

We find homogeneous nucleation inside the water-filled capsules, whereas 

heterogeneous nucleation prevails in the surrounding dispersion medium. We 

validate our findings for a series of hollow sphere sizes and demonstrate the 

absence of homogeneous nucleation in case of polystyrene-silica core-shell particles. 

The present findings shed new light on the interplay between homogeneous and 

heterogeneous nucleation of ice with possible implications in undercooled reactions 

and the storage of reactive or biologically active substances. 

11.1 Introduction 

Water, the most important liquid, behaves differently under confinement.1-5 Bulk 

water freezes due to impurities via heterogeneous nucleation. In contrast, confined 

water can be supercooled to -38 °C or even below, with an intrinsic process known 

as homogeneous nucleation. Understanding and eventually controlling supercooling 

via exerting control over the nucleation mechanism of ice is important in several 

fields: from atmospheric chemistry (by controlling cloud formation and 

precipitation) to anti-icing surfaces, to construction materials (avoiding ice 

formation is essential for the durability of building materials like cement) and to 

molecular biology (storage of biologically relevant substances). A common route 

towards supercooling is by confining water in micrometer to nanometer scales that 

limits the growth of crystals formed by heterogeneous nucleation and thus reduces 

the effect of heterogeneous nucleation. Of importance here have been 

measurements of ice nucleation in supercooled water microdroplets;6-9 these 

experiments reported a freezing rate proportional to the droplet volume with a 

proportionality constant (i.e., the nucleation rate) maximized at -38 °C.6-8 However, 

despite fundamental importance in science and technology control of 
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heterogeneous, and more importantly, of homogeneous nucleation of ice at 

atmospheric conditions remains a challenge. Recent efforts focused on confining 

water within the nanometer size cavities of porous silica materials, including sol-

gel disordered silica, MCM-41, and SBA-15.10-19 They have shown suppressed 

crystallization of water below the bulk freezing temperature -depending on the pore 

size- according to the Gibbs-Thomson equation. Furthermore, a fraction of 

molecules at the pore surface remained liquid-like through hydrogen bonding 

between water molecules and the silica surface. Other studies demonstrated the 

sensitivity of this interfacial water to details of surface chemistry by, e.g., inducing 

orientation order of water molecules in contact with the surface.19,20 

In this work, we employ a new confining medium composed of hollow silica 

spheres as the means to control the nucleation mechanism of ice. It is composed of 

monodisperse hollow silica (HS) spheres, which are dispersed in an aqueous phase. 

These hollow spheres can be regarded as capsules and represent a well-defined 

porous material with a number of interesting thermal, optical and mechanical 

properties.21-23 These hierarchical materials exhibit structure over several length 

scales; they comprise micropores within the silica network (with a size of ~3 nm), 

which are then confined to a thin shell (~20 nm) of a hollow sphere (~190 – 640 nm). 

We hypothesize that these multiple length scales may play a role in the nucleation 

mechanism of water and study ice nucleation within a series of HS having 

comparable microporous cavities and shell thickness but variable sphere radii 

resulting in different inner pore volumes. We provide clear evidences for well-

separated nucleation mechanisms of ice at higher and lower supercooling 

originating, respectively, from water molecules located inside and outside the 

spheres. Lastly, the results on the nucleation mechanism are compared to the 

mechanism of ice formation within another well-defined porous material, namely 

self-ordered anodic aluminum oxide (AAO), having a single pertinent length scale, 

the pore diameter. 24-26  
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11.2 Results and Discussion 

The synthesis of hollow silica spheres comprises three steps: synthesis of 

polystyrene particles, coating of polystyrene template particles with a silica shell via 

a modified Stoeber process and calcination of the core-shell particles to remove the 

polystyrene core.21, 27 With respect to polystyrene particles two different techniques 

were used. Smaller particles (140 – 275 nm) were obtained by emulsifier-free 

emulsion polymerization and larger particles (495 – 580 nm) by dispersion 

polymerization. Silica coating of the polystyrene particles was achieved by a Stoeber 

condensation process followed by calcination. The characteristics of the hollow 

spheres (HS) are shown in Table 11.1 and Table 11.2 and details are given in the 

Supporting Information (Chapter 11.7).  

Table 11.1. Summary of the results obtained from TEM analysis and corresponding data 
based on individual hollow silica nanoparticle as well as data based on dispersion. 

 TEM dataa Data based on 

individual HS particleb 

Data based on 

dispersionc 

 d t Vpore Spore/Vpore Vin/Vex wt.% 

 [nm] [nm] [nm³] [nm-1]  [%] 

HS-185 185.1 ± 3.7 20.6 ± 1.3 1.6·106 0.042 0.048 10.7 
HS-257 256.2 ± 4.7 15.6 ± 1.0 6.0·106 0.027 0.082 7.9 
HS-341 340.7 ± 7.5 20.1 ± 1.2 1.4·107 0.020 0.062 5.8 
HS-533 533.4 ± 12.5 23.5 ± 1.6 6.0·107 0.012 0.071 4.8 
HS-533-s 533.4 ± 12.5 23.5 ± 1.6 6.0·107 0.012 0.037 2.5 
HS-533-l 533.4 ± 12.5 23.5 ± 1.6 6.0·107 0.012 0.116 7.5 
HS-637 636.6 ± 13.4 21.9 ± 1.8 1.1·108 0.010 0.087 4.3 
CS-261 260.8 ± 4.6 ̴ 16 0 0 0 10.8 

a d: Diameter, t: Shell thickness, b Vpore: Inner pore volume of a single hollow silica nanoparticle, Sin: Inner 
surface area per particle, c Vin: Inner pore volume in 1 cm³, Vex: Outer volume in 1 cm³, wt.%: Weight 
percentage. 

As can be seen from transmission electron microscopy (TEM) measurements, the 

diameter, d, ranges from 185 to 637 nm whereas the shell thickness, t, is around 20 

nm. TEM images of polystyrene-silica core-shell particles (CS) and hollow silica 

spheres (HS) are shown in Figure 11.1. They demonstrate nearly perfect uniformity.  
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Figure 11.1. TEM images of polystyrene-silica core-shell particles (a) CS-261 and silica 
hollow spheres (b) HS-185, (c) HS-256, (d) HS-341, (e) HS-533 and (f) HS-637. 

 

Characterization of the porous wall of HS spheres (pore volume and surface area) 

was made by nitrogen adsorption/desorption isotherms at 77 K. Pore volumes and 

pore size distributions were obtained by applying the nonlocal density functional 

theory (NLDFT) adsorption model for silica materials with cylindrical or spherical 

pore geometry (Figure S11.1 in the Supporting Information, Chapter 11.7). The 

isotherms do not exhibit a pronounced hysteresis. Furthermore, microporous 

cavities with a diameter of about 2 – 3 nm were derived using the Fraissard model 

for cylindrical pore geometry.  

Thermal analysis of the aqueous dispersion was carried out using a Mettler 

Toledo differential scanning calorimeter (DSC-822). DSC traces of water/HS 

spheres were recorded using empty reference pans. All samples were first cooled at 

a rate of 10 °C/min from ambient temperature to -100 °C and then heated to 30 °C 

at the same rate under a nitrogen atmosphere (Supporting Information, 

Chapter 11.7). Dielectric measurements were performed as a function of 

temperature in the range from -90 °C to 30 °C, at atmospheric pressure, under 
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isochronal conditions (f = 1 MHz) using a Novocontrol Alpha frequency analyzer 

(frequency range from 10-2 to 106 Hz). For bulk water, the DS measurements were 

carried out with a Novocontrol cylindrical cell with electrodes of 10 mm in diameter 

and a sample thickness of 1 cm. For water/HS dispersions, a 20 mm electrode and 

silica spacers of 50 µm thickness were used (Supporting Information, Chapter 11.7). 

 

Table 11.2. Summary of the results from nitrogen sorption analysis. 

 N2 sorption analysis 

 BET SAa DFT SAb Vporec 

 [m²/g] [m²/g] [cm³/g] 

HS-185 170.3 151.1 0.137 

HS-257 167.3 160.7 0.182 

HS-341 170.6 161.1 0.166 

HS-533 289.5 263.9 0.256 

HS-533-s 89.5 63.9 0.256 

HS-533-l 289.5 263.9 0.256 

HS-637 189.3 179.6 0.213 

CS-261 24.6 20.5 0.037 
a BET SA: Surface area calculated by using BET method, b DFT SA: Surface area obtained from DFT analysis 
using NLDFT model on silica at 77 K, c Vpore: Pore volume obtained from DFT analysis using NLDFT model 
on silica at 77 K. 

 

DSC of ice formation in water/hollow spheres shows two exothermic peaks 

(Figure 11.2): a major one in the temperature range from -19 to -22 °C and a smaller 

one in the range from -39 to -40 °C. For HS-637, the low-temperature exothermic 

process appears at -24 °C. With the exception of HS-637, we assign the 

crystallization peaks at higher and lower temperatures to water crystallized 

outside/inside the HS spheres, respectively (see below). Water outside the HS 

spheres is the majority component and crystallization proceeds via heterogeneous 

nucleation at low supercooling. Naturally, the heat associated with heterogeneous 

nucleation is high (ΔHE~271 J/g and 250 J/g, respectively, for HS-637 and HS-185). 

The respective heats for the homogeneous nucleation process are ΔHO~4 J/g and 

5 J/g. On the other hand, the melting process shows a broad featureless peak with 
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heats of 319 and 274 J/g, respectively, for HS-637 and HS-185. These heats should 

be compared with the enthalpy of melting of bulk ice of 328 J/g.28  

 

Figure 11.2. Differential scanning calorimetry traces of water/hollow silica spheres with 
different diameters obtained on (a) cooling and (b) heating with a rate of 10 °C/min. The 
vertical dashed line in (a) is a guide to the eye corresponding to the homogeneous 
nucleation temperature of confined water. 

 

The higher crystallization temperature of HS-637 could be traced to less dense 

walls of this specific silica capsule. Furthermore, cracked spheres during dispersion 

via sonication and during repeated freeze-thawing have been more prominent in 

this case (the pressure-induced collapse of a thin spherical cell scales as Et2/d, where 

E is the Young modulus).23 This demonstrates that an intact and densely condensed 

silica shell is of paramount importance to support homogeneous nucleation in its 

interior. Such robust silica shells also withstand multiple freeze-thawing cycles 

without rupture or degradation. 

Next, the high dielectric permittivity of water and its temperature-dependence 

was employed as a fingerprint of the mechanism of ice nucleation. At a cooling rate 

of 5 °C/min, bulk water freezes at -7.9 °C. The bulk dielectric permittivity first 

increases on cooling and below freezing assumes a low value corresponding to the 
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limiting high-frequency permittivity of hexagonal ice (ε'~3.2) (Figure 11.3). The 

dielectric permittivity of water/HS shows similar features: an increase in cooling 

and a discontinuous decrease within the temperature range from -7 to -11 °C to a 

permittivity value of ~4.5. Interestingly, on further cooling, there exists another 

small step towards a permittivity value of ~3.7. The values of the dielectric 

permittivity at high and low temperatures are in agreement with the prediction of 

an effective medium theory for heterogeneous dielectrics (Supporting Information, 

Chapter 11.7).29 As with the DSC results, we assign these processes to ice formation 

via heterogeneous and homogeneous nucleation at low and high supercooling, 

respectively. The temperature location of the two nucleation mechanisms can better 

be seen in the derivative representation, dε'/dT, in Figure 11.3c. On subsequent 

heating, there is a single melting process at 0 °C. Informative is the effect of 

increasing the HS content (from 2.5 wt.% to 7.5 wt.%) on the nucleation mechanisms 

(Figure 11.3d-f). The figure depicts dielectric permittivity measurements on cooling 

and subsequent heating of water/HS samples with increasing weight fraction of 

hollow silica spheres (HS-533) with a diameter of 533 nm. There is a clear increase 

in the step of dielectric permittivity (ΔεO) for the low temperature mechanism in 

comparison to the step at higher temperatures (ΔεE). Moreover, the ratio ΔεO/ΔεΕ 

increases from 0.006 to 0.024 with increasing HS content as expected from the ratio 

of inner to outer volumes (Table 11.2). These results on the effect of HS content are 

supported by DSC measurements made on the same dispersions (Figure S11.2). The 

DSC results show an increasing heat of crystallization via the homogeneous 

nucleation mechanism (ΔHE/ΔHO~29, 13, and 7 for 2.5 wt.%, 4.8 wt.% and 7.5 wt.% 

of HS-533) with increasing HS content.   

To verify further that homogeneous nucleation prevails in the HS we studied the 

crystallization of water in dispersions with polystyrene-silica core-shell particles 

(CS-261). This test is expected to differentiate between the two mechanisms as CS 

particles do not contain water and water exists only in one environment, i.e., bulk-

like water.  Results on the dielectric permittivity and heat flow are depicted in 

Figure S11.3 and Figure S11.4, respectively. They both reveal crystallization via a 

single mechanism at low supercooling (ΔΤ~-2 °C). These findings suggest two well–

resolved nucleation mechanisms correspond to two different water environments; 
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a bulk-like water crystallizing via heterogeneous nucleation at low supercooling 

and a confined water within the HS spheres crystallizing via homogeneous 

nucleation at higher supercooling. The likelihood of finding a heterogeneous 

nucleus inside a HS is low. The walls do not seem to be efficient nuclei. Of 

importance here is the role of the microporous cavities on the HS spheres (see 

below). 

 

 

Figure 11.3. (a) Temperature dependence of the dielectric permittivity of water/hollow 
silica spheres with different diameters obtained on cooling (blue curves) and subsequent 
heating (red curves) with a rate of 5 °C /min. (b) Magnification of (a) in the region of low 
permittivity. (c) Derivative of dielectric permittivity, dε'/dT, as a function of temperature 
for the data shown in (a). (d) Temperature dependence of the dielectric permittivity of 
water/hollow silica spheres with a diameter of 533 nm for different weight fractions of 
hollow silica spheres as indicated. (e) Magnification of (d) in the region of low permittivity. 
(f) Derivative of dielectric permittivity as a function of temperature for the data shown in 
(d). In all cases, the frequency is 1 MHz. 
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The results of water crystallization in hollow silica spheres can be summarized in 

a pertinent “phase diagram”. In Figure 11.4, the crystallization/melting 

temperatures are depicted as a function of the surface-to-volume ratio of spheres. 

This plot facilitates the comparison with water crystallization inside self-ordered 

AAO investigated earlier by some of us.24-26 The temperatures of homogeneous 

nucleation, in the two -distinctly different- systems are in remarkable coincidence. 

In contrast, the temperatures of heterogeneous nucleation in HS spheres are 

independent of the surface-to-volume ratio whereas a strong dependence was 

found for water crystallized inside AAO. In addition, the temperature of 

crystallization via heterogeneous nucleation is identical to the crystallization 

temperature in dispersions of polystyrene-silica core-shell particles. In the latter 

system, bulk-like heterogeneous nucleation is the only possible crystallization 

mechanism, hence the high-temperature crystallization process in HS spheres has 

the same origin, i.e., crystallization initiated via heterogeneous nuclei. Note that 

differences in crystallization temperatures by DSC and DS reflect the different 

cooling rates (see also Figure S11.5). The mechanism at lower temperatures deserves 

some attention. It is assigned to homogeneous nucleation since water molecules are 

infiltrated through the microporous cavities in the silica shell. Effectively, this filters 

away all heterogeneities above a size of ~3 nm, leaving homogeneous nucleation as 

the sole nucleation mechanism for water located inside HS spheres. The assignment 

of the low-temperature process in the smaller HS spheres to homogeneous 

nucleation (and of the low-temperature feature of HS-637 to heterogeneous 

nucleation) becomes more evident by comparison with the onset of homogeneous 

ice nucleation in supercooled water microdroplets as a function of the droplet 

volume (Figure 11.4).7 Overall, our results support the notion that nucleation of ice 

is volume-dominated. On the other hand, the possibility that the low-temperature 

process originates from nucleation within the micropores of the silica network (and 

not in the HS interior) can be excluded as the corresponding nucleation 

temperatures (Figure 11.4) for such volumes is well below -40 °C. 
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Figure 11.4. (Left) Phase diagram of water in hollow silica spheres (filled symbols) 
compared to water located inside self-ordered AAO (open symbols)24 as a function of the 
surface-to-volume ratio. Red and blue symbols represent results from DS and DSC, 
respectively. The circles indicate the melting temperatures. The squares indicate the process 
of heterogeneous nucleation. The triangles indicate crystallization via homogeneous 
nucleation. Grey and blue areas correspond to ice formation via homogeneous (O) and 
heterogeneous (E) nucleation, respectively. The dash-dotted line gives the heterogeneous 
nucleation of ice in self-ordered AAOs.24 The horizontal dashed line gives the temperature 
of heterogeneous nucleation in polystyrene-silica core-shell particles (CS-261) from DS (red) 
and DSC (blue). (Right) Dependence of the homogeneous nucleation temperature on 
volume. The black dashed line gives the reported lowest temperatures for homogeneous 
nucleation of water droplets as a function of their volume (cooling rate of ~1 °C/min). 7The 
symbols and shaded areas have the same meaning.  

 

Valuable information on the state of supercooled water/ice in the confined 

environment of HS spheres can be obtained from 1H MAS NMR measurements. 

Figure 11.5 gives the MAS spectra of water/HS spheres with a diameter of 533 nm 

at -20 °C. The spectrum is composed of a narrow and a broad component associated, 

respectively, with a small fraction of undercooled water and a larger fraction of ice. 

In general, the linewidth of liquid water is determined by the chemical shift 

distribution of all populated states of water molecules in the liquid state, as well as 

from the exchange rate of the molecules between those different states. Moreover, 
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differences in the dipolar dephasing efficiency of water, typically expressed as T2 

relaxation time, will contribute to the linewidth of liquid water.  

 

Figure 11.5. MAS spectra at a Larmor frequency of 20 KHz for (i) water/HS spheres with 
diameter of 533 nm at -20 °C (green line), (ii) water located inside AAO with pore diameter 
of 400 nm at -20 °C (red line), (iii) bulk water at 1 °C (black line), and (iv) bulk hexagonal 
ice at -20 °C (blue line), and in the regions of (a) liquid and (b) solid components. Bulk water 
and bulk ice spectra in (a) and (b), respectively, have been scaled (respective factor x0.007 
and x3). 

 

By comparing the linewidth of the broader component with that of bulk 

hexagonal ice recorded at the same temperature (Figure 11.5b) we conclude that ice 

in water/HS spheres at -20 °C has the same characteristics (broadening, chemical 

shift) as bulk hexagonal ice.26 This is understandable as at this temperature ice 

formation takes place via heterogeneous nucleation at the bulk of the dispersion, 

i.e., outside the HS spheres. The narrower component associates with a small 

fraction of undercooled water, that based on DS and DSC, will freeze only at a lower 

temperature (-37 °C) via homogeneous nucleation. A quantitative analysis 

comparing the signal intensity of the ice and water signals -by peak deconvolution- 

is not feasible (the background suppression sequence will suppress some very 

broad contributions to the ice spectrum and therefore lead to a systematic 

overestimation of supercooled water). Interestingly, this fraction of supercooled 

water is much more mobile than water located inside AAO pores with a diameter 
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of 400 nm and measured at the same temperature (Figure 11.5b)26 but slower than 

bulk water measured at 1 °C (Figure 11.5a). 

11.3 Conclusions 

In conclusion, increasing the hollow silica sphere content engenders ice nucleation 

via homogeneous nucleation as opposed to the expected heterogeneous nucleation 

found in water located outside polystyrene-silica core-shell particles. These results 

support the observation already made with water in nanoporous alumina; 

heterogeneous nucleation is suppressed in small volumes irrespective of the 

geometry of confinement. The present findings shed new light on the interplay 

between homogeneous and heterogeneous nucleation of ice with possible 

implications in the storage of reactive or biologically active substances. As an 

example, we refer to supercooled micro flow in microchannels of an 

aqueous/organic two-phase reaction with a chiral phase-transfer catalyst. There 

enantiomeric selectivity was found to increase with decreasing temperature of 

supercooled water.30 

11.4 Experimental Details 

Materials 

Styrene (≥ 99 %, Aldrich), 2,2’-Azobis(2-methylpropionamidine) dihydro-

chloride (AIBA; 97 %, Aldrich), 2-Methacryloxy-ethyltrimethylammonium chloride 

(MTC; 70 % solution in water, Polyscience), Polyvinylpyrrolidone K30 (PVP; 

Mw ~ 55 kg/mol, Aldrich), Tetraethyl orthosilicate (TEOS; ≥99 %, Aldrich) and 

Ammonium hydroxide solution (30 - 33 % in water, Aldrich) were used as received. 

2,2′-Azobis(2-methylpropionitrile) (AIBN; ≥98.0%, Aldrich) was recrystallized 

from methanol. Ethanol (EtOH) was used in technical grade and water was taken 

from a Millipore Direct Q3UV unit for the entire synthesis and purification steps.  
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Synthesis of hollow silica spheres 

The synthesis of hollow silica spheres comprises three steps: (1) Synthesis of 

polystyrene particles, (2) Coating of polystyrene template particles with a silica shell 

via a modified Stoeber process and (3) Calcination of the core-shell particles to 

remove the polystyrene core.  

(1) Synthesis of polystyrene particles 

Two different techniques were used to obtain monodisperse polystyrene particles. 

Smaller particles (140 - 275 nm) were obtained by emulsifier-free emulsion 

polymerization31 and larger particles (495 - 580 nm) by dispersion polymerization. 

In the following, the synthesis of the smallest and largest particles is described. 

Emulsifier-free emulsion polymerization: The synthesis was carried out in a three-

necked flask, equipped with a reflux condenser and a gas inlet, which allows a slight 

argon flow during the synthesis. First, 100 mL water, 13 mL styrene, 300 µL MTC 

and 0.9 g PVP were heated to 70 °C at a stirring rate of 850 rpm with a magnetic 

stirrer egg. After an equilibration time of 30 min, 0.3 g AIBA, dissolved in 20 mL 

water, were added to initiate the polymerization. After nucleation, the stirring 

speed was reduced to 450 rpm and the reaction was carried out overnight.  

Dispersion polymerization: The dispersion polymerization was carried out in a 

single-neck flask connected to a KPG stirrer rotating at a rate of 60 rpm. First, 

130 mL ethanol (EtOH), 14 mL water, 10 mL styrene and 5 g PVP were purged with 

argon, while heating the reaction mixture to 75 °C. After an equilibration time of 30 

min, the gas inlet was removed, 0.136 g AIBN, dissolved in 6 mL ethanol, were 

added to initiate the polymerization and the stirrer was set to 60 rpm. After 1.5 h, 

400 µL MTC were added. The reaction was carried out overnight.  

For both polystyrene synthesis methods, different sizes can be obtained by 

adjusting the amount of comonomer, initiator and the ethanol/water ratio in the 

dispersion polymerization.  

(2) Silica coating of the polystyrene particles 

The silica coating was achieved by a Stoeber condensation process.32 In the 

following, the coating process is exemplarily described for the smallest particles: 
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84.8 vol.% EtOH, 6.7 vol.% aqueous polystyrene dispersion (8.4 wt.%) and 6.3 vol.% 

NH4OH solution were stirred at 400 rpm in a single-neck flask. After stepwise 

addition of 2.2 vol.% TEOS the reaction was stirred overnight at room temperature. 

The core/shell particles were purified by repeated centrifugation and redispersed 

in water.  

(3) Calcination of polystyrene-silica core-shell particles 

In order to obtain hollow spheres, the samples were dried and calcined in a 

furnace (Nabertherm L5/11/P33) at 500 °C in air for 12 h. The hollow spheres were 

redispersed in water using mild sonication in a sonication bath.  

Overall five different hollow silica nanoparticles and one core-shell particle as 

reference sample were synthesized. The concentration of the dispersions were 

adjusted between 2.5 and 10.7 wt.%. For sample HS-533, dispersions with a small 

(2.5 wt.%, HS-533-s) and a large (7.5 wt.%, HS-533-l) concentration were 

additionally prepared. The data for the synthesized particles and the concentrations 

are shown in Table 11.1.  

Characterization 

Transmission electron microscopy (TEM) images were taken on a Zeiss CEM 902 

instrument in bright field imaging mode at an acceleration voltage of 80 kV.  

Nitrogen sorption measurements were carried out on a Quantachrome Autosorb 

AS-1 pore analyzer at 77 K. Prior to the measurements, all sample were 

preconditioned to remove water residues. The hollow silica nanoparticle samples 

were preconditioned in a vacuum at 350 °C for 12 hours and the core-shell particle 

sample was preconditioned in a vacuum at 90 °C for 20 hours. For the analysis, the 

Quantachrome ASiQ v3.0 software was used. The specific surface areas were 

calculated using the BET method and the DFT method. Pore volumes and pore size 

distributions were obtained by applying the nonlocal density functional theory 

(NLDFT) adsorption model for silica materials with cylindrical or spherical pore 

geometry. 

Differential scanning calorimetry (DSC) - Thermal analysis was carried out using 

a Mettler Toledo differential scanning calorimeter (DSC-822). DSC traces of bulk 
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water were acquired using an empty pan as a reference. Samples were weighed with 

a Mettler Toledo AX205 balance. Subsequently, 10 mg of water/HS solution was 

sealed in aluminum pans (100 μl). All samples were first cooled at a rate of 

50 °C/min from ambient temperature to -100 °C, and then heated to 30 °C at the 

same rate under a nitrogen atmosphere. In a second experiment, the rate 

dependence of the melting and crystallization temperatures was investigated for 

water/HS spheres with a diameter of 533 nm. In this experiment, samples were 

heated to 100 °C and DSC cooling/heating curves were obtained with rates of 30, 

10, 5 and 2 °C /min.  

Dielectric measurements were performed at temperatures in the range of -90 °C 

to 30 °C, at atmospheric pressure, under isochronal conditions (f = 1 MHz) using a 

Novocontrol Alpha frequency analyzer (frequency range from 10-2 to 106 Hz) as a 

function of temperature. For bulk water, the DS measurements were carried out 

with a Novocontrol cylindrical cell with electrodes of 10 mm in diameter and 

sample thickness of 1cm. In all cases, the complex dielectric permittivity ε*=ε'-iε'', 

where ε' is the real and ε'' is the imaginary part, was obtained at 1 MHz.  The 

dielectric function of heterogeneous dielectric comprising a matrix (m), an 

interfacial layer (l) and filler (f) contributions are given by an effective medium 

approach as33:  

∗ =
∗ + ∗ + ∗

+ +  

=
(1 − ) ∗ + ∗ 

∗  

=
[ ∗ + (1 − ) ∗ ] ∗ + (1 − ) ∗ + (1 − )( ∗ − ∗ )( ∗ − ∗)

∗ ∗  

Here d=φf/(φf+φl), and n is the depolarization factor of the filler particle in the 

field direction. In the present case, φf=φm=φwater, n=1/3 and εl*= εl'=3.8.  By further 

assuming ε'water=82 and ε'ice=3.2 we obtain for the composite ε'c=73 and 3.7 for water 

and ice, respectively. These values are very close to the experimentally measured 

values of permittivity at high and low temperatures.  



11 Homogeneous Nucleation of Ice Confined in Hollow Silica Spheres 258 

1H MAS NMR spectroscopy measurements have been performed with a Bruker 

Avance III console operating at 850 MHz 1H Larmor frequency in the temperature 

range between 230 and 290K at 20 kHz MAS spinning frequency. The 

measurements have been performed using a commercial MAS double resonance 

probe supporting 2.5 mm MAS rotors. The temperature has been calibrated using 

the temperature dependent 79Pb chemical shift of lead nitrate as described in the 

literature. A Bruker BCU II cooling unit has been used with a VT gas flow of 

1500 l/h. The 1H MAS NMR signals have been recorded using the EASY scheme, in 

order to suppress the 1H probe back and the ringing artifacts of the rf coil.  
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11.7 Supporting Information 

 

Figure S11.1. Characterization of the internal structure of hollow silica spheres: (a) 
Nitrogen adsorption/desorption isotherms at 77 K used in determining the pore volume 
and surface area. (b) Pore radius distribution. Pore volumes and pore size distributions 
were obtained by applying the nonlocal density functional theory (NLDFT) adsorption 
model for silica materials with cylindrical or spherical pore geometry. 

 

 

Figure S11.2. Differential scanning calorimetry traces of water/hollow silica spheres with  
different weight fractions of hollow silica spheres (diameter 533 nm) as indicated  obtained 
on (a) cooling and (b) heating with a rate of 10 °C/min.  
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Figure S11.3. (a) Temperature dependence of the dielectric permittivity of 
water/polystyrene-silica core-shell particles (CS-261) with a diameter of 261 nm obtained 
on cooling (blue curves) and subsequent heating (red curves) with a rate of 5 °C/min. (b) 
Magnification of (a) in the region of low permittivity. (c) Derivative of dielectric 
permittivity, dε'/dT, as a function of temperature for the data shown in (a). In all cases the 
frequency is 1 MHz.  

 

 

Figure S11.4. Differential scanning calorimetry traces of water/polystyrene-silica core-shell 
particles (CS-261) with a diameter of 261 nm obtained on cooling (blue curve) and heating 
(red curve) with a rate of 10 °C/min. 
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Figure S11.5. Differential scanning calorimetry traces of water/hollow silica spheres 
(diameter 319 nm) with different cooling rates as indicated. 

 

  



  

12 Conclusion and Outlook 

In this thesis heat transport in nano- and mesostructured materials is studied in 

detail. The focus was laid on the structure-property relationship regarding the 

thermal properties. For this purpose, it was indispensable to have a well-defined 

material. Colloidal crystals, composed of monodisperse particles, fulfill this 

demand. As building blocks, silica hollow spheres, polymer latex particles, or core-

-shell particles were used.  

First, silica hollow sphere colloidal crystals were studied. This material class 

combines several advantageous features, like the breathability due to the 

open-porous structure, the non-flammability based on the silica network and the 

dispersion-processability like spraying or painting. A comprehensive study of the 

heat transport in silica hollow sphere colloidal assemblies revealed the great 

insulation properties. By adjusting the aspect ratio, the microstructure, the contact 

points, the symmetry and the pore sizes, a very low thermal conductivity of 

~35 m W m-1  K-1 in air and <10 m W m-1 K-1 in vacuum was obtained. The findings of 

this work are also applicable to other nanoporous, particulate materials and will 

help to create novel insulation materials. However, a major drawback of these 

colloidal crystals compared to polymer foams constitute the mechanical properties, 

which will presumably underperform. Therefore, one can consider adsorbing 

polymer or sheet materials (e.g., clays, or graphene oxide sheets) to the surface of 

the silica hollow spheres. These may significantly improve the mechanical stability. 

Furthermore, silica capsules can be incorporated into a matrix with enhanced 

mechanical properties, for instance, a polymer matrix.  

In the second part of this work, the structure-property control was utilized to 

investigate hybrid materials, like core-shell particles and binary particle mixtures. 

These two material classes are model systems for phase change materials and heat 

spreading materials. In future studies, it would be worthwhile to transfer the 

knowledge. Especially, for the binary particle mixtures, it would be very interesting 

to exchange the polymer particles with highly conducting particles like hollow gold 
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spheres. Thus, the simulated results could be validated, and the percolation 

mechanism could be studied experimentally.  

This work reveals the great potential of the underexplored world of thermal 

transport in colloids. In the future, a wide range of further studies can be conceived 

to exploit the potential given by such colloidal assemblies fully. One focus may be 

laid on multifunctional materials, in which the thermal properties are combined 

with (i) electrical conductivity leading to thermoelectric materials, (ii) optical 

properties to obtain, for instance, transparent insulation materials, or (iii) improved 

mechanical properties.  
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