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Preface 

Carbon based materials have been investigated intensely in the materials science community 

for decades owing to their exceptional electrical, physical, chemical and mechanical 

properties. One of the main trends in this research field is to synthesize allotropes of carbon, 

such as carbon nanotubes, via a templated approach, which can lead to enhancements in their 

morphologies. Another popular trend is to use allotropes of carbon (such as carbon nanosheets 

and carbon nanotubes) as templates for the deposition of different metal/metal oxide layers in 

order to form hybrid nanostructured films for a wide range of materials applications. In both 

cases, the interaction between carbonaceous species with their coatings/templates plays a vital 

role in the final structure and morphology of the materials. Investigation of the carbon based 

materials and hybrid nanostructures is therefore crucial to understand their properties, which 

may lead to their use in actual applications.  

Transmission electron microscopy is a powerful technique to study materials at the atomic 

level. The combination of conventional transmission electron microscopy techniques with 

more advanced ones, such as electron tomography, enables one to obtain valuable structural 

and chemical information, both in two- and three-dimensions. Moreover, through the 

instrumental developments, such as aberration correction, the characterization of carbon based 

materials and hybrid nanostructures using transmission electron microscopy has become of 

increasing interest.  

This thesis focuses on the structural characterization of carbon based materials and hybrid 

nanostructures performed by transmission electron microscopy. The thesis is divided into two 

main parts. The first part is devoted to the systematic investigation of structures obtained 

using a method based on a templated approach, which aims to produce large areas of highly 

ordered, isolated, well-aligned and long carbon nanotube bundles. The second part focuses on 
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the structural characterization of carbon nanosheets and carbon nanotubes which are used as 

templates for the synthesis of various metal/metal oxides for different materials applications. 

Combining conventional and advanced transmission electron microscopy techniques, the 

structural transitions and the interaction between coatings/templates and carbonaceous species 

have been revealed. The content of this thesis is divided into eight chapters, organized as 

follows: 

Chapter 1 provides a general introduction to allotropes of carbon, where the main emphasis 

was put on two main types, namely carbon nanosheets and carbon nanotubes. Their 

properties, synthesis and applications are discussed. 

Chapter 2 focuses on explaining all the electron microscopy techniques that were performed 

to characterize the materials which were described in this thesis. 

Chapter 3 covers all work carried out on the investigation of carbon nanotubes fabricated by 

catalytic chemical vapor deposition through porous anodized alumina membranes. 

Transmission electron microscopy is used to reveal the characteristics of the templated 

materials at each step of their synthesis. Initially, the effects of a short pre-chemical vapor 

deposition NaOH etching step on the adhesion characteristics of the catalysts at the anodized 

alumina membrane pores are discussed. Following the growth of carbon nanotubes, advanced 

transmission electron microscopy experiments, including electron tomography combined with 

energy-dispersive X-ray spectroscopy, were performed to report the presence of aligned 

carbon nanotube bundles and to reveal the dominant carbon nanotube growth type. 

In Chapter 4, the investigation of mesoporous silica formed inside the pores of anodized 

alumina membranes is presented. The presence of such additional template can be beneficial 

for increasing the alignment of as-grown carbon nanotubes in anodized alumina templated 

carbon nanotube growth approach. However, an optimization of the mesopores of silica is 

essential. In this chapter, it is demonstrated that transmission electron microscopy can be used 

both in a qualitative and quantitative manner to investigate these materials for the 

optimization of the mesoporous silica synthesis. 
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Chapter 5 presents an application of carbon nanosheets as templates to deposit TiO2 layers 

through atomic layer deposition followed by a post-deposition annealing in helium 

environment. The resulting materials can be used in photocatalysis applications. In such case, 

the anatase content of the TiO2 layer is important. Therefore, advanced transmission electron 

microscopy characterizations, including electron energy loss spectroscopy, were performed to 

determine the phase analysis of TiO2 layer.  In addition, the presence of a conductive carbon 

nanosheets layer in between a substrate and TiO2 layer is observed, which can be beneficial 

for different materials applications. 

In Chapter 6, the investigation of different metal oxide layers, such as Al2O3, TiO2, V2O5 and 

ZnO, deposited onto forests of carbon nanotubes by atomic layer deposition is shown. As part 

of the research, the structure of the resulting materials and the effects of post-deposition 

annealing in air environment on each type of the metal oxide layer were studied by 

transmission electron microscopy. 

Chapter 7 presents an application of Pt deposited onto forests of carbon nanotubes by atomic 

layer deposition and subsequent annealing in air environment. Conventional and advanced 

transmission electron microscopy techniques were performed to report on the crystallinity of 

Pt layer both prior to and upon annealing. In addition, electron tomography experiments were 

conducted to observe the morphological transformations which occur at the Pt-carbon 

nanotube film as a result of the annealing step. 

Finally, in Chapter 8, general conclusions are presented. 
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Voorwoord 

Koolstof gebaseerde materialen worden al decennia lang intensief bestudeerd door 

wetenschappers omwille van hun uitzonderlijke elektrische, fysische, chemische en 

mechanische eigenschappen. Een belangrijke trend is het synthetiseren van koolstof 

allotropen, zoals de synthese van koolstof nanobuizen via een mal methode, waardoor de 

morfologie van de nanobuizen kan verbeterd worden. Een andere populaire trend is het 

gebruik van koolstof allotropen (zoals koolstof nanobuizen en koolstof nanoplaten) als mal 

voor de depositie van verschillende metaal/metaaloxide lagen om zo hybride 

nanogestructureerde films voor verschillende toepassingen te vormen. In beide gevallen speelt 

de interactie tussen koolstofhoudende materialen en hun coatings /mallen een belangrijke rol 

in de resulterende structuur en morfologie van het composietmateriaal. Het onderzoek van 

koolstof gebaseerde composieten en hybride nanostructuren is daarom van uitermate belang 

om zo hun eigenschappen, die kunnen leiden tot concrete toepassingen, te begrijpen. 

Transmissie-elektronenmicroscopie is een krachtige techniek om materialen tot op atomair 

niveau te bestuderen. De combinatie van conventionele en meer geavanceerde transmissie-

elektronenmicroscopie technieken, zoals elektronentomografie, leidt tot het verkrijgen van 

waardevolle morfologische en chemische informatie, zowel in twee als in drie dimensies. 

Bovendien is er een toenemende belangstelling voor de karakterisering van koolstof 

gebaseerde composieten en hybride nanostructuren door middel van transmissie-

elektronenmicroscopie omwille van instrumentele ontwikkelingen, zoals aberratie correctie. 

Dit proefschrift behandelt de morfologische karakterisering van koolstof gebaseerde 

composieten en hybride nanostructuren aan de hand van transmissie-elektronenmicroscopie. 

Het proefschrift bestaat uit twee grote delen. In het eerste deel worden structuren dieverkregen 

werden door een mal methode, waarbij men een groot aantal geordende, afzonderlijke, goed 
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uitgelijnde en lange koolstof nanobuis bundels tracht te bekomen, systematich onderzocht. In 

het tweede deel wordt de karakterisering van de morfologie van koolstof nanoplaten en 

koolstof nanobuizen, die gebruikt worden als mal voor de synthese van verschillende metalen 

/ metaaloxiden voor verschillende materiaalkundige toepassingen, onderzocht. De structurele 

overgangen en de interactie tussen coatings / mallen en koolstofhoudende materialen worden 

bestudeerd aan de hand van een combinatie van conventionele en geavanceerde transmissie-

elektronenmicroscopie technieken. De inhoud van dit proefschrift wordt verdeeld in acht 

hoofdstukken: 

Hoofdstuk 1 geeft een algemene inleiding over koolstof allotropen, waarbij de nadruk wordt 

gelegd op koolstof nanoplaten en koolstof nanobuizen. Zowel hun  eigenschappen, synthese 

en toepassingen worden besproken. 

In hoofdstuk 2 worden de elektronenmicroscopie technieken, die gebruikt werden om de 

onderzochte materialen te karakteriseren, uitgelegd.  

Hoofdstuk 3 behandelt het onderzoek van de koolstof nanobuizen die vervaardigd werden 

door katalytische chemische dampdepositie (catalytic CVD, catalytic chemical vapor 

deposition) aan de hand van poreuze geanodiseerde aluminium membranen. Transmissie-

elektronenmicroscopie wordt gebruikt om de eigenschappen van de composietmaterialen te 

onthullen bij elke stap van de synthese. Aanvankelijk, worden de effecten van een korte pre-

CVD NaOH etsstap op de hechtingseigenschappen van de katalysatoren aan de geanodiseerde 

alumina membraanporiën besproken. Na de groei van de koolstof nanobuizen, wordt de 

aanwezigheid van uitgelijnde koolstof nanobuis bundels en het dominante groeitype 

onderzocht. Dit gebeurt door middel van geavanceerde transmissie-elektronenmicroscopie 

experimenten, waarbij elektronentomografie gecombineerd wordt met energie-dispersieve X-

stralen spectroscopie. 

In hoofdstuk 4 wordt het onderzoek van mesoporeuze silica, die gevormd worden binnenin 

de poriën van de geanodiseerd aluminium membranen, weergegeven. De aanwezigheid van 

een dergelijk aanvullende mal kan nuttig zijn om de uitlijning van de as-groei van koolstof 

nanobuizen te verhogen in de geanodiseerd aluminium mal groei methode. Een optimalisatie 

van de mesoporiën van silica is echter noodzakelijk. In dit hoofdstuk wordt aangetoond dat 
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transmissie-elektronenmicroscopie zowel kwalitatieve als kwantitatieve resultaten oplevert, 

die gebruikt kunnen worden om de synthese van de mesoporeuze silica te verbeteren.  

In hoofdstuk 5 wordt de toepassing van koolstof nanoplaten als mal voor de depositie van  

TiO2 lagen door middel van atomaire laag depositie (ALD, atomic layer deposition), gevolgd 

door een na-depositie gloeiproces (annealing) in een helium omgeving, besproken. De 

resulterende materialen kunnen gebruikt worden in fotokatalytische toepassingen. Hierbij is 

de anataasvorm van de TiO2 laag erg belangrijk. Aan de hand van geavanceerde transmissie-

elektronenmicroscopie karakteriseringen, zoals elektron energieverlies spectroscopie (EELS, 

electron energy loss spectroscopy), wordt de fase van de TiO2 laag onderzocht. De 

aanwezigheid van een geleidende koolstof nanoplaat laag tussen een substraat en de TiO2 laag 

is bovendien waargenomen. De aanwezigheid van deze geleidende laag kan voordelig zijn, 

voornamelijk in kleurstof gesynthetiseerde zonneceltoepassingen. 

In hoofdstuk 6 worden verschillende metaaloxide lagen, zoals Al2O3, TiO2, V2O5 en ZnO, die 

gedeponeerd worden op een veld van koolstof nanobuizen door ALD, onderzocht.  Als 

onderdeel van het onderzoek, worden de structuur van de resulterende materialen en de 

effecten van het na-depositie gloeien in lucht omgeving op elk type metaaloxide laag 

bestudeerd met transmissie-elektronenmicroscopie. 

Hoofdstuk 7 behandelt de toepassing van Pt depositie op een veld van koolstof nanobuizen 

door middel van ALD en een daaropvolgend gloeiproces in lucht omgeving. Conventionele en 

geavanceerde transmissie-elektronenmicroscopie technieken worden uitgevoerd om de 

kristalliniteit van de Pt laag, voorafgaand aan en na het gloeien, aan te tonen. Bovendien, 

worden elektronentomografie experimenten toegepast om de morfologische veranderingen, 

die optreden aan de Pt-koolstof nanobuis film als gevolg van de gloeistap, waar te nemen. 

Tot slot worden in hoofdstuk 8 de algemene conclusies van dit proefschrift weergegeven.  
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Chapter 1 Introduction 

In this chapter, a brief introduction will be given on two main types of carbon allotropes, 

namely carbon nanosheets and carbon nanotubes, and their synthesis, properties and 

applications will be discussed. Main emphasis will be put on the importance of their in-depth 

structural characterizations in applications such as their use as templates for the deposition of 

different metals/metal oxides as well as the templated growth of carbon nanotubes, which can 

lead to enhancements in their morphologies.  

1.1 Allotropes of carbon 

Carbon atoms can exert three different types of hybridizations; sp, sp
2
, and sp

3
. Each of these 

unique valence states belongs to a distinct archetypical, i.e., generic allotropic form of carbon 

that is characterized by its polymeric connectivity
1
. Hence, the sp

3
-type of hybridization 

corresponds to a spatial three dimensional (3D) polymer of carbon with strong σ bonds to 

adjacent atoms, i.e., diamond; the sp
2
-type of hybridization corresponds to a planar two 

dimensional (2D) polymer with strong σ bonds in a plane and weaker π bond on one or more 

neighboring atoms, i.e., graphite; and finally, the sp-type of hybridization corresponds to a 

linear one dimensional (lD) chain-like polymer of carbon with strong σ bond directed along 

the ±x-axis, and two electrons entering pπ orbitals in the y and z directions, i.e. carbyne
1,2

. 

Graphite, the allotropic form of carbon exerting mostly sp
2
-type of hybridization state, 

consists of a succession of layers parallel to the basal plane of hexagonally linked carbon 

atoms. Each of these layers is called graphene, and it constitutes the building block of both 

carbon nanosheets and carbon nanotubes, as will be explained in the following sections. 

1.2 Carbon nanosheets 

Ever since its discovery in 2004
3
, graphene has been drawing worldwide attention due to its 

unique properties. Graphene is a single atomic layer of sp
2
 hybridized carbon atoms packed 

densely in a honeycomb lattice (see  Figure 1-(A)), that can be folded into buckyballs, rolled 

into nanotubes, or stacked into graphite
4
. In case of the latter, graphene sheets stack together 

along the c-axis to generate graphite with an interlayer spacing of 0.34 nm, which produces 

strong in-plane bonding but poor van der Waals interaction between the layers
4
. Based on this 
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structure, a new and similar type of carbon nanostructure, called carbon nanosheets (CNSs), 

has been produced
5,6

. These are nanomaterials made up of several graphene layers similar to 

graphite
5
. To demonstrate this, a high-resolution transmission electron microscopy (HRTEM) 

image from the edge of a CNSs flake is presented in Figure 1-(B). The HRTEM image reveals 

individual graphene layers with an interlayer spacing of 0.34 nm, as mentioned previously. 

Due to their graphitic nature, the properties, synthesis and applications of CNSs are closely 

related to that of graphite as well as graphene. 

 

Figure 1 (A) Graphene honeycomb lattice. (B) HRTEM image of CNSs displaying their 

graphitic nature. 

Carbon nanosheets: Properties 

Some of the important properties of CNSs are their flexibility, elasticity, the fact that they are 

lightweight, and their chemical and thermal stability
7
. Thin layered graphitic films of CNSs 

retain graphene-like properties, such as high carrier mobility, large sustainable current density 

and superior electrical conductivity along the plane of the sheet
6,8

. CNSs also have very high 

surface areas
6
, exceeding 1000 m

2
/g. Moreover, when compared to single layer graphene, 

CNSs have more defective sites on their surface. Both high surface-area-to-volume ratio and 

an increased number of surface defects are considered as important materials properties, 

especially in terms of their use as templates for the deposition of various metal/metal oxide 

structures. An application of CNSs as templates for the deposition of TiO2 layer will be 

presented in Chapter 5, where their increased number of surface defects and high surface areas 

will be regarded as advantageous towards their uses as a coating surface. 
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Carbon nanosheets: Synthesis 

In the early studies, CNSs have been synthesized using a technique referred to as radio 

frequency (RF) plasma enhanced chemical vapor deposition (PECVD), which enabled the 

formation of vertically-oriented, atomically thin and two-dimensional CNSs
6
. In addition, 

CNSs with different morphologies such as carbon nanowalls, nanoflakes, petal-like films or 

graphite sheets have also been reported by many groups, who employed various synthetic 

methods, including arc discharge-based technique
9
, RF sputtering

10
, PECVD

11–13
 and other 

chemical processes
14

. Among these, PECVD is still regarded as the most promising approach 

for CNSs growth. When using PECVD, the growth of CNSs is achieved through plasma to 

enhance chemical reaction rates of the precursors. In general, PECVD is known for its 

feasibility and potential for large-area production with high quality, high growth rate and/or 

atomically thin characteristics
15

. The other main advantages of this technique are related to the 

fact that the CNSs can be synthesized at relatively low temperatures and the resulting 

materials offer a high amount of defect sites. These defects in CNS films provide an 

advantage towards their use as a conductive template to enhance the adhesion and surface area 

of metal oxide electrodes, as observed for TiO2
8,16

. A scanning electron microscopy (SEM) 

image from the surface of CNSs produced via the PECVD presented in Figure 2 reveals its 

morphology. Chapter 5 of this thesis includes the characterization of CNSs grown on single-

crystalline silicon substrates synthesized via the PECVD process.  

 

Figure 2 SEM image of the surface of CNSs from which a high surface area can be observed. 
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Carbon nanosheets: Applications 

Carbon nanosheets exhibit great promise for potential applications in many technological 

fields. For instance, it was previously shown that the CNSs can be used as a support material 

for Pt nanoparticles in electrocatalysis applications
17

. The analysis of CNSs-Pt nanoparticles 

comprising materials showed that the CNSs give rise to a modification to the electrocatalytic 

properties of the Pt clusters. In another study, the electrochemical performance of CNSs as 

anode material for lithium-ion batteries was investigated
18

. The study revealed that the CNSs 

exhibit a relatively high reversible capacity and fine cycle performance. Moreover, the 

performance of CNSs was also evaluated as an electrode material for an electrochemical 

double-layer capacitor
19

, in which the capacitance of CNSs per area was found to be 0.076 

Fcm
−2

 as a working electrode. Recently, there is an increasing interest in using CNSs as a 

template to fabricate multifunctional nanomaterials, which combine a material that provides 

ideal support properties, such as the high surface area of CNSs, with the desired properties of 

a second material. In this case, the application of CNSs as template mostly benefits from their 

outstanding surface properties and morphology
5,20,21

. As mentioned previously, the 

application of CNSs as templates for the deposition of TiO2 will be shown in Chapter 5 of this 

study, where their increased number of surface defects and high surface areas will be 

exploited as important properties in determining the final characteristics of the resulting 

material.  

1.3 Carbon nanotubes 

“Here I report the preparation of a new type of finite carbon structure consisting of needle-

like tubes.” This is the sentence Prof. Iijima used in his abstract when he declared his 

discovery of carbon nanotubes (CNTs)
22

 to the rest of the world. Ever since, CNTs have been 

investigated intensely in many fields. CNTs can be considered as single or multiple graphene 

sheets rolled up as a tube. Structures corresponding to a single rolled up graphene sheet are 

referred to as single-walled carbon nanotubes (SWCNTs). Multi-walled carbon nanotubes 

(MWCNTs), on the other hand, contain two or more graphene sheets. Schematic drawings of 

SWCNT and MWCNT are presented in Figure 3-(A) and (B). In this section, a brief 

introduction about the properties, synthesis and applications of CNTs will be given. Since this 
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thesis mainly deals with the growth and the use of MWCNTs as templates, therefore more 

attention will be paid to MWCNTs.  

 

Figure 3 Schematic drawings of (A) SWCNT and (B) MWCNT. 

Carbon nanotubes: Properties 

The morphology of CNTs is an important feature which predefines some of their properties, 

especially when their outstanding aspect ratios (length/diameter) and extremely high surface 

areas are considered. The diameters of SWCNTs and MWCNTs are typically range from 0.8 

to 2 nm and 5 to 20 nm, respectively
23

. The length of CNTs range from less than 100 nm to 

several centimeters
23

. When considering the cross-sectional area of the CNT walls only, an 

elastic modulus approaching 1 TPa and a tensile strength of 100 GPa has been measured for 

single MWCNTs
24

, which is over 10-fold higher than any industrial fiber. Individual 

SWCNTs can have a thermal conductivity of 3500 Wm
−1

K
−1

 at room temperature based on 

the wall area
25

, which exceeds the thermal conductivity of diamond
23,26

. Regarding the 

electrical properties, MWCNTs are typically metallic
27

 and can carry currents of up to 109 A 

cm
–2

. In addition, compared to SWCNTs, MWCNTs are known to yield more structural 

defects or impurity sites on the tube walls
28

. As will be shown in Chapter 6 and Chapter 7, this 

is an important feature and as a result, depositing thin layer coatings onto MWCNTs is less 

challenging. 

Carbon nanotubes: Synthesis 

The most commonly used techniques to produce CNTs are summarized in Table 1. These 

techniques include arc discharge, laser ablation (vaporization) and CVD. Both arc discharge 

and laser ablation methods are considered as high temperature preparation techniques. 
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Depending on whether pure or catalyst including graphite rods or targets are used, both 

MWCNTs and SWCNTs can be produced with each of these techniques. The main advantage 

of arc discharge technique is that it is a very simple and straightforward technique to produce 

CNTs. However, there are also several drawbacks. For instance, the technique leads to the 

production of a complex mixture of components, and further purification is required to collect 

CNTs. On the other hand, laser ablation is one of the superior methods to grow CNTs with 

high-quality and high-purity. The disadvantage here is that since this method involves 

evaporating the carbon source, which is also the case for arc discharge method, it becomes 

difficult to scale up the production into the industrial level
29

. 

CNTs synthesis methods 
 

References 

Arc discharge 
 

22,30,31 

Laser ablation 
 

32,33 

Hot filament CVD 
 

34 

Water assisted CVD 
 

35–37 

Oxygen assisted CVD 
 

38 

Micro-wave plasma CVD 
 

13,15 

Radio frequency CVD 
 

39 

Thermal CVD 
 

40 

Plasma enhanced CVD 
 

41,42 

Table 1 Commonly used methods for CNTs synthesis. 

CVD, also known as thermal CVD or catalytic CVD
43

, is one of the most popular and 

standard methods for CNTs production. A schematic drawing of a CVD synthesis reactor in 

its simplest form is presented in Figure 4-(A). Generally, the catalytic CVD process includes 

the decomposition of hydrocarbons in a tube reactor at 550-900°C, and the growth of CNTs 

over the catalysts deposited on a substrate. There are two major mechanisms, which are used 

to explain the catalytic growth of CNTs that depend on the position of the catalyst with 

respect to the substrate (see Figure 4-(B) and (C)). These are the root growth mechanism, in 

which the catalyst particle is found at the bottom of the tube (see Figure 4-(B)), and tip growth 

mechanism, where the catalyst particle is located at the tip of a growing tube (see Figure 4-

(C)). Depending on the catalyst-support interaction, either of these mechanisms can occur. If 
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the interaction is strong, it is more likely that the root-growth mechanism takes place, but, if 

this interaction is weak, the tip-growth mechanism would also be more dominant. 

 

Figure 4 (A) Schematic drawing of a CVD synthesis reactor as well as (B) the root growth 

and (C) the tip growth mechanism of CNTs. 

Since the catalytic CVD process is performed at a lower temperature and ambient pressure 

when compared to arc-discharge and laser ablation techniques, it is particularly useful for 

large-quantity synthesis of CNTs. In terms of crystallinity, arc-discharge and laser-grown 

CNTs are superior to the catalytic CVD-grown ones. However, concerning the yield, purity 

and structural control, catalytic CVD is superior to the arc and laser methods. One of the main 

technological advantages of catalytic CVD over arc discharge and laser ablation is that 

seeding a surface with active metal catalysts can lead to selective catalytic CVD on the seeded 

regions. This selective nature of the catalytic CVD enables one to use substrates with complex 

morphologies, e.g. patterned wafers
44

 or porous membranes
45

, which is not the case for arc 

discharge and laser ablation
46

. Therefore, catalytic CVD provides the possibility to harness 

plenty of hydrocarbons in any state (solid, liquid or gas), and to grow CNTs with desired 

architecture on predefined sites of patterned or porous substrates
47

. An example of CNTs 

grown through a porous substrate (anodized alumina) via the catalytic CVD process will be 

covered in Chapter 3.  

There are trends to use other types of CVD techniques, such as water assisted CVD, oxygen 

assisted CVD, radio frequency CVD, or micro-wave plasma enhanced CVD (MWPECVD). 

Examples of the application of these techniques from the literature are given in Table 1. Some 

of these methods have been developed to perform CVD at even lower temperatures than 

usual, allowing the nanotubes to be grown at thermally sensitive substrates
48

. Among these, 
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PECVD is a widely used technique. In this approach, electron energy (plasma) is used as an 

excitation method to perform CNT growth at a low temperature and at a moderate rate. An 

important characteristic of PECVD grown CNTs (or CVD in general, if the as-grown CNTs 

are compared with the ones formed through arc-discharge and laser ablation methods) is that 

there are high defect densities in the MWCNT structures grown by this process. This is most 

likely due to the lack of sufficient thermal energy for annealing CNTs because of relatively 

low growth temperature
49

.  These defects make the CNT surface reactive to the atomic species 

of an atomic layer deposition precursor
28

. Examples of atomic layer deposition onto 

MWCNTs will be presented in Chapter 6 and Chapter 7. A SEM image of a PECVD grown 

CNT is presented in Figure 5-(A). A HRTEM image in Figure 5-(B) displays the graphitic 

layers of the MWCNT grown by this technique. Part II of this thesis partially concerns 

MWCNTs forests grown on single-crystalline silicon substrates synthesized via catalyst-

enhanced PECVD process. The experimental details of the PECVD of MWCNTs will also be 

covered in this section. 

 

Figure 5 (A) SEM image of a CNT synthesized by PECVD method. (B) HRTEM image of a 

MWCNT showing the graphitic layers in the tube. 

Carbon nanotubes: Applications 

The type of the application is usually dependent on the structure of the CNTs (number of 

walls, diameter, length, chiral angle, etc.), which also determines their specific properties
50

. 
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One of the major application areas for which CNTs are investigated is the biomedical field. 

The development of efficient methodologies for the chemical modification of CNTs 

(functionalization) has stimulated the preparation of soluble CNTs that can be used for the 

delivery of small drug molecules, exploiting their ability to penetrate into the cells
51

. Ongoing 

interest in CNTs as components of bio-sensors and medical devices is motivated by the 

dimensional and chemical compatibility of CNTs with biomolecules, such as DNA and 

proteins
23

. In electronics, CNTs are considered to be promising building blocks for 

nanoscopic electronic devices
52

, or field effect transistors
53

. CNTs are used in many other 

applications, for instance in hydrogen storage applications, showing very high hydrogen 

uptake efficiencies
54

. Similar to CNSs, CNTs exhibit extremely high aspect ratios, high 

number of defect sites and large surface areas, which are attractive properties for many 

applications of CNTs, for instance, as templates for different material depositions. In Chapter 

6 and Chapter 7 of this thesis, the characterization of MWCNTs and their applications as 

templates for various metals/metal oxides depositions will be shown. 

1.4 Characterizations of carbon based materials and hybrid 

nanostructures 

Nowadays, one of the main trends in carbon related research is to synthesize allotropes of 

carbon, for instance CNTs, via a templated approach. The aim here is to exploit the 

extraordinary physical properties of individual CNTs into their fiber or bundle forms. 

Furthermore, another popular trend is to use carbonaceous templates, e.g. CNSs or CNTs, for 

the deposition of different metals/metal oxides to obtain various nanomaterials for a wide 

range of applications. For the synthesis of such materials, atomic layer deposition (ALD) was 

found to be a powerful technique, through which fine layers of a material can be deposited 

onto complex template structures, including MWCNTs forest or CNSs flakes. Both ALD of 

CNSs and CNTs and the templated growth of CNTs will be thoroughly discussed in the 

following chapters. In both cases of these applications, it should be noted that understanding 

the interaction between different materials components, such as between the as-grown CNTs 

and their templates, or between CNTs or CNSs and their coatings, is important. Therefore, an 

in-depth characterization is essential. Such characterization is therefore the topic of this thesis. 
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In the past, several characterization techniques, including in situ X-Ray diffraction
55–57

 (in situ 

XRD) and SEM accompanied by energy dispersive X-ray spectroscopy
58–60

 (SEM-EDX), 

were utilized to fully examine nanomaterials. In situ XRD has proven to be a useful technique 

to uncover the physical and chemical mechanisms controlling the characteristics of 

nanomaterials. However, in situ XRD mostly provides structural information and 

identification of the phases from bulk samples at a given or an interval of temperature rather 

than their local characterization
61

. Similarly, SEM-EDX measurements can only be sufficient 

to evaluate the morphologies of materials mostly at the micrometer scale due to the limited 

spatial resolution of this technique. In this respect, TEM is an ideal tool in order to perform a 

detailed characterization at the nano-scale. Not only structural, but also chemical and 

electronic information can nowadays be obtained by TEM, even atomic column by atomic 

column
62,63

. In this thesis, a variety of TEM techniques has accordingly been performed, 

including HRTEM, scanning TEM (STEM), electron energy-loss spectroscopy (EELS) and 

EDX. However, it is important to note that these conventional TEM techniques mostly yield 

2D projection images of 3D objects. To obtain the correct 3D information about materials, 

TEM has been expanded to 3D, which is referred to as “electron tomography”. By combining 

all these conventional and more advanced TEM techniques, the main goal is to provide a 

thorough structural characterization, both in 2D and 3D. In this manner, the growth (Chapter 3 

and Chapter 4) and the applications of CNSs and CNTs (Chapter 5, Chapter 6 and Chapter 7) 

can be optimized. Therefore, Chapter 2 of this thesis is dedicated to explaining the TEM 

techniques used in this study to characterize the materials described here.  

1.5 Outline of the thesis 

The most effective way to utilize the properties of individual CNTs, such as high strength, 

high stiffness and low density, is to assemble CNTs into fibers. Previous studies have shown 

that the CNTs can be used to form fibers of very high length. For instance, it was shown that 

it is possible to wind up a continuous fiber without an apparent limit to the length by 

mechanically drawing the CNTs directly from the gaseous reaction zone
64

. In another study, it 

was reported that multi-ply, torque-stabilized fibers can be produced by introducing a twist 

during spinning of MWCNTs from nanotube forests
65

. However, in both of these cases the 

resulting materials exhibit significantly reduced strength when compared to the strength of the 
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individual CNTs. A possible route to overcome this problem is to allow bundling of CNTs 

during their synthesis by using a porous material as a substrate for the CNT growth. With this 

approach, well aligned CNT bundles (aCNTb’s) can directly be grown by means of catalytic 

CVD, since it allows selective CVD on the catalyst particle deposited regions at a porous 

template, as mentioned previously. In the first part of this thesis, we focus on the structural 

characterization of such aCNTb’s directly grown through porous anodized alumina (AAO) 

membranes performed by TEM. These results are covered in Chapter 3. In addition, the 

templated synthesis of CNTs can be improved even further by introducing an additional 

template material, e.g. mesoporous silica, inside the pores of AAO membrane. By doing so, 

an increase at the alignment and the quality of the as-grown aCNTb’s can be achieved. 

However, this initially requires the optimization of the pore architecture of the mesoporous 

silica prior to the CNT growth. In Chapter 4, it will be shown that advanced TEM techniques 

can be performed on these complex AAO-Silica materials systems, which can yield valuable 

information that could assist the optimization of their synthesis. 

In the second part of this thesis, we present detailed characterizations of ALD processed CNSs 

and MWCNTs and describe the effects of post-deposition annealing in air or helium 

environments on the morphology of the resulting self-supported porous films. Since the 

MWCNTs and CNSs are grown through PECVD, and the resulting materials contain high 

amount of defects, and these defects give rise to nucleation sites for ALD, allowing for 

conformal deposition
20,66

. By taking this into account, the structural details of TiO2 layers 

deposited onto CNSs and their morphological and crystalline characteristics prior to annealing 

in helium environment are revealed by TEM (Chapter 5). In case of ALD-processed 

MWCNTs, earlier studies showed that the calcination in ambient air would lead to the 

removal of MWCNTs. In principle, this should lead to the metal/metal oxide coatings with a 

final tubular morphology. However, it is far from straightforward to achieve such tubular 

morphology with ultra-thin coatings on MWCNTs. We observed through TEM that depending 

on the type of coating, different morphologies could be obtained. For instance, ALD of very 

thin layers of TiO2 on MWCNTs forest and subsequent calcination in ambient air removes the 

MWCNTs and a final morphology with interconnected crystallized TiO2 nanoparticles is 

observed. In Chapter 6, we report on the characterization of porous metal oxides (Al2O3, TiO2, 

V2O5 and ZnO) with different morphologies formed by ALD on MWCNTs forests followed 
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by post-deposition calcination in air based on TEM results. In addition to metal oxide films, 

another possibility of the use of MWCNTs for ALD is the growth of porous metal films, for 

instance, platinum (Pt). In Chapter 7, we present results from the TEM characterizations of 

ALD processed Pt on MWCNTs forests and reveal the formation of a 3D network comprising 

pure self-supporting Pt nanowires upon removal of the MWCNTs through calcining in air. 
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Chapter 2 Electron microscopy 

Since the realization of the first TEM by Max Knoll and Ernst Ruska in 1931, much progress 

has been made in improving instruments and methods for exploring the microstructure and the 

nanostructure of the materials. Today, TEM is a very powerful technique, which allows 

investigating complex material systems at the atomic scale not only from structural, but also 

from chemical and electronic point of views. With regard to this, TEM has been the primary 

characterization method. This chapter is devoted to presenting all the TEM characterization 

techniques performed in this work. Furthermore, the experimental details of SEM and EDX 

are briefly explained. 

2.1 Scanning electron microscopy 

SEM is a method, which uses electrons for imaging of surfaces. The electrons are produced by 

a thermal emission source, such as a heated tungsten filament, or by a field emission cathode. 

The energy of the electrons can be as low as 100 eV or as high as 30 keV, depending on the 

objective of the characterization and the type of material investigated. The electrons are 

focused into a fine beam by a series of electromagnetic lenses inside the SEM column (see 

Figure 6). The scanning coils direct, position and raster the focused beam on the sample 

surface. Once the focused electrons interact with a sample, their energy is dissipated as a 

variety of signals produced by electron-sample interaction. These resulting signals include 

secondary electrons and photons (X-rays). Secondary electrons are emitted from the inelastic 

collisions of the incident electrons with the electrons in the k-orbital of the specimen’s atoms. 

Once the secondary electrons that escape the surface of the sample are collected by a detector, 

they are used for imaging the morphology and topography of samples. An example of a SEM 

image acquired by the collection of secondary electrons is given in Figure 6-right. Similarly, 

X-rays are generated by the inelastic collisions of the incident electrons with electrons in 

discrete orbitals (shells) of atoms in the sample. As the incident electrons knock out in 

discrete orbitals (shells) of atoms in the sample, outer shell electrons go to these emptied 

lower energy states, and upon this, they yield X-rays that are of a fixed wavelength related to 

the difference in energy levels of electrons in different shells for a given element. These 

characteristic X-rays are used for chemical analysis, known as energy-dispersive X-ray 
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spectroscopy (EDX). Nowadays, qualitative and quantitative chemical analysis information 

can be obtained using SEM accompanied with EDX. Figure 6-left presents an example of 

EDX elemental mapping from a region specified by the SEM image given on the right. 

 

Figure 6 Schematic overview of the column of a SEM
67

. 

2.2 Transmission electron microscopy 

2.2.1 Sample preparation 

In TEM, a high-energy electron beam interacts with a specimen, through which the structure 

and composition of the materials can be investigated. One of the most important challenges in 

TEM is to use samples that are sufficiently thin to allow the transmission of electrons. 

Furthermore, the surface roughness of the samples should be negligible. Therefore, TEM 

sample preparation is often a very critical step in determining the quality and precision of the 

final TEM results
68

. TEM samples can be prepared by a variety of techniques, including 

crushing, mechanical polishing, dimpling, electro polishing, ion-beam milling, and focused 

ion beam (FIB) milling. Among these, crushing, ion-beam milling and FIB milling are 

popular techniques to prepare TEM samples, which were also employed often to the materials 

investigated in this thesis. 
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Crushing 

Crushing materials for TEM sample preparation is a widely used and straightforward 

technique. The advantage of crushing a sample is that there is a higher chance of obtaining 

thin regions which can be used for TEM investigation. The sample is first crushed in an 

agitate mortar in the presence of a solution, usually ethanol. Next, this solution is dispersed 

using ultrasonication in order to minimize any agglomeration of the particles. The solution is 

then drop-casted onto a carbon-coated copper grid (holey carbon grid). The grid is dried on a 

filter paper under an infrared lamp, after which it can be used for TEM investigation.  

Ion-beam milling 

Ion-beam milling is a sputtering process commonly used for preparing TEM samples from 

thin films consisting of metals, semiconductors, insulator, or even a combination of these 

materials. Using this technique, energetic (~5 keV) neutral atoms and argon ions from a 

cathode impinge on the disc (or target) under a small angle (~5-8°). This causes the removal 

of the atoms of the target, and leads to thinning of the ion beam exposed area
69

. Electron 

transparency is obtained at the edges near this perforation. The energy and nature of the ions, 

the beam current, angle of incidence and nature of the sample are important parameters in 

controlling the thinning rate. Through this method, plan-view or cross-sectional TEM sample 

can be prepared, and both will be discussed briefly in the following sections. 

Ion-beam milling: Plan-view sample preparation 

The main steps of the plan-view sample preparation technique are schematically shown in 

Figure 7-(A). TEM discs (3*3 mm squares) are obtained by cutting the samples either using a 

diamond wire or a diamond tip pen. The discs are wax-bonded to a glass slide of a holder, 

where it needs to be mechanically polished. Either one or both sides of the discs can be 

polished until a final thickness of about ~30 µm is reached. Next, the material is bonded 

carefully on a copper grid having a single hole of about 1.5-2.0 mm hole diameter. The ion-

milling is done by keeping both ion guns at the top at ~ 5˚ until an electron transparent region 

is obtained.  
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Ion-beam milling: Cross-section sample preparation 

Cross-section TEM specimens are prepared by vertical polishing of the samples to obtain 

TEM specimens which can be imaged in cross-sectional view. The main steps of the cross-

section sample preparation technique are schematically shown in Figure 7-(B). In this case, a 

sandwich structure is formed by gluing supporting materials (glass, Si wafer pieces, etc.) on 

both sides of the sample. TEM discs (3*3 mm squares) are obtained from cutting the 

sandwich structure by using a diamond wire.  The disc from the sandwich structure is then 

wax-mounted to the base of the tripod polisher. The mechanical polishing and ion-milling 

steps are accomplished in the same manner, as explained previously for plan-view sample 

preparation. 

 

Figure 7 Schematic illustration of (A) plan-view and (B) cross-section ion milling TEM 

sample preparation techniques. 

The combination of the two materials systems in nanomaterials promises superior 

performance compared to the isolated systems
70

. In these materials, the interface between 

each component plays a key role for the final performance. Both plan-view and cross-
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sectional TEM are keys to understand the structure of this interface. However, the above 

explained sample preparation techniques are rarely used for nanomaterials consisting of 

several components. This is due to several factors. For instance, the TEM sample preparation 

through ion-milling is time-consuming. In addition, it includes gluing of the specimen, baking 

the material, and the application of organic solvents such as acetone which potentially 

jeopardize the stability of organic materials, such as carbon
71

. In this thesis, it will be shown 

that the structure of the organic component embedded in a hybrid material system can still be 

preserved by conventional TEM sample preparation with final broad beam argon ion milling, 

and that adequate ion-milled TEM samples can be prepared from such complex material 

systems. 

Focused-ion beam 

FIB milling has been widely used in materials science to prepare TEM samples, thanks to its 

site-specific approach. Using FIB, it is also possible to prepare TEM lamellas from materials 

with complex morphologies, as will be shown in Chapter 3. Nowadays, a FIB is mostly 

combined with an electron and ion beam columns, yielding a so-called FIB/SEM Dual beam 

system, in which Ga
+
 ions are the most common FIB sources. In a dual-beam FIB system the 

electron column is usually vertically aligned, whereas the ion column is positioned under an 

angle of 52° with respect to the electron column. In addition, several other tools can be 

integrated into FIB, such as a gas-injection system (GIS) or a microprobe (see Figure 8-(A)). 

At the beginning, a Pt layer is deposited on the area where the TEM lamella is to be prepared 

(see Figure 8-(B)), which aims at minimizing the damages of the surface features during ion 

milling process. Trenches are milled around the Pt protection layer (see Figure 8-(B)), and the 

lamella is released from the bottom. The probe is then inserted as shown in Figure 8-(C). The 

micro-probe is connected to the lamella by depositing Pt. After the edge is released from the 

bulk by ion-milling, the lamella is picked up by the probe, as shown in inset given at Figure 8-

(C). By moving the probe and the sample stage, the lamella is transferred to a TEM grid 

dedicated for FIB. When the attachment of the lamella to the grid is carried out by Pt 

deposition, the probe is released from the lamella. The lamella at this step is milled by ion 

beam from both sides to achieve electron transparency (see Figure 8-(D)).  
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Figure 8 (A-D) SEM images depicting the main steps of FIB procedure: (A) A Pt protection 

layer is deposited onto the sample surface; (B) trenches are milled around the lamella; (C) the 

probe is attached to the lamella by Pt deposition, and then the lamella is released from the 

bulk (inset); (D) The lamella is attached to the grid to be milled by focused ion beam to obtain 

electron transparency. 

2.2.2 Transmission electron microscopy techniques 

TEM is a powerful tool to investigate the morphology, structure and composition of materials 

at the nano-scale. In general, TEM uses similar working principles as optical microscopy. For 

instance, an optical microscope uses light and optical lenses to magnify images of a given 

sample, whereas a TEM uses electrons and electromagnetic lenses. The resolution of the 

optical microscope is restricted by the wavelength of visible light, which prevents it from 

obtaining atomic-resolution imaging. In case of TEM, high energy electrons have wavelength 

smaller than 1 Å. This makes the attainable resolution of a TEM much better than that of an 

optical microscope. This comparison of resolution between an optical microscope and a TEM 

can be understood by the formula: 

𝑑 =
λ

2𝑛 sin 𝜃
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where n is the refractive index (which is 1 in the vacuum of an electron microscope), d is  the 

minimum distance at which the points can be distinguished as individuals, θ is the half angle 

of the pencil of light that enters the objective and λ is the wavelength. Visible light ranges in 

wavelength from the long red waves (= 760 nm) to the short blue/violet waves (= 400 nm). 

Therefore, the best resolution that can be achieved by light microscopes is about 200 nm. In 

case of electrons, the wavelength of an electron, λ, is approximately equal to: 

𝜆 =
ℎ

√2𝑚𝑒𝑉
 

where h is Planck’s constant (6.626x10
-34

 J seconds), m is the mass of an electron (9.1x10
-31

 

kg) and e is the charge of an electron (1.6x10
-19

) if the electrons are accelerated in an electric 

potential, V. By taking into account the relativistic effects the wavelength at 100 keV, 200 

keV, and 300 keV operating voltages in electron microscopes can be calculated as 3.70 pm, 

2.51 pm and 1.96 pm, respectively. Therefore, resolution in sub-angstrom levels is reachable 

with the TEM. However, in most cases the resolution is practically limited to ~1 Å due to 

several factors, such as the lens aberrations in electron microscopes, the necessity for a very 

thin sample, the drift and the vibrations experienced by the TEM samples during their 

characterization, etc. 

In TEM, high energy electrons are emitted by a source (electron gun) and they are focused 

and magnified by a system of electromagnetic lenses. The electron beam is condensed onto 

the sample by the condenser lenses, which control the brightness of the beam. The condenser 

aperture controls the fraction of the beam which is allowed to reach the specimen. On the 

other side of the sample, the objective lens forms an initial image, which is subsequently 

magnified
72

. The interactions which occur during the collision of the electron beam with the 

sample will lead to (see Figure 9) backscattered electrons, secondary electrons, coherent 

elastic scattered electrons, incoherent inelastic electrons, incoherent elastic forward scattered 

electrons, characteristic and Bremsstrahlung X-rays, Auger electrons, visible and ultraviolet 

(UV) lights, etc. In principle all these by-products of the primary beam interaction can be used 

to derive information on the nature of the specimen. In order to obtain information concerning 

different aspects of a given specimen, a variety of TEM techniques has been developed. All 

the imaging and spectroscopic TEM techniques, such as HRTEM, STEM or EDX, which 
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were used in this thesis, are explained briefly in this section. A more extended explanation of 

different microscopy techniques can be found in several textbooks
73,74

. 

 

Figure 9 Overview of the signals generated when an electron beam interacts with a (relatively) 

thin specimen. 

Bright field transmission electron microscopy  

When using this method, the sample is imaged using a parallel electron beam and the image 

plane of the objective lens acts as the object plane for the intermediate lenses. An objective 

aperture with a given diameter placed in the back focal plane is typically used to select the 

electrons that can contribute to the image. In bright field TEM (BFTEM) imaging mode, the 

image contrast is influenced by several mechanisms. For example, denser areas or areas 

containing heavier elements appear darker due to scattering of the electrons to angles 

excluded by the objective aperture, which is known as mass-thickness contrast. In addition, 

scattering from crystal planes introduces diffraction contrast, which depends on the 

orientation of a crystalline area in the sample with respect to the electron beam. Due to 

diffraction contrast mechanism, a sample consisting of randomly oriented crystals will yield 

TEM images with varying contrast levels, since each crystal will have its own grey-level 

related to its orientation with respect to the electron beam. This enables one to distinguish 

different sites of a sample from each other in terms of crystallinity as well as crystal defects. 

Electron diffraction 

In crystalline materials, electron diffraction occurs as the electron beam is diffracted by the 

crystal lattice at specific angles. This will yield a diffraction pattern, which is characteristic 

for the studied crystalline material. The projector and intermediate lenses below the objective 
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lens are used to focus and magnify the diffraction pattern onto a fluorescent screen or a 

charge-coupled device (CCD) camera, which converts the electrons into visible light signal. 

The spacing between the diffraction spots in a diffraction pattern is directly linked to the inter-

planar distances in the crystalline material, which is governed by the Bragg's law: 

2𝑑 sin 𝜃 = λ 

In this formula, λ corresponds to the wavelength of the electrons, θ is the angle of incidence 

with respect to a set of crystallographic planes, d is the interplanar spacing of the atomic 

planes and constructive interference occurs when n is an integer. The angles and distances 

between the reflections (the values of θ and d) together with the presence or absence of certain 

reflections can be used to identify the crystal structure and orientation of a sample. In case of 

polycrystalline materials, the collection of the diffraction spots will yield rings, whose radii 

can also be used to identify the material investigated. 

High resolution transmission electron microscopy 

HRTEM is an important and widely used technique in TEM. Unlike low/medium 

magnification BFTEM, which employs mass-thickness or diffraction contrast, as mentioned 

previously, in HRTEM phase contrast is employed to show lattice fringes and atomic 

structures. Phase contrast occurs due to the interaction of an electron wave with thin 

specimens. This results in a phase shift of the electron wave due to the difference in inner 

potential of the material with respect to the vacuum, or of a specimen detail with respect to the 

surrounding matrix. As a result, a lattice image is formed. An example of a HRTEM image is 

given in Figure 10. From this image, the lattice fringes can be observed clearly from a 

crystalline TiO2 nanoparticle. In general, phase-contrast images can be difficult to interpret 

since the contrast is sensitive to many factors including sample thickness, orientation, 

scattering factor and changes in the astigmatism and focus of the objective lens. Therefore, the 

lattice fringes are not direct images of the atomic structure but can give information on the 

lattice spacing and atomic structure of the crystal. To understand and interpret the 

experimental HRTEM images, image simulation is necessary. The detailed theoretical 

description on the formation and simulation of HRTEM images can be found in several 

textbooks
73,74

. 



CHAPTER 2 

26 

 

 

Figure 10 HRTEM image acquired from a TiO2 nanoparticle depicts the lattice fringes. 

Scanning transmission electron microscopy 

Unlike TEM modes such as BFTEM and HRTEM in which a parallel electron beam is used, 

scanning transmission electron microscopy (STEM) mode makes use of a nano-sized probe, 

which is scanned across an area of interest. Upon interaction, the electrons are either 

transmitted through the specimen, or they interact with it. Another possibility is that they may 

be scattered to high angles (deflected by an angle (β)). This scattering can occur with or 

without a corresponding loss of energy of the electrons. The electrons that lose energy when 

deflected through the sample are inelastically scattered, while those that do not undergo a loss 

of energy are elastically scattered. In STEM imaging mode, the elastically scattered electrons 

are used. These electrons are scattered at an angle θ and are detected by either a bright field 

(θ<10 mrad) or annular dark field (10 mrad<θ<50 mrad) (ADF, usually a ring shaped 

scintillation detector to which a photomultiplier is attached) detector, as shown in Figure 11. 

For electrons scattered to high-angles (θ>50 mrad), the intensity is almost proportional to the 

square of the atomic number, Z
2
, so that the strong chemical contrast (Z-contrast) is obtained. 

This type of imaging is referred to as high-angle ADF-STEM (HAADF-STEM)
75

. When 

using HAADF-STEM mode, one of the main advantages over ADF-STEM and BF-STEM is 

that Bragg effects are avoided, since the HAADF detector only gathers electrons scattered to 

very high angles (θ>50 mrad). Therefore, the strength of scattering is not strongly influenced 
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by diffraction. Often, scanning a probe in STEM mode may help to reduce specimen damage 

as the beam is not positioned at a specific specimen region for a long period of time
76

. This 

was found to be quite advantageous, especially for the investigation of organic 

nanomaterials
77

. 

 

Figure 11 Scheme of the HAADF detector setup for Z-contrast imaging in a STEM. 

Energy dispersive X-ray spectroscopy 

The chemical investigation of a sample can be performed by the analysis of X-rays that are 

formed as a result of the interaction between the electrons and the sample. This technique is 

referred to as EDX. Through the combination of TEM imaging modes such as BFTEM or 

STEM with EDX, the presence of elements with atomic numbers between 4 (Be) and 92 (U) 

can be analysed and mapped. Especially the combination of EDX and HAADF-STEM 

imaging is nowadays widely performed. For instance, EDX-STEM can allow the 

identification of the coating materials deposited onto CNSs and CNTs templates with a site-

specific approach, as will be shown in Part II of this thesis. 

EDX analysis using a traditional single detector designs based on Si(Li) or SDD detectors has 

become a routine application. However, these detector systems usually suffer from the low 

collection efficiency of X-rays. To overcome this, the beam needs to be positioned on 

specimen regions for a relatively long time to obtain a significant signal-to-noise level 

(usually in the order of a few seconds at each pixel). This could result in specimen damage 

and become problematic, especially during the characterization of carbonaceous 

nanomaterials, which are prone to such electron beam induced damages. 
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Recently, a new EDX detector system (ChemiSTEM SuperX, FEI Company) was 

introduced
78

. In this system, there are four silicon-drift detectors placed symmetrically around 

the specimen in a specially designed objective lens
78

 (see Figure 12). Chemical mapping with 

this new type of detector system resolves many of the current problems of EDX analysis and 

enables the acquisition of chemical maps of many elements at high count rates
78

. Since EDX 

maps can now be obtained using much smaller acquisition times, HAADF-STEM tomography 

can also be coupled with EDX. In this manner, 3D chemical analysis of nanomaterials 

becomes possible. An application of EDX-STEM tomography will be presented and discussed 

in Chapter 3. 

 

Figure 12 A schematic of the symmetrically arranged four EDX detectors around the 

specimen 

Electron energy-loss spectroscopy 

Electron energy-loss spectroscopy (EELS) is a TEM method, which measures the amount of 

inelastic energy lost by the electrons due to their interaction with the sample
79

. The amount of 

the lost energy yields information concerning the composition and chemical properties of the 

investigated sample. For EELS, TEM should be equipped with a spectrometer either 

integrated into the column (in-column filter) or mounted under the projection chamber (post-

column filter). Electrons which enter the spectrometer after their interaction with the sample 

are dispersed by a magnetic prism according to the amount of energy they lost in the 

scattering process
80

. With an increasing electron energy loss, the deflection angle of the 
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electrons increases (see Figure 13). In this manner, a spectrum can be acquired. This spectrum 

consists of zero-loss, low-loss and core-loss regions. The first peak, which is observed at 0 

eV, is referred to as zero-loss peak and it arises from the electrons that are transmitted without 

suffering a measurable energy loss. The low-loss region of an EELS spectrum, extending 

from 0 to ~50eV, corresponds to the excitation of electrons in the outermost atomic orbitals. 

The main contribution to the low-loss region stems from plasmon oscillations of the valence 

electrons. The high-loss (core-loss) portion of an EELS spectrum above ~50 eV contains 

information from inelastic interactions with the inner or core shells, providing chemical 

information from the more tightly bound, core-shell electrons and contains details about the 

bonding and atomic distribution. 

 

Figure 13 Schematic diagram showing the key components of electron energy-loss 

spectrometer
80

. 

EELS combined with STEM is nowadays used to detect single atoms, produce elemental 

maps with atomic resolution and explore the nature of the atomic bonds in many types of 

materials
81

. In this approach, either a line spectrum or a 2D spectrum image can be acquired. 

The EELS energy resolution that can be attained at medium primary voltages (100–300 kV) is 

approximately 0.1–0.5 eV with the use of monochromators. 

Energy-filtered transmission electron microscopy 

The most straightforward approach for elemental mapping by EELS is through the use of 

energy filtered transmission electron microscopy (EFTEM). In EFTEM, the parallel beam 
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imaging mode in TEM is coupled with the principles of EELS
82

, and the elemental mapping 

of different elements can be obtained using the energy-loss electron contributing to their 

ionization edges. Elemental mapping requires one or two pre-edge images and a post-edge 

image acquired for each element in the two-window or three window methods. The three-

window method is more advantageous than the two-window method in the sense that it 

records two pre-edge images instead of one at a slightly different energy loss and determines 

the background at each pixel. Next, the background is fitted according to an inverse power 

law at each pixel in the two pre-edge images. The elemental map is finally generated by 

subtracting an extrapolated background from the post-edge image, which gives an accurate 

elemental map. This image can be used to estimate the concentration of a given element. An 

example of an EFTEM elemental map depicting the carbon and titanium contents of the 

nanosheets is presented in Figure 14. 

 

Figure 14 Carbon and titanium contents of the nanosheets are presented in the color-coded 

EFTEM elemental map.  

Electron tomography 

TEM is a very useful technique to determine the structure, morphology and composition of 

nanoparticles both in a qualitative and quantitative manner. However, one should never forget 

that the technique only provides 2D projections of a 3D object. This problem can be overcome 

by combining TEM with tomography, leading to electron tomography. Electron tomography 
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is a method which allows obtaining information from the interior as well as the exterior of a 

specimen using its 2D projections. 

The initial step in an electron tomography experiment is to acquire a series of images of a 

sample recorded at different tilt angles. These images can be collected using different TEM 

modes. For instance, BFTEM and HAADF-STEM tomography are commonly performed in 

materials science to obtain the 3D morphologies of the nanomaterials. However, tomographic 

reconstruction is based on the assumption that the images acquired are ‘true projections of 

structure’. In other words, the intensity in the images must show, at least, a monotonic 

relationship with some function of the thickness or density of the structure
83

. This requirement 

is known as the “projection requirement”
84

. In particular, dynamic diffraction in crystalline 

materials violates the projection requirement in BFTEM images, since image intensities no 

longer increase monotonically with sample thickness
85

 due to the diffraction contrast. As a 

result, for most crystalline samples in the physical sciences, HAADF-STEM tomography is 

preferred over BFTEM tomography. 

During the acquisition of a tilt series, projections are recorded every few degrees by tilting the 

specimen over a certain angular range. Preferably, this angular step size is as small as 

possible. However, for beam sensitive samples the step size is often increased to minimize the 

total acquisition time and thus to reduce electron beam damage. On the other hand, the use of 

larger step sizes reduces the quality of the reconstruction. Another bottleneck during tilt series 

acquisition is the limited tilt range of the specimen because of the narrow spacing in between 

the pole pieces of the objective lens in TEM. Moreover, shadowing of the specimen can 

occur, which is caused by the edge of the holder or the clamping mechanism at high tilt angles 

in the direction of tilt. In order to overcome these limitations, dedicated tomography holders 

were fabricated. The widths of these holders were reduced (<1 mm) in order to enlarge the tilt 

range of up to 80° without the shadowing effects. 

The angular range which is not sampled in a tilt series is the so-called “missing wedge” (see 

Figure 15). The missing wedge will lead to artefacts in the final 3D reconstruction that are 

referred to as “missing wedge artifacts”. The most apparent artefact corresponds to image 

features that are elongated in the direction parallel to the electron beam
86

. Therefore, one 
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should be very careful in interpreting the results of a tomographic reconstruction based on an 

incomplete tilt series. 

 

Figure 15 Representation in Fourier space of the ensemble of projections, indicating the 

missing wedge of information brought about by a restricted tilt range. β is the tilt increment 

between successive images and α is the maximum tilt angle
87

. 

After the tilt series is acquired, the projection images should be aligned with respect to each 

other
88

. In the alignment stage, the individual images need to be shifted onto a common tilt 

axis, requiring both spatial (x-y) and rotational (θ) shifts
83

. The most popular method being 

used to align tomography series is the cross-correlation alignment
89

. Using this method, 

central peaks in Fourier Transforms of two subsequent projections are cross-correlated. Cross-

correlation to correct for shift and rotation is performed along each axis in turns iteratively 

until the best fit is found between the central peaks of two adjacent Fourier Transforms. The 

advantage of cross-correlation is that it is a relatively simple and fast procedure, and that no 

pre-treatment of the specimen (e.g. application of nanogold clusters on the specimen surface 

to be used as fiducial markers) is required
90

. 

3D reconstruction is typically carried out using one of the widely accepted algorithms, such as 

weighted-back projection (WBP) or the simultaneous iterative reconstruction technique 

(SIRT). WBP assumes that the projection images represent the amount of mass density 

encountered by imaging rays. The method simply distributes specimen mass evenly over 

computed backprojection rays. When this process is repeated for all the projection images in 

the tilt-series, backprojection rays from the different images intersect and reinforce each other 

at the points where the mass is found in the original structure. In this manner, the 3D structure 
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of the specimen is reconstructed from a series of 2D projection images
91

. The disadvantage of 

WBP is its sensitivity to the limited tilt angle and noise. In order to overcome this limitation 

and improve the reconstruction, an iterative reconstruction algorithm is proposed, i.e. SIRT 
92

. 

When using SIRT, starting from an initial estimate of the sample, the current estimate is 

refined in each iteration by reducing the distance between the measured TEM projection data 

and the projection data simulated from the current estimate
93

. This process will continue 

iteratively until the re-projections from the final reconstruction converge to the original 

projections. A previous study has shown that after 30 iterations in SIRT, the numerical 

resolutions for two tomographic measurements are very much similar
94

. Further details about 

SIRT can be found in 
92

. 

The reconstructed datasets of electron tomography require advanced software tools for the 

analysis and the visualization. Similar to 2D projections where each pixel has a grey level, in 

a 3D reconstruction the basic unit for visualization is referred to as a “voxel”. Each voxel has 

dimensions of 1 pixel at each edge of the cube and also has a grey level. The interpretation of 

the reconstruction is based on the correspondence between different grey levels in the 

reconstruction and different compositions in the original structure. The voxels of the 

reconstructed volume must be assigned to different classes, corresponding to the different 

compositions in the sample. This process is referred to as “segmentation” and is commonly 

performed either by thresholding or by manual selection. In case of the former, segmentation 

may become impossible for the cases where the grey levels of the components of 

nanomaterial are too close to each other. In such cases, manual segmentation becomes an 

option, keeping in mind that it can be time consuming and moreover subjective. More 

advanced reconstruction algorithms have therefore been proposed in which segmentation is 

part of the reconstruction process
95

. 

2.3 Transmission electron microscopy of materials comprising CNSs 

and CNTs 

In the past, materials consisting of different components have been characterized by a variety 

of techniques, and often TEM has often considered as a very useful one. Previous studies have 

shown that TEM can be performed to determine size, distribution and composition of the 



CHAPTER 2 

34 

 

components from hybrid material systems
59,60,96–99

, to identify and characterize any 

defects
5,59,100

, and to understand the failure mechanisms involved in the composites as a 

whole
101

, or in the matrix and reinforcements
102

 individually. Moreover, TEM has been used 

to gain information on the degree of bonding between different components, and to relate 

those to the properties observed from the overall structures. It is obvious that TEM and 

associated techniques are tremendously powerful characterization tools when used to 

investigate materials. However, it should also be taken into account that despite all its 

advantages, there are some limitations to the resolving power of a TEM.   

The basic limit to the resolution of a TEM is determined by the quality of the lenses
103

, which 

are prone to aberrations that need to be corrected for. Nowadays, these aberrations could be 

reduced by spherical aberration correctors, such as STEM probe correctors and TEM image 

correctors, built especially for TEM. During the last decade, a rapid development and 

implementation of aberration correction in electron optics took place, which enabled sub-

angstrom spatial resolutions. As an example, Figure 16 shows an aberration corrected high 

resolution HAADF-STEM image obtained at 120 kV from a single crystalline Si wafer which 

was used as substrate for the growth of CNSs and CNTs. From the image, it can be seen that 

an interplanar spacing of 0.136 nm can easily be distinguished with this technique. 

 

Figure 16 Aberration-corrected HAADF-STEM of single crystalline Si wafer. Bright dots 

correspond to the projections of columns of Si atoms. 
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High resolution imaging is commonly performed in both TEM and STEM modes to study 

CNSs and CNTs materials. For these materials, low-voltage HRTEM and STEM are 

attractive, since CNSs and CNTs are sensitive to beam damage via the knock-on process. 

Knock-on damage arises from the high-angle elastic scattering (deflection by the electrostatic 

field of atomic nuclei), which can transfer several eV of energy from an incident electron 

directly to a nucleus and results in the displacement of an atom from a crystal or from the 

surface
104

. For SWCNTs, the threshold for knock-on damage has been determined both 

experimentally and theoretically to be 80kV
105

. Therefore, by using low-voltage HRTEM or 

STEM, knock-on damage can be reduced or avoided
104

. Taking this into account, an 

increasing number of researchers are using low operating voltages to stay below the threshold 

value to avoid the knock-on damage. However, the characterization of materials consisting of 

metals/metal oxides and CNSs/CNTs require resolving the atomic structures of both 

components. Consequently, depending on the materials characterized and the purpose of the 

investigation, a compromise needs to be made on the knock-on damage at carbon containing 

components by using medium and high-voltages. As mentioned previously, Figure 16 shows 

an example of an aberration corrected high resolution HAADF-STEM image obtained at 120 

kV. In this example, it can be seen that the combination of aberration corrected STEM 

imaging with a medium ranged high-voltage value can be sufficient to yield the atomic 

columns of Si, which highlights the excellent image resolution of the combined technique. In 

this thesis, HRTEM and STEM characterizations were conducted to comment on the structure 

of as-grown CNSs/CNTs and to observe the crystallinity of the ALD processed layers. It will 

be hereby shown that both low and medium/high voltages are used depending on the 

necessary information to be obtained from the samples. 

Combining aberration correction, HAADF-STEM imaging and low and medium voltage 

operation modes is proving to be a powerful characterization tool for materials comprising 

carbonaceous species
104

. In this thesis, HAADF-STEM imaging accompanied with aberration 

correction is performed for atomic-resolution imaging, and HAADF-STEM accompanied with 

spectroscopy techniques, such as EELS and EDX, is used to obtain spatially resolved 

chemical characterizations. In addition, HAADF-STEM imaging is hereby preferred when 

acquiring tilt series for electron tomography experiments, both solitarily or combined with 

EDX, which is referred to as EDX-STEM tomography
106

. This is mainly due to the fact that in 
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HAADF-STEM imaging, the effects arising from the diffraction contrast and specimen 

damage during long exposure time of an electron tomography experiment are reduced, as 

mentioned previously. Furthermore, the technique enables the acquisition of EDX elemental 

maps from any specified region within the sample. 
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Part I: Introduction 

CNTs can nowadays be spun into fibers of several meters
64,65

. However, the strength of fibers 

produced by these methods is significantly reduced when compared to individual CNTs (1-2 

orders of magnitude). So far, great attention has been paid to the field of fabrication methods 

capable of producing long CNTs fibers with a high strength. An effective approach is based 

on template growth, in which CNTs are directly formed inside the pores of a self-organized 

template. In this respect, two types of templates can be used, which are anodized alumina 

(AAO) membranes and mesoporous silica. An advantage of using AAO membranes is that the 

alignment of the CNTs can be obtained during their synthesis in the direction of the gas flow 

through the large membrane pores. In Chapter 3 of this work, it will be demonstrated by TEM 

characterizations that for the first time, well aligned CNT bundles (aCNTb’s) were directly 

grown through AAO membranes by means of the catalytic CVD technique (at the KU Leuven 

by the department of materials engineering (MTM) group (Prof. Mario Seo)). 

In catalytic CVD, there are many different parameters that can affect the quality and growth 

of the CNTs. One of these parameters is the choice of the catalysts. In the past, numerous 

studies have been performed to select the ideal catalyst for the CNT growth, including Fe, Ni, 

Co or binary systems
107–110

. Selecting the proper catalyst is quite important, since these 

catalyst particles would essentially initiate the nanotube growth
108

, which in return affects the 

yield of the carbon deposit. A study on the use of a binary system of Fe-Ni catalysts for CNT 

growth has shown that the compound Fe2Ni is one of the most efficient catalysts
111

. Another 

important parameter that can change the quality and growth of CNTs is the choice of the 

precursor. The most commonly used CNT precursors are methane (CH4), ethylene (C2H4), 

acetylene (C2H2), benzene (C6H6), xylene (C8H10) and carbon monoxide (CO). It was found 

that all these hydrocarbons permit the generation of high quality CNTs, provided that optimal 

catalysts and conditions were used
112

. There are also other parameters, such as the growth 

temperature, carrier gas and gas flow rate, which are involved in the growth of CNTs. The 

effects of these parameters were also studied and can be found in earlier reports
46

. 

In this thesis, we investigated aCNTb’s, which were synthesized through the pores of AAO 

membranes by means of CCVD (at the KU Leuven by MTM group (Prof. Mario Seo)). 
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Commercial AAO membranes (Whatman®) were used with diameters of 13 mm and a 

thickness of 60 µm together with pore diameter of 20 nm at their filter-side. SEM images of 

the back- and filter-sides of a membrane are presented in Figure 17. A set of these membranes 

was directly used for catalyst impregnation. Another set is prepared by first etching in NaOH 

prior to catalyst impregnation in order to investigate the effects of etching on the adhesion of 

the catalyst particles onto the walls of AAO membranes. Subsequently, Fe2Ni catalysts were 

deposited by impregnation. 

 

Figure 17 SEM images of (A) the back- and (B) the filter-sides of the membranes with ~20 

nm pores. 

For CNT growth, the AAO membranes containing the Fe2Ni catalyst nanoparticles were 

inserted into the CVD reactor with the pores parallel to the precursor gas direction (see Figure 

18). Subsequently, the heating temperature was adjusted to 730°C, and the flows of acetylene 

and Ar2 carrier were initiated, which allowed the growth of CNTs in the cylindrical pores of 

AAO template. More details on the catalytic CVD process will be given in Chapter 3.  

 

Figure 18 Schematic representation of CVD of CNTs inside AAO pores. 
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As mentioned previously, mesoporous silica materials can also be used as templates for the 

CNT growth. These materials already attracted considerable attention during the last decade 

because of their promising applications in many fields
113,114

. A main challenge here is to 

synthesize 1-Dimensional (1D) mesoporous silica with ordered and vertical nanochannel 

structures because of their potential applications such as templates to grow functionalized 

ultrafine nanowire arrays
115,116

. In this respect, an interesting pore ordering is the hexagonal 

columnar ordering (P6m symmetry), as observed in MCM-41 and SBA-15, in which the 

mesopores of silica are accessible from the surface
117–119

. In order to synthesize mesoporous 

silica with a hexagonal columnar ordering, a template method was widely adopted
120

. 

Compared to other templates, AAO membranes are preferred due to their orderly arranged 

and vertical 1D channel structure. Previously, several research groups have synthesized 

mesoporous silica confined in the pores of the AAO templates
117,121–123

. An alternative 

approach to produce these materials is the combination of soft and hard template methods
117

: 

Ordered mesoporous silica is formed inside the macropores of AAO membranes via the soft 

templated synthesis of silica through the evaporation induced self-assembly (EISA) method. 

In general, the EISA technique has proven itself to be useful
117,121,122

. However, studies on the 

soft template part have shown that the parameters in the EISA process have great influence on 

the observed pore ordering of silica and that these parameters need to be optimized in order to 

preferentially obtain the hexagonal columnar ordering
117,121,124–129

. Once such ordering is 

obtained, the idea of using AAO membranes directly as templates for the CNT growth can be 

extended by introducing mesoporous silica into a 1D channel structure of the AAO template 

and allowing the CNT growth through the mesopores of silica material (see Figure 19). It is 

however of crucial importance that the EISA process is optimized in such a manner that the 

desired pore architecture (hexagonal columnar ordering) of mesoporous silica is obtained. 

In this thesis, we characterized mesoporous silica materials, synthesized inside the pores of 

AAO membranes by means of EISA (at KU Leuven by Dr. Filip de Clippel, Drs. Roel Locus 

and Prof. Bert Sels). Commercial AAO membranes were obtained from Whatman® anodisc 

membrane discs with diameters of 13 and 47 mm and a thickness of 60 µm. The minimum 

pore size of the AAO membranes was 200 nm at the filter-side (a top layer of few microns) 

and the back-side of the membranes contained pore diameters of about 300 nm. The EISA-
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solutions were prepared, as reportedly in the literature
122

. More details on the experimental 

procedures of the EISA process will be given in Chapter 4.  

 

Figure 19 Schematic representation of CVD of CNTs inside silica pores. 
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Chapter 3 Transmission electron microscopy study of 

aligned carbon nanotube bundles synthesized through 

anodized alumina membrane pores 

In this chapter, the structural characterization of aCNTb’s grown through AAO membrane 

pores by catalytic CVD is presented. AAO template assisted and catalytic CVD based 

synthesis of CNTs enables the production of aCNTb’s with several micrometers in length. 

Through this approach, the bundling of the CNTs takes places already during the synthesis, 

which has the potential to produce highly aligned CNT bundles with high density in one 

process that can be scaled up for industrial applications. TEM indicates that the AAO 

membrane pre-etching is here an important step in order to improve the attachment of the 

catalyst particles on the membrane side walls, which in return promotes the root growth 

process involved in the formation of individual CNTs of the bundles. 

3.1 Introduction 

The growth of CNT arrays has been realized on various substrates. Early studies reported the 

use of AAO as a template by taking advantage of its well-ordered, vertical and 1D channel 

structure
59,130–133

. Especially the possibility to achieve precise control over the diameter, 

structure and length of AAO-CNTs has motivated this research. In general, two different types 

of AAO-templates can be used for CNT growth: free-standing AAO-templates with both ends 

open, or AAO-templates with one end open and the other closed, which remain attached to a 

substrate. The growth of CNTs using the latter AAO-templates (namely one-side-open) 

mainly involves the deposition of a catalyst into the bottom of the template channel. Owing to 

the catalytic pyrolysis of hydrocarbon, a CNT gets deposited into each pore. However, this 

growth of CNT is based on the deposition of carbon atoms that graphitize on the pore wall
59

. 

The diameter of the CNT and the number of walls can be controlled by the selection of the 

AAO pore diameter and the precise growth condition, respectively. Alternatively, CNTs can 

be grown catalyzed from the catalyst surface leading to dense CNTs growing out of each 

pores
134135

. 

In contrast, the use of free-standing AAO-templates with two sides open allows the reactive 

gas accessing the whole surface of the AAO pores and enables the growth of CNTs packed 
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into a tidy array with uniform lengths
136,137

 as well as multi-branched CNTs. The analysis of 

the structural features of these revealed that the branches point in the same direction of the 

film growth
136

. The use of free-standing AAO-templates can also be advantageous for the 

continuous and large scale productions of CNTs, since the catalyst can fully be reached by the 

reaction gas as; 

(i) the gas entering direction differs from that of outgoing and 

(ii) the channel orientation is parallel with the gas flow. 

Moreover, through these advantages, the use of free-standing AAO-templates offers a solution 

to the problems observed at the other traditional methods, which benefit from the use of plain 

substrates for the growth of CNTs forests (see Figure 20-(A)) with their surface parallel to the 

gas flow direction. In such cases, the length of the synthesized CNTs is limited due to the 

obstruction of the precursor gas as a result of the as-grown CNTs, which block the diffusion 

of the excess precursor gas. In our method, such problem was overcome by means of the 

arrangement of the AAO membrane pores being parallel to the gas flow direction. Even in the 

case of thick CNTs growth, catalyst particles remain accessible to the reaction gas as the 

CNTs growth will follow the flow direction (see Figure 20-(B)). This is the novel idea of the 

SIM-Nanoforce-SBO3 project, which has not been realized by any other research group in the 

world. 

In this respect, we present here a systematic investigation to optimize this new CNTs growth 

process, which succeeded to grow high density of aCNTb’s with ultra-long length. A CNT 

bundle is here referred to as an overall structure comprising several individual CNTs formed 

within each pore of AAO membranes (see Figure 20-(B)). The method is based on catalytic 

CVD. Prior to CVD, the free-standing AAO membranes are etched in NaOH in order to 

enhance the adhesion of the Fe2Ni catalyst particles. The effect of AAO pre-etching on the 

interaction between the catalysts and the membrane is investigated by TEM. Furthermore, 

instead of placing the catalyst impregnated AAO-template into CVD reactor horizontally with 

its pores perpendicular to the gas flow direction, the AAO-template is placed vertically, so 

that the precursor passes through each and every pore of the AAO-template and the CNT 

growth initiates inside these pores. This is quite advantageous towards the use of free-standing 

AAO-templates for the CNT growth in continuous and large scale productions. In this 
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manner, multiple individual CNTs are aimed to be grown inside each of the pores of the AAO 

membrane, which then form with each other bundles following in their alignments the same 

direction with the gas flow. TEM is hereby used to demonstrate the growth of aCNTb’s and to 

reveal which type of the growth mechanism is dominant for the individual CNTs. 

 

Figure 20 The schematic overviews of the growth mechanism by (A) traditional and (B) our 

proposed growth process. 

3.2 Experimental details 

Synthesis of aligned carbon nanotube bundles  

As a starting material, commercially available AAO membranes (Whatman®) with pore 

diameters of 20 nm at their filter sides were used (see Figure 21-(A)). SEM images of these 

membranes were already presented in Figure 17. Although AAO membranes with larger pores 

can also be used, AAOs with small pore diameters are preferred, yielding CNT bundles with 

higher overall density at the membranes. Prior to catalyst nanoparticle impregnation, these 

membranes were cleaned in distilled water to remove any impurities present at their surface. 

A set of these AAO membranes were directly used for catalyst impregnation, and another set 

was prepared by first etching in NaOH solution upon cleaning (~10 minutes) and then 

washing thoroughly with distilled water. Since two sets of membranes were obtained (with or 

without NaOH etching), the effects of etching on the adhesion of the catalyst particles onto 

the walls of AAO membrane pores can be investigated. 

Subsequently, Fe2Ni nanoparticles were deposited on the inner wall of the AAO template 

pores by impregnation. This process was accomplished by immersing the AAO membranes 

into a catalyst containing solution (Fe:Ni 2:1 0.2 M in ethanol) and keeping them at 4ºC 

during 8h. To avoid the deposition of catalyst particles at the back-side (see Figure 21-(B)), 
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the membranes were placed in a beaker with back-sides facing the beaker bottom during the 

impregnation. After this step, the membranes were placed in an oven and dried at 120ºC 

during 2h for the adhesion of the catalyst particles and the evaporation of the excess catalyst 

solution. Finally, the membranes were annealed during 10 min in Ar/H2 at 700ºC. 

The catalyst containing AAO membranes were inserted into the quartz tube CVD reactor with 

back-side facing the incoming reaction gas and the pores parallel to the gas direction in the 

reactor (see Figure 21-(C)). Subsequently, the heating temperature was adjusted to 730°C, and 

a flow of acetylene was initiated at 20 mL/min and Ar2 carrier gas at 600mL/min. This step 

allowed the growth of CNTs in the cylindrical pores of AAO template by deposition of carbon 

atoms from decomposition of acetylene. After deposition, the acetylene and Ar2 flows were 

terminated, then the heating was turned off and the reactor was cooled to room temperature. 

 

Figure 21 The dimensions of the AAO membrane are schematically presented in (A). (B) 

Fe2Ni catalyst particles are impregnated into AAO membranes. (C) AAO membranes were 

placed into CVD reactor with AAO pores parallel to the precursor gas flow direction.  

Characterization techniques 

In order to resolve the surface morphology of the membranes and to observe the effects of 

pre-etching upon catalyst impregnation, the samples were first investigated using a SEM (FEI 

Quanta) operated at 10 kV. For TEM investigation, cross-section and plan-view samples were 
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prepared from the membranes prior to catalytic CVD of CNTs. The details of both cross-

section and plan-view TEM sample preparation techniques can be found in Section 2.2.1. In 

addition, FIB lamella was prepared from the AAO-CNTs sample after catalytic CVD. The 

main steps of FIB lamella preparation can also be found in Section 2.2.1.  

BFTEM, HAADF-STEM, electron tomography and EDX elemental mapping were performed 

using a FEI Tecnai Osiris operated at 200 kV. Tilt series for electron tomography was 

acquired by collecting HAADF-STEM images with tilt increments of 2° over a range of ±70° 

on cross-section TEM samples using an advanced tomography holder from Fischione 

Instruments. Automated acquisition, alignment and reconstruction of the data using the SIRT 

were carried out through the FEI Inspect3D software package. Amira (Visage Imaging 

GmbH) was used for the visualization of the reconstructed volume. 

For EDX-STEM tomography experiments, an aberration corrected cubed FEI Titan 

microscope was used for acquiring EDX elemental maps and simultaneous HAADF-STEM 

imaging operated at 200 kV, equipped with a Super-X detector for EDX analysis and an 

advanced tomography holder from Fischione Instruments (Model 2020). HAADF-STEM 

images were recorded using convergence semi-angles in the range of 21−25 mrad with a 

probe size of approximately 1 Å. The material system in our study consists of constitutional 

elements such as C, O, Al, Fe and Ni with atomic numbers (Z) of 6, 8, 13, 26 and 28, 

respectively. The elemental mappings of these elements were obtained by scanning of 

individual frames of same location and summing multiple frames with varying dwell times for 

different tilt angles. Data acquisition consisted of a STEM tomography procedure where each 

256×256 pixel EM was acquired on cross-section TEM sample for changing collection times 

using Bruker Esprit™ software together with simultaneous HAADF-STEM images. The 

elemental maps were hereby acquired at beam current of 0.2 nA. The total acquisition time 

was ∼4 h which is the total duration for simultaneous HAADF-STEM and EDX-STEM tilt 

series acquisition including the tracking/focusing. Each tomography tilt series consisted of 29 

HAADF images and EDX elemental maps acquired at the tilt range of ±70° and tilt increment 

of 5°. Alignment of the data was carried out using a cross correlation method for image shift 

and tilt alignments through the FEI Inspect3D software package. The reconstruction was 
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performed using SIRT with 25 iterations implemented in FEI Inspect3D. Amira (Visage 

Imaging GmbH) was used for visualization of the reconstructed volume. 

3.3 Results 

Representative TEM images from plan-view and cross-section TEM samples of the AAO 

membrane are presented in Figure 22-(A) and (B). From the images, it can be seen that the 

AAO membrane has highly-oriented porous structure with very uniform and nearly parallel 

pores. 

 

Figure 22 TEM images of the back-side of AAO from (A) plan-view and (B) cross-section 

samples. 

As mentioned previously, a set of AAO membranes were directly used for catalyst deposition, 

and another set was first exposed to NaOH etching whether to observe any improvements in 

the adhesion characteristics of the catalysts with the membranes. Figure 23 shows SEM 

images of these AAO membranes after the catalyst deposition. These images reveal that the 

NaOH etching process did not lead to the dissolution of the membrane. From the images, it is 

also observed that the filter-side of the AAO membrane (20 nm pore diameter) with standard 

cleaning subsequent to catalyst impregnation is almost completely covered by the catalyst 

solution, and that the pores of AAO membrane are not visible (see Figure 23-(A)). On the 

other hand, the back-side of this membrane appears to be catalyst-free, which proves that the 

placement of the membranes with the back-sides facing beaker bottom indeed hinders the 

catalysts to be deposited on the back-side. If the filter-sides of the two AAO membranes with 

different treatment conditions are compared (See Figure 23-(A) and (C)), it is observed that 

the NaOH etching process enhances the distribution of the catalyst solution onto the filter-side 

of the membrane. Moreover, the comparison of the back-sides of both of the membranes 

reveals a difference in the pore diameters (see Figure 23-(B) and (D)). It is observed that the 

membrane which was subjected to NaOH etching step has bigger pores (see Figure 23-(D)). 
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Figure 23 SEM images of AAO membranes: (A) Filter-side and (B) back-side of the AAO 

membrane (20 nm pore diameter) with standard cleaning subsequent to catalyst impregnation. 

(C) Filter-side and (D) back-side of the AAO membrane (20 nm pore diameter) with standard 

cleaning and NaOH etching subsequent to catalyst impregnation. 

In order to understand the growth of the CNTs, it is important to determine the position, 

distribution as well as the composition of the catalyst particles. Therefore, a detailed 

characterization was carried out by TEM. A HAADF-STEM image acquired near the surface 

of the filter-side of the catalyst impregnated AAO membranes (20 nm pore diameter) with 

NaOH etching is presented at Figure 24-(A). From the image, it is observed that the catalyst 

particles are concentrated in the vicinity of the membrane surface on the filter-side. Moreover, 

the study revealed that the rest of the membrane is almost entirely catalyst-free. Both findings 

confirm the SEM findings suggesting that placing the membranes with their back-sides facing 

the beaker hinders the catalyst particles being deposited on the back-sides. Next, the chemical 

composition of the membranes was studied using EDX. From EDX map collected from the 

area indicated by the HAADF-STEM image in Figure 24-(A), it is clear that the catalyst 

particles consist of iron and nickel elements, as expected (see Figure 24-(B-F)).  
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Figure 24 HAADF-STEM image (A) reveals the membrane morphology. (B) Aluminum, (C) 

oxygen, (D) iron and (E) nickel compositions of the material can be seen on (F) the EDX 

mixed color elemental map. 

In order to image the interior of the AAO pores, also crushing TEM samples were prepared 

and characterized. A BFTEM image given in Figure 25-(A) exhibits the presence of catalyst 

particles attached to AAO membrane walls. Moreover, from the HRTEM image (see Figure 

25-(B), the lattice fringes are observed, which prove the crystallinity of the catalysts. 
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Figure 25 (A) BFTEM image reveals the presence of catalysts attached to AAO membrane 

pores. (B) HRTEM image proves the crystallinity of catalyst particles. 

To investigate the 3-D structure of the material, HAADF-STEM electron tomography was 

performed. A visualization of the 3-D reconstructed volume of the catalyst deposited AAO 

membrane is presented in Figure 26. By inspecting orthoslices through the 3D reconstruction 

(see Figure 26-right), it is revealed that the catalyst particles attached to the walls of the AAO 

channels. 

 

Figure 26 Visualization of the 3-D reconstruction of the catalyst deposited membrane is given 

on the left. The slices (orthoslice) through the 3-D reconstruction from positions specified on 

the left by arrows are given on the right. The attachment of the catalysts on the AAO 

membrane pores are indicated at the orthoslices. 
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Next, the catalyst deposited membrane was placed in CVD oven with AAO pores parallel to 

the gas flow direction and the back-side of the membrane facing the incoming acetylene gas. 

In this manner, CNTs were grown inside the AAO membrane pores. The detailed description 

of the experimental procedure is provided in Section 3.2. Figure 27 presents SEM images 

after the CNTs growth. Figure 27-(A) shows that the CNTs are mostly located at the filter-

side of the membrane, and that the back-side is almost entirely CNT-free. In addition, SEM 

image given in Figure 27-(B) and (C) demonstrates that the CNTs emerging from the AAO 

membrane pores have formed bundles. These bundles are well-aligned, and their alignment 

follows same direction with the gas-flow. The latter is important because in this manner, these 

aCNTb’s can be used to obtain CNT fibers if the experimental set-up is further optimized. 

 

Figure 27 SEM images of CNTs grown through AAO membrane: (A) Cross-sectional view of 

AAO-CNTs, (B-C) aCNTb’s grown through AAO pores in direction of the gas flow. 
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Cross-sectional HAADF-STEM image obtained from a FIB sample prepared from the AAO-

CNTs after catalytic CVD is presented in Figure 28-(A). It can be observed that the aCNTb’s 

are extruding from the AAO membrane pores in the direction of the gas flow. It is also clear 

that these aCNTb’s have diameters comparable to the pore size of the AAO. In addition, the 

presence of Fe2Ni catalyst particles at the starting points of the aCNTb’s can be observed 

clearly. From the HRTEM image presented in Figure 28-(B), the graphitic layers of the 

individual CNTs of the aCNTb’s can be seen, which points at their multiwalled nature.  

 

Figure 28 (A) HAADF-STEM image acquired from a FIB sample prepared from the AAO-

CNTs. (B) HRTEM image reveals the graphitic layers of the MWCNTs.  

EDX-STEM tomography was applied to investigate the composition of the AAO-CNTs. The 

results are presented in Figure 29. 3D reconstructions were generated by processing of Al, C 

and Fe elemental map tilt series of Kα X-ray ionization edges. From the results, it is obvious 

that the catalyst particles are mostly located at the start of the aCNTb’s, indicating that the 

root growth mechanism is dominant over the tip growth mechanism on the CNTs. 
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Figure 29 Volume rendered 3D visualization of EDX-STEM reconstruction: superimposition 

of 3D elemental distributions of Fe, Al and C. 

3.4 Discussion 

As stated previously, commercially available AAO membranes, which were used as the 

catalyst support, have highly-oriented porous structure with very uniform and nearly parallel 

pores normal to the surface of the AAO membrane (see Figure 22-(A) and (B)). These 

features are quite advantageous, since it is expected that the structure of these pores have an 

effect on the orientation and the arrangement of the aCNTb’s. 

Previous studies have shown that the support material plays an important role in yielding 

high-quality CNTs. Up till now, various support materials have been tested for the CVD of 

CNTs. In general, Al2O3 has been observed to be a superior support compared to SiO2, TiN or 

TiO2 materials
148,149

, which is appointed to the stronger chemical interaction between Al2O3 

and the metal catalysts
111

. Moreover, it was previously shown that the influence of the 

alumina support on the growth of CNTs can be tuned by controlling the acid-base character of 
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the support surface
140

. In this respect, acid and base properties of the AAO membranes were 

modified by immersing them into the catalyst solution with a pH adjusted between 4 and 12 

by the addition of HCl or NH4OH and keeping them for 12 hours at 60ºC. However, it was 

observed that this process would lead to the dissolution of the AAO membranes both in strong 

acid (pH=4) or base solutions (pH=12). This is attributed to the highly porous nature of the 

material, since these solutions enter the AAO channels and etch away material from the inside 

of the channels, which weakens the membrane. Therefore, such long exposures of these 

membranes to strong acid/base solutions eventually lead to their dissolution. A solution to this 

problem was proposed by the NaOH etching for a much shorter period of time (5-15 minutes). 

In this respect, the SEM images (see Figure 23-(C) and (D)) revealed that the NaOH etching 

process did not lead to the dissolution of the membrane. Moreover, the comparison of the both 

filter- and back-sides of the membrane reveals a difference in the pore diameters (see Figure 

23-(A-D)). This is attributed to the fact that the additional NaOH etching process would yield 

a greater pore/surface ratio on the membranes, since this process would lead to the removal of 

the material from the membrane walls, which could also help the catalyst solution penetrate 

into the narrow AAO channels (20 nm). 

SEM characterization of AAO after the CNTs growth (see Figure 27-(A)) has revealed that 

the CNTs are mostly located at the filter-side of the membrane, and that the back-side is 

almost entirely CNT-free. This is attributed to the distribution of catalyst particles, being 

located mostly at the filter-side. Once the acetylene precursor enters the membrane pores from 

AAO back-side, it would lead to the CNT growth presumably when it encounters a catalyst 

particle on its path. This is more likely to occur at the filter-side as a result of the high 

concentration of the catalysts in this region. In this manner, the obstruction of the precursor 

gas due to the possibility of obtaining as-grown CNTs at the back side is also hindered, and 

aCNTb’s were mostly grown on the filter side of the membranes. 

For CNTs, two different growth mechanisms can occur depending on the catalyst-support 

interaction (see Figure 4-(B) and (C)). The tip-growth, where the catalyst is lifted off the 

support while CNT grows, takes place when the metal-support interaction is weak. In contrast, 

the root growth process occurs, when the metal-support contact is preserved and the catalyst 

particles remain on the support during the CNT growth
111

. In our case, tip growth is not 
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desirable, since one wants to avoid that the catalyst particles would be present inside the 

aCNTb’s. These would represent weak structural points, finally leading to a reduced strength. 

Therefore, it is of crucial importance to understand which growth mechanism was more 

dominant during the growth of the aCNTb’s. In this respect, the results from EDX-STEM 

tomography experiments (see Figure 29) revealed that that the catalyst particles are mostly 

located at the start of the aCNTb’s, indicating that the root growth mechanism is dominant 

over the tip growth mechanism on the CNTs.  

Previously, several groups have attempted to produce aligned fibers consisting of long CNTs 

with various approaches. For instance, fibers were produced in a continuous manner by 

mechanically drawing  CNTs directly from the gaseous reaction zone of a CVD oven using a 

liquid source of carbon and an iron nanocatalyst
64

. Preliminary mechanical measurements of 

these materials indicated that the fibers have a range of strengths, dependent on process 

conditions, between 0.10 and 1.0 GPa. In another study, multi-ply and torque-stabilized yarns 

were obtained by introducing twist during spinning of multiwalled CNTs from as-grown 

nanotube forests
65

. Here, the achieved yarns had strengths at around 0.46 GPa. When 

compared to the strength of individual MWCNTs (11 to 63 GPa
141

), these strength values are 

quite low. One of the main reasons for such lower strength is that the fibers formed through 

both approaches consist of individual CNTs, which are very short when compared to the final 

length of the formed fiber. Since the toughness of the fibers is mainly determined by the 

length of the individual CNTs composing them, the strength of the fibers diminishes 

drastically with the reduced length of CNTs. In addition, in the former approach 5-10% metal 

catalyst particles are present in between the individual CNTs. These metal catalyst particles 

embedded in CNT bundles also represent weak structural points leading to a reduced strength, 

as mentioned previously. The approach described here can be considered as an alternative 

way to produce highly aligned CNT fibers without the major drawbacks of the currently 

existing technologies, such as the presence of catalyst particles and limited length of CNTs. 

For instance, a possible approach would be that these aCNTb’s can be mechanically drawn 

during their synthesis at the filter-side by a spindle from the reaction zone continuously while 

the precursor gas is introduced into the system. In this manner, aligned CNT fibers can be 

formed.  
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3.5 Conclusions 

In conclusion, TEM characterizations showed that a large-scale synthesis of aCNTb’s 

standing perpendicularly to the AAO substrate aligned with respect to the precursor flow 

direction was achieved. The CNTs were grown by catalytic CVD of acetylene from Fe2Ni 

particles deposited onto the walls of AAO membrane pores via impregnation. Prior to catalyst 

deposition, NaOH etching was used to enhance the adhesion of the catalyst particles. TEM 

revealed that a preferential deposition of the catalysts was present at the filter-side of the 

membrane obtained by placing the membrane into catalyst solution with the back-side facing 

the beaker bottom before adding the catalyst solution. The position, distribution and chemical 

analysis of the catalyst particles was furthermore investigated by advanced TEM techniques, 

such as electron tomography and EDX analysis. The results showed that the Fe2Ni 

nanoparticles are randomly dispersed inside the pores of AAO attached to the membrane 

walls, mostly concentrated at the filter-side. Moreover, EDX-STEM tomography results were 

used to confirm that the growth mechanism of the CNTs corresponds to the root growth. This 

newly developed CNT growth method has a high potential as it may produce CNT bundles in 

a one-step process, which can be scaled up in a straightforward manner for industrial 

applications. 
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Chapter 4 Characterization of hierarchical mesoporous 

silica synthesized through anodized alumina membranes 

The incorporation of aluminum into hierarchical mesoporous membranes (HMMs) was 

studied by TEM. The HMMs were synthesized by a combination of hard and soft templating 

methods, forming mesoporous silica columns inside the pores of AAO membranes via EISA. 

TEM analysis showed that the incorporation of aluminum into the HMMs led to a change in 

the mesopore ordering of silica from circular hexagonal (donut-like) to columnar hexagonal. 

The columnar mesopore ordering of silica is advantageous towards the pore accessibility and 

is therefore preferential for many possible applications, including their use as templates for 

aCNTb’s growth. 

4.1 Introduction 

Due to their thermal, chemical and mechanical stability, as well as high specific surface area, 

ordered mesoporous silica systems (OMSs) synthesized within the channels of AAO 

membranes are widely used in many applications, such as drug adsorption and release
114

, 

controlled separation and release of molecules
142

, or fabrication of highly ordered 

mesostructured nanowires and nanowire arrays
115

. During the past decades, different synthesis 

methods of OMSs confined in AAO pores have been proposed. One of the main demands in 

this field is to obtain OMSs with preferentially oriented channel structures at the nanoscale
117

. 

An interesting pore ordering in view of materials applications is the hexagonal columnar 

ordering (P6m symmetry), as observed in MCM-41 and SBA-15, in which the mesopores of 

silica are accessible from the surface of the materials
117–119

. Such pore architecture is also 

advantageous towards their use as templates for aCNTb’s growth, provided that they are in 

parallel with the pores of AAO membranes. 

So far, great progress has been made during the preparation of silica columns inside AAO 

membrane pores
143–145

. An alternative manner to produce hexagonally ordered mesoporous 

silica systems is the combination of soft and hard template methods
117

: OMSs are formed 

inside the macropores of AAO membranes via the soft templated synthesis of silica through 

the EISA method, in which micelles of surface active agents (surfactants) act as a structure 

directing agent. It was already shown that in such synthesis route the size of the AAO pores 
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has a major influence in the mesopore ordering
146

. On the other hand, studies on the soft 

template part are fundamentally focused on the parameters of the EISA process
117,121,124–129

, 

where different surfactants such as ionic hexadecyl-trimethyl-ammonium bromide (CTAB), 

nonionic block copolymers Pluronic P-123 or Brij 56 were tested. Earlier reports indicated 

that the use of CTAB as surfactant promotes mainly the columnar hexagonal mesophase 

formation
124,125

, whereas the use of nonionic block copolymers Pluronic P-123 or Brij 56 

favour more the mixed phases 
121,126

. For the latter, the in-situ grazing-incidence small-angle 

X-ray scattering (SAXS) and TEM studies suggested that at the initial steps of the synthesis, 

the circular hexagonal phases are favoured. The circular hexagonal phases are then 

transformed into more thermodynamically stable phases, such as the columnar hexagonal and 

lamellar mesophases either during solvent evaporation or during the period of constant sample 

weight (until about 45 and 60 min after immersing the membranes in synthesis solution for 

the samples at 20 and 60% relative humidity, respectively). Therefore, these phase transitions 

are strongly dependent on the relative humidity and on the amount of water present during the 

aging process
121

. In general, the EISA technique has proven itself to be useful for the 

synthesis of OMSs inside the AAO membranes. The materials systems produced in this 

manner also offer the possibility of functionalization through the incorporation of different 

heteroatoms, such as aluminum
147

, or organic groups in the silica
148

. In case of aluminium, it 

is additionally possible to obtain the desired columnar hexagonal mesophase without the 

control over the relative humidity, as will be discussed here. 

To optimize the synthesis of OMSs in an efficient manner, it is of crucial importance to 

carefully characterize the HMMs and to study the connection between different synthesis 

parameters and the resulting structure. One of the main challenges here is that HMMs contain 

only a very small fraction of silica material yielding mesopores with diameters of only a few 

nanometres. TEM is therefore a valuable technique to investigate the structure of these 

materials at nano-scale 
120,123,149

. Here we used different TEM techniques to investigate the 

tailored synthesis of hierarchical mesoporous membranes by the EISA process, which enables 

the production of silica columns inside the vertical channels of AAO membranes. We 

demonstrate that the incorporation of aluminium in the mesoporous silica phase results in a 

structure with a preferential orientation of the silica columns shifting from circular hexagonal 

towards columnar hexagonal without controlling of the relative humidity. 
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4.2 Experimental Procedures 

Evaporation induced self-assembly (EISA) 

The EISA-solutions were prepared (KU Leuven), as reported by Bein et al
122

, from 3.0 g of 

0.2 M HCl solution that was mixed with 1.8 g (0.1 mol) of distilled water in a glass bottle. 

Next, 2.08 g (0.01 mol) of tetraethoxysilane (TEOS) and 3.95 g (0.086 mol) of ethanol were 

added to this solution. This mixture was prehydrolyzed at 60 °C for 1 h and then cooled to 

room temperature. In an additional glass bottle, 0.750 g of pluronic P123 (0.13 mmol) was 

mixed with 11.85 g of ethanol. These two solutions were then mixed with the addition of 42.5 

mg LiCl (1 mmol). For Al-incorporation into the solutions, the 0.01 mol of TEOS (above 

mentioned) was replaced by mixtures of TEOS and Al-isopropoxide (AliPO) with Si/Al molar 

ratios of 50/1   and 100/1. To ensure a full dissolution the AliPO was added to the HCl-H2O 

mixture first and heated overnight at 80 °C. The mixture was cooled to room temperature 

before TEOS and ethanol are added. 

AAO membranes were obtained from Whatman® anodisc membrane discs with a diameter of 

13 mm and a thickness of 60 µm. The minimum pore size of the AAO membranes was 200 

nm at the filter-side (a top layer of few microns) and the back-side of the membranes 

contained pore diameters of about 300 nm. The AAO membranes were placed on Teflon 

Swagelok® ferrules (¼ in) for easy recuperation after the synthesis with the back-side (with 

~300 nm pore size) facing upwards. 1 mL and 0.1 mL of the EISA solutions were dropped 

onto the back-side, respectively. In the remainder of this chapter, the back- and the filter-side 

of the membrane are referred as the casting and the non-casting side. The membranes were 

aged overnight in an oven at 30 °C without controlled relative humidity in contrast to  earlier 

reports
122

. After carefully removing the HMMs from the ferrules, the samples were calcined in 

two steps: 1 °/min to 80 °C (stay 12 h) and then 1 °/min to 550 °C (stay 8 h). For 

simplification, 100 % Si HMMs is denoted as HMM-Si. HMMs with a Si/Al ratio of 50/1and 

100/1 are denoted as HMM-50/1 and HMM-100/1, respectively.  
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Sample preparation for transmission electron microscopy 

For TEM investigation, dedicated sample preparation was applied to obtain electron 

transparent TEM samples. Plan-view TEM samples (electron beam parallel with the AAO-

pores) were prepared by gluing the AAO-silica material onto a TEM sample preparation 

holder with the pores of the membrane facing upwards (see Figure 30-(A)). Similarly, cross-

section TEM samples were prepared in which the pores of the AAO membrane were 

perpendicular to the electron beam (see Figure 30-(B)). The details of both cross-section and 

plan-view TEM sample preparation techniques can be found in Section 2.2.1.  

 

Figure 30 The schematics represent the orientations of the (A) plan-view and (B) cross-section 

TEM samples according to the electron beam. 

Transmission electron microscopy 

BFTEM, HAADF-STEM, electron tomography and EDX elemental mapping were performed 

using a FEI Tecnai Osiris operated at 200 kV. HAADF-STEM images were recorded using 

convergence semi-angles in the range of 21−25 mrad with a probe size of approximately 1 Å. 

Tilt series for electron tomography was acquired by collecting HAADF-STEM images with 

tilt increments of 2° over a range of ±74° on cross-section TEM samples using an advanced 

tomography holder from Fischione Instruments. Automated acquisition, alignment and 

reconstruction of the data using the SIRT were carried out using the FEI Inspect3D software 

package. Amira (Visage Imaging GmbH) was used for the visualization of the reconstructed 

volume. 



CHAPTER 4 

67 

 

4.3 Results 

The casting and non-casting side of the membranes were characterized using SEM (FEI 

Quanta) in order to resolve their resulting morphology and pore fillings. A thin layer of 

carbon (~8-10 nm) was deposited on the samples in order to reduce the charging of the 

samples during electron beam irradiation. It was discovered that the casting side of the HMMs 

is often covered by a thin layer of silica, which is in contrast to the non-casting side. 

Furthermore, SEM analysis showed that the casting side of the membranes (see Figure 31-

(A)) is less frequently filled with silica in comparison to the non-casting side (see Figure 31-

(B)). On the non-casting side of the membrane (see Figure 31- (B)) a relatively complete pore 

filling (90-95 %) is present over large areas. High-resolution SEM (Nova NanoSEM 450 

(FEI)) of HMM-50/1 samples additionally indicates the presence of the columnar hexagonal 

pore ordering inside the pores of AAO membranes (see Figure 31-(C) and (D)). 

 

Figure 31 SEM images of the casting side (A) and the non-casting side (B) of HMM-50/1. 

High-resolution SEM images at (C) and (D) clearly indicate the columnar hexagonal pore 

ordering of the mesoporous silica. 
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A more detailed investigation of the HMMs was performed using TEM. In order to image the 

interior of AAO-pores, plan-view TEM samples were prepared from the HMM-50/1, HMM-

100/1 and HMM-Si samples. Figure 32-(A) shows that not all the pores of AAO are filled 

entirely with the silica columns. In addition, gaps between the silica columns and the walls of 

AAO membrane with various sizes are observed independent of the phase of the silica 

column. The study revealed that different types of mesopore orderings are observed for the 

silica columns including the columnar hexagonal (see Figure 32-(C)) and circular hexagonal 

(see Figure 32-(B)) phases. It is important to note that the desired columnar hexagonal pore 

ordering was dominant for HMM-50/1 and HMM-100/1 samples, whereas the circular 

hexagonal pore ordering was dominant for HMM-Si sample.  

 

Figure 32 Plan-view TEM-images (A-C) of the membrane prepared by EISA-mixture with 

Si/Al ratio of 50/1 are given above. 

To obtain a complete understanding of the pore alignment, also cross-section TEM samples 

were investigated. HAADF-STEM reveals that both circular and columnar hexagonal pore 

orderings occur inside the AAO membranes, but yet the parallel arrangement is more 

prominent for HMM-50/1 sample (see Figure 33-(A) and (B)). A composition analysis 
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performed by EDX confirms that the silicon containing interior (silica) is surrounded by the 

aluminum containing support material (AAO membrane) (See the insets at Figure 33-(A) and 

(B)). It is also observed that a small amount of aluminum is present within the silica columns 

(see Figure 33-(B)). Such presence of aluminum is attributed to the 2% of incorporated 

aluminum (50/1) in the silica material. 

 

Figure 33 Cross-sectional HAADF-STEM images given at (A) and (B) reveal the morphology 

of the HMM-50/1 sample. (A) shows the columnar pore ordering and (B) shows the circular 

hexagonal pore ordering. The aluminum and the silicon compositions of the sample can be 

seen on the EDX mixed color elemental maps. 

As shown previously, HAADF-STEM suggests the presence of columnar hexagonal 

mesopore ordering inside the pores of AAO membranes for HMM-50/1 and HMM-100/1 

samples. However, in order to attribute such parallel ordering of the silica columns to the 

columnar hexagonal form (see Figure 34-(A)), electron tomography is required. Therefore, 3D 

reconstructions were obtained for HMM-50/1 sample by electron tomography from the same 

location where the EDX analysis was performed (see Figure 34-(A)). 3D visualizations of the 

tomogram indicate that the hexagonal pore ordering is present (see Figure 34-(A)) along the 

entire silica material. A slice through the reconstruction is given in Figure 34-(B), which 

clearly confirms such hexagonal pore ordering parallel to the AAO pores.  
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Figure 34 (A) Volume rendered 3D visualization of HAADF-STEM reconstructions from for 

HMM-50/1 sample. (B) A slice through the 3D reconstruction collected from the position 

indicated by the arrows given at (A). The hexagonal silica pore orderings is indicated. 

To understand the effect of Al-incorporation at the growth of mesoporous silica inside the 

AAO membrane pores, several plan-view TEM samples from the HMM-Si, HMM-50/1 and 

HMM-100/1 samples with different Al-concentrations were prepared. These samples were 

then characterized in a quantitative manner as a function of increasing Al content. These 

results are summarized in Table 2. Here, it should be kept in mind that not all the AAO-pores 

were filled by silica columns, as mentioned previously. Therefore, such quantification was 

obtained solely through the characterization of the AAO-pores that are filled by the silica 

columns. From the results, it is clear that the filled pores of the HMM-Si sample showed a 
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complete circular hexagonal pore ordering. On the other hand, the ratio of circular hexagonal 

phases decreased to 0.12 in HMM-100/1 and to 0.02 in HMM-50/1 samples. Moreover, the 

ratio of filled AAO pores with a complete columnar hexagonal pore ordering increased to 0.46 

and to 0.63, respectively. Furthermore, it needs to be noted that the total ratio of filled AAO 

pores where columnar hexagonal pore ordering is present either partially or completely does 

not change substantially for HMM-100/1 and HMM-50/1 (varies between 0.61 and 0.69). 

However, the total ratio of circular hexagonal pore ordering (complete or partial) drops 

significantly from 0.34 in HMM-100/1 to 0.08 in HMM-50/1. 

 HMM-50/1 HMM- 100/1 HMM-Si 

columnar 0.63 0.46 0 

circular 0.02 0.12 1 

Undefined 
* 

0.15 0.05 0 

Mixed columnar/circular 0.07 0.35 0 

Mixed columnar/undefined 0.12 0.02 0 

Mixed circular/undefined 0.01 0.00 0 

Total columnar 
 

0.69 0.61 0 

Total circular 
 

0.08 0.34 1 

Total undefined 
 

0.23 0.05 0 

(*) silica phases were denoted undefined when no pores were 

present/visible 

(**) not all the AAO-pores were filled by silica columns. 

Therefore, results here are obtained solely through the 

characterization of the AAO-pores that are filled by the silica 

columns. 

 

Table 2 The ratios of the different types of mesopore orderings present in the AAOs. 

4.4 Discussions 

SEM analysis of the morphology of the HMMs hereby revealed that the non-casting sides of 

the AAO membranes were filled more frequently (90-95 %) with silica than the casting sides 

(see Figure 31-(A) and (B)), which were occasionally covered with a thin silica layer. This 

difference in filling might be attributed to the movement of the EISA mixture through the 

pores of the AAO which is governed by gravitational and capillary forces. From high 

resolution SEM analysis (see Figure 31-(C) and (D)), it was discovered that the silica material 

fills the pores of the support with hexagonal columnar ordering in HMM-50/1. SEM and TEM 
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confirmed the earlier results by Meoto et al.
150

 that the challenge remains to synthesize 

HMMs with all AAO-pores filled and without the shrinking of the silica columns, causing 

gaps between the AAO-walls and the silica columns. 

In order to investigate the mesopore ordering in the HMMs more thoroughly, the HMMs were 

examined by TEM from both plan-view and cross-section samples, as shown in Figure 32, 

Figure 33 and Table 2. It was concluded that the incorporation of Al in the silica columns of 

HMMs caused a shift from pure circular hexagonal pore orderings in HMM-Si to mixed 

phases with predominantly a columnar hexagonal pore ordering in HMM-50/1 (63 % of the 

filled AAO-pores contained pure columnar hexagonal phases and 69 % contained partially 

columnar phases). After Al-incorporation especially the drop in the amount of circular phases 

was substantial and thus it is suspected that Al inhibits the formation circular phases and by 

those means promotes the formation of columnar phases without controlling the relative 

humidity as was the case in earlier studies
127

. 

To observe the accessibility and continuity of the mesopores and to image the columnar 

hexagonal ordered mesopores at the micrometer scale a combination of cross-section TEM 

samples and electron tomography experiments was executed. These experiments proved long 

and continuous columnar mesopores at a micrometer range (see Figure 34). The hexagonal 

columnar mesopore ordering of silica over such large scale is advantageous towards the pore 

accessibility and therefore preferential for many possible applications. 

4.5 Conclusions 

In conclusion, TEM analysis showed that the incorporation of aluminum into HMMs led to a 

change in the mesopore ordering of silica material from circular hexagonal (donut-like) to 

columnar hexagonal. From these results (both in 2D and in 3D), it can be concluded that 

without changing the relative humidity and the amount of water present during the aging 

process, such columnar hexagonal pore ordering of silica can be obtained. 
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Part II: Introduction 

Atomic layer deposition (ALD) is a method based on successive, surface-controlled reactions 

from the gas phase to produce thin films and over-layers in the nanometer range with perfect 

conformality and process controllability
151

. The main steps of ALD are schematically 

presented in Figure 35 for the thin film growth cycle of a binary compound (Al2O3) using 

trimethylaluminum (TMA) and water
152

. The first step of ALD involves the substrate surface 

with OH groups to be exposed to precursor molecules (TMA) which are adsorbed as a 

monolayer on the surface by forming Al(CH3)2 molecules and releasing CH4 as reaction 

products. Appropriate substrate heating supplies adequate energy for enabling this reaction 

(1Å per ALD cycles at 300°C for Al2O3). Next, residual TMA and CH4 are pumped or purged 

away before the incoming water pulse. The subsequent water pulse replaces the CH3 ligands 

attached to the Al with OH groups and therefore prepares the surface for the next TMA pulse. 

These steps are repeated until the desired thickness of the layer is reached. 

 

Figure 35 Schematic illustration of the ALD process of Al2O3 using TMA and water
152

. 
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In recent years, ALD attracted great attention due to its excellent capability of conformal 

coating of very complex porous materials. So far, different types of templates have been 

tested and applied. Some of these examples are summarized in Table 3. For instance, AAO is 

a widely used template for ALD of various metals and metal oxides, such as TiO2, Al2O3, 

V2O5, ZnO, Pd, etc. The main advantages of using AAO as a template are their highly ordered 

porous features and the simplicity of their synthesis. However, their surface areas are not 

comparable to e.g. CNTs or silica aerogels. On the other hand, a silica aerogel is another type 

of template that usually contains pores of all three sizes
153

 (according to IUPAC classification 

for porous materials, the pores less than 2 nm in diameter are termed “micropores”; those with 

diameters between 2 and 50 nm are termed ”mesopores“, and those greater than 50 nm in 

diameter are termed ”macropores“
153

). Attempts to use silica aerogel for ALD have been 

demonstrated by several groups (See Table 3). Although these materials can offer pore sizes 

of ∼20 nm, which is much lower than the ones observed in AAOs, a disadvantage of using 

silica aerogel templates is that their pores are disordered. Furthermore, other inorganic 

templates, such as Ni nanowires or colloidal crystal templates, such as polystyrene, were used 

as templates for ALD coating, as indicated in Table 3. 

CNSs flakes and CNTs forests can also be used as a template for ALD. Previous studies 

showed that it is not very straightforward to perform ALD on CNTs and CNSs due to their 

inert nature. For instance, ALD of CNTs was usually found to yield nanoparticle 

morphologies grafted on the CNTs
97

. It was similarly shown for CNSs that the growth of 

oxide coatings initiates only at the defect sites at the graphene surface, which results in a 

distribution of nanoparticles instead of a conformal layer
99

. In order to overcome these 

limitations, CNTs and CNSs can be synthesized by PECVD at relatively low temperatures and 

thus offer a higher amount of defect sites for ALD growth
8,16

. These defect sites can enable 

the nucleation of ALD of metal oxides during the first few cycles of ALD. Earlier studies 

which reported the use of CNTs and CNSs as templates for ALD are listed in Table 3. 
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ALD of porous nanomaterials 

Templates Coatings Applications References 

AAO 

TiO2 Photocatalytic activity 154 

Al2O3,TiO2, V2O5, ZnO, Pd Catalytics 155 

TiO2 

electrostatic capacitance (nano-

scale electrostatic capacitors, 

electro- chemical dye-sensitized 

photovoltaics and biosensors) 

156 

CNSs 

TiO2 N.A. 157 

TiO2 N.A. 5 

ZrO2 

electrochemical capacitance 

(supercapacitors, fuel cells, batteries 

and electronics) 

21 

TiO2 Supercapacitors 99 

TiO2 lithium-ion batteries 20 

CNTs 

V2O5 
high-power supercapacitor 

electrodes 
158 

Pt 
Proton-Exchange Membrane Fuel 

Cells 
159 

Al2O3, Al2O3-W N.A. 97 

TiO2 Photocatalytic activity 160 

Ni nanowires TiO2 Photocatalytic activity 154 

Polystyrene TiO2 N.A. 161 

SiO2 Aerogels 

TiO2 
Photoanodes for Dye-Sensitized 

Solar Cells 
162 

TiO2-ZnO 
Photoanodes for Dye-Sensitized 

Solar Cells 
163 

Table 3 Examples of templated ALD for porous nanostructures. 
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CNSs samples used in this thesis were synthesized at IMEC by Dr. D. Cott by using PECVD. 

The substrate consisted of 200 mm p-type silicon wafers. CNSs were grown at low pressure 

(0.45 Torr) in a capacitive coupled (CC) PECVD reactor with a 13.56 MHz RF generator 

(Oxford Instruments plasma technology UK, NANOCVD). In a typical CNS growth 

experiment, a wafer was allowed to reach a heater temperature of 750 °C under vacuum (1.10
-

5
 Torr) for 1 minute. To prepare the wafer surface, a H2 plasma pretreatment (300 W) was 

carried out for 15 min at 0.45 Torr. Then C2H2/H2 (1:10) was introduced into the chamber and 

a 300 W plasma at a total pressure of 0.45 Torr is maintained. As mentioned previously, 

plasma is preferred to enhance chemical reaction rates of the precursors. After CNSs growth, 

the substrate was removed from the chamber and allowed to cool under vacuum (1.10
-4

 Torr) 

for 5 minutes
8
. 

Similarly, MWCNTs were grown at IMEC by Dr. D. Cott through catalyst-enhanced PECVD. 

The main difference between the growth of CNSs and MWCNTs is that the starting Si 

substrate (200mm diameter) was initially covered by a 1 nm thick (nominal) Co layer for the 

catalyst enhancement of the process. To avoid diffusion of Co catalyst layer into the Si 

substrate, a 70 nm TiN was first sputtered onto the Si surface (Endura PVD tool, Applied 

Materials, USA). MWCNTs were grown in a microwave (2.45 GHz) plasma enhanced 

chemical vapor deposition chamber (PECVD, TEL, Japan). In a typical experiment, the Co 

catalyst layer was exposed to NH3 plasma for 5 minutes to transform the film into active metal 

nanoparticles for CNT growth. Then a C2H4+H2 mixture was introduced into the chamber at a 

temperature 550 °C for 30 minutes. Upon MWCNTs growth, the substrate was removed from 

the chamber and allowed to cool. As pointed out earlier, such low temperature synthesis of 

CNTs enables the production of MWCNTs forests with the individual nanotubes having a 

large amount of defect sites, which is preferential for the ALD process, since these defects 

give rise to nucleation sites for ALD, allowing conformal deposition
20,66

. 

All the ALD processes in this thesis were carried out at Ghent University by Dr. Shaoren 

Deng and Prof. Christophe Detavernier.  Experimental parameters of the ALD processes used 

in this thesis are listed in Table 4
152

. For the ALD of TiO2 onto CNSs, as-grown CNSs on a Si 

substrate were loaded into a homemade ALD tool with a base pressure in the low 10
−7

 mbar 

range. The sample was placed onto a chuck and heated to 100 °C. Tetrakis (dimethylamido) 
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titanium (TDMAT) (99.999% Sigma-Aldrich) and O3 gas generated by an ozone generator 

(Yanco Industries LTD) were alternately pulsed into the ALD chamber at pressures of 0.3 and 

0.5 mbar, respectively. In the flux the concentration of the ozone was 145 μg mL
−1

. 20 sec 

pulse time and 40 sec pump time were used for a conformal coating of TiO2 on the entire 

CNSs and to prevent the occurrence of chemical vapor deposition-type reactions. In case of 

the ALD of TiO2, ZnO and Al2O3, VOx and Pt onto MWCNTs, the as-grown MWCNTs were 

similarly loaded into a homemade ALD system with a base pressure of 2*10
-7

 mbar, except 

for Pt a base pressure of 5*10
-7

 mbar was used. Metalorganic precursors and ozone were 

alternatively pulsed into the chamber while the MWCNT sample was heated up to 100 °C for 

TiO2, ZnO and Al2O3, 150 °C for VOx and 200 °C for Pt. Tetrakis-(dimethylamido)titanium 

(TDMAT) (99.9%, Sigma Aldrich), tetrakis-(ethylmethylamino) vanadium (TEMAV) (Air 

Liquide), diethylzinc (DEZn) (≥52 wt%, Sigma Aldrich), trimethylaluminum (TMA) (97%, 

Sigma Aldrich) and (methylcyclopentadienyl) trimethylplatinum (MeCpPtMe3) (Sigma 

Aldrich) were used as metal precursors for TiO2, VOx, ZnO, Al2O3 and Pt, correspondingly. 

To achieve a conformal coating on the MWCNT forest, 20–40 sec precursor pulses at a 

pressure of 0.4–0.8 mbar were applied. The pumping time was chosen as twice the pulse time 

to ensure sufficient evacuation of the residual precursor vapor and reaction products, thus 

avoiding chemical vapor deposition inside the films. More details on the ALD processes 

applied to the materials studied in this thesis can be found in 
152

.  

ALD 

process  
Precursor I 

 
Precursor II 

 

Deposition 

Temperature  

Pulse 

Time  
Templates 

TiO2 

 

TDMAT, 0.3 

mbar (s. p.) 

 

Ozone, 145 µg/mL, 

0.5 mbar (s. p.)  

 

100°C 
 

20 sec 
 

CNSs 

TiO2 

 

TDMAT, 0.4 

mbar (s. p.) 

 

Ozone, 150 µg/mL, 

0.5 mbar (s. p.)  

 

100°C 
 

20 sec 
 

MWCNTs 

Al2O3 

 

TMA, 0.4 mbar 

(s. p.) 

 

Ozone, 150 µg/mL, 

0.5 mbar (s. p.) 

 

100°C 

 

20 sec 

 

MWCNTs 

VOx 

 

TEMAV, 0.4 

mbar (s. p.) 

 

Ozone, 150 µg/mL, 

0.5 mbar (s. p.) 

 

150°C 

 

20 sec 

 

MWCNTs 

ZnO 

 

DEZn, 0.4 mbar 

(s. p.) 

 

Ozone, 150 µg/mL, 

0.5 mbar (s. p.) 

 

100°C 

 

20 sec 

 

MWCNTs 

Pt 

 

MeCpPtMe3, 0.8 

mbar (s. p.) 

 

Ozone, 150 µg/mL, 

0.5 mbar (s. p.) 

 

200°C 

 

40 sec 

 

MWCNTs 

Table 4 ALD processes used in this work. *s. p.= static pulse  
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XRD is a technique utilizing the scattered X-rays at parallel crystal planes to identify the 

phases present inside the materials. For XRD studies under non-ambient conditions (changes 

in the ambient gas environment and/ or temperatures increases up to 1600°C), special 

modifications can be made to the XRD instruments. This enables the study of phase 

transformations induced by temperature or ambient gas change in a material, which is referred 

to as in situ XRD. In this work, both In situ and ex situ XRD measurements were carried out 

in a home modified Bruker D8 Discovery system (see Figure 36). 

 

Figure 36 Schematic illustration of the in situ XRD setup
152

. 

The annealing of the ALD processed CNSs and MWCNTs materials were conducted and 

simultaneously monitored by in situ XRD measurements performed at Ghent University by 

Dr. Shaoren Deng and Prof. Christophe Detavernier. The parameters of involved in the 

calcination processes of all the samples are given at Table 5. 

ALD process 
 

Calcination Temperature (°C) 
 

Calcination Environment 
 

Templates 

TiO2 

 

550 

 

In air 

 

CNSs 
600 In helium  

TiO2 

 

500 

 

In air  

 

MWCNTs 
400-500 

Al2O3 

 

600 

 

In air 

 

MWCNTs 

VOx 

 

450 

 

In air 

 

MWCNTs 

ZnO 

 

450 

 

In air 

 

MWCNTs 

Pt 

 

450 

 

In air 

 

MWCNTs 

Table 5 Calcination procedures used in this work.
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Chapter 5 Characterization of photoreactive TiO2/carbon 

nanosheet materials 

This chapter reports the structural characterization of CNSs templates coated by titanium 

dioxide (TiO2) using ALD. Also, the effects of post-deposition annealing in a helium 

environment on the final structure are investigated. In order to reach this goal, different TEM 

techniques are applied. It will be shown that the annealing of the ALD processed and CNSs 

templated TiO2 layers in helium environment results in the formation of a porous, 

nanocrystalline and photocatalytically active TiO2-CNSs film. 

5.1 Introduction 

Since the discovery of the photocatalytic splitting of water on a TiO2 electrode under 

ultraviolet (UV) light, TiO2 materials have been subject to extensive research for many 

promising applications, such as photovoltaics and photocatalysis
164–166

. For such applications, 

the surface area and crystallinity are two important material properties which affect the 

photovoltaic and photocatalytic efficiency of mesoporous TiO2 materials
167

. In order to 

synthesize TiO2 with a large surface area, a variety of methods has been employed, including 

sol-gel, magnetron-sputtering and chemical vapor deposition
168–170

. As mentioned previously, 

ALD is an alternative method to produce TiO2 with a large surface area using different 

template structures
5
. Amongst others, CNSs are widely used templates for metal/metal oxide 

depositions due to their distinct properties, such as high surface area. As illustrated in Figure 

37-(A), CNSs consist of several graphene layers that are slightly curved at the nano-scale, 

which in return builds up the CNSs morphology that is highly corrugated at the micro-scale 

(see Figure 37-(B) and (C)). The presence of the CNSs between the substrate and TiO2 

coating also permits having a conducting pathway, which is attractive for photovoltaics and 

battery applications
5,171

. It was previously found that post-deposition annealing of ALD-

processed TiO2 materials can lead to a phase transformation from amorphous to anatase-TiO2, 

which is the phase that yields the most ideal photocatalytic properties
172

. On the other hand, 

the annealing environment is known to have a significant effect on the preservation of 

carbonaceous species. Post-deposition calcination in ambient air, which is a typical choice as 

an annealing environment for mesoporous TiO2 materials, usually results in the removal of 
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carbonaceous species, such as CNTs,  through air oxidation
173

. Therefore, the use of different 

annealing environments, such as Argon and Helium, can be interesting, especially in those 

cases where preservation of carbonaceous templates are of concern. 

In this chapter, we investigate the structure of TiO2 deposited by ALD on CNSs templates. 

Also, the effects of post-deposition annealing in a helium environment are studied using 

different characterization techniques. The crystallization of the TiO2 coating upon annealing is 

observed using in situ XRD (by Dr. Shaoren Deng and Prof. Christophe Detavernier, Ghent 

University). The influence of annealing on the structure and morphology of the ALD 

deposited TiO2 layer is investigated by SEM and TEM. It will be here revealed that the 

annealing in helium results in the formation of a porous, nanocrystalline TiO2-CNSs film. The 

photocatalytic activity of this material is evidenced through the degradation of acetaldehyde in 

the gas phase under UV illumination (by Dr. Sammy Verbruggen and Prof. Silvia Lenaerts, 

University of Antwerp), and the underlying mechanism is discussed. 

 

Figure 37 (A) Schematic figure of the CNSs structure. Both top-view (B) and cross-sectional 

(C) SEM images of pristine CNSs on Si substrate reveal a corrugated morphology. 
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5.2 Experimental details 

SEM and TEM characterizations 

SEM was performed using a FEI Helios NanoLab 650 dual-beam system to resolve the 

morphology of the films during the synthesis and after annealing. For TEM characterizations, 

several samples were prepared by crushing and cross-section samples, as described previously 

(see Section 2.2.1). BFTEM and HRTEM were performed using a FEI Tecnai F20 operated at 

200 kV. HAADF-STEM images and EDX elemental maps were collected using an aberration 

corrected cubed FEI Titan operated at 300 kV, equipped with a Super-X detector for EDX 

analysis. EFTEM elemental maps were collected using a Philips CM30-FEG microscope 

operated at 300 kV. 

Tilt series for electron tomography were acquired on cross-section TEM specimen with the 

aberration corrected cubed FEI Titan operated at 200 kV in combination with an advanced 

tomography holder from Fischione Instruments and the FEI XPlore3D acquisition software. 

Tilt series consisting of 71 HAADF-STEM images were acquired with tilt increments of 2° 

over a range of ±70° on cross-section TEM samples. Alignment of the data was carried out 

using the FEI Inspect3D software package. The reconstruction was performed using SIRT 

with 25 iterations implemented in Inspect3D. Amira (Visage Imaging GmbH) was used for 

the visualization of the reconstructed volume.  

STEM-EELS experiments were carried out on cross-section TEM specimens using a double 

aberration corrected cubed FEI Titan operated at 120 kV, equipped with a monochromator to 

optimize the energy resolution for EELS measurements. Quantitative elemental maps were 

collected by subtracting a power law background from the spectra and fitting the 

corresponding core-loss excitation edges to reference spectra. The fitting for the acquired 

spectra was carried out using the EELSModel software package
174

. 

Photocatalytic activity tests 

The evolution of the acetaldehyde concentration together with CO2 formation as the 

degradation product was continuously monitored using on-line FTIR spectroscopy (by Dr. 
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Sammy Verbruggen and Prof. Silvia Lenaerts, University of Antwerp). More details on the 

photocatalytic test can be found in a previous study
175

. 

Carbon nanosheets growth on silicon substrate 

CNSs samples used in this thesis were synthesized (by Dr. D. Cott, IMEC) through PECVD, 

as described previously. The morphology and structure of the as-grown CNSs (without TiO2) 

were investigated by TEM. BFTEM confirm the presence of the corrugation observed for the 

nanosheets by SEM (see Figure 38-(A)). In order to investigate the interface between the Si 

substrate and the CNS in more detail, HRTEM images were acquired. Figure 38-(B) shows 

that the sheets are composed of several graphene layers both parallel (basal layers) and 

perpendicular (surface layers) to the substrate. The interplanar spacing between two layers 

corresponds to 0.34 nm, which is the typical distance between two graphene layers in graphite 

(see Figure 38-(B)-inset). EFTEM elemental mapping of carbon presented in Figure 38-(C) 

reveals the presence of carbon in the nanosheets. 

 

Figure 38 BFTEM image of CNSs presented in (A) reveals the corrugated morphology. The 

individual graphene layers of the CNSs are clearly seen in the HRTEM image (B) as shown at 

the inset. The EFTEM carbon elemental map in (C) indicates the presence of carbon. 

ALD-based synthesis and annealing of TiO2 nanostructures 

The ALD process of TiO2 onto CNSs was carried out at Ghent University (Dr. Shaoren Deng 

and Prof. Christophe Detavernier). The details of the ALD parameters can be found in Table 

4. In total, 200 ALD cycles were applied on the CNSs template. The characterization of the 

resulting surface by SEM revealed that both the corrugation and the perpendicularity of the 

film relative to the substrate were preserved after ALD (see Figure 39-(A) and (B)). Figure 
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39-(C) presents a low magnification BF-TEM image, illustrating that the ALD process results 

in a fibrous structure. From the HRTEM images (Figure 39-(D)-inset and (E)), it can be seen 

that these structures consist of graphene layers surrounded by a thin, amorphous coating. The 

color-coded superposition of the titanium and carbon EFTEM elemental maps in Figure 39-

(F) identifies these fibrous structures consisting of a carbon containing interior (CNSs) 

surrounded by a titanium containing coating (ALD processed TiO2). It is also observed that 

there are parts at which the TiO2 coating and the graphene layers are separated (See Figure 

39-(D)). However, this might be attributed to the delamination of the TiO2 coating from CNSs 

template during crushing, which could result in some interstitial voids in the material. 

 

Figure 39 Top-view (A) and cross-sectional (B) SEM images of TiO2 coated CNSs on Si. A 

low magnification BFTEM image is shown in (C). The amorphous TiO2 coating and the 

graphitic layers of the CNSs are visible on the HRTEM images in (D) and (E). The separation 

of the TiO2 coating and the graphene layers is indicated by an arrow. The carbon and titanium 

content of the nanosheets are presented in (F) at the color-coded EFTEM elemental map. 

The occurrence of the phase transformations in the TiO2 films upon annealing was monitored 

using in situ XRD with a dedicated Bruker D8 system
176

 at the Ghent University. The sample 

was annealed from 20°C to 600°C at a rate of 1°C per minute in helium and this process was 

monitored by a K-type thermocouple. Once the temperature of 600°C was reached, the sample 
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was kept at this temperature for 3 hours while being illuminated by Cu Kα radiation 

(wavelength 0.154 nm). Diffracted X-rays were captured by a linear detector covering a range 

of 20° in 2θ set to a collection time of 5 sec. 

5.3 Results 

Post-ALD calcination in air environment 

The number of cycles in ALD process is an important experimental parameter, which 

determines the total content of the deposited material. This, in return, leads to a difference in 

the performance of the material, for instance, in photocatalytic applications. Such effect was 

observed and reported in one of our previous studies
177

. In order to prevent misunderstanding, 

it should here be kept in mind that this previous study was based on the TiO2 ALD coated 

CNSs and MWCNTs in air environment rather than helium, where the latter will be reported 

in the following section. In this previous study, after calcination of the ALD processed films 

at 550°C in air environment, CNTs and CNSs templates were removed and the as-deposited 

continuous amorphous TiO2 layers transformed into a network of crystalline TiO2 anatase 

nanoparticles, commensurate to the overall template morphology (see Figure 40-(B-E)). 

Subsequently, the photocatalytic activity of the TiO2 films in relation to the number of ALD 

cycles and the type of template used (CNTs or CNSs) were investigated. The results are 

presented in Figure 40-(A). In both types of carbonaceous templates an initial increase in 

photocatalytic activity was observed with increasing amounts of deposited TiO2 (i.e. 

increasing number of ALD cycles). However, further increase in ALD cycles was observed to 

cause excessive amounts of TiO2, which then leads to less open films and consequently lower 

photocatalytic activities. The application of 100 ALD cycles led to the optimum amount of 

TiO2 deposited on CNTs, where this sample showed the highest activity. However, 

concerning the films prepared using the CNS sacrificial template, only the sample with 200 

cycles performed better than the reference PC500, in other words showing the optimum 

photocatalytic activity. Therefore, 200 ALD-cycles have been likewise applied on the CNSs 

template in this study, as stated earlier. To understand the connection between the physical 

properties and the structure, a structural characterization was performed using in situ XRD, 

SEM and TEM, which are shown in the following section. 
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Figure 40 (A) Steady state CO2 formation in function of the number of ALD cycles on CNSs 

(filled symbols) or CNTs (open symbols) by the photocatalytic mineralization of a continuous 

flow of 50 ppmv min
-1

 acetaldehyde in air. The red dashed line represents the activity of the 

PC500 reference. SEM images of 200 TiO2 ALD cycles on CNS template as deposited (B), 

after calcination (C). Cross section SEM images of 100 TiO2 ALD cycles on CNT template as 

deposited (D), after calcination (E). 

Post-ALD calcination in helium environment 

In this present study, TiO2 coated CNSs were annealed in helium environment while 

simultaneously monitoring the formation of different phases through in situ XRD. The results 

are presented in Figure 41-(A). It can be seen that the as-deposited TiO2 film, which was 

gradually heated to a temperature of 600°C in He with a ramp rate of 1°C per min, starts to 

transform into crystalline anatase at a temperature of 425°C. The broad-band which is 

centered at 2θ = 25.1° corresponds to (101) crystallographic planes of the anatase phase. A 

preliminary characterization of the resulting film morphology was carried out using SEM (see 

Figure 41-(B)-(C)). From the images, it can be seen that the film consists of highly 

corrugated, interlaced sheets that are standing on the Si substrate. The comparisons of the as-

grown and ALD-processed CNSs (see Figure 37-(B) and (C) and Figure 39-(A) and (B)) with 

the annealed films (see Figure 41-(B) and (C)) thereby disclose that the film morphology upon 

annealing was substantially preserved at the micro-scale and that neither ALD nor the post-

deposition calcination led to a collapse of the structure. However, it should be noted that in 

general not all carbon nanosheets that grew upwards reached the full height equal to the 

average film thickness as observed by cross-sectional SEM study of as-grown CNSs (see 
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Figure 37-(C)). In fact due to 'overcrowding', many sheets stop growing or merge with 

another. 

 

Figure 41 (A) In situ XRD data of TiO2 coated CNSs heated at 1°C∙min
-1

 in helium ambient 

as a function of the temperature and diffraction angle 2Ɵ. The appearance of the anatase phase 

is indicated. Top-view (B) and cross-sectional (C) SEM images of TiO2-CNSs on Si. 

A more detailed investigation of the film was performed using HRTEM. This study showed 

that the annealing changed the structure of the film remarkably at the nano-scale. HRTEM 

micrographs from locations in the vicinity of the Si substrate as well as the film surface (at 

inset) are presented at Figure 42. The micrographs show an interplanar spacing of 0.35 nm at 

the coating, corresponding to the (101) interplanar distance of anatase-TiO2, and 0.34 nm 

inside the coating, which is the typical distance between two graphene layers in graphite. It is 

hereby observed that the annealed film contains anatase crystallites that are predominantly 

connected to the graphitic layers of CNSs, which is different compared to the as-deposited 

TiO2 film that was observed to be amorphous (see Figure 39).  



CHAPTER 5 

91 

 

 

Figure 42 Anatase crystallites attached to graphite walls are visible on the HRTEM 

micrographs. 

The chemical composition of the film was studied using EDX. From the HAADF-STEM 

image overlapped with the EDX map collected from the area indicated by the green square in 

Figure 43-(A), it is clear that the carbon containing layers are still present inside the titanium 

containing coating (See Figure 43-(B)). Such appearance of carbon within the film was 

attributed to the preservation of CNSs, as shown previously during HRTEM study. The high 

resolution HAADF-STEM image given in Figure 43-(C) additionally reveals that the 

crystallization of the amorphous coating started already around the carbon containing layer in 

vicinity of the Si substrate. Furthermore, a gap (~10 nm) between the Si substrate and the 

TiO2 film is observed from the same image. The EDX map in Figure 43-(B) clearly points at 

the presence of carbon in this region. In HAADF-STEM imaging mode, the high-angle 

scattering scales with Z, where Z is the atomic number of the element under the electron 

beam. Therefore, the appearance of the gap stems from the presence of carbon at this region, 
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which has much lower atomic number compared to titanium. Moreover, an amorphous layer 

with a thickness of a few nanometers is observed on top of the silicon substrate. 

 

Figure 43 (A) Cross-sectional HAADF-STEM image. The carbon, silicon and titanium 

composition of the nanosheets can be seen on (B) EDX mixed color elemental map from 

region in (A) highlighted by green square. HAADF-STEM image (C) from a region 

highlighted by the red square at (A) reveals the crystallinity of TiO2 coating. 

To investigate the 3-D structure of the material, HAADF-STEM tomography was performed. 

A visualization of the 3-D reconstructed volume of TiO2/CNSs film is shown in Figure 44-

(A). The study revealed that the film yields a highly porous structure. An orthoslice acquired 
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through the 3D reconstruction and perpendicular to the substrate is displayed in Figure 44-(C). 

The orthoslice indicates the fibrous appearance of the film, which originates from the fine 

TiO2 layer surrounding the preserved CNSs upon annealing. As mentioned previously, due to 

'overcrowding' many sheets stop growing or merge with one another. Therefore, there is a 

denser CNSs content closer to the substrate than at the surface of the film. This contributes to 

the slight change of the thickness of the ALD processed layer. In order to comment on the 

conformity and uniformity of the ALD processed TiO2 layer, we examined several orthoslices 

from the xy-planes of the reconstructed volume in the z-direction. In this manner, we obtained 

the TiO2 coating thickness distribution; starting from the silicon substrate and reaching to the 

film surface (see Figure 44-(B)). The results indicate that there is a small increase in mean 

coating thickness at the positions close to the Si substrate. This is followed by slight 

fluctuations of the mean value, until it reaches the film surface, where it tends to increase 

rapidly. Based on the orthoslices through the 3D reconstruction, the mean coating thickness 

was estimated to be 9.4±2.3 nm. 

 

Figure 44 Visualizations of the 3-D reconstruction of the sample annealed in helium depicted 

along different orientations are given in (A) and (B). A slice (orthoslice) through the 3-D 

reconstruction is presented in (C). 
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In an earlier study, it was shown that the crystalline versus amorphous content in mesoporous 

materials can be measured by EELS
178

. 2D STEM-EELS spectrum-images were accordingly 

acquired to investigate the spatial distribution of the elements and their phases within the 

sample. Quantitative elemental maps corresponding to titanium L2, 3 and carbon K edges and 

the regarding color map with Ti-anatase (red) and graphitic C (green) of same region 

embedded on the HAADF-STEM image are given in Figure 45. By performing 

monochromated STEM-EELS characterization of the sample, areas with TiO2 in anatase and 

amorphous forms and graphitic carbon have been identified. From these maps, it is observed 

that the coating is mostly in anatase form, and there is only a small amount of amorphous 

TiO2 present after annealing (See Figure 45-(B) and (C)). From the quantification of the 

acquired spectra using EELSModel
174

, it was determined that the content of the amorphous-

TiO2 layer corresponds to a percentage below 10%, and that the layer exhibits high 

crystallinity after annealing. The graphite distribution map additionally indicates the presence 

of graphite throughout the complete film inside the anatase-TiO2 coating (See Figure 45-(D)). 

 

Figure 45 (A) HAADF-STEM overview image and colored elemental STEM-EELS map with 

(B) anatase-TiO2 (red) and (D) graphite (green). The amorphous-TiO2 elemental map is given 

in (C) for comparison with its anatase counterpart. 
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It has been previously mentioned that open, porous, rigid TiO2 films would be of interest in 

many applications
164–166

. As a proof of concept, the sample was tested for the photocatalytic 

degradation of acetaldehyde in a continuous gas flow. During the test, the continuous flow 

concentration profiles of acetaldehyde and CO2 were measured at the reactor outlet monitored 

using on-line FTIR spectroscopy, as shown in Figure 46. Our results show that the sample 

exhibits a clear photocatalytic activity towards the degradation of acetaldehyde in the gas 

phase. From Figure 46, it can be seen that a drop in the acetaldehyde level coincides with a 

steep increase of the CO2 concentration during UV illumination. Using recently established 

calibration curves, it was determined that the acetaldehyde concentration entering the reactor 

was (13 ± 1) µL L
-1

. The drop in the acetaldehyde concentration during UV illumination 

corresponds to (2.5 ± 1) µL L
-1

. The increase in CO2 level was (9.3 ± 0.4) µL L
-1

. Assuming 

that every acetaldehyde molecule gives rise to two CO2 molecules, this leads to a CO2 excess 

of roughly 4 µL L
-1

 when the carbon balance is completed. In order to explain this excess 

CO2, it should be considered that the sample was annealed in an inert gas atmosphere. 

Together with the black appearance of the sample, it is clear that a certain amount of 

(in)organic carbon is still present. It has also been previously shown that the carbon is present 

in graphitic form throughout the complete layer (see Figure 45). The excess in CO2 

production could therefore be attributed to the degradation of a graphitic carbon fraction 

present in the sample. This was confirmed by performing the same photocatalytic experiment 

as before, but in the absence of any pollutant (i.e. in air only). Indeed, a CO2 production of 

(3.8 ± 0.4) µL L
-1 was detected under these conditions. Correcting the results from Figure 46 

with the latter observation, the steady state conversion of the (13 ± 1) µL L
-1

 acetaldehyde 

spiked air flow was calculated as (21 ± 2)% at a total gas flow rate of 200 cm³min
-1

. This 

indicates that the sample is photocatalytically active and can be applied in the development of 

promising photocatalytic applications, when further optimized. 
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Figure 46 Continuous flow concentration profiles of acetaldehyde and CO2 measured at the 

reactor outlet monitored using on-line FTIR spectroscopy. Dark and UV conditions are 

indicated in the graph. 

5.4 Discussion 

The characterization performed in this chapter shows that the ALD-process results in the 

formation of an amorphous TiO2 coating surrounding the CNSs (see Figure 39). In a related 

study
179

 in which TiO2 films were grown from TiCl4 and H2O in a flow type low-pressure 

ALD reactor, it was demonstrated that crystalline anatase phase only appears at growth 

temperatures above 150°C. TEM measurements show that ALD of the TiO2 on CNSs using 

TDMAT as precursor forms a fine, amorphous coating of TiO2 at a growth temperature of 100 

°C, which explains the lack of crystallinity of the as-deposited film.  

The crystallinity of the TiO2 film plays an important role at enhancing the photocatalytic 

activity
180

 and charge transport and photocurrent in dye-sensitized TiO2 solar cells 
181

. The in 

situ XRD measurements indicate that the post-deposition annealing process modifies the film 

by a phase transformation from amorphous to crystalline anatase TiO2 (see Figure 41-(A)). 

STEM-EELS characterization of the sample (see Figure 45) furthermore reveals that the TiO2 

film exhibits high crystallinity after annealing. In terms of the phase transformation, the 



CHAPTER 5 

97 

 

annealing of ALD processed TiO2 shows resemblance to the annealing of TiO2 nanostructured 

films deposited via sol-gel
182

 or magnetron sputtering
183

 methods. 

The annealed film, as shown by the electron tomograph presents a uniform, conformal TiO2 

coating. Electron tomography results indicate that the mean thickness of the coating only 

slightly varies throughout the film (see Figure 44-(B)). The small variation of the coating 

thickness can be ascribed to the inability of the precursor vapor to flow through the pores of 

the template surface which is blocked by the coating material during ALD
154

. It is also worth 

mentioning that some graphene layers gradually merge into one sheet at the bottom of the 

film, thus creating pores or slots with very small openings. In this case, some interior spaces 

would not accept more ALD cycles since their bottle necks would be sealed by TiO2 coating 

after e.g. 50 cycles
184

. On the other hand, the porosity is known to be an important property 

for an efficient photovoltaic operation, which eases the penetration of light deep into the film. 

Based on the electron tomography results, it is revealed that the annealing of the ALD-

processed film results in the formation of a highly porous structure.  

With a deeper investigation performed through HRTEM (see Figure 42) and STEM-EELS 

(see Figure 45), it is discovered that the annealed film still yields graphene layers of CNSs in 

addition to the anatase crystallites formed at the walls of CNSs. For dye-sensitized TiO2 solar 

cell applications, the preservation of the CNSs upon annealing in helium environment is 

particularly important, since this plays a significant role as a conducting template to facilitate 

charge transport in the films for improving the efficiency of nanostructure-based solar energy 

conversion devices consisting of CNTs/TiO2 systems
185,186

. It is shown here that this can be 

obtained by annealing the film in helium environment. As a consequence, the potential of 

these materials in photovoltaic applications is obvious. 

Such thin and porous TiO2 films are of particular interest for several applications such as 

photocatalysis, as shown in Figure 46 for the photocatalytic degradation of acetaldehyde in a 

continuous polluted air stream. The morphology of the discussed sample is particularly well 

suited for gas phase applications, as it presents a very accessible, open and porous TiO2 

structure in mostly anatase form, offering a lot of available active sites
187

. 
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5.5 Conclusions 

In this study, the influence of annealing on ALD processed TiO2 nanostructured film in an 

inert gas (helium) environment was investigated by TEM. The morphology of the film was 

visualized using conventional TEM imaging techniques, whereas the complex 3D structure of 

TiO2 nanostructured films was revealed by HAADF–STEM electron tomography. The 

annealing was found to cause the ALD processed film to undergo a phase transformation from 

amorphous to anatase TiO2. The calcination resulted in highly crystalline TiO2 nanostructures 

with a porous network and a large surface area, which are desirable properties for 

photocatalytic and photovoltaics applications. TEM characterization indicated that the 

removal of carbon nanosheets template is hindered, and thin, porous, nanocrystalline and 

photocatalytically active TiO2-CNSs film is produced. 
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Chapter 6 TEM investigation of porous nanostructured 

metal oxides synthesized through atomic layer deposition 

on a carbonaceous template followed by calcination 

Porous metal oxides with nano-sized features attracted intensive interest in recent decades due 

to their high surface area which is essential for many applications, e.g. Li ion batteries, 

photocatalysts, fuel cells and dye-sensitized solar cells. Various approaches have so far been 

investigated to synthesize porous nanostructured metal oxides, including self-assembly and 

template-assisted synthesis. For the latter approach, forests of MWCNTs are considered as 

particularly promising templates, with respect to their one-dimensional nature and the 

resulting high surface area. In this chapter, we systematically investigate the formation of 

porous metal oxides (Al2O3, TiO2, V2O5 and ZnO) with different morphologies on MWCNTs 

using XRD, SEM accompanied by EDX and TEM. We focus on the morphological and 

structural transitions at the micro- and nano-scale during the calcination process in air 

environment. The crystallization temperature and the surface coverage of the metal oxides and 

the oxidation temperature of the carbon nanotubes were found to produce significant influence 

on the final morphology. 

6.1 Introduction 

Porous metal oxide nanostructures with high surface area are attractive for photocatalysis, 

dye-sensitized solar cell and lithium ion battery applications and have been investigated 

intensively in recent years
188–190

. Various porous nanostructures can therefore be synthesized 

by ALD onto different porous templates such as peptides, anodized alumina, nanofibrillar 

aerogels, mesoporous block copolymers and MWCNTs. After template removal, TiO2 

nanotubes, RuO2 nanotubes, Pt nanotubes and interconnected hollow metal oxide nanotubes 

were successfully synthesized
191–195

. Usually, the removal of the CNTs results in hollow metal 

oxide tubes. However, in a previous study, the synthesis of photocatalytically active TiO2 

nanoparticle chain forests was demonstrated by coating MWCNTs with TiO2 using ALD and 

subsequent calcination in air to remove the carbon
66

. The resulting material offered a high 

photocatalytic activity towards the degradation of acetaldehyde under UV light
177

. Such 

morphological transformations of various metal oxide layers deposited onto MWCNTs into 
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different resulting morphologies warrants further investigation. In this chapter, we 

systematically studied the calcination of Al2O3, TiO2, V2O5 and ZnO ALD-coated vertically 

aligned MWCNTs in air environment and investigated the kinetics of the carbon removal and 

the morphological and structural changes at the micro- and nano-scale before and after 

calcination. 

6.2 Experimental Details 

Prior to MWCNTs growth, 70 nm TiN and 1 nm Co as catalysts were sputtered on an 8 inch 

Si wafer (Endura PVD tool, Applied Materials, USA). MWCNTs were synthesized at IMEC 

by Dr. D. Cott through catalyst-enhanced PECVD, as described previously. The ALD 

processes of TiO2, ZnO, Al2O3 and VOx onto MWCNTs were carried out at Ghent University 

(by Dr. Shaoren Deng and Prof. Christophe Detavernier). The details of the ALD parameters 

can be found in Table 4. After ALD coating, the samples were calcined in air environment at a 

ramp rate of 5°C per min to remove the carbonaceous template. In situ XRD (adapted Bruker 

D8 system) was used to characterize the crystallization behavior during the calcination. SEM 

accompanied by EDX was performed using a FEI Quanta 200 F to resolve the morphology of 

the samples before and after annealing. TEM specimens were prepared by crushing (see 

section 2.2). BFTEM and HRTEM images as well as selected area electron diffraction 

(SAED) patterns were collected using a FEI Tecnai F20 operated at 200 kV. EFTEM 

elemental maps were obtained using a Philips CM30-FEG microscope operated at 300 kV. In 

addition, the crystallization temperature of metal oxide and oxidation temperature of 

MWCNTs were defined as Tcry and Tox, respectively. 

6.3 Results and Discussion 

Forests of MWCNTs with a thickness of 6.5 µm were coated with 100 cycles of Al2O3, TiO2, 

ZnO and VOx. After ALD, these samples were calcined at respectively 600°C, 500°C, 450°C 

and 450°C in air for 3 hours to remove the carbon. In Figure 47-(A)-(D), SEM images show 

that all samples still exhibit a forest-like structure at the micro-scale upon calcination. The 

thicknesses of Al2O3, TiO2 and VOx coated CNT forest films measured from the images 

collected by SEM analysis are similar to the original thickness of the as-grown MWCNTs (6.5 

µm), but there is a noticeable shrinkage of the ZnO film (4.7 µm). With the exception of the 
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minor changes in their thicknesses, there is no remarkable collapse observed in these films. 

EDX characterizations of the calcined samples indicated that these metal oxide forests are free 

standing nanostructures without the carbon support. 

 

Figure 47 (A), (B), (C) and (D) SEM images showing the Al2O3, TiO2, VOx and ZnO coated 

MWCNTs after annealing in air, respectively. 

Al2O3 hollow nanotubes 

A detailed TEM study combined with EFTEM elemental mapping applied to the as deposited 

Al2O3 coated MWCNT sample shows that a uniform layer of amorphous Al2O3 was deposited 

on the surface of the MWCNTs (see Figure 48-(A)–(D)). The HRTEM image in Figure 48-

(A) shows that the thickness of the Al2O3 coating on MWCNTs is smaller than a few 

(A) (B) 

(C) (D) 
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nanometers. The uncoated section of the MWCNT indicated in Figure 48-(B) by a circle in 

the color-coded EFTEM elemental map might be due to overlapping of neighboring 

MWCNTs during the deposition which hampers the exposure of this section to the precursors. 

After the deposition, the sample was annealed at 600°C in air for 3 hours to remove the 

MWCNTs. As can be seen in Figure 48-(E), hollow Al2O3 nanotubes were formed 

successfully. The calcination process appears to have no effect on the tubular morphology, 

which is in agreement with an earlier work
196

. 

 

Figure 48 The amorphous Al2O3 coating and the graphitic layers of the MWCNTs are visible 

in the HRTEM image in (A). The carbon and aluminum contents of the nanotubes are 

presented in (B) showing the color-coded EFTEM map generated from individual (C) carbon 

(red) and (D) aluminum (yellow) elemental maps. A white circle in (B) indicates a part that is 

not coated by Al2O3. TEM image of Al2O3 nanotubes after annealing in air at 600°C for 3 

hours is given in (E). 

TiO2 nanoparticle chains 

Calcination of MWCNTs coated with continuous TiO2 layers resulted in a remarkably 

different morphology at the nano-scale compared to MWCNTs coated with Al2O3 after the 

carbon removal. Figure 49-(A) indicates that prior to calcination in air, a continuous layer of 

amorphous TiO2 is present at the MWCNTs. After the calcination, the TiO2 coating 

surrounding the MWCNTs transforms into TiO2 nanoparticles that are interconnected to each 

other. Figure 49-(B) indicates that these TiO2 nanoparticles are fully solid and crystallized 

(e.g. not hollow). 
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Figure 49 Amorphous TiO2 coating and the graphitic layers of the MWCNTs are visible on 

the HRTEM image in (A). HRTEM image (B) after calcination reveals the crystalline TiO2 

nanoparticle chains. 

To understand the evolution of this transformation, a detailed HRTEM characterization 

accompanied by chemical elemental mapping was carried out on samples that were quenched 

at different temperatures during calcination in air. According to the results of in situ XRD, the 

crystallization temperature (Tcry) of ALD TiO2 coating is ~425 °C, as shown previously for 

ALD TiO2 of CNSs (see Figure 41-(A)). Thus, a series of samples was made by taking 

quenches at 400, 425, 450 and 475°C for HRTEM characterization. In this manner, the 

morphological transformation during calcination can be investigated. HRTEM images show 

that until 475 °C, the MWCNTs are still intact. However, for the sample quenched at 475 °C 

(Figure 50-(C)–(E)), the carbon content starts to decreases remarkably. As can be seen in 

Figure 50-(D) and (E), only a small amount of carbon is present inside the nanotube (indicated 

by white arrows). It should be noted here that the intense carbon signal (indicated by red 

arrows) stems from the holey carbon of the TEM grid. On the other hand, the TiO2 coating 

retains its tubular shape. This indicates that the carbon removal precedes the morphological 

transformation. Figure 50-(A) shows that even though the TiO2 coating is still surrounding the 

partly removed MWCNTs, the coating starts to transform from amorphous to continuous and 
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waved crystallized sections, with a rougher surface than that of the as deposited sample. As 

shown in Figure 50-(B), some hollow TiO2 nanotubes already appear. 

 

Figure 50 HRTEM images (A and B) of a 475 °C quenched sample show tubular morphology 

of TiO2 coating. Carbon (red) and titanium (green) contents of the nanotubes are presented in 

(C) showing the color-coded EFTEM map generated from individual (D) carbon and (E) 

titanium elemental maps. 

XRD results on these samples further reveal that the TiO2 coating started crystallizing at a 

temperature 425°C and this crystallization proceeded more intensely at higher temperatures 

(Figure 51). It was expected that the calcination at 500°C in air for 3 hours is necessary to 

fully crystallize the TiO2. From the HRTEM analysis, we know that the transformation of 

TiO2 from tubular coating to nanoparticles started from ~475°C, which is higher than the 

oxidation temperature (Tox) of MWCNTs, which will be discussed further later on. Upon 
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exceeding this temperature, the crystallized TiO2 sections began to sinter into interconnected 

nanoparticles when the MWCNTs were fully removed, causing the tubular morphology to 

collapse into chains of crystallized nanoparticles. Comparing with previous results of Al2O3 

coated nanotubes; we can conclude that the lower Tcry of TiO2 allows the sintering of 

crystallized TiO2 into nanoparticles instead of maintaining a tubular morphology. The 

thickness of the coating and the diameter of the MWCNT are also important parameters in 

determining the final morphology. When the coating is too thick, merging of TiO2 crystalline 

grains into nanoparticles is not likely since the tubular coating is thick enough to maintain its 

own structure. Also, when the tube is too thick, it will be more difficult for the metal oxide 

walls to merge together
173,193,197

. 

 

Figure 51 XRD patterns of TiO2 coated MWCNT samples 400, 425, 450, 475 °C quenched 

and 500 °C calcined for 3 hours. A-TiO2 and R-TiO2 stand for TiO2 of the anatase and rutile 

phases, respectively. 

V2O5 and ZnO network of interconnected nanoparticles 

When applying ALD on MWCNTs to synthesize porous metal oxides, the homogeneity of the 

initial coating is usually considered to be crucial for preserving the whole structure after 

carbon removal
198

. If the metal oxide coating is discontinuous, the whole structure is generally 

expected to collapse after the carbon removal. However, the following results of synthesizing 

porous V2O5 and ZnO nanostructures using the same approach employed above show that a 

continuous and homogeneous coating is in fact not indispensable for structural preservation. 

HRTEM characterization together with element mapping on 100 ALD cycles of VOx or ZnO 



CHAPTER 6 

108 

 

coated MWCNTs show that ALD resulted in a non-uniform coating of VOx or ZnO on the 

surface of the MWCNTs, which is due to the inhomogeneity of the MWCNTs
199,200

. Figure 

52-(A)–(D) show VOx layers on parts of the MWCNTs, whereas other sections remained 

uncoated (Figure 52-(D)). The HRTEM image in Figure 52-(E) (see the inset) shows that in 

some regions, the as deposited VOx coating has already crystallized into the V2O5 phase. 

 

Figure 52 (A) EFTEM maps of carbon and vanadium in the VOx nanotubes generated from 

individual (B) carbon (red) and (C) vanadium (dark blue) elemental maps. The TEM image in 

(D) depicts the uncoated and coated MWCNTs after ALD VOx. (E) This HRTEM image 

reveals crystalline VOx coating in some areas before calcination (see inset).  

ALD of ZnO on MWCNTs shows similar results. ZnO nanoparticles are attached to the 

surface of MWCNTs (see Figure 53-(A)–(C)). The coverage of ZnO on the MWCNTs is even 

less than that of VOx. Figure 53-(D) shows that the ZnO nanoparticles are already crystallized 

as deposited. 

In order to remove the carbon, the samples were calcined at 450°C in air for 3 hours. SEM 

images in Figure 47-(E) and (F) show that after the calcination, the VOx and ZnO samples still 

exhibit a similar forest like morphology at the micro-scale. The VOx forest has the same 

overall thickness of ~6.5 μm as that of the original MWCNTs, whereas the ZnO slightly 

shrinks to ~4.7 μm. However, in spite of the particle-type nature of the metal oxide ALD 

coating, the structures do not collapse or disintegrate upon removal of carbon. 
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Figure 53 Carbon and zinc contents of ZnO nanotubes are presented in (A) showing the color-

coded EFTEM map generated from individual (B) zinc (light blue) and (C) carbon (red) 

elemental maps. (D) This HRTEM image reveals crystallized ZnO nanoparticles attached to 

the surface of MWCNTs. 

In situ XRD was used to monitor the crystallization behavior of these metal oxides when 

calcining these films in air from room temperature to 450°C. VOx crystallized at 

approximately Tcry = 290°C showed no increase in grain size after crystallization (Figure 54-

(A)). The final crystalline phase was confirmed to be V2O5 by ex situ XRD (Figure 54-(B)). In 

contrast, ZnO coatings did not show remarkable changes of the diffraction peaks during the 

calcination since they were already crystallized as deposited (Figure 54-(C)). The ex situ XRD 

result of the calcined sample in Figure 54-(D) confirms that these diffraction peaks are from 

the hexagonal ZnO phase. However, a notable intensification of the diffraction peaks of ZnO 

(100), (002) and (101) was observed in Figure 54-(C), which implies that there was an 

increase in the grain size of the ZnO coating. Based on the evolution of the diffraction peak at 

(101), we used the Scherrer equation
201

 (D= 𝐾𝜆/𝛽 cos 𝜃; where D is the mean grain size, K is 

http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta05165c#fig7
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the crystallite shape factor, 𝜆 is the X-ray wavelength, θ is the Bragg angle and β is the pure 

diffraction broadening) to plot the variation of grain size versus calcination time, as shown 

in Figure 54-(E). The result shows that the initial grain size of the as deposited ZnO was about 

10 nm and increased to ~80 nm during the calcination. As the calcination temperature 

increases, the ZnO grains grow, which implies a merging process of ZnO nanoparticles during 

the calcination. 

 

Figure 54 In situ XRD of VOx (A) and ZnO (C) coated MWCNTs that were annealed from 20 

to 450 °C at a ramp rate of 5 °C/min and isothermally held at 450 °C for 3 hours. Ex situ XRD 

results in (B) and (D) show the final crystalline phases of VOx and ZnO samples after the 

calcination, respectively. The grain size of ZnO versus calcination time is shown in (E). 
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Figure 55 HRTEM images of the interconnected V2O5 nanorods after annealing VOx coated 

MWCNTs in air (A and B). SAED pattern of crystallized V2O5 (C). HRTEM images of the 

interconnected ZnO nanoparticles after annealing ZnO coated MWCNTs in air (D and E). 

SAED pattern of crystallized ZnO (F). 

To investigate the morphology of the VOx and ZnO coatings after the calcination, HRTEM 

was carried out for these two films. Figure 55-(A) and (B) show that the VOx coating 

crystallizes into interconnected V2O5 nanorods, with diameters of 20 to 80 nm and lengths of 

60 nm to more than 100 nm. The electron diffraction rings in the SAED pattern of crystallized 

VOx shown in Figure 55-(C) are indexed according to the various planes of the V2O5 phase. In 

the case of ZnO, as shown in Figure 55-(D) and (E), spherical ZnO nanoparticles with 

diameters ranging from 10 to 50 nm connect to each other in a similar manner as the 

V2O5 nanorods, indicating that during the carbon removal the initial separate nanoparticles 

connected to each other and grew into larger particles. The SAED pattern in Figure 55-

(F) confirms that these ZnO nanoparticles are crystalline. The coverage of ZnO nanoparticles 

on the MWCNTs is lower in comparison to the coverage of VOx, explaining the shrinkage 

(from ~6 to ~4.7 μm) of the film after calcination compared to the film of V2O5 nanorods, as 

http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta05165c#fig8
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shown in Figure 47. Even though a uniform coverage of metal oxide on the MWCNTs may 

facilitate structure preservation during carbon removal, the examples of VOx and ZnO clearly 

demonstrate that calcination of samples with a non-continuous coating can also result in a 

supportless nanostructure of porous metal oxide through merging and sintering of the separate 

nanoparticles into 3D interconnected networks during the calcination. 

Kinetics of carbon removal 

We systematically investigated the oxidation temperatures of MWCNTs coated with Al2O3, 

TiO2, ZnO and VOx by using EDX to record the carbon signal at different quenches of the 

samples during calcination in air, as shown in Figure 56-(A) and (B). In Figure 56-(A), 

MWCNTs were coated with 100 ALD cycles of Al2O3, TiO2, ZnO and VOx respectively and 

annealed from room temperature to 600°C. Several quenches at different temperatures with 

50°C intervals were performed for EDX measurement. For pure MWCNTs without metal 

oxide coating, Tox is found to be ~500°C. Upon coating with metal oxides, Tox of MWCNTs 

changes accordingly. TiO2 and VOx coated MWCNTs have a ~50°C decrease in Tox whereas 

for ZnO coated MWCNTsTox shows a ~100°C decrease
60,198

. However, a ~50°C increase 

of Tox is observed for the Al2O3 coated samples.  

Different numbers of ALD cycles were also applied to investigate the effect of the thickness 

of the metal oxide coating on Tox. In Figure 56-(B), carbon signals measured by EDX for 50, 

100 and 200 cycle TiO2 and Al2O3 coated MWCNTs are shown. For TiO2 coated MWCNTs, 

the Tox values are independent of the thickness of TiO2. For the Al2O3 coated MWCNTs, the 

thicker the Al2O3 layer, the higher the Tox. For 200 cycles of Al2O3, removal of the carbon is 

not yet complete, even though the quench is taken at 650 °C. The decrease in Tox of MWCNTs 

can be attributed to the catalytic effect of coated metal oxides. Aksel et al. proposed a possible 

mechanism for explaining this catalytic effect
198

. First the oxygen in the metal oxide reacts 

with the carbon of the MWCNTs and generates CO and an oxygen vacancy in the metal oxide 

layer. Then oxygen vacancies migrate to the gas–solid interface and are occupied with oxygen 

from the ambient atmosphere. The results shown in Figure 56-(A) are in agreement with this 

hypothesis. However, the results in Figure 56-(B) show that the uniformity of the thin film 

coating also influences the oxidation temperature. If the layer of metal oxide is not dense 
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enough e.g. TiO2 compared to Al2O3, increasing the thickness does not increase the oxidation 

temperature of the MWCNTs, since pin holes probably allow oxygen vacancies to migrate to 

the gas–solid interfaces. Comparing Figure 48-(A) with Figure 49-(A), the TiO2 coating on the 

MWCNTs is less uniform than the Al2O3, which implies that the uniformity and the quality of 

Al2O3 coating are better than those of TiO2 and would have fewer pin holes. On the other 

hand, compared to other methods of coating metal oxides on MWCNTs, ALD is a well-

known technique for the growth of higher quality metal oxides. Given a perfect starting 

surface, ALD will grow a metal oxide layer with limited pinholes. An increase of oxidation 

temperature was found when TiO2 was deposited by ALD on oxygen plasma treated 

MWCNTs, which have a more defective surface and are easier for TiO2 to nucleate and form 

ALD coating with a higher quality
202

.  

 

Figure 56 (A) EDX measured carbon contents of Al2O3, TiO2, VOx and ZnO coated MWCNTs 

with 100 ALD cycles quenched at different temperatures. The result of referenced uncoated 

MWCNTs is also shown. (B) EDX measured carbon contents of Al2O3 and TiO2 coated 

MWCNTs with 50, 100 and 200 ALD cycles quenched at different temperatures. The result of 

referenced uncoated MWCNTs is also shown. 

6.4 Conclusions 

To summarize, by using TEM, a thorough understanding was obtained concerning the 

formation of nanostructured metal oxides by ALD deposition of metal oxides on MWCNTs 

and subsequent calcination. The process of morphological transformation during calcination is 

sketched according to Tcry and Tox, as indicated in the scheme. From the systematic 

investigation above we can conclude that: 
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(i) For crystalline oxides (i.e. when calcining at temperatures higher than Tcry), sintering 

becomes a key mechanism during the calcination and determines the final morphology. For 

the TiO2 sample, the driving force to reduce the surface area in combination with a sufficient 

mobility of the atoms causes a collapse of the hollow tube nanostructure into chains of anatase 

nanoparticles. 

(ii) As illustrated by the examples of VOx and ZnO, a continuous coating of the MWCNTs is 

not indispensible for avoiding the entire structure to collapse during the removal of the carbon 

support. A self-supported, interconnected 3D structure can be formed by merging and 

sintering of the initial separate nanoparticles during the calcination. 

(iii) The uniformity and thickness of the metal oxide coating affects the Tox of the MWCNTs. 

Thick layers of metal oxide with high quality increase the Tox, which is due to the retardance 

of oxygen vacancy diffusion from the carbon–metal oxide interface to the exterior surface. 
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Chapter 7 Investigation of a 3D network of Pt nanowires 

synthesized by atomic layer deposition on a carbonaceous 

template 

The formation of a 3D network composed of free standing and interconnected Pt nanowires 

was investigated by advanced TEM. The novel material was achieved by a two-step method, 

consisting of conformal deposition of Pt by ALD on a forest of carbon nanotubes and 

subsequent removal of the carbonaceous template. The characterization showed that this pure 

3D nanostructure of platinum is self-supported and offers a high surface area, which might be 

beneficial for various applications. 

7.1 Introduction 

As an effective catalyst, platinum (Pt) has been widely used in many applications including 

water splitting, fuel cells and automobile emission control
203–205

. Different synthesis methods 

have been so far employed to synthesize Pt nanostructures with various morphologies. For 

instance, electrospinning was successfully carried out for the synthesis of Pt nanowires
206

. 

Yang et al. reported the production of Pt nanoparticles by reducing chloroplatinic acid 

(H2PtCl6) in formic acid at low temperature
207

. In the case of porous Pt structure synthesis, the 

use of a template material with a large surface area is widely preferred. Sun et al. used an 

aqueous method to grow ultra-small Pt nanowires on nitrogen-doped carbon nanotubes
208

. 

Sattayasamitsathit et al. demonstrated a delicate three-dimensional (3D) porous carbon 

structure decorated with Pt nanoparticles by electro-deposition
209

. 3D ordered networks of 

platinum nanowires were synthesized by S. Akbar et al. using a lipid with a high surface area 

as an electrochemical template
210

. Dealloying a Pt–M (Al, Fe, Au.) alloy is another popular 

way to fabricate porous Pt nanowires and has therefore been under intensive research in recent 

years
211–213

. 

Different types of porous materials, e.g. Pt nanotubes or hybrid catalysts, have been 

successfully produced using ALD
193,214,215

. Liu et al. for instance deposited Pt nanoparticles 

on carbon nanotube (CNT) supports for fuel cell applications
216

. On the other hand, support-

free and porous Pt nanostructures can be advantageous for certain applications, e.g., in 

aggressive environments where the supports are potentially not stable. As an example, Pt 
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nanoparticles dispersed on a carbon support may suffer from instability issues during oxygen 

reduction reactions
217,218

. 

Here, we report the structural characterization of Pt clusters on ordered MWCNTs and the 

formation of a 3D network comprising pure self-supporting Pt nanowires upon removal of the 

MWCNTs through annealing in air. The ALD Pt coated MWCNTs and the 3D network of Pt 

nanowires (i.e. after removal of the carbonaceous support) will be referred to as “Pt-

MWCNTs” and “3D-Pt” throughout this chapter, respectively. 

7.2 Experimental Details 

Prior to MWCNTs growth, 70 nm TiN and 1 nm Co as catalysts were sputtered on an 8 inch 

Si wafer (Endura PVD tool, Applied Materials, USA). MWCNTs were synthesized at IMEC 

by Dr. D. Cott through catalyst-enhanced PECVD, as described previously. The ALD process 

of Pt onto MWCNTs was carried out at Ghent University (Dr. Shaoren Deng and Prof. 

Christophe Detavernier). The details of the ALD parameters can be found in Table 4. After 

ALD coating, in situ X-ray diffraction (adapted Bruker D8 system) was used to characterize 

the crystallization behavior during the calcination in air at 450°C. SEM accompanied by EDX 

was performed using a FEI Quanta 200 F to resolve the morphology of the samples before and 

after annealing. TEM specimens were prepared by crushing technique (see Section 2.2.1). 

BFTEM images and SAED patterns were acquired using a FEI Tecnai F20 TEM operating at 

200 kV. HAADF-STEM images and EDX elemental maps were collected using a FEI Titan 

60-300 TEM operating at 300 kV, equipped with a ChemiSTEM system for EDX analysis. 

HAADF-STEM electron tomography tilt series were collected using either an FEI Titan 60-

300 TEM operating at 300 kV or an FEI Tecnai F20 TEM operating at 200 kV, both of which 

are equipped with an advanced tomography holder from Fischione Instruments and the FEI 

XPlore3D software package. For the tomography experiments, 71 HAADF-STEM images 

were acquired over the range of ±70° with 2° tilt increments. Alignment and reconstruction of 

the tomography data were carried out using the FEI Inspect3D software package. The 

reconstructions were performed using the “Simultaneous Iterative Reconstruction Technique” 

(SIRT) with 25 iterations implemented in Inspect 3D. Amira software (Visage Imaging 

GmbH) was used for visualization. 
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7.3 Results and discussion 

A SEM image of the Pt-MWCNTs (Figure 57-(A)) shows that after 50 cycles of Pt coating, 

no obvious morphological changes were observed at the micrometer-scale after ALD. A TEM 

study of the samples (see Figure 57-(B) and (C)) revealed that Pt– ALD on the MWCNTs 

results in the formation of nanoparticles attached to the MWCNTs. The high resolution 

HAADF-STEM image given in Figure 57-(D) illustrates the crystallinity of the as-deposited 

Pt nanoparticles. 

 

Figure 57 (A) SEM and (B) HAADF-STEM images of the as-deposited 50 cycle Pt-MWCNT 

samples. (C) and (D) high resolution HAADF-STEM images showing  crystalline Pt 

nanoparticles coated on a single MWCNT. 

In order to investigate the purity of the Pt nanoparticles, EDX elemental maps were collected 

from a region specified on the HAADF-STEM image, as shown in Figure 58-(A). The color-

coded elemental map indicates the carbon and platinum content of the specified area and 

proves that the Pt nanoparticles are indeed attached to the MWCNTs (see Figure 58-(A-C)).  
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Figure 58 (A) A color-mixed elemental map of (B) carbon (green) and (C) platinum (red) 

overlaid with the (A) HAADF-STEM image. 

In order to characterize the Pt-coated MWCNTs in 3D, an electron tomography experiment 

was performed. The visualization of the 3D reconstructed volume is presented in Figure 59-

A). The formation of randomly distributed Pt nanoparticles on the MWCNTs is clearly 

observed in the 3D visualization. The size distribution of the Pt nanoparticles was obtained 

from the electron tomography experiment. It was found that the nanoparticles have an average 

particle radius around 3 nm, as shown in Figure 59-(B). 

 

Figure 59 (A) The visualization of the 3D tomography and (B) the distribution of the Pt 

nanoparticle size from 50 cycle Pt-MWCNT samples (only Pt nanoparticles are shown). 
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In view of the wide spacing in between neighboring Pt nanoparticles on the MWCNTs, one 

could expect that removal of the carbonaceous support would induce complete collapse of the 

structure. Surprisingly, the overall forest-type morphology was preserved after calcination of 

the Pt-MWCNTs In air at 450ºC. In Figure 60, SEM images and EDX results are used to 

schematically illustrate the transformation of Pt-MWCNTs into a free standing 3D-Pt 

nanostructure. Even though the MWCNTs were removed during the calcination in air, the 

overall structure was largely preserved; although a clear shrinkage of the height can be 

observed. 

 

Figure 60 A combined figures of schematic illustration, SEM images and EDX results shows 

the morphology and elementary transformation from MWCNTs (a) to Pt-MWCNTs (b) and to 

3D-Pt (c). 
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A detailed characterization of the resulting 3D-Pt sample was carried out by TEM (see Figure 

61). Figure 61-(A) and (B) depict this 3D network comprising Pt nanowires with different 

diameters ranging from 10 to 50 nm. Such variation of the diameter is likely to result from the 

merging of Pt coating on adjacent MWCNTs into larger crystalline wires, whereas the Pt 

coating on isolated MWCNTs forms thinner nanowires. The high-resolution HAADF-STEM 

image shown in Figure 61-(C) reveals that these Pt nanowires are zigzag shaped and 

composed of crystalline nanoparticles. The SAED pattern (see Figure 61-(D)) shows no 

diffraction rings from the graphite phase but a clear appearance of diffraction rings from Pt, 

confirming the removal of the MWCNTs subsequent to annealing in air. 

 

Figure 61 (A) BFTEM and (B) HAADF-STEM images of the 50 cycle 3D-Pt sample. (C) 

High resolution HAADF-STEM images of the 50 cycle 3D-Pt sample. (D) The SAED pattern 

of the part of the 50 cycle 3D-Pt sample given in (A). 
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The 3D nature of the network of Pt nanowires is revealed by HAADF-STEM electron 

tomography (see Figure 62-(A)). Unlike the as-deposited sample where Pt nanoparticles were 

observed to be attached to MWCNTs (see Figure 59), the annealed sample exhibits a 3D Pt 

network consisting of many interconnected Pt nanowires of different diameters. Necks 

throughout all the Pt nanowires were observed, which could be due to the migration and 

agglomeration of small Pt nanoparticles, and therefore resulted in thinner regions. From the 

HAADF-STEM electron tomography of the 50 cycle Pt-MWCNT samples, the orthoslices 

were collected from specified locations of the visualization (see Figure 62-(B-D)). These 

orthoslices also show that all the MWCNTs are removed completely, the tubular morphology 

was not formed, and instead solid Pt nanowires are formed. 

 

Figure 62 (A) The visualization of the 3D tomography of a section cut from the 50 cycle Pt 

sample. (B-D) Orthoslice images of 50 cycles 3D Pt sample from the reconstruction. 

A detailed investigation of the carbon removal was carried out by EDX on several quenches 

of 50 cycle Pt-MWCNT samples and in situ XRD during the isothermal process, as shown in 

Figure 63-(A) and (B). For as-grown MWCNTs, the intensity of the carbon signal slightly 

decreases when the annealing temperature reaches 550°C and decreases significantly from 

550 to 650°C, which indicates that the oxidation temperature is around 600°C for the 
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uncoated MWCNTs. For the 50 cycle Pt-MWCNTs, the carbon EDX signal exhibits similar 

evolution. However, the drastic descent of the carbon signal starts at a temperature between 

350 and 400°C. This implies that the oxidation temperature of the MWCNTs has been 

significantly reduced due to the Pt nanoparticle coating on the MWCNTs. This might be 

attributed to the catalytic effect of the Pt nanoparticles, which seems to facilitate the oxidation 

process of the MWCNTs
219

. Since the 50 cycle Pt-MWCNT sample has an uncoated 

MWCNT surface after the Pt ALD process, which includes an ozone exposure step, the effect 

of the exposure of MWCNTs to ozone pulses used during the ALD deposition process on the 

oxidation temperature has to be taken into consideration. Therefore, an ozone treated 

reference sample of MWCNTs was achieved by applying 50 half-cycles of ozone pulse on 

MWCNTs with the same pulse time and same temperature as applied during the Pt ALD 

process. As can be seen in Figure 63-(A), the variation of the carbon signal of the ozone 

treated reference sample overlaps with the uncoated MWCNTs, which excludes the possible 

effect of ozone treatment during the ALD process on the carbon removal. 

In Figure 63-(B), the evolution of the grain size of Pt nanoparticles was calculated using the 

Scherrer equation and the FWHM of the Pt (111) diffraction peak during the calcination. The 

red points represent the evolution of the grain size during calcination in air at 450°C for 3 

hours. The grain size starts to grow from 5 nm, which is in good agreement with the TEM 

characterization in Figure 59, and then gradually increases as the annealing temperature is 

raised at a fixed rate of 5°C min
-1

. When the temperature is above 435°C, the grain size takes 

off and gradually increases during the isothermal plateau at 450°C and reaches a range of 24–

27 nm at the end of the plateau. According to the EDX results in Figure 63-(A), the carbon 

intensity drops steeply between 400 and 450°C. Since this coincides with the dramatic 

increase of the Pt grain size, the removal of carbon appears to assist the merging of the Pt 

nanoparticles into larger grains. The limited increase of Pt grain size (blue points) of a control 

sample calcined at 450°C in He for 3 hours is in agreement with this interpretation. The grain 

size does not increase spectacularly when the sample was annealed at 400°C in air for 3 hours 

(green points), although this long anneal also resulted in complete removal of carbon 

according to EDX. This indicates that the calcination temperature is an important factor in the 

growth of the Pt grains. 
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Figure 63 (a) Carbon content as determined by EDS on as grown MWCNTs, ozone treated 

MWCNTs and 50 cycles Pt-MWCNTs calcined at different temperatures. (b) is the grain size 

versus calcination time, calculated from in situ XRD measurement by using the Sherrer 

equation. The sample was ramped up from room temperature to 400 or 450°C at a constant 

rate of 5°C/min, and then kept at this temperature for a period of up to 3 hours. 

To investigate the effect of the amount of Pt on the morphology after carbon removal, 100 and 

200 cycle Pt-MWCNT samples were also annealed using the same process. SEM images of 

the annealed samples are shown in Figure 64-(A)–(C). For all the samples, a similar 

morphology was observed for the 3D-Pt structure. However, a considerable decrease in the 

overall layer thickness was observed. The thicknesses of 50, 100 and 200 cycle 3D-Pt samples 

were measured to be 5.82, 6.82 and 7.0 µm, respectively. The reduced shrinkage of the height 

for the sample with more ALD Pt cycles indicates that the presence of a larger amount of as-

deposited Pt coating reduces the shrinkage during calcination. 

 

Figure 64 SEM pictures of 50 cycles (a), 100 cycles (b) and 200 cycles (c) Pt-MWCNT 

samples after calcination at 450ºC in air for 3 hours. 
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7.4 Conclusions 

In summary, using 2D and 3D TEM, we demonstrated the formation of a novel porous 3D 

network comprised of free standing Pt nanowires. It was clearly shown that Pt nanowires 

formed an interconnected architecture which consists of pure Pt without any carbon support. 

The porous, conductive and interconnected features of this 3D network of Pt nanowires could 

be ideal for multiple applications requiring support-free Pt catalysts, e.g. for use in corrosive 

environments. 
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Chapter 8 Conclusions and future research 

In this thesis, we demonstrated how advanced electron microscopy can be used to study 

materials that consist of soft and hard matter. For the soft matter part, it was shown that the 

extraordinary physical properties of CNTs and CNSs, such as high surface area and aspect 

ratio, make them well-suited as templates to deposit different metals/metal oxides. In case of 

the hard compound, it was demonstrated that the structural properties of oxide templates and 

their interactions with the soft matter components have great influence on the final 

characteristics of the materials comprising carbonaceous species. These two approaches are 

summarized at a schematic illustration presented in Figure 65. 

 

Figure 65 Schematic demonstration of the templated synthesis of MWCNTs and the formation 

of porous metal oxide nanostructures by ALD on MWCNTs and CNSs followed by 

calcination. 
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In Part 1, TEM was used to show that the AAO membrane templated synthesis approach can 

be adopted when CNTs are fabricated through CCVD. From the analysis, it was concluded 

that the method can yield long CNT bundles that are sticking out from the pores of AAO 

membrane with the alignment parallel to the gas flow direction at CVD. In addition, the 

characterization of the Fe2Ni catalyst impregnated AAO membranes demonstrated that a short 

NaOH etching step can enhance the adhesion of the particles and prevent the blockage of the 

AAO pores by the catalyst solution. Moreover, our results showed how TEM can be used to 

determine the structure and morphology of complex material systems, such as mesoporous 

silica confined in the pores of AAO membrane as in our case, both qualitatively and 

quantitatively. In this respect, the optimization of the mesopores of silica can be assisted.  

In Part 2, it was concluded that CNSs can be used as templates to deposit TiO2 layers through 

ALD, and that in this case both the anatase content of the TiO2 layer and the preservation of 

CNSs upon annealing in helium environment can be revealed by TEM. For the investigation 

of porous nanostructured metals/metal oxides synthesized through ALD on forests of 

MWCNTs, which include Al2O3, TiO2, V2O5, ZnO and Pt, it was demonstrated that the 

calcination in air environment leads to different resulting morphologies depending on the type 

of the deposited metal/metal oxide layer. 

Future research work is worth considering as follows: 

 Although FIB sample preparation has succeeded in preserving aCNTb’s and the 

catalysts in AAO pores for TEM analysis, the TEM investigation of the FIB lamella 

could yield information mostly from a small section of the AAO-CNTs due to the FIB 

being site specific. In addition, in case the length of the aCNTb’s would reach to 

several tens of micrometers with future improvements at the synthesis part, preparing 

FIB lamellas from such aCNTb’s confined in the pores of AAO membranes could be 

challenging. Therefore, cross-section TEM sample preparation can be applied to 

AAO-CNTs materials in the future analysis, which could make their characterization 

possible at a larger scale.  

 If the growth of CNTs inside the columns of mesoporous silica synthesized in AAO 

membrane pores would be succeeded in the future, this shall require an in-depth TEM 

analysis preferentially in 3D. However, in such case, conventional HAADF-STEM 
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tomography would possibly not yield all the necessary information, especially in terms 

of their chemical analysis. This is due to the fact that the resulting materials would be 

consisting of elements which have low atomic numbers and are neighboring to each 

other in the periodic table, such as Al, Si, O and C. EDX-STEM tomography will be of 

great importance for such samples, which was already shown here in case of AAO-

aCNTb’s. 

 Since carbon-based materials are susceptible to electron beam damage, the structural 

changes which occur due to knock-on damage can be a severe problem during STEM 

and TEM observations. Here, we could overcome this limitation by using accelerating 

voltages (120 kV) mildly above the threshold for the knock on damage (~80 kV). In 

this manner, the morphology of these templates was mostly preserved while 

maintaining a resolution less than one angstrom.  However, this technique was mostly 

limited to resolving the structure of the metal/metal oxide coatings, whereas the 

structural information attained from the carbon based counterparts was restricted due 

to the decreased but yet mildly present knock-on damage. In future, the use of low 

voltage aberration correction in STEM and TEM imaging will become increasingly 

important to understand the interaction between carbon based templates and their 

coatings. For instance, the technique could be applied to directly observe the interface 

between as-deposited ALD processed layers and the template nanostructures at 

accelerating voltages below the threshold value for the knock-on damage. In this 

manner, preferential deposition or formation of nanoparticles at defective sites of 

carbonaceous templates can be studied without any potential morphological changes 

which occur at the carbonaceous materials as a result of the knock-on process. 

 In addition, another solution to reduce beam damage could be the use of new 

generation CCD cameras, which are designed to optimize image detection for beam-

sensitive specimens requiring extreme low dose conditions. Since the efficient 

detection of low-contrast signals is critical, especially in cases of imaging 

carbonaceous materials, or electron tomography, in which the tomogram resolution 

increases with the number of images recorded, these new detectors offer an improved 

signal-to-noise ratio. In the future, the characterizations of the samples we studied here 

could be conducted by the use of such image detectors, through which the beam 
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damage could be further reduced by the decrease at the total acquisition times of the 

images recorded.  
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