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ABSTRACT 

 

Synthesis, Characterization and Functionalization of 

Vertically Aligned Carbon Nanotube Arrays  

 

Gökçe Küçükayan Doğu 

Ph.D. in Materials Science and Nanotechnology Graduate Program 

Advisor: Assist. Prof. Dr. Erman Bengü 

December, 2012 

 

In the last decade, there has been an increased interest on carbon nanotubes 

(CNTs) for various applications due to their unique structural, electronic, 

mechanical and chemical properties. Synthesis of CNTs is no more a challenge 

with the enhancements and diversity in production techniques. The remaining 

challenges regarding CNTs for high-volume manufacturing and commercial 

applications are related to the followings; firstly, gaining control over 

orientation and density of CNTs during growth for building two and/or three 

dimensional functional structures and secondly, modulating properties of these 

structures through a facile route. With regards to these challenges, the growth 

dynamics of vertically aligned carbon nanotubes (VA-CNTs) were investigated 

in this thesis. The first part of this thesis explains synthesis of VA-CNTs 
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achieved through the use of a newly designed alcohol catalyzed chemical vapor 

deposition system in detail. Various catalyst layers were used in the experiments 

for understanding growth mechanism and thereby the effect of synthesis 

parameters. The catalyst layers were deposited on SiO2 wafers through physical 

vapor deposition techniques. The configuration of these catalyst layers were 

engineered to tune the density and alignment of VA-CNTs by considering the 

competing mechanism between the subsurface diffusion and migration of 

catalyst particles. In addition, the annealing parameters were investigated for 

synthesizing taller and aligned CNTs. The characterization of catalyst layers and 

VA-CNTs were performed using analysis of Scanning Electron Microscopy, 

Raman Spectroscopy, Atomic Force Microscopy, X-ray Photoelectron 

Spectroscopy, Electron Energy Loss Spectroscopy, High Resolution 

Transmission Electron Microscopy and Raman Spectroscopy.  

 

In the second part, effect of synthesis parameters such as growth temperature 

and pressure, carbon source type and concentration were examined to better 

understand the growth dynamics of VA-CNTs. Physical and structural 

transitions of CNTs were observed induced by the decomposition reaction 

processes of various carbon sources at a related growth temperature. Growth 

behavior of VA-CNTs was investigated under different carbon source 

concentration and pressure to find an optimum growth range.  
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The results indicated that while the synthesis method followed in this work is a 

catalytic based process where the reaction kinetics has a profound influence on 

the growth of VA-CNTs molecular diffusion mechanisms were found to be 

playing a key role in determining the growth, size, orientation and structural 

properties of VA-CNTs. Hence, an approach incorporating the kinetic and 

diffusion related processes were followed for building an empirical model for 

uncovering the dominant mechanisms responsible for the termination of growth 

of VA-CNTs. 

  

In the following sections of the thesis, the preliminary studies regarding Li 

intercalation to VA-CNTs and cell growth on CNTs were performed for possible 

future applications of two and three-dimensional structures based on CNTs. In 

situ Li intercalation was studied during the growth of VA-CNTs which does not 

require post processing for the intercalation mechanism as commonly performed 

in the existing literature. Li intercalation in the CNTs was confirmed by using 

X-ray Photoelectron Spectroscopy, Electron Energy Loss Spectroscopy and 

Raman Spectroscopy following the changes induced by the charge transfer from 

Li to the carbon lattice.  

 

In the second application case, used of VA-CNTs were examined as a scaffold 

for growing mesenchymal stem cells (MSCs). Surfaces covered with VA-CNTs 

were patterned by using elasto-capillary mechanism to create suitable ‘nests’ for 

MSCs to be anchored. The cell viability test was conducted on seeded MSCs on 
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CNT nests and indicated no toxic effect of CNT nests when they were used as 

scaffold. Furthermore, an aging effect of cells on adhesion was investigated.  

 

As a conclusion, the work presented here demonstrated that control over 

structural and surface properties of VA-CNTs could be attained by taking 

advantage of a wide range of growth parameters such as temperature, pressure 

and carbon source type. Hence, the two case studies examined in this study 

demonstrated a path for aligned and denser CNTs synthesized with desired 

properties using the learnings attained in the first part of the thesis to be used as 

anode materials for Li ion batteries and as alternative scaffolds for tissue 

engineering applications.  

 

Keywords: vertically aligned carbon nanotubes, lithium intercalation, scaffold, 

chemical vapor deposition, physical vapor deposition, growth mechanism, 

application   
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ÖZ 

 

Dik Olarak Hizalanmış Karbon Nanotüplerin 

Sentezlenmesi, Karakterizasyonu ve 

İşlevselleştirilmesi    

 

Gökçe Küçükayan Doğu  

Ph.D. Malzeme Bilimi ve Nanoteknoloji Programı 

Tez Yöneticisi: Yrd. Doç. Dr. Erman Bengü 

Aralık, 2012 

 

Son on yıllık süreçte, karbon nanotüplerin çeşitli uygulama alanlarındaki 

kullanımı üzerine olan ilgi nanotüplerin eşsiz yapısal, elektriksel, mekaniksel ve 

kimyasal özelliklerinden dolayı hızla artmıştır. Son zamanlarda çeşitlenen 

karbon nanotüp üretim metotlarıyla artık bu yapıları üretmek zor değildir. 

Önemli olan karbon nanotüplerin yüksek miktarda üretimini ve kitlesel 

uygulamalardaki kullanımını yaygınlaştırmaktır. Bunları gerçekleştirmek ise 

şunlara bağlıdır; fonksiyonel iki ve/veya üç boyutlu yapılar için yönlenmiş ve 

uygun yoğunlukta karbon nanotüp büyütülmesinde kontrol sağlanması ve 

yapısal özelliklerinin kolay bir şekilde değiştirilmesidir. Bu problemlerden yola 

çıkarak tezde, dik olarak hizalanmış karbon nanotüplerin (VA-CNT) büyüme 
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dinamiği incelenmiştir. Tezin ilk kısmı VA-CNT’ lerin yeni tasarlanan alkol 

katalizörlü kimyasal buhar kaplama tekniği ile sentezlenmesini açıklamaktadır. 

Büyüme mekanizmasını anlamak için yapılan deneylerde kullanılan katalizör 

tabakaları fiziksel buhar kaplama metodu ile kaplanmıştır. VA-CNT’ lerin 

yoğunluklarının ve yönlenmesinin ayarlanması yüzey altı difüzyon ile katalizör 

parçacıklarının yüzeydeki göçü arasında rekabet eden mekanizmayı göz önüne 

alarak katalizör tabakalarının farklı şekilde düzenlenmesi ile sağlanmıştır. 

Ayrıca, katalizör tavlama parametreleri daha uzun ve daha iyi hizalanmış karbon 

nanotüpler üretmek için incelenmiştir. Katalizör tabakalarının ve karbon 

nanotüplerin karakterizasyonları taramalı Elektron Mikroskobu, Raman 

Spektroskopisi, Atomik Kuvvet Mikroskobu, X-ışını Fotoeletron 

Spektroskopisi, Elektron Enerjisi Kayıp Spektroskopisi, Yüksek Çözünürlüklü 

Geçirgenli Elektron Mikroskobu kullanılarak gerçekleştirilmiştir.    

 

İkinci kısımda, VA-CNT’ lerin büyüme mekanizmalarını daha iyi anlamak için 

sentez sıcaklığı, sentez basıncı, karbon kaynağı tipi ve konsantrasyonu gibi 

üretim parametrelerinin etkileri belirli değer aralıklarında incelenmiştir. İlgili 

sıcaklıkta karbon kaynaklarının bozulma tepkimelerinin etkisiyle karbon 

nanotüplerde fiziksel ve yapısal dönüşümler gözlenmiştir. Ayrıca, farklı 

konsantrasyonlarda ve basınçlarda kullanılan karbon kaynağı ile sentezlenen 

VA-CNT’ lerin uzunlukları kullanılarak en verimli karbon nanotüp üretme 

aralığı bulunmuştur.  
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Tezde kullanılan sentez metodu reaksiyon kinetiğinin VA-CNT’ lerin 

büyümesine etkisi olan katalitik temelli bir süreç olmasına rağmen moleküler 

difüzyon büyüme mekanizması da VA-CNT’ lerin boyutlarında, yapılarında ve 

hizalanmalarında önemli bir rol oynamaktadır. Bundan ötürü, karbon 

nanotüplerin büyümesinin sonlanmasından sorumlu etkiyi bulmak için 

kullanılan yaklaşımdaki hesaplamalarda kinetik ve difüzyon temelli süreçler göz 

önüne alınmıştır.  

 

Tezin takip eden bölümlerinde, karbon nanotüp temelli iki ve üç boyutlu 

yapıların olası uygulama alanı için lityumun (Li) karbon nanotüp yapısında 

araya ilave edilmesi ve karbon nanotüpler üzerinde hücre büyütülmesi üzerine 

ön çalışma yapılmıştır. Li’ un karbon nanotüp yapısında araya ilave edilmesi 

literatürde yaygın bir biçimde büyüme basamağından sonra ek işlemler ile 

yapılırken, tezde Li’ un yapıya ilave edilmesi karbon nanotüplerin büyümesiyle 

eş zamanlı olarak tek basamakta gerçekleştirilmiştir. Yapıya Li’ un ilave 

edilmesi, X-ışını Fotoeletron Spektroskopisi, Elektron Enerjisi Kayıp 

Spektroskopisi ve Raman Spektroskopisi kullanılarak teyit edilmiştir.  

 

İkinci uygulama alanında VA-CNT’ ler mezenkimal kök hücrelerin 

büyütülmesinde yapı iskelesi olarak incelenmiştir. Karbon nanotüplerle kaplı 

yüzeyler “elasto-capillary” mekanizmasından faydalanarak hücrelerin 

tutunabileceği karbon nanotüp yuvaları oluşturmak için şekillendirilmişlerdir. 

Daha sonra hücrelerin yaşlanmasının yüzeylere yapışmaya olan etkisi 



xi 

 

incelenmiştir. Ayrıca, hücre yaşayabilme testi karbon nanotüp yuvalarının 

üzerine ekilen hücrelerde gerçekleştirilmiş ve karbon nanotüplerin yapı iskelesi 

olarak kullanıldığında hücrelerde herhangi bir zehirlenme etkisi görülmemiştir.  

 

Sonuç olarak tezde kullanılan sıcaklık, basınç ve karbon kaynağı gibi çeşitli 

sentez parametreleri ile VA-CNT’ lerin yüzeysel ve yapısal özelliklerinin 

kontrol edilebileceği görülmüştür. Dolayısıyla, gerçekleştirilen iki ön çalışma 

yoğun ve hizalanmış karbon nanotüplerin Li iyon pillerinde anot malzemesi ve 

doku mühendisliği uygulamasında alternatif yapı iskelesi olarak kullanımı 

üzerine bir yol sunmaktadır.   

 

Anahtar kelimeler: dik hizalanmış karbon nanotüpler, lityum katkılandırılması, 

yapı iskelesi, kimyasal buhar kaplama, fiziksel buhar kaplama, uygulama  
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  Chapter 1

Introduction  

1.1 Discovery of carbon nanotubes 

Over the last decade, carbon nanotubes (CNTs) have been a popular subject for 

intense scientific and technological investigations owing to their unique 

properties. Many applications for CNTs have been proposed ranging from 

biomedical fields to electronic devices for the next generation computers. 

Although, application of CNTs to a commercial product has not yet to be 

finalized, the frenzy over the CNTs continues almost unabated as shown in 

Figure 1.  
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 The number of publications regarding CNT by years.  Figure 1.
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It is widely recognized that Iijima in 1991 has reported the first observation of 

CNTs (1). However, there have been earlier reports displaying TEM images of 

hollow carbonaceous structures which can be easily recognized as CNTs (2–4). 

The 1991 report by Iijima was actually the first one to accurately describe the 

atomic scale details of these structures and proposing that these were 

“nanotubes”(1). Nevertheless, the study by two Soviet scientists in 1952 merit 

recognition in this regard (2). Radushkevich and Lukyanovich had observed 

similar structures in 1952 but due to the limited resolution of electron 

microscopy in those years, they called their observations as “carbon filaments” 

(2). Similarly, in 1984, Tibbetts reported similar hollow tubular structures as 

“filaments” (4). Figure 2 shows the most known CNT and “carbon filaments” 

early reported in the literature.  

 

                     

 CNTs and “carbon filaments” reported in the literature by various researchers Figure 2.

at different years; (a) 1991, (b) 1952 and (c) 1984 (1, 2, 4).    

Still in the light of these earlier reports what now appears to be CNTs, the work 

by Iijima cannot be dismissed, as only Iijima attempted to explain the atomic 

(a) (b) (c) 
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structure of his observations through single-sheets of graphite and naming his 

observations as CNTs (1). Furthermore, CNTs continue inspiring further 

researches on this field.  

1.2 Structure, properties and characterization of carbon 

nanotubes 

Carbon is the sixth element of the periodic table and has the ability of 

hybridization in various forms such as sp (acetylene), sp
2
 (ethylene) and sp

3
 

(methane). Carbon is one of the few elements to display orbital hybridization 

which as a result allows for many carbon allotropes to exist. The best known 

allotropes of carbon are diamond (5), fullerenes (6) and graphite (7) as shown in 

Figure 3. Extended flat sheets made up of carbon atoms in honeycomb patterns 

form graphene layers where carbon atoms are hybridized in the sp
2
 form.  

 

                        

 Representative drawings for carbon allotropes; (a) graphene, (b) fullerene and Figure 3.

(c) diamond.  

(c) (b) (a) 
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In addition to the widely known carbon allotropes such as diamond and 

graphene, CNT is another one; technically originated from graphene. Single 

walled carbon nanotubes (SWCNTs) can be defined as the seamless cylinders 

with hollow cores formed by the wrapping of a single flat graphene sheet 

(Figure 4a). In fact, rolling up a graphene sheet is not the true mechanism for the 

growth of CNTs. The actual growth mechanism will be provided in the next 

chapter. Other than SWCNTs, there is another type of CNTs called as multi 

walled carbon nanotubes (MWCNTs) as displayed in Figure 4b. These 

structures consist of multiple layers of concentric tubes. While the diameter of 

SWCNTs can be up to 2 nm, MWCNT’s diameter changes with the number of 

concentric tubes varying between 5 – 40 nm. The lengths of CNTs vary from a 

few micrometers to up to several millimeters (8–13). 

 

     

 Representative drawings for one end capped (a) SWCNT and (b) open ended Figure 4.

MWCNT. 

While the resolution of current day scanning electron microscopes (SEMs) can 

easily allow for the observation of CNTs; their diameter and length, the atomic 

(b) (a) 
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structure of the sidewalls is generally characterized by using a transmission 

electron microscope (TEM) (Figure 5a). Atomic force microscope (AFM) and 

scanning tunneling microscope (STM) are also used for atomic level 

characterization of CNTs (Figure 5b).  

 

 

 (a) High resolution TEM image of a MWCNT shows the side walls and the Figure 5.

hollow core (14) while (b) STM image of a SWCNT indicates the atomic 

sequencing (15).  

The most widely used analytical technique for the characterization of CNTs is 

Raman Spectroscopy (Raman). Raman allows for the investigation of the 

morphology (single or multi walled), electronic properties (semiconductor or 

metallic), crystallinity and defectivity of CNTs. CNTs have two common 

Raman active peaks in their spectrum; D (disorder) band around 1380 cm
-1

 and 

G (tangential) band around 1590 cm
-1

 (16, 17). While D mode corresponds to 

the breathing like vibration mode of sp
2
 sites only possible in hexagonal carbon 

rings, G mode is the stretching vibration of any sp
2 

sites in plane as shown in 

Figure 6 (16, 17). Figure 6 explains the various factors, which can impact the 

peak positions of the modes as well as the intensities. The intensity ratio of the 

(a) (b) 
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D to the G band for CNTs (I(D)/(G)) is to the amount of disorder in the CNT 

sample. The crystallinity information of CNTs can be obtained by calculating 

the intensity ratio of G and 2D bands (overtone of the D band) (I(2D)/(G)) (18, 

19). D and G bands are active in all types of CNTs while another active band 

exists for SWCNTs. This band prevails in the low-frequency region up to 300 

cm
-1

 and is called the radial breathing (RBM) mode. This mode is akin to a 

finger print for the presence of SWCNTs and can supply a clue for the diameter 

distribution of SWCNTs in the samples (20, 21). To relate the RBM mode 

frequencies with the diameter of SWCNTs, a following formula (Eq.1) has been 

developed with the help of density functional theory (DFT) calculations where 

wL is wavenumbers in cm
-1

 and d is diameter of SWCNT in nm;  

    
        

 
                   

 

In addition, Raman spectrum of SWCNTs can be used in determining the 

chirality of SWCNTs (22). Besides the usual electrical conductivity tests, G 

band splitting in Raman spectrum can provide a clue on electrical properties of 

SWCNTs as well (23).   
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 The nature of the G and D modes in Raman for graphite (16).   Figure 6.

The electrical properties of CNTs depend on the number of sidewalls, diameter 

and chirality of the CNTs. SWCNTs can be either semiconductor or metallic 

while MWCNTs are metallic without the introduction of doping elements to the 

structure capable of carrying current densities up to 10
9
 Acm

-2
 (for comparison; 

the limit for copper is around 10
6
 Acm

-2
) (15, 24–26). In general, SWCNTs 

without any dopants can act as semiconducting materials rather than metallic 

however, some studies reported that small amounts of dopants such as boron, 

phosphorous or sulfur can change the electrical properties drastically (23–25, 

27).  
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1.3 Thesis objective 

As indicated earlier, large-scale commercialization of CNTs requires two major 

difficulties to be overcome. One is gaining control over the growth of well-

aligned, high density CNTs. The other one is regulating and controlling the 

properties of CNTs through a facile route. 

 

Motivated by the first challenge, an alcohol catalyzed chemical vapor deposition 

(ACCVD) system was designed to synthesize dense and impurity free vertically 

aligned carbon nanotubes (VA-CNTs) under various growth conditions. Since 

the discovery of CNTs in 1991, similar synthesis routes for the growth of VA-

CNTs have been followed. However, in this work an attempt at the optimization 

of the ACCVD process has been made with regards to regulating the VA-CNTs 

properties for high-volume manufacturing and commercial applications. 

Furthermore, data gathered during this attempt has been used to build a model of 

growth for better understanding the growth mechanism. The uncovered growth 

dynamics of VA-CNTs assisted to build two and three dimensional functional 

structures on the surfaces through a facile route.  

 

Relevant with the second challenge, the synthesis of VA-CNTs was studied to 

tailor the surface and structural properties of VA-CNTs using several growth 

parameters needed no further modifications. For this aim, two different studies 

of VA-CNTs were conducted; lithium (Li) intercalation and mesenchymal stem 
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cell (MSC) growth. In the Li intercalation study, VA-CNTs were grown already 

Li intercalated with vertical arrangement which was needed no further lithiation 

processes. This would provide good conductivity, fast ion diffusion, high rate 

capacity and surface area for the anode material applications of CNTs in the Li-

ion battery field with the help of alignment and lithiation. Furthermore, in the 

study of MSC growth, VA-CNTs were prepared to be used as scaffolds utilized 

from the wettability properties of surfaces. VA-CNTs would be an alternative 

scaffolds for tissue engineering applications compared to the widely used 

polymer based ones. 
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  Chapter 2

Literature Review 

2.1 Synthesis methods for carbon nanotubes  

There are many methods to produce inorganic carbon based materials. While 

graphite presents little trouble during its synthesis, diamond requires precision 

and harsh environments. Similar to diamond, synthesis of CNTs also requires 

precision controlled growth parameters and specialized equipment. Regularly, 

the synthesis of CNTs can be categorized in two main groups with regards to the 

starting materials; gas-phase and solid-state methods. Laser ablation, arc 

discharge and pyrolysis techniques are involved in the high-energy group in 

which CNTs are synthesized by the evaporation of a solid carbon source or a 

carbonaceous solid; commonly graphite is used (Figure 7). The gas-phase 

method is the most used one in the literature and it is based on the 

decomposition of a gaseous carbon source over a metal catalysts as seed for the 

growth of CNTs. Amongst the techniques utilizing the gas-phase route, catalytic 

chemical vapor deposition (CVD) technique is the frequently known and used 

one (Figure 7a).  
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One of these synthesis methods would meet the needs depending on the desired 

properties of CNTs. However, the focus of the recent studies is the self-

alignment of CNTs in an easy way where they could be easily used for various 

applications such as sensors and biomaterials. In this section, CVD, laser 

ablation and arc discharge methods are described.  

 

 

 

          

 Schematic drawings for (a) CVD, (b) laser ablation and (c) discharge Figure 7.

methods.   

  Chemical vapor deposition method  2.1.1

CVD has become a popular method to grow carbon structures which is partly 

due to the simple setup and high possibility to be scaled up for industrial 

production. In the CVD technique, a gaseous carbon source is flowed into a 

(a) 

(b) (c) 
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temperature and atmosphere controlled furnace. The carbon containing gas 

decomposes into reactive carbonaceous species on the hot surface of the 

substrate with assistance of catalyst layer on the substrate (28). As the carbon 

source cracks, carbon deposits on the catalyst surface and diffuses into the 

catalyst which will eventually act as a root for growing CNTs (Figure 7a). 

Commonly, flammable gases such as methane (29), acetylene (30), ethylene 

(31) and carbon monoxide (32) or vapor of alcohols (11, 12, 33, 34) are used as 

carbon source.  

 

The characteristics of CNTs synthesized by CVD method depends on the 

experimental parameters such as carbon source, catalyst type, operation 

temperature and pressure of the gas (35–38). While SWCNTs are reported to be 

synthesized at higher temperatures with uniformly dispersed catalyst layer, 

MWCNTs are grown at comparatively lower temperatures (35) and even 

without a metal catalyst layer (39, 40). In this technique, it is possible to 

eliminate the impurities, and limit formation of amorphous carbon during the 

growth of CNTs (41). This could be achieved by flowing small amounts of 

oxidative gases inside the furnace. Thus, this flexibility of CVD process allows 

for having amorphous carbon free CNTs without any need for an extra 

purification step. Moreover, self-aligned CNTs can only be successfully 

synthesized through CVD technique. Hence, alignment of the CNTs can play a 

key role for the manufacturing of electronic devices. 
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There are a great variety of catalyst types for the growth of CNTs and numerous 

ways of applications of catalysts on the substrates. In some reports, the catalyst 

layers are prepared using liquid base precursors which are applied on the 

substrates through techniques such as the dip coating and sol-gel methods. 

These precursors are generally based on acetate (42) or nitrate (43) solutions of 

metals. Due to the uniformity and coverage problems of these types of catalyst 

coating methods, the most commonly used technique in the literature for coating 

of metal catalysts such as iron, cobalt and nickel (37, 44, 45) is physical vapor 

deposition (PVD) methods. The metal catalysts used in the CVD method are 

supported on various substrates such as metals, oxidized silicon (Si) wafers and 

alumina (46, 47).  

 Laser ablation method 2.1.2

In the laser ablation method, a pulsed or continuous laser is used to vaporize a 

graphite target in a vacuum capable furnace at high temperatures (Figure 7b). 

The vaporized carbon species are swept by flowing gas and are gathered on a 

water cooled collector. The material on the collector contains soot and CNTs. 

Hence an extra purification step is needed after the process. There are studies in 

the literature reporting the production of CNTs using this technique, while it is 

not possible to synthesize self-aligned CNTs (48, 49).  
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  Arc discharge method  2.1.3

The arc discharge method is based on the synthesis of CNTs by generating 

electric arc between two graphite electrodes under an inert atmosphere (helium 

or argon) at low pressures (Figure 7c). The carbon vaporizes from one of the 

electrodes (anode) into the plasma and deposited on the other rod (cathode) 

which is cooled down and where the CNTs are formed (50, 51). Although the 

original discovery of CNTs was done through using this technique (1), it is not 

surprising to have a mixture of soot and CNT at end of the process as well as 

non-aligned CNTs.  

 Pyrolysis  2.1.4

Besides the others, pyrolysis based methods are also known to produce CNTs. 

The basis of the technique is to sublime and decompose a carbon-based 

precursor at high temperatures under the flow of inert gases inside a high 

temperature furnace. Solid or liquid carbon precursors can be used in this 

technique. While the solid precursors are placed inside the furnace before 

heating starts, the vapor from the liquid precursors are generally introduced into 

the furnace by a sweeping gas such as argon (Ar), nitrogen (N2) or hydrogen 

(H2) (52). Generally, hydrocarbons and alcohols are used for the carbon source 

and organometallic compounds for the catalyst to synthesize CNTs using this 

method (53–55). Similar to the arc discharge and laser ablation methods, the 

product contains CNTs as well as soot at the end of the process.  
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2.2 Growth mechanism of carbon nanotubes  

Commonly, the accepted mechanism for CNT growth is originated from carbon 

atoms dissolving into the catalyst to form CNTs. This is based on the vapor-

liquid-solid mechanism suggested for whiskers growth (56). In this model, the 

catalyst is in a liquid form and adsorbs the reactant gases around which cause 

the super saturation of the catalyst resulting in the eventual precipitation/growth 

of a solid product (whisker). The growth of CNTs by catalytic methods includes 

the four sequential steps shown in Figure 8. These are; (1) carbon source 

adsorption, (2) dissociation of precursors on the catalyst surface, (3) carbon bulk 

or/and surface diffusion and (4) carbon precipitation at the catalyst – CNT 

interface. The carbon sources such as methane and acetylene require these gases 

dissociating into carbon at the catalyst surface at elevated temperatures. Hence, 

this step is the crucial for the growth of CNTs. Then, carbon atoms on the 

surface diffuse over or through the catalyst, which is determined by the catalyst 

type and growth conditions. The diffused carbon reaches back to the surface and 

precipitates at the catalyst – CNT interface. The precipitation starts at the edge 

of catalyst where the surface activation energy is the lowest.  
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 Schematic representation of processes occurring on the catalyst particle Figure 8.

during the growth of a CNT.  

Generally, the carbon diffusion over or through the catalyst particle is assumed 

to be the rate limiting step eventually leading to the termination of CNT growth 

(57, 58). However, this is not enough to explain the effects of catalyst quality 

and carbon precursor type on the growth. In a study by Robertson et al., it is 

shown that the CNT growth termination mechanism is actually more complex 

than explaining it by one rate limiting step (59). Both diffusion step and 

molecular dissociation was shown to have an effect on the growth kinetics. 

Moreover, it is reported that during synthesis of self-aligned CNTs as the  CNTs 

get longer the decrease in the growth rate were attributed to the slowing rate of 

the diffusion of carbon feedstock rather than the carbon diffusion to the catalyst 

(60). In this case, hydrocarbon precursors experience difficulty in reaching the 
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catalyst hence the adsorption step which is the initial step for the growth will be 

severely stunned. 

 

Overall, there are two growth models for CNTs; base and tip growth models 

(Figure 9). In the base growth mechanism, the CNT grows while the catalyst 

stays on the support due to the strong interaction between the support and 

catalyst (Figure 9a). Arriving carbon atoms are added to the structure from the 

bottom of the CNT where the catalyst is located. Nevertheless, for the tip growth 

model, catalyst particle is lifted off the support by the CNTs due to the weaker 

interaction between catalyst and support (Figure 9b). In this model, the 

decomposed carbon is precipitated to sidewalls from the top where the catalyst 

is. Any of the mechanisms could be responsible for the growth of CNTs during 

CVD depending on the carbon source, growth temperature, types of catalyst and 

support. In the literature, there is one study linking the oxidation state of the 

catalyst to whether the base or tip growth would be taking place (61). According 

to the study, if the catalyst is partially oxidized first the reduction of the catalyst 

is induced by the reducing atmosphere found in CVD systems. Hence, carbon 

will deposit on the metal rich part of the oxidized catalyst which is generally the 

top of the particle. Hence, the use of oxidized catalysts will lead to a base 

growth model. Conversely, in the case of metallic catalyst, carbon diffuses into 

the whole particle and it preferentially deposits on the edge of the catalyst 

particle which leads the tip growth model. Contrary to the study summarized 

above by Bernier et al. (61), there are studies suggesting the effect of the buffer 
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(support) layer and the interaction between the buffer and catalyst layers on the 

growth models (62–64). Furthermore, the pretreatment and growth conditions 

also govern the growth mechanism. Hence, the growth models for CNTs should 

be considered case-by-case for each individual system.   

 

 

 Representative drawings show the (a) base and (b) tip growth models of CNT. Figure 9.

2.3 Synthesis of vertically aligned carbon nanotubes  

Through the advances in the growth techniques, the synthesis of CNTs is no 

more a significant struggle. Yet, starting with the last decade, the current 

challenge is to synthesize aligned CNTs on a desired surface for various 

applications. For example, in the field of thin film transistors, while the best 

reported electron mobility for the randomly scattered CNTs is around 30 cm
2
V

-

1
s

-1
, it is 1300 cm

2
V

-1
s

-1
 for aligned ones (65, 66). Moreover, it is reported that 

the use of powdered CNTs could be toxic for cells, which is in contrast to the 

(a) 

(b) 
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studies noting the affirmative effects of the aligned and attached CNTs on the 

viability of cells (67, 68).   

 

In the literature, well-oriented CNTs have been successfully synthesized mostly 

using the CVD method due to the earlier mentioned advantages of the technique 

(69, 70). The orientation of CNTs could be controlled either in horizontal (71) or 

vertical direction (8). Generally, well-oriented CNT arrays do not contain 

impurities and almost all of them are identical in terms of size. Other than direct 

growth of aligned CNTs, there are post synthesis assemblies for controlling the 

alignment of randomly scattered CNTs. The post synthesis techniques involve 

dispersing CNTs in liquid solutions and then orienting them using spin coating, 

and with the application of magnetic and electrical fields (72). Although the post 

synthesis methods are relatively simple to apply, they have problems leading 

more defects and contamination due to the used liquid solutions for dispersion 

(72). 

 

The first synthesis of VA-CNTs was achieved by Li et al. at 1996 (73). In the 

report, VA-CNTs were synthesized by CVD technique using iron nitrate 

embedded in mesoporous silica (Figure 10a - c) (73). SEM and TEM analysis 

indicated that the CNTs were thick and short. As mentioned before, flammable 

gases such as methane (29), acetylene (30), ethylene (31) are commonly used 

for CVD and these hydrocarbon sources decompose on the catalyst surface by 

leaving excess carbon behind causing the termination of VA-CNT growth. 
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Hence, later on, Hata et al. at 2004 has shown that by the addition of small 

amounts of water vapor in the synthesis environment, the accumulated extra 

amorphous carbon on the catalyst was removed allowing for taller VA-CNTs 

(8). Hata and his group produced the millimeter tall VA-CNTs as a result of the 

increased catalyst lifetime and activity by water vapor addition and called this 

process as “super-growth” (Figure 10d) (8).  
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 (a-c) The first reported VA-CNTs by Li et al. at 1996 (73). (d) By Hata et Figure 10.

al., the millimeter tall VA-CNTs synthesized using water assisted CVD are 

compared with a match for a size reference (8). 

As mentioned before, the purity of VA-CNTs is one of the most important 

parameters for applications in the electronics and material science fields. It was 

found that the addition of oxygen containing species to the reaction chamber 

during the growth of CNTs had a great effect on the size and purity of VA-

(a) (b)

) 

 (a) 

(c) 

(d) 
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CNTs and these oxidative species were called “growth enhancers” (8, 41, 74, 

75). Particularly, the water addition had an significant impact when hydrocarbon 

sources are used to synthesize CNTs (9, 76). Furthermore, there are recent 

studies in the literature for the use of growth enhancers other than water vapor 

such as carbon dioxide (CO2) and oxygen (O2) to synthesize impurity free and 

longer VA-CNTs (77, 78). In these reports, it was found that CO2 and O2 had the 

same role as an etching agent to keep the catalyst from poisoning. Contrary to 

the study reporting the enhancing effect of O2 on the catalytic activity (78), 

Hauge et al. reported that even trace amounts of O2 could be detrimental for the 

catalyst (79). It is likely that water may react with the catalyst and could be 

saturating the surface with hydroxyl groups (79). In the case of CO2, H2 gas 

should be introduced into the growth environment to result in reaction with CO2 

to form water and which then achieves the surface hydroxylation as well as the 

etching of excess carbon (Rxn. 1 and 2). Moreover, Hauge et al. suggested that 

the surface hydroxylation also keeps the catalyst from coarsening (79). 

 

CO2(g) + H2(g)  CO(g) + H2O(g)  (Rxn. 1) 

C(s) + H2O(g) → CO(g) + H2(g)            (Rxn. 2) 

 

Other than hydrocarbon sources, alcohols are another one of the commonly used 

carbon sources during CVD method for the growth of VA-CNTs (33, 34). 

Alcohol usage for the VA-CNT synthesis provides a significant advantage in 

discarding the amorphous carbon formation on the catalyst surface without 
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introducing any extra oxidative compounds such as water and CO2. During 

synthesis in the CVD furnace, alcohols are decomposed into species containing 

OH radicals which can efficiently remove the unwanted amorphous carbons 

from the catalyst surfaces and etch away the ends of the CNTs keeping them 

clean (80, 81). In a study by Oida et. al., the effect of various alcohol sources 

such as methanol (CH3OH), ethanol (C2H5OH) and isopropanol (2-C3H7OH) on 

the growth of VA-CNTs using hot filament CVD reactor has been investigated  

(82). In the study, they reported that the shortest CNTs were grown with 

methanol, while ethanol resulted in the longest CNTs (82). Hence, it was 

suggested that the growth rate is a competing race between two mechanisms; 

deactivation (oxidation) and poisoning (amorphous carbon coating) of the 

catalyst and it is not simply related with the ratio of C/OH. It is reasonable to 

compare the decomposition rate of alcohols using their standard enthalpy of 

formation. Ethanol has a higher enthalpy value than methanol meaning to a 

slower decomposition than methanol as well as the slower generation of 

oxidative species. Hence, the growth of CNTs would be expected to be affected 

by the rate of these competing reactions (82). In the literature, there are also 

reports indicating the effect of carbon precursors on the quality of CNTs (83–

85).  

 

As mentioned before, the carbon source is not the only parameter influencing 

the growth and properties of VA-CNTs. The configuration and thickness of 

catalyst and buffer (support) layers are used to control whether the growth 
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would be in vertical or horizontal directions. Mostly, PVD techniques are 

preferred to be used in depositing the catalyst layers. Recently, the studies done 

by McLaughlin et al. (86) and Liao et al. (87) investigated the effect of the 

aluminum (Al) buffer layer thickness on the growth of VA-CNTs. It was found 

that thin Al layers with an average thickness around 5 nm was the optimum for 

growing longer VA-CNTs compared to the thicker Al layers. Two possible 

mechanisms were suggested for the increase in length of CNTs with decreasing 

in Al thickness. The first one is that the retardation of carbon diffusivity in the 

catalyst with increasing Al content resulting the slower growth and the second is 

the change in the size of the catalyst islands subjected to the thermal treatment 

(86, 87). The catalyst islands grow as the thickness of buffer layer increases as 

shown in Figure 11. In another report done by Burt and co-workers, the effect of 

Al grain size was studied on the CNT growth (88). The grain size of Al buffer 

layer was altered by elevating the temperature during the Al deposition process. 

It is found that the highest deposition temperature of Al layer resulted in the 

tallest VA-CNT length due to the reduced grain size of Al layer. Moreover, it is 

also reported that the grain size of Al layer was higher on the silicon oxide 

(SiO2) than Si surfaces due to the wetting properties of Al on the Si based 

surfaces (88).  
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 SEM images of the catalyst islands formed on (a) 0.5 nm and (b) 6 nm Al Figure 11.

buffer layer (86). 

Commonly, VA-CNTs are grown on the Si and Al based substrates due to their 

possible electronic applications. Moreover, there are a number of studies using 

quartz and glass for the VA-CNT growth (42, 89, 90) as well for the growth of 

horizontally aligned CNTs (91). In another study, Al, Al2O3, TiN, and TiO2 

coatings were used as support layers to synthesize VA-CNTs using CVD 

technique (92). It is found that the CNTs was not aligned on the Al and TiO2 

layers while the well aligned CNTs was observed on the Al2O3 surface as well as 

on the TiN substrates (Figure 12). Hence, it was suggested that the chemical 

state of the catalyst islands during the growth process changed according to the 

type of buffer layer (92).  

 

(a) (b) 
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 SEM images of CNTs on Si substrates with TiN, TiO2 and Al2O3 buffer Figure 12.

layer (92). 

Beside the effect of buffer layers on the growth, the activity of catalyst layers 

was also found to be strongly depending on the type of carbon source. A survey 

of literature shows that there is selective matching between the catalyst particles 

and the carbon source to enhance the performance of the catalyst. In a study by 

Choo et al., it is reported that the growth rate of VA-CNTs on the Fe catalyst 

layer was higher than Co and Ni where ethylene was used as the carbon source 

(93). However, the growth rate enhancement is not the only effect on the CNTs. 

TEM images showed that the degree of crystallinity of the CNTs changed with 

the catalyst type. It was suggested that the rate of bulk diffusion of carbon atoms 

determined the growth rate which could be affecting the defect formation and 



27 

 

(93). Also, other studies reveal that Fe as a catalyst performs better for 

decomposing hydrocarbon sources while alcohol based sources are cracked on 

the Co catalyst layer more efficiently (94–96). The possible reasons for the 

selectivity are the decomposition rate differences for each carbon sources on the 

catalysts and the deactivation rate of the catalysts. It is reported that Co can be 

easily deactivated by the accumulation of amorphous carbon on the surface than 

Fe and thus the use of alcohols as carbon sources would help to extend the 

catalyst life by etching a way the excess carbon (94).   

2.4 Vertically aligned carbon nanotubes as multi-

functional surfaces  

CNTs have fascinating for scientists due to their unique properties leading to 

their possible applications in numerous fields. Since the last decade, aligned 

CNTs are becoming more popular due to the simple handling, denser and 

orientated arrangement. Hence, there are reports using VA-CNTs for potential 

applications as field emission materials (97), sensors (98), supercapacitors (99) 

and catalyst support (100). In this section, the applications of VA-CNTs for Li-

ion battery materials and biological scaffolds will be discussed. 

  Anode material for lithium ion battery  2.4.1

A typical Li-ion battery consists of a conducting electrolyte and two electrodes; 

an anode (made of carbon based materials) and a cathode (made of a Li-
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containing metal oxide) (Figure 13). During charging process, Li ions are 

extracted from the cathode and diffuse into the anode and intercalation of Li into 

the carbonaceous anode takes place. Upon discharge, Li ions are delivered by 

the anode and inserted into the cathode. During charge-discharge cycles, a 

passive layer forms on the anode comprising of organic and inorganic 

decomposed electrolyte in the first charging cycle. This layer is named solid 

electrolyte interphase (SEI) and consumes some of the Li irreversibly.  

 

 

 Working principle of Li-ion battery showing the charge-discharge cycle  Figure 13.

Carbon based materials are the primary candidates for electrode applications in 

Li-ion batteries due to their structural stability (101). However, there exist some 

limitations for the use of conventional carbon based materials which are slow 

ion diffusion, low surface area, low lithiation capability and poor conductivity. 

To overcome these disadvantages, the introduction of CNTs as an electrode 

material has been studied to provide higher lithiation and an overall better 



29 

 

performance (102–104). Furthermore, there are reports in the literature for 

improving Li adsorption capacity of the CNT based anodes by numerous ways 

such as doping, functionalizing, defect engineering, hybridizing CNTs with 

fullerenes and ex situ doping of CNTs with Li (103, 105).  

 

VA-CNTs are recently used as electrodes to enhance the conductivity and the 

rate capacity for the charge transfer (104, 106, 107). Moreover, the alignment of 

CNTs increases the Li ion diffusion during the charge cycles. Durstock et al. 

have shown the enhancement in the storage and rate capacities of anode 

materials when as synthesized VA-CNTs were used as electrodes (104). These 

values were even higher than the ones for the graphite and randomly scattered 

CNTs emphasizing the role of alignment (101, 103). Further improvement in the 

conductivity has been studied by using VA-CNTs grown on stainless steel 

substrates (108).  

 

Beside the carbon based structures, Si material would be used as an anode which 

has the highest specific capacity even higher than graphitic carbon. However, it 

has two major limitations; very fragile due to the high volume expansion during 

charging and non-conductive material. Hence, new hybrid structures are 

proposed to overcome the limitations of Si and CNTs. Recently, there are 

studies using composite materials made of VA-CNTs and Si (106, 107). In 

these, VA-CNTs were first synthesized and then decorated with Si 

nanoparticles. As a result of electrochemical tests, it is found that such a hybrid 
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material exhibited the best rate capability ever reported for Si based and VA-

CNT based electrodes (106, 107). Moreover, there was no structural damage 

observed for CNTs (106, 107).  

  Extracellular matrix for cells  2.4.2

In recent years, owing to the multiple-lineage potentials and immune-privileged 

properties, MSCs have become a feasible and potential source for the cell-based 

therapy and tissue engineering applications due to their proliferative and 

differentiation capabilities. MSCs, which are also called as bone marrow stromal 

cells, have the ability to differentiate into other types of cells such as adipocytes, 

chondrocytes, osteocytes and cardiomyocytes without inducing any immune 

reactions in the host.  

 

A key issue in MSC based tissue engineering is to control the growth and 

differentiation of cells. Extracellular matrix (ECM) has an important role in 

proliferation and differentiation of MSCs (109). Commonly, used ECMs are 

consists of protein fibers such as collagen and elastin and these are extracted 

from animal tissues. However, these structures are limited by the dimension and 

the potential pathogen risk (110). Therefore, there has been a tremendous 

demand to develop better scaffolds which mimic the surrounding native tissue.  

 

As an alternative to common used scaffolds, CNTs can be considered due to the 

similar sizes with collagen fibers (111). Giersig et al. formed regular 3D 
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patterns on the surface of VA-CNTs and then fibroblast cells were successfully 

grown on the surface (112). Moreover, VA-CNTs have also been reported as a 

suitable scaffold material due to their superb electrical conductivity to guide the 

growth of cells (113). 

 

The used form of CNTs in cell experiments has a profound role at the viability 

of cells. While the powder and liquid use of MWCNTs induced DNA damages 

in mouse embryonic stem cells (67), Corat et al. (68) and Giersig et al. (114) 

reported that adhesion and growth of fibroblast cells was achieved successfully 

without having any toxic effects of VA-CNTs which were already attached 

firmly to a substrate. Later, further cell viability tests were conducted using VA-

CNTs and cells and Corat et al. reported that VA-CNTs are not toxic to cells 

(68, 115). Regarding to these reports in the literature, the use of VA-CNTs could 

provide a great advantage for biomaterial applications. 
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  Chapter 3

Materials and Method 

 

In this chapter, the synthesis and characterization techniques are briefly 

described. The first section of this chapter reviews the experimental procedure 

followed during the work for the synthesis and application of VA-CNTs using 

ACCVD method. In the following section, characterization techniques and 

parameters used for the physical and chemical analysis of the surfaces are 

reviewed.  

3.1 Experimental procedure and equipment 

In this study, ACCVD method was used to synthesize VA-CNTs. The alignment 

of CNTs was easily managed using this technique which consists of three steps 

(Figure 14);   

- Step 1: preparation of catalyst layers 

- Step 2: annealing of catalyst layers 

- Step 3: growth of VA-CNTs 

 

For the first step, two different catalyst preparation methods were followed for 

different purposes in this study. One of these is based on the thin film 
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technology achieved by PVD techniques while the other is the wet chemistry 

based method. These techniques will be described particularly at the following 

section. After the preparation of catalyst layers, the surfaces were conducted to 

Steps 2 and 3 inside the ACCVD furnace. Figure 14 shows the summary of 

catalyst preparation methods as well the steps performed inside the ACCVD 

furnace.  

 

 

 Schematic representation shows three steps for the synthesis of VA-CNTs; Figure 14.

preparation of catalyst layers, annealing and growth. The annealing and growth 

steps are performed inside an ACCVD furnace.  
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 Preparation of catalyst layers 3.1.1

3.1.1.1. Physical vapor deposition method 

First, a pre-cleaned Si (100) wafer was oxidized thermally at 900 °C for 30 

minutes to have a 30 nm thick layer of SiO2. This SiO2 layer on the Si wafer was 

used as a substrate in this study. Following the oxidation step, Al layer was 

deposited on a SiO2 wafer using a thermal evaporation system at 2 × 10
-6 

mbar 

pressure with an average deposition rate of 0.5 Å/sec (Figure 15a). The 

thickness of Al layer was varied as 3, 5, 7 or 10 nm. Al pellets with a purity of 

%99.9 were used as Al source in the thermal deposition system (Ted Pella Inc.). 

The purpose of the bottom Al layer in this study is to inhibit the diffusion of 

catalyst particles to the substrate and to minimize the agglomeration of particles 

during the ACCVD process. Subsequently, a 1 nm thick catalyst layer either Fe 

or Co was deposited on the top of Al layer using the electron beam (e-beam (I)) 

deposition technique (Figure 15b). During the e-beam (I) deposition, the 

chamber base pressure was kept around 10
-7 

Torr and the deposition rate was 0.1 

Å/sec. Fe and Co powders with high purities were used for e-beam (I) (Sigma 

Aldrich, %99.99). In this study, substrates after the catalyst layer depositions 

which are ready for ACCVD growth are defined as 1nm Co/10nm Al and also 

named as “normal catalyst configuration” (Figure 16). Other than this design, a 

sandwich catalyst configuration was also used where a second layer of Al (top 

Al layer) was deposited on the catalyst layer to pin and inhibit the coarsening of 

catalyst particles (Figure 16). 0.5 nm thick Al layer was put on a 1 nm thick 
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catalyst layer using the e-beam (I) deposition system at 0.1 Å/sec rate under 10
-7 

Torr pressure (layer configuration is 0.5nm Al/1nm Co/10nm Al). The samples 

prepared by using PVD methods were used for the experiments performed to 

understand the effects of parameters and growth mechanism of VA-CNTs.  

 

    

 Photograph of (a) thermal and (b) e-beam (I) evaporation systems.  Figure 15.

 

 Drawings for the catalyst configurations used in the experiments.  Figure 16.

(a) (b) 
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Beside the use of e-beam (I) deposition, another PVD instrument; EBE-4 (II) 

was also used for the deposition of Co catalyst layer on the 10 nm thick Al layer 

(Figure 17). The deposition using the EBE-4 (II) instrument is also based on the 

electron beam deposition technique. However, using this instrument provides a 

valuable advantage for the analysis of catalyst layers without exposing layers to 

air due to vacuum transfer ability between the chamber of EBE-4 (II) and the 

chamber of X-ray photoelectron spectroscopy instrument (XPS). Using the 

EBE-4 (II), 1nm thick Co catalyst layers were deposited on the 10nm thick Al 

layers with a rate of 0.05 Å/sec while a second layer of Al was not coated on 

these samples (indicated as 1nm Co●/10nm Al). %99.999 purity of Co rod was 

used as a metal source (Ted Pella Inc.). This deposition technique was only used 

when the catalyst layers will be analyzed by XPS without exposing to air.  

 

 

 Photograph of EBE-4 (II) system mounted with XPS. Figure 17.
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3.1.1.2. Wet chemistry method 

VA-CNTs were also grown on the catalyst layers prepared through the wet 

chemistry technique which is based on dissolving nitrates of cobalt 

(Co(NO3)2.6H2O), aluminum (Al(NO3)3.9H2O) and lithium (LiNO3) and then 

subsequently coating the substrates using the mixture of these solutions. In this 

study, VA-CNTs grown on catalyst layers prepared through the solution based 

method were only used for Li intercalation study.  

 

For Li intercalation study, two types of catalyst solutions were prepared. The 

first one was a Li containing catalyst solution prepared by dissolving 

Al(NO3)3.9H2O, Co(NO3)2.6H2O and LiNO3 (molar ratio of Al/Co/Li is 1/1/1.4) 

mixture in 10 ml ethanol, and the second was without Li. The second catalyst 

solution was which Al(NO3)3.9H2O and Co(NO3)2.6H2O (molar ratio of Al/Co: 

1/1) were mixed in 10 ml ethanol solution. All the reagents were from Sigma 

Aldrich (ACS reagent ≥ 98%). After mixing these two solutions for an hour on a 

magnetic stirrer, the corresponding solution was applied on the oxidized Si 

(100) substrates (1 × 1 cm
2
) by using a micropipette (volume of solution is about 

40 µL). Then, the substrates were left for air drying under ambient conditions. 

Following these steps, the substrates were treated in the ACCVD for the growth 

of Li intercalated VA-CNTs.  
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 Synthesis of vertically aligned carbon nanotubes 3.1.2

The synthesis of VA-CNT forests were achieved using an ACCVD furnace 

designed and built in the Department of Chemistry at Bilkent University (Figure 

18). As mentioned before, ACCVD process is consists of two steps, annealing of 

catalyst layers (Step 2) and growth of CNTs (Step3). The prepared catalyst layer 

was first subjected to the annealing process and then to the growth process 

inside the ACCVD furnace under a controlled atmosphere. 

 

 

 

 Photograph and schematic drawing of the ACCVD experimental set up. Figure 18.
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In the annealing step, a catalyst layer was reduced at either temperature of 625 

°C or 750 °C and pressure of 4 Torr under a flowing atmosphere of 20 sccm H2 

and 100 sccm Ar. This step is also called as reduction (annealing) step which is 

required to have uniform catalyst islands on the Al/SiO2 layer for initiating the 

CNT growth. During this study, optimization of the reduction step was 

performed at 625 °C by varying the reduction time; 5, 10, 15, 20, 30 and 60 

minutes. 

 

Following the reduction step, the annealed catalyst layer was conducted to the 

growth inside the ACCVD furnace either at temperature of 625 °C or 750 °C. 

During the growth, 100 sccm Ar and 20 sccm H2 gases are flowed through a 

bubbler containing the liquid carbon source to sweeping its vapor to the furnace. 

To keep the temperature of liquid carbon source constant during the growth, the 

bubbler is placed inside a water filled tank kept at 32 °C unless otherwise 

mentioned. For this study, as for the liquid carbon sources toluene, benzene, 

ethanol, acetone and isopropanol were used for the growth. If otherwise is not 

mentioned, the growth process was run for 30 minutes at 40 Torr pressure. 
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3.2 Characterization techniques  

 Raman spectroscopy 3.2.1

Micro Raman equipment (Horiba Ltd., LabRAM HR model, Kyoto, Japan) was 

used at the wavelength of the Ar ion laser, 514.5 nm. In order to calibrate the 

instrument before data collection, the spectrum was adjusted to zero 

wavenumber. All Raman data in this study was collected with 600 groove/cm 

grating using a 50× objective lenses and averaged for 10 times. Deconvolution 

of Raman spectrum was performed with the aid of spectral analysis software 

(Peak Fit version 4.12). To obtain D and G band positions and intensities, a 

spectrum was fitted using a function of Gaussian–Lorentzian type peak fitting. 

 Atomic force microscopy  3.2.2

AFM (Nanomagnetics Ltd.) analysis was performed on the prepared and 

annealed catalyst layers using contact mode with a force constant of 0.7 – 1 V. 

512 × 512 resolution AFM images were taken with a scan speed of 0.6 µm/s 

while there was no applied bias voltage to the samples. All topography images 

were equalized in x and y directions to correct the plane. No image filtering was 

applied during data processing.  
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 Scanning electron microscopy  3.2.3

SEM (Carl Zeiss Evo 40) with an energy-dispersive X-ray (EDX) spectrometer 

was used for imaging samples. For determining alignment and length of CNTs, 

VA-CNT sample grown on Si wafers was prepared as following; first it was cut 

into two parts and then pasted on a 90° tilted stub for side view imaging. A 

relatively high voltage setting (10 kV) was used for high vacuum mode imaging.  

 

Biological samples (cells on CNTs) were imaged using SEM at low vacuum 

mode (at 40 bar of water vapor pressure) to prevent shrinkage of cells. 10 kV 

accelerating voltage was set for imaging.  

 Transmission electron microscopy  3.2.4

For TEM (JEOL 200kX) imaging, VA-CNT samples were prepared by 

sonicating the samples in a 10 ml of ethanol. Then, a few drops were taken from 

the suspension and dropped onto a copper based holey-carbon TEM grid. High 

resolution TEM (HRTEM), Scanning TEM (S/TEM) and low resolution 

imaging were made at the accelerating voltage of 300 kV. Electron energy loss 

spectroscopy (EELS) mounted in the TEM instrument is utilized to obtain 

chemical information about VA-CNTs. In this study, EELS has been used to 

understand the chemical structure of CNTs intercalated with Li.  
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 X-Ray photoelectron spectroscopy  3.2.5

The XPS analysis were performed in an ultra-high vacuum system with a 

background pressure of ~10
-10

 Torr equipped with XR50M X-ray Source, Focus 

500 monochromator and Phoibos 100 analyzer by Specs GmbH. The 

photoelectrons were generated by a monochromatic source; Al Kα primary 

radiation (power set to 400 Ws). In order to overcome the charging effects, a 

flood gun was used with 30 µA current for all spectrum. The pass energy was 

set to 25 eV with an energy step width of 0.05 meV and a dwell time of 0.1 ms. 

The resultant spectrum for each sample was the average of five scans. The 

energy resolution of the equipment is found to be 0.89 eV (full width half 

maximum of Ag 3d5/2 peak). 

 

The peak positions for Co 2p were found by a deconvolution process using 

Doniach-Sunjic (DS) asymmetric behavior due to the unfilled one-electron 

levels (conduction electrons). All peak positions for the catalyst layer samples 

were repositioned with respect to C 1s peak at 284.4 eV even; the flood gun was 

used to eliminate the charge accumulation. Quantification for the atomic 

concentrations was performed by fitting Co 2p and Al 2p peaks using Gaussian-

Lorentizan (GL) behavior with corresponding Scofield factors; 12.6 for Co 2p3/2 

and 0.356 for Al 2p3/2. Moreover, Gaussian-Lorentizian fitting was used for the 

deconvolution of Li 1s and C 1s peaks in the Li intercalation study. 
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 Contact angle measurement  3.2.6

The dynamic contact angle measurements were conducted on the synthesized 

VA-CNTs using the contact angle instrument (Dataphysics OCA 15 Plus). 

Water was used as the liquid for the wettability properties. 8 µL amount of 

water was dropped on the surfaces of VA-CNTs by the help of an automatic 

syringe. Contact angle values reported in this work were averaged using three 

consecutive measurements.  
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  Chapter 4

Results and Discussion  

The study presented here has two main purposes; first one is investigating the 

growth mechanism of VA-CNTs and second is applying them as biomaterials 

and energy materials. The number of studies published on the effect of synthesis 

parameters show that there is not an accurate description of effect of growth 

parameter for the synthesis of CNTs. Every growth method has its own optimum 

parameter set for having the VA-CNTs with desired properties. The future 

application fields for CNTs would require more controlled growth of VA-CNTs 

having higher densities and desired surface properties. Hence, it is of great 

importance to investigate the effect of growth parameters and kinetics of VA-

CNTs. On the basis of this, the effect of growth parameters on the synthesis of 

VA-CNTs will be discussed in the first part. Mainly, the diffusion and/or 

catalyst deactivation processes govern the acceleration or deceleration of CNT 

growth. Thus, in order to probe the mechanisms dominating the growth 

termination of VA-CNTs an attempt has been made.   

 

In the second part of this thesis, the applications of VA-CNTs will be discussed. 

The synthesized VA-CNTs were used as scaffolds for stem cell seeding. The 

aim of this study was to speed up the growth of stem cells on the CNT 
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templates. As another study for functionalization of VA-CNTs, the intercalation 

of Li inside the CNTs was studied to enhance the performance of carbonaceous 

anode materials.  

4.1 Growth of vertically aligned carbon nanotubes  

 Optimization of catalyst design 4.1.1

In the literature, numerous different ways of catalyst designs were encountered 

for the synthesis of VA-CNTs. However, each catalyst configuration is unique 

for different synthesis technique and condition. Thus, in this study, the main aim 

is to uncover the optimum catalyst configuration resulting in the growth of VA-

CNTs with desired properties by using the ACCVD method. The starting point 

for the optimum catalyst configuration is chosen as the simplest and most 

common one; a catalyst layer on the top of a buffer layer which is also 

designated as normal catalyst design.  

 

The buffer (support) layer deposition plays a key role in the growth of CNTs 

(63, 116–118). One of the important effects of the buffer layer is to inhibit the 

diffusion of catalyst particles to substrate. The characteristics of CNTs such as 

adhesion to a substrate and density could be manipulated by varying the 

morphology and chemical structure of support layer. For instance, it was 

reported that powdered catalyst and support did not result in a dense CNT 
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growth while well dispersed and continuous thin layers of catalyst on a buffer 

layer initiated the growth of VA-CNTs (63). 

 

First, a comparative study on the barrier effect of support layer was conducted 

using Fe as a catalyst layer. A Fe layer of 1 nm thickness was deposited on a 30 

nm thick SiO2 wafer using an e-beam (I) evaporation method. Then, the 

prepared catalyst layer (1 nm Fe/SiO2) was subjected to the annealing and 

growth processes at temperature of 625 
0
C inside the ACCVD furnace. The 

SEM image of the 1nm Fe/SiO2 sample revealed the growth of randomly 

scattered CNTs on the surface which was far from the main aim of having dense 

and aligned CNTs (Figure 19a). Hence as a next step, a 10 nm thick Al layer 

was placed beneath a 1 nm thick Fe catalyst layer (1 nm Fe/10 nm Al) to 

enhance the density of CNTs. This catalyst layer was subjected to ACCVD 

processes in same manner with the 1nm Fe/SiO2 sample. As a result, CNTs were 

comparatively denser but still no alignment was achieved (Figure 19b).  

 

   

 SEM image of CNTs grown on (a) 1nm Fe/SiO2 and (b) 1nm Fe/10 nm Al Figure 19.

layers at temperature of 625 
0
C. 

(a) (b) 
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In this study, CNTs synthesized on Si substrates without support layers were 

lacking alignment although there were studies in the literature reporting the 

growth of CNTs on Si wafers without having support layers (119–122). In some 

of these studies, a thick catalyst layer was used to overcome a mass decrease of 

catalyst due to a diffusion through a substrate (121, 122). To investigate the 

effect of support layer, the diffusivity coefficient (Dc) of Fe in Al and Si layers 

were calculated following the Arrhenius equation (Eq. 1). It was found that the 

Dc value of Fe/Al sample (~10
-10

 cm
2
/s) is less than the Fe/SiO2 sample’s (~10

-8
 

cm
2
/s) which was similar to the previous report by Lee et al. (118). This 

indicates that the presence of support layer hinders the diffusion of catalyst 

particles into a substrate and hence almost all the catalyst islands stay on the 

surface during thermal processes. Thus, this may explain the observation of 

denser CNT formation on the 1 nm Fe/10 nm Al catalyst configuration 

compared to the 1 nm Fe/SiO2 in this study.  

         (
  

  
)                

 

As mentioned in Chapter 2, controlling alignment of CNTs has a vital role for 

further possible applications. In the initial experiments, the growth of denser 

CNTs on a Fe catalyst layer with the presence of Al was observed but still the 

alignment was not achieved (Figure 20a). When cobalt (Co) was used as the 

catalyst layer alternative to Fe (1nm Co/10nm Al) and subjected to the ACCVD 

processes at 625°C in a same manner, 10 µm tall VA-CNTs were successfully 

synthesized (Figure 20b). SEM images show that Co catalyst layer has higher 
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activity than Fe layer for synthesis of VA-CNTs (Figure 20). A survey of 

literature on the comparative performance of different catalysts indicates that the 

activity of a catalyst layer strongly depends on the type of carbon source used 

for the growth. In these studies, it was reported that Co has higher activity with 

alcohol based carbon sources while Fe is more active with hydrocarbon sources 

such as ethylene or acetylene (94, 123). However, the activity should not only 

be counted as an ability of catalyst to decompose a carbon source, it is also 

meaning to an ability to solve carbon and to diffuse into the catalyst.  

 

  

 Side view SEM images showing the alignment of CNTs grown on (a) 1nm Figure 20.

Fe/10nm Al and (b) 1nm Co/10nm Al catalyst layers.  

The first action of a catalyst is to absorb the molecules of carbon on its surface. 

During this interaction, electrons from carbon species are transferred to the 

catalyst which has non-filled ‘d’ orbital and the electronic structure of carbon 

species changes in a such manner that the dissociation of carbon source occurs. 

Therefore, the activity of a catalyst is relevant with its electronic configuration. 

This would give a reason why Fe is more active with unsaturated carbon sources 

(a) (b) 
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(containing double or triple bonds) while Co is more efficient with saturated 

carbon sources (31, 124). Other than the dissociation ability, the carbon 

solubility also has a profound effect on the activity of catalysts. After a carbon 

source molecule is decomposed on a catalyst surface, carbon atoms are diffused 

within the catalyst and a CNT growth starts by the precipitation of carbon. 

Therefore, the solubility of carbon on a catalyst should not be underestimated 

when the catalyst is evaluated for the activity to grow CNTs.  

  

The annealing step (reduction step) has a vital role in promoting the formation 

of catalyst islands due to wetting behavior and surface energy of metals used in 

coating. During ACCVD process, there is a competing mechanism between 

subsurface diffusion and migration of catalyst particles on the surface (Figure 

21). Small particles can diffuse into the support layer over time while others are 

mobile on the surface to form bigger particles which is called ‘Ostwald 

ripening’. If particles on the surface became larger in size due to the ripening, 

there would be no possibility to produce denser and thinner VA-CNTs. In order 

to inhibit the diffusion of particles, a sandwich catalyst design has been 

developed to produce denser VA-CNTs. In this method, a second layer of non-

transition and inactive metal, which is commonly Mo, Al or MgO, is deposited 

on a catalyst layer (125–128) and this second layer stabilizes catalyst particles 

on the surface by inhibiting their mobility. In the literature, there are studies 

reporting the enhanced catalytic activity of catalyst particles by using the  

sandwich catalyst design (126, 127). The possible explanation for the 
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enhancement was that the additives suppressed the formation of secondary 

phases of catalysts with the bottom layers which are known to be inactive for 

growing CNTs.  

 

 

 Schematic representation showing the subsurface diffusion and coarsening Figure 21.

of catalyst particles on the buffer layer of Al during a heat treatment.  

To enhance the density of VA-CNTs in this study, a second layer of Al was 

deposited on Co catalyst layer to inhibit the coarsening of Co particles and thus, 

the density of particles would be increased by pinning them on the buffer layer 

(0.5nm Al/1nm Co/10nm Al). Samples with the sandwich design (0.5nm 

Al/1nm Co/10nm Al) was subjected to the ACCVD steps at 625 °C in a same 

manner mentioned before. Figure 22a and b show SEM images of VA-CNTs 

grown on the 0.5nm Al/1nm Co/10nm Al and 1nm Co/10nm Al layers, 

respectively. It was observed that the length of VA-CNTs on sandwich design 

was higher than the CNTs grown on normal catalyst configuration. The reason 

for the shorter CNTs is the decrease in the activity of catalyst due to the 

subsurface diffusion. As shown in Figure 21, the subsurface diffusion of catalyst 

particles might lead to a decrease in the number of active particles because of 

diffusion 

coarsening 
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mass loss. To provide a macroscopic proof for the subsurface diffusion in both 

catalyst designs, an analysis was performed on the H2 - reduced and as-deposited 

catalyst layers using a surface sensitive technique; XPS. The atomic 

concentrations of Co and Al were estimated from XPS spectra for all samples 

(Appendix I). In the 1nm Co/10nm Al sample, it was found that there was a 

decrease in Co concentration from % 74 to % 11 induced by H2-reduction step. 

For the 0.5nm Al/1nm Co/10nm Al sample, the decrease of Co concentration 

was from % 51 to % 38 which provided an evidence for the subsurface diffusion 

of Co. When the ratios of Co concentration decrease in samples before and after 

the reduction step were compared, it was found that the catalyst particles on the 

1nm Co/10nm Al sample were diffused more than the particles on the 0.5nm 

Al/1nm Co/10nm Al sample. Regarding to these, it was suggested that the top 

Al layer pinned the particles by inhibiting their mobility.    
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 Side view SEM images of VA-CNTs grown on (a) normal and (b) sandwich Figure 22.

catalyst configurations. HRTEM images of CNTs grown on (c) normal and (d) 

sandwich catalyst configurations. (e) Raman spectra of VA-CNTs grown on both 

catalyst configurations.  

(a) (b) 

(d) (c) 

(e) 
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HRTEM images of CNTs grown on normal and sandwich catalyst designs 

indicated that CNTs had 2 or 3 side walls with an average diameter around 7 nm 

(Figure 22c and d). However, the graphitization of CNT sidewalls grown on the 

normal catalyst was less than the sidewalls of sandwich design sample.  

 

The presence of top Al layer immobilized the catalyst particles on the surface 

and thus, the areal density of VA-CNTs (ρ) would be increased due to an 

increase in numbers of active particles on the surface. Recently, there are three 

ways to measure the density even none of them provides the exact value. The 

first method is counting CNTs in SEM or TEM which is less quantitative. 

Another one is based on the weight gain of substrate after the growth process 

and the last method is the liquid-induced compaction method (129–132). In 

order to compute the density increment of VA-CNTs by catalyst design, the 

liquid-induced compaction method was applied to VA-CNTs grown on the 

normal and sandwich catalyst configurations comparatively. In this method, 

VA-CNTs on the surfaces were soaked into deionized water and as a result of 

this; CNTs were compacted to a maximum density due to the wetting / drying 

process. The top view SEM images show the top surfaces of VA-CNTs grown 

on the normal and sandwich catalyst designs after the compaction process which 

help to estimate the filling fractions (F) (Figure 23a and b). The value of F is the 

areal ratio of compacted surface to total surface and is calculated using Image J 

software by masking the top of compacted areas (Appendix II) (133). The ρ 

value of CNTs is expressed with F and d where d is tube diameter determined 
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by TEM images and δ is the theoretical Van der Waals tube distance (0.34 nm) 

(Eq. 2) (Appendix III) (134). 

  
   

√        
              

 

 Top view SEM images of collapsed CNTs grown on (a) normal and (b) Figure 23.

sandwich catalyst designs. 2D contact mode AFM images of (c) normal and (d) 

sandwich catalyst designs after reduction process. (e) Size distribution of particles 

on both catalyst designs after reduction process. 

(a) (b) 

(d) (c) 

(e) 
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By using the equation, it was found that the density of VA-CNTs on the normal 

catalyst design was ~2×10
-11

 cm
-2

 while the sandwich catalyst design yielded 

~9×10
-11

 cm
-2

 CNTs. Based on these values, it is suggested that the presence of 

top Al layer increased the density of CNTs. Furthermore, AFM analysis 

performed on the H2-reduced 1nm Co/10nm Al (normal) and 0.5nm Al/1nm 

Co/10nm Al (sandwich) samples to find out a macroscopic evidence for the 

density increment of catalyst particles (Figure 23c and d, respectively). When 

2D AFM images were processed for the particle size distribution (w), it was 

found that the average value of w for the particles in the sandwich catalyst 

design (~12nm) were smaller than the average value of w for the particles in the 

normal configuration (~23nm) (Figure 23e). This indicates that during the 

thermal annealing, the top Al layer immobilized the particles and hence 

inhibited the coarsening. In comparison, the average height value (h) of the 

particles was found to be 2 nm for the normal catalyst configuration while it was 

5 nm for the sandwich catalyst configuration. The reason for thicker particles in 

the sandwich configuration is the presence of second Al layer on the top of 

catalyst layer.  

 

Moreover, no CNT growth was observed when the thickness of top Al layer was 

increased from 0.5 nm to 1nm. The possible explanation is the full coverage of 

catalyst surface by comparatively thicker top Al layer and as a result no catalytic 

activity was observed.  
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Table 1 summarizes the properties of catalyst layers and VA-CNTs on both 

catalyst designs. Regarding to these, the role of top Al layer is found to be 

pinning catalyst particles on surface as shown in Figure 24. Furthermore, 

sandwich catalyst configuration (0.5nm Al/1nm Co/10nm Al) yielded denser 

and taller VA-CNTs comparatively. Thus, the optimum catalyst design in this 

study was the sandwich method where a second layer of Al was deposited on the 

catalyst layer (0.5nm Al/1nm Co/10nm Al). 

 

Table 1. The properties of catalyst layers and VA-CNTs on normal and sandwich 

catalyst designs. 

 
Normal design Sandwich design 

Co/Al %at. before reduction 49 60 

Co/Al %at. after reduction 16 47 

Average w values (nm) 23 12 

Length of VA-CNTs (µm) 4 10 

% F 10 40 

ρ (cm
-2

) 2×10
-11 

 9×10
-11

 

 

                 

 A representative drawing of a sandwich catalyst layer after the reduction Figure 24.

process. 
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Motivated by the earlier studies in the literature, buffer layer thickness was 

varied to investigate its effect on growth of CNTs (86–88, 135, 136). As shown 

in Figure 25, well aligned CNTs were grown at 625 °C using ethanol as carbon 

source on 3, 5 or 7nm thick bottom Al layers having the sandwich catalyst 

design. The side view SEM image of VA-CNTs grown on the 0.5nm Al/1nm 

Co/10nm Al catalyst configuration was provided previously in Figure 22d. In 

order to better understand the height difference of VA-CNTs in respect to 

varying Al thickness, contact mode AFM analysis was performed on the 

reduced catalyst layers at 625 °C (Figure 25). The images indicated that the 

particle size were different for each thickness of Al layer. The values of w were 

calculated and it was found that the reduced catalyst particle size on a surface 

was widened as the thickness of bottom Al layer increased. Moreover, the length 

of VA-CNTs decreased as long as thicker Al buffer layer was used (Figure 25).  
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 SEM images of VA-CNTs synthesized at 625 °C using sandwich catalyst Figure 25.

design on varying thickness of bottom Al layer (3, 5, 7 and 10 nm). AFM images of 

H2-reduced catalyst layers at 625 °C and the plot for the change of VA-CNT length 

and average particle size distribution (w) versus bottom Al layer thickness.  
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In the literature, thicker Al layers have represented more expansion of a layer 

which resulted in more porous structures. Thus, this porous morphology could 

contribute an increase in carbon adsorption (87, 136). Regarding to this, a 

possible explanation of VA-CNT length decrease with respect to thicker Al 

layers is the high amount of carbon adsorption due to porous structure of thick 

Al layer and thus the growth rate of CNT could be retarded.  

 

Even the high yield of CNT synthesis was not achieved by using 1nm Fe/10 nm 

Al catalyst layer, the sandwich catalyst design was also conducted using Fe to 

synthesize well aligned CNT arrays at 625 °C using ethanol as carbon source 

(0.5nm Al/1nm Fe/10nm Al). While Figure 26a shows SEM image of randomly 

scattered CNTs, HRTEM image points that Fe catalyst resulted in thicker CNTs 

compared with the CNTs synthesized using Co catalyst (Figure 26b). A 

comparison of HRTEM images of CNTs synthesized using Co (Figure 22d) and 

Fe (Figure 26b) catalysts indicates that type of catalyst has an important role in 

thickening CNTs.  

 

 

(a) (b) 
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 (a) SEM and (b) HRTEM images of CNTs synthesized at 625 °C on the Figure 26.

0.5nm Al/1nm Fe/10nm Al catalyst configuration. 

 Optimization of annealing step  4.1.2

In the previous section, it was found that denser and oriented CNTs were grown 

on Co catalyst layer which had sandwich design. But the catalyst design is not 

the only factor affecting the density and orientation of CNTs as well as the 

nucleation of catalyst particles. The pretreatment parameters such as time and 

temperature also have a critical effect on the growth of CNTs. Several 

researchers have reported various methods for an annealing process to increase 

the growth yield of CNTs by using gas-assisted processes (38, 137–140).  

 

The majority of the research has been focused on gaining control over the 

growth of VA-CNTs. Thus, a study has been performed on the sandwich 

catalyst layers to better understand the effect of reduction step on the growth of 

VA-CNTs. The catalyst layers having 0.5nm Al/1nm Co/10nm Al configuration 

have been reduced at 625 °C and 4 Torr pressure under Ar/H2 atmosphere for 5, 
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10, 15, 20, 30 and 60 minutes. Then in a same manner, all of them were 

subjected to the growth step at 625 °C using ethanol as a carbon source for 30 

minutes. As shown in SEM images (Figure 27a-g), it was found that randomly 

scattered CNTs were only grown on non-reduced catalyst layer while well-

ordered VA-CNTs were synthesized on reduced layers. The plot in Figure 27h 

shows how the length of VA-CNTs changes with respect to reduction time. The 

plot points a decrease in the growth rate of CNTs as the reduction process time 

was prolonged. The optimum reduction time for the highest VA-CNT growth 

was found to be 15 minutes at the growth temperature of 625 °C. A possible 

explanation of the decrease in the growth is the depressed catalytic activity since 

catalyst diffuses more as the reduction process is prolonged. To better 

understand the effect of time on the catalyst restructuring, SEM analysis were 

done on as-deposited and H2-reduced sandwich catalyst films for 15 and 60 

minutes (Figure 28). SEM images clearly indicate that deposited film is a 

discontinuous thin layer due to the Volmer-Weber film nucleation (141) and no 

active islands were formed without the reduction process (Figure 28a). 

Moreover, a comparison of SEM images of 15 minutes and 60 minutes reduced 

catalyst layers indicates that catalyst particle sizes are getting bigger as the 

process time prolongs. All these suggest that islands are coarsening and 

diffusing more at longer thermal processes and hence 15 minute reduction at 

temperature of 625 °C is the optimum window for longer VA-CNT growth. 
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 (a-h) SEM images of VA-CNTs grown on the non-reduced and H2-reduced Figure 27.

sandwich catalyst layers at 625 °C for 5,10, 15, 20, 30 and 60 minutes, respectively. 

(h) The plot shows changes in the length of VA-CNTs by reduction time. 

(a) (b) 

(d) (c) 

(e) 

 
 (f) 

(f) 

(h) 
(g) 

 
 (f) 
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 Top view SEM images of (a) as-deposited and H2-reduced at 625 °C for (b) Figure 28.

15 minutes and (c) 60 minutes sandwich catalyst layers. 

To find out the catalyst state, XPS analysis has been cemployed on the catalyst 

layers before and after the H2-reduction process at 625 °C for 15 minutes. In this 

part, two different types of catalyst layer were used to better understand the 

effect of air exposure. First type was the typical sandwich configuration 

(0.5nmAl/1nmCo/10nmAl) deposited using e-beam evaporation (I) technique 

and it was identified as “1nm Co●” in Figure 29. The second type layer was 

1nm Co/10nm Al configuration deposited using EBE-4 (II) evaporation system 

which was already mounted in the XPS instrument. This type catalyst layer was 

(a) (b) 

(c) 
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designated as “1nm Co*” in Figure 29. 1nm Co● layer before reduction process 

(as-is) had Co 2p3/2 peak at 781.1 eV with a small shoulder at lower binding 

energy while Co 2p1/2 peak appeared at 797 eV (Figure 29a and Table 2). 

Moreover, a broad shake-up satellite (designated with s letter in Figure 29), 

which is the characteristic sign of oxidized Co, was observed for the as-is form 

of 1nm Co● layer. In the literature, it was reported that shake-up satellite peak at 

5 eV higher than its main peak and a spin-orbit coupling of around 15.5 eV 

indicated the formation of CoO (Co in the form of +2 valency) (142, 143). The 

catalyst layers deposited using e-beam evaporation (I) technique (1nm Co●) 

were have to be exposed to air before transferred to the XPS chamber. Hence, it 

was not surprising to observe the oxidized form of Co beside the presence of 

metallic Co which was indicated by a small peak around 778 eV (144). As 

shown in Figure 28a, the catalyst layers are inhomogeneous on the surface and 

this provides more surface area for air oxidation in contrast to thick layers. Even 

the reduction process has been performed on the 1nm Co● sample, there was 

almost no shift at the position of peaks; still Co was in the form of oxide (Figure 

29b). This would be explained by the ACCVD design, where the reduction has 

been performed, is not connected to the XPS chamber directly. Hence, the 

reduced sample was exposed to air while it was being transferred to the XPS 

chamber and resulted in the formation of oxide on the Co layer. In the case of air 

exposed thick layer of Co (40nm Co●), both metallic and oxide Co 2p3/2 peaks 

appeared at 777.9 eV and 780.2 eV, respectively (Figure 29c). This indicated 
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that some oxidation occurred only on the top few layers of thick Co and 

underneath top few layers, Co still remained metallic.  

 

 

 (a-f) XPS spectra of Co 2p regions for various Co layers (● and *, Figure 29.

respectively, indicate that Co layers are prepared using e-beam (I) and EBE-4 (II) 

evaporation systems). 
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To better understand the chemical state of catalyst after the deposition, a second 

set of deposition had been performed using EBE-4 technique (II) where the 

deposition chamber is connected to the XPS analysis chamber and hence 

samples after the deposition process were not exposed to air. When a 

comparison was done between XPS spectra of samples 1nm Co* air exposed 

(Figure 29d) and 1nm Co* no air exposure (Figure 29e), it is clear that there was 

a shift towards higher binding energy indicating the oxidation of metallic Co by 

air exposure. Moreover, the shake-up satellite peak (s) around 785 eV pointed 

the presence of oxides on the 1nm Co* air exposed sample. XPS spectra of thick 

Co layer (40nm Co*) deposited using EBE-4 (II) shows clear metallic Co 2p 

peaks at 778.2 eV and 793.2 eV contrary to the air exposed 40nm Co● sample. 

As a conclusion, it is clear that all catalyst surfaces either deposited using e-

beam (I) or EBE-4 (II) instruments were in form of CoO when exposed to air 

even after the reduction process. Thus, an in-situ system is required to figure out 

the interaction between Co and Al during the reduction process.  
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Table 2. Tabulation of binding energies of Co 2p peaks for different catalyst 

configurations indicating the catalyst state before and after the reduction step.  

 
Binding energy (eV) 

 
Co 2p3/2 Co 2p1/2 

(a) 1nm Co● before reduction (as is) 781.1 797 

(b) 1nm Co● after reduction  780.6 796.5 

(c) 40 nm Co● before reduction (as is) 777.9 / 780.2 793 / 796 

(d) 1nm Co* before reduction (air exposed) 779.7 795.5 

(e) 1nm Co* before reduction (no air exposure) 778.3 793.3 

(f) 40 nm Co* before reduction (no air 

exposure) 

778.2 793.2 

 

 Effect of growth parameters  4.1.3

In this section, growth process parameters such as temperature, carbon source 

type and pressure were investigated. Firstly, the effect of carbon source type 

under two different growth temperatures was investigated. The sandwich 

catalyst design (0.5nm Al/1nm Co/10nm Al) was applied for the synthesis of 

VA-CNTs using ethanol, acetone and isopropanol as carbon sources under a 

flowing atmosphere of 100 sccm Ar and 20 sccm H2 at 625 
0
C or 750 

0
C for 30 

minutes. The reduction step for these experiments was conducted in a same 

manner discussed before at relevant temperatures, 625 
0
C or 750 

0
C. 

 

Figure 30 shows the SEM images of synthesized VA-CNTs at temperature of 

625 
0
C using ethanol, acetone and isopropanol as carbon sources. There was no 
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apparent difference in length of VA-CNTs synthesized using different carbon 

sources and they were at average height of 6 µm. However, the difference in the 

alignment of CNTs was distinguishable. VA-CNTs synthesized using ethanol 

and isopropanol were well aligned while it was curly and entangled when 

acetone was used.  

 

 

 SEM images of VA-CNTs synthesized at 625 °C using ethanol, acetone and Figure 30.

isopropanol as carbon sources.  

SEM was not the only technique to characterize VA-CNTs. Raman spectroscopy 

was also conducted to investigate the effect of carbon source type on 

crystallinity and defectiveness of CNTs. As mentioned before, CNTs have two 

characteristics peaks; D and G bands appear around 1340 cm
-1

 and 1595 cm
-1

, 

respectively and second order 2D band is the overtone of D band frequency. 

While intensity ratio of G to D bands (I(G/D)) provides a measure for the 

defectiveness of sample, intensity ratio of 2D to G bands (I(2D/G)) points out 

the amount of side wall crystallinity of CNTs. If I(G/D) value is high, it means 

that CNTs are comparatively less defective. When I(2D/G) value is 

comparatively higher, it indicates that CNTs are better crystallized. Raman 

spectra of VA-CNTs grown at 625 °C using varying carbon source was provided 
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in Figure 31a. Furthermore, the values of I(G/D) and I(2D/G) of VA-CNTs 

grown using acetone were the highest one when compared to others (Figure 

31b). This indicated that VA-CNTs grown using acetone had less defective 

structure and less amount of amorphous carbon while they were having well 

crystalline sidewalls. It is well known that acetone is ketone and has one 

unsaturated double bond with oxygen (C=O) which has different chemical 

structure when compared to alcohols. Furthermore, lower formation enthalpy of 

acetone (ΔHf ~ -247 kJ/mol at 880 K) points that the decomposition of acetone 

would be easy to occur compared to other carbon sources. However, a carbon 

atom in the C=O group does not participate in formation of CNT (84). This 

carbon atom involves in formation of CO molecule. Hence, fewer amounts of 

carbon molecules involves in the growth of VA-CNTs  and this would be 

responsible for less amorphous carbon presence and better crystalline structure 

of CNTs. But still, alignment is an issue for synthesis of CNTs when acetone is 

used as a liquid carbon source.  

 



70 

 

 

 

 (a) Raman spectra of VA-CNTs grown at 625 °C using acetone, ethanol and Figure 31.

isopropanol as carbon sources. (b) The plot for I(G/D) and I(2D/G) ratios of VA-

CNTs versus carbon sources.  

(a) 

(b) 
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The alignment of VA-CNTs was achieved at 625 °C in case of ethanol and 

isopropanol usage where both sources have one bonded OH groups (Figure 30). 

However, it was found that ethanol as carbon source resulted in less defective 

CNTs (Figure 31b). In use of alcohols as carbon sources, OH group acts as 

etchant and protects the surface of catalyst from poisoning. Excess carbon is not 

the only species being etched by OH groups but also grown CNTs would be 

etched. For that reason, in case of alcohol use CNTs would have more defect 

comparatively and as a consequence they would have lower I(G/D) ratio. 

Regarding to this, it was reasonable that VA-CNTs synthesized using alcohol 

sources resulted in relatively higher defect density. When ethanol and 

isopropanol cases were examined, ethanol case resulted in lower defect density 

in the CNTs which is most probably due to a smaller ratio of C/OH for ethanol. 

Moreover, a lower formation enthalpy of ethanol compared to isopropanol 

favors ethanol decomposition more easily (82, 84).  

 

Beside the lower growth temperature, VA-CNTs were also synthesized at 750 

°C using ethanol, acetone and isopropanol in same manner described above. In 

Figure 32, SEM images of VA-CNTs show that there was a significant increase 

in length of CNTs when acetone was used. It was the ‘tallest’ VA-CNTs ever 

synthesized in this study with almost 200 µm in length. Although, CNTs seemed 

well aligned at low magnification images for the acetone case, they were curlier 

compared to others at higher magnified images.  
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 SEM images of VA-CNTs synthesized at 750 °C using ethanol, acetone and Figure 32.

isopropanol as a carbon source.  

Raman spectra of VA-CNTs synthesized at high growth temperature, 750 °C, 

was shown in Figure 33a. D and G bands were almost at similar wavenumbers 

for each carbon source. However, RBM mode only appeared at 220 cm
-1

 and 

240 cm
-1

 for VA-CNTs synthesized using ethanol and this indicated the 

presence of SWCNTs in major amount of MWCNTs. The highest I(G/D) ratio 

value was found for the ethanol case which indicated the lower defect density in 

VA-CNTs as shown in Figure 33b. Hence, it was found that at higher growth 

temperature, ethanol resulted in better quality of CNT arrays. In the case of 

acetone, the tallest arrays were observed for this study and this might lead more 

amorphous carbon presence in the sample grown at 750 °C which resulted in a 

lower I(G/D) ratio compared to the case at 625 °C.  
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 (a) Raman spectra of VA-CNTs grown at 750 °C using acetone, ethanol and Figure 33.

isopropanol. (b) The plot for I(G/D) and I(2D/G) ratios of VA-CNTs versus carbon 

sources.  

(a) 

(b) 
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A representative TEM analysis of CNTs synthesized using ethanol as carbon 

source showed that CNTs grown at 625 °C had mostly 3 to 5 walls while they 

were 2 to 3 walled in case of relatively high growth temperature, 750 °C (Figure 

34). It was clearly seen that amorphous carbon was present on the sidewalls of 

CNTs grown at higher synthesis temperature (shown by white arrows at Figure 

34b). Thus, it was reasonable to have high intensity for the D band in Raman 

spectrum of CNTs from ethanol at higher temperature (Figure 33). An 

explanation for the presence of amorphous carbon might be the increased 

etching activity of OH radicals by an increase in growth temperature (750 °C). 

Therefore, the sidewalls of a CNT were combusted and amorphous carbon 

accumulated on the sidewalls. Also, few SWCNTs were observed in this sample 

which was coherent with results of Raman spectrum indicating the RBM modes 

(Figure 33a). From the morphology view, CNTs were less straight at low growth 

temperature (625 °C) which might be due to low arrangement energy for carbon 

atoms coming in.   
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 TEM images of VA-CNTs synthesized at temperatures of (a) 625 °C and (b) Figure 34.

750 °C using ethanol as carbon source. White arrows show the amorphous carbon 

presence on the side wall of a CNT. 

(a) 

(b) 
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Other than alcohols and ketones, aromatic hydrocarbon derivatives; benzene and 

toluene, were also used to synthesize CNTs on the sandwich layered catalysts. 

Figure 35 shows the SEM images after the growth step at 625 °C. It was found 

that the density of CNTs was low and CNTs were randomly scattered on the 

surfaces (Figure 35). In the literature, aromatic hydrocarbon precursors were 

studied and proposed as a good candidate for synthesis of CNTs at growth 

temperatures between 600 and 1000 °C (35, 83, 145). It was reported that 

growth of CNTs using aromatic hydrocarbon sources follows the six-membered-

ring-based model which was reported by Tian et al. (145). According to this 

model, first benzene ring sticks on a catalyst surface and then C–H bonds are 

broken to incorporate into graphene layers via surface diffusion to form a CNT 

(145). Contrary to the common reports, it was observed almost no CNT for the 

benzene case while less amount of CNTs were present in the toluene used 

sample in this work. A possible explanation for these results might be the 

overfeeding of carbon source resulted in coating of all catalyst surfaces and 

subsequently deactivation of catalyst occurred (31).  
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 CNT surfaces after the growth step at 625 °C using (a) benzene and (b) Figure 35.

toluene as carbon sources.  

As a summary, it was found that alcohols and ketones would be a good 

candidate for the synthesis of well aligned and denser CNTs while aromatic 

hydrocarbons were not sufficient under these ACCVD growth conditions. 

Raman and SEM analysis showed that VA-CNTs synthesized using alcohols 

and ketones had different heights and structural properties. For a further step in 

(b) 

(a) 
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characterizing the properties of VA-CNTs, dynamic contact angle measurements 

were employed in order to investigate the wettability properties of surfaces 

(Figure 36). In the literature, the numerous studies have been reported on the 

wettability of carbon films where mostly VA-CNTs have been declared as a 

hydrophobic surface without doing any modification (146–150). There are 

several agents that influence the surface energy and hence the surface wettability 

as well. These are chemical modification, roughness and relative presence of 

sp2-sp3 bonds (147, 151, 152). In this study, it was found that VA-CNTs 

synthesized at 625 °C using ethanol presented hydrophobic (contact angle ~ 

150°) surface and the wettability did not change drastically by time which is 

consistent with previous reports (148, 153). The decrease in size of water 

droplet on the surfaces by time was mainly due to the evaporation (Figure 36). 

In contrary, VA-CNTs grown at 750 °C using ethanol had super-hydrophobic 

(contact angle ~ 180°) surfaces at least for 20 minutes. The trend in the contact 

angle plots (Figure 36a and b) were determined in the same behavior with the 

graphs of I(G/D) ratio which also provided an information for impurities (Figure 

31b and Figure 33b). This emphasized that the presence of amorphous carbon on 

the surface or between CNT arrays resulted in shifting the wettability properties 

of VA-CNTs from super-hydrophobic to hydrophobic properties. Moreover, the 

consequences of water droplet contact with the VA-CNT surfaces synthesized 

using ethanol were given in Figure 36. It was clearly seen that the hydrophobic 

VA-CNTs grown at low synthesis temperature (625 °C) were patterned after 

their contact with water droplet. However, the super-hydrophobic VA-CNTs 



79 

 

grown at high growth temperature (750 °C) kept their original alignment even 

after a droplet on CNT surface was evaporated. As a conclusion, it is found that 

wettability of VA-CNTs could be tuned by varying carbon source without 

inducing any chemical modification and thus 2D and 3D functional CNT 

surfaces could be built by a facile route for further applications.  

 

 

 

 

 Dynamic contact angle measurements of VA-CNTs synthesized using Figure 36.

various carbon sources at temperatures of (a) 625 °C and (b) 750 °C. The volume of 

water droplet used for the measurements was 8 µL. 

(a) 

(b) 
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Beside the investigation of carbon source type effect, the effect of growth 

pressure on VA-CNT synthesis was also investigated. The reduction step for all 

pressure experiments was conducted in a same manner discussed before at 

temperature of 625 
0
C. After the annealing step, the reduced catalyst layers were 

subjected to the growth step at 625 
0
C for 30 minutes using ethanol at varying 

ACCVD pressure; 40, 56, 69, 81 and 94 Torr. During the growth step, the 

temperature of liquid ethanol inside the bubbler was kept at 32 °C and the 

pressure of ACCVD system was adjusted by the valve placed at the end of the 

furnace. In order to investigate the growth behavior VA-CNTs with respect to 

both pressure and catalyst design, different bottom Al layer thickness was used 

in the sandwich catalyst design; 3, 5, 7 and 10 nm Al.  

 

Figure 37 shows the SEM images of synthesized VA-CNTs at different ACCVD 

pressures at 625 °C and the plot represents the change of CNT length versus 

ACCVD pressure. Regarding to the plot in Figure 37, it was found that there 

was an increase in the height of VA-CNTs till 69 Torr pressure where the 

highest VA-CNT was achieved for each catalyst design. Then, there was a 

tremendous decrease in the height of VA-CNTs with respect to pressure. 

Contrary to the effect of carbon source type and temperature, varying ACCVD 

pressure has the benefit of only affecting the carbon source concentration flowed 

inside the furnace and not to the decomposition processes. As mentioned before 

in this study, ethanol was carried inside the ACCVD furnace by bubbling Ar and 

H2 gases through and unreacted ethanol was collected inside a trap at the end of 
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the furnace by liquid N2 cooling. The amount of reacted ethanol was calculated 

by measuring the volumes of unreacted ethanol which was cooled down at the 

end of the ACCVD growth (calculations were provided at Appendix IV). 

Regarding to these calculations, it was found that there was a decrease in 

amount of ethanol carried inside the furnace from 3.1 to 1.5 sccm as the pressure 

increased from 40 to 94 Torr, respectively. The flow amount of Ar and H2 gases 

were kept constant at 120 sccm while the total amount of flow including 

ethanol, Ar and H2 gases decreased with respect to increased pressure. The 

decrease in the total amount of flow was resulted in an ascend of ethanol 

residence time (τ) which was expressed with the following equation (Eq. 3); 

   
             

           
           

 

The increase in value of τ with respect to pressure provides more time to carbon 

species to contact with catalyst surface which leads a rise in carbon 

concentration on the surface of catalyst particle. If contact time of carbon 

species increases, there is more possibility for carbon coating on catalyst surface 

since the carbon precipitation is a slower process than the carbon diffusion 

process. Thus, the increased value of τ would be the reason for the growth of 

shorter VA-CNTs after a certain value of ACCVD pressure.  
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 SEM images of VA-CNTs synthesized under pressures of 40, 56, 69, 81 and Figure 37.

94 Torr at 625 °C (pressure set). The plot of the VA-CNT length versus pressure.  
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The aim of the following experimental set (concentration set) was to investigate 

how growth of VA-CNTs has been affected from comparatively higher carbon 

source flow while ACCVD pressure was kept at similar values with pressure set. 

In the previous set (pressure set), temperature of liquid ethanol inside the 

bubbler was kept at 32 °C and the pressure of ACCVD system was adjusted by 

the pressure valve. However, in the following set, the only way to obtain higher 

concentrations of ethanol flow inside the ACCVD furnace was to increase the 

temperature of liquid ethanol inside the bubbler while the pressure was kept at 

similar values with the previous pressure set (see Table 3 for the values of 

pressure inside the ACCVD, amount of ethanol flow and temperature of liquid 

ethanol inside the bubbler). Hence, a second set of experiment (concentration 

set) was conducted where the temperature of liquid ethanol inside the bubbler 

was altered by using a heater. Varying the temperature of ethanol inside the 

bubbler affects the amount of ethanol flow inside the furnace and as a 

consequence the pressure of ACCVD would change. Thus, in this set of 

experiment, the temperatures of bubbler were selected as 52, 71 and 83 °C to 

provide similar pressures used in pressure set experiments. The pressures 

obtained by increasing ethanol temperature are given in Table 3.  
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Table 3. Summary of the values used in the experiment series of pressure and 

concentration. The bold values are for the pressure set while the rest is for the 

concentration set.   

Pressure of 

ACCVD (Torr) 

Temperature of liquid 

ethanol (°C) 

Flow of gas 

ethanol (sccm) 

40 32 3.1 

56 32 2.9 

69 32 2.6 

81 32 2.2 

94 32 1.5 

53 50 4.5 

71 71 6.3 

81 83 7.2 

 

Figure 38 shows side view SEM images of VA-CNTs synthesized at various 

temperatures of liquid ethanol which was designated as concentration set. The 

plot in Figure 38 indicated that the optimum value of temperature was 50 °C 

which resulted in tallest VA-CNTs at 53 Torr pressure. To better understand the 

effect of ethanol temperature on the growth, the amounts of ethanol flow were 

calculated and tabulated in Table 3 for each temperature (Appendix V). 

According to these values, the flow of ethanol was increased with respect to 

temperature which also caused an increase in flow concentration of ethanol. As 

mentioned before, over-feeding of carbon source would deactivate a catalyst 

particle by covering the surface with excess amount of carbon. In this study, it 

was observed that the growth rate accelerated up to 53 Torr pressure although 

the amount of ethanol flow was increased as the temperature of ethanol was 
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raised (Figure 38). After a pressure was reached to 53 Torr, the growth rate of 

CNTs was decelerated even the pressure was increased up to 81 Torr. The 

possible explanation for the higher growth rate up to 53 Torr pressure would be 

related with τ. Just as the amount of flow inside the furnace has been increased, 

the τ of carbon source inside the furnace would be decreased (Eq.5). Therefore, 

the carbon source molecules would have less time for the decomposition and 

also for the contact of carbon with catalyst and this would help to keep the 

catalyst surface clean. However, after 53 Torr pressure, the concentration of 

carbon source was came up a threshold value causing the deactivation of 

catalyst by coating the surface with carbon even the value of τ decreased. In the 

plot, there was no height value for the 0.5nm Al/1nm Co/10nm Al catalyst 

configuration at 81 Torr pressure since randomly scattered CNTs rather than 

VA-CNTs were present on the surface (Figure 38).  
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 SEM images of VA-CNTs synthesized using various liquid ethanol Figure 38.

temperatures (32, 50, 71, 81 °C) at 625 °C (concentration set). The plot of the VA-

CNT length versus pressure that obtained by varying liquid ethanol temperature.  
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Furthermore, Raman analysis was conducted on synthesized VA-CNTs using 

0.5nm Al/1nm Co/10nm Al catalyst design. Raman spectra of all VA-CNTs 

synthesized using different concentrations and pressures were almost identical in 

terms of intensity and peak positions. Thus, only two Raman spectra of VA-

CNTs synthesized at pressure of 40 and 94 Torr (pressure set) were shown here 

as a representative ones (Figure 39). D and G bands were located around 1327 

and 1573 cm
-1

, respectively, and the ratio of I(G/D) was around 0.7. This 

indicated the presence of amorphous carbon and suggested that the amount of 

amorphous carbon did not change with respect to an increase in ACCVD 

pressure. Regarding to the results, an increase in the pressure or temperature of 

ethanol only affects the activity of catalyst, not the formation of CNT.  

 

 

 Raman spectra of VA-CNTs synthesized at pressure of 40 and 94 Torr Figure 39.

(black and red lines, respectively) with an inset of magnified D and G bands.   
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In this study, an optimized strategy was developed for the growth of VA-CNTs 

using ACCVD method by alternating the growth parameters such as carbon 

source type, temperature and pressure. As a conclusion, the optimum growth 

range could be offered rather than pointing a certain growth parameter. Alcohol 

sources resulted in well aligned CNTs rather than hydrocarbon sources at 

temperature of 625 and 750 °C under the pressure of 40 – 69 Torr. Hence, it is 

vital to use alcohols as a carbon source to produce VA-CNTs using ACCVD 

method. Furthermore, it is found that surface properties of VA-CNTs could be 

tuned by varying growth parameters without inducing any chemical 

modification and thus 2D and 3D functional CNT surfaces could be built by a 

facile route for further applications. For instance, hydrophobic VA-CNTs grown 

at 625 °C using ethanol would be useful for cell applications (154) while super-

hydrophobic VA-CNTs would be more successful for self-cleaning surfaces 

(155).  

 Modeling for the growth of vertically aligned 4.1.4

carbon nanotubes   

To modify CNT properties and to extend their applications, it is important to 

understand their growth mechanism. In the literature, there are recent reports 

investigating the growth kinetics of VA-CNTs using in situ measuring systems 

(59, 60, 156–160). However, in this study, there was no in situ system mounted 
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with the ACCVD furnace hence a road of approach was followed for 

understanding the growth mechanism of VA-CNTs.  

 

Before main processes responsible for the growth termination will be studied, all 

the possible reactions for ethanol decomposition will be discussed with help of 

thermodynamic parameter which is the formation Gibbs free energy (ΔGf) at 

around 600 °C (161). From the view of thermodynamic equilibrium, reactions 3, 

4, 5, 6, 7 and 10 are favorable to occur. However, reactions 8 and 9 are 

unfavorable due to comparatively higher ΔGf value. Main ethanol 

decomposition reactions are 3 and 4 where methane (CH4)
 
and ethylene (C2H4) 

are produced to be used as carbon source for CNT growth. For carbon synthesis, 

reaction 6 has the lowest ΔGf value compared with reaction 5. Thus, originally 

CNTs are grown from the decomposition of C2H4 when ethanol is used as the 

feedstock.    
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There are two main concepts responsible from the growth termination of CNTs; 

diffusion limit of carbon feedstock and catalyst poisoning. It is worth clarifying 

that the concept of diffusion limit comes forward when CNT growth model is 

the bottom up. The concentration of carbon source molecules at the root of 

CNTs would be much lower than the top if carbon source molecules are not 

diffusing fast enough through the root of CNTs. As follows, the growth rate 

would be decreased due to this concentration difference between the root and 

top of arrays. This effect is called diffusion limit of carbon feedstock. Other than 

diffusion limit, another important limitation comes from the catalyst coating by 

amorphous carbon.  

 

To figure out the dominant processes in this study, following calculations were 

performed by using data collected from VA-CNTs grown on 0.5nm Al/1nm 

Co/10nm Al catalyst layers under 40 Torr pressure. First, it was needed to define 

the growth model of VA-CNTs in order to check whether the diffusion limit was 

dominant or not. For this, XPS analysis was performed on top of VA-CNTs. The 

signal of C 1s at 284.4 eV was coherent with the presence of CNTs while there 

was not a signal for Co 2p (Figure 40). This indicated that in this study the 
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growth was root type and diffusion limit should be considered as well the 

catalyst poisoning for the termination of VA-CNTs.  

 

 

 XPS spectra taken from the top surface of VA-CNTs. C 1s peak at 284.4 eV Figure 40.

was attributed to the presence of CNTs while there was no signal for Co 2p 

indicating the root growth type.  

Figure 41 represents the root growth and boundary conditions for the following 

calculations. It was assumed that the diffusion of feedstock was only from the 

top side (neglected the diffusion from sides of arrays because of high width of 

film and higher collision frequency in the anisotropic structure of film). 

Following the basic diffusion theory (Fick’s Law; Eq. 4), the difference in the 

amount of feedstock diffusing in and out should be equal to the consumption 

inside the dx region. It was assumed that the system was at the steady state and 

there would be no consumption. This was expressed by Eq. 5 where De is the 

effective diffusion coefficient, S CNT film area, and C feedstock concentration.  
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 Representative side view schematic of VA-CNTs showing the boundary Figure 41.

conditions for the calculations.  
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At the root of CNTs where the catalyst is during the growth, the growth rate of 

CNT (γ) equals to the reaction rate of carbon source (r) or net diffusion flux at 

the equilibrium case (Eq. 6) where ks is the surface reaction constant of carbon 

source, C
*
 effective carbon source concentration at the root, L total length of 

VA-CNTs and m reaction order. In here ks is the reaction constant for overall 

processes which are the carbon source decomposition, carbon diffusion inside 

the catalyst and carbon precipitation for CNT formation.   
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)
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Using this relation, the flux equation is solved as; 

𝐷𝑒 (
𝑑𝐶

𝑑𝑥
)
𝑥
 𝐷𝑒 (

𝑑𝐶

𝑑𝑥
)
𝑥 𝑑𝑥 

     ⇒    
𝑑𝐶

𝑑𝑥
 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑟 

𝑑 𝐶

𝑑𝑥 
    

 

This means that feedstock concentration is linearly changing from top to bottom. 

𝑑𝐶

𝑑𝑥
  

𝐶  𝐶 

𝐿
 

𝐷𝑒𝑆
𝐶  𝐶 

𝐿
 𝑘𝑠𝑆𝐶

 𝑚  𝑆 
𝑑𝐿

𝑑𝑡
           

 

To investigate the reaction order, the growth of VA-CNT were conducted under 

40 Torr pressure at 625 °C for varying growth duration after the sandwich 

catalyst layer was reduced at 625 °C for 15 minutes. The plot of the VA-CNT 

length versus growth time showed that the length of VA-CNTs increased by 

ACCVD time till 20 minutes (Figure 42). After 20 minutes passed, the growth 

rate slowed down and then it was terminated around 40 minutes. Even, the 

ACCVD time prolonged to 60 minutes, the length of VA-CNTs did not change. 

This is a typical decay process and is expected to be a first order reaction rate. 

Hence, based on this plot it was assumed that m equals to one and ks was 

constant with respect to time. Moreover, it was assumed that reactions were 

irreversible meaning that there would be no reactivation mechanism of catalyst 

as shown in reaction 8. 
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  The plot of the VA-CNT length versus growth time with representative Figure 42.

SEM images of VA-CNTs grown at 625 °C.  

According to the first order reaction rate, C
*
 was calculated using Eq. 7 and it 

was found that;   

         
 

        
         

 

Using Eq. 8, the length difference was driven as; 
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The integration of Eq. 9 resulted in a formula for the length of VA-CNT related 

with t, De, ks and C0 (Eq. 10). 

   √(
  

  
)
 

         
  

  
           

 

Using this formula, an explanation would be done for the growth termination 

which was the result of either strong diffusion or no diffusion process. If (De/ks)
2
 

< (2DeC0t);  

   √                      √                                         

 

If (De/ks)
2
 > (2DeC0t); 

                                                                     

  

To find out the limiting factor, the values of De, ks and C0 should be defined. 

First, the type of feedstock diffusion was needed to be assigned using mean free 

path of carbon molecule under these conditions (λ). In a porous solid, a 

molecule may collide with another molecule or with pore walls. When gas 

pressure is high, molecule-molecule collisions dominate. In other words, 

molecular diffusion occurs if λ is relatively short compared to a pore size (x) (λ 

<< x). At low pressure, collisions are dominantly between molecules and the 
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walls, and it is called Knudsen diffusion where λ >> x. The value of λ was 

expressed by Eq. 13 where ‘a’ represented the diameter of ethanol (0.44 nm), NA 

Avogadro’s number, P pressure, R the gas constant and T temperature; 

   
  

√       
            

 

Using the mean free path formula (Eq. 13), it was found that λ of the carbon 

source (ethanol) was 2700 nm for the VA-CNT growth at 625 °C under 40 Torr 

pressure. In this study, the pores could be assumed as the voids between CNTs 

and the pore diameter, x, was calculated using the density of VA-CNT, (As 

provided in Table 1, ρ was found to be 9 × 10
-11

 cm
-2

). It was assumed that 

CNTs were closely pack arranged as shown in Figure 43 and the area (A) shown 

with red lines contained only one CNT. Along with the assumptions, x was 

found to be around 7 nm using the following equation (Eq. 14). Thus, λ (2700 

nm) was much larger than the value of x (7nm) and the Knudsen diffusion 

occurred in this study when ethanol was fed inside the ACCVD furnace.  

   
 

 
                     

 

 An illustration for the arrangement of CNTs in a closed packed design on a Figure 43.

substrate (Each circle represents a CNT).  
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De is expressed as the sum of Knudsen diffusion coefficient (Dk) and the 

molecular diffusion coefficient (Dm) (Eq. 15). However, it was found that the 

diffusion of feedstock gas was dominantly Knudsen diffusion and thus De was 

equal to Dk. It is well known that Knudsen diffusion coefficient for cylindrical 

pores was expressed as in equation 16. However, CNTs did not perfectly 

straight as cylinders and hence, corrections factors for the shape of pores are 

added in the previous reports (60) (Eq. 17). 

 

  
  

 

  
  

 

  
          

          √
 

 
            

             
 

 
√

 

 
              

 

In the corrected coefficient equation, β represents the porosity value of arrays 

and ε is the tortuosity of diffusion channels while M is the molecular weight of 

gas (Methanol = 46 g/mol). While β quantifies the ratio of area available for 

gaseous transport, ε is a quantity which characterizes the nature of the porous 

pathways followed by diffusing species. In the literature, β was reported as 0.92 

(156) and ε was 1.5 for VA-CNTs (60). Using these values, Dk was found to be 

1.84 mm
2
/s (Eq. 17).  

 

To calculate the initial concentration of feedstock (C0), it was assumed that 

ethanol behaved as an ideal gas at the synthesis conditions used in this study. 
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Thus, the ideal gas law provided a relation between the pressure of chamber and 

the concentration where R is the gas constant (62.36 L Torr/K mol) (Eq. 18).  

       

 

 
   

 

  
            

 

Using the ideal gas law, it was calculated that C0 value of ethanol feedstock was 

7 × 10
-4

 mol/L at 625 °C and 40 Torr. To investigate the dominant process 

responsible for the growth termination during the synthesis, a comparison 

between values of (De/ks)
2
 and 2DeC0t was performed. However, for this 

comparison there was only one missing constant, ks. To determine the value for 

ks, in-situ measuring systems are required which was not present in this study. 

Hence, it was assumed that the value of ks was between 0.1 and 0.4 mm/s as 

reported previously in the literature for MWCNTs (159).  

 

Regarding to these values, the growth of VA-CNTs at 625 °C under 40 Torr 

pressure was found to be in a regime where there was not a strong diffusion 

limit. In a rough conclusion, the growth most probably terminated due to the 

catalyst deactivation by the accumulation of excess carbon on catalyst surface. 

In a case of high ethanol pressure, the growth shifts to a regime where there is a 

strong diffusion limit rather than catalyst poisoning. 
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4.2 Functionalization of vertically aligned carbon 

nanotubes 

 Lithium intercalation of vertically aligned 4.2.1

carbon nanotubes 

In the literature, there are examples of studies using carbon based materials as 

electrode in Li-ion batteries due to the structural stability and high capacity 

(101, 162). Particularly, CNTs are preferred to be used as an electrode material 

in order to overcome the limitations commonly for conventional electrodes such 

as low lithiation capacity, slow ion diffusion, low surface area and poor 

conductivity (102–104, 106, 107). Furthermore, there was no structural 

damaging as Li intercalated with CNTs (106, 107). Recently, it was showed that 

the improvement in the storage, conductivity and rate capacities was achieved if 

VA-CNTs were used as electrodes (104, 108). It was also reported that aligned 

CNTs enhanced the Li ion diffusion during charge cycles where it was higher 

than the graphite and randomly scattered CNTs (101, 103).  

 

In the literature, few studies were published on the growth of carbon 

nanostructures using Li-containing compounds; however no detailed 

examination was performed to understand the incorporation of Li to the carbon 

network (163, 164). In this study, the aim is to in situ intercalate VA-CNTs 
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during the growth process and investigate the incorporation of Li to the CNT 

structure using Raman, XPS, S/TEM and EELS (165). 

 

For the Li study, the catalyst layers were prepared using wet chemistry method 

described in Chapter 3. Basically, SiO2 wafers were coated using two different 

catalyst layers; the one was with Li containing (mixture of Al(NO3)3.9H2O, 

Co(NO3)2.6H2O and LiNO3 solutions) and the other was without Li (mixture of 

Al(NO3)3.9H2O and Co(NO3)2.6H2O solutions). After the catalyst layers were 

put on the substrates and left for air drying, they were subjected to the reduction 

and growth steps in the ACCVD furnace at 625 °C by using Ar, H2 and ethanol 

for the growth of CNTs. However, for some experiments only the reduction step 

at 625 °C was performed on the catalyst layers in a same manner described 

before in order to better examine the intercalation of Li. Hence, for the 

simplicity, all the experiments conducted in this study were named and a table 

was given for the summary of experiments (Table 4). 
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Table 4. Summary of the experiments conducted for Li intercalation study.  

Experiment 

name 
Catalyst content Process run 

Observations 

after ACCVD  

Set 1 Li containing Co ACCVD(reduction+growth) CNT 

Set 2 Li containing Co ACCVD (reduction) - 

Set 3 Co ACCVD(reduction+growth) CNT 

Set 4 Co ACCVD (reduction) - 

Set 5 Co 
ACCVD(reduction +growth) 

+ LiNO3 annealing 
CNT 

Set 6 Co LiNO3 annealing - 

 

The growth of VA-CNTs from Li containing catalyst solution (Set 1) was 

achieved at 625 °C as is the case in the non-Li containing catalyst solution (Set 

3) (Figure 44a and b). For further morphological investigation, since SEM is not 

a powerful technique, S/TEM analysis on the CNTs from Set 1 was conducted 

(Figure 44c). It was observed that the length of the CNT was around 5 µm and 

the diameter was between 10 to 20 nm. The particles seen in the S/TEM image 

was most probably due to the unreacted catalyst stuck on the side walls of CNT.   
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 Side view SEM images of grown VA-CNTs from the (a) non-Li (Set 3) and Figure 44.

(b) Li containing (Set 1) catalyst layers. (c) S/TEM image of a CNT from Set 1 

(165). 
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Other than the electron microcopy images, EELS analysis was performed on the 

CNT synthesized from Set 1 in order to investigate the chemical composition of 

the structure. The EEL spectra for Li-K and C-K edges were provided in Figure 

45a and b, respectively, taken from the side wall of CNT (inset image in Figure 

45b). Beside the data obtained from the side wall of CNT, the spectra was also 

collected from the Li containing catalyst particle from Set 1 in order to better 

differentiate the shape of Li-K edge. The energy and shape of Li-K edge from 

the side walls of CNT was different than the LiF, as the reference, and the Li 

containing catalyst particle (Figure 45a). It was found that the Li-K edge was at 

55.6 eV for the spectra taken from the side walls of CNT which was shifted by 

0.6 – 0.8 eV with respect to the metallic Li-K edge where it was reported to be at 

55 eV (166) and 54.8 eV (167). When Li intercalates with C, a new form of 

compound is generated which is called as LiC6 and a charge transfer occurs 

between Li and C. Thus, it is likely that the shift was due to a charge transfer 

from the Li to the C atoms in the structure. In the literature, it was reported that 

0.2 eV shift was observed for bulk LiC6 compared to the metallic Li-K edge 

(168). It was not surprising to observe a sharp edge for the C-K edge which 

suggested the presence of graphite sheets in the sample (Figure 45b). The edge 

was centered at 285.5 eV (π*) corresponding to the unoccupied anti-bonding π*-

states of sp
2
-hybridized C. In the literature, C-K edge for pure CNTs was 

reported to be at 285 eV (169) while it was at 285.5 eV for CNTs intercalated by 

alkali metals (170). Regarding to the EELS spectra, the results would be in 

agreement with the presence of Li in VA-CNTs.  
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 EEL spectra of Set 1 for (a) Li-K edge and (b) C-K edge (inset shows where Figure 45.

the spectrum is taken from). (c) A comparison of Raman spectra for VA-CNTs 

from Set 1 (Li containing) and Set 3 (non-Li containing) (165). 

Other than microscopy techniques, Raman analysis could also provide an 

evidence for Li intercalation by shifts in wavenumbers of G band while there 

would be no shift for D band. Hence, in order to get more information, high 

resolution Raman analysis was performed on grown VA-CNTs using the Li 

containing (Set 1) and non-containing (Set 3) catalysts (Figure 45c). It was 

found that the G band corresponding to in-plane vibration of C atoms was at 

(a) (b) 

(c) 
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1594 cm
-1 

and 1582 cm
-1 

for VA-CNTs grown in Set 1 and Set 3, respectively. 

However, D band for both samples attributed to disorder and defects was found 

to be at same wavenumber value of 1344 cm
-1

. This indicated that the D band 

position did not get affected by the presence of Li while the G band shifted up 

11 cm
-1

 respect to the Set 3 with the presence of Li. In the literature, there are 

several studies reporting a G band shift toward higher wave numbers values 

(171, 172). The possible explanation for this is the charge transfer due to the 

insertion of Li to the carbon network (165, 171, 172).  

 

Although TEM and Raman analysis techniques resulted in strong evidences for 

the presence of Li in the carbon matrix, XPS analysis was also performed. To 

better understand the chemical states of Li, other than VA-CNTs from Set 1 and 

Set 3 the catalyst layers from Set 2 and Set 4 were also analyzed. As tabulated in 

Table 4, Li-containing (Set 2) and non-containing (Set 4) catalyst layers were 

only subjected to the reduction step at 625 °C to figure out the catalyst state 

after thermal treatment. XPS spectra for Li 1s and C 1s peaks were shown in 

Figure 46 and the binding energies of the peaks were tabulated in Table 5. The 

XPS spectrum of reduced non-Li containing catalyst layer (Set 4) was shown in 

Figure 46a. As shown, it had a broad asymmetric peak observed at 59.5 eV 

which was corresponding to Co 3d (173). In the XPS spectrum of reduced Li-

containing catalyst (Set 2), there was a second peak centered at 54.9 eV which 

fitted to metallic Li (Figure 46b) (174). This indicated that Li and Co were 

metallic on the substrates after the reduction step conducted.  
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 Li 1s XPS spectra of (a) Set 4, (b) Set 2, (c) Set 3 and (d) Set 1. C 1s XPS Figure 46.

spectra of (e) Set 3 and (f) Set 1 (165).  

 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 5. Binding energies and FWHM for C 1s and Li 1s XPS peaks. 

Experiments 
Binding energy 

Li 1s (eV) 

Binding energy 

C 1s (eV) 

Set 1 55.8 
284.3(0.9)  

285.0 (1.9) 

Set 2 54.9 
- 

 

Set 3 - 
284.3 (0.7)  

285.5 (2.8) 

 

After the chemical state of reduced catalyst layers were investigated, XPS 

analysis was carried on the synthesized VA-CNTs using these catalysts (Set 1 

and Set 3). For the case where CNTs were grown on the non-Li containing 

catalyst layers (Set 3), Co 3d peak was observed at 59.3 eV (Figure 46c). In the 

Set 1 (Li containing catalyst), three peaks were appeared around 55 eV (metallic 

Li 1s), 55.8 eV (Li 1s) and 59.5 eV (Co 3d) (Figure 46d). It was reported that Li 

1s peak for the case of Li intercalation in the LiC6 shifted towards higher 

binding energy compared to the metallic Li and appeared at 56 eV and the main 

reason for the shift is the charge transfer from Li to C (175). Regarding to the 

results, it was found that there was a shift towards higher binding energy when 

the Li 1s peaks of reduced Li containing catalyst (Set 2 – 54.9 eV) and CNTs 

grown on the Li containing catalyst (Set 1 – 55.8 eV) were compared. This 

supported the idea of Li intercalation during the CNT growth (Set 1).  
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The effect of Li intercalation was also observed at C 1s peak. Firstly, the shape 

of C 1s peak of CNTs grown using Li containing catalyst (Set 1) was distinct to 

that for CNTs grown on non-Li containing catalyst (Set 3) (Figure 46e and f, 

respectively). The main C 1s peak for Set 1 was broader than the one in Set 3. 

After the deconvolution of sample Set 3, it was found that the graphitic C peak 

was at 284.3eV with 0.7 eV full width half maximum (FWHM) with a broad 

component at 285.5 eV due to C-H bonding which was consistent with the 

reports (176–178) (Figure 46e). In the case of Set 1, the C 1s peak had a main 

component at 284.3 eV and a broader one at 285 eV (Figure 46f). The peak at 

285 eV was corresponding to the Li intercalated CNTs and shifted toward 

higher binding energy with respect to the peak at 284.3 eV which was for the 

CNTs grown with non-Li containing catalyst. According to the report done by 

Momose et al., C 1s peak has been observed between 285 – 285.2 eV for the Li 

intercalated LiC6 and LiC2 (179). Moreover, it was reported that the broadening 

of the peak with respect to that graphitic C peak (284.3 eV) was due to re-

distribution of charge on the carbon network induced by Li (178, 180, 181).  

 

In order to further confirm the intercalation of Li during the growth, another set 

of experiments were conducted where VA-CNTs were synthesized using non-Li 

containing Co catalyst at 625 °C in a same manner. After VA-CNTs were 

grown, they were soaked in a LiNO3 solution for overnight. Next, a drop 

containing CNTs were taken from the LiNO3 solution and put on a Si substrate. 

Air dried CNTs on the substrate were subjected to the annealing step at 625 °C 
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under 4 Torr pressure and flowing atmosphere of Ar and H2 (5:1). This sample 

was named as Set 5 in Table 4. Moreover, for comparison, Si substrate was 

coated with only LiNO3 solution and then conducted to the annealing step in a 

same manner with Set 5. This sample was called as Set 6 in Table 4. In here, the 

aim was to promote the ex situ Li intercalation.  

 

In order to investigate the ex situ intercalation, a comparison between the XPS 

spectrum of Set 5 and Set 6 was performed. In the case of Set 5, Li 1s peak was 

appeared to be at 54.6 eV (Figure 47a). Moreover, it was found that Li 1s peak 

from Set 6 (54.8 eV) was also observed at almost same binding energy (Figure 

47b). Regarding to the previous reports, Li 1s peak both from Set 5 and Set 6 

was attributed to metallic Li (174). Furthermore, no evidence was obtained for 

the asymmetric broadening and shifts in the C 1s peak of Set 5 indicating the Li 

intercalation (Figure 47c). Thus, it was clear to say that ex situ intercalation of 

Li did not occur by the annealing.  
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 Li 1s XPS spectra of (a) Set 5 and (b) Set 6. (c) C 1s XPS spectra of Set 5 Figure 47.

(165). 

The results of XPS study strongly indicated the intercalation of Li to occur 

during the growth of CNTs by using Li containing catalysts. It was investigated 

that Li intercalation did not take place if Li source was supplied after CNT 

growth. Beside XPS analysis, TEM and Raman results were also suggesting the 

in situ Li intercalation of VA-CNTs by charge transfer from Li to carbon 

structure. In the literature, there is a controversy for charge transfer between Li 

and carbon. In order to estimate the charge transfer for this study, density 

(a) (b) 

(c) 
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functional theory (DFT) calculations were done by Dr. Oguz Gulseren and co-

workers (165). The results of DFT calculations were given in Appendix VII.  

 Cell attachment on patterned carbon nanotubes 4.2.2

The research on the cell attachment has gained important attraction in the last 

four decades. In recent years, MSCs have become a potential candidate for the 

tissue engineering applications due to their multiple lineage potentials and 

immune-privileged properties (182, 183). In the literature, there are studies 

showing the differentiation capabilities of stem cells into liver and osteocyte 

cells which would be used for the cell based therapy and tissue engineering 

(184, 185). However, a key point is to manage the growth and differentiation of 

cells outside of a body. Since then, ECMs derived from animal tissues such as 

collagens are used and have an important role in the growth of MSCs (109). 

However, their use brings out some limitations by the dimension and pathogen 

risk for the growth of cells on (110). Therefore, developing better biomaterials is 

being attracted interest to mimic the candidates for cell adhesion and growth 

(111, 186).  

 

The application of CNTs has been studied for cell growth in tissue engineering 

(187, 188). Moreover, CNTs would be considered to be used for scaffold 

applications since their similar sizes with commonly used collagens (68, 111–

114). The fundamental principle for cell viability on ECM surfaces is the 

attachment of cells to surfaces to survive, migrate and grow. The properties of 
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surface such as roughness have a significant role for mimicking the adhesion, 

proliferation and viability of cells. There are studies in the literature reporting 

the effect of topography on cell attachment (189, 190). Moreover, it is found 

that the expressions of cells are increased on relatively rougher surfaces (191). 

However, the results sometimes are controversy for the relationship between 

surface properties and adhesion (192, 193). In this study, the focus was to use 

VA-CNTs as functional surfaces to grow cells on. Moreover, the aging effect on 

the adhesion of cells on the CNTs was also investigated. 

 

For the cell attachment study, the catalyst layers were prepared using PVD 

techniques as described at Chapter 3 (0.5nm Al/1nm Co/10nm Al) (194). The 

synthesis process of VA-CNTs was performed in a same manner by using 

ethanol as a carbon source at the low growth temperature (625 °C). The reason 

for choosing the temperature of 625 °C instead of 750 °C was the hydrophobic 

surface properties of VA-CNTs grown at 625 °C as shown in Figure 36a. Cells 

preferentially attach on hydrophilic surfaces, not on super-hydrophobic surfaces 

as in the case of 750 °C grown VA-CNTs. Hence, for the cell attachment 

experiments VA-CNTs were synthesized at 625 °C using ethanol which had an 

average 8 µm length as shown in Figure 48a. TEM image was confirmed that 

CNTs were multi-walled with an average diameter of 10 nm (Figure 48b). In 

order to investigate the surface properties of the VA-CNTs, 2D AFM analysis 

was conducted from the top surface of VA-CNTs (Figure 48c). It was found that 

the average w value was around 40 nm and also the top view SEM image 
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confirmed the smoothness of the surface (Figure 48c, inset). Furthermore, 

Raman spectra of the synthesized VA-CNTs represented the D and G bands at 

1344 and 1582 cm
-1

, respectively (Figure 48d). 

 

 

 (a) SEM and (b) HRTEM images of VA-CNTs synthesized at 625 °C on the Figure 48.

sandwich catalyst layers for the cell attachment experiments. (c) 2D AFM image 

from the top view of VA-CNTs with inset of top view SEM image. (d) Raman 

spectra of the synthesized VA-CNTs indicating the variety of MWCNTs as shown 

in RBM mode as inset (194). 

As discussed before, cells prefer to attach themselves on rougher surfaces than 

plane surface (193, 195). Hence, the presence of patterns on the surface is 

critical for the preparation of a suitable scaffold for anchoring of the cells. Thus, 

(a) (b) 

(c) (d) 
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after the VA-CNTs were synthesized, the next step was to create the patterned 

surfaces for the growth of MSCs. For this, a simple method was applied where 5 

µL deionized water was dropped with a syringe on the VA-CNTs as shown in 

Figure 49 and left for air drying. It was observed that VA-CNTs were self-

patterned to form a suitable nest for the cells by some of them collapsing on the 

substrate due to the capillary forces exerted by water (Figure 50). Similar 

observation was also reported by Robertson et al. (196). The main reason for the 

self-assembled CNTs is thought to be the elasto-capillary effect of VA-CNTs. 

As shown in Figure 50, the size of these nests was around 10 µm which is 

equivalent with the average size of MSCs providing a suitable nest.  

 

 

 Schematic representation of experimental approach (194). Figure 49.

In the literature, there are reports using a composite materials such as 

CNT/collagen to improve the cell attachment and viability (111, 197–201). In 

order to investigate the collagen coating effect on the growth of MSCs, 

following the patterning step, CNT surfaces were either coated with collagen or 
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not. 1µg/µl sterilized collagen solution was applied on the every cm
2
 of surface 

(approximately 10:1 weight ratio of collagen to CNT) results in two different 

groups of patterned CNT arrays; one non-coated and the other collagen coated 

(Figure 50).  

 

 

 45° tilted SEM images of non-coated and collagen coated CNT surfaces with Figure 50.

higher magnified SEM images showing the smoothing effect of collagen.  

At the 14
th

 day of MSC culture, 3 x10
5 

numbers of cells derived from rat bone 

marrow were seeded on both the patterned non-coated and collagen coated CNT 

surfaces and this was stated as passage zero (P0) group in this study. To better 

understand the adhesion of aged cells, different passage series were used beside 

P0 series. After P0 passage, MSCs became confluent in the cell culture and then 
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they were passaged for second and third times. In the rest of this study, these 

were stated as the first passage (P1) and the second passage (P2) groups, 

respectively. In the same manner with P0, MSCs from P1 and P2 passages were 

also seeded on the patterned CNT surfaces. The isolation and characterization of 

MSCs was shown in Appendix VI.  

 

Low vacuum SEM images show that MSCs from P0 passage attached on both 

non-coated and collagen coated CNT surfaces after three days passed over the 

seeding of cells (Figure 51a and b). There were so fewer amounts attached cells 

from P1 and P2 passages on the patterned CNT surfaces. Hence, SEM images 

were not shown for these passages. Comparison between SEM images did not 

provide enough information on the adhesion. Hence, all CNT surface was 

scanned under SEM and numbers of attached MSCs on both CNT surfaces for 

three passage series were counted. The average areal density of cells was 

calculated by dividing the number of cells to the total CNT surface area (Figure 

51c). 
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  Attached MSCs from P0 passage on the (a) non-coated and (b) collagen Figure 51.

coated CNT surfaces. (c) The plot of average areal density of MSCs from three 

subsequence passages. (-) indicates CNT surfaces without collagen while (+) means 

collagen coated CNT surfaces (194).  

The plot shows a decrease in the number of the MSCs through the passage of the 

cells. When a comparison was done between P0 and P1 and P2, it was found 

that the decrease was statistically significant (Figure 51c). However, there was 

not a statistically significant decrease between the number of the cells both on 

the coated and non-coated patterned CNTs from P1 and P2 passages. Thus, it 

(b) (a) 

(c) 
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was suggested that early passages of MSCs, P0, should be preferred for seeding 

on the patterned CNT surfaces. Interestingly, the number of the MSCs from P0 

passage on the non-coated CNT surfaces (P0 (-)) was higher than the collagen 

coated surfaces (P0 (+)) but not at P1 and P2 series (Figure 51c). In the recent 

literature about composites of collagen and CNT, the goal is not only to improve 

the poor mechanical properties of collagen, but also to add further functionality 

to the scaffold (154, 202). In a study by Cho and Borgens, it was reported the 

effect of CNT addition into collagen and applied electrical stimuli on the cell 

viability of PC12 (197). According to that study, the metabolic activity of PC12 

cells was decreased by the CNT amount at around 50% (wt.) CNT loading 

(197). However, there was no mention of a root cause for this observation. 

Contrary to the studies, it was found that the number of MSCs for P0 was 

noticeably higher for the non-coated CNT surfaces than the collagen coated 

surfaces as shown in (Figure 51c). Simultaneously, there are other studies 

reporting the enhancement in the viability and the attachment of different type 

of cells with the addition of CNT to the ECM (198, 200). The study by Hirata et 

al. indicated higher DNA expression for attached mouse osteoblast cells 

(MC3T3-E1) to a 3D collagen sponge coated with MWCNTs (198). In addition, 

another study confirmed the enhancement in the number of viable smooth 

muscle cells grown on the collagen/CNT matrix (200). Furthermore, surface 

topography also affects the adhesion of cells to ECM (193, 195). Regarding to 

these, it was not surprising to observe the attached MSCs both on the collagen 

coated and non-coated CNT surfaces. It was suggested that the collagen coating 
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on the patterned CNT surfaces acted as a smoothing agent by filling the gaps 

between the CNTs. Thus, this would limit the anchoring points required for the 

adhesion of cells. The SEM image provided in Figure 50, displays the 

comparison of the as-is and collagen infiltrated CNT array surfaces which 

indicated the smoothing action of the collagen by filling the gaps between 

individual CNTs.    

 

In addition to the cell count under SEM, the cell viability test (MTT assay; 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide) was conducted on 

the MSCs from several passage series grown on the patterned CNT surfaces in 

the presence and absence of collagen coating. Spectrophotometrical absorbance 

of the samples was measured by ELISA reader with the wavelength between 

550 and 600 nm. The graphs for cell viability are shown in Figure 52 and the 

control groups in the plots were chosen as cells grown on the bare bottom of 96-

well culture plates without CNTs. According to these plots, MSCs from P0 

passage not only had the highest capacity of viability both on non-coated and 

collagen coated patterned CNT surfaces, but also higher than the control groups 

(Figure 52). However, as the cells from later passage series (P1 and P2) were 

seeded on the both coated and non-coated surfaces, the cell viability was 

drastically decreased even it was lower than the control group. Thus, this 

suggested that either non-coated or collagen coated patterned CNT arrays would 

be used for suitable ECM to grow cells on from early passages (P0). This should 
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be remembered when scaffolds comprised of CNTs would be used for seeding 

cells. This may have important regenerative medicine applications. 

 

 

 MTT assay plots showing the percent viability of MSCs from different Figure 52.

passages on the (a) non-coated patterned CNTs and (b) collagen coated patterned 

CNTs (* indicates significant p<0.05.) (194).  

The results of the count (Figure 51c) and viability (Figure 52) tests 

demonstrated the positive effect of CNTs which were either collagen coated or 

non-coated for the attachment of MSCs from the early passages (P0) while there 

was a negative effect on the cell adhesion in later passages (P1 and P2).  The 

possible explanation for this observation would be the aging of MSCs as the 

passage number increased (203, 204). In the literature, similar adversely effect 

of passage number on the cell viability was observed by the researchers where 

the mean percent senescence increased significantly with cell passaging and 



121 

 

high passage numbers adversely affected the functioning of stem cells (203, 

204).  

 

The CNT toxicity is open to discussion in the literature. While some reports 

were claiming toxic effect of CNTs (205, 206), some were with opposite views 

exist (68, 114, 115). In a study by Zhu et al., DNA damaged was induced by 

powdered form of MWCNTs (67) which was similar with the findings of Liu et 

al. (207). On the other hand, researchers found that fibroblast cells were 

attached and grown on the VA-CNTs without having any deleterious toxic effect 

if the CNTs were firmly attached to a substrate (68, 114, 115). Furthermore, 

there are other reports using the patterned CNTs for the growth of cells without 

having any toxic effects (113, 202). According to the reports, it is appeared that 

the form of CNTs used for scaffold applications have a key role in the viability 

of cells. Therefore, using VA-CNTs for the ECM applications where it is firmly 

attached to the substrate limits the possible toxic effects besides presenting 

numerous anchoring points to the cells.  
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  Chapter 5

Conclusions  

 

In this thesis, the aim was to gain control over density and orientation of CNTs 

and secondly, to modulate properties of VA-CNTs during growth. Gaining 

control on growth of CNTs would provide new application fields by easily 

building 2D and 3D functional surfaces. With regards to these, the growth 

parameters and dynamics of VA-CNTs were investigated in this study and a 

summary of the important points are given below. 

 

Firstly, the effect of catalyst layer configuration on CNT density and alignment 

was investigated as functions of reduction parameter and layer design. After 

detailed analysis of catalyst layers using SEM, AFM, HRTEM, XPS and 

Raman, it was found that the sandwich catalyst layer design was the best for this 

study to have a high density and well aligned arrays on SiO2 substrates. In the 

sandwich design, the Al barrier layer was crucial to inhibit the subsurface 

diffusion of catalyst particles and the top Al layer acted as a pin to slow down 

the migration of catalyst particles during the reduction process. Furthermore, the 

effect of reduction step was investigated on the density and length of CNTs and 

it was found that there was an optimum reduction time. As a conclusion, the 
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sandwich catalyst design would provide relatively tall, dense and well aligned 

CNTs.    

 

Secondly, the parameter of reduction step was not the only one affecting the 

growth of VA-CNTs and thus the effect of synthesis parameters was also 

investigated. In this study, a morphology transition of CNTs from well aligned-

straight to aligned ‘spaghetti’ like structures was achieved by varying carbon 

source type from alcohols to ketones. Furthermore, with the help of Raman 

analysis it was found that carbon source type has affected the crystallinity and 

defect density of VA-CNTs. The most crystalline VA-CNTs were obtained 

using acetone while CNTs had comparatively higher defect densities when 

ethanol was used. This finding was explained by the molecular structure of 

sources. In use of alcohols, OH group acts as an etchant and protects the surface 

of catalyst from poisoning while it also etches the side walls which results in 

defective structures. Hence, just by varying the carbon source type the quality 

and morphology of arrays would be tuned during the growth. 

 

Other synthesis parameters affecting the growth of VA-CNTs were carbon 

source concentration and pressure inside the flow. In this study, the growth 

behavior of VA-CNTs was found to have a Gaussian like dependence on the 

ethanol pressure. Contrary to the effect of carbon source type and temperature, 

changes in the pressure only affected the residence time and not the 

decomposition process of carbon source. Thus, the increased residence time 
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with pressure was declared as the possible reason for the growth deceleration 

due to the deactivation of catalyst sites with respect to increased concentration 

of carbonaceous species on the catalyst surface. Furthermore, the effect of 

carbon source concentration was investigated. In the opposite of pressure set 

experiments, the increased carbon concentration in the flow resulted in less 

contact time with the catalyst surface. As similar with pressure set results, it was 

found that the growth rate decreased with respect to increased carbon 

concentration. The possible reason was the catalyst poisoning due to the over-

feeding of carbon source by increased concentration. In a conclusion, the growth 

of VA-CNTs followed a Gaussian like behavior rather than the continuous type 

due to the decreased catalytic activity by coating of excess carbon in the growth 

media when the residence time and concentration of carbon source were 

increased in this study.  

 

In order to understand the growth mechanism of CNTs, a method of approach 

was developed by a combination of kinetic and diffusion related processes 

which were possible limitations for the growth of VA-CNTs. According to these 

assumptions and calculations, it was found that kinetic mechanism was 

responsible for the growth termination. Diffusion of feedstock gas did not show 

any dominant effect on the growth termination of VA-CNTs. This calculation 

was consistent with the experimental data where the growth rate decreased by 

increased residence time and carbon concentration due to decreased catalytic 

activity. 
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Thirdly, the surface properties of VA-CNTs were investigated and found that 

the wettability of grown VA-CNTs have been manipulated just by varying 

growth parameters. While super-hydrophobic VA-CNTs were obtained at 750 

°C, hydrophobic surfaces were grown at 625 °C. This showed that synthesis 

parameters tuned the surface properties of VA-CNTs as well as their structural 

properties by a facile route without inducing any chemical modification. Since 

the cells would not prefer to attach on super-hydrophobic surfaces, VA-CNTs 

synthesized at 625 °C were used as scaffolds for MSCs attachment experiments. 

It was found that the patterned non-coated or collagen coated CNT surfaces 

would be used as an alternative scaffold to commercial ones for growing MSCs 

without encountering any toxicity. But the MSCs from P0 passage resulted in 

better counts on the patterned non-coated CNT surfaces than the cells from P1 

and P2 passage series. The decrease in the attachment of cells by passage series 

was declared as the aging effect of MSCs. Moreover, collagen coating had an 

adverse impact on the cell adhesion. It acted as smoothing agent by filling the 

gaps between patterned CNTs which resulted in decrease of anchoring points 

required for cell adhesion. Overall, this study demonstrated that surface 

properties of VA-CNTs could be manipulated in a facile route during their 

growth and hence they could be used as patterned CNT surfaces as a scaffold for 

MSC growth and adhesion.  
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Fourth, the functionalization of VA-CNTs with Li during their growth (in situ) 

has been investigated to overcome the requirements of good conductivity, fast 

ion diffusion, high rate capacity and surface area. In the Li intercalation case, a 

charge transfer occurs to carbon lattice resulting in shifts in the spectra. 

Regarding to the results of XPS, EELS and Raman, the intercalation of Li inside 

the carbon matrix of CNTs was confirmed during their growth. The further 

study was also performed to intercalate Li after the growth of CNTs (ex situ) 

however; the insertion of Li inside the matrix was not achieved. As a 

conclusion, in situ Li intercalation during the growth of VA-CNTs was possible 

through a facile route while their alignment was preserved. 

 

Finally, the results presented in this study can contribute to better understand the 

catalytic growth and mechanism of VA-CNTs using ACCVD method. The 

investigation of experimental parameters help to control the growth and 

properties of VA-CNTs for building functional surfaces to be used in future 

applications.  
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Appendix I 

To better understand the effect of top layer Al, XPS analysis were done on the reduced 

and as is catalyst layers having configurations as 1nm Co/10nm Al and 0.5nm Al/1nm 

Co/10nm Al.  The XPS spectra of catalyst layers are shown in Figure 53. The pink lines 

are for the layers after reduction while the black lines are for the form of layers before 

the reduction process. Generally, the fitting of Co peaks should be performed using 

Doniach-Sunjic (DS) asymmetric behavior due to the unfilled one-electron levels 

(conduction electrons). However, if DS fitting is used, the atomic ratios would not be 

the correct values because in that case extra areas will be added to the calculations due 

to the tails of DS fitted peaks. Hence, the fitting of Co 2p and Al 2p regions were 

performed using the mixture of Gaussian- Lorentizian (GL) instead of DS. In Figure 53, 

it is clearly observed a decrease in the counts for the Co peaks when the layers were 

subjected to the reduction. However, in contrast, the counts for the Al peaks were 

increased after the reduction process. Using the Co 2p3/2 and Al 2p3/2 peaks, the atomic 

ratios were calculated as in  

Table 6. 
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 XPS spectra of normal design and sandwich design catalyst layers before Figure 53.

and after reduction at 625 °C (black line indicates the layers before the reduction 

whereas pink line represents the spectra of catalyst layers after the reduction).  

 

Table 6. The atomic ratio of Co/Al calculated for the designs before and after reduction 

process. 

 Atomic ratio of Co/Al 

before reduction  

Atomic ratio of Co/Al 

after  reduction  

Normal catalyst design 51 / 49 38 / 62 

Sandwich catalyst design  74 / 26 11 / 89 
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Appendix II 

The liquid compaction method is based on the volume shrinkage of material 

after contact with a liquid and dried. In this study, it was used to calculate the 

areal density of VA-CNTs grown on the catalyst configurations of 1nm 

Co/10nm Al and 0.5nm Al/1nm Co/10nm Al at 625 °C. First, the substrates with 

VA-CNTs were immersed into a beaker filled with deionized water and then 

pulled back. After the surfaces were left to dry, top view SEM images were 

taken. To find out the values of F, Image J program was used to pattern a mask 

from top view SEM images (133). Figure 54 shows the images after a mask was 

applied on the SEM images. The black areas show the places where the CNTs 

were compacted to a maximum area after the contact while the white ones are 

for the bended CNTs. Hence, the value of F is the ratio of the sum of black areas 

to the total image area.    

 

 The images after masking to calculate the compacted areas shown by black.  Figure 54.

   
                              

                    
 



131 

 

Appendix III 

To calculate the areal density of CNTs, firstly it is assumed that CNTs are 

closely packed arranged and the intertube distance (δ) is 0.34 nm which is also 

called as theoretical Van der Waals tube distance. As shown in Figure 55, the 

area signed as A contains one CNT arranged with a theoretical δ distance. 

 

 

 The proposed arrangement of CNTs on the substrate. Figure 55.

  
 

 
 

Hence, the definition of A provides a maximum density for CNTs having d 

diameters. Using a simple math for a trapezoid, an equation for A would be 

found.  

                

   
√ 

 
          

 

 
 

 

Then, the equation for the theoretical ρ would be found as below;  
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√        
 

 

However, it is known that the arrangement of VA-CNTs is relevant with the 

catalyst design. Hence, a correction factor which was F should be added to the 

theoretical equation. The value of F was found as shown in Appendix II. 

According to this correction factor, the equation for ρ is;  

 

   
  

√        
 

 

The value of d was found to be around 7 nm for CNTs grown on the catalyst 

layers of 1nm Co/10nm Al and 0.5nm Al/1nm Co/10nm Al at 625 °C. 

Furthermore, the F values were % 10 and % 40 for the layers of 1nm Co/10nm 

Al and 0.5nm Al/1nm Co/10nm Al, respectively. Using these values, ρ was 

found to be ~2×10
-11

 cm
-2

 and ~9×10
-11

 cm
-2

 for the layers of 1nm Co/10nm Al 

and 0.5nm Al/1nm Co/10nm Al, respectively. 
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Appendix IV 

Ar and H2 gases were flowing through a bubbler containing ethanol to carry the 

carbon source inside the ACCVD furnace. Some of the carried ethanol was 

decomposed to form CNTs while the unreacted ethanol was collected at the trap 

cooled by liquid N2. To find out the volumetric amount of ethanol (Q) flowed 

inside the furnace, the following equation is used where ΔV represents the 

change in the volume by time, Δt.  

     
    

  

  
 

 

                                                            

 

Regarding to this equation, ΔV is the change in the ethanol volume at the 

bubbler after the growth and Δt is the total ACCVD time which is 30 minutes. 

The initial volume of ethanol for all experiments was kept constant at 149 mL. 

Using the equation, the values for Q were calculated and tabulated in the Table 

7. 
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Table 7. Calculated values of the ethanol flow in the pressure set.  

Pressure (Torr) Left volume of ethanol at the  

bubbler (mL) 

Calculated Q (sccm) 

40 55 3.1 

56 62 2.9 

69 70 2.6 

81 82 2.2 

94 105 1.5 
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Appendix V 

In the concentration set of experiments, the initial volume of ethanol at the 

bubbler was taken different than 149 mL because the carbon source does not last 

till the end of growth time. If the temperature of bubbler is increased, the growth 

will not proceed for 30 minutes. Hence, for every temperature, the initial volume 

of ethanol at the bubbler was changed. As shown before in Appendix IV, the 

volumetric amount of ethanol (Q) flowed inside the furnace was calculated 

using the change in the volume of bubbler by time. The growth lasts for 30 

minutes for all experiments.  

 

Table 8. Calculated values of the ethanol flow in the concentration set. 

Temperature of 

ethanol at the 

bubbler (°C) 

Pressure 

(Torr) 

Initial volume 

of ethanol at the 

bubbler (mL) 

Left volume of 

ethanol at the  

bubbler (mL) 

Calculated 

Q (sccm) 

32 40 149 55 3.1 

50 53 149 15 4.5 

71 71 200 10 6.3 

83 81 230 14 7.2 
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Appendix VI 

MSCs both at mRNA and protein levels for P0, P1 and P2 groups were 

characterized after the isolation from rat bone marrow at the Department of 

Molecular Biology and Genetics with the help of Dr. Can Akcali’s group. MSC 

markers (CD90, CD71 and CD29) were positive for the cells at P0, P1 and P2 

groups but negative for hematopoietic stem cell markers (CD45 and CD34) for 

all passages as expected (Figure 56a). Furthermore, the MSCs at P0, P1 and P2 

groups were positive for CD29 and negative for CD34 by Western Blot analysis 

at the protein level (Figure 56b).   

 

 

 The expression of the markers for bone marrow derived MSCs and Figure 56.

hematopoetic stem cells at (a) mRNA and (b) protein levels (194). 
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Appendix VII 

DFT calculations for the in situ Li intercalation of VA-CNTs were performed by 

Dr. Oguz Gulseren and his co-workers using the projector-augmented-wave 

potentials (208). The details for the calculations would be found in the recent 

published work (165). A bilayer graphene system with AA (8 initial 

configurations) and AB (12 initial configurations) stacking having one Li atom 

on were used and optimized to better understand the binding of Li with CNT. 

Furthermore, charge densities for the proposed systems were investigated to 

determine the charge transfer during the intercalation using Bader analysis. All 

the results of the proposed systems were described in three groups; adsorption, 

substitution and intercalation. The calculation for the binding energy was 

described in the below:  

 

Ebinding = Etotal – (Ebi-graphene + nLi X μLi)  

 

Etotal; total energy of the relaxed composite system 

Ebi-graphene; energy of graphitic system (i.e. bilayer graphene or bilayer graphene 

with vacancies) 

nLi; number of Li atoms 

μLi; chemical potential of single Li atom 
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There were three possible adsorption sites; top (on top of a carbon atom), hollow 

site (above the center of a hexagon), and the bridge site (above the bond 

between two carbon atoms) designated as 1, 2, and 3 in Figure 57. After the 

systems left for the relaxation, it was found that the Li atom was ~2.2 Å away 

from the nearest carbon atom where a bonding occurred. The most energetically 

stable (the highest binding energy) system was the adsorption of Li atom sitting 

above the center of a hexagon with the binding energy of 2.29 eV while the 

other sites had binding energies of around 1.9 eV. 

 

 

 

  (a) Possible Li adsorption sites; top (1), hollow (2) and bridge (3) for 6x6 Figure 57.

unit cell. (b) PDOS for Li intercalated cases shown in (c) and (d). Dotted line 

indicates the Fermi level. Top and side views of the optimized geometry and the 
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charge density of (c) Li intercalated bilayer graphene and (d) similar system but 

starting from Li substitution to a C site on top layer (165). 

Other than adsorption systems, the substitution geometries were also conducted 

by replacing one carbon atom with Li atom at the hexagon. In this case, very 

strong bonds of C-C and Li-C were present; 1.42 Å for C-C and 2.2 Å for Li-C. 

In the case of double carbon vacancy on graphene system, it was found that Li 

atom was introduced and after the relaxation of system, it was situated between 

the graphene layers. Hence, the length of Li-C was around 2.2 Å in the defective 

graphene and the binding energy was 3.54 eV and 3.29 eV for single and double 

carbon vacancy cases, respectively. Furthermore, the position of Li atom was 

checked when left between the graphene layers. Hence, it was found that Li 

placed on a hollow site and Li-C length was around 2.2 Å whereas the binding 

energy was ~3.01eV.  

 

Even, the highest energies were found for the substituted Li cases as a result of 

binding energy calculations, they were not correct since the energies were 

calculated with respect to defective graphene systems. Thus, the calculations 

indicated that Li energetically preferred to be between two graphene layers 

where Li was at mid hollow site as shown in Figure. The binding energies, Li-C 

bond distances, and total charge transfer from Li to carbon network were listed 

in the table below.  
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As mentioned before, the charge transfer from Li to the graphene system was 

calculated using the Bader Analysis. In order to calculate the charge transfer 

accurately, ten times denser grids were used than the common ones and the 

difference of charges before and after Li intercalation around each atom was 

counted. Finally, it was found that almost 0.86 electrons were passed from the 

Li atom to the nearest carbon atom while it was leaving a positively charged Li 

core behind. In the case of perfect intercalation case, an electron coming from 

the Li atom was shared symmetrically by carbon atoms as shown in Figure 57c. 

However, for the case of intercalation in defective systems, the extra charge was 

placed more around the missing C atoms to compensate the dangling bonds 

(Figure 57d). 
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Table 9. Binding energies, Li-C bond distances, and total charge transfer from Li to C 

network for Li doped AA stacking bilayer resulted from LDA calculations (165). 

Adsorption 

geometry 

Binding 

energy (eV) 

Li-C bond 

distance   (Å) 

Total charge 

transferred to carbon 

atoms (e) 

Outer top 1.93 1.99 0.9 

Outer bridge 1.96 2.08 0.9 

Outer hollow 2.29 2.21 0.88 

Mid top 2.6 2.01 0.84 

Mid bridge 2.63 2.09 0.84 

Mid hollow 3.01 2.3 0.85 

Substituted: 

Single C 

vacancy 

3.54 2.27 0.84 

Substituted: 

Double C 

vacancy 

3.29 2.12 0.86 
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