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Kurzzusammenfassung 

Durch die Entdeckung von Kohlenstoffnanostrukturen (1D, 2D Strukturen) im 

vergangenen Jahrhundert begann in den darauffolgenden Jahren ein Wettlauf zur 

Verwendung dieses neuen Werkstofftyps mit herausragenden physikalischen 

Eigenschaften. Aufgrund der geometrischen Beschränkung von 1D und 2D 

Kohlenstoffstrukturen wurden um die Jahrtausendwende verschiedenste 

Herstellungstechniken entwickelt, um 3D Kohlenstoffstrukturen zu 

synthetisieren, welche auch als Kohlenstoffschäume bezeichnet werden. Diese 

bieten auf Basis deren Morphologie gegenüber den bisherigen Strukturen 

entscheidende Vorteile, womit sich potentiell neue Anwendungsgebiete im 

Bereich der Energiespeichersysteme und Katalysatoren ergeben. Dabei 

beeinflussen insbesondere die Wachstumsmechanismen der 

Kohlenstoffstrukturen die späteren Eigenschaften. Im Zuge dessen entstehen in 

der Ausbildung der Kohlenstoffanordnung im hexagonalen Gitter immer wieder 

Defekte, welche die elektrischen und mechanischen Eigenschaften der Struktur 

verringern. Diese Defekte können durch Ausheilungsprozesse wie eine 

Hochtemperaturbehandlung verringert werden. Neben Defekten, wurde auch 

gezeigt, dass die Anzahl der Kohlenstofflagen die Eigenschaften maßgeblich 

beeinflussen. Diese Arbeit befasst sich mit der Analyse des 

Wachstumsmechanismus der 3D Kohlenstoffstruktur Aerographit. Dieser 

Kohlenstoffschaum weist eine tetrapodischen Morphologie auf und zeichnet sich 

durch dessen hohe mechanische und elektrische Eigenschaften bei einer geringen 

Dichte von bis ~ 2 mg/cm³ aus. Im Zuge dessen wird vor allem der Einfluss des 

Wachstumsmechanismus auf die Eigenschaften beziehungsweise die kontrollierte 

Veränderung der Eigenschaften wie zum Beispiel der elektrischen Leitfähigkeit 

untersucht. Dabei kann durch eine gezielte Prozessführung, während der Synthese 
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von Aerographit in der chemischen Gasphasenabscheidung, die Wandstärke der 

Tetrapoden gezielt variiert werden. Wobei durch eine nachgeschaltete 

Temperaturbehandlung von Aerographit, in Abhängigkeit der Temperatur und 

deren Haltezeit, kommt es zu einer schrittweisen Steigerung der elektrischen 

Leitfähigkeit. Weiterhin wird in dieser Arbeit eine Variation der Morphologie und 

des Herstellungsprozesses für 3D Kohlenstoffschäume untersucht. Dabei liegt das 

Hauptaugenmerk auf eine anwendungsbezogene Morphologie und eines 

vergleichsweise vereinfachten Herstellungsprozesses der neu entwickelten 

Kohlenstoffstruktur. Der dabei entwickelte Kohlenstoffschaum weist eine 

globulare Morphologie auf und wird auf Basis eines keramischen Grundkörpers 

hergestellt. Durch dieses Herstellungsverfahren lassen sich unter Verwendung 

von thermodynamischen Berechnungen katalytisch aktive Materialien dem 

keramischen Grundkörper zufügen, welche gezielt nach dem CVD Prozess in dem 

gebildeten Kohlenstoffschaum verbleiben. Dabei kann diese Methode zu einem 

beliebig vielfältigen Anwendungsspektrum im Bereich der Katalysatoren führen  
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Abstract 

The discovery of 1D carbon nanostructures in the 20th century and subsequently 

of 2D carbon nanostructures in the past century, a competition for possible 

applications of this material with outstanding physical properties began. Due to 

the geometric restriction of 1D and 2D carbon structures, a variety of 

manufacturing techniques have been developed around of the millennium to 

synthesise 3D carbon structures, which are also referred to as carbon aerogels or 

carbon foams. Based on their morphology, these structures offer decisive 

advantages over the existing structures and thus potentially new fields of 

application arise in the field of energy storage systems and catalysts. The growth 

mechanism of carbon structures has a property-defining influence on their 

properties. During their growth, carbon atoms arrange in ideal hexagonal lattices, 

which can also lead to defects that adversely affect the properties. These defects 

can be reduced by annealing processes such as a high-temperature treatment. 

Besides to defects, it was also shown that the number of carbon layers significantly 

affect the properties. 

This work concerned with the analysis of the growth mechanism of the 3D carbon 

structure Aerographite. This carbon foam has a tetrapodal morphology and is 

distinguished by its high mechanical and electrical properties at a density down to 

~2 mg/cm3. Here, the influence of the growth mechanism via ex-situ studies and 

the tailoring of the properties such as electrical conductivity is investigated. The 

wall thickness of the tetrapods can be specifically varied by means of a targeted 

process control during the synthesis of Aerographite in the CVD process. A 

stepwise increase in the electrical conductivity occurs because of a subsequent 

temperature treatment of Aerographite, as a function of the temperature and its 
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holding time. Additionally, the healing of Aerographite by a thermal treatment 

and the influence of the graphitisation on the properties of Aerographite is in focus 

in this work.  

Furthermore, this study aims a variation of the morphology and the manufacturing 

process for 3D carbon foams and the identification of possible applications. The 

focus here is on an application-related morphology and a comparatively simplified 

manufacturing process of the carbon structure. The developed carbon foam has a 

hierarchical globular morphology and is produced based on a porous ceramic 

template. Based on thermodynamic calculations, a wide range of catalytically 

active materials can be added to the green body, which are remains after the CVD 

process. Finally, a carbon foam with incorporated catalysts can be used for several 

applications.   
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1 Introduction  

For centuries, carbon modifications, such as carbon nanotubes (CNTs), have 

been used unintended as additional reinforcing elements in a metal matrix 

material to improve their mechanical properties, as shown for a damascene 

sword from the 17th century. These CNTs are synthesised unintentionally 

during the manufacturing using high temperatures and pressure and the 

presence of iron as catalyst [1]. After the introduction of carbon nanotubes in 

the 1950s [2] and their detailed description and confirmation at the end of the 

20th century by Iijima [3] carbon nanostructures have become increasingly 

important. In addition to carbon nanotubes, other carbon modifications such 

as fullerenes [4,5] and graphene [6,7] have been discovered at the same time. 

Carbon nanostructures can be used in various fields of applications, e.g. 

sensors [8], bioimplantats [9], composites [10–12], batteries [13], 

thermoelectric devices [14,15] or as basis for catalysts with incorporated 

metallic nano particles [16–18].  

The basis for the development of such fields of application is the deepening 

understanding of the growth behaviour, in which the kinetics of the synthesis 

of carbon nanostructures are analysed via ex-situ analysis using electron 

microscopy methods [19,20]. The development of new analytical methods 

such as the environmental transmission electron microscopy (ETEM) allows 

in-situ analysis of such growth processes [21–23]. Although ex-situ analysis 

is a powerful tool for the description of growth processes. But to clarify the 

influence of catalysts or the formation of graphitic layers for a more detailed 

observation of such growth processes, an in-situ analysis of these 

mechanisms are indispensable [24–26]. 
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Due to the geometric limitations of the mentioned structures, the 

development of 3D cross-linked carbon structures was the next evolutionary 

step. A variety of manufacturing methods is developed to synthesise carbon 

foams. Based on this a new field of research emerges.  

The manufacturing of these newly developed 3D carbon structures can be 

distinguished in template-based and template-free methods for the direct 

synthesis of carbon aerogels [27–29] and the assembly of graphitic structures 

[30–32]. The recently developed structure, called Aerographite (AG), offers 

a high application potential by its outstanding electrical and mechanical 

properties. Depending on the density, different morphologies can be 

observed, and each substructure has unique properties [28]. The so-called 

closed-shell variant of Aerographite appears to be particularly interesting for 

technical applications such as the growth of nerve cells [33], as reinforcing 

filler in polymer nanocomposites (PNCs) [34,35], as gas sensors [36], as 

supercapacitors [37] or as basis for the growth of gallium nitride structures 

(GaN) [38]. The description of the growth mechanism, by means of ex-situ 

or in situ methods, may reveal new possibilities to understand fundamental 

properties of Aerographite and to optimize or tailor them according to 

specific requirements. The basic structure-property relation of Aerographite 

regarding the technological application are still unknown. For example, in 

CNTs, the number of layers [39,40] and the degree of graphitisation [41–44], 

have a considerable influence on the electrical and mechanical properties of 

carbon structures. In the course of this, the explanation of the fundamental 

electrical character of Aerographite is of particular interest. 
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1.1 Aim of the work  

This work investigates the growth mechanism of Aerographite via ex-situ 

methods, which is essential for the further understanding for the tailoring of 

properties. 

Based on the observed mechanism and the proposed model, properties such 

as the electrical and mechanical properties can be tailored by varying the wall 

thickness of Aerographite in an adapted synthesis scheme. Moreover, atomic 

defects were healed in a subsequently treatment process.  

As an alternative to the tetrapodal morphology of Aerographite, a new 

structure with a hierarchical-globular morphology is developed for special 

applications in the field of catalysts. In this thesis, the fundamentals of the 3D 

carbon capacitors and the synthesis of the carbon-based catalysts are 

presented.  

 

1.2 Structure of the Thesis  

This thesis is divided in 6 chapters. In the first chapter, carbon structures, 

their growth mechanism and their properties are described. Followed by the 

explanation of 3D carbon foams and their applications. Chapter 3 describes 

the design of the experiments, the used materials and sample geometries, the 

development of a manufacturing process for ceramic-based templates and the 

used experimental set-up for the analytical observations. The results of the 

experiments are presented and discussed in chapter 4. The focus is set on the 

growth mechanism of Aerographite, its properties modifications and the 

applications of the new developed carbon morphology. The following chapter 

summaries the main findings. Chapter 6 contains an outlook of this thesis for 

further research in the field of 3D carbon foams and their applications.  
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Results of this thesis and the DFG project cooperation have been published 

in several journal articles or have been presented on conferences, or have to 

be submit to journals, as listed on page 89-92. Moreover, all student thesis 

with a deep impact on this thesis are summarised on page 93.
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2 Scientific and technological background 

This chapter explains the scientific and technological background, which is 

necessary for the understanding of the present thesis. Carbon structures, their 

manufacturing methods or the corresponding growth models and possible 

fields of application are considered. Based on this, specific modifications of 

carbon structures are discussed using graphene and CNTs as an example.    

Furthermore, the characterisation of carbon structures from graphene, via 

CNTs to 3D carbon structures, using Raman spectroscopy and the 

explanation of the formation of characteristic Raman peaks are important. 

The manufacturing variants of 3D carbon structures as well as the targeted 

properties of carbon structures. 

2.1 Carbon structures (growth models, properties and applications) 

Carbon structures such as graphene [6,7], fullerenes [4] or carbon nanotubes 

[2] rise in importance in the last few decades. This new class of materials can 

be produced in several manufacturing processes, but the most economically 

and one of the promising processes for the industrial production of carbon 

structures is the CVD process.  

2.1.1 Graphene  

Graphene is a single layer of graphite and the basic carbon modification of 

fullerenes and CNTs, as shown in Figure 2.1. These carbon structures can be 

formed by rolling up or folding a graphene sheet. The first description of 

graphene as carbon allotrope is from the 1940s and described the possible 

potential in their electrical/mechanical properties [45]. Due to the isolation of 

graphene monolayers by Geim and Novoselov [6] at the beginning of the 21th 

century, the exploration of carbon nanostructures increased the importance 
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even more. Due to the planar structure consisting of sp² carbon bonding, 

graphene exhibits high mechanical (1 TPa) [46], thermal >5000 W/mK [47] 

and electrical properties with a calculated electrical resistivity of 

approximately 1.0 μΩcm [7]. 

Graphene offers a high application potential such as e.g. in polymer 

composites for increasing electrical/mechanical properties [48,49], as energy 

storage systems [50] such as supercapacitors [51], as fuel cells [52], as bio 

sensors [53] or in photovoltaic cells [54].  

 

Figure 2.1: Graphene as fundamental structure for carbon allotropes [7]. 
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Technologically, a distinction can be made between single-layer graphene 

(SLG), few-layer graphene (FLG), graphene nanosheets (GNs) and graphene 

nanoribbons (GNRs) [53]. An electrical resistance of approx. 3.35 μΩcm was 

calculated for FLG [55], whereby graphene exhibits individual properties as 

a function of the number of layers. Furthermore, graphene shows a 

temperature-dependent electrical behaviour, whereby the conductivity 

increases with increasing temperature, which is described as semiconductive 

behaviour  [56].   

The electrical conductivity of graphene decreases continuously with an 

increasing number of layers from 0.8∙106 S/m (2 layers) to 0.18∙106 S/m (9 

layers) [55]. This behaviour can be also observed for the thermal 

conductivity. The change in the thermal conductivity with increasing number 

of layers is explained by the change in the phonon dispersion and thus in more 

resulting phonon states for “Umklapp skattering” [57,58]. An increased 

number of layers from 2 to 10 layers leads also to a reduction of the Young 

modulus from 980 GPa to 940 GPa, respectively. This is explained by the 

weaker van der Waals forces between the individual layers, which makes 

FLG unstable [59]. 

 

Growth model of graphene  

Graphene can be synthesised by various manufacturing methods. These can 

be distinguished into two basic procedural principles, the chemically derived 

from graphite [60,61] which are followed by sonication and the synthesis in 

the CVD process [62] with metals as substrate. Similar to CNTs, the same 

catalysts are used to synthesise graphene (see Chapter 2.1.2), such as copper 

(Cu) or nickel (Ni) [63,64].  
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The synthesis of graphene takes place in several steps, as shown in Figure 

2.2a,b. The different solubility of carbon into the substrates (nickel (a) and 

copper (b)) leads to a difference between the growth mechanism [64]. Wang 

et al. reported that the growth of graphene begins preferably at the grain 

boundaries of the substrate on its surface [65]. 

By using nickel as substrate (Figure 2.2a), first the adsorption of carbon 

precursors occurs (1), followed by the dehydrogenation on the substrate 

surface (2). In the next step carbon diffuse into and through to the substrate 

material (3). At energetically favorable points takes the diffusion to the 

substrate surface place (4). Finally, the segregation process of graphene starts. 

Whereas, copper is used as substrate for the growth of graphene, as shown in 

Figure 2.2b, desorption of precursors occurs on the substrate surface (1). The 

segregation process of graphene takes place immediately, without any 

diffusion process (2) [64].  
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Figure 2.2: Schematic growth mechanism of graphene in the CVD process on 
a nickel substrate (a) and on a copper substrate (b) [64]. 

 

Based on the chemical reactions of the precursor (methane - CH4) and the 

dehydrogenation of methane on the surface (s), with injected hydrogen (H2) 

according to equation 2.1, 2.2 and the chemisorption of hydrogen on the 

substrate surface [64], hydrogen has a decisive influence on the quality of 

graphene.  

 𝐶𝐻4(𝑔) →  𝐶𝐻(𝑠) + 4𝐻(𝑠)            (2.1) 

 𝐻2(𝑔) → (𝑠) + 2 𝐻(𝑠)            (2.2) 
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The presence of hydrogen is important for the synthesis of graphene. It was 

shown that hydrogen reduces the crystallinity and the growth rate of graphene 

especially on copper [66]. In addition, other studies show that the synthesis 

of graphene cannot work without the presence of water, because it acts as an 

activator of the surface and as an etching reagent [67].  

2.1.2 Carbon Nanotubes    

Carbon nanotubes are another allotropy of carbon and can be described as a 

rolled-up graphene sheet. Carbon nanotubes can be distinguished between 

single wall (a-SWCNT), double wall (b-DWCNT) and multi wall (c-

MWCNT) carbon nanotubes as shown in Figure 2.3. Since their discovery in 

the 1950s [2] and their description by Iijima approx. 40 years later [3], these 

structures have become increasingly more researched to identify application 

fields and to improve already known materials in their properties with CNTs. 

Because of the C-C bonds and their σ orbitals in the plane direction, CNTs 

have a high potential in the formation of mechanical, thermal and electrical 

properties. Additionally, the remaining p-orbital forms a π-bond 

perpendicular to the CNT direction. By this sp2 hybridization, the carbon 

atoms arrange in hexagonal lattices. However, this requires a zero-defect 

packing of the carbon atoms. In particular, the growth mechanism of CNTs 

has a considerable influence on the formation of physical properties by 

formation of defects such as bonding, hybridisation or lattice defects, such as 

sp3 orbitales [68]. Experimental studies have shown that CNTs, like 

graphene, also have high electrical conductivity [69] and high mechanical 

[70] properties. For defect-free CNTs a theoretically Young modulus of ~1 

TPa is calculated [71]. 

Studies on the influence of defects in CNTs shown a decrease of the 

mechanical properties [72,73]. The strength and the failure strain can be 
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reduced by as much as 46 % and 80 % [72] and the tensile strength by  

60 % [73]. Based on the presence of defects, the strength of CNTs can be 

reduced up to 36 GPa [74].  

 

Figure 2.3: CNT modifications: SWCNT (a), DWCNT (b), MWCNT (c). 
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The wall thickness, or rather the number of carbon layers has an influence of 

the properties. It could be shown that with increasing wall number the 

electrical conductivity of CNTs increases and a plateau is reached, which is 

confirmed by the decrease of the calculated reduction of the band gap energy 

[40]. The mechanical stiffness of CNTs was simulated and showed that with 

increasing wall number the Young modulus decreases [75]. Based on the 

measured specific resistance 𝜌𝑅 of CNTs films, the band gap energy Eg of 

CNTs can be calculated with a simple relation with the present temperature 

T and the Boltzmann constant kB as shown in equation (2.3). The band gap 

energy is reduced with increasing number of layers [39].  

 𝜌𝑅 = exp(𝐸𝑔/2𝑘𝐵 ∙ 𝑇) (2.3) 

 

Growth model of carbon nanotubes   

The growth of CNTs is observed via electron microscopic methods. Based on 

these observations the first growth models were created by Iijima in the early 

1990s [19,20]. On the basis of these models and new analytical methods such 

as the ETEM [23], the growth of CNTs during their synthesis was observed 

more in detail.  

Three methods have proven as particularly suitable for the production of 

CNTs. Especially the arc discharge [76] and laser vaporisation [77] is suitable 

for large scale production of CNTs [78]. In addition, the use of the CVD 

process [79] is also applied to synthesise CNTs. The growth of CNTs is 

divided into two different mechanisms. On the one hand the base-growth 

which also called as extrusion or root growth and the tip-growth mechanism 

[22,80]. For both mechanisms the presence of a catalyst required. As a 

catalyst for CNT growth, predominantly metals are used, eg. Fe, Ni, Co [81] 
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as well as ZnO [82], Au [83], Ni/SiO2 [25], which are introduced during the 

synthesis. 

Both growth mechanisms in the CVD process are based on a physically 

fundamental mechanism that is described in Figure 2.4a. In the first step, the 

gaseous hydrocarbon molecules are adsorbed on the catalyst surface (1). 

Whereupon the dissociation of the precursor (2) and its diffusion on or into 

the surface of the metal catalyst (3) is followed. Finally, the nucleation and 

the formation of the carbon structure (4) take place [84]. As described by Lo 

et al. base-growth (Figure 2.4b) or the tip-growth mechanism (Figure 2.4c) 

depends on the ratio of the substrate temperature TS to the gas temperature 

TG. If TS is higher than TG, the base-growth mechanism is dominant, whereas 

TG is higher than TS tip-growth mechanism follows [85]. The basics of the 

CVD process are described in chapter 2.3 in detail. 
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Figure 2.4: Growth model for CNTs (a) [84], growth model for the base-
growth mechanism (b) and growth model for the tip-growth mechanism (c) 
after [85]. 

 

Besides to experimental studies, analytical studies, using Computational 

Fluid Dynamics (CFD) simulation is an effective tool to determine 

temperature and flow behaviour in the CVD process for the production of 

CNTs and gained in importance of their description [86,87]. Based on these 

data, the process can be optimised to generate CNTs of a higher quality [87].  
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2.1.3 Overview of Raman spectroscopy on carbon structures 

For fundamental characterisations of carbon structures and their structure-

property relations, Raman spectroscopy has emerged as an effective analysis 

method over the past decades. Raman spectroscopy provides the possibility 

of the effects of various treatment methods, such as doping [88,89], 

functionalisation [90–92], graphitisation of carbon structures [41–44] or the 

number of layers [40,93] in relation to the resulting properties. However, the 

penetration depth of laser using during Raman measurements is in the range 

of few nanometers [94].  

Characteristic for sp2 hybridized carbon structures is the so-called G-band, 

which is about 1550-1605 cm-1 and the so called G'-band or 2D- band 

between 2500 and 2800 cm-1 [95–98], as shown in Figure 2.5a.  

The G-band stands for the in-plane oscillation of the carbon atoms at which 

they move towards each other and can be referred to as C-C stretching mode 

[96]. Ideally, the peak for pure carbon materials is at 1582 cm-1 as described 

for graphite [98]. The existence of the G'-band indicates a high orientation of 

carbon atoms in hexagonal lattices and is based on electron-photon and 

electron-phonon interactions. Therefore this band is referred to as second 

order Raman scattering, whereas the formation of the G-band is only based 

on an interaction and can thus be regarded as first order Raman scattering 

[96,98]. 

The atomic order of sp2-hybridised carbon is disturbed by defects such as, 

lattice defects, which leads to a further band, as can be seen in the Raman 

spectra. This so-called D-band is located at ~1350 cm-1 [95–98] (Figure 2.5a-

damaged graphene). The intensity and position of the D-band as described by 

Behler et al. has in particular been dependent on the energy of the used laser 

[42]. In this case, the intensity ratio is used on D-band and G-band in order 
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to detect structural changes [98,99] which are determined by the above-

mentioned treatment methods and can be referred to as defect densities. A 

pronounced formation of the D-band indicates the presence of sp3-hybridized 

carbon [100]. Especially in the case of SWCNTs, the formation of the radial 

breathing mode (RBM) occurs between 50 cm-1 and 700 cm-1 (Figure 2.5a). 

This is an out-plane oscillation of the carbon atoms and occurs only in closed 

structures such as CNTs [96–98]. 

For metallic or semiconducting CNTs, a different formation of the G-band in 

the Raman spectrum occurs as shown in Figure 2.5b. The metallicity of CNTs 

results in a wide G-band formation compared to semiconducting CNTs. The 

thermal treatment of carbon structures such as thermal annealing leads to a 

structural change at atomic level, which affects the formation of Raman 

spectra. This is explained in detail more in 2.3.1. 
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Figure 2.5: Raman spectra of different carbon structures (a) [95,98], Raman 
spectra of highly orientated pyrolytic graphite (HOPG) metallic and 
semiconductive SWCNTs (b) [95]. 

 

2.1.4 3D carbon foams -synthesis and applications-     

3D carbon structures are characterised by their low densities coupled with 

high specific surfaces. Based on these facts they are called as carbon aerogels 

or carbon foams. Due to their 3-dimensional morphology, these structures 

have an extraordinarily high potential in the future compared to graphene or 

CNTs regarding to their properties and associated potential application fields. 

These 3D carbon structures consist in their substructure of CNTs or graphene, 

which can be produced by various methods.  
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Synthesis of 3D carbon foams  

Since the description of carbon aerogels at the end of the 1980s by Pekala 

[101], carbon aerogels steadily gain in importance. The first aerogels were 

produced based on a sol-gel process with a subsequent freeze-drying [101]. 

According to Campbell [102], different synthesis methods for the 

manufacturing of 3D carbon aerogels can be distinguished in three synthesis 

methods, the direct synthesis, the template-free assembly of graphitic 

structures or a precursor conversion. Table 2.1 shows a summarised overview 

about the manufacturing methods for 3D carbon foams.   

The direct synthesis of carbon aerogels is based on template or template-free 

manufacturing processes. However, the template-based methods can further 

split in a removal mechanism of the template via etching or reduction, such 

as in Aerographite [28]. The most favorable method to synthesise carbon 

aerogels is based on the removal of the template by etching after the carbon 

deposition and the reapplication of the template morphology, usually using 

nickel [27,103–109], metal oxide foams [110] or hybrid materials [111]. 

Carbon aerogels can also be produced template-free by interconnection of 

CNTs [29,112] or carbon nanofibers (CNFs) [113]. 

The assembly of graphitic structures is one of the most promising methods 

for the synthesis of carbon aerogels. This production method can be 

subdivided into a template-based [30,114–118], template-free 

[31,32,101,119–129] or substrate-based [130] synthesis. The methods have 

in common the use of graphene, graphene oxide and CNTs, which are first 

dissolved in a solution. In the case of template-based methods, these particles 

are deposited on the substrate surface and then dried [30,114–116]. 

Thereupon, the template is removed by an etching process or remains as a 

hybrid in the structure.  
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One of the most promising methods for the production of 3D carbon aerogels 

is the synthesis via sol-gel freeze drying [31,101,119–124]. Additionally, 

hybrids with metal oxides [125–127] or CNTs [128] can be used for 

manufacturing. These methods are based on the mixing used resorcinol and 

formaldehyde mixture and the gelation of this mixture and supercritical 

drying. In a last step this aerogel is pyrolysed in a tube furnace to get a carbon 

aerogel as reported by Pekala [101]. The structure of these aerogels is 

randomly oriented and consist of interconnected graphene sheets. Several 

groups developed a manufacturing method for 3D carbon aerogels based on 

a single step freeze drying process [32,129].   

 

Table 2.1: Extract from the overview of different manufacturing process of 
3D carbon foams after Campbell [101]. 

 

 

 

 

Direct 

synthesis of 

carbon 

aerogel 

 

 

 

 

 

 

With 

template 

 

Template 

removal by 

etching 

Graphene on nickel foam 

[27,103-109] 

Graphene on metal oxides 

[110] 

Hybrid structure [111] 

 

Template 

removal 

during by 

reduction 

 

 

Aerographite [28] 

 

No template 

  

CNT sponges [29,112] 
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 CNF sponge [113] 

 

 

 

 

 

 

Assembly of 

graphitic 

structures 

 

 

 

 

With 

template 

 

Without 

removal of the 

template 

 

Graphene on nickel foam 

[30,114–116]  

Graphene on aluminum 

oxide foam [117]  

 

Removal of 

template by 

etching 

 

CNF aerogel [118] 

 

 

No template 

Sol gel 

process with 

subsequent 

freeze drying 

Graphene aerogels 

[31,101,119-124] 

Hybrids with metal oxides 

[125-127] 

Hybrids with CNTs [128] 

 

Freeze drying 

 

Graphene oxide sponge 

[32,129] 

 

On a 
substrate 

 Graphene aerogel 

assembled on Zn foil [129] 

 

Especially the development of the synthesis of Aerographite [28,131] which 

is based on the replication of the template morphology in the CVD process, 
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shows an important impact on the research of 3D carbon foams. Therefore, 

the fundamentals of the CVD process are discussed in chapter 2.2. In this 

unique manufacturing method, ZnO is reduced and removed, so that only a 

hollow carbon shell remains. However, the occurred replication process in its 

details is still unknown. This replication process was modified by varying the 

carbon supply rate, which resulted in different densities and sub-

morphologies [28]. 

These modifications in the morphology of Aerographite are resulting in 

different properties [35]. The density of Aerographite increases with 

increasing supply of carbon source. Thereby evolving the morphology from 

a hollow-framework over a closed-shell to closed-shell filled variant. 

Resulting of the increased density, the compressive Young´s modulus and the 

electrical conductivity of Aerographite increases as well [35]. The 

phenomenon that with increasing density the mechanical properties increase 

at the same time is already described for foams by Ashby [132]. This linear 

correlation of the modulus and the electrical conductivity is related to the 

interconnection of single Aerographite tetrapods [35].  

 

Applications for 3D carbon foams  

Based on their high specific surface areas (SSAs) and low densities 3D 

carbon structures are particular suitable for supercapacitors 

[30,31,37,124,133], fuel cells [103], lithium Ion batteries [109], 

electromagnetic interference shielding [134] or catalysts [135–140]. 

Whereas, supercapacitors and catalysts are the most promising applications 

for 3D carbon structures and are therefore described in more detail below.  
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Due to the storage mechanism supercapacitors, which are referred as electric 

double-layer capacitor (EDLC), are characterised by low charge and 

discharge times at high specific power densities of 15 kW/kg compared to 

conventional energy storage systems such as Li-ion accumulators (2 kW/kg) 

[140]. However, EDLCs have comparatively low specific energy densities. 

EDLCs are suitable for applications in stationary or mobile systems such as 

car acceleration, emergency systems, and tramways. They are characterised 

by their long service life, which results from the number of charging and 

discharging cycles [141]. Electrochemical properties of carbon-based 

supercapacitors are summarised in Table 2.2. For carbon aerogels, capacities 

of up to 816 F/g [105] and SSA of up to 1873 m²/g [142] are achieved. The 

type of used electrolyte is a key parameter for the determined capacities. The 

capacity for an aqueous electrolyte at 45 F/g and for an organic electrolyte 

can be significantly lower (10 F/g) [124]. The capacity C of the 3D carbon 

structures is calculated via equation (2.9) [37,128]. 

 C = 
𝐼 ∙ ∆𝑡𝑚 ∙ ∆𝑉            (2.4) 

With, the loaded current I in A, the discharge time Δt in s, the mass of active 

material m in mg and the potential change during the discharge process ΔV. 

The capacity and performance of the EDLC dependence on the pore design 

and, on the specific surfaces area. Wang et al. showed that structures with the 

same pore properties but different designs (2D or 3D pores) influence the 

capacitive properties of the electrodes [143]. In addition, in another study, the 

linear dependence of the capacity on the achieved SSA was observed [144]. 
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Table 2.2: Overview of properties of 3D carbon-based supercapacitors. 

Material 

SSA 

in 

m²/g 

Density 

in 

mg/cm³ 

Capacitance 

in F/g 
Reference 

Graphene aerogel - - 366 [30] 

Graphene aerogel 512 12-96 128 [31] 

Aerographite  - 
1-14 

[35] 
640 [37] 

3D NiO/Graphene 

Networks 
- - < 816 [105] 

ZnO nanorods and 

graphene foam 
214.5 - 400 [111] 

Carbon aerogels 
400-

800 

800-

1000 
10-45 [124] 

Graphene/ Polypyrrole 

Nanotube  
- - 253 [128] 

3D graphene-

pyrrole/carbon 

nanotubes/polyaniline 

- - 400 [133] 

Nanocellulose-carbon 

aerogel 

418-

1873 
- 72-302 [142] 

Elastic Carbon Aerogel 57.8 4.8-5.9 180 [145] 
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Nitrogen-containing 

cotton 

derived 3D porous 

carbon 

frameworks 

285 - 200-308 [146] 

3D hierarchical porous 

carbon 

823-

1224 
 165-175 [147] 

 

Besides, to the application of 3D carbon structures for energy storage 

systems, these materials can also serve as the basis for catalysts. The 

importance of catalysts with a global demand worth US of $33.5 billion for 

the economy is summarised in a market study from 2014 [148].  

In order to be able to use carbon aerogels for catalytic applications, 

catalytically active materials such as metals or metal oxides must be added to 

the carbon structure. For sol-gel-based carbon aerogels, a distinction can be 

drawn between 3 different manufacturing methods for catalytic aerogels after 

Moreno-Castilla et al. as shown in Table 2.3 [135]. 

The first method for the production of aerogels, catalytically active additives 

can be added to a mixture of formaldehyde and resorcinol, followed by a 

supercritical drying [136,137]. In the second method, the gels as described by 

Pekala [101] are produced and supplemented by catalytic additives. This is 

followed by a carbonization of the metal-loaded organic aerogels at high 

temperatures in a nitrogen atmosphere [139]. 

In the third method, catalytic metals are applied to the organic aerogel by 

adsorption, sublimation and supercritical deposition [135,138,140]. 
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Table 2.3: Overview of synthesis methods for carbon foam-based catalysts. 

 
Dissolving in 

initial mixture 

Polymerisation of 

resorcinol 

derivative 

Deposition of 

metal 

precursor 

SSA in m²/g 
500-2240 / 1-

176 
689 -712 

483-655 / 629-

889 

Catalysts  
Ce, Zr / Cr, 

Fe, Co, Ni 
Cu Pt / Pt 

References [136] / [137] [139] [138] / [140] 
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2.2 Fundamentals of the chemical vapour deposition (CVD) -

thermodynamic and mechanisms-  

For the production of thin films different sub-types of the CVD process are 

available. In this case, the CVD method is used with regard to its temperature 

heating methods: Plasma enhanced CVD (PECVD) and thermal CVD, which 

can be distinguished in a hot-wall and a cold-wall CVD. Furthermore, the 

CVD process can be classified by the applied system pressures [149]. In the 

hot-wall CVD process, the reactor is heated by means of resistance heaters, 

so that the complete reactor chamber is heated. Here the deposition of the 

injected material takes place both on the template and on the reactor wall. In 

the case of the cold-wall CVD reactor, only the substrate is heated to the 

required temperature and the deposition of precursors occur just on the 

substrate [149].  

The growth of thin film during thermal CVD processes are based on the 

nucleation of atoms from the vapour phase on a template surface [149–153]. 

The formation of the films is following fundamental key steps [149,151–

153], as visualised in Figure 2.6.      
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(1) Formation of gaseous reactants 

(2) Transport into the reactor 

(3) Deposition on the template surface 

a. Homogeneous gas phase reaction  

b. Heterogeneous reaction  

(4) Deposition of reactants on the template surface 

(5) Surface diffusion and formation of centers and films 

(6) Remove of gaseous by-products 

(7) Nucleation and growth of the reactants 

(8) Unreacted precursors and by-products are transported  out 
of the reactor    

Figure 2.6: Schematic model of the CVD process after [149,151–153]. 

 

Due to different diffusion processes, but also by the flow-induced formation 

of the boundary layer to the substrate, the CVD process is dependent on the 

slowest partial step of the reaction with respect to the reaction rate [149,151]. 

The temperature in the preheating zone is lower than in the main zone where 

the chemical reactions and transformation processes take place. Equation 
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(2.10) describes a general characterisation of reaction steps in a CVD process 

after Rashid et al. The reaction educts are supplied to the CVD process as 

solids or as liquid specimen 𝐴𝐵2 (𝑠𝑜𝑙𝑖𝑑 𝑜𝑟 𝑙𝑖𝑞𝑢𝑖𝑑), whereupon these pass into 

the gas phase 𝐴𝐵2 (𝑔𝑎𝑠) and finally deposit on the substrate 𝐴(𝑠𝑜𝑙𝑖𝑑), releasing 

a gas 𝐵2 (𝑔𝑎𝑠) [154].    

 𝐴𝐵2 (𝑠𝑜𝑙𝑖𝑑 𝑜𝑟 𝑙𝑖𝑞𝑢𝑖𝑑)  →  𝐴𝐵2 (𝑔𝑎𝑠) → 𝐴(𝑠𝑜𝑙𝑖𝑑) +  𝐵2 (𝑔𝑎𝑠) (2.5) 

The growth of layers can be divided into three main mechanisms. The nature 

of the resulting mechanism depends on a combination of surface defects, 

diffusion, thermodynamics and growth kinetics [155]. The Frank-van-der-

Merwe growth, which is also referred to as layer growth, proceeds from the 

single-layered growth of individual layers. The adhesion between the layer 

and the template surface is approximately the same [156–158]. In the case of 

Stranski-Krastanow growth, the higher adhesion of the first monolayer 

compared to the substrate surface leads to island growth on the layer [159]. 

In the case of Volmer-Weber growth, which is also referred to as island 

growth, the adhesion on the new layer is much higher than on the substrate 

surface, and the formation of islands from the precursor material follows 

[160]. In addition, the epitaxial growth of the precursor on the substrate can 

be distinguished in a homo- and heteroepitaxial growth behaviour. 

Homoepitaxy is the growth of the same material as the substrate. Whereas 

heteroepitaxy is the growth of a substrate-different material [149,152,161]. 

The layer growth in the CVD process dependents on the thermal flow 

behaviour (including the characteristic gas properties), the pressure in the 

reactor and the reactor geometry has an additional influence on this system 

[152,161]. The Gibbs free energy (∆𝐺𝑟0) is a key parameter for the description 

of a CVD process and of possible reactions. Gibbs free energy is composed 
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of the sum of the individual energies of the products ∑ ∆𝐺𝑓0 (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) and 

the educts ∑ ∆𝐺𝑓0 (𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠) [149] as described in equation 2.6. In this 

case, a preference is given to reactions with a negative Gibbs free energy 

[149,152]. 

 ∆𝐺𝑟0 = ∑ ∆𝐺𝑓0 (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)  − ∑ ∆𝐺𝑓0 (𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠) (2.6) 

The deposition of atoms on the template surface and their clustering to a film 

dependent on the released Gibbs free energy. Optimal binding forces exist in 

energetically favourable points such as edges or terraces, as shown in Figure 

2.7. Salanon et al. described that surface defects such as steps or kinks have 

lower energies than a defect-free surface [162]. As a result, after the surface 

diffusion of reactants (I-II), the layer formation starts at energy preferably 

points such as defects by reduction of the Gibbs free energy (III), as shown 

in Figure 2.79 [163]. 

 

Figure 2.7: Scheme of the incorporation of atoms in energetically favourable 
sites [159]. 
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2.3 Modification of physical properties (thermal treatment) 

The growth process of carbon structures leads to defects in the arrangement 

of the atoms, which are not considered to be the final stage. By annealing of 

carbon structures, e.g. CNTs, these lattice defects can be reduced or even 

eliminated as TEM images of several observations have shown a higher 

lattice orientation [41–44]. Additionally, to TEM observations, Raman 

spectra have shown a significant decrease of the D-band and simultaneously 

an increase of the G-band as presented in Figure 2.8a. Which results in a 

continuously decrease of the ID/IG ratio, or defect density called, with 

increasing treatment temperature. Zhao et al. showed that a treatment 

temperature above a critical temperature of 2800 °C leads to a formation of 

graphitisation introduced defects and in the following an increase of the 

defect density [44]. Consequently, Raman spectra confirms the structural 

orientation of carbon atoms and is an effective method to analyse the 

influence of thermal annealing on the formation of graphitic layers. The 

thermal annealing results in the formation of the D´-band at ~1620 cm-1, by 

splitting of the G-band, which is not finally clarified [41–44]. The reduction 

of defects in the carbon lattices results in an improved oxidation resistance 

up to 13 %, as shown in Figure 2.8b [44]. Finally, by thermal graphitisation 

the structural improvements in carbon structures leads to a decrease of the 

electrical resistivity or corresponding in an increase of the electrical 

conductivity [44], as shown in Figure 2.8c. 
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Figure 2.8: Effect of thermal annealing on the formation of Raman spectra 
(a), decomposition temperature (b) and electrical resistivity of MWCNTs (c) 
[44]. 



 

32 

3 Experimental procedure   

This chapter focuses on the used materials for the synthesis of the different 

carbon structures, the post thermal treatment of Aerographite, manufacturing 

of Aerographite-PNCs and testing methods for the analysis of physical 

properties and morphologies. 

3.1 Materials and Process 

The synthesis of the here presented 3D carbon structures are based on a two-

step process. After manufacturing of the ceramic templates [164,165], the 

replication into the hollow carbon foam in the CVD process was carried out 

[28]. In the CVD process, a mimicry of the template morphology with a 

hollow carbon shell occurs, by the simultaneous removal of ZnO caused by 

the injected hydrogen [131]. Different initial materials are required for both 

carbon variants.  

 

3.1.1 Materials for the synthesis of the tetrapodal Aerographite 

template  

The synthesis of Aerographite is based on a ZnO template with a tetrapodal 

morphology as presented in Figure 3.1. The required ZnO template was 

synthesised in the flame transport synthesis (FTS) [164], by our project 

partner “Christian-Albrecht-Universität zu Kiel (CAU Kiel)” by Ms. D. 

Smazna and Ms. M. Mintken. For the manufacturing of this tetrapodal 

morphology, Zn nanoparticles and Polyvinylbutyral (PVB) were mixed in a 

ratio of 1:2 (weight ratio) and filled in a ceramic crucible. This mixture was 

heated up in a muffle oven at 900 °C for 30 min. Due to this process step 

nano-micro structured blocks were formed, in order to obtain a tetrapodal 
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network. For a subsequently sintering process, the ZnO powder was pressed 

into required geometries and heated to 1150 °C for 5 h [164]. All produced 

ZnO templates regardless of their geometry have a density of 0.3 g/cm³. The 

synthesised template exhibits directly connected sintering necks (1) but also 

a high proportion of dead ends (2). These dead ends remain after replication 

into a hollow carbon structure and do not contribute to electrical conductivity. 

Whereas the connected tetrapods and their portion are significantly for the 

electrical conductivity by forming electrical pathways.  

 

Figure 3.1: Tetrapodal morphology of used ZnO template for Aerographite. 
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3.1.2 Materials and process development for the manufacturing of a 

hierarchical porous ceramic template  

The template for the synthesis of a 3D hierarchical structure with a globular 

morphology (Globugraphite) is based on a simple sintering process [165]. For 

the manufacturing of these structures, a ZnO micro powder (ReagentPlus®, 

5.61 g/cm³, 99.9 %) from Sigma-Aldrich® with a mean particle size of <5 µm 

was used and a ZnO nano powder with a particle size of smaller than 100 nm 

was used. For the preparation of green bodies, PVB powder (Mowital® B 60 

HH, Kuraray®) with a purity of 97.5 % and a bulk density of 1.1 g/cm³ was 

used. 

These templates were produced in a four-step process. First, the green bodies 

were produced by mixing ZnO powder and the added PVB powder. This 

mixture contains a volume fraction of 45 vol.% of PVB.  

To achieve a homogeneous mixture of ZnO with PVB, the powders were 

mixed for 1 hour at a rotational speed of 645 min-1 in an attritor with distilled 

water and ceramic balls with a diameter of 3 mm. After mixing, the 

compound was dried in a rotary evaporator, milled and sieved with a mesh 

size of 200 µm. In the next step, the ZnO/PVB compounds were shaped in a 

uniaxial press P/O/WEBER® WHC 10 with a tool diameter of 14 mm at a 

maximum force of 10 kN in air atmosphere. The maximum force was held 

for 30 s, to ensure a sufficient cohesion of the green body while at the same 

time a high porosity remains. The resulting sample dimensions were 14 mm 

in diameter and 1.6 mm in height.  

Finally, the samples were sintered in a sintering furnace in Al2O3 cups. To 

determine the optimum sintering temperature for the formation of sinter 

necks and a still highly porous structure TGA (TA instruments Q900 TGA) 

and dilatometry (NETZSCH DIL 402 PC) were used to measure the 
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evaporation temperatures of the PVB and the shrinkage of the sintered body, 

as shown in Figure 3.2.   

Figure 3.2a shows the volume shrinkage in the dilatometry measurement. The 

sample was heated with a heating rate of 2 K/min up to 800 °C and the change 

in length Δl is measured, after determining the initial length l0 of the sample. 

Equation (3.1) shows the calculation of the longitudinal shrinkage SL. 

Assuming an isotropic shrinkage, the volume shrinkage SV can be calculated 

using the equation (3.2). 

 𝑆𝐿 =  ∆𝑙𝑙0  (3.1) 

 𝑆𝑉 =  1 − (1 − 𝑆𝐿)3
 (3.2) 

Above 225 °C, the shrinkage of the green body is about 1-2 % and constant 

up to a temperature of 500 °C. A shrinkage of maximum 5 % is required to 

form only sintering necks [167]. Above 500 °C the shrinkage significantly 

increases followed by a complete sintering of the green body which leads to 

a low porous structure [25]. The measurement of the volume shrinkage was 

completed measuring the oxidation temperature of the filler from the TGA to 

determine the sintering temperature. The filler is completely decomposed at 

a temperature of 420 °C as shown by the TGA measurement in Figure 3.2b. 

Only 1 % of the polymer remains at a temperature of 400 °C in the green 

body. According to these results, the sintering temperature was set at a 

temperature of 400 °C. The furnace was heated with a heating rate of 2 K/min 

in order to slowly approach the oxidation temperature of the PVB and to 

ensure the stability of the green body. Then the temperature was held for 30 

min so that sinter necks can build but still no complete sintering to a pore-

free body occurs. Subsequently, the sintered bodies were cooled with a 
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cooling rate of 2 K/min to stop the sintering process and to prevent crack 

formation due to residual stresses.  

 

Figure 3.2: Determination of the sintering temperature of ZnO/PVB green 

bodies via dilatometry (a) and TGA (b). 
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3.2 Replica CVD process into a 3D carbon foam  

The replication of the template morphology, tetrapodal for Aerographite and 

globular for Globugraphite, was carried out in two CVD reactors. The 

geometry and the specific flow rates are summarised in Table 3.1.  

 

Table 3.1: Process parameters for the CVD process. 

 
Carbolite HZS 12/-

/900 (a) 

Nabertherm 

RS80/750/11 (b) 

Diameter 108 mm 80 mm 

Argon flow rate 0.2 l/min 0.15 l/min 

Hydrogen flow rate 60 ml/min 45 ml/min 

Standard injection rate 

of toluene 
7.5 ml/h 6.5 ml/h 

Range of applications 
Wall thickness, 

Globugraphite 

Growth mechanism, 

CFD simulation 

 

The replication process of the template morphology in the CVD process 

started with the positioning of the samples on a silica wafer in a well-defined 

position for each reactor, compared to Figure 3.3a,b, for each reactor at 

position (3) in the main zone of the quartz tube of the reactor (2). The 

synthesis is basically based on a two-stage process (Figure 3.3c) which began 

with the heating of the reactor up to 760 °C, while adjusting an argon flow to 

fill the reactor with inert gas. The replication started in a 1st phase with the 

injection of the carbon source (toluene, C7H8, 99.5 % Alfa Aesar) for usually 
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60 minutes into the preheated zone (200 °C) of the reactor Figure 3.3a,b (1). 

For the simultaneous reduction of ZnO to gaseous Zn, hydrogen was supplied 

with a specific flow rate for each reactor. Here, toluene was evaporated and 

transported by the introduced gases into the reactor. The replication process 

was finished, while the reactor was heated up to 900 °C without injection of 

toluene. This 2nd reaction phase at 900 °C also takes 60 minutes. The 

synthesis ended with a cooling phase and an argon flow of 0.4 l/min for both 

reactors and without the supply of hydrogen.   
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Figure 3.3: Scheme of the CVD process and of the first reactor (a), of the 
second reactor (b) and process curve of the CVD process (c). 

 

The analysis of the growth mechanism of Aerographite was observed via 

regularly interrupted synthesis during the 1st phase. Based on these results a 

modified synthesis is developed to reduce the wall thickness of Aerographite. 

The injection time was reduced in the 1st phase at the same injection rate, 

whereby the total carbon amount is reduced. 
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3.3 Sample geometry 

Because of the different morphologies and manufacturing methods different 

sample geometries were used to characterise the physical properties of carbon 

foams.  

Based on the manufacturing of Globugraphite a tablet-like geometry was 

used for catalytic characterisations as shown in Figure 3.4. For the analysis 

of the respective properties of Aerographite, various geometries were used. 

The observation of the growth mechanism and the development of 

Aerographite with different wall thicknesses was carried out with a volume 

of 1 cm³. For the investigation of the dependency of the graphitisation and of 

the wall thickness on the electrical and mechanical properties of neat 

Aerographite and their composite a rectangular geometry was used. The 

corresponding samples for the analysis of the fracture toughness were cut into 

rods according to ASTM D5045. To investigate the graphitisation process, in 

dependency on the treatment temperature and holding time a cylindrical 

geometry according to the investigation of the growth mechanism, was used.  
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Figure 3.4: Sample geometries of Globugraphite and Aerographite for 
different analysis methods. 

 

3.4 Manufacturing of Aerographite-epoxy composites 

Aerographite-epoxy composites are produced in an already published 

vacuum-assisted infiltration process [34,35,48]. For the infiltration process 

an epoxy system (Hexion, RIMR 135/RIMH 137, Momentive) was mixed 

with a flexibilizer (Huntsman, Jeffamine D-4000). The resulting mixing ratio 

of 100:19.5:5.25 was set based on the amine ratio. After the infiltration, the 

samples are curved at 50 °C for 14 h followed by a stage at 80 °C for 6 h. The 

samples were cut into rods with a cross section of 1.5 mm x 3 mm (ASTM 

D5045) for the fracture toughness tests [168]. The specimens were pre-
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cracked via a razor blade and a resulting ratio of specimen height to the crack 

length according to ASTM D5045 of 0.45-0.55 was achieved, before the 

mechanical tests start.  

3.5 Thermal treatment of Aerographite 

The graphitisation of Aerographite and Globugraphite was carried out in 

high-temperature furnaces (Gasdrucksinterofen, Dieckmann - TUHH and 

Gero HTK 8 - TU Ilmenau). The respective furnaces were evacuated several 

times before the actual annealing process and purged with argon. The thermal 

annealing was executed in an argon atmosphere at 1 bar. The furnace was 

heated to the respective temperature at about 20 K/min while maintaining the 

temperature for 2 h. The temperature was set at 1600 °C, 1800 °C, 2000 °C 

and 2200 °C, which is the maximum temperature of the furnace.  

Additionally, to investigate the influence of the treatment time on the 

formation of carbon atoms and the healing of defects in carbon lattices the 

holding time during the thermal treatment was varied from 0, 30, 60 to 240 

minutes, according to the previously used process curve, respectively. 

3.6 Experimental set-up 

3.6.1 Electron microscopic analysis (SEM, TEM/EELS) 

The morphology and the wall thickness of Aerographite and Globugraphite 

was analysed via scanning electron (SEM) and transmission electron 

microscopy (TEM).  

The morphology of Aerographite and Globugraphite as well as the chemical 

composition were analysed using a SEM (Zeiss Supra VP 55, acceleration 

voltage 5 kV-10 kV) in combination with energy dispersive X-ray 

spectroscopy (EDX). The samples were fixed on a sample holder with a 
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graphite glue and silver lacquer. Because of the low density (~3 g/cm³) of 

Aerographite, the samples were extra fixed in aluminum foil.  

Additionally, to the SEM observations the sub-micrometer structure of 

Aerographite and Globugraphite is measured via TEM and scanning 

transmission electron microscopy (STEM). Therefore, a TEM, Talos F200X 

made by FEI with an acceleration voltage of 200 kV was used. The TEM 

samples were prepared by dispersing the carbon structures in methanol (LC-

MS >99.9 %, Sigma Aldrich) via an ultrasonic sonotrode (Bandelin 

Sonoplus) for 10 seconds with a power of 10 %. Hereby, the macroscopically 

connected particles are singled out. Consequently, a sub nanometer sample 

size is reached for the analysis in the TEM. Finally, the solution was dropped 

on a TEM grid and dried for 45 minutes at 80 °C on a heating plate. 

 

The determination of the sp2/sp3 ratio was executed using electron energy loss 

spectroscopy (EELS). The measurements are done by Mr. J. Strobel (CAU 

Kiel) using a Tecnai G2 F30 STwin, 300 kV with an integrated EELS 

spectrometer (GIF Tridiem 863). The background was corrected with a 

multiple-scattering method. The sp²/sp³ content was calculated based on the 

calculation method by Urbonaite et al. [169] using graphite [170] as 

reference. However, in contrast to the used intensity maxima the area beneath 

the typical peaks was used for the determination of the measured amounts.  

 

3.6.2 Electrical studies 

The electrical resistance of Aerographite with a cylindrical and 

Globugraphite with a tablet-like geometry was measured using a 4-wire 

configuration as shown in Figure 3.5 with a defined current at the source 
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meter of 1 mA (Keithley 2602 System SourceMeter) and a measuring 

frequency of 50 Hz at room temperature (25 °C) [34,35]. 

 

Figure 3.5: Schematic set-up for 4-wire configuration measurement of the 
electrical conductivity. 

 

The electrical conductivity of Aerographite can be calculated on the basis of 

cellular materials [171,172]. However, as previously reported Aerographite 

can be understood more as a random network of conductive pathways [35]. 

The average electrical conductivity of Aerographite is also dependent on the 

sample density. By simplifying the relationship of cellular materials, a linear 

correlation between the electrical conductivity 𝜎, the density 𝜌 and a pre-

factor 𝐶 (0.1-0.8) arises [35,173]: 

 𝜎𝑎𝑣𝑒 =  𝐶 ∙ 𝜎 ∙ 𝜌            (3.3) 

Practically the electrical conductivity of Aerographite 𝜎𝑡𝑜𝑡 was calculated as 

described in equation (3.4) by measuring the total resistance (Rtot), the sample 
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surface at the electrical contacts (A) and the distance between the electrical 

contacts (h), which correspond with the sample height as described before 

[34]. Whereby the distance between the contacts was set once before the start 

of the measurement and is not changed during the measurements. 

     𝜎𝑡𝑜𝑡 =  ℎ𝑅𝑡𝑜𝑡 ∙ 𝐴 (3.4) 

To determine the temperature-dependent electrical conductivity, the samples 

were heated in 25 °C steps up to 150 °C, with the respective temperature 

being held for at least 10 minutes before each measurement. 

 

3.6.3 Raman spectroscopy 

The analysis of the defect density and the graphitisation progress was 

executed via Raman spectroscopy (HORIBA Jobin Yvon HR 800) with a He-

Ne laser at a wavelength of 632 nm. The Raman spectra were obtained at 

room temperature (25 °C) with a spectral width of 500-3000 cm-1, an 

acquisition time of 10 seconds and a set filter of 0.6 at several positions on 

the sample surface. For evaluating the Raman spectra, in particular the D/G 

band ratio, the maxima of the individual peaks were correlated with each 

other. The respective peaks maxima are determined using a Lorentz fit. All 

samples were measured without any further preparation methods.  

 

3.6.4 X-ray diffraction (XRD) studies 

XRD studies were achieved by Mr. R. Behn (TUHH; Institute of Materials 

Physics and technology) with a Bruker AXS D8 Advance at an applied Cu 
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Kα source (1.5418 Å) between 15° and 70° and by Mr. J. Strobel (CAU Kiel) 

using a Seifert XRD 3000TT (Cu Kα source: 1.5418 Å) at 40 kV (20° - 80°).  

 

3.6.5 Brunauer-Emmett-Teller (BET) method 

The specific surface area (SSA) was analysed at the Institute of Materials 

Physics and Technology (Mr. M. Busch, TUHH) using the AUTOSORB® iQ, 

Quantachrome Instruments®. The SSA was calculated using the quenched 

solid density functional theory (QSDFT). The measurement error in this 

method was between 1 % and 5 %. This method is based on the consideration 

of inhomogeneities and surface roughness and is compared to the non-local 

density functional theory (NLDFT) suitable for carbon structures [174].  

 

3.6.6 Mechanical studies of Aerographite-epoxy composites 

The determination of the fracture toughness of Aerographite composites was 

performed in a SEN-3PB set-up with a single notch after ASTM D5045. The 

specimens were pre-cracked with a razor blade. Here, a ratio of specimen 

height to crack length according to ASTM D5045 of 0.45-0.55 was reached. 

A Zwick Roell 2.5 Universal testing machine in three-point end notch 

bending (SEN-3PB) test set-up was used. The distance between the 

supporting rollers was set at ~12 mm. The experiments were carried out with 

a crosshead speed of 10 mm/min. The notch depth was measured via 

microscopical methods (SEM). The determination of the fracture toughness 

is based on equation (3.5) after Ref. [175]. Here, filler contents between 0.32 

wt.% and 0.49 wt.% were achieved. 
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              𝐾𝐼𝐶 =  𝐹 ∙ 𝐿𝐵 ∙ 𝑤3 2⁄ ∙ f (𝑎𝑤) (3.5) 

 𝑓 (𝑎𝑤) =  3 (𝑎𝑤)1 2⁄ {[1.99 − 𝑎𝑤 (1 − 𝑎𝑤) ∙ (2.15 − 3.93 𝑎𝑤 + 2.7 𝑎𝑤2)]2(1 + 2 𝑎𝑤) ∙ (1 − 𝑎𝑤)3 2⁄ } (3.6) 

Where:  

F - Maximum force 

L - Span length  

B - Width of the specimen 

a - Crack length 

w - Sample height  

3.6.7 Thermogravimetric analysis (TGA) 

The oxidation temperature of the presented carbon foams (Aerographite and 

Globugraphite) and PVB for the determination of the sintering temperature 

was investigated using the thermogravimetric analysis (TGA, TA instruments 

Q900 TGA). The samples were heated up to 900 °C with a heating and 

cooling rate of 20 K/min in a synthetic air (20 vol.% oxygen) atmosphere. 

 

3.6.8 CFD simulation  

For the simulation of the CVD reactor using CFD methods, it is required to 

determine fundamental informations via experimental tests. In this 

subchapter the experimental set-up and key parameters for the CFD model 

are shown. The simulation of the CVD process for the manufacturing of a 3D 

carbon foam occurs in this work for the first time.  
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For the simulation of temperature and flow behaviour, and additionally the 

mass fraction of the injected gases, samples are placed as shown in Figure 

3.6. The 1st row is consisting of 3 cylindrical specimens, whereas the 2nd row 

consists 2 specimens with an offset to the 1st row.  

 

Figure 3.6: Sample position on a silicon waver for the CFD simulation.  

 

The differential pressure is essential for the simulation of the porous ZnO 

template and the replicated carbon structure and was measured according to 

the schematic set-up, as shown in Figure 3.7a. Cylindrical ZnO specimens 

with a diameter of 10 mm and a height of 11.4 mm were fixed in a 3D printed 

polymer adaptor. The differential pressure was determined by a stepwise 

variation of the applied argon flow velocity, which was determined with a 

rotameter (ROTA L 6.3/250-7596) and plotted versus the flow velocity, as 

shown in Figure 3.7b. Based on this set-up a linear behaviour of the plotted 

graph is observed. This result will be used for the simulation of flow 

behaviour through the porous template structure. Several researchers 

published the influence of the porosity or of the pore volume on the pressure 

difference [176,177], but mostly for metal foams.  
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Figure 3.7: Scheme of the experimental set-up (a), measured differential 
pressure for ZnO (b). 

 

The viscous resistance and inertial resistance were calculated using the 

coefficients of a polynomial 2nd grades, as shown in equation (3.7). 
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 ∆𝑝 = 1386.5 𝑣2 + 1620.5 𝑣              (3.7) 

 

Afterwards, viscous resistance C2 was calculated based on equation (3.8), 

 𝐶2 =  2∙1386.5𝜌∙𝑡 = 170877.5 1𝑚             (3.8) 

and inertial resistance K was determined based on equation (3.9).  

 1𝐾 =  1620.5𝜇∙𝑡 = 7.63 ∙  109  1𝑚2               (3.9) 

 

Where: 

𝑣 - Flow velocity in m/s   

ρ - Density in g/cm³ 

μ - Viscosity of argon in Pa∙s 

t - Sample thickness in m 

 

The numerical simulations were performed using the commercial code of 

ANSYS Fluent 18.0. The simulation was solved with a SIMPLE algorithm as 

already used by Mostaghimi et al. [178]. Additionally, the temperature 

dependency was solved with a Surface to Surface algorithm and the boundary 

conditions were set for the velocity at the reactor inside of 0 m/s (No Slip). 

Table 3.2 is summarising key parameters of the CVD reactor and the applied 

replication process into the hollow carbon foam. The mass fraction was 
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calculated based on the used specific flow rates. The injected gases exhibit a 

temperature of 346 K, which is caused by a preheater in the injection and an 

inlet velocity of 0.17 m/s. The calculated Mach number Ma of 0.0004 which 

is << 1 exhibit an incompressible flow behaviour. Due to a Reynolds number 

Re smaller than the critical Reynolds number Recrit = 2300 for flows in pipes, 

a laminar flow can be assumed. Moreover, the flow shows for horizontal 

cylinder a laminar convection, based on the calculated Rayleigh number Ra, 

which is between 104 < Ra < 108.  
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Table 3.2: Key parameters for the simulation of the CVD process. 

 
Nabertherm 

RS80/750/11 
 

Analytical 

values 

Diameter/Length 
80 mm/1530 

mm 

Mach number 

(Ma) 
0.0004 

Argon flow rate 0.15 l/min 
Reynolds 

number (Re) 
50.72 

Hydrogen flow rate 45 ml/min 
Rayleigh 

number (Ra) 
2.68∙107 

Toluene injection 

rate  
6.5 ml/h 

Mass fraction 

(Ar) 
0.73 

  
Mass fraction 

(Toluene) 
0.25 

  
Mass fraction 

(H2) 
0.01 

  Inlet velocity vE= 0.17 m/s 
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4 Results and Discussions 

This chapter focuses on the results and their extensive discussions. The 

understanding of the growth mechanism allows to tailor the electrical and 

mechanical properties of Aerographite. Finally, the possible application of 

Globugraphite is shown and their fundamentals will be explained in detail.  

 

4.1 Growth mechanism of Aerographite 

The growth mechanism of Aerographite was analysed via interrupted 

synthesis after 15, 30, 45 and 60 minutes during the 1st phase followed by 

intense SEM observations (Figure 4.1), respectively. The synthesis starts with 

neat zinc oxide templates (Figure 4.1a) in different magnifications, with 

tetrapod arm lengths of >20 μm and a tetrapod arm diameter of about 2 μm.  

Immediately after injection of the carbon source and hydrogen into the 

reactor, a layer of carbon deposits on the surface of the zinc oxide scaffolds 

without any observable reactions (Figure 4.1b). Followed by the injection of 

the reaction components and the deposition of carbon on the template surface, 

the decomposition of the template and its simultaneous replication into a 

hollow carbon shell take places. This replication process starts at the 

energetically favorable points of the template, the corner of the ZnO scaffolds 

at the tetrapods base and continues along the tetrapod to its tip (Figure 4.1c-

e). Simultaneously to the carbon deposition, ZnO is removed.  

The resulting by-products are transported to the reactor outlet by the applied 

gas stream (argon). In the subsequently 2nd reaction stage, the remaining ZnO 

is removed by its reduction. Finally, at the end of the 2nd reaction stage, this 

mimicry of the template morphology is completed and results in a hollow 
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carbon structure with the typical thin walled tetrapods of Aerographite, as 

shown in Figure 4.1f.     

Furthermore, it should be noted, that the experiments of interrupted synthesis 

showed a beginning of the replication process at the specimen backside, with 

respect to the reactor inlet.   
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Figure 4.1: SEM images of zinc oxide template (a), interrupted synthesis 
during the 1st phase: 15 min (b), 30 min (c), 45 min (d), 60 min (e) and after 
the entire synthesis 135 min (f), the growth mechanism is shown 
schematically in the corresponding schemes. 
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However, due to a fast replication progress alongside of single tetrapod arms, 

ZnO agglomerates of several nanometres are incorporated into the newly 

formed carbon shell, as shown in Figure 4.2a. These ZnO nanoparticles still 

exhibits a crystalline lattice structure.  

How these ZnO nanoparticles affect the physical properties, such as the 

electrical conductivity of Aerographite is unknown. Due to these 

incorporated particles, as shown in Figure 4.2b, the carbon lattice around ZnO 

is affected and exhibits a different structure. It can be assumed, that similar 

to the purification of CNT by various methods [179–181] an improvement in 

the physical properties of Aerographite will be observed.  

 

Figure 4.2: Incorporated ZnO nanoparticles (a)-(b), with a scale of ~10 nm in 
the insets. 

 

Characteristic for the remaining hollow carbon structure is the nature of 

connection points between the single tetrapods, as already mentioned (Figure 

4.3a). The manufacturing process of the ceramic ZnO template structure leads 

to individual connected tetrapod arms via sintering necks, which are also 

replicated in the process (Figure 4.3b), as mentioned already in chapter 3.1.1. 
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In addition, the morphology of Aerographite shows open ends of the single 

tetrapods, as already described by Garlof et al. for Aerographite-epoxy 

composites, which does not contribute to the electrical conductivity and can 

be referred to as "dead ends".As a consequence of this structural behaviour, 

the electrical resistance of Aerographite-epoxy composites Rcomposite is 

consisting of the resistance of the single tetrapods Rt, resistance of a covalent 

bond between two tetrapods Rcov, the resistance between two tetrapods Rcontact 

and the tunneling resistance of two tetrapods Rtunnel [34]. However, this 

equation does not show any structural effects on the electrical conductivity 

of Aerographite. 

    
1𝑅𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  ∑ ( 1𝑅𝑡,𝑛+𝑅𝑐𝑜𝑣,𝑛+𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡,𝑛+𝑅𝑡𝑢𝑛𝑛𝑒𝑙,𝑛)𝑁𝑛=1       (4.1) 

 

Figure 4.3: Characteristics of the morphology of Aerographite; sintering 
necks of single tetrapods (a), and its magnification (b).    

 

TEM observations were used additionally to the SEM investigations, to 

analyse the replication process, as shown in Figure 4.4. The synthesised ZnO 

template, as given in the CVD process is free of any carbon on the surface 

(Figure 4.4a). By starting the CVD process, amorphous carbon deposit with 

a layer thickness of about 5 nm on the templates surface, covering the whole 
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tetrapod (Figure 4.4b). Without the reduction of ZnO to Zn, as shown Figure 

4.4c, the deposited carbon is present as amorphous carbon. Only by the 

reduction of ZnO into gaseous zinc, amorphous carbon graphitises into short 

graphitic pieces, as shown in Figure 4.4d. 

Consequently, a catalytically graphitisation of amorphous carbon with 

gaseous zinc as catalyst into graphitic carbon can be assumed. The basics of 

such catalytic transformations are already known for other metals such as Ti, 

Mn, Ni or Fe [182,183]. Furthermore, because of the homogeneous layer 

thickness of carbon on the template surface a layer-by-layer deposition of 

carbon can be assumed. This growth mechanism was first published by Frank 

and van-der-Merwe [156–158].  
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Figure 4.4: TEM image of zinc oxide tetrapod as received from FTS (a), 
interrupted synthesis during the 1st phase of the process: after 15 min (b), after 
30 min (c), after 45 min (d), with a scale of ~15 nm in the insets. 

 

Additionally, to the ex-situ electron microscopic analysis, Raman 

spectroscopy of the interrupted syntheses was used to understand the 

synthesis mechanism more detailed. The determination of the sample density 

and ID/IG ratio dependent on the reaction time, as shown in Figure 4.5a, 

provides additional information on the replication process. Immediately after 
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starting the synthesis, the carbon deposition leads to a reduction of the 

density, as well as a significant increase in the ID/IG ratio is observed. This 

indicates the reduction of ZnO to gaseous Zn and its diffusion through the 

formed carbon wall. The density decreases continuously over the entire 

replication process and reaches a minimum with beginning of the 2nd stage. 

Due to the 2nd reaction phase, which leads to the complete removal of the 

remaining ZnO, a significant increase in the ID/IG ratio is observed, which 

confirms the growth model in its assumptions. 

The shortening of graphitic pieces by the diffusion of by-products over the 

synthesis time through the carbon wall can be determined calculating the 

crystalline width La based on Raman spectra, as shown in Figure 4.5b. Knight 

and White developed, based on the results of Tuinstra and Koenig [184], an 

empirical equation for the determination of the crystalline width of sp² lattices 

as shown in equation 4.2 [185]. The determination of the crystalline width La 

can be done in addition to Raman measurements by XRD techniques. 

Vázquez-Santos et al. showed a similarity of both techniques [94]. 

 

 𝐿𝑎 = 4.4𝐼𝐷 𝐼𝐺⁄  𝑖𝑛 𝑛𝑚 (4.2) 
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Figure 4.5: ID/IG ratio (black curve) and reaction stages (blue curve) over the 
synthesis time (a), comparison of ID/IG ratio with crystalline width (b). 

Based on these observations a model of the occurred replication process was 

created. The replication of the template morphology is based on an epitaxial 

mechanism. This fundamental growth mechanism is the basis of any CVD 

process [153] also for the formation of carbon structures such as diamond 

films [186]. As the SEM observations have shown, this replication process 
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starts at the most energetically points for Aerographite. This confirms the 

observations and growth models of other carbon structures, e.g. graphene, 

which also starts at energetically most favourable locations in the CVD 

process [65,187]. The carbon deposition proceeds in several steps, as shown 

in Figure 4.6a. 

For the deposition of carbon on the tetrapods of the ZnO template, the 

evaporation of the precursor in the pre-heated zone (200 °C) is of 

fundamental importance. The toluene splits into several CnHm groups and is 

transported by the gas stream of argon and hydrogen into the reactor (1). 

Subsequently, the reactants diffuse to the template surface (2) and finally 

deposit on the ZnO scaffolds (3). The reactants on the template surface can 

diffuse (4) by means of the temperature of 760 °C in the reactor, resulting in 

the reaction starting at the energetically most advantageous point, the tetrapod 

base (5) as to be seen in Figure 4.6b. The reaction takes place according to 

the following equation: 

 

 ZnO (s) + H2 (g) + CnHm (g) → Zn (g) + H2O (g) + Hx (g) + C (s) (4.3) 

 

The diffusion of zinc trough the carbon wall (6) and its catalytically 

arrangement of amorphous carbon to graphitic pieces is shown in Figure 4.6c. 

This diffusion leads to the formation of discontinuously connected graphitic 

pieces and not to connected graphite layers. The reduction of ZnO to Zn is 

essential for the reaction taking place and has already been published several 

times [131,188,189]. Finally, Aerographite exhibits in contrast to graphene 

[64] or CNTs [84,85] its own growth mechanism, which is based on a 

catalytical graphitisation. However, similar to graphene, which grows 

preferably at grain boundaries [65], the replication process of Aerographite 
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starts also at such defects, such as the tetrapod base (Figure 4.1). Moreover, 

the deposition of carbon and the removal of ZnO can be described as bottom-

up mechanism, which is analogue to CNTs [85].  

 

 

Figure 4.6: Schematic model of the deposition of carbon (a), diffusion of 
reactants/by-products (b) and the catalytic graphitisation (c) by the 
temperature T and the solid zinc catalyst - Zn (s) which reduce into gaseous 
zinc - Zn (g) due to the catalysis of amorphous carbon into graphitic carbon 
in the formed carbon shell.  

 

Thermodynamic calculations and the experimental validation of the reduction 

of ZnO by gaseous hydrogen as shown in equation 4.4, shows for a reaction 

temperature of 760 °C and 900 °C a Gibbs free energy of approx. -68.83 

kJ/mol and -48.04 kJ/mol [190]. The reduction of ZnO to Zn proceeds 
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endothermic, only the formation of the graphitic layers is thermodynamically 

not quantified yet.  

 ZnO (s) + H2 (g) → Zn (g) + H2O (g)      (4.4) 

However, based on the CNT growth, the thermodynamic conditions for 

Aerographite can be estimated. By assuming that CnHm is equal to ethene 

(C2H4), analogue to equation 4.4 the Gibbs free energy for the deposition of 

carbon can be calculated. Resulting from the thermodynamic calculation a 

Gibbs free energy of -121.80 kJ/mol is estimated. However, if methane is 

produced instead of ethene (CH4), as shown in equation 4.6, carbon would 

also deposit and form a carbon layer on the template surface because of a 

required Gibbs free energy of -23.22 kJ/mol.  

 C2H4(g) → 2C (s) + 2H2 (g)      (4.5) 

 CH4(g) → C (s) + 2H2 (g)      (4.6) 

Thus, the replication process of Aerographite takes place with the submission 

of energy, with a total Gibbs free energy of approx. -190.63 kJ/mol for ethene 

or -145.02 kJ/mol for methane as the respective carbon source at 760 °C. 

With increasing n and m, a higher Gibbs free energy would be released, which 

leads to a preferential reaction of these educts.  

Besides, to the ideal growth model of the replication of the ZnO into the 

carbon structure, defects such as contact points between the tetrapod arms 

and lattice defects, to be seen in Figure 4.7a, are the starting point of the 

replication process, respectively. The replication of ZnO into the carbon 

structure starts as well as on lattice or surface defects as shown in Figure 4.7b. 

These defects represent the energetically most favourable points of the 

tetrapods. Besides to defects, the ZnO reduction is carried out at contact 

points between two tetrapods as shown in Figure 4.7c,d. 
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Figure 4.7: SEM image of defect introduced growth (a), start of replication at 
lattice defects (b), start of growth at contact point between tetrapods (c) and 
its insert (d).  

 

Resulting of this growth model, the wall thickness of Aerographite can be 

tailored by variation of the injection time of toluene in the CVD process, as 

shown in Figure 4.8. The injection time of the carbon precursor in the 1st 

phase is varied between 5 minutes and 60 minutes. The injection phase is 

directly followed by the 2nd phase, in which the remaining ZnO is removed 

as described above.  

At a regular supply time of 60 minutes of the carbon source, as shown in 

Figure 4.8a, a carbon wall of ~22 nm is formed, which is covered by few 

nanometers of amorphous carbon. The layer of amorphous carbon is formed 

by the absence of the zinc catalyst, which is necessary for catalytic 
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graphitisation. Reducing the injection time leads to a decrease of the wall 

thickness and the thickness of the added amorphous carbon layer, as shown 

in Figure 4.8b, which constantly continues down to an injection duration of 

about 30 minutes and a wall thickness of ~12 nm (Figure 4.8c). The further 

reduction of the injection time to 15 minutes, a formation of amorphous 

carbon layer is not occurred (Figure 4.8d). However, the shorter carbon 

supply reduces the wall thickness continuously down to ~3 nm (Figure 4.8 

e,f). These TEM observations confirm the previously made assumption of the 

layer-by-layer growth of Aerographite according to the reported mechanism 

of Frank and van der Merwe [156–158]. A further injection of the carbon 

source on the already graphitised carbon layer of ~12 nm leads to a second 

layer of amorphous carbon, because of the diffusion barrier for the required 

zinc catalyst and the graphitisation process caused by the carbon layer. 

Furthermore, this amorphous carbon cannot be orientated into graphitic 

carbon by the temperature of the 2nd reaction stage or without zinc as catalyst.  
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Figure 4.8: Dependence of the wall thickness on the injection time of the 
precursor (toluene) 60 min (a), 45 min (b), 30 min (c), 15 min (d), 10 min (e), 
5 min (f), with a scale of ~10 nm in the insets. 
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TEM observations indicates a time dependent growth behaviour of the carbon 

deposition and graphitisation on the surface. By plotting the measured wall 

thicknesses versus the carbon injection time, as to be seen in Figure 4.9a, the 

growth of the wall thickness exhibits a linear behaviour. Due to the linear 

carbon deposition, the wall thickness of Aerographite increases continuously 

with 0.31 nm/min. This linear deposition behaviour of carbon on the template 

surface during the growth process of the carbon layer confirms the theory of 

the layer-by-layer growth by Frank and van der Merwe [156–158]. However, 

it should be mentioned, that at an injection time of 0 minutes a wall thickness 

of ~3.7-3.9 nm is calculated, which is practically impossible. This can be just 

observed for an injection rate >7.5 ml/h and is probably caused by a non-

linear growth behaviour for an injection time < 10 minutes. The variation of 

the injection rate, by its reduction to 5.5 ml/h, also leads to a linear growth 

behaviour, whereas the carbon layer growth rate decreases from 0.31 nm/min 

to 0.21 nm/min, as shown in Figure 4.9b. On the other hand, with an increased 

injection rate up to 9.5 ml/h, the carbon deposition takes place with a growth 

rate of 0.37 nm/min.  

Consequently, with an increased injection rate, the growth rate does not 

increase in the same range. A dependency of the growth rate on diffusion 

processes to the template can be assumed.   
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Figure 4.9: Dependency of carbon layer growth rate on the carbon injection 
time in the CVD process (black curve: results from chapter 4.2.2) (a), carbon 
layer growth dependent on the carbon injection time with a reduced injection 
rate of 5.5 ml/h (black curve) and 9.5 ml/h (blue curve) (b). 

 

Besides to experimental observations of the occurred growth mechanism via 

ex-situ analysis of the growth behaviour, CFD simulation [191] (Figure 4.10) 

of such processes is an established method to clarify further questions such 

as the predominant temperature and flow behaviours in the CVD reactor. The 
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reactor cross-section in x-direction is divided into 4 sections (top-bottom), as 

can be seen in the scheme of the CVD reactor in Figure 4.10a. Figure 4.10b 

shows the temperature profile of the CVD reactor in the 1st reaction stage, in 

which important regions are marked (1)-(4). At the inlet (1), the gas mixture 

of argon, toluene and hydrogen are injected into the reactor with a 

temperature of 346 K and sinks immediately to the reactor bottom, due to the 

low temperature. The gas mixture flows to the reactor center (3) by passing 

the sample position (2) and is heated up, because of the applied temperature 

of 1033 K (760 °C). Due to this behaviour the gases are rising up to the reactor 

top and flowing back to the inlet. This results in partly surpasses of the 

positioned specimens, as shown in Figure 4.10c. Consequently, the 

replication process starts at the backside of the specimens, which confirms 

the observations of the interrupted synthesis as previously mentioned. After 

the heated fluid reaches the reactor inlet, it cools down at the reactor wall and 

sinks towards the bottom. This temperature behaviour is resulting in a 

circulated gas flow in the first half of the reactor. As a result, a division of the 

gases and a low gas exchange between the reactor halves occurs. By plotting 

the simulated temperature versus the reactor length in x-direction, as shown 

in Figure 4.10d and detailed in Figure A1 a significant temperature gradient 

of 150-200 K on the front side of the samples is observed (2). This is caused 

by the injected gases with a low temperature. Consequently, the front side is 

cooled down affecting the replication process. Furthermore, the temperature 

maxima in the CVD reactor in the middle of the reactor can be observed, 

which explains as already described the circulation of introduced gases (3). 

The simulated velocity in Figure 4.10e,f is according with the calculated 

values. The gases are injected with a velocity of 0.2 m/s into the inlet and 

their velocity is decreased by their expanse in the increased reactor volume 

down to 0.03 m/s. The velocity of the back flowed gases increases by heating 
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up of the injected gases. Furthermore, an increased velocity of the gases by 

flowing under the silica wafer was simulated whereas the velocity of the back 

flowed gases through the samples is reduced (Figure 4.10f). The specimens 

are defined as porous bodies. Regardless, the plotted velocity versus the 

reactor length (Figure 4.10g) shows a reduced velocity in the porous ZnO 

templates (2). Moreover, an increased velocity of the heated gases caused by 

the back flow and by passing the specimen position is observed.  
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Figure 4.10: Scheme of the CVD reactor (a), simulation of global temperature 

(b), temperature in the sample area (c), plotted temperature (d), simulated 

velocity in the CVD reactor (e), local velocity in the sample area (f) and 

plotted velocity in x-direction (g). 
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The plotted toluene fraction versus the x-direction of the whole CVD reactor, 

as shown in Figure 4.11, reveals a rapid decrease from 25.6 % to 25.58 % 

after its injection into the reactor (1). Since the samples are defined as toluene 

sink in the simulation, their proportion drops to ~25.46 % (2). As described 

previously, the temperature barrier in the reactor middle (3) leads to a phase 

boundary, which is resulting in a toluene concentration gradient. The analysis 

of the toluene fraction on the silica waver at the sample height (Figure 4.11b 

- origin) exhibits the same toluene content in the 1st row (a) and 2nd row (b). 

However, the 2nd row exhibit a higher temperature, which affects the 

replication process, by its preferred starting point. The replication process 

starts in the 2nd row, which results from the temperature and flow behaviour 

as described in Figure 4.10 and Figure A2. The reduced temperature in the 1st 

row leads to a deformation of the specimens during the replication process by 

a rapid reduction of ZnO to gaseous Zn and an insufficient covering of the 

template by carbon.  
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Figure 4.11: Plotted mass fraction of toluene in the CVD reactor (a) and in 
the surroundings of the samples (b).   

 

As mentioned, the sample position cannot be changed to prevent a 

temperature gradient between the 1st and the 2nd sample row. The existing 

optimal distance of the specimens in the CVD reactor to the reactor inlet for 
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an optimal replication process, which corresponds with an ideal temperature 

range, cannot be changed. However, this behaviour can be prevented using a 

thermal barrier, as shown in Figure 4.12. Because of that, the specimens in 

the 1st row reach the set temperature of 1033 K (760 °C), which is optimal for 

the replication process. The barrier caused a temperature difference between 

the 1st and 2nd row of ~5 °C. Consequently, the specimens do not exhibit any 

deformations, which is confirmed by the synthesis of cylindrical specimens 

for various analysis.  

 

Figure 4.12: Effect of a thermal barrier on the specimens temperature.  
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4.2 Tailored properties of Aerographite 

Based on the investigated growth mechanism the properties of Aerographite 

were modified by varying the wall thickness and graphitisation degree. Their 

influence on the electrical properties of neat Aerographite and the mechanical 

properties of Aerographite-epoxy composites are discussed briefly. Firstly, 

the fundamentals of the graphitisation via thermal treatment of Aerographite 

are shown in detail.  

4.2.1 Basics and effect of thermal treatment on the properties of 

Aerographite 

The thermal treatment is an effective method when it comes to healing of 

carbon lattices and the improvement of carbon structures, as already known. 

Similar to CNTs [41–44], Figure 4.13 shows the reorientation and healing of 

defects between graphitic pieces in Aerographite. 

As TEM images in chapter 4.1 and Figure 4.13a have already shown, 

untreated (as received) Aerographite shows an irregular arrangement of 

discontinuous graphitic pieces in the arrangement of carbon layers. The 

formed graphitic pieces are orientated as single pieces with a geometric 

displacement against the next layer (1) or without a geometric displacement 

(2), as marked in the inset (Figure 4.13a). Due to the thermal treatment of 

Aerographite, these defects can be cured, whereby the graphitic pieces join 

and form comprehensive carbon layers, to be seen in Figure 4.13b,c and its 

insets. Even the thermal treatment cures lattice defects in Aerographite, the 

formation of amorphous carbon on the surface into layers of graphitic does 

not occur, as shown by the inset in Figure 4.13b.  

However, not all defects can be healed perfectly, so as the insets of Figure 

4.13b,c show, inter-layer breaks still occur, which are red marked. In 
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consequence of the temperature treatment, these defects are decreasing with 

increasing temperatures.  

 

Figure 4.13: TEM images of untreated Aerographite (a), treated at 1800 °C 
(b), treated at 2200 °C (c), all structures show a wall thickness of ~16 nm, 
with a scale of ~15 nm in the insets. 

 

EELS data (Figure 4.14a-c) are used to determine the sp² and sp³ content in 

Aerographite according to [169]. As reference, a spectrum of graphite is 
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shown as inset in Figure 4.14a and in more detail as Figure A3. Graphite 

exhibits a clear π*/ σ* peak at 285 eV/292 eV.  

The spectra are recorded in an energy range of E= 280 – 320 eV. Carbon 

structures exhibit two characteristic peaks. The 1s → π* transition at ~ 284 

eV on the one hand and the 1s → σ* transition peak at ~291 eV on the other 

hand. Each spectrum is normalised and the background is corrected with a 

multiple-scattering method. 

By plotting the calculated sp² and sp³ amounts versus untreated and thermally 

treated Aerographite (Figure 4.14c), exhibits a continuous increase/decrease 

in sp²/sp³ content with applied temperature. This behaviour confirms TEM 

observations as previously shown in Figure 4.13. Untreated Aerographite 

shows a sp³ content of ~70 %, which is decreased by thermal treatment to ~18 

%. Contemporaneously, the sp² content increases with the thermal treatment 

from ~30 % up to ~82 %. 
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Figure 4.14: EELS spectra of untreated (a), 1800 °C treated (b), and 2200 °C 
treated Aerographite. 

 

Figure 4.15 shows TEM images of thermally treated Aerographite by 

variation of the holding time between 0 min and 240 min, at a constant 

temperature of 1800 °C. Even a heating up without a holding time leads to an 

arrangement of carbon atoms in a lattice structure, as shown in Figure 4.15a. 

In dependency of the holding time a healing of defects, such as gaps between 

graphitic layers are cured continuously with the applied temperature (Figure 

4.15b-e).  

In order to be able to compare the effect of the treatment process on the 

properties, such as the electrical conductivity, of the individual specimens, 

they exhibit a wall thickness of ~10 nm. 
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Figure 4.15: TEM images of treated (1800 °C) Aerographite dependent on 
the holding time: 0 min (a), 30 min (b), 60 min (c), 120 min (d) and 240 min 
(e), with a scale of ~15 nm in the insets. 



Results and Discussions 

82 
 

The graphitisation of the graphitic pieces and their healing to graphitic layers 

is additionally analysed via Raman spectroscopy, as shown in Figure 4.16. 

The thermal treatment of carbon structures, such as CNTs or Aerographite, 

leads to a healing of structural defects [41–44], as presented in Figure 4.16a. 

Untreated Aerographite shows a characteristic D-band at ~1330 cm-1 and a G-

band at  ~1580 cm-1, with a D/G ratio higher than 1 [166], as presented in 

Figure 4.5a. This ratio of the defect density is caused by the diffusion of the 

reaction species, such as Zn, H2O through the formed carbon wall, as 

described in chapter 4.1. Furthermore, the Raman spectra have shown the 

missing of a clear G' signal at ~2645 cm-1 [35,48,166], which indicates a 

highly unorientated arrangement of carbon atoms. Here, the graphitic pieces 

are joined to layers as shown by the TEM observations, whereby the D/G 

ratio decrease significantly below 1, which is accompanied by a higher 

graphitic orientation of sp2 hybridised carbon. The graphitisation of carbon 

structures also leads to a shift of the G-band position from ~1573 cm-1 to 1577 

cm-1, which is additionally described for CNTs [42] and can be explained by 

the increase of the graphitic arrangement. Besides, the thermal treatment also 

shows the formation or splitting of the G-band into a D´-band. This 

phenomena is described in CNTs as well [42]. The formation of the D´-band 

describes as well as the D-band, defects in sp2 lattices such as crosslinking 

between the carbon layers [192,193]. Due to the graphitisation process the 

intensity of the D´-band decreases continuously with the applied temperature. 

This confirms the healing process and the reduction of defects, such as 

crosslinking’s and atomic disorders in the lattices. However, the formation of 

D´-bands as mentioned in chapter 2.1.3 is not completely clarified yet.  

Moreover, the treatment process leads to the formation of the 2D band, or G'-

band called, at ~2645 cm-1. Contrary to graphite, a formation of the 2D-1 and 
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the 2D-2 band [194] does not occur, which is mainly caused by the smaller 

layer thicknesses or wall thicknesses of 3-20 nm, which is comparable to 

MWCNTs. The 2D-band indicates a higher order in sp2 lattices, similar to 

graphite [99].  

Besides the treatment temperature, the holding time is a key parameter for the 

subatomic healing of carbon structures, as shown in Figure 4.16b. Here, the 

holding time is varied between 0 minutes and 240 minutes. When starting the 

thermal treatment an immediately healing of the carbon structures can be 

observed, which increase with the treatment time. At the beginning, in 

addition to the formation of the D´ and G´ bands, further bands are formed 

with a Raman shift of 1650 cm-1 to 1770 cm-1. Even by the thermal treatment, 

these do not completely disappear and are retained a reduced influence. It 

should be noted that these bands occur regardless of the treatment 

temperature and thus have no influence on the properties. 
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Figure 4.16: Exemplary Raman spectra of annealed Aerographite, dependent 
on the temperature (a) and on the holding time at 1800 °C (b). 

 

XRD diffractograms of untreated and thermally treated Aerographite, 

dependent on the treatment temperature after a baseline correction are shown 

in Figure 4.17. Structural information’s or changes can be estimated plotting 

the intensity versus the set angle (2θ). It´s noteworthy, that carbon structures 

shown a characteristic peak at ~25°-26°, called (d(002)). This peak increase 

significantly by the treatment process. To determine the structural changes 

by the treatment process, the distance d between layers can be calculated 

using the Bragg equation (4.7).  

 𝑑(002) =  𝜆2𝑠𝑖𝑛𝜃/10 𝑖𝑛 𝑛𝑚           (4.7) 
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Where: 

λ – Wavelength of the source (Cu Kα: 1.5418 Å) 

θ – Peak position in ° 

 

The thermal treatment leads to a shift of the peak maximum from 25.91° to 

25.75° with an increased temperature, which is away from the ideal graphite 

distance. This shift in the measured peak angle can be additionally observed 

of thermally treated Aerographite dependent the holding time from 25.43° to 

25.64°. The significantly increase in the d(002) intensity depends on the applied 

temperature during the treatment process. It is noteworthy that further peaks 

do not appear during the treatment process.   
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Figure 4.17: XRD diffractogramm of Aerographite dependent on the 
treatment temperature.  
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Besides, XRD technique, Raman spectroscopy is an established method to 

determine structural modifications, such as graphitisation processes in carbon 

structures. Raman spectroscopy was used additionally to investigate the 

graphitisation progress in Aerographite. For a correlation of the electrical 

conductivity and thermal stability with structural changes, it is important to 

know the degree of graphitisation. The graphitisation degree g, also known 

as crystallinity index, can be calculated compared to equation (4.8) with the 

measured ID/IG ratio. This empirical equation was developed based on the 

results of Chandrasekaran by determining ID/IG ratios and graphitisation of 

CNTs and graphene structures [175]. Moreover, the graphitisation degree G 

after Vázquez-Santos et al. is determined according to equation (4.9) and is 

also based on Raman techniques, which is more informative for highly 

graphitised carbon structures than the ID/IG ratio. Comparing Raman 

techniques with XRD measurements, a determination of IG/(ID/IG) ratios 

exhibit an exact graphitisation process [94]. In the following, both analytic 

equations are compared. 

                 𝑔 =  99.54 − 41.92 (𝐼𝐷/𝐼𝐺)      (4.8) 

 G = 
𝐼𝐺𝐼𝐷+ 𝐼𝐺  ∙ 100           (4.9) 

In contrast to Raman based techniques, the graphitisation degree gXRD using 

XRD can also be determined according to equation (4.10) [195].  

 

 𝑔𝑋𝑅𝐷 = 
𝐶𝑎𝑟𝑒𝑎𝐹𝑎𝑟𝑒𝑎  ∙ 100 𝑖𝑛 %          (4.10) 
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Where: 

Carea = area under crystalline peak after background removal  

Farea = area of the obtained diffractogram before background removal  

 

The influence of the treatment temperature on the crystalline width and the 

degree of graphitisation is shown in Figure 4.18. The ID/IG ratio is plotted 

versus the calculated crystalline width according to equation (4.6) in Figure 

4.18a. The thermal graphitisation leads to a healing of defects as already 

shown by TEM observations. Whereas, a continuous increase of treatment 

temperature leads to a constantly decrease of ID/IG ratio and an asymptotically 

rise in the crystalline width. The treatment process allows an increase in the 

crystalline width of ~600 % from ~4 nm to ~24 nm. A comparison of the 

degree of graphitisation according to equation (4.8), (4.9) and (4.10) and the 

determination of the sp² content via EELS measurements versus the treatment 

temperature is shown in Figure 4.18b. The graphitisation degree of untreated 

Aerographite yields about 40 % for both calculation methods. Thus, the 

determination of the sp² amount by means of EELS measurements can be 

assumed as the lower limit of the graphitisation degree, whereas its 

determination by means of equation (4.10) represents the upper and more 

realistic limit. However, it can be assumed that the true degree of 

graphitisation is somewhere in between both values. A variation of the 

holding time at a treatment temperature of 1800 °C, as presented in Figure 

4.18c, shows a continuously increase of the crystalline width versus the 

measured ID/IG ratio. Consequently, the introduced energy for the 

reorientation and arrangement of carbon atoms in an ideal lattice is affected, 

not only by the temperature but the holding time as well. The crystalline 
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width increases by 0.5 nm/(ID/IG). The determination of the graphitisation 

degree, as present in Figure 4.18d shows similar to the temperature influence 

an upper and lower limit. The determination via Raman spectroscopy exhibits 

a more realistic description of the occurred processes. In general, the 

determination of the graphitisation degree using the introduced calculation 

methods is not standardised. Based on the calculated values a lower and upper 

graphitisation can be assumed. However, the upper graphitisation, which 

follows a non-linear behaviour seems to be more realistic. In particular, 

because of the destructive effect of temperatures >2800 °C [44], a further 

continuously linear increasing in the graphitisation degree is not possible. 

Consequently, a true graphitisation degree can be estimated between the 

lower and the upper degree. Furthermore, it is noteworthy that by comparing 

different calculation and analysis methods, their penetration depth is in a 

range from a few nanometers (Raman) to several micrometers (XRD) [94].  
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Figure 4.18: Crystalline width depending on the temperature with a constant 
wall thickness of ~16 nm (a) and graphitisation degree depending on the 
treatment temperature (b), crystalline width depending on the holding time 
with a constant wall thickness of ~10 nm (c) and graphitisation degree (d). 

 

The healing of graphitic layers and their alignment leads to an increased 

electrical conductivity from 3.3 S/m for untreated to up to 27 S/m for 

annealed Aerographite as shown in Figure 4.19a. The electrical conductivity 

increases continuously with an increasing annealing temperature. A holding 

time of the temperature was set to 2 h for annealing. To investigate the 

influence of the holding time on the reorientation of the graphitic layers and 

the healing process, the holding time was varied, as shown in Figure 4.19b. 

A linear increase of the electrical conductivity with the holding time up to 60 

min can be observed, whereas the electrical conductivity increases with 0.02 
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S/(m ∙ min) of the thermal treatment. It can be estimated, that by a further 

increase in the treatment temperature, the electrical conductivity reaches a 

plateau.  

 

Figure 4.19: Electrical conductivity of annealed Aerographite; depending on 
the temperature (a) and on holding time at 1800 °C (b). 

 

The healing of graphitic layers is also reflected in the temperature resistance 

of Aerographite, measured via TGA techniques, which increases with the 

applied treatment temperature, as shown in Figure 4.20a.  

Here, the oxidation temperature of untreated Aerographite (~660 °C) is 

improved by the thermal annealing up to ~752 °C. This behaviour can be 

explained with the increased crystalline width, which automatically leads to 

reduce contact points for the occurred oxidation of the carbon structure. 

Additionally, the variation of the holding time during the thermal treatment 

leads to a continuous increase of the oxidation temperature (Figure 4.20b), 

which correlates with a time-dependent rearrangement of the carbon atoms 

in a hexagonal lattice.  

The results of the calculated graphitisation degree exhibit an ideal linear 

increase at first, before changing to a non-linear increase, which reaches an 
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optimum (Figure 4.18b,d). This behaviour of a not-linear increase is 

confirmed by the determination of the oxidation temperature. 

 

Figure 4.20: Influence of the thermal annealing on the oxidation temperature 
of Aerographite; depending on the temperature (a), on the holding time at 
1800 °C (b). 

 

In conclusion, the thermal treatment leads to an improved arrangement of the 

graphitic pieces and their healing to graphitic layers. Thus, the physical 

properties, such as the electrical conductivity and oxidation temperature, are 

improved by high temperatures. The variation of the holding time at 1800 °C 

also leads to increased properties, but a plateau is reached with a holding time 

above 120 min. 

 

4.2.2 Effect of wall thicknesses and graphitisation on structural 

properties of Aerographite and fundamentals of its electrical 

conductivity 

The controlled reduction of the wall thickness of Aerographite is already 

explained in chapter 4.1 and the data exhibit indicates a linear growth 

behaviour. The respective SEM images are shown in Figure A4. For the 



Results and Discussions 

92 
 

investigation of the temperature-dependent electrical conductivity of 

Aerographite dependent of the wall thickness and graphitisation, wall 

thicknesses between 3 and 22 nm are used as summarised in detail in Table 

4.1. It should be noted that the injection time of 60* min were used, despite 

of the leaking injection unit, in order to achieve an intermediate wall 

thickness. Furthermore, the graphitisation leads to a reduction in the wall 

thickness, which can be explained with the orientation of graphitic layers. 

The standard deviation (min. 3 measurements at different tetrapods) of the 

measured wall thickness indicates steady growth behaviour. 

 

Table 4.1: Measured wall thicknesses dependent on the injection time, 
*leaking of the injection unit. 

Injection time of the 

carbon source in 

minutes 

Wall thickness in nm 

(untreated) 

Wall thickness in nm 

(treated) 

15 6.13 ± 0.36 3.31 ± 0.07 

20 9.93 ± 0.24 8.73 ± 0.25 

45 14.04 ± 1.04 12.18 ± 0.95 

60* 17.10 ± 1.77 13.43 ± 0.24 

60 22.39 ± 0.61 16.80 ± 1.22 

 

Garlof et al. already reported an enhanced electrical conductivity with 

increased densities of Aerographite [35]. This behaviour is also shown for 

untreated Aerographite with increased wall thicknesses as presented in Figure 

4.21a. Based on (4.8), the charge carrier concentration increases with the wall 
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thickness and at the same time a reduction of the influence of the surface 

defects can be assumed. Besides, the defect density, the charge carrier is a 

key parameter when describing the electrical conductivity. An increasing of 

the wall thickness leads to a minimized influence of the surface defects, 

whereas with lower wall thicknesses, this influence increases and as a result, 

the electrical conductivity is reduced. Furthermore, with increasing of the 

wall thickness an increased charge carrier is assumed. Contrary to this 

phenomenon, the electrical conductivity increased for thermally treated 

Aerographite with reduced wall thicknesses, which is similar to the behaviour 

of graphene [55]. This behaviour for highly oriented Aerographite is similar 

to carbon fibers, which also show a high carbon orientation, in which with 

decreasing diameter the mechanical properties reach a certain maximum 

[196]. This behaviour is related to the probability of defects within the 

existing volume, which decrease with the cross-sectional area of the 

conductor tracks. In comparison to untreated Aerographite and constant 

charge carrier densities, the graphitisation leads to a reduced defect density 

and higher electrical conductivities. Hereby, the possibility of defects 

decreases with a smaller volume. Moreover, a correlation of wall thickness 

and ID/IG ratio can be observed, as shown in Figure 4.21b. An optimum wall 

thickness of ~14 nm for untreated Aerographite and a shifted optimum of ~12 

nm for thermally treated Aerographite are achieved. This minimal ID/IG ratio 

is based on the growth mechanism of Aerographite, in which the diffusion of 

by-products, such as water and Zn, through the carbon wall, catalyse the 

graphitisation of amorphous carbon into graphitic pieces. A critical wall 

thickness of 10-12 nm could be identified [166]. However, defects in general 

and surface defects in particular have a significant influence on the electrical 

properties. The wall thickness which correlates with the tetrapod diameter of 

Aerographite has an influence of the ID/IG ratio and is already published for 
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carbon fibers [197]. Based on the calculated slopes a dependency of the ID/IG 

ratio per nanometer wall thickness of 0.02 for untreated Aerographite and 

0.06 for treated Aerographite can be assumed. As a consequence a 

comparison of different Aerograpphite specimens is only possible with 

comparable wall thicknesses.  

 

Figure 4.21: Dependency of the electrical conductivity on the wall thickness 
of Aerographite measured at room temperature (a), dependency of the ID/IG 
ratio on the wall thickness (b).  

 

Based on the observed relation between electrical conductivity and ID/IG ratio, 

a fundamental equation (4.11) for the description of defective and structural 

influences on the electrical conductivity of Aerographite was developed and 

published [193,198]. Since, as described in chapter 4.1, the formation of 

"dead ends" occurs, this phenomenon is considered in the equation. As a 

result, the total electrical conductivity (𝜎𝑡𝑜𝑡) is composed of the conductivity 

of the number n of electrical paths 𝜎𝑐 of connected tetrapods, and of the 

tunneling effect 𝜎𝑡. The tunnel effect’s contribution to the total conductivity 

is rather small and thus can be neglected. The electrical paths are a function 

of the charge carrier density 𝜎𝐶𝐶𝐷, the defect density 𝜎𝐷𝐷 and especially 

surface defects 𝜎𝑠 as shown in equation (4.12). 
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 𝜎𝑡𝑜𝑡 =  𝑛 ∙ 𝑓(𝜎𝑐) + 𝜎𝑡      (4.11) 

 𝑓(𝜎𝑐) =  𝜎𝐶𝐶𝐷  +  𝜎𝐷𝐷  +  𝜎𝑠    (4.12) 

The temperature-dependent electrical conductivity of untreated Aerographite 

(Figure 4.22a) shows a metallic conductive behaviour, in which the electrical 

resistance increases continuously with the applied temperature. Fischer et al. 

[199] showed a metallic conductive behaviour for CNTs by measuring the 

temperature-dependent electrical conductivity. The metallic conductive 

character, presented in Figure 4.22b, remains after thermal treatment at 1800 

°C. However, the thermally treated structures exhibit a maximum of the 

electrical conductivity at about 100 °C. This maximum is probably caused by 

an improvement in the tunneling of the charge carriers in the carbon foam. 

The phenome of a local maxima at 100 °C for thermally treated Aerographite 

is not completely understood yet.  
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Figure 4.22: Temperature-dependent electrical conductivity of untreated 
Aerographite (a), and of treated Aerographite (b) with different wall 
thicknesses. 

 

Based on the measured specific resistance (ρR) the band gap energy (Eg) is 

calculated via equation (2.7) [39]. Consequently, the calculated band gap 

energy of untreated Aerographite is reduced with increasing wall thickness, 

contrary to thermally treated Aerographite (Figure 4.23a). The behaviour of 
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untreated Aerographite corresponds with the observed mechanism of CNTs 

[39]. A band gap energy of 0.4 - 2.3 eV has been calculated for the entire 

carbon foam, which is typical for semiconductive materials. Figure 4.23b 

shows a layer dependent calculation of the band gap energy in Aerographite. 

The results indicate a decreased band gap energy with increased electrical 

conductivity. Furthermore, a minimal band gap energy at an electrical 

conductivity of ~4 S/m is observed. Thus, these calculated layer-dependent 

band gap energies correspond in their range to those of CNTs as calculated 

in [39,200]. In Figure 4.23c,d ln(σ) is plotted versus 1000/T. The slope of the 

fitted curves shows an increase in the temperature-dependent electrical 

conductivity with increasing wall thickness, which confirms the previously 

made observations. Moreover, the metallic conductive behaviour for treated 

Aerographite can be identified clearly. However, based on the observed 

slopes a transformation process by the thermal treatment can be assumed. 

Consequently, the electrical conductivity should change its characteristic 

with increasing temperatures.  
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Figure 4.23: Dependence of band gap energy on the wall thickness of the 
entire carbon structure at 25 °C (a), dependence of the electrical conductivity 
on the band gap energy of the individual graphitic layers (b), variation of 
ln(σ) versus 1000/T of untreated Aerographite (c), variation of ln(σ) versus 
1000/T of treated Aerographite (d). 

 

This transformation process is completed at a treatment temperature of 2200 

°C, in which thermally treated Aerographite exhibits a semiconductive 

character as graphene [55]. This behavior is confirmed by the increased 

crystalline width Aerographite, as shown in chapter 4.2.1, which is leading to 

a highly graphitised structure and a similar behaviour to graphene. Hence, by 

further treatment at 2200 °C, the metallic conductive character of 

Aerographite is changed into a semiconductive behaviour, as shown in Figure 
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4.24a and more significant by the plotted ln(σ) above 1000/T curves in Figure 

4.24b.  

Similar to CNTs, these changes in the electrical conductive properties are also 

caused by a displacement of the bands or by a reorientation of carbon layers. 

This transformation process has not yet been described for carbon 

nanostructures. 

 

Figure 4.24: Temperature-dependent electrical conductivity of annealed 
Aerographite at 1800 °C (black curve) and 2200 °C (blue curve) (a), plotted 
ln(σ) versus 1000/T of 1800 °C (black) and 2200 °C (blue) treated 
Aerographite. 

 

4.2.3 Effect of crystalline width on the fracture toughness and failure 

mechanism of Aerographite-epoxy-composite in SEN-3PB tests 

Reductions of the wall thickness as well as graphitisation lead to a change in 

the ID/IG ratio. Here, Aerographite with different wall thicknesses according 

to Table 4.1 was used to investigate the influence of the wall thickness and 

graphitisation on the fracture toughness of Aerographite-epoxy-composite in 

SEN-3PB tests [201]. However, only wall thicknesses >10 nm were suitable 

for infiltration with epoxy resin. 
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The crystalline width, which is plotted versus the wall thickness in Figure 

4.25, can be calculated on the basis of equation 4.2 by determining the ID/IG 

ratios. For the description of the dependency of crystalline width on the wall 

thickness of Aerographite, the calculated values are labeled with (A1-A3) for 

untreated and (B1-B3) for thermally treated Aerographite (Figure 4.25). A 

reduction of the crystalline width with an increasing wall thickness in 

dependency of the thermal treatment can be assumed. The crystalline width 

of untreated Aerographite decreases from ~4.2 nm (A1) to ~3.6 nm (A3). A 

similar dependency is observed for treated Aerographite from ~14 nm (B1) 

to ~6.5 nm (B3). The reduction of the crystalline width is caused by the 

growth mechanism [166,198]. This behaviour can be explained with the 

increasing diffusion length of the produced by-products through the formed 

carbon wall. Consequently, with an increased wall thickness the crystalline 

width is reduced by disturbing the arrangement of carbon into graphitic 

layers, which leads to high defective structures.  
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Figure 4.25: Crystalline width of untreated and thermally treated 
Aerographite dependent on the wall thickness. 

 

As a consequence of the reduction in the crystalline width with increasing 

wall thicknesses (A3-B3), an improved KIC value is achieved, as shown in 

Figure 4.26a. Hence, a high crystalline width with thinner walls leads to a 

reduced KIC value (A1-B1). It is noteworthy, that small variations of even 

few nanometers in the wall thickness of Aerographite are leading to 

measurable KIC values. Comparing the fracture toughness of untreated and 

thermally treated Aerographite a clearly reduced KIC is observed. This 

reduction is caused by the increased crystalline width and the decreased wall 

thickness in treated Aerographite. However, similar wall thicknesses of 

untreated and thermally treated Aerographite have not a significant influence 

on the mechanical properties. This behaviour is contrary to the observed 

electrical conductivity, in which the properties increase for thermally treated 

Aerographite with reduced wall thickness. Consequently, it is not possible to 
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tailor the properties of Aerographite in a way that high mechanical and 

electrical values are accomplished. In conclusion, the increase in the 

crystalline width by thermal treatment increases, on the one hand the 

electrical conductivity and decreases on the other hand the mechanical 

properties of composites. In Figure 4.26b, a minimum KIC of ~1.16 MPa.m1/2 

is shown, plotting the fracture toughness versus the crystalline width. 

However, further increases in the crystalline width do not affect the resulting 

fracture toughness. Opposing to the electrical behaviour of thermally treated 

Aerographite, the mechanical properties are dependent of the number of 

layers but shows consequently a contrary behaviour to graphene [59] or CNTs 

[75]. The mechanical stiffness increases with decreased number of layers 

[59,75]. However, it should be noted that the mechanical test of Aerographite 

was carried out in epoxy composites, whereas the results of graphene or 

CNTs were simulated. A detailed overview about the achieved filler contents 

is shown in Table A1.  
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Figure 4.26: Comparison of KIC values for untreated and thermally treated 
Aerographite-epoxy composites (a), minimum KIC dependent on the 
crystalline width (b), with achieved filler contents of 0.32 wt.% - 0.49 wt.%. 
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Figure 4.27 shows exemplary SEM images of surface fractures of 

Aerographite-epoxy composites after mechanical testing with untreated and 

treated Aerographite. The observed behaviour of the fracture toughness in 

dependency of the wall thickness is also reflected in the fracture surface. The 

failure mechanisms are marked with (1)-(5). The mechanical stress during the 

three-point bending tests in the polymer composite with untreated 

Aerographite filler (Figure 4.27a and in its inset b) leads to three failure 

mechanisms, which are already described by Chandrasekaran et al. [48]:  

(1) A pull-out of the tetrapod arms 

(2) Complete extraction of a tetrapod from the matrix 

(3) Breaking of the tetrapod arms. 

Pull-outs of nano fillers such as CNTs are well known and already described 

in detail by Gojny et al [201]. This failure mechanism is dependent on the 

interfacial adhesion to the matrix system [202]. This insufficient bonding 

between Aerographite and the polymer matrix occurs using Aerographite 

without any functional surface groups and by the TEM observed amorphous 

carbon on the surface of the formed graphitic layers (Figure 4.13). These gaps 

are observed in dependent of the treatment process and wall thickness.  

Furthermore, multiple and multi-dimensional fractures are shown in the 

polymer matrix (4), which are caused by the 3D interconnected structure of 

Aerographite. Due to the use of Aerographite as filler, additional cracks are 

guided around the tetrapod arms or through the tetrapodal structure, resulting 

in crack reversals. Besides, to the presented failures, a 2nd polymer phase is 

observed through the formation of holes/spheres.This 2nd phase, caused by 

the added flexibilizer and does not exhibit any influence on the crack 

propagation or the calculated values. Moreover, these occurred failure 
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mechanisms are also observed for treated Aerographite, shown in Figure A5. 

However, the thermal treatment of Aerographite leads to an additional failure 

behaviour (5), as shown in Figure 4.27c,d. As shown before, treated 

Aerographite exhibits a higher graphitisation degree and as a consequence of 

that a higher crystalline width. Due to this increased crystalline width, 

graphitic regions are tearing out of the tetrapod arms (5). This mechanism is 

comparable to the mechanism of graphene based PNCs, in which shearing off 

of graphene layers under mechanical load is already described [203].  

 

Figure 4.27: Fracture surface of Aerographite-epoxy composite with 
untreated Aerographite (a) and its magnification (b), treated Aerographite (c) 
and its magnification (d). 

 

Finally, based on the calculated values and the observed failure mechanisms, 

a model for the description of the occurred behaviours was developed (Figure 
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4.28). This model of Aerographite includes the observed nanostructure of 

Aerographite walls, as shown in Figure 4.13a,b. A detailed scheme of the 

crack propagation in the carbon wall of Aerographite is shown in Figure A6. 

An increasing wall thickness, which corresponds with the number of layers, 

results in a higher crack path length and consequently higher fracture 

toughness. Due to the reduced crystalline width in untreated Aerographite, an 

increased crack path length can be assumed, as shown in Figure 4.28a. This 

behaviour can be explained by redirecting of the initiated cracks on graphitic 

pieces by passing through the tetrapod. A subsequent thermal treatment of 

Aerographite leads to a higher crystalline width on the one hand and to a 

reduced fracture toughness on the other hand. Figure 4.28b shows that the 

increased crystalline width is resulting in less redirections of cracks in the 

tetrapod arm. Hence, the initiated cracks are passing through the graphitic 

layers, which causes tearing out of graphitic regions in independency of the 

wall thickness of Aerographite. This mechanism is not observed for untreated 

Aerographite-polymer composites.  

The mechanism of breaking single tetrapod arms is schematically shown in 

Figure 4.28c,d. Similar to the previously observed mechanisms, the initiation 

of cracks and their passing through the untreated tetrapod of Aerographite 

leads to several deflections on graphitic pieces and finally to the separation 

as presented in Figure 4.28c. By increasing of the wall thickness the total 

crack length can be increased, which correlates with the measured fracture 

toughness. The thermal treatment of Aerographite, with an increased 

crystalline width, shows gaps between the newly formed graphitic areas 

(Figure 4.28d). Due to these gaps, the initiated cracks can pass through the 

tetrapod arm without any deflections on these areas. This behaviour leads to 

the reduced fracture toughness in mechanical tests under bending load.  
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Figure 4.28: Model of failure mechanism in untreated (a) and treated (b) 
Aerographite-epoxy composites for crack propagation and breaking out 
mechanism, breaking mechanism of single tetrapods in untreated 
Aerographite (c) and in treated Aerographite (d).  
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4.3 Globugraphite and its application 

This subchapter describes the fundamental properties and the potential 

application of Globugraphite as catalyst. Therefore, catalytic particles are 

chosen, based on thermodynamic calculations and incorporated into the 

carbon structure. The aim of this hierarchical structure is the application as 

energy storage system [165] or as catalyst [204,205], in which macro pores 

are used to infiltrate this foam as quick as possible. Due to the variation of 

the powder grain size different diameters of macro pores can be achieved.  

 

4.3.1 Morphological characterisation and properties of Globugraphite 

The morphology of the developed globular carbon foam (Globugraphite) 

depends decisively on the average grain size of the used ZnO powder, 

sintering cycle and the carbon injection rate in the CVD process [165]. The 

manufacturing of the ceramic template by the mixing of ZnO and PVB 

powder and the subsequent developed sintering process, results as Figure 

4.29a-d shows in a porous hierarchical structure. The removing of the 

polymer binder leads to a macro porous (> 50 nm) structure. Besides, to the 

macro pores, due to the developed sintering process meso pores (2-50 nm) 

are formed by the formation of the sintering necks, as shown in  

Figure 4.29b,d. Moreover, replication process and the diffusion of by-

products such as Zn and water through the formed carbon wall leads to the 

formation of graphitic pieces and resulting of this to micro pores < 2, as 

shown by TEM observations in Figure 4.31 and confirmed by BET 

measurement (Figure A7). Due to the CVD process, the globular morphology 

of the template is completely replicated, as to be seen in Figure 4.29e-h.  
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The results of the calculated SSA indicate a morphology dependent behaviour 

of the specific surface area. By using micro globular ZnO powder as basis for 

the ceramic template, Globugraphite exhibits a SSA of 376 m²/g, which 

increases using ZnO nano powder to 567 m²/g. Similar to Aerographite [28], 

Globugraphite exhibits a sub-morphology by decreasing the carbon feed rate, 

which leads to a SSA of 859 m²/g for a net-like structure. Here, the SSA is 

calculated using the quenched solid density functional theory (QSDFT). A 

decreasing powder grain size leads consequently to an increasing SSA. Most 

of the measured pores are derived of micro pores with a pore width of ~1.6 

nm (Figure A7). These pores are resulting from the growth behaviour and the 

diffusion of reaction components through the carbon wall as described for 

Aerographite [166].  
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Figure 4.29: SEM images of the zinc oxide template with the hierarchical 
structure using a ZnO powder with a main grain size of several µm (a) and 
its magnification (b), ZnO powder with a grain size of several nm (c) and its 
magnification (d), replicated carbon structure (e) and its magnification (f), 
replicated carbon structure with nano structure (g) and its magnification (h). 
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The dependency of the morphology of Globugraphite on the carbon injection 

rate, similar to Aerographite [28], is shown in Figure 4.30a,b. By decreasing 

the carbon feed rate, the globular morphology is turned into a net-like 

structure as presented in Figure 4.30c at low toluene injection rates. However, 

the characteristic hierarchical structure remains. With this similarity to 

Aerographite, a dependency of the properties on the morphology can be 

assumed. 

 

Figure 4.30: SEM image of the net-like carbon structure, overview (a), 
medium magnification (b), high magnification (c). 

 

Based on the growth mechanism of Aerographite, the same chemical and 

physical reactions also apply for Globugraphite. Globugraphite has similar 

wall thicknesses as Aerographite at a carbon feed time of 60 minutes, as 

shown in Figure 4.31a. In the course of the carbon deposition on the template 
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surface and the simultaneous reduction of ZnO to gaseous zinc, the template 

material in the forming carbon shell also becomes entrapped, to be seen in 

Figure 4.31b, as already described for Aerographite in chapter 4.1. These 

incorporated ZnO nanoparticles can affect the properties of Globugraphite, 

such as the electrical conductivity or the electrochemical performance in 

energy storage systems. Due to the incorporated ZnO, an average amount of 

~8 wt.% of ZnO remains after the oxidation of the carbon foam in the TGA 

under synthetic air, as presented in Figure A8. Similar to Aerographite, the 

globular carbon foam exhibits an identical thermal oxidative temperature of 

around 670-700 °C. 

 

 

Figure 4.31: TEM image of Globugraphite carbon shell (a), with incorporate 
ZnO particles (b), with a scale of ~15 nm in the insets.  

 

As a consequence of the morphology dependent properties, related to 

Aerographite [35], Globugraphite exhibits a similar behaviour. In contrast to 

Aerographite, a decrease in the electrical conductivity is observed with 

increasing density, as shown in Figure 4.32. Also, at low densities of ~20 
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mg/cm³ a reduced electrical conductivity is measured. An average density of 

31-33 mg/cm³ leads to maximum conductivity. As shown by the results, 

Globugraphite reveals a continuously increasing electrical conductivity such 

as Aerographite [35].  
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Figure 4.32: Comparison of the electrical conductivity in dependency of the 
density between the globular and net-like carbon structure. 

 

Based on these results an equation (4.13) for the description of the total 

electrical conductivity (σtot) of Globugraphite was developed. This equation 

is composed of the function of the number n of conductive paths f(σc) and the 

conductivity at the sintering necks σSN [193]. Using ZnO nano powder leads 

to an increase of the number of conductive paths with improved possible 

connectivity options by decreasing the grain size compare to ZnO micro 

powder. In contrast to Aerographite, a dependency of the electrical 

conductivity could not be observed in this fundamental study. It can be 
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assumed, that compared to Aerographite, the influence of other defects is 

negligible due to the higher number of conductive paths.   

 𝜎𝑡𝑜𝑡 = 𝑛 ∙  𝑓(𝜎𝑐) + 𝜎𝑆𝑁     (4.13) 

 𝑓(𝜎𝑐) =  𝜎𝐶𝐶𝐷  +  𝜎𝐷𝐷     (4.14) 

Resulting from this equation for the description of the conduction 

mechanism, the number of conductive paths in Globugraphite is identified as 

key parameter for the electrical conductivity. Here the number of conductive 

paths is increased with a decreasing particle size of the used ZnO powder.  

4.3.2 Manufacturing of Globugraphite with incorporated catalytic 

particles  

The manufacturing of Globugraphite with incorporated catalytic particles is 

described in detail in this subchapter. These catalytic particles are chosen, 

based on thermodynamic calculations. This recently developed 

manufacturing methods is also resulting in a patent application [205].  

Besides, to the potential application as energy storage electrodes [165], this 

carbon foam is suitable as basic structure [204,205]. Based on the 

manufacturing process and the replication into the carbon structure, a catalyst 

structure based on the unique globular morphology of Globugraphite with 

incorporated catalytically active metals/metal oxide particles was developed. 

Due to a possible reduction of metal oxides by hydrogen, the Gibbs free 

energy for possible interactions/reactions of catalytically metal oxides with 

hydrogen was calculated, and summarised in Table 4.2 [204]. For the 

reduction of ZnO by hydrogen a Gibbs free energy of –68.83 kJ/mol was 

experimentally determined by Clarke and Fray [190], as shown in equation 

4.4. Furthermore, the reduction of ZnO [188,189] by hydrogen and the 

reduction of titanium dioxide (titania-TiO2) [206] in the presence of hydrogen 



Results and Discussions 

115 
 

are also well known. Indeed, the reduction of magnesium oxide (MgO) in 

presence of hydrogen was not observed yet. MgO was used as catalyst for the 

catalytic decomposition of benzothiophenic and dibenzothiophenic sulfones 

[207], whereas titania is an already known photo catalyst [208]. To avoid the 

reduction of the catalytically active metal oxides, the Gibbs free energy must 

be greater than of the ZnO reduction. 

The Gibbs free energy of possible occurred reactions of the added metal 

oxides was calculated according to equation 4.4 and summarised in 4.15-

4.17. For the calculation of the Gibbs free energy of metal oxides and their 

products the published temperature behaviours of their respective 

components were used [209]. Besides to metal oxides, palladium (Pd) is used 

for the incorporation into the replicated carbon foam. Palladium is an 

excellent catalyst for the electrooxidation of formic acid or the production of 

hydrogen [210,211]. The advantage of palladium as a metal is that it cannot 

be further reduced. However, a spontaneous hydrogenation by palladium has 

been known for more than 150 years [212]. Consequently, the Gibbs free 

energy of palladium does not have to be calculated. 
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Table 4.2: Calculated Gibbs free energies of catalyst fillers based on their 

possible reactions with hydrogen at 760 °C. 

 
TiO2 (s) + 2H2 (g) → Ti (g) + 2H2O (g) 

∆GR
0
 (TiO2) = 

700.15 kJ/mol 
(4.15) 

 
MgO (s) + H2 (g) → Mg (g) + H2O (g) 

∆GR
0
 (MgO) = 

329.37 kJ/mol 
(4.16) 

 Pd (s) + H2 (g) (s)→ PdH2 (s)  (4.17) 

 

The used powders and their properties are summarised in  

Table 4.3. The powders were added to the ZnO-PVB mixture as described in 

3.1.2 for the manufacturing of the carbon-based catalyst structures. The 

respective metal oxides were added to the ZnO/PVB mixture with 1 vol.%, 3 

vol.% and 5 vol.%, whereas only 1 vol.% palladium was used. The further 

production of the green bodies takes place as already described in chapter 

3.1.2. 

 

Table 4.3: Metal oxide and metal powders for the manufacturing process, 
from Sigma Aldrich®. 

Powder 
Average grain size 

in µm 
Purity in % 

Bulk density in 

g/cm³ 

TiO2 < 10 99.0 4.23 

MgO < 5 99.9 3.58 

Pd < 1 99.9 12.02 
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The hierarchical morphology of the produced ceramic templates with 

additionally added metal oxides (TiO2), at different amounts of 1 vol.%, 3 

vol.% and 5 vol.%, are shown in Figure 4.33a,c,e and is not affected by these 

additives. To achieve a macro- and meso-porous morphology, similar to 

Globugraphite without any added particles, the same sintering cycle was 

used. Which leads to the formation of sintering necks between the ceramic 

powder (Figure 4.33b,d,f).  

Figure 4.34 shows the replication from the globular ceramic template into the 

typical hollow carbon shells, as already shown for Globugraphite, with the 

simultaneous removal of ZnO by hydrogen. Moreover, the SEM observations 

indicates with an increased initial amount of TiO2 additives, the remaining 

catalytic particles in the carbon structures increases as well, as shown in 

Figure 4.34 b,d,f. However, as previously discussed, it can be assumed that 

an amount of ZnO residue of ~9 wt.% remains in the carbon shell.  
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Figure 4.33: SEM image of the porous ceramic structure after the sintering 
process with incorporated TiO2 (1 vol.%) particles (a), insert of the overview 
(b), overview of the ceramic template with 3 vol.% TiO2 (c), insert of the 
overview (d), overview of the ceramic template with 5 vol.% TiO2 (e), insert 
of the overview (f). 
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Figure 4.34: SEM image of the porous ceramic structure after the sintering 
process with incorporated TiO2 (1 vol.%) particles (a), and the corresponding 
replicated carbon structure (b), SEM image of the ceramic template with 3 
vol.% TiO2 (c), and the corresponding replicated carbon structure (d), SEM 
image of the ceramic template with 5 vol.% TiO2 (e), and the corresponding 
replicated carbon structure (f). 
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STEM, as shown in Figure 4.35, is used to clarify whether the catalytic 

additives are coated with carbon, which would cause inactivation for potential 

applications. In Figure 4.35a, a High Angle Annular Dark Field (HAADF) 

image of Globugraphite with incorporated TiO2 is shown. It can be assumed 

that the particles are mechanically anchored between the carbon shells. 

The analysis of the elemental composition of the incorporated catalysts 

(Figure 4.35b,c) confirms that a reduction of TiO2 to its metal does not occur. 

STEM observations of MgO are shown in Figure A9. Palladium also remains 

in the carbon structure after the replication process, as shown in Figure 

4.35d,e.   
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Figure 4.35: TEM overview of incorporated Pd (a), HAADF of 
Globugraphite with catalytic particles (5 vol% TiO2) (b), and the respective 
material combustion oxygen (blue), titanium (green) (c); HAADF of 
Globugraphite with incorporated Pd (d), and the respective material 
combustion (Pd-green) (e). 
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The residues of incorporated catalytic additives are analysed using TGA 

technique, as presented in Figure 4.35. It should be mentioned that a ZnO 

content of ~9 wt.% remains in Globugraphite. TGA spectra exhibit a 

continuously increasing amount of the remaining residues (Figure 4.35a,b). 

The corresponding spectrum for Pd is shown in Figure A10. However, these 

data do not provide any information about partial occurred reduction 

processes of the added particles by hydrogen. The calculated mass fraction of 

the catalytically active additives as given in the CVD process and after TGA 

analysis are plotted in Figure 4.35c,d. The ZnO content of 9 wt.% was 

subtracted from the obtained residues. These calculations confirm the 

previously made SEM and TEM observations that a reduction of the catalytic 

particles does not occur. Moreover, a continuous increase of residues is 

observed. Consequently, a reduction of the added particles can be excluded. 

However, the slight differences between the initial mass and the calculated 

mass fraction after TG analysis are based on inhomogenities, which occur 

during the mixing and pressing process for the manufacturing of the green 

bodies.  
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Figure 4.36: Exemplary TGA spectra of neat Globugraphite and 
Globugraphite-catalysts with incorporated TiO2 (a) and MgO (b), calculated 
mass fraction of as given catalytic additive in the CVD process and after TGA 
measurements for TiO2 (c) and MgO (d). 

 

The grain size distribution versus the measured grain size is plotted in Figure 

4.37 for TiO2, MgO and Pd. The grain size distribution is calculated by 

measuring TEM images and counting about 100 particles. TiO2 and Pd shows 

a maximum grain size of >300 nm and a main size of 50-200 nm (Figure 

4.37a). The reduction of the particle size compared to the as received powder 

can be explained by the milling and sieving during the green body 

manufacturing. In general, it should be noted that by decreasing of particle 

size, the effective surface area of the potential catalytic particle increases. The 

grain size of incorporated MgO particles, as presented in Figure 4.37b, 
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decreases to a main size of 10-30 nm and a maximum grain size of >60 nm 

is reached for less than 2.35 %. The incorporation of TiO2 or Pd particles 

leads to a significant decrease in the SSA from 376 m²/g of the carbon 

structure without incorporated particles to 225 m²/g (5 vol.% TiO2) and 

respectively 104 m²/g (1 vol.% Pd). In reverse, the effective SSA of catalyst 

particles increases equally. Due to the added particles, a splitting of the main 

pore size is observed to 1.9 nm and 2.6 nm (Figure A11), which is contrary 

to neat Globugraphite. 
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Figure 4.37: Grain size distribution of incorporated TiO2 and Pd (a), MgO 
(b). 

 

By calculating the Gibbs free energies for other metal oxides, it can be 

assumed that metal oxides such as Al2O3, CuO, CeO2, Cr2O3, OsO4, V2O5 and 

Co3O4 can be added to ZnO/PVB and used as catalysts. Furthermore, it is 

noteworthy, that any metal with a boiling point > 900 °C can be used as 

catalytic additives.  
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5 Conclusion 

 

The aim of this thesis was the investigation of the occurred growth process to 

synthesise Aerographite in CVD process. Moreover, fundamental structure 

property relations were analysed. The following chapter summarised the 

main findings of this work.   

The fundamentals of the growth mechanism of Aerographite was determined 

via ex-situ observations using interrupted syntheses and intense 

SEM/TEM/Raman techniques. The growth of Aerographite is based on the 

deposition of amorphous carbon on ZnO template during the CVD process 

and the simultaneously stepwise removal of the template by its reduction to 

gaseous Zn. This removal starts at the tetrapodal base ad follows alongside to 

its tips. In conclusion, the growth process of Aerographite is unique, but can 

be also referred as a combination of growth processes of graphene and CNTs. 

Meanwhile the replication of the template morphology starts at the 

energetically favourable point, the tetrapod base and follows along the 

scaffolds to its tip.  

Additionally, to this mimicry of the template morphology, the graphitisation 

of the deposited carbon into short graphitic layers via a catalytic 

graphitisation with gaseous Zn as catalyst was found as key parameter of this 

unique replication process. Because of the knowledge of the diffusion and the 

catalysis of Zn through the carbon wall, as received Aerographite exhibits an 

ID/IG ratio of >1, which corresponds with a high defect density.  
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The Gibbs free energy was calculated based on the estimated reactions. The 

replication process at 760 °C has a Gibbs free energy of about -239 kJ/mol. 

Hence, the replication process takes place under energy release. 

Besides, to the observed growth process of Aerographite via ex-situ analysis, 

the CFD simulation is an effective method to determine the occurred flow 

and temperature behaviour in the CVD reactor. These results exhibit a closed 

loop of gases in the reactor, which is caused by the temperature. Moreover, 

the convection is the main factor affecting the flow behaviour.    

Based on the investigated growth mechanism, the wall thickness of 

Aerographite was tailored by varying of the injection time of the carbon 

source. This synthesis method preserved the tetrapodal morphology of 

Aerographite, which offers a clear advantage compared to the variation of the 

carbon injection rate, which leads to a change in the morphology (hollow 

framework Aerographite to closed-shell filled Aerographite). Based on these 

results, the structure-property relation between the electrical conductivity and 

the wall thickness of Aerographite was investigated. Resulting from these 

observations, a fundamental equation for the description of the electrical 

conductivity was developed. 

The tailored wall thickness of Aerographite also affect the mechanical 

behaviour of Aerographite-epoxy composites in three-point bending tests. 

Here, differences of few nanometers were already measurable. It could be 

shown, that with increasing of the wall thickness, which corresponds to a 

minimal crystalline width, a maximal fracture toughness was reached. Due to 

the graphitisation and the increased crystalline width, the mechanical 

characteristics were reduced. Based on these observations, a fracture model 

was developed.  
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For the application as catalysts, the morphology of Aerographite was 

modified by a newly developed manufacturing method. This method is based 

on the manufacturing of a highly porous ceramic body with a hierarchical 

structure by mixing of powder, pressing and sintering. By adding other metal 

oxides or metals in the mixing process, a wide range of carbon foam-based 

catalysts with incorporated catalytic additives can be produced. These 

additives were chosen based on their calculated Gibbs free energy of a 

possible reduction by hydrogen. However, this carbon structure with 

incorporated particles distinguish oneself, compare to other carbon-catalyst 

foam by the reclaiming of these particles by thermal oxidation in an oxygen 

atmosphere. Consequently, a wide range of catalysts for several processes 

can be produced just by varying the added catalytically additives, which 

makes this manufacturing method suitable for an industrial production.  
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6 Outlook 

 

This work showed fundamental aspects of the growth mechanism and 

structure-property relations of Aerographite. Due to its unique manufacturing 

process and alone standing properties, Aerographite and Aerographite-

applications will be further investigated.  

The following DFG project (“Hochporöse 3-dimensionale Kohlenstoff-

Aeromaterialien für energieeffiziente, ultraschnelle und selektive 

Gasdurchflusssensoren”) analyse the growth process of Aerographite and the 

role of ZnO/Zn in more detail. Therefore, an adapted CVD reactor was 

developed for the In-beamline analysis at DESY (Hamburg), according to 

their required conditions, as shown in Figure 6.1. 
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Figure 6.1: Developed CVD reactor for an in-situ analysis of the growth 
behaviour at DESY (a) and its cross section (b). 

 

Besides to these experimental studies, the simulation via enhanced chemical 

and CFD techniques is the next step to determine the replication process into 

the carbon foam. Besides to the analysis of growth processes, the DFG project 

investigates fundamental structure-property relations, which are a key 

parameter for tailoring of properties, regarding to applications such as gas 

sensors and thermoelectric devices. Application-dependent tailored electrical 

and thermal conductivities for gas sensors and thermoelectric devices will be 

developed, based on the results of this work, regarding to the influence wall 

thickness and graphitisation.  
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Therefore, it is necessary to analyse the charge career densities of 

Aerographite via Hall measurements. Based on these results in combination 

with the measured defect density and sp²/sp³ amount (Raman spectroscopy, 

λ ~ 300-400 nm) application dependent properties can be tailored.  

Finally, Globugraphite and its application as catalyst will be investigated and 

characterised in more detail. Especially regarding to the catalytically 

effectivity and specific applications. 
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Appendix 

A Growth mechanism 
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Figure A1: Zinc vapour and water vapour release rate in the 1st reaction stage.  
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Figure A2: Temperature profile on the silica waver: 1st sample row (a), 2nd 

sample row (b).   
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B Basics of thermal treatment  

 

Figure A3: Reference EELS spectra of graphite. 
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C SEM images of Aerographite with different wall thicknesses 

 

 

Figure A4: SEM images of neat ZnO (a), different injection times: 15 minutes 
(b), 20 minutes (c), 45 minutes (d), 60 minutes (e), 60 minutes (f). 
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D SEN-3PB tests 

 

Table A1: Overview about the achieved filler contents of Aerographite-
epoxy composites for SEN-3PB tests.   

Injection time 

in min 
Treatment 

Filler content in 

wt.% 

45 Untreated 0.41 ± 0.01 

45 Treated  0.39 ± 0.03 

60* Untreated 0.49 ± 0.04 

60* Treated  0.44 ± 0.04 

60 Untreated 0.35 ± 0.01 

60 Treated  0.32 ± 0.06 
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Figure A5: Exemplary fracture surface of treated Aerographite. 

 

 

 

Figure A6: Schematic of crack propagation in untreated Aerographite (a) and 

thermally treated Aerographite (b). 
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E Fundamentals of Globugraphite  
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Figure A7: SSA and pore size distribution of Globugraphite. 
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Figure A8: TGA data of Globugraphite containing incorporated ZnO 
particles. 
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F Globugraphite-catalysts 

 

 

Figure A9: SEM (a)-(c) and STEM (d)-(e) observations of incorporated 

MgO. 
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Figure A10: TGA spectra of Globugraphite-catalysts with incorporated Pd. 
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Figure A11: SSA and pore size distribution of Globugraphite with 

incorporated catalytic particles. 
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