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Abstract

A three dimensional carbon network material of seamless interconnected and hol-
low tubes, featuring a graphitic structure and an extremely low density has been
designed and fabricated in cm3 volumes. The synthesis of this foam like material,
named Aerographite, is based on highly-porous three dimensional networks from
zinc oxide (ZnO) which are utilized as sacri�cial templates in a chemical vapor de-
position (CVD) process. Such type of ZnO templates are produced by the �ame
transport synthesis (FTS) and allow free control over the template pore size, poros-
ity and structure sizes. By consequent minimization of the applied carbon masses
and tailored template porosity of 97 %, the density of Aerographite was reduced to
180µg/cm3 which had broken the record for lightest solid and remains up to date
among the lightest materials in literature.
The challenge to measure the mechanical response of super light materials has been
tackled by a self built mechanical test set-up for an automated cyclic stress strain
measurement. Highest speci�c moduli of E/ρ2 = 0.46 106Pa/(kg/m3)2 respectively
E/ρ3 = 2.6 106Pa/(kg/m3)3 under tensile stress has been revealed. The microscopic
deformation mechanisms of Aerographite networks are identi�ed by detailed in situ
studies in the scanning electron microscope and an analytical model is established
to interpret the elastic properties of the bulk Aerographite. Further, the visco
elastic properties of Aerographite are discussed and based on the �ndings in the in
situ experiments, a �rst theory for the visco-elastic mechanisms in Aerographite is
introduced.
Finally the functional application of Aerographite as electrode material is demon-
strated by the construction of two prototypes: an electrical double-layer capacitor
equipped with Aerographite electrodes and a rechargeable lithium-sulfur battery
with sulfur in�ltrated Aerographite cathode. The capacity fading of the lithium-
sulfur battery has been studied by cyclic voltammetry and the speci�c capacity of
the electrical double-layer capacitor was measured.





Kurzfassung

In dieser Arbeit wird ein vollkommen neuartiges hoch poröses Kohlensto�netzwerk-
material vorgestellt das aus nahtlos verbundenen, graphitischen Röhrchen von weni-
gen Mikrometern Durchmesser besteht. Die Synthese dieses hochporösen Graphit-
netzwerks namens Aerographite basiert im wesentlichen auf einem hoch porösen
dreidimensional vernetzen Opfertemplat aus Zinkoxid (ZnO) welches durch einen
chemischen Gasphasen Abscheidungsprozess zu Aerographite umgewandelt wird.
Dieser Prozess wurde in Kooperation mit der Technischen Universität Hamburg-
Harburg eigens auf die Synthese von Aerographite angepasst und ermöglicht durch
die Zufuhr von Wassersto� das Entfernen des Zinkoxid Opfertemplates.
Die Synthese der ZnO Netzwerktemplate erfolgt durch die eigens entwickelte Flam-
mentrasportsynthese welche es ermöglicht die Porengröÿe, die Porösität und den
Vernetzungsgrad der ZnO Netzwerktemplate genau zu kontrollieren. Durch eine ge-
zielte Verringerung der Kohlensto�menge und die Steigerung der Porösität der ZnO
Netzwerktemplate auf 97 % kann eine hierarchische Variante von Aerographite mit
einer minimalen Dichte von 180µg/cm3 synthetisiert werden. Dies macht Aerogra-
phite zu einem der leichtesten mikroporösen Festköpermaterialien nach derzeitigem
stand der Literatur.
Die mechanische Charakterisierung von Aerographite Netzwerken erfolgt in einem
eigens für diesen Zweck konstruierten Mechanikmessstand für die automatisierte
Messung von druck und zug-spannungs Zyklen. Die mikroskopischen Deformati-
onsmechanismen der Aerographite Netzwerke werden in mechanischen in-situ Ex-
perimenten im Rasterelektronenmikroskop untserucht. Hierauf aufbauend wird ein
analytisches Modell für die elastischen Eigenschaften von Aerographite hergeleitet
und mit den mechanischen Messungen des Volumenmaterials verglichen. Basierend
auf den Erkenntnissen aus den In-Situ Experimenten wird der intrinsische Mecha-
nismus für die viskoelastischen Eigenschaften von Aerographite diskutiert.
Die funktionale Anwendung von Aerographite als Elektrodenmaterial wird anhand
von zwei Prototypen demonstriert. Es wird der Prototyp eines Doppelschichtkon-
densators mit Aerographite Elektroden vorgestellt und eine Schwefelin�ltrierte Ae-
rographite Kathode für einen Lithium-Schwefel Akkumulator präsentiert.
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Introduction

The allotropy of carbon, particularly represented by variations in hybridization

states and crystallographic symmetries, enables the development of functional mate-

rials with sophisticated morphologies including graphene [1], carbon nanotubes [2,3]

(CNTs), carbon nanoscrolls [4, 5], fullerenes [6], aerogels [7] and nano-foams [8]. In

a plethora of technical applications and fundamental researches, the strong rela-

tion between the morphology and the physical properties of the respective material

has been proven [1, 9, 10]. A well known example for this fundamental relation be-

tween the atomic structure and physical properties is graphene which possesses a

two dimensional (2D) planar honeycomb lattice of sp2 hybridized carbon atoms and

exhibits highest electrical conductivities due to its linear electronic dispersion rela-

tion [10, 11]. A one dimensional (1D) allotrope of carbon is represented by carbon

nanotubes which show outstanding mechanical performance due to their structure.

The walls of CNTs consist of a single or multiple layers of graphene and CNTs

exhibit a tensile strength of up to 63GPa [12] (multiwalled CNTs) and a Young's

modulus in the terapascal (TPa) range [13�15].

However, the physical properties of these 1D and 2D structures are typically limited

to the nano- and micro-scale which strongly inhibits the utilization in technical de-

vices. For instance the tensile strength of carbon nanotubes is limited to 3GPa [16]

if they are assembled to a macroscopic rope [17�19] and the electrical conductiv-

ity of graphene is limited by the applied substrates [20]. The challenging aspect,

is the utilization of these remarkable physical properties on a macroscopic scale

namely in real life functional devices. Furthermore, for an improved integration, it

is also advantageous to synthesize larger sample volumes. Normally this requires

the assembly of 1D and 2D structures to larger three dimensional (3D) structures to
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achieve space �lling. This means, the synthesis of macroscopic 3D interconnected

carbon nano materials is favorable because it enables the direct integration into

devices.

Already a number of synthesis approaches for growth of macroscopic 3D carbon nano

materials have recently been reported in literature [21�27]. However, almost all of

these synthesis approaches are based on the wet chemical assembly of graphene oxide

nano-�akes and subsequent freeze-drying. This method has a number of drawbacks

and is typically limited to the synthesis of sheet like microstructures because of

the utilized precursor materials. Another problem of this method is the subsequent

removal of the solvent by a freeze-drying process step which can result in strong

deformations of the grown 3D structure [24,28]. Also other synthesis approaches by

CVD growth of carbon on sacri�cial nickel templates have been presented but were

limited to commercially available nickel templates and not free standing without

polymer backbone [29,30]. For this reason it is necessary to develop new synthesis

methods which allow the direct growth of 3D interconnected carbon nano materials

instead of their assembly from microscopic 1D or 2D building units and enables the

free control of their micro-structural morphology.

The major aim of this work was the development of a novel 3D carbon nano ma-

terial with a highly porous network structure from hollow graphitic tubes called

Aerographite [31]. This was achieved by a new synthesis method which is based on

the chemical vapor deposition (CVD) of carbon on the surface of a highly porous

sacri�cial 3D network template from zinc oxide (ZnO). The ZnO network template

is removed during the CVD process by the supply of hydrogen gas which enables the

synthesis of a 3D network of hollow graphitic tubes. These tubes possess a micro-

scale diameter and a nanoscopic thickness (≈ 15nm) like thin multiwall carbon

nanotubes (MWCNTs).

The required templates were produced by the so called �ame transport synthe-

sis (FTS). This method, for the growth of complex and interconnected 3D ZnO

networks was developed in the group for Functional Nanomaterials at Kiel univer-
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sity [32, 33]. Due to their high porosity, open pore structure, mechanical stability

and large volumes of up to 100 cm3 these ZnO networks represent an ideal choice

as template material.

In order to achieve the desired mechanical properties of bulk Aerographite, it was

a major task to transfer the morphology of the ZnO templates to the completed

Aerographite networks. A further aim was the synthesis of Aerographite variants

with highest porosity respectively lowest density for the application as electrode

material.

Beyond the synthesis, the mechanical properties of bulk Aerographite were of special

interest. It was expected, that due to its unique morphology, Aerographite exhibits

novel mechanical properties. Therefore it was the aim to identify the intrinsic

deformation mechanisms of Aerographite by detailed in situ experiments and to

derive a model for the description of the elastic properties of bulk Aerographite.

With respect to the mechanical properties of highly porous Aerographite it was a

further task to examine the relation between Young's modulus and density. This

required the development of new experimental equipment to perform stress strain

tests with the required accuracy.

In order to judge the applicability of Aerographite as electrode material, it was

the aim to examine its utilization as cathode material, such as in a lithium-sulfur

battery and in an electrical double-layer capacitor.

This thesis is composed of the following three parts: In Part I, the basic theoretical

aspects, required for the discussion part, are introduced. In part II, the synthesis

of Aerographite, the applied measurement methods are discussed. In part III, the

experimental results are presented and discussed and an analytical model for the

elastic properties of Aerographite is derived.





Part I.

Theory





1. Crystal Structure and Electrical

Properties of Graphite

Aerographite consists of a network of microscopic tubes of carbon. For the most

Aerographite variants the walls of these tubes possess a graphitic structure. In this

chapter the crystal structure and the electronic structure of graphite are discussed.

1.1. Crystal Structure

The element carbon is allotropic and can occur as diamond, graphite, graphene or

fullerene due to di�erent hybridization states of s and p orbitals of the valence elec-

trons of carbon, like the tetrahedral sp3 hybridization in diamond or the trigonal

sp2 hybridization in graphite and graphene. As a result, diamond forms a three-

dimensional covalently bonded crystal structure and graphite consists of hexagonal

sp2 hybridized layers of graphene. The carbon atoms in the graphene layers are co-

valently bonded (binding energy 4.3 eV ) while the adjacent layers are held together

by van der Waals forces (binding energy 70meV ) which is the reason for easy slide of

the graphene sheets. The delocalized Π-orbitals lead to high electrical and thermal

conductivity along the layers, respectively low conductivities perpendicular to the

layers, resulting in a strong anisotropy of graphite. [34, 35] The stacking sequence

of the hexagonal layers in graphite is ABA [36, 37] with an inter planar distance

of 3.35 Å to the adjacent layers. Within the layers the carbon atoms are arranged

in a honeycomb lattice with an in-plane nearest neighbor distance of 1.42 Å. The

crystal structure can be described by a primitive hexagonal unit cell with the lat-

tice constants c = 6.71 Å and a = 2.46 Å as illustrated in Figure 1.1. The crystal
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structure belongs to the space group P63/mmc. Instead of the ABA stacking se-

quence, graphite can also occur in the stacking sequence ABC which results in a

rhombohedral crystal structure [38�40].

c/
2

=
3.

35
Å

1.42 Å

a

Figure 1.1: Schematic drawing of the crystal structure of graphite. The
hexagonal layers exhibit the stacking sequence ABA with the lattice constants
of c = 6.71 Å and a = 2.46 Å. The carbon atoms which are indicated in black
have neighbors directly above and below in the adjacent layers while the blue
indicated carbon atoms have neighbors directly above and below in a distance
of c = 6.71 Å.

1.2. Electronic Structure and Conductivity

The electron con�guration of carbon is 1s22s22p2. In graphite, the 2s, 2px and

2py electrons form three sp2 hybrid orbitals which form σ-bonds. Perpendicular

to the layers, the 2pz electrons form delocalized Π orbitals which stabilize the in-

plane bonding and contribute to the electrical and thermal conductivity by the high

mobility of the Π-electrons.

Graphite has 4 atoms per unit cell with 4 valence electrons each. This leads to

the formation of 16 energy bands not counting the spin. There are 12 σ-bands (6

bonding and 6 antibonding) and 4 Π-bands (2 bonding and 2 antibonding). The
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Figure 1.2: Illustration of the �rst Brillouin zone of Graphite. The Fermi
surfaces of the electrons and the holes (indicated in blue) are located in the
regions close to the edges HKH and H'K'H' of the Brillouin Zone. The
overlap of the upper Π-bands along the Brillouin zone edges HKH and H'K'H'
makes graphite a semi metal.

band gap for the σ-bands is about 5 eV . Figure 1.2 shows the �rst Brillouin zone of

graphite. The Fermi surfaces of the electrons and the holes are located in the regions

close to the edges HKH and H'K'H' of the Brillouin Zone. The overlap of the upper

Π-bands along the Brillouin zone edges HKH and H'K'H' makes graphite a semi

metal. [41�43] Table 1.1 shows the electrical conductivities (σa, σc), the mobilities

(µa, µc) and the electron density (n) for pyrolytic graphite. The index a denotes the

in plane conductivity / mobility and c the conductivity / mobility perpendicular

to the planes. Due to the technological di�culties to measure the intrinsic c-axis

conductivity the actual value of the ratio of σa/σc is still under discussion.

1.3. Glass-Like Carbon

Glass-like carbon is a class of non-graphitizable carbon which is produced by a

series of heat treatments of organic precursors [44, 45]. According to the IUPAC

recommendations for the terminology of carbon as a solid [46], glass-like carbon,

is an "agranular non-graphitizable carbon with a very high isotropy of its struc-

tural and physical properties and with a very low permeability for liquids and
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Table 1.1: Electrical conductivities (σa, σc), mobilities (µa, µc) and the elec-
tron density (n) of pyrolytic graphite (data from [34]).

300 K 77.5 K 4.2 K

σa (104 S/cm) 2.26 3.87 33.2

σc (S/cm) 5.9 3.3 3.8

µa (104 cm2/V s) 1.24 5.75 7.0

µc ( cm2/V s) 3.3 5.0 8.0

n (1018 cm−3) 11.3 4.2 3.0

gases". A model for the structure of glass-like carbon was developed by Jenkins

and Kawamura [47]. They assumed, that glass-like carbon consists of �brils which

are very narrow, curved and twisted ribbons of graphitic carbon. This model has

been widely accepted but did not explain some of the properties of glass-like car-

bon. The model suggested conjoined micropores and a relatively high proportion

of edge atoms which is a contradiction to the high chemical stability and the low

gas permeability of glass-like carbon. Detailed high resolution transmission elec-

tron microscopy (HRTEM) studies have revealed the presence of many, apparently

fullerene-like structure elements in glass-like carbon [48]. These can be multi-layered

sheets which are warped by the incorporation of 5 and 7 fold rings in the graphitic

layers.



2. Tetrapodal Zinc Oxide

a = 3.25Å

c = 5.2Å

O

Zn

Figure 2.1: Wurtzite-type crystal structure of zinc oxide.

In order to explain the morphology of Aerographite it is crucial to discuss about the

atomic structure of zinc oxide (ZnO) because it is utilized as sacri�cial template

material in the synthesis of Aerographite. ZnO occurs in three di�erent crystal

structures namely the cubic sodium chloride structure, the cubic zincblende struc-

ture and the hexagonal wurtzite structure (displayed in Figure 2.1) which belongs

to the space group P63mc. Under ambient conditions the wurtzite structure is

thermodynamically stable and thus the most common structure. [49,50]

By oxidizing zinc in air, the self assembled growth of ZnO tetrapods can occur (see

Figure 5.3) [32,33]. Until now, several growth models were developed to explain the

self assembly to ZnO tetrapods. The exact growth mechanism of the ZnO tetrapods

is still under discussion, but all proposed models describe the growth mechanism

of the ZnO tetrapods out of a seed nucleus [51, 52]. Iwanaga et al. introduced

a octahedral twin model which is based on the idea that the central nucleus is

an octahedral multiple inversion twin made up of eight-trigonal pyramidal crystals
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with {0001} basal planes and three {112̄2} twin planes [53].

(2̄111)
(112̄1)

(12̄11)

< 0001 >

c-axis

Figure 2.2: Schematic drawing of the tetrahedral nucleus in the center of
the tetrapods proposed by Ronning [54]. The tetrahedral nucleus consists of
four equivalent grains with triangular dipyramidal shape.The c-axis of the
hexagonal grains is parallel to the apexes of the tetrahedron.

Based on detailed TEM studies, Ronning introduced a di�erent model of the tetra-

pod center core [54]. In this model the central core of the tetrapod consists of

four grains of hexagonal structure which are directly related to the four arms of

the tetrapod. For the growth of the tetrapods, zinc clusters of less than 20 atoms

get oxidized and form spheroid structures built from Zn3O3 hexagons and Zn2O2

rhombi. These spheroids grow by the condensation of additional Zn and O atoms

until they become unstable and collapse towards nanoparticles of the more stable

bulk crystal structure. The reason for this phase transition is the minimization of

the formation energy of di�erent surfaces, the grain-boundary interface energy and

the volume energy.

In wurtzite ZnO, the (0001)-Zn and the (0001̄)-O surfaces have the highest surface

energy of 4 J/m2 resulting from their polar character [54]. Therefore a morphology

with suppressed (0001) polar surfaces of the nanoparticles is favorable. Ronning

suggested that the atomic cluster collapses into a tetrahedron which consists out

of four equivalent grains with triangular dipyramidal shape (see Figure 2.2). The
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c-axis of the hexagonal grains is parallel to the apexes of the tetrahedron. From

the energetic point of view the proposed geometry is favorable because it posses

the minimal ratio between grain boundary areas and surface areas in comparison

to other multiple-grain arrangements.

The four arms of the tetrapod start to grow when the four microscopic ZnO grains

overgrow the tetrahedral nucleus because of the fast growth of the hexagonal ZnO

along the c-axis direction. The aspect ratio of the tetrapod arms depends on the

growth rate in the c-axis direction compared to with the (112̄1) surfaces.





3. Mechanical Aspects of Cellular

Materials

In this chapter a number of theoretical aspects for the mechanical properties of Aero-

graphite will be discussed. Aerographite possesses a comparatively high Young's

modulus with respect to its low density. To evaluate this material properties and

to compare it with other cellular and noncellular materials, the Young's modulus-

density chart (introduced by Michael F. Ashby [55]) will be discussed in particular.

Furthermore, the deformation mechanisms and di�erences of bending and stretch

dominated networks will be discussed. To analyze and discuss the results from

Aerographite bulk measurements, the theoretical background of visco-elasticity and

Van der Waals forces are introduced in this chapter.

3.1. The Young's Modulus-Density Chart

For the construction of a lightweight beam, which possesses a minimum de�ection if

subjected to bending moments, a material with a high Young's modulus and a low

density is required. To achieve the smallest de�ection with the lowest mass of the

beam, the ratio of the Young's modulus and the density has to be maximized. For

the simple bending case of the beam illustrated in Figure 3.1 the second moment

of area I is given by equation (3.1) where w denotes the width and h the height.

I =
wh3

12
(3.1)

The de�ection of the beam in the direction of the applied force is calculated by

equation (3.2) where F denotes the force, L the length, E the Young's modulus and
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L

h

F

Figure 3.1: Schematic drawing of a free standing beam which is subjected
to a bending moment by an external force F . The de�ection is indicated by
the dashed contour and scales with the second moment of area of the beam
and the Young's modulus of the utilized material. If the bending moment
is caused by the weight of the beam itself, the merit index k = 3

√
E/ρ of the

material becomes important for the minimization of the de�ection. The same
holds if the mass of the beam has to be minimized for a given de�ection.

I the second moment of area.

δ =
FL3

3EI
(3.2)

By inserting equation (3.1) into equation (3.2) δ can be expressed by equation (3.3).

δ =
4FL3

Ewh3
(3.3)

The volume of the beam multiplied with the density ρ of the selected material gives

the total mass m like shown in equation (3.4).

m = Lwhρ (3.4)

Hence, the de�ection of the beam can be expressed as in equation (3.5) if the height

h is a free parameter.

δ =

(
4FL6w2

m3

)(
ρ3

E

)
(3.5)

The �rst part just dependents on the geometry and the total mass of the beam and

the second part of equation (3.5) is a material dependent parameter. To achieve

the minimum de�ection of a beam with �xed mass and free height, the merit index

k = 3
√
E/ρ has to be maximized. This merit index depends only on the utilized
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material while the other parameters in equation (3.5) are engineering ones which

determine the shape and mass of the beam. [56]

k =
3
√
E

ρ
(3.6)

This merit index (equation (3.6)) emphasizes the importance of a low density ma-

terial, to minimize the mass of a beam for a given de�ection or to minimize the

de�ection of a beam with �xed mass. For example Balsa wood performs very well

in this kind of application due to the very small density (40− 340 kg/m3) [57] and

the comparatively high Young's modulus (see Figure 3.2).

A comparison of materials with di�erent merit index k is presented in the material

selection chart in Figure 3.2 which is also known as Ashby map / diagram. In

the Ashby map the logarithm of the density is plotted versus the logarithm of

the Young's modulus. In the double logarithmic plot one achieves a linear relation

between the Young's modulus E, density ρ and merit index k which gets obvious by

reformulating equation (3.6) to equation (3.7) and can be represented as a straight

line in Figure 3.2 [55,59,60].

log(E) = 3log(ρ) + 3log(k) (3.7)

The slope is given by the exponent of the Young's modulus in equation (3.6) and

the intercept with the y axis is given by the term 3log(k). In this material selection

map, all materials of the same merit index k, can be found on a straight line. All

materials above this line provide a higher merit index, meaning the ratio 3
√
E/ρ is

higher than for the materials below the line. This makes the Ashby map a valuable

tool for the material selection if a high speci�c sti�ness is required [55,59,60].

If a beam of �xed mass, height and free width is exposed to bending moments, the

de�ection gets minimized if the merit index k2 (equation (3.8)) is maximized.

k2 =
E

ρ
(3.8)
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density (Mg/m³)
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Figure 3.2: Young's modulus-density chart which includes a huge variety of
materials of di�erent material classes [22,23,58]. The colored lines indicate
the merit indices according to equation 3.6, 3.8 and 3.9. All materials which
lay in the diagram on the same line exhibit the same merit index. The merit
index k = 3

√
E/ρ is essential for the construction of a free standing beam,

which possesses minimum de�ection caused by its own weight.

The merit index k3 (equation (3.9)) determines the de�ection of a beam, with �xed

cross sectional area and mass. The guidelines for k2 and k3 are also displayed in

Figure 3.2. These guidelines just di�er by their slope in the material selection chart

because the exponent in the formula of the individual merit index di�ers.

k3 =

√
E

ρ
(3.9)
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3.2. Bending- and Stretch-Dominated Networks

When a porous network material is mechanically loaded, two di�erent deformation

mechanisms occur depending mainly on the geometry of the network. The defor-

mation of the unit cells of the network can be either bending- or stretch-dominated

and this has a strong in�uence on the mechanical performance of the networks and

their position in the Young's modulus-density chart.

a) b) c)

Figure 3.3: Overview for three di�erent cases of the Maxwell stability cri-
terion for the unit cell of a two dimensional network. The arrows indicate
an external mechanical load. a) Example of a bending-dominated network: It
can withstand the external force only by the bending of the junctions (indi-
cated in blue color) and can bear small forces without collapsing. b) Example
of a stretch-dominated network: The strut in the center carries tension and
increases the sti�ness signi�cantly. The increase in sti�ness caused by the
bent junctions is very small in comparison to the contribution of the strut in
the center. c) This unit cell is over-constrained. If one of the two struts in
the center is under compression, the perpendicular one will be under tension.
The unit cell can be in a state of self-stress, even in the absence of some
external load.

To identify, if the deformation mechanism of a lattice is either bending- or stretch-

dominated, it is necessary to introduce the Maxwell stability criterion [61]. The

Maxwell criterion for the idealized cell of a two dimensional network, which con-

sists of b struts and j frictionless junctions, as depicted in Figure 3.3, is given by

equation (3.10). For the three dimensional case the Maxwell criterion is given by

equation (3.11). If the Maxwell criterion is ful�lled, the network is statically and
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kinematically determinate and can not be folded [55].

M = b− 2j + 3 = 0 (3.10)

M = b− 3j + 6 = 0 (3.11)

For the case M < 0, the cell is not rigid and can be "folded". When the unit cell is

subjected to load, it will start to deform by the bending of the junctions. Networks

which consist of such unit cells are categorized as bending-dominated networks.
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Figure 3.4: Young's modulus density chart for porous and bulk materials.
The red areas indicate the regions where either bending- or stretch-dominated
network materials can be found. The stretch-dominated networks possess
higher structural e�ciency than the bending-dominated networks which is
indicated by the di�erent slopes in the diagram. The stretch dominated net-
works lie along a line with slope= 1, while the bending dominated ones lie
along a line with slope= 2.

For the case M ≥ 0, the cell behaves completely di�erent. If some external load is

applied, its struts will experience tensile and compressive forces and the contribution

from the bent junctions has just some minor in�uence because the load is almost

carried exclusively by the struts. These kind of networks are categorized as stretch-
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dominated networks and possess a higher structural e�ciency than the bending-

dominated networks. The di�erence in the structural e�ciency is very pronounced

in the Young's modulus-density chart. The bending-dominated networks lie along

a line of slope 2 while the stretch-dominated networks are located along a line of

slope 1, as shown in Figure 3.4.

b− 3j + 6 = s−m (3.12)

Equation 3.10 and 3.11 are the necessary conditions for rigidity, but not in general

the su�cient conditions because they do not consider the states of self-stress and

of mechanisms in the network [62]. Equation 3.12 represents a generalization of

the Maxwell condition in 3D, where s and m denote the states of self-stress and

mechanisms respectively [63]. Figure 3.5 shows the schematic stress/strain curve

st
re
ss

strain

densi�cation

onset of plasticity,

modulus E

plateau stress σpl

densi�caion strain εd

dissipated energy U

buckling or crushing

Figure 3.5: Schematic stress/strain curve of a bending-dominated network
material under compression. The network shows linear elastic response up to
the elastic limit. If the elastic limit is overcome, the junctions of the unit cells
start to yield for either by buckling or fracturing. For further compression
the stress remains nearly constant at the plateau stress σpl until the opposing
sides of the unit cells impinge each other and the stress increases rapidly in
the so called densi�cation regime.
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of a bending-dominated network under compression. The network exhibits a linear

elastic response until the junctions of the unit cells start to yield either by buckling

or fracturing. With further compression the stress stays nearly constant at the

plateau stress σpl. For even stronger compression the network gets densi�ed and

the opposing sides of the unit cells impinge each other. This results in a rapid

increase of the stress in the so called densi�cation region [59,64].

3.3. Modeling of Visco-Elastic Material Properties

Purely elastic materials can be described by Hooke's law of linear elasticity accord-

ing to equation (3.13) where σ denotes the stress, ε the strain and E the Young's

modulus.

σ = Eε (3.13)

The viscous motion of a Newtonian �uid can be described by equation (3.14) where

η denotes the viscosity, dε/dt denotes the strain rate and σ the stress. A Newtonian

�uid is characterized by a linear relationship between stress and strain rate.

σ = η
dε

dt
(3.14)

The term visco-elasticity is used for materials which exhibit both, elastic and viscous

characteristics, during deformation. The di�erence between a visco-elastic material

and a purely elastic material is the time dependence of the mechanical response.

When a linear elastic material is loaded at constant strain rate, the stress will

increase linearly with a slope according to the Young's modulus (see Figure 3.6(a)).

By overcoming the yield stress, the material starts to deform plastically but this

threshold is independent of the strain rate. The stress response of a linear visco-

elastic material loaded at constant strain rate is illustrated in Figure 3.6(b). The

curve shape of the linear visco-elastic material is related to the time dependence

of the viscous properties of the material and depends on the strain rate [65]. For

Visco-elastic materials creep can occur, which means that the strain increases while
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the stress is held constant. The case of decreasing stress in a visco-elastic material

which is held at constant strain is denoted as relaxation.

ε

σ

(a)

ε

σ

σyield

εplastic

(b)

Figure 3.6: a) Schematic representation of a linear visco-elastic material
loaded with a constant strain rate. b) Schematic representation of an ideal
linear elastic-plastic material which is loaded up to the yield stress.

Visco-elasticity can be observed in various materials with very di�erent causal mech-

anisms. For metals, visco-elastic behavior is normally just observable, at high

stresses, high temperatures or at long time scales. In metals, mechanisms like

dislocation movement, twinning, grain boundary slip or atomic di�usion (at high

temperatures) can cause a viscous material behavior [66].

Many synthetic polymers which are not highly cross linked show visco-elasticity as

well. In polymers, the most relevant mechanism for visco-elasticity is a rearrange-

ment of the molecular chain conformations with respect to the applied stress [67].

However, the free movement of the polymer chains is inhibited by covalent cross

links or chain entanglements and secondary bonds. The presence and length of side

groups at the backbone also hinders the movement of the polymer chains. With in-

creasing temperature weak secondary bonds between the molecular chains become

unstable which strongly a�ects the chain mobility. The increased mobility of the

chains results in an accelerated reorientation of the chain conformation. Hence, the
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polymer possesses a smaller viscosity and the visco-elastic behavior becomes more

dominant.

The mechanical response of a visco-elastic material can basically be modeled by

a mechanical equivalent circuit of springs and dashpots which are representative

for the elastic (energy conserving) and viscous (energy dissipative) components of

the material. In the following, the three most important models [65�69] will be

discussed in detail.

Maxwell Model

η E

Figure 3.7: Schematic representation of a Maxwell model.

The Maxwell model consists of a serial connection of a dashpot with viscosity η

and a spring of elastic constant E like depicted in Figure 3.7. The total strain is

the sum of the strains from the dashpot and the spring. The change of the strain

with respect to time is described by equation (3.15) where σ denotes the stress, ε

the strain, η the viscosity and E the elastic constant.

dε

dt
=
dεdashpot
dt

+
dεspring
dt

=
σ

η
+

1

E

dσ

dt
(3.15)

With τ = η/E the equation can be rewritten to equation (3.16).

E
dε

dt
=
dσ

dt
+
σ

τ
(3.16)

If a constant stress is applied, this model predicts an instant strain response by

the spring element. As long as the stress is applied, the strain will increase linear

with time, due to the dashpot element. For the case of a �xed strain the model

predicts an exponential stress decay which is actually in good accordance to the

real behavior of many polymers. [67]
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Kelvin-Voigt Model

E

η

Figure 3.8: Schematic representation of a Kelvin-Voigt model.

The Kelvin-Voigt model consist of a parallel connection of a dashpot and a spring

element, like depicted in Figure 3.8. The dashpot and the spring experience the

same strain and therefore the total stress is the sum of the stresses in the dashpot

the spring element like given by equation (3.17).

σ(t) = Eε(t) + η
dε(t)

dt
(3.17)

If constant stress is applied, the strain approaches asymptotically the value of σ/E

with a decreasing strain rate. It can not model the instantaneous strain response

which is attributed to the elastic properties of the material.

Standard Linear Solid Model

E2

η

E1

Figure 3.9: Schematic representation of the standard linear solid model.

The standard linear solid model is a more realistic approach for the modeling of

visco-elastic material behavior. It consist of a parallel connection of a Maxwell

element and a spring element like depicted in Figure 3.9. This means, for the side
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with the Maxwell element again equation (3.16) holds with τ = η/E1.

E1
dε

dt
=
dσ1
dt

+
σ1
τ

(3.18)

The spring side is described by equation (3.19).

dσ2
dt

= E2
dε

dt
(3.19)

The total stress which acts on the standard linear solid model is the sum of the

individual stresses given by equation (3.20).

dε(t)

dt
= (E1 + E2)

−1

(
dσ(t)

dt
+
E1

η
σ(t)− E1E2

η
ε(t)

)
(3.20)

The standard linear solid model combines the exponential stress relaxation of the

Maxwell model and with the creep behavior of the Kelvin-Voigt model which has

been discussed above. Also it will react with an instant elastic deformation if a step

like stress is applied. [65�69]

3.4. Van der Waals Forces

Van der Waals (VdW) forces, named after the Dutch scientist Johannes Diderik

van der Waals [70], are weak interaction forces between atoms or molecules which

are even present in noble gas atoms. In contrast to ionic or covalent binding forces,

Van der Waals forces are relatively weak with a potential energy which decays with

the sixth power of the separation distance between the atoms or molecules. Van

der Waals forces are the origin of the attractive energy part in the Lennard Jones

potential (negative part of equation (3.23))and basically the term van der Waals

force can be divided in the following forces:

� the Keesom forces which are the forces between two permanent dipoles

� the Debye forces which are the forces between a permanent dipole and the

corresponding induced dipole
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� the London dispersion forces which occur between a instantaneous dipole and

a corresponding induced dipole [71]

In between non-polar molecules or atoms the London dispersion forces are the reason

for the attractive interaction. Neutral atoms exhibit no permanent dipole moment

according to equation equation (3.21) where d denotes the dipole moment and ψ

the wave function.

〈d〉 = −e
∫
ψ∗xψ dV = 0 (3.21)

However, the spatial distribution of the electron density in the atom / molecule

exhibits temporary �uctuations. The electron probability density in an atom is

not always symmetric with respect to the atomic nucleus. Due to the uncertainty

principle in quantum mechanics the center of the electronic charge distribution

does not always coincide with the positively charged atomic nucleus, leading to the

formation of an instantaneous dipole moment. This instantaneous dipole moment

can induces a second dipole moment in a neighboring atom/molecule resulting in

an attractive force between the instantaneous and the induced dipole, the reason

for the London dispersion forces [72�75].

UV dW = −C6/R
6 ∝ dindEinst (3.22)

The electrical �eld of the instantaneous dipole decays with Einst ∝ 1/R3 and it

induces a dipole moment of dind ∝ 1/R3 in the neighboring atom. [76, 77] The

VdW potential (equation (3.22)) represents the attractive part of the Lennard-Jones

potential in equation (3.23) while the repulsive part of the Lennard-Jones potential

originates from to the Pauli principle and the corresponding energy increase when

electron shells of the atoms start to overlap.

ULJ =
C12

R12
− C6

R6
(3.23)





4. Electrochemical Devices

Due to the high speci�c surface area and the electrical conductivity Aerographite

is a promising candidate for the application as electrode material. Therefore, in

this chapter the theoretical aspects of the lithium-sulfur battery and the electrical

double-layer capacitor will be discussed because prototypes of these devices were

built with Aerographite electrodes and tested.

4.1. Electrical Double-Layer Capacitor

An electrical double-layer capacitors (EDLC) represents a special type of capacitor

which utilizes an electrical double-layer to achieve huge capacities. The so called

Helmholtz double-layer, named after Hermann von Helmholtz who described it

�rst [78], forms at the electrode/electrolyte interfaces when a bias voltage is applied

to the EDLC. Figure 4.1 presents a simpli�ed schematic of an EDLC.

U
C1 C2

1 2 3 4 5 23 1
Figure 4.1: Schematic setup of an biased electrical double-layer capacitor
(EDLC): 1) current collector 2) polarized electrodes 3) Helmholtz double-layer
4) electrolyte 5) separator

In the case of an applied bias voltage between the electrodes, the electrodes become
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polarized by the electrical �eld and attract ions from the electrolyte. One electrode

exhibits a positive surface charge and attracts anions from the electrolyte (left side

of Figure 4.1) and the opposing electrode exhibits a negative surface charge and

attracts cations from the electrolyte (right side of Figure 4.1) [79]. In between the

solvated ions and the surface of the electrode a layer of polarized solvent molecules

from the electrolyte inhibits a charge transfer which just occurs above a certain

threshold bias voltage. The surface charge in the electrode and the opposing adja-

cent layer of ions in electrolyte is denoted as Helmholtz double-layer and possesses

a electrical capacity.

C = ε0εr
A

d
(4.1)

The capacity C of the Helmholtz double-layer can be calculated analogous to a

parallel plate capacitor and is given by equation (4.1). Here, A denotes the area

of the double-layer and d the thickness of the double-layer which depends on the

ion concentration in the electrolyte and ranges from ≈ 0.1 − 10nm [80]. The

huge capacities of the latest EDLC are related to the very thin double-layer and

the huge surface area of the porous electrodes [81]. To achieve high surface areas,

normally activated or porous carbon electrodes with a speci�c surface areas reaching

≈ 3000m2/g are applied [79].

The two electrodes of the EDLC represent a serial connection of two individual

capacitors. Hence, the total capacity of the EDLC is given by equation (4.2). For a

symmetric EDLC with two electrodes of the same capacity meaning (C1 = C2) the

total capacity equals one half of the capacity of a single electrode.

Ctotal =
C1C2

C1 + C2

(4.2)

The so called pseudo capacity denotes a second mechanism of EDLCs with advanced

capacity. Here the application of a voltage induces faradaic currents from the oxi-

dation and reduction of electroative materials (e.g. RuO2, Co3O4 or IrO2) [80, 82].
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4.2. Lithium-Sulfur Battery

The lithium-sulfur battery is a promising candidate for a rechargeable battery with

a 3-5 times higher theoretical energy density than current lithium-ion batteries [83].

Due to technological issues namely the polysul�de shuttle [84] the cyclic stability

of the current lithium-sulfur is very limited and there are no batteries commer-

cially available at the moment. During the discharge of the lithium-sulfur battery,

the lithium gets oxidized at the anode (equation (4.3)) and reacts with sulfur at

the cathode where polysul�des are formed (equation (4.4)). Equation (4.5) shows

the di�erent transition states of the polysul�des until the complete discharge of

a lithium-sulfur battery. During the charge and the discharge, of a lithium-sulfur

battery, these polysul�des can coexist in di�erent concentrations in the battery.

Li→ Li+ + e− (4.3)

S8 + 16Li+ + 16e− → 8Li2S (4.4)

S8 → Li2S8 → Li2S6 → Li2S5 → Li2S4 → Li2S3 → Li2S2 → Li2S (4.5)

sulfur is an electrical insulator which implies that the electrical conductivity has to

be increased for the utilization as cathode material. One solution for this problem

is the application of sulfur-carbon composites with increased electrical conductivity

and the option of a sulfur con�nement to suppress the polysul�de shuttle [85]. A

further technological challenge of the lithium-sulfur battery is the increasing volume

of the cathode during the discharge. The Li2S exhibits about twice the volume of

elemental sulfur. This volumetric swelling induces mechanical stress in the cathode

and can decrease the electrical conductivity because the carbon becomes detached

from the sulfur. To overcome this problems, it is necessary to �nd an cathode

material which is su�ciently conductive, inhibits the polysul�de shuttle and can

withstand the strong volume changes during charge and discharge of the lithium-

sulfur battery [86].
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5. Synthesis of Aerographite

Since the discovery of Aerographite, already numerous di�erent variants have been

synthesized and examined [31]. The synthesis parameters and structures of all these

Aerographite variants are discussed in more detail in the PhD thesis of Matthias

Mecklenburg [87]. The synthesis of Aerographite is basically divided into two pro-

cess steps. In the �rst step ZnO tetrapods are produced by the �ame transport

synthesis [32, 33] and are connected to 3D networks by compression and post an-

nealing. In the second step of the Aerographite synthesis, a modi�ed chemical vapor

deposition (CVD) process is applied to the 3D ZnO network samples and they are

converted into Aerographite. Evaporated toluene provides the carbon for the nu-

cleation and growth of the enclosing graphitic shells, whilst the underlying ZnO

network is reduced and removed by the gas �ow of hydrogen. This means that the

ZnO samples are applied as sacri�cial templates in the CVD process.

5.1. Flame Transport Synthesis of Zinc Oxide

The ZnO tetrapods are produced by the so called �ame transport synthesis (FTS)

[32, 33]. In this method a ceramic crucible (volume ≈ 60 cm3) is �lled with 2/1

ratio of Polyvinylbutyral (PVB) and zinc powder with a grain size of ≤ 10µm.

This crucible is placed in a Nabertherm LE2/11 mu�e furnace (see Figure 5.1) and

heated within 15min to 900 ◦C. The oxygen from the ambient atmosphere inside

the furnace leads to the combustion of the powder mixture which ignites at ≈ 600 to

700 ◦C. In the �ame above the crucible, zinc vapor gets oxidized and grows mainly

in the shape of tetrapods by self-assembly, as described in chapter 2 [32,52�54,88].

The growing tetrapods are transported by the convection in the �ame until they
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fall on the catcher substrate. The length of the arms of these tetrapods normally

ranges from 5 to 50µm and the diameter of the arms ranges from 1 to 5µm.

The aspect ratio, morphology and size of the tetrapods dependents mainly on the

traveling time of the tetrapods and the partial pressures of zinc and oxygen in the

�ame. After cooling the furnace down to room temperature, the ZnO tetrapods

can be harvested from the catcher substrate and the crucible. Subsequently the

ZnO tetrapods are combined to network templates by compression and annealing.

Detailed descriptions, studies and analysis of the FTS can be found in the PhD

thesis of Ingo Paulowicz [89].

1

2

3

Figure 5.1: Schematic representation of the applied �ame transport syn-
thesis for the fabrication of tetrapodal zinc oxide: 1) crucible with zinc PVB
powder mixture 2) catcher substrates 3) grown zinc oxide tetrapods

5.2. Post Annealing of Zinc Oxide Tetrapod

Networks

The ZnO tetrapods are �lled into self designed stainless steal pistons and com-

pressed into cylindrical ceramic molds made from aluminiumoxide (Friatec Degus-
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sit). These molds are annealed in a Nabertherm L3/12 mu�e furnace for 5hours

at 1150 ◦C. After the annealing step the ZnO tetrapods are interconnected in a

free standing 3D network (Figure 5.3) and the samples can be pressed out of the

ceramic molds as shown in Figure 5.2.

1 2 3

Figure 5.2: Photograpgh of the 1 cm3 ZnO templates: 1) ZnO network
template in the ceramic mold for the post annealing step 2) empty ceramic
mold 3) �nished 1 cm3 ZnO template

The applied densities of the ZnO network templates reached from 0.2 g/cm3 to

0.3 g/cm3 resulting in a porosity of ≈ 97 %. In order to avoid ZnO residuals inside

the Aerographite after the conversion of the templates in the chemical vapor de-

position (CVD), it is advantageous to apply ZnO templates with a density below

0.3 g/cm3. Hereby the total mass of the ZnO, which has to be removed during

the conversion, is smaller. For the mechanical experiments cylindrical samples of

11mm diameter and 10.5mm height were produced resulting in a sample volume

of 1 cm3.
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Figure 5.3: SEM micrograph of a ZnO tetrapod network employed as sac-
ri�cial template in the CVD synthesis of Aerographite.

5.3. Conversion of Sacri�cial Zinc Oxide

Templates by Modi�ed Chemical Vapor

Deposition

The conversion of the sacri�cial ZnO templates to Aerographite is conducted in a

CVD reactor with a two zone split tube furnace (quartz tube; length = 1300mm;

diameter = 110mm) (schematically depicted in Figure 5.4).

The ZnO templates are placed on a silicon wafer in the high temperature zone of

a tube furnace. For the synthesis of Aerographite with closed graphitic shells and

hollow tubes the CVD parameters depicted in Figure 5.5 are applied [31]: At a

constant temperature of 200 ◦C in the injection zone and 760 ◦C in the main zone,

an Argon gas �ow of 0.2 l/min (at atmospheric pressure) is applied for 15min.

Subsequently, the injection of toluene (99%Alfa Aesar) at 5.5ml/h (for 1 g of ZnO

template mass) is initialized and a hydrogen gas �ow of 0.06 l/min is applied. The
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Figure 5.4: Schematic setup of the CVD reactor: 1) Argon gas supply with
gas �ow controller 2) Hydrogen gas supply with gas �ow controller 3) Toluene
injection pump 4) Toluene evaporation unit 5) tube furnace 6) quartz glass
tube (with Silicon wafer for the sample support) 7) activated carbon (exhaust
gas system) 8) silicone oil (exhaust gas system)

cracking products of the evaporated toluene provide the required carbon for the

growth of Aerographite. The toluene injection is maintained for 60min until it

is stopped. For the next 60min the toluene injection is stopped while the Argon

and hydrogen gas �ows are maintained and the temperature is increased to 900 ◦C.

Subsequently a second injection of toluene with 5.5ml/h is started for 120min

at 760 ◦C. For the second toluene injection the Argon gas �ow is stopped and a

hydrogen gas �ow of 0.06 l/min is applied. The last step of the CVD synthesis

is a rinsing with pure Argon at 0.6 l/min until the reactor is cooled down. These

process parameters are optimized for a CVD synthesis with a maximum mass of 2 g

of the ZnO templates.

H2(g) + ZnO(s)⇒ Zn(g) +H2O(g) (5.1)

The cracking products from the supplied toluene provide the carbon for the growth

of the graphitic walls while the sacri�cial ZnO network template is decomposed by

the supplied hydrogen gas to zinc vapor and water according to equation (5.1). [90]

The growth of the graphitic layers during the conversion process follows almost ex-
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Figure 5.5: Generic temperature pro�le, toluene injection rate, Argon �ux
and hydrogen �ux for the CVD synthesis of Aerographite with hollow tubes
and closed walls. The displayed toluene injection rate corresponds to a ZnO
mass of 1 g in the CVD reactor.

actly the template structure which means that Aerographite is an exact mimicry of

the ZnO template architecture depicted in Figure 5.6(d). In Figure 5.6 an overview

of the di�erent conversion states during the synthesis of Aerographite is shown.
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Figure 5.6: SEM micrographs from the conversion states during the synthe-
sis of Aerographite: a) Virgin ZnO tetrapod template produced by the �ame
transport synthesis. b) Partially converted Aerographite with residual ZnO
inside the graphitic tubes. c) Partially converted Aerographite with residual
ZnO crystals inside the graphitic tubes. d) Finished Aerographite after the
complete removal of the underlying ZnO network.





6. Characterization Methods

For the bulk and in situ measurements at Aerographite a number of new methods

were developed and applied. These newly developed methods are introduced and

discussed in this chapter.

6.1. Mechanical Characterization Setup

To perform tensile and compression tests at Aerographite bulk samples, it was nec-

essary to develop a completely new testing setup. There were no mechanical testing

machines commercially available in the market which allowed the measurement of

the forces and deformations with the required accuracy for such a soft material like

Aerographite. Therefore the design, construction, machining, assembling and cali-

bration of a mechanical-test setup for the cyclic compressive and tensile deformation

of Aerographite bulk samples, was realized.

This setup consists of a Maerzhaeuser Wetzlar HS 6.3 micro manipulator which

is driven by a stepper motor, a Kern PLE 310-3N precision balance, a Keithley

6400 source-meter and is controlled by a self written LabView program. In this

setup the Aerographite sample is placed in between the micro manipulator and the

precision balance. The micro manipulator deforms the sample while the balance

measures the generated force and the source-meter records the electrical resistance

of the sample. For vibration damping the whole setup was placed on a very rigid

aluminum plate in a box �lled with sand which was mounted on a vibration isolated

table. In Figure 6.1 a photograph of the setup is shown.

For a compression or tensile test the LabView program controls the micro manip-

ulator, which deforms the sample by an user de�ned step size. Subsequently the
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Figure 6.1: Photograph of the utilized mechanical test setup: 1) precision
balance 2) micro manipulator 3) mechanical/electrical contacts

program waits until an user de�ned settling time has been elapsed and afterwards

records the generated force by the precision balance. This procedure repeats until

a user de�ned maximum deformation is reached and the direction of the deforma-

tion steps is inverted until the manipulator comes back to the original height of

the sample. This deformation cycle can be repeated for several hundreds of cycles

to examine some long term change in the mechanical behavior of the sample. In

addition to this, the LabView program can record the applied voltage, the current

and the resistance of the sample for each deformation step by the connected source-

meter. The program allows it to record a complete current/voltage curve for each

deformation step. Alternatively, the program records the resistance for a constant

bias voltage. This allows it to monitor the change in the sample resistance depend-

ing on the deformation state and the number of deformation cycles. A screenshot

of the developed LabView program is shown in Figure 13.6in the appendix.

Due to the delay of the analog-to-digital converter of the utilized balance, it was

necessary to include a settling time in the measurement program. After the de-
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formation of the sample by the micro manipulator the program pauses for a user

de�ned settling time until the balance reaches a stable equilibrium state and reads

out the detected force from the balance. This ensures, that the balance reaches it

equilibrium state. Therefore, in all performed experiments this settling time was

set to a value of 4 s. The only exception are the experiments in chapter 11.2 for the

strain rate dependence of visco-elasticity.

The accuracy of the mechanical setup was validated by a number of calibration

measurements with a set of 8 springs from Febrotec with four di�erent spring con-

stants, ranging from 0.033N/mmto 0.25N/mm. The spring constants have been

chosen accordingly to the modulus of Aerographite, to validate the setup for the

same regime. Table 6.1 displays the measured spring constants and the deviation

from the spring constants denoted by the manufacturer.

Table 6.1: Validation data for the mechanical setup for bulk measurements.
Eight springs with four di�erent spring constants were measured.

spring constant (N/mm) 0.033 0.075 0.155 0.25

measurement at spring 1 0.0315 0.0672 0.145 0.244

measurement at spring 2 0.0300 0.0695 0.142 0.246

di�erence 0.0015 0.0023 0.003 0.002

average 0.0308 0.0684 0.1435 0.245

deviation from spring constant 6.7 % 8.8 % 7.4 % 2 %

The force/displacement curves showed a typical linear elastic behavior like expected

from a spring. The maximum error was determined with 8.8 % for the second

softest spring and decreased to 2 % for the strongest spring. In consideration of

the manufacturer error it can be expected that the real measurement error of the

setup is much smaller than the examples which are listed up in table 6.1. It is

signi�cant that all measurements resulted in a smaller spring constant than the

manufacturer data. This indicates an systematic error of either the setup or even

of the spring constant claimed by the manufacturer. Further, the measurements
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indicate a smaller percentage error for higher spring constants. In conclusion the

validation measurements revealed a maximum error of ≈ 9 %. For sti�er samples

the error is signi�cantly smaller.

The minimum settling delay, which has to elapse before the force from the precision

balance is read out, was determined with 4 s. This is attributed to the analog/digital

converter in the balance, which requires a settling time until it reaches steady state.

This means, a step size of 5µm results in an e�ective strain rate of 1.25µm/s and

for 10µm step size the e�ective strain rate measures 2.5µm/s respectively.

6.2. Mechanical In Situ Experiments of

Aerographite

To study the mechanical and electrical properties of individual Aerographite struc-

tures and to explain the electrical and mechanical results from the bulk measure-

ments, mechanical in situ measurements with the scanning electron microscope were

conducted together with the University of Riga in Latvia.

The used Hitachi S-4800 SEM was equipped with a custom made sample holder

with four piezo driven nano-manipulators (see Figure 6.2). Each manipulator could

move in x, y and z direction. The manipulators consisted of three linear SmarAct

SLC-1720 positioners and provided a x, y and z working space of 12mm x 12mm x

12mm. In addition to this, the sample can be rotated relative to the manipulators

by a piezoelectric stage. The manipulators were controlled by a SmarAct HCU-3DM

control unit.

For the di�erent in situ experiments the manipulators were either equipped with

edged gold tips or some very soft, atomic force microscopy (AFM) cantilevers of the

type OlympusBL-RC-150VB (spring constant from 2.9 to 50 pN/nm). By an elec-

trical throughput the gold tips were connected to an Keithley 6430 sub-femtoamp

sourcemeter.
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Figure 6.2: Photograph of the SEM sample holder which has been utilized
for the mechanical in situ experiments: 1) rotatable sample stage 2) piezo
driven nano manipulator arm 3) gold tips for the mechanical and electrical
contacts

The applied Aerographite samples were prepared in three di�erent ways:

� Aerographite structures were glued to the gold tip with conductive silver epoxy

cw 2400 from Chemtronics

� Aerographite structures were glued on a silicon wafer with conductive silver

epoxy cw 2400 from Chemtronics

� Aerographite structures were placed on a silicon wafer and got stuck there by

Van-der-Waals forces

In order to study the the sti�ness of individual Aerographite tetrapod arms, a num-

ber of separated and freely accessible tetrapods were bent by an AFM cantilever.

For this purpose only tetrapods �rmly bound to the substrate were selected and

tested. This means, tetrapods with three arms bound to the substrate and one

arm pointing straight up, were measured. By moving the tip of the AFM cantilever
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Figure 6.3: SEM micrograph of an Aerographite tetrapod placed on a silicon
wafer and bent by an AFM cantilever (atomic force microscopy). From the
de�ection of the cantilever the acting force was calculated and also the applied
torque at the tetrapod arm. Due to the low acceleration voltage of 3 keV does
the Aerographite tetrapod appear nontransparent in the SEM despite its hollow
nature.

against the tetrapod one arm was bent while the de�ection of the cantilever was

recorded in a video. From each of these bending experiments a series of SEM micro-

graphs and a video was taken. From the video, a set of single frames was extracted

and the de�ection of the AFM cantilever and the tetrapod arm was measured by

the use of the software ImageJ.

6.3. Electrical In Situ Experiments

For the electrical experiments at individual Aerographite structures, single tubes

were mounted in between two gold tips by the following method. First, one Gold tip

was dipped in conductive epoxy and subsequently it was poked in an Aerographite

network. After this procedure, a bunch of tubes and tetrapods adhered to the tip
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and the prepared gold tip was mounted to one of the nano-manipulators. Inside the

SEM, a clean gold tip was approached with the second nano-manipulator to one of

the Aerographite rods from the bunch and an electrical measurement was conducted.

By the application of a high current density of about 103A/mm2 a very solid contact

establishes and the Aerographite tube can be pulled out from the conductive epoxy.

Subsequently, the tube was contacted with the third manipulator with a second

clean gold tip. By this method, it was possible to establish an electrical contact

with a Gold tip on both sides of the Aerographite tube without the conductive

epoxy (see Figure 12.3).





7. Aerographite Electrodes

In the following chapter it is described how an electrical double-layer capacitor with

Aerographite electrodes and a lithium-sulfur battery with a Aerographite cathode

were constructed.

7.1. Electrical Double-Layer Capacitor with

Aerographite Electrodes

To demonstrate the applicability of Aerographite as an electrode material, an elec-

trical double-layer capacitor (EDLC) with Aerographite electrodes was built up

and measured. The capacitor was built up with two Aerographite electrodes with

1.1 cm3 volume and 30mg mass each. The Aerographite electrodes were mounted

in small cages made from aluminum foil which acted as current collector and kept

the Aerographite in place. These electrodes where dipped into a beaker with 50ml

of 1molar solution of tetraethylammonium-tetra�uoroborate in acetonitrile as elec-

trolyte. A separator membrane, to prevent some short circuit, was not necessary

because the electrodes where not in touch with each other.

In Figure 7.1 the electrical circuit for measurement of the capacity is depicted. The

EDLC was modeled by an equivalent circuit, consisting of the capacity CEDLC ,

a parallel resistor Rp and a serial resistor Rs. The EDLC was charged with a

1.6V battery and discharged by an resistor Rdischarge while the voltage decay was

measured by an digital oscilloscope (Agilent DSO1002A). In order to determine the

capacity and the serial resistance and the parallel resistance from the equivalent

circuit, the experiment was carried out with two di�erent resistors of R1 = 1KΩ

and R2 = 3.3KΩ and without the discharge resistor. Equation 7.1 describes the
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U(t)

Rdischarge

Figure 7.1: Electrical circuit of the experimental setup for the electrical
double-layer capacitor measurements. The EDLC was modeled by an equiva-
lent circuit consisting of a capacity CEDLC, a parallel resistor Rp and a serial
resistor Rs.

voltage decay during the discharge of the EDLC where τ denotes the time constant

which is given by equation (7.2). In equation (7.2) C denotes the capacity of the

EDLC.

UC(t) = U0e
−t/τ (7.1)

τ = RC =

(
1

Ri +Rdischarge

+
1

Rp

)−1

C (7.2)

The discharge measurements of the EDLC were �tted by an exponential decay

function according to equation (7.1) to determine the time constant τ for di�erent

discharge resistors. By applying equation (7.2) it was possible to determine the

capacity C of the EDLC.

7.2. Lithium Battery with Sulfur In�ltrated

Aerographite Cathode

To increase the electrical conductivity of sulfur for the utilization as cathode ma-

terial, a composite from Aerographite and sulfur was prepared. Sulfur was heated

inside a small aluminum mold to a temperature of 125 ◦C until it was molten. Af-
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terwards, the Aerographite samples with a diameter of 5.5mm and a thickness of

0.8mm were dipped in the liquid sulfur. The Aerographite network soaked up the

sulfur immediately until it was completely in�ltrated. The subsequent cooling to

room temperature was conducted on a hotplate at a controlled cooling rate to avoid

thermally induced stresses which could cause cracks in the cathode.

time

3.5 V

1.5 V

Figure 7.2: Voltage/time pro�le which is applied to the half cell during the
cyclic voltammetry.

The as-prepared cathodes were mounted, inside a glove box with Argon inert gas

atmosphere in stainless steel half cells. The anode was made from metallic lithium

with a diameter of 10mm and a thickness of 1mm. The half cells were �lled with

0.5ml electrolyte of a 0.7M solution of bis-(tri�uoromethylsulfonyl)imide (LiTFSi)

in dimethoxyethane (DME) which is a common electrolyte for lithium-sulfur bat-

teries [91]. The glass �ber separator (Whatmann) between the cathode and anode

has pore size of 0.7µm and a thickness of 435µm.

The open circuit voltage of the half cell measured 2.7V (at room temperature).

The as-prepared half cell were subjected to cyclic voltammetry. With the help

of the cyclic voltammetry it is possible to analyze the intercalation, alloying and

reversibility of electrode processes of unknown half cells. During the cyclic voltam-

metry, the half cell is connected to a potentiostat which applies a triangular voltage

pro�le (see Figure 7.2) to the half cell and simultaneously measures the current.

The cyclic voltammetry was conducted at a sweep rate of 0.1mV/s in a voltage

range from 1.5V to 3.5V . The applied sweep rate is su�ciently slow for small

sample sizes to maintain equilibrium processes at the electrodes.
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Results and Discussion





8. Overview of the Basic Physical

Properties of Aerographite

Aerographite, discovered in 2012 [31,87], is a 3D network of seamless interconnected

microscopic graphitic tubes with nanoscopic wall thickness. Aerographite exhibits

an extremely low density (0.18− 50mg/cm3), super hydrophobicity, electrical con-

ductivity (0.2− 37S/m), is optically opaque and black. Because of its hierarchical

network design it is mechanically �exible, can be reversibly compressed, and has

an extremely low Poisson ratio. The low density of Aerographite and its relatively

high Young's modulus of 15 kPa (at a density of 180µg) result in a speci�c modulus

of E/ρ2 = 0.46 106Pa/(kg/m3)2 respectively E/ρ3 = 2.6 106Pa/(kg/m3)3 which is

the highest value among all known materials. [31]

a) b)

Figure 8.1: a) Photograph from a piece of ultra lightweight Aerographite
(density 0.6mg/cm3) on top of a very fragile plant seed. b) Photograph of a
2 cm3 cylinder of Aerographite on top of the wing of a dragon�y. In this pho-
tograph the contour of the sample is better recognizable due to dust particles
on the surface.
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The quality of this number gets more obvious by a look on the Ashby material

selection map in Figure 3.2. In this material selection map various materials are

compared with respect to their density and Young's modulus according to the merit

indexes from equation 3.6, 3.8 and 3.9.



9. Microscopic Morphology and

Structure of Aerographite

The di�erent synthesis parameters like template density, toluene injection rate and

hydrogen gas supply allow the fabrication of numerous variants of Aerographite

[31, 87]. However, within the scope of this thesis, just the two main variants of

Aerographite namely the closed shell variant and the hollow framework variant

were studied in the mechanically experiments. The, the morphology, hybridization

and structure of these two variants will be discussed in this chapter. The relation

between the synthesis parameters and the structure of Aerographite as well as the

growth mechanism are discussed in detail in the PhD thesis of Matthias Mecklenburg

[87].

9.1. Aerographite Variants

Figure 9.1 shows a set of SEM micrographs of the closed shell variant of Aero-

graphite. This variant of Aerographite is made up by a network of seamless in-

terconnected tubes and tetrapods with closed walls (see Figure 9.1(c)). Note,

that the numerous junctions between the tubes and tetrapods, which are adopted

from the shape of the sacri�cial ZnO template, are an exception for carbon nan-

otubes (CNTs) [92](see Figure 9.1(b)). The density of this closed shell variant goes

down to 1mg/cm3 which is already below the density of the lightest reported aero-

gels [21, 22, 29, 93]. The individual tubes, possess a wall thickness of about 15nm

and a diameter of 1 to 5µm.

The second variant, which was mechanically tested, is the so called hollow frame-
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Figure 9.1: SEM micrographs of the closed shell variant of Aerographite.
a) Tetrapod network of the closed shell variant of Aerographite. b) Magni�ed
view on the seamless junctions in the tetrapod network (indicated by red cir-
cles). The network junctions are adopted from the sacri�cial ZnO template.
c) Single hollow Aerographite tetrapod with closed surface. d) Tetrapod net-
work with low aspect ratio of the individual tetrapods.

work variant which is depicted in Figure 9.2. For this variant, the amount of

provided carbon was drastically reduced during the synthesis by a smaller toluene

injection rate, resulting in open/porous walls. Figure 9.2(c) and 9.2(d) show the
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Figure 9.2: SEM micrographs of the hollow framework variant of Aero-
graphite. a) Network of the hollow framework variant. The shape of the
distorted tetrapods is still recognizable. b) Magni�ed view on highly porous
network. c),d) The open and porous structure of the individual tubes consists
of carbon ribbons.

hierarchical network of this variant which is made up by a hollow framework of

ribbons. These ribbons consist of a transition state of mostly sp2 hybridized carbon

and glass-like carbon [31] which is in consistence with the electrical conductivity of

the hollow framework variant.
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The density of this variant goes down to 180µg/cm3 which means, that the hollow

framework variant is the second lightest solid cellular material known in literature

[26]. Further, it is also possible to synthesize variants, with a �lling of the tubes,

from amorphous carbon [31] but these variants are beyond the scope of this thesis.

9.2. Atomic Structure of Aerographite

The tunable and decisive parameters for the synthesis of Aerographite are the tem-

perature pro�le and the toluene injection rate in the CVD process as well as the

chemical purity of the employed ZnO templates and atmosphere of the CVD re-

actor. The presence of impurities in the CVD process can catalyze the growth

of amorphous carbon which suppresses the formation of Aerographite because the

provided carbon is consumed by the growth of the amorphous carbon.

Figure 9.3(a) shows a bright �eld TEM image and Figure 9.3(b) the correspond-

ing selected area electron di�raction (SAED) pattern of the closed shell variant

of Aerographite (synthesis parameters in Figure 5.5). The SAED pattern exhibits

di�use rings with the respective d-values of 2.1nm, 1.2nm and 1.07nm. These

experimental d-values match the reference values of graphite with the space group

P63/mmc and can be assigned to the miller indices (100), (110) and (020), re-

spectively [36]. In general, the presence of the di�use rings in the SAED pattern

indicates a polycrystalline nature of the material. However, a complete polycrys-

talline character can be excluded due to the absence of the 002 Bragg re�ection in

Figure 9.3(b), which possesses the highest expected intensity according to the kine-

matic theory [36]. The observed set of Bragg re�ections suggest only one viewing

direction, namely the [001] zone axis. This indicates a parallel alignment of the

graphitic layers along the [001] zone axis with an individual rotation of the layers

similar to turbostratic graphite [40, 94�96]. This is veri�ed by a simulated SAED

pattern of graphitic layers rotated perpendicular to the [001] zone axis (see right

side of Figure 9.3(b). Figure 13.3 shows the X-ray di�raction (XRD) pattern of
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the closed shell variant of Aerographite. The XRD pattern shows the 002, the 100

and the 110 peak which again con�rms the graphitic structure of the closed shell

variant. The 002 re�ection was also observed in the SAED pattern but exclusively

at the edges of the tubes because of the ful�lled Bragg re�ection condition.

A comparison between an experimentally obtained EELS spectrum for the closed

shell Aerographite with a graphite reference spectrum [97] is demonstrated in Fig-

ure 9.4a. Within the experimental data two pronounced peaks can be identi�ed,

coinciding with the π∗ and σ∗ peaks from the reference spectrum and occuring due

to the sp2 hybridization of carbon.

For the π∗ peak intensity and the �ne structure a considerable deviation between

the two data sets is present. As the �ne structure of EEL spectra is sensitive to

the specimen thickness it can be suggested that the information, shown within the

reference spectrum, is obliterated due to this thickness e�ect. This assumption is

supported by the strongly pronounced hump beyond the σ∗ peak, which is a typical

indication for a high thickness. Note, in the case of EELS term 'high thickness' can

already been used starting from 40nm. [98]

The same comprehensive study is performed for the hollow framework variant of

Aerographite, see Figure 9.3(c)c, d and Figure 9.4b. For the structural analysis, elec-

tron di�raction is carried out on a representative region depicted in Figure 9.3(c)c.

The corresponding SAED pattern exhibits only di�use intensities correlating with

a purely amorphous structure. This �nding is in good agreement with the EEl

spectrum obtained from the same area (Figure 9.4b) which shows only the π∗ peak

as typical characteristic of amorphous carbon.

The hollow framework variant of Aerographite possesses an electrical conductivity

of 0.2S/m (see chapter 12.1), therefore it can be assumed that a high percentage of

the carbon is sp2 hybridized. It can be speculated, that the atomic structure of the

hollow framework variant is made up by a transitions state of amorphous carbon

and glass like carbon [31].
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Figure 9.3: a) TEM bright �eld image of an Aerographite tube with closed
walls. The selected area electron di�raction (SAED) was performed at the
marked position. b) SAED pattern of the closed shell variant of Aerographite.
The right side of the image shows the corresponding simulation for graphitic
layers rotated perpendicular to the [001] zone axis. c) TEM bright �eld image
of the hollow framework variant of Aerographite. d) SAED pattern of the
hollow framework variant of Aerographite.
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Figure 9.4: a) Electron energy loss spectrum of the closed shell variant of
Aerographite. The red spectrum is a reference spectrum for graphite [97].
b) Electron energy loss spectrum of the hollow framework variant of Aero-
graphite.





10. Mechanical In Situ

Experiments of Aerographite

In this chapter the experimental results from the mechanical in situ measurements

of individual Aerographite structures are discussed. The experimental techniques

for this measurements are discussed in 6.2. On the basis of this results, an elastic

model for the stress strain response of Aerographite bulk networks is derived and

compared with the experimental data from the compression tests of Aerographite

bulk networks.

10.1. In Situ De�ection of Individual Aerographite

Tetrapod Arms

The tetrapod arms were bent by an atomic force microscope (AFM) cantilever

which de�ection was measured. For the evaluation of this data it was necessary

to determine the real arm length and de�ection of the cantilever because in the

recorded images just the projection of both is visible. Therefore the tilting angle

of the tetrapod arm and the cantilever with respect to the optical axis of the SEM

was calculated.

For the AFM cantilever the total length is known and the tilting angle was deter-

mined by equation (10.1) where Ltotal denotes the total length of the cantilever and

Lprojected denotes the projected length of the cantilever which is visible in the SEM

micrograph.

α = arcsin(
Lprojected
Ltotal

) (10.1)
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The same formula holds for the tilting angle of the tetrapod arm but in this case it

was necessary to determine the total length of the tetrapod arm �rst. In order to

determine this length, a series of SEM micrographs with di�erent tilting angles of

the SEM stage was recorded. By plotting the projected length of the tetrapod arm

against the tilting angle of the stage and the application of a sinusoidal curve �t,

the total arm length was determined. Subsequently the angle of the AFM cantilever

relative to the tetrapod arm and the torque which acted on the tetrapod arm was

calculated. The torque τ is the vector product of the displacement vector ~r and the

force vector ~F (see equation (10.2)).

τ = |~r||~F | sin(θ) (10.2)

In the calculations, the displacement vector ~r was de�ned as the connection line

between the basis at the tetrapod junction and the contact point with the AFM

cantilever tip. This means, the torque is supposed to attack at the point where the

tetrapod arm is attached to the junction and not at the center of the tetrapod. The

reason for this data evaluation was the observation, that the tetrapod junction gets

distorted during the bending.

Figure 10.1(a) shows an example of the experimental setup of a tetrapod and the

approached AFM cantilever. Figure 10.1(b) depicts the corresponding measurement

of the applied torque during the de�ection of the tetrapod arm. With increasing

de�ection of the tetrapod arm the torque increases almost linear which is supported

by the observed deformation behavior. It was observed, that the tetrapod arm

was very rigid while the junction of the tetrapod was deformed. This means the

de�ection of the arm is mainly caused by the deformation of the junction while the

bending of the arm is not as pronounced.

A second example for the slight bending of an Aerographite tetrapod arm is pre-

sented in Figure 10.2. This measurement indicates some slight decrease in the

sti�ness because the slope of the graph gets smaller with increasing de�ection an-

gle. This e�ect can be related to the onset of some buckling of the tetrapod arm at
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Figure 10.1: a) SEM micrograph of an individual Aerographite tetrapod on
a silicon wafer. The free standing arm of the tetrapod was bent by an AFM
(atomic force microscopy) cantilever. b) From the de�ection of the cantilever,
the applied force and torque were calculated and plotted versus the de�ection
angle. The corresponding "spring constant" of the tetrapod arm is listed in
table 10.1.

the junction. In the in situ experiments it was observed, that Aerographite tubes

can be reversibly buckled without obvious damage (see chapter 11.3). When the

arm or the junction starts to buckle, the sti�ness is signi�cantly lowered [99]. To

examine this e�ect, the tetrapod in Figure 10.3 was de�ected to a higher de�ec-

tion angles of 0.6 rad. The curve shows some �attening for higher de�ection angles

which could be related to the buckling of either the arm or the junction. The linear

bending and the buckling of the tetrapod junctions was also simulated by the �nite

element method(FEM) by Prof. Nicola Pugno from the University of Trento, Italy.

This simulations showed good agreement with the experimentally observations and

support the theory of buckling at the junctions. In comparison to the other bending

experiments the curvature of the graph from Figure 10.1(b) represents an exception

because it shows no "buckling". One explanation for this, is a ZnO �lled tetrapod

junction which prevents any buckling. This can be the case if the ZnO was not

removed completely during the CVD process.
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Figure 10.2: a) SEM micrograph of an individual Aerographite tetrapod on
a silicon wafer. The free standing arm of the tetrapod was bent by an AFM
(atomic force microscopy) cantilever. b) From the de�ection of the cantilever,
the applied force and torque were calculated and plotted versus the de�ection
angle. The corresponding "spring constant" of the tetrapod arm is listed in
table 10.1.

The tetrapod in Figure 10.4 possesses a much higher sti�ness as presented in table

10.1. This can be attributed to a higher wall thickness of the tetrapod arms and

the junction which causes a higher sti�ness. With increasing wall thickness also the

tendency for buckling is smaller. However, it has to be considered that the sti�ness

can deviate depending upon the bending direction of the free standing arm with

respect to the remaining tetrapod arms. This parameter was not studied in the in

situ experiments because of the limited number of experiments.

During all performed bending experiments, the observed curvature of the tetrapod

arms was negligibly small with respect to the distortion of the tetrapod junction.

This means, that the tetrapod arm is signi�cantly sti�er than the tetrapod junction.

Consequently an applied torque causes a rotation of the tetrapod arms around their

junctions.

This mechanism strongly in�uences the mechanical behavior of the Aerographite

network when an external force is applied. The deformation of the entire network is
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Figure 10.3: a) SEM micrograph of an individual Aerographite tetrapod on
a silicon wafer. The free standing arm of the tetrapod was bent by an AFM
(atomic force microscopy) cantilever. b) From the de�ection of the cantilever,
the applied force and torque were calculated and plotted versus the de�ection
angle. The corresponding "spring constant" of the tetrapod arm is listed in
table 10.1.

Table 10.1: Torsion spring constants measured in the in situ experiments
at single tetrapod arms.

�gure spring constant D (pNm/rad) estimated wall thickness (nm)

10.1 0.5 15-20

10.2 1.8 15-20

10.3 0.7 15-20

10.4 25 higher than 20

realized by a rotation of the tetrapod arms around their junctions while the tetra-

pod arms behave relatively rigid. It can be expected that the contribution from the

bending of the tetrapod arms is very small with respect to the rotation of the arms

around their junctions. This assumption was supported by numerical simulations

from Prof. Nicola Pugno from the University of Trento, Italy. This characteristic

deformation behavior was also observed in the SEM for the indentation of an Aero-

graphite network by a tungsten tip. Based on this observations the deformation of
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Figure 10.4: a) SEM micrograph of an individual Aerographite tetrapod on
a silicon wafer. The free standing arm of the tetrapod was bent by an AFM
(atomic force microscopy) cantilever. b) From the de�ection of the cantilever,
the applied force and torque were calculated and plotted versus the de�ection
angle. The corresponding "spring constant" of the tetrapod arm is listed in
table 10.1.

Aerographite was modeled by an ensemble of torsion springs (tetrapod junctions)

which are interconnected with rigid struts (tetrapod arms).

Table 10.1 gives an overview of the measured slopes of the torque/de�ection curves

according to equation (10.3) and the estimated wall thickness of the tetrapods.

These experimental parameters �nd application as torsion spring constant D in the

elastic model for the Aerographite networks in chapter 10.2.

10.2. Elastic Model for Aerographite Networks

On the basis of the results from the in situ bending experiments a theoretical me-

chanical model was derived. This model allows the calculation of the Aerographite

bulk modulus from the sti�ness of individual tetrapod junctions (measured in the in

situ experiments) and the geometry of the tetrapods. The model is based on the as-

sumption that the deformation of the Aerographite network is caused by a rotation

of the tetrapod arms around their junctions while the tetrapod arms behave rela-
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tively rigid. This appears reasonable for small densities and small to intermediate

deformation regimes.

The model includes the following assumptions and simpli�cations:

� The bending of the tetrapod arms around their junctions is described by linear

elastic behavior.

� There occurs no buckling of the tetrapod junctions or arms.

� The bending induced curvature of the tetrapod arms can be neglected.

� The densi�cation e�ect of the network during compression can be neglected.

The spring constant D for the de�ection of an individual tetrapod arm was deter-

mined by a linear curve �t of the torque in dependence of the de�ection angle α (see

equation (10.3)). An overview of the experimental results for the in situ bending

tests at individual tetrapods is given in table 10.1.

D =
∆τ

∆α
(10.3)

The torque which acts on the tetrapod arm can be calculated by equation (10.2).

The vector ~r represents the orientation and length of the tetrapod arm while the

vector ~F represents the external force which attacks at the tip of the arm like

depicted in Figure 10.5. The de�ection angle ∆α for the application of a certain

torque is given by equation (10.4).

∆α =
τ

D
(10.4)

Combination of equation (10.2) and equation (10.4) results in equation (10.5).

∆α =
1

D
|~r||~F | sin(α) (10.5)

The height h of the triangle which is made up by the tetrapod arms, like depicted
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in Figure 10.5 can be calculated by equation (10.6).

h = cos(α)|~r| (10.6)

According to equation (10.6) does an angular change ∆α of the tetrapod arm

3F

F

h

∆α

α0
r

F F

Figure 10.5: Schematic drawing of an Aerographite tetrapod under load.
Due to the force |~F | the tetrapod arm will get de�ected by an angle ∆α like
indicated in the drawing. This leads to a change of the height h in the depicted
triangle.

causes a change of the height ∆h of the tetrapod which can be calculated by equa-

tion (10.7). h0 denotes the initial height of the tetrapod and α0 is the corresponding

angle in the undeformed state.

∆h = h0 − cos(α0 + ∆α)|~r| (10.7)

The normalized change in height ε of the tetrapod can be calculated by equa-

tion (10.8).

ε =
h0 − cos(α0 + 1

D
|~r||~F | sin(α))|~r|

h0
(10.8)
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By inserting equation (10.6) into equation (10.8) one gets equation (10.8).

ε = 1−
cos(α0 + 1

D
|~r||~F | sin(α))

cos(α0)
(10.9)

In the mechanical model, it is assumed that the externally applied force, is dis-

Fexternal

Fexternal

∆h

∆h

∆h

∆h

Figure 10.6: Schematical drawing of an Aerographite tetrapod network un-
der some external load. The applied force is assumed to be distributed to a
layer of tetrapods which gets compressed by a change ∆h according to equa-
tion (10.7). Due to the serial arrangement of the individual layers, each layer
experiences the same force and thus the same compression.

tributed to all tetrapods of a single layer of the Aerographite bulk sample. This

means, that the Aerographite tetrapods are regarded as an ensemble of springs

which are connected in parallel inside a single layer. Theses layers are all exposed

to the same external force as they are assumed to be connected in a serial manner

like depicted in Figure 10.6. Therefore, the force which acts on a single tetrapod is

just the fraction of the externally applied force | ~Fext| and the number of tetrapods

in one layer of Aerographite like calculated in equation (10.10) where n denotes the

number of tetrapod arms per area element a and A is the cross sectional area of

the sample. The factor n determines how strong the tetrapods interleave in the
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network and is named interleaving factor in the following.

|~F | = a| ~Fext|
nA

(10.10)

The area element a in equation (10.10) is just the triangular projection of a single

tetrapod and is connected to the length of the tetrapod arm by equation (10.11).

a =
√

3(cos(
α0

2
)|~r|)2 (10.11)

By inserting equation (10.10) and equation (10.11) into equation (10.9) one obtains

equation (10.12). The fraction of the external force Fext and the cross sectional area

A has been replaced by the compressive stress p.

ε = 1−
cos(α0 + p|~r|3 1

nD
cos2(α0

2
)
√

3 sin(α))

cos(α0)
(10.12)

By reformulating equation (10.12) one gets equation (10.13) the compressive stress

p as a function of the deformation state.

p =
nD(arccos((1− ε) cos(α0))− α0)

|~r|3 cos2(
α0

2
)
√

3 sin(α)
(10.13)

The shape of the Aerographite tetrapods is adopted from the original ZnO template.

The inter-arm angles of a ZnO tetrapod most often deviate from an ideal tetrapod

due to mismatch in the tetrapod nucleus [88]. The real inter-arm angles of an ZnO

tetrapod depend upon the way how the mis�t strain in the nucleus is relaxed. This

results in number of di�erent sets of the inter-arm angles which can reach from 99 ◦

to 140.2 ◦ [88].

However, in the mechanical model exclusively one inter-arm angle is inserted and

for reasons of simpli�cation the angle between two tetrapod arms was assumed

with 109.5 ◦ resulting in an angle α equal to 70.5 ◦ as depicted in Figure 10.5. A

detailed study of the ZnO tetrapod arm angles is part of the PhD thesis from Ingo

Paulowicz [89].

In the calculations for the mechanical model, the initial angle of α0 was set to a
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maximum value 70.5 ◦ or smaller. This includes the simpli�cation that all tetrapods

of one layer are oriented in the same direction with respect to the external applied

force. In the real Aerographite samples the situation is more complex and the

tetrapods are oriented randomly in the entire network. During the deformation of

the tetrapods, the angle α will start from the initial angle α0 and increases during

compression. This causes an increase of the torque which is acting on the tetrapod

arms. In the calculations this e�ect was described in an iterative manner and the

angle change ∆α was calculated by the inserting the experimentally measured force

in equation (10.5).

The interleaving factor n is assumed to be equal to 3 or higher which is based on the

assumption that each tetrapod contributes at least with 3 arms per area element

to the sti�ness. This means for n > 3, the tetrapods interleave in the network and

there is more than one tetrapod present per area element.

The model does not consider any cross links between the arms of the tetrapods

due to the assumption that the tetrapods of one layer do not interact during the

deformation. In the real Aerographite network these crosslinks are present and will

cause an additional reinforcement of the network which should result in a higher

modulus of the bulk measurements than predicted by the mechanical model. As

already mentioned, is the de�ection of the tetrapod arms due to bending neglected

in the model. This simpli�cation appears valid under the geometric aspect of the

tetrapod arms. The diameter of the tubes is very large with respect to the length

of the tubes. This means that the tubes are very sti� and this explains why there

was no bending observed in the in situ experiments.

A further limitation of the model will occur for very strong deformations of the net-

work. Like discussed in chapter 11.2, by overcoming a certain maximum torque the

tubes inside the Aerographite network start to buckle which causes a instantaneous

loss of their sti�ness. In the in situ experiments two di�erent cases of buckling were

observed, either the tetrapod arm started to buckle close to the tetrapod junction or

even the junction itself buckled. In both cases the sti�ness of the tetrapod arm will
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be lowered instantly but due to the random angular distribution of the tetrapods,

just a small percentage of the tetrapods will buckle. For strong deformations the

ratio of buckled tetrapods will increase further more which can cause a deviation

from the linear elastic behavior in the bulk measurements.
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Figure 10.7: Compression measurements at a bulk Aerographite network
with a density of 1.8mg/cm3. The red curve indicates the compressive stress
which was calculated by the elastic model with an initial angle of α0 = 45◦,
a spring constant D = 1.2 pNm/rad, a tetrapod interleaving factor of n = 3
and an e�ective tetrapod arm length of |~r| = 15µm. The sample was from
the same type of Aerographite as in situ measured for the spring constant.

Figure 10.7 shows the bulk measurement and the corresponding calculated stress of

an Aerographite network with a density of 1.8mg/cm3 under compressive load. The

calculation was carried out according to equation (10.13). The parameters for the

calculation of the stress were set to an initial angle of α0 = 45◦, a spring constant

of D = 1.2 pNm/rad and a tetrapod interleaving factor of n = 3. For this type of

Aerographite, the spring constant D was determined by the in situ measurements.

In equation (10.13) it can be seen that the e�ective tetrapod arm length strongly

in�uences the compressive stress for a given deformation. The e�ective length of
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the tetrapod arms was set to |~r| = 15µm which is about half of the free length of

the tetrapod arms (observed in the SEM). The reason for this is, the low probability

that all tetrapod arms are just interconnected at their tips, due to their random

distribution in the network. Up to 3.5 % compression, the measured stress lies be-

low the calculated stress. This deviation can be caused by the surface roughness

of the sample which has to be �attened until a complete mechanical contact is es-

tablished. With further compression, the measured stress overcomes the calculated

ones. One explanation for this, is the compression induced increase in packing den-

sity of tetrapods resulting in higher sti�ness which is not considered in the model.

Further, it can be observed that for deformations above 6 % the curvature of the

measured stress changes and the modulus (slope of the graph) decreases. One expla-

nation for this behavior could be some buckling of tetrapod arms or junctions which

softens the network. The reversible buckling of Aerographite tubes is analyzed in

chapter 11.3.

Figure 10.8 shows the compression test of an Aerographite network with a density

of 3mg/cm3. The red curve was calculated with an initial angle of α0 = 45◦, a

spring constant of D = 2.9 pNm/rad, a tetrapod interleaving factor of n = 3 and

an e�ective tetrapod arm length of |~r| = 15µm. The spring constant of D =

2.9 pNm/rad is higher than the experimental observed values (see 10.1) but this is

reasonable because of the relatively high density of the network with 3mg/cm3. A

higher toluene injection rate during the CVD process of the Aerographite, results in

thicker graphitic walls and thus in a higher network density. For thicker graphitic

walls one can assume a higher sti�ness of the tetrapod junctions resulting in a higher

spring constant of the tetrapod arms.

For the applied parameters, the model coincides almost precisely with the experi-

mental stress curve. For deformation states above 2 % this sample showed the same

�attening of the stress curve like the sample shown in Figure 10.7. In the model

this is considered by the rotation of the tetrapod arms which leads to an increase

of the applied torque. This results in a smaller modulus of the tetrapod network
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Figure 10.8: Compression measurements at a bulk Aerographite network
with a density of 3mg/cm3. The red curve indicates the compressive stress
which was calculated by the elastic model with an initial angle of α0 = 45◦,
a spring constant D = 2.9 pNm/rad, a tetrapod interleaving factor of n = 3
and an e�ective tetrapod arm length of |~r| = 15µm.

for higher deformation states. It can be speculated that a similar process occurs in

the real Aerographite network.

It can be assumed, that for small compression states just a fraction of the tetra-

pod arms change their angular orientation in the network because not all tetrapod

arms are connected or in touch. For stronger compressions the number of defected

tetrapod arms will increase. For highly compressed networks the tetrapods arms

are oriented perpendicular to the external force which maximizes the torque. This

mechanism as well as the buckling of tetrapods makes the network softer. One

mechanism which acts against this softening is the increasing packing density of the

tetrapods by the compression. For strongly compressed networks this results in an

steep increase of the stress in the densi�cation region.

The biggest di�erence between the real tetrapod networks and the network geometry

assumed in the elastic model, is the random orientation of the tetrapods in the real
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network. It is important to mention, that the proposed elastic model is just an

approximation for an idealized tetrapod network which does not match the tetrapod

arrangement in the real Aerographite. However, the randomized orientation of the

tetrapods is not considered in the model because the most important parameter

is the sti�ness of the tetrapod junctions which is orientation independent. The

in�uence of the tetrapod randomization must be elaborated in future work.

The model proves the consistence of the data from the situ measurements with the

results from mechanical bulk tests. The model just describes the elastic properties

of Aerographite. For the plastic deformation or a visco-elastic contribution it is

inappropriate. These properties are discussed in chapter 11.2. In the appendix the

modeling of one more compression measurement is shown in Figure 13.4.





11. Mechanical Properties of Bulk

Aerographite

In this chapter the mechanical properties of bulk networks of Aerographite are

discussed. First, the characteristic stress response for strong compression states

will be discussed and compared with an ideal bending dominated lattice. Further,

the properties of the Aerographite hollow framework variant under tensile load and

the position of Aerographite in the Ashby material selection map will be discussed.

Also the cyclic sti�ening and the visco-elasticity of Aerographite will be discussed.

In chapter 3.2 the characteristic behavior of an ideal bending-dominated lattice was

discussed. At the beginning of the compression an ideal bending-dominated lattices

shows a linear elastic response which is followed by a region of plastic deformation at

constant stress (see Figure 3.5). The mechanism behind this behavior is the buckling

or crushing of individual cells inside the network. With further compression, the

stress increases rapidly because the lattice is strongly densi�ed and the opposing

sides of the unit cells start to impinge resulting in a steep increase of the stress in

this region of the stress (compressive) strain curve.

Figure 11.1 shows a compression test of an Aerographite sample with a density

of 2.2mg/cm3 up to 30 % compression. The stress response of the sample can

be divided into 3 di�erent regions which are separated by two points of in�ection

(indicated by the dashed line). This means the curvature of the stress curve changes

twice during the compression (indicated in red and green). In the �rst region, the

stress increases progressively, which can be explained by an increasing number of

contact points between the surface of the sample and the mechanical contact area of
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Figure 11.1: Compression test of an Aerographite sample with a density of
2.2mg/cm3. The stress response of the sample can be divided into 3 di�erent
regions which are separated by two points of in�ection (indicated by the dashed
line). In the �rst region, the stress increases progressively due to an increase
of the e�ective mechanical contact area. In the second region the onset of
plasticity can be observed (buckling or crushing of tetrapods). In the third
region the stress increases faster because of the densi�cation of the network.

the setup. The surface roughness of the sample induces higher stresses at exposed

tetrapod structures until they collapse and neighboring tetrapods approach the

mechanical contact. This can explain the non linear shape of the stress/strain

curve in the �rst region of Figure 11.1.

In region two, the slope gets smaller indicating the onset of plasticity of the net-

work. There are probably two major contributions for the plastic deformation in the

Aerographite network. First, plastic deformation can occur by buckling or crushing

of tetrapods. Second, it was investigated in the in situ experiments that individual

tetrapods adhere easily to each other by Van der Waals forces. This means, that

with proceeded compression, additional network junctions can form which pin the

network in the deformed state. In the mechanical measurements, this mechanism
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can not be discriminated from the normal plastic deformation.

With further compression, the curvature changes again and the stress increases

progressively in the third region. This indicates the onset of the densi�cation stress

like for an ideal bending-dominated lattice. In contrast to an exclusively bending

dominated lattice the sample showed no stress plateau in the third region. This

is not surprising in consideration of the random distribution of the tetrapods and

other building elements (rods/struts and sheets) in the network. It is very unlikely,

that the whole network consists exclusively out of bending dominated unit cells

rather than mixture of bending and stretch dominated cells.
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Figure 11.2: Compression test of an Aerographite network with a density of
3.84mg/cm3 density. The inset shows a magni�ed view of the deformation
region up to 10 %.

To examine the stress increase in the densi�cation region, a compression experiment

of an Aerographite network of 3.84mg/cm3 density up to 70 % compression was

conducted (shown in Figure 11.2). This measurement shows the same three charac-

teristic deformations regions like discussed for Figure 11.1. The inset in Figure 11.2

shows a magni�ed of the deformation region one and two. In the densi�cation
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region the stress increased to a maximum value of 4.8 kPa for 70 % compression.

The integral over the stress strain curve from 0 to 70 % compression gives a speci�c

energy of 0.94 kJ/m3. In consideration of the sample volume of 0.7 cm3, this results

in a absolute deformation energy of 0.66mJ and with respect to the sample mass

of 2.69mg in 0.245 J/g deformation energy per sample mass. Figure 11.3 shows an

ultimate compression test of an Aerographite sample (density of 2.86mg/cm3) up

to 97 % compression where it reached a maximum compressive stress of 18KPa.
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Figure 11.3: Ultimate compression test of an Aerographite sample of
density = 2.86mg/cm3 showing a rapid increase of the compressive stress
in the densi�cation region starting at 60 % deformation.

The observed properties of Aerographite show similarities to the mechanical aspects

of an exclusively bending dominated lattices. However, if a lattice is either bending-

or stretch-dominated depends upon the number of joints, struts and states of self

stress in the unit cells (see equation (3.12)). The Aerographite network consist of a

broad distribution of tetrapods and other fragments (see Figure 9.1) what makes it

very unlikely that the whole network consists exclusively out of bending- or stretch-

dominated unit cells rather than a mixture of both types. Most likely the mechanical
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response of Aerographite is a superposition of a bending and a stretch-dominated

properties.
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Figure 11.4: Tensile test of the hollow framework variant of Aerographite
(180µg/cm3) until fracture. In the elastic regime the sample exhibits a
Young's modulus of 15 kPa.

In Figure 11.4 a tensile fracture test of the hollow framework variant of Aerographite

is shown. This variant (density = 180µg/cm3) exhibits a Young's modulus of

15 kPa and an ultimate tensile strength of 1 kPa. On the basis of this results the

speci�c moduli of E/ρ2 = 0.46 106Pa/(kg/m3)2 and E/ρ3 = 2.6 106Pa/(kg/m3)3

were calculated and the data point in the Ashby material selection map in Figure 3.2

was entered. In the Ashby material selection map it can be seen that Aerographite,

carbon �ber and Balsa wood lay all very close to the guideline for the the merit index
√
E/ρ from equation (3.9). By applying the guideline for the merit index k = 3

√
E/ρ

from equation (3.6) it can be seen that Aerographite is even superior to carbon

�ber and Balsa wood. Of course Aerographite was not designed as engineering

material. However, these number are very important for technological applications

of Aerographite which require small masses to reduce acceleration induced forces.
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This can be micro-electro-mechanical systems (MEMS) or electrode applications

that should withstand vibrations or impacts. [31]

11.1. Cyclic Sti�ening of Aerographite

During cyclic deformation experiments of Aerographite bulk samples it was observed

that the developed stresses increased with the number of deformation cycles [31].

This e�ect was observed for cyclic compression and tensile tests. Figure 11.5 shows

a cyclic tension/compression experiment of an Aerographite sample with a density

of 14.65mg/cm3 over a number of 19 deformation cycles. The cyclic loading started

with compression up to ≈ 4.2 % and subsequent the sample was strained to ≈ 4.7 %.

It can be seen that the maximum stress increases with the number of cycles but

this trend comes to some saturation and cycle 15 and 19 are almost identical. The

deformation cycles also indicate a certain energy dissipation as the envelope of these

curves is a measure for the dissipated deformation work per unit volume (see also

chapter 11.2).

For the explanation of the cyclic sti�ening e�ect di�erent microscopic mechanisms

can be assumed. The deformation of the graphitic tubes inside the network can

cause a crumpling of their surfaces what can cause the formation of wrinkles. Such

wrinkles can make the individual tubes sti�er as they prevent the buckling of the

tubes. It can be speculated, that this mechanism is similar to the increased sti�ness

of corrugated cardboard [100,101] which is widely used in packaging industry.

A second mechanism could be related to the Van der Waals adhesion between

individual tubes when they get attached during the deformation of the network.

Such additional network junctions can increase the sti�ness of the network when

the deformation mechanism changes from bending to stretch dominated nature as

discussed in chapter 3.2. The actual microscopic mechanism has to be elaborated

in additional in situ experiments.
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Figure 11.5: Cyclic compressive/tensile loading of an Aerographite sample
with a density of 14.65mg/cm3. For a number of 19 cycles the maximum ten-
sile stress increased by 60 % and the maximum compressive stress increased
by 120 %.

11.2. Visco-elastic Behavior of Aerographite

In this chapter, the visco-elastic properties of Aerographite will be discussed. The

visco-elasticity of Aerographite is an surprising result and is normally not expected

from such type of material. For this reason a �rst simple model for the microscopic

mechanism of the visco-elasticity was introduced. The proposed model will be

discussed in this chapter.

During the deformation of an Aerographite bulk sample in a compression or tensile

cycle, it can be observed, that the stress/strain cycle exhibits a hysteresis. This

hysteresis is also present for very small deformations which are purely elastic (see

Figure 11.6). The area which is enclosed by the loading and unloading curve is

a direct measure, for the energy per unit volume, which is dissipated during the

deformation cycle and can be calculated by the help of equation 11.1 where Ediss
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denotes the dissipated energy, V the volume of the sample, σ the stress and ε the

strain [65].

Ediss
V

=

∮
σdε (11.1)

This means, for the reversible deformation of Aerographite a characteristic energy

dissipation occurs. The dissipative part of the energy in the stress strain cycle is

caused by the viscous properties of Aerographite. This is a typical phenomena for

visco-elastic materials as discussed in 3.3.

A second experiment which proved the visco-elasticity of Areographite was the

strong compression (≈ 85 %) of a cylindrical sample of 1 cm3 volume. Over a time

scale from 5 to 10 days it can be observed, that the sample recovers to ≈ 70 % of

the original height by a continuous expansion.

11.3. Model for the Visco-elastic Mechanisms in

Aerographite

Visco-elasticity is a well known phenomena for a huge variety of polymers and other

materials. In polymers, the most important causal mechanism for visco-elasticity is

a change of the molecular chain conformation which is thermally activated. With

respect to the di�erences in the atomic structure and morphology of Aerographite

it is more likely that the visco-elastic mechanisms in Aerographite di�ers from this

ones in polymers.

In literature the visco-elastic properties of arrays of vertically aligned carbon nan-

otubes (VA-CNTs) have been reported [102]. For the VA-CNT arrays it was sug-

gested that the viscous creep during indentation is attributed to the complex mi-

crostructure and the helical shape of the CNTs. It was supposed, that the energy

dissipation in the VA-CNTs is based on the same mechanism which causes the

visco-elasticity of macroscopic helical springs [103]. Visco-elastic properties have
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also been reported for carbon aerogels [26] but there has been no model, describing

the intrinsic mechanisms, yet. The here proposed mechanism for the visco-elasticity

of Aerographite, is related to the Van der Waals adhesion of individual Aerographite

structures during the deformation.

When mechanical stress is applied to Aerographite, the conformation of the tubes

and tetrapods in the network will change according to the stress distribution in the

network. The change of the spatial position of neighboring tubes and tetrapods

causes them to touch each other and consequently they get attached by Van der

Waals forces. At the same time, other structures which are held in place by Van

der Waals forces become detached. It can be expected, that during the deforma-

tion of the Aerographite network, constantly structure elements become attached

and detached which can be regarded as some �internal friction�. The strong ad-

hesion between two Aerographite tubes was also observed during the SEM in situ

experiments with the Aerographite networks. The time dependence of this pro-

cess is related to the peeling processes which occur during the detachment of the

VdW adhered structures. In the in situ experiments it was observed, that pre bent

tubes which are adhered, snapped back to their original position after some delay.

These experimental hints support the suggested mechanism for the visco-elasticity

in Aerographite.

A second mechanism which can be attributed to the energy dissipation is the re-

versible buckling of Aerographite tubes and tetrapods. The reversible buckling of

a single Aerographite tubes occurs with su�ciently high bending moments and is

elaborated in detail at the end of this chapter. Further, also the slip and shear

movement of tubes and tetrapods in the network can result in energy dissipation.

The measurement in Figure 11.6 was performed with a strain rate of 1.25µ/s at

an Aerographite sample of (3.1mg/cm3) density. This strain rate was applied in

almost all mechanical tests because of the settling time of the precision balance

(see chapter 6.1). For small compressions (about 5 % compression) the onset of the

stress/strain curve can deviated from the normal sample behavior. The samples
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Figure 11.6: First (black) and second (blue) cycle of a compression test
of an Aerographite network (density = 3.1mg/cm3). The area of the second
deformation cycle (indicated in green color) corresponds to a dissipated energy
per volume of 1.37 J/m3.

are not perfectly �at and therefore the mechanical contact area is smaller at the

beginning of the compression test until the total area of the sample is in mechanical

contact with setup. To avoid this e�ect, some slight preload can be applied to the

sample before the �rst cycle is conducted.

For the measurement displayed in Figure 11.6 a preload of 12Pa was applied.

The �rst compression cycle exhibits a slight plastic deformation (indicated by the

stress di�erence before and after the �rst cycle) while the second compression cycle

is completely elastic. It can be speculated, that inside the virgin Aerographite

sample some structures are adhered by VdW forces during the �rst deformation

cycle causing the plastic deformation. This would explain why even for very small

sample deformations, which are normally purely elastic, plastic deformation occurs.

Both deformation cycles shows a signi�cant hysteresis which is attributed to the

visco-elasticity. To determine the energy dissipation of the second cycle, the integral

according to equation (11.1) was calculated. The sample volume, the density, the
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dissipated energy per unit volume, the total dissipated energy and speci�c energy

for the second cycle are listed up in table 11.1.

Table 11.1: Characteristic energy dissipation for the visco-elastic hysteresis
loops from the measurement in Figure 11.6 and Figure 11.7.

volume density strain rate Ediss/V Ediss specific energy

(cm3) (mg/cm3) (µm/s) (J/m3) (µJ) (mJ/g)

0.866 3.108 1.25 1.37 1.189 0.442

0.93 1.82 0.80 0.21 0.195 0.151

0.93 1.82 1.25 0.27 0.246 0.146
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Figure 11.7: Compression test of an Aerographite network (density =
1.82mg/cm3) for two di�erent strain rates. The area of the fast deformation
cycle with a strain rate of 1.25µm/s is 1.27 times bigger than the area of the
deformation cycle with 0.08µm/s strain rate. This is related to the viscous
properties of Aerographite which are strain rate dependent. The values of the
energy dissipation for the �rst and second cycle can be found in table 11.1.

To prove the strain rate dependence of the visco-elastic properties of Aerographite

the measurement depicted in Figure 11.7 was conducted at two di�erent strain
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rates (0.8µm/s and 1.25µm/s) to a maximum compression of 4.8 %. As presented

in table 11.1 the dissipated energy for the strain rate of 1.25µm/s is about 1.3

times higher than the for the slow deformation rate. This indicates the expected

time dependence of the suggested intrinsic mechanisms behind the visco-elastic

properties. Further, it is obvious that also the maximum compressive stress for

both measurements di�ers. One explanation for this e�ect would be the cyclic

sti�ening of Aerographite discussed in chapter 11.1. However, it is more likely, that

the di�erence in maximum stress is in�uenced by the strain rate rather than the

cyclic sti�ening. With respect to the di�erence of only one deformation cycle the

di�erence in stress is to pronounced to be caused by the cyclic sti�ening.

To identify the intrinsic mechanisms of the visco-elasticity in Aerographite, single

tubes where bent inside the SEM until buckling occurred. Figure 11.8 shows a

series of SEM micrographs which demonstrate the buckling of a single hollow tube

of Aerographite which has been bent in between two gold tips. The experiments

revealed, that the buckling is reversible without �visible� damage at the section of

the tube which exhibited the �exure folding (see Figure 11.8c and Figure 11.8d).

The same property has already been reported in literature for multiwalled carbon

nanotubes (MWCNT). The repeated bending and buckling of MWCNTs without

damage was reported by Falvo et al. [104] but in contrast to these carbon nanotubes

the diameter of the examined Aerographite tubes is about three orders of magnitude

bigger. However, these results indicate similarities between the elastic buckling of

Aerographite tubes and MWCNTs.

The sti�ness of a buckled cylindrical tube is dramatically decreased by the Brazier

e�ect [99]. Hence, the sti�ness of a buckled Aerographite tube is also drastically

lowered in the buckled state. As a result, the spring constant D (de�ned in chapter

10.2) of the tube changes to lower values if the critical buckling stress is overcome.

This was elaborated in the in situ bending test of the individual tetrapods (see also

Figure 10.3). According to the model which was derived in 10.2, this results in a

softening of the Aerographite network the more tubes and tetrapods buckle.
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Figure 11.8: SEM micrograph series from the buckling of a single tube of
Aerographite which was bent in between two Gold tips. a) Undeformed state
b) The tube has started to buckle (position indicated by the circle). c) Heavily
buckled (The sti�ness of the tube is dramatically decreased due to buckling.)
d) The tube recovered elastically to its original shape.

Figure 11.9 shows an schematic visco-elastic model for Aerographite which is based

on the standard linear solid model. In contrast to the standard linear solid model,

the spring constant of spring A in the model can exhibit a change from D1 to D2 with

increasing number of buckled of Aerographite tubes/tetrapods. It can be assumed,

that there will be no instant change from the unbuckled to the buckled state in

the Aerographite network rather than a smooth transition because the buckling

is a collective phenomena. The instant change from D1 to D2 as illustrated in

Figure 11.7a represents the idealized case for an individual tube but is in accordance

with in situ bending measurement displayed in Figure 10.3.

The spring B in the model represents those tetrapods which are not buckled. These

can be tubes/tetrapods which purely experience tensile stress in the network. The



96 III. Results and Discussion

dashpot of viscosity η represents the dissipative deformation mechanisms in the

Aerographite network like the peeling of tubes adhered by VdW forces. Depending

on the strain rate, the stress in spring A varies and consequently the spring constant,

if the threshold stress for the buckling is overcome. For low strain rates the dashpot

will be strained and the stress in spring A is very small. For intermediate strain rates

the stress in spring A will increase and it possesses spring constant D1. For high

strain rates, there is less time for peeling of tubes/tetrapods adhered by VdW forces.

Consequently a higher fraction of tubes/tetrapods exhibits bending or buckling and

a softening of the network occurs. This would explain of the lower maximum stress

which was observed for the higher strain rate in the measurement from Figure 11.7.

D1 or D2

buckling

de�ection angle

torque

D1

D2

(bending or buckling of tetrapod junctions)

η (peeling of adhered tubes)

a) b)

A

B

Figure 11.9: a) Schematic diagram for the spring constant of a single Aero-
graphite tube. At a threshold of the applied torque the tube buckles and the
spring constant (slope of the curve) drops instantly. b) Mechanical equivalent
circuit for the visco-elastic properties of Aerographite. The spring constant of
the spring A is variable from D1 to D2 and depends upon the applied strain.

To prove this model and to evaluate if the visco-elasticity of Aerographite is related

to individual structures which are adhered by VdW forces, stress strain experiments

at di�erent temperatures have to be conducted in future work. The peeling of ad-

hered structures should be accelerated at elevated temperatures because of the weak

character of the VdW forces. The thermal energy at elevated temperatures can ac-

celerate the separation of adhered tubes and tetrapods in the network. This means,

at higher temperature the amount of the dissipated energy during a deformation
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cycle should be smaller than at low temperatures. Further, the model predicts a

relation between the pore size and the viscous properties of the network. For a

smaller pore size the probability for the adhesion of tubes and tetrapods should

increase, resulting in higher energy dissipation during deformation. For these kind

of experiments it would be required to fabricate Aerographite networks with a very

homogenous pore size.





12. Electrical Properties of

Aerographite

In this chapter, the results from the electrical in situ experiments and bulk measure-

ments of Aerographite are presented and discussed. Furthermore, the correlation

between the conductivity of Aerographite and its porosity will be elaborated.

12.1. Electrical Conductivity of Aerographite Bulk

Samples
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Figure 12.1: Electrical conductivity of di�erent structural types of Aero-
graphite versus their density.

The electrical measurements at the Aerographite bulk samples showed, that the

contact preparation is an important parameter. Therefore, all measurements were
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performed with Gold coated Copper contacts which have been cleaned by acetone

and isopropyl alcohol. The bulk samples (volumes ranging from 1 to 2 cm3) showed

typically ohmic behavior. Figure 12.1 shows an overview of the conductivity of

di�erent structure types of Aerographite versus the density (see also table 12.1).

To compare the electrical conductivity with other modi�cations of carbon, the

porosity of the Aerographite network has to be considered. The porosity Φ is

de�ned like shown in equation (12.1), where ρ denotes the density of the Aero-

graphite network, ρ0 denotes the density of Aerographite without pores, Vp denotes

the volume of the pores in the network and Vs denotes the volume which is actually

occupied by carbon.

Φ = 1− ρ

ρ0
=

Vp
Vp + Vs

(12.1)

This means, that the e�ective cross sectional area of the network is smaller than the

cross sectional area of the porous sample. The geometry corrected conductivity of

Aerographite without pores can be calculated by equation (12.2) were Aeff denotes

the e�ective cross sectional area, l the length and R the resistance of the sample.

σgc =
l

RAeff
=

l

RA(1− Φ)
(12.2)

Due to the di�culties of the measurement of the nonporous Aerographite density ρ0,

the density was assumed with 2.26 g/cm3 which corresponds to the density of ideal

bulk graphite [105]. Table 12.1 displays the conductivity σ, the geometry corrected

conductivity σgc, the density ρ and the corresponding porosity Φ for di�erent types

of Aerographite.

In table 12.1 it can be seen that the conductivity scales in general with the density

except the variant with a density of 3.79mg/cm3. This can be attributed to the

di�erences in the hybridization states of the carbon as discussed in 9. In comparison

to the conductivity of bulk graphite the geometry corrected conductivity σgc is lower.

This can be explained by the higher disorder in the layers of the graphitic structure

of Aerographite as discussed in 9.
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Table 12.1: Overview of the electrical conductivity σ and the corresponding
density / porosity of di�erent types of Aerographite structures.

density ρ (mg/cm3) porosity Φ σ (S/m) σgc (S/m)

0.18 0.99992 0.20 2511

1.82 0.99919 0.67 832

2.14 0.99905 0.60 634

3.10 0.99862 1.07 780

3.79 0.99832 0.51 304
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Figure 12.2: Electrical conductivity increase of an Aerographite network
during compression.(density = 0.18mg/cm3)

A typical example for the conductivity increase of an Aerographite network dur-

ing compression is depicted in Figure 12.1. In the loading cycle the conductivity

increases nearly linear with the compression (the change in the sample length was

considered for the calculation of the conductivity). A linear increase of the con-

ductivity implies that R ∝ 1/compression what can be explained by the change in

porosity according to equation (12.2). The hysteresis in the unloading cycle can be
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explained by the change in the contact resistance during the deformation cycle and

the residual plastic deformation after the cycle. For higher compression states the

conductivity reaches a saturation level.

12.2. Electrical In Situ Experiments at single

Aerographite Structures

In the electrical in situ experiments a number of selected Aerographite tubes was

contacted with two Gold tips (method described in chapter 6.3) and several cur-

rent/voltage curves (IV curves) were recorded for each sample. Figure 12.3 shows

a SEM micrograph of a single Aerographite tube which was contacted with two

Gold tips and Figure 12.4a demonstrates the corresponding IV curve which has

been measured at the virgin sample. The measurement started at 0V and up to

4V bias voltage the current measures less than 1µA. At a threshold voltage of

+4V the current increases rapidly which can be related to some breakdown. The

compliance of the sourcemeter was set to 10µA and was reached at this point. For

this reason the current was limited to 10µA in this measurement by the sourceme-

ter. It can be seen, that after the application of +4V bias voltage the conductivity

was signi�cantly higher which supports the theory of a breakdown. The IV curve

in Figure 12.4b was measured subsequently to the virgin IV curve but in a smaller

voltage range. The higher conductivity in this measurement is most probably re-

lated to a change in the contact properties between the gold tips and the surface of

Aerographite. It is very likely that during the �rst IV measurement an insulating

or semiconducting passivation layer on top of the tube is penetrated by an electri-

cal breakdown by exceeding the critical �eld strength. The non-ohmic character of

the IV curve indicates a charge transport by hopping [106, 107]. One explanation

for this contact behavior would be a electronic charge transport via localized sp2

states [107, 108] while the majority of the carbon atoms at the surface is sp3 hy-
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bridized and acts as transport barrier [109]. Similar electrical properties have been

studied for di�erent reduction states of graphene oxide(GO) which electrical nature

can vary from an electrical insulator to a graphene-like semimetal depending upon

the ratio of sp2 and sp3 bonds [110].

To clarify if the whole surface of Aerographite possesses the same contact behavior

and in order to exclude any contamination of the gold tips, the tube was contacted

at several positions. These measurements showed the same characteristic threshold

behavior, indicating the presence of an insulating surface layer. This layer might

originate from residual organic cracking products from the toluene injection of the

Aerographite conversion process. These residuals can condense on the surface of

the Aerographite network during the cooling of the CVD reaction chamber.

5 µm

Figure 12.3: SEM micrograph of an individual Aerographite tube isolated
from the network and contacted with two gold tips. The insets shows a mag-
ni�ed view of the contact points between gold tip and tube for the electrical
measurements.

To avoid such an insulating surface layer on Aerographite, the CVD process can

be modi�ed. After the second toluene injection (see Figure 5.5), the CVD reaction

chamber can be �ushed with Argon while the temperature is kept constant at 800 ◦C
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Figure 12.4: IV characteristic of the Aerographite tube from �gure 12.3: a)
IV response of the virgin Aerographite sample. At 4 Volts a signi�cant drop
in the resistance is observable. b) IV characteristic of the trained sample.

or even increased to 900 ◦C. This prevents the condensation of residual cracking

products which are transported to the exhaust tube by the Argon �ow. It can be

expected that Aerographite samples which have been treated in such a manner,

show a higher increase of electrical conductivity during compression. Tubes and

tetrapods which get in contact to each other during the compression provide new

electrical paths. This is not the case if the surface is of insulating nature.
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In this chapter two di�erent applications of Aerographite as electrode material are

presented. Like discussed in the experimental part, Aerographite was tested as

electrode material in an electrical double-layer capacitor and also as cathode mate-

rial in a lithium-sulfur battery after it has been in�ltrated with sulfur. Further, a

theoretical approximation of the speci�c surface area of Aerographite is introduced

because its special interest for all kind of electrode applications.

13.1. Speci�c Surface Area of Aerographite

For applications like an electrical double-layer capacitor or battery electrodes the

surface density of Aerographite is an important parameter. The speci�c surface

area is de�ned as the ratio of freely accessible surface area A of a porous material

and its mass m shown in equation (13.1).

specific surface area =
A

m
(13.1)

The following derivation is an approximation and based on the assumption that

the wall thickness of the Aerographite tubes is homogeneous in the entire volume

of the sample. The density of the graphitic layers is assumed to be equal to the

density of bulk graphite (ρ = 2.26 g/cm3). In a porous Aerographite network just a

certain fraction of its volume is occupied by the volume of the graphitic layers. The

total area A of this graphitic layers can be expressed like in equation (13.2) where

m denotes the mass of the graphitic tubes, d denotes the thickness of the graphitic

walls and ρ represents the density of the graphitic layers.
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A =
m

dρ
(13.2)

By dividing equation (13.2) with the mass of the graphitic layers and multiplying

the result by a factor of two (inner and outer surface), one achieves equation (13.3).

A

m
=

1

dρ
(13.3)

The typical wall thickness of the closed shell variant of Aerographite measures ≈

10nm as measured by transmission electron microscopy. This results in a theoretical

speci�c surface area of ≈ 90m2/g.

13.2. Electrical Double-Layer Capacitor with

Aerographite Electrodes

The measurements with the electrical double-layer capacitor with Aerographite elec-

trodes proved the applicability of Aerographite as electrode material. An example

of a discharge curve with a 1KΩ is shown in Figure 13.1. The highest measured

capacity was determined to be 32mF for a total electrode mass of 56.8mg and an

electrode volume of 2.2 cm3. This results in a speci�c capacity of 0.53F/g if the

pure electrode mass is considered. The maximum energy W stored in the capacitor

depends on utilized solvent in the electrolyte because it must not be decomposed by

electrolysis. The maximum charging voltage of the EDLC in the experiments was

1.6V . According to equation (13.4) this results in a energy of 41mJ and a speci�c

energy of 0.72 J/g.

W =
1

2
CU2 (13.4)
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Figure 13.1: Discharge curve of an electrical double-layer capacitor with
Aerographite electrodes over a 1KΩ resistor. The capacitor had a capacity
of 32mF for a total electrode mass of 56.8mg and an electrode volume of
2.2 cm3. This results in a speci�c capacity of 0.53F/g.

13.3. Sulfur-in�ltrated-Aerographite-Cathodes for

Lithium Batteries

The as prepared half cell with the sulfur-Aeroraphite cathode was subjected to

cyclic voltammetry to examine the electrochemical processes at the electrodes and

the capacity fading. The cycles 2-4 are depicted in Figure 13.2. The open circuit

voltage of the as prepared half cell measured 2.7V (at room temperature).

In the following, the third cycle will be discussed. This cycle is representative

for the electrode processes because the formation of the solid electrolyte interface

(SEI) takes place during the �rst two cycles. The SEI forms, because decomposition

products of the electrolyte form a passivation layer on the surface of the electrodes

and therefore the SEI has a signi�cant in�uence on the peak positions in the cyclic

voltammetry. For this reason the third cycle was selected for the discussion.

The cyclic voltammogram shows one peak during the lithiation and two peaks
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Figure 13.2: Cyclic voltammetry of a half cell with sulfur in�ltrated Aero-
graphite as active cathode material (sweep rate 0.1mV/s).

during the delithiation. This corresponds to a reversible lithiation and delithiation

which means that the test cell was successfully charged and discharged. It can be

seen, that the lithiation peak shifts to lower voltages with the number of cycles while

the delithiation peak is shifted to higher voltages. This means, that the lithiation

is enhanced while the delithiation becomes inhibited.

During the reverse scan the lithiation of the sulfur takes place (discharge of the

half cell). The reverse scan shows one peak at 1.74V . This peak is most probably

attributed to a one step formation of Li2S or Li2S2 at the cathode which is sup-

ported by the literature [111, 112]. At 1.5V the scan is reversed what should not

be confused with a second peak.

During the forward scan the delithiation of the sulfur takes place, which means that

lithium ions are removed from the LixSy (charging of the half cell). The forward

scan shows a �rst peak at 3.17V . At the maximum voltage of 3.5V a second peak

is inhibited because the maximum voltage of the cyclic voltammetry was reached.

The maximum voltage of the cyclic voltammetry was �xed to 3.5V to protect the
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solvent of the electrolyte from degradation. The �st and the second peak correspond

to a possible two step delithiation process. This means, that a step wise reduction

from Li2S to short polysul�des to elemental sulfur occurs which is also supported

by the literature [111,112]. A peak shift is observed for the lithiation cycles as well

as for the delithiation cycles. This peak shift is probably caused by polysul�des

which seal the pores of the Aerographite and therefore inhibit the access of the

lithium ions.

It can be seen, that the achieved currents on the lithiation side of the cycles decreases

constantly from cycle 2 to 4. This indicates some capacity fading which can be

attributed the so called polysul�de shuttle which is the major problem in current

state lithium-sulfur batteries [84,85]. The polysul�de shuttle causes a loss of active

sulfur material at the cathode and the formation of a passivisation layer on the

anode.

The half cell was subjected to a post mortem analysis. The half cell was disassem-

bled and the separator membrane was visually checked. The separator showed a

deep red/orange color which is attributed to the soluble polysul�des. These soluble

polysul�des are unfavorable because they drive the polysul�de shuttle and cause

the capacity fading. In order to achieve good cyclic stability of the lithium-sulfur

battery, the polysul�de shuttle has to be inhibited. For this reason it is bene�cial,

if the polysul�des get immobilized in the separator membrane.

The cyclic voltammogram in Figure 13.2 proved the working principle of the sulfur

in�ltrated Aerographite cathodes in lithium batteries. However, still the cyclic sta-

bility has to be increased in order to achieve high quality lithium sulfur batteries

with long lifetimes. This can be achieved by a reduction of pore size of the uti-

lized Aerographite for example by a compression step because smaller pore sizes

are bene�cial for a better sulfur con�nement in the cathode. Recently published

researches [113] report about excellent cyclic stability of lithium sulfur batteries by

applying the concept of the Aerographite synthesis (sacri�cial ZnO templates) for

the fabrication of this batteries.





Conclusion and Outlook

In this work, a novel 3D interconnected network material from graphitic carbon

was established. This highly porous material called Aerographite was fabricated

by a completely new synthesis method. Highly porous ZnO networks stemming

from the �ame transport synthesis (FTS) are set up by interconnected anisotropic

structures and form the basis for the fabrication of Aerographite. In collaboration

with the technical university of Hamburg these ZnO networks have been utilized as

sacri�cial templates and were converted to Aerographite in a modi�ed CVD process.

It was demonstrated that the morphology and surface structure of the sacri�cial

ZnO network templates is completely adopted by the Aerographite networks which

allows a free control over the morphology of Aerographite.

The systematic tailoring of ZnO templates with porosities up to 97 % enabled the

fabrication of a hierarchical Aerographite variant with a porosity of 99.99 % resulting

in a minimum density of 180µg/cm3. This makes Aerographite one of the lightest

solid materials known in literature. Despite its low density Aerographite possesses

a high electrical conductivity, is optically opaque and completely black.

The novel mechanical properties of bulk Aerographite were studied with a self

built mechanical test setup and revealed highest speci�c moduli of E/ρ2 = 0.46 ∗

106 Pa/(kg/m3)2 respectively E/ρ3 = 2.57 ∗ 106 Pa/(kg/m3)3 under tensile load.

This makes Aerographite theoretically the �rst choice in an Ashby material selection

map to obtain the minimum de�ection of a free standing bar with free thickness

and given mass.

In cooperation with the University of Latvia the intrinsic deformation mechanisms

of Aerographite networks were studied by in situ experiments inside a scanning elec-

tron microscope. The sti�ness of individual Aerographite tetrapod junctions were
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measured. On the basis of these results an analytical model for the elastic defor-

mation of bulk Aerographite networks was derived and validated by a quantitative

comparison with experimental results from the mechanical bulk measurements.

During the mechanical characterization of bulk Aerographite it was found that

the Aerographite network possesses surprisingly visco-elastic properties which is

normally not expected from such type of material. In detailed in situ experiments

�rst hints on the microscopic mechanisms were found and a novel model on the

visco-elasticity in Aerographite was established. In this model it is stated, that

the Van der Waals adhesion between individual tubes of the Aerographite network

causes the viscous material properties which was strongly indicated by the �ndings

from the in situ experiments.

The functional application of Aerographite was demonstrated by the construction of

two prototypes. An electrical double-layer capacitor with Aerographite electrodes

was built up and possessed a promising speci�c capacity of 0.53F/g. By in�ltra-

tion of sulfur into Aerographite a cathode material for a rechargeable lithium-sulfur

battery was created and the capacity fading was studied by cyclic voltammetry.

Based on the results of this work, several aspects are found highly interesting for the

future work. To increase the cyclic stability of the developed lithium-sulfur battery,

smaller pore sizes of the Aerographite network can be advantageous to improve the

sulfur con�nement in the cathode. For this purpose additional experiments with

pre-compressed Aerographite will be carried out at the chair for Functional Nano-

materials. The Aerographite synthesis concept of sacri�cial ZnO templates which

can be edged away was already adopted by other research groups and employed for

the fabrication of lithium-sulfur batteries with exceptional cyclic stability [113].

In future work, the elastic model will be optimized in conjunction with Prof. Nicola

Pugno from the university of Trento. In this collaboration the bending induced

curvature of the tetrapod arms, the non-linear rotational rigidity of the junctions

and the densi�cation induced sti�ening will be included in the elastic model. In
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order to validate the proposed model for the visco-elasticity of Aerographite, more

cyclic deformation experiments at elevated temperatures will be conducted to study

the temperature dependence.

The range of available template morphologies will be extended by the �ame trans-

port synthesis of tin oxide and other metal oxides. Preliminary experiments with

sacri�cial tin oxide networks already proved their applicability as template ma-

terial. Further, Aerographite itself can be utilized as template material for the

growth of 3D semiconductor networks. One example for the free growth of gallium

nitride nano- and micro crystals on the surface of Aerographite is presented in the

appendix.
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Appendix

Experimental Equipment

� scanning electron microscope at CAU: Zeiss Ultra Plus, Oxford X-act EDX

detector

� scanning electron microscope at TUHH: Zeiss Supra 55

� scanning electron microscope at TUHH: Leo Gemini 1530

� scanning electron microscope at University of Latvia: Hitachi S-4800

� nano-manipulators: SmarAct SLC-1720 driven by SmarAct HCU-3DM con-

trol unit.

� atomic force microscopy cantilevers: OlympusBL-RC-150VB

� sub-femtoamp sourcemeter: Keithley 6430

� micro manipulator: Maerzhaeuser Wetzlar HS 6.3 driven by Tango PCI-Card

� precision balance: Kern PLE 310-3N

� source-meter: Keithley 6400

� mu�e furnace: Nabertherm LE 2/11

� mu�e furnace: Nabertherm L 3/12

� ceramic tubes: Friatec Degussit AL23

� digital oscilloscope: Agilent DSO1002A

� potentiostat: Etch and Technology Elypor 01
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Additional Figures
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Figure 13.3: X-ray di�raction of Aerographite, ZnO template material and
multiwalled carbon nanotubes (MWCNTs).
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Figure 13.4: Compression measurements at a bulk Aerographite network
with a density of 3.8mg/cm3. Elastic model with an initial angle α0 = 45◦,
spring constant D = 2 pNm/rad, tetrapod interleaving factor n = 3, e�ective
tetrapod arm length |~r| = 15µm.
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Growth of Gallium Nitride Nano- and

Microstructures on Aerographite Networks by

Hydride Vapor Phase Epitaxy

The as grown Aerographite networks have been utilized as templates for the growth

of GaN nano- and microstructures in a hydride vapor phase epitaxy (HVPE) system

with four temperature zone horizontal reaction chamber. Metallic gallium, ammo-

nia (NH3) gas, hydrogen chloride (HCl) gas and hydrogen (H2) gas were employed

as precursors. In the source zone, GaCl was formed as a result of the chemical

reactions between the gaseous HCl and the liquid Ga at 850 ◦C. The GaCl and

NH3 gas reacted with each other in the react zone at a temperature of 600 ◦C for

10min and initiated the nucleation of GaN on the surface of graphite. Subse-

quently the temperature was increased to 950 ◦C for another 10min, to produce

GaN nano/micro-crystallites. In the process of the GaN growth, the HCl, NH3and

H2 �ow rates were equal to 15 sml/min, 500 sml/min and 3600 sml/min, respec-

tively. Figure 13.5 presents an overview of the GaN nano- and microstructures

attached to the Aerographite template.



132 Appendix

2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm2 µm

(a)

10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm10 µm

(b)

3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm3 µm

(c)

1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm

(d)

Figure 13.5: SEM images of an Aerographite network, loaded with hexago-
nal crystals of wurtzite type gallium nitride. a) Close up of an Aerographite
tetrapod with GaN nano- and microstructures, grown on the inner and outer
surfaces of the tetrapod. b) Overview of an network of Aerographite loaded
with a high surface density of GaN crystalss. c) Magni�ed view on a hollow
tube of Aerographite with pronounced growth of GaN crystals on the inner
surface. d) Transition region between hexagonal GaN crystals and the under-
lying Aerographite substrate.
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LabView Documentation of Mechanical Test Setup

Figure 13.6 shows a screenshot of the front panel and the block diagram of the

LabView program which was developed for the mechanical test setup. This pro-

gram allows the automated cyclic deformation of the Aerographite samples and the

simultaneous measurement of the electrical conductivity.
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