
Carbon Nanotube Growth on
Perovskite Substrates

Jingyu Sun

St Anne’s College

A thesis submitted for the degree of

Doctor of Philosophy

Trinity Term 2012



i

Abstract

This thesis reports on the chemical vapour deposition (CVD) growth of carbon

nanostructures (mainly carbon nanotubes (CNTs)) on perovskite oxide surfaces with

the aid of various catalysts. Two types of perovskite oxide, single crystal SrTiO3 (001)

and polycrystalline BaSrTiO3, have been used as catalyst supports (in

metal-catalyst-involved CVD routes) or as catalysts (via metal-catalyst-free CVD

routes) for the growth of carbon nanostructures.

In metal-catalyst-involved cases, SrTiO3 (001) single crystal has been proven, for the

first time, to serve as a substrate for the growth of CNTs. Fe and Ni catalysts can be

tailored in a controllable manner on SrTiO3 (001) surfaces prior to the CNT synthesis,

forming truncated pyramid shaped nanocrystals with uniform size distributions. The

growth of vertically aligned CNT carpets was realised with the aid of Fe on SrTiO3

(001) surfaces, and it was further found that the CNTs grow via a base growth model.

Furthermore, it is possible to grow helical carbon nanostructures on BaSrTiO3

substrates by introducing a Sn catalyst into the system. The synthesised helical

carbon nanostructures follow a tip growth mode, where the structural and chemical

aspects of catalyst particles gave rise to a wide range of carbon morphologies.

CNTs were also grown on single crystal SrTiO3 (001) and polycrystalline BaSrTiO3

substrates via metal-catalyst-free routes. The surface-roughness-tailored growth of

CNTs was surprisingly achieved on a series of engineered SrTiO3 (001) surfaces,

where a correlation between the surface roughness/morphology of the substrates and

the relevant catalytic activity was revealed. The growth of CNTs arises because the

catalyst fabrication methods lead to the formation of SrTiO3 asperities with

nanoscale curvatures, over which the CNTs are generated throughout a lift-off

process. Facet-selective growth of CNTs was observed on polycrystalline BaSrTiO3

surfaces, where BaSrTiO3 (110) facets lead to the growth of CNTs on them, whereas

the (001) facets result in no growth at all. This observation was further analysed in

the content of the adsorption and diffusion of carbon species on distinct BaSrTiO3

facets, before reaching the conclusion that the formation of CNTs occurs through a

metal-free, stack-up process driven by the assembly of the carbon fragments.
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Introduction



2

1.1 Background

Within the past decade, the growth of carbon nanotubes (CNTs) on substrate surfaces

has been a topic of extensive interest in both applied technology and fundamental

research. CNTs grown on substrates have already found practical applications, for

example in the fabrication of novel nanoelectronic devices1, 2 and in the design of

new composite materials with advanced mechanical capabilities.3, 4 Owing to their

unique properties, CNTs also have great potential in the field of bioapplications,5

Li-batteries,6, 7 supercapacitors,9 and energy storages.10, 11 In research, there are

ongoing efforts to investigate and understand the synthesis of CNTs on substrates,

which remains vital for CNT science and for industry, and plays a key role in the

performance of the resulting materials within various applications.4 Tremendous

progress has been made of late towards synthesising surface-bound13, 14 carbon

nanofilaments, notably in achieving a measure of control over morphological

features (wall numbers, defects, chiralities) and in increased knowledge of the

growth mechanism and processes.

The synthesis of CNTs cannot be achieved without control over a large array of

growth-control parameters, such as temperature, carbon feedstock and growth time.

Amongst these, the selection and preparation of the catalyst during the growth of

CNTs are of paramount importance, specifically when employing the chemical

vapour deposition (CVD) technique. This is due to the fact that the chemical and

geometrical aspects of the prepared catalysts dictate the structures and hence the

properties of the grown CNTs. To date, the conventional metal-catalyst-involved
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routes have been heavily researched, accompanied by a large expansion of the

catalyst types developed for CNT growth. For instance, Chiang et al.17 managed to

control the single-wall nanotube (SWNT) chiralities by tuning the elemental

compositions of Ni/Fe binary catalysts, while Chiu et al.18 coupled the elements of K

and Ag to achieve successful synthesis of carbon nanocoils (CNCs). Moreover, new

insight into CNT research has also been gained by the metal-catalyst-free route,

which proves that CNT growth is possible with no metal catalyst. Examples include

the most recent works by Liu et al.19, 20 and Huang et al.21, who demonstrated growth

of SWNTs by using SiO2 nanoparticles. A detailed discussion on the catalysts for

CNT growth is presented in Chapter 3.

The role of the catalyst is crucial to the growth of CNTs, especially when the

catalyst is supported on a substrate, which affects the size, shape, and activity of the

supported catalyst particles. In this thesis, single crystal SrTiO3 (001) and

polycrystalline BaSrTiO3 are used as substrates for the growth of CNTs. Interest in

the SrTiO3 (001) surface stems from its remarkable ability to support distinct

nano-sized metal shapes,22-27 which in turn would be expected to function as catalysts

for the growth of CNTs. Furthermore, the realisation of vertically-aligned CNT

growth on doped SrTiO3 substrates (electrically conductive) may herald the

beginning of a new age of oxide nanoelectronic devices. As for BaSrTiO3, previous

research has indicated that it may be a good candidate for numerous applications, e.g.

high-sensitivity sensors and tunable microwave systems, owing to the benefits of its

low cost and well-known ferroelectric properties.29-32 The combination of the CNTs
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with BST may create new properties and lead to the fabrication of future

MEMS-based devices.31 Thus, the growth of CNTs on the surface of perovskite

oxides (SrTiO3 and BaSrTiO3) presented in this thesis has been studied not only in

pursuit of a controlled design for catalysts and a fundamental understanding of the

CNT growth mechanisms, but also with the idea of building up novel devices to open

up new avenues in nanotechnology.

1.2 Plan of Thesis

This thesis is concerned with the study and understanding of the growth of carbon

nanostructures (mainly CNTs) on perovskite oxide surfaces with the aid of CVD

techniques. Investigations on utilising SrTiO3 and BaSrTiO3 as catalyst supports, or

catalysts, for the growth of carbon nanomaterials are carried out. Based on the focus

on the design and fabrication of catalysts, two main threads run through this work: i)

the metal-catalyst-involved route for growing CNTs on SrTiO3 (001) using Fe and Ni

catalysts (Chapter 4) and synthesising CNCs on polycrystalline BaSrTiO3 surfaces

with the assistance of Sn (Chapter 7); and ii) the metal-catalyst-free route for the

growth of CNTs on pure SrTiO3 (001) single crystals and BaSrTiO3 polycrystals

(Chapters 5 and 6). An outline of the thesis follows below.

In Chapter 2, a general introduction to the characterisation techniques used to

generate the results in this thesis is presented. This is followed by a description of the
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instrument and experimental procedures involved in the fabrication of the CNT

growth catalysts, as well as the synthesis of CNTs.

A review of the research literature in the field of ‘CVD growth of CNTs on

substrates’ is given in Chapter 3. This contains a background description of the

structural features and morphology-property correlation of CNTs, a general

introduction of the current methodologies for CNT growth, with a special focus on

the ‘surface-bound CVD’ techniques employed in this thesis, and a detailed review of

the growth aspects and formation mechanisms concerning the synthesis of CNTs on

substrate surfaces, highlighting the role of catalysts during the CVD processes.

From Chapter 4 onwards, original experimental work performed by the author is

presented. The proposed layout of contents for Chapters 4-7 is based on the link-up

between these result chapters. Starting from the exploration on the growth of CNTs

via metal-involved CVD (Chapter 4) is because this investigation accords with the

initial aim of the original project proposal. Then it is natural to come up with the idea

to investigate the CVD growth of CNTs without the 'tedious' metal-involved routes,

since SrTiO3 (001) can present various surface structures with atomic surface

roughness, which could be useful to directly grow CNTs on it (Chapter 5). This study

is furthered by the investigation in Chapter 6 to see which perovskite facets are the

most catalytically active for the growth of CNTs, by using BaSrTiO3 polycrystals.

Finally, the investigation of helical carbon growth is included after Sn-residue has

been surprisingly found inside the pits of the BaSrTiO3 substrates (Chapter 7).

Chapter 4 is concerned with the growth of CNTs on SrTiO3 (001) substrates via
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CVD with the aid of Fe and Ni catalysts. Through STM investigation of catalyst

design prior to CNT growth and SEM study of the effects of various CVD

parameters, the growth conditions are optimised and the synthesis of

vertically-aligned CNTs is then realised for the first time. Interesting results are

obtained when growing CNTs under unusual conditions (fast-heating, catalyst

pretreatment design).

In Chapter 5, different catalyst preparation methods are used in order to investigate

the growth of CNTs on SrTiO3 (001) surfaces by metal-catalyst-free CVD. The

methods include engineering a series of SrTiO3 substrates to achieve distinct surface

structures, preparing particulate SrTiO3 powders and creating scratched SrTiO3

substrates. Using engineered SrTiO3 substrates to grow CNTs, a correlation between

the surface roughness/morphology of the substrate and the relevant catalytic activity

is revealed. Complementary studies of the growth of CNTs on the SrTiO3 powders

and scratched substrates confirm the catalytic capability of SrTiO3

nanoparticulates/nanoasperities. A possible CNT growth mechanism is proposed

based on the experimental findings.

Chapter 6 presents the work on the metal-catalyst-free growth of CNTs on

polycrystalline BaSrTiO3 surfaces. Facet-selective formation of CNTs on substrate

surfaces is observed. Detailed characterisation studies indicate that the orientations

and surface roughness of the distinct BaSrTiO3 facets play a critical role in the

facet-selective growth behaviour of CNTs. A mechanism of CNT formation is

proposed in respect to the assembly of carbon segments.
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Chapter 7 focuses on the growth of coiled carbon nanostructures (CNC/CMCs) on

SrTiO3 and BaSrTiO3 substrates without/with the aid of Sn, which can be regarded as

new catalyst systems for the synthesis of carbon helices. On both scratched SrTiO3

and BaSrTiO3 substrates, observations of grown CNC/CMCs are documented via

SEM imaging, even though no conventional CNT catalyst are used. With the

introduction of Sn into the system, CNC/CMCs can be obtained in much higher yield

on the BaSrTiO3 substrate, especially when Fe is used as an additive to Sn.

A summary of the work is presented in Chapter 8, along with concluding remarks.

The work contained within this thesis deals with the growth of carbon nanostructures

(mainly CNTs) on SrTiO3 and BaSrTiO3 surfaces from an experimental perspective,

centering on the selection, design and usage of catalysts, and provides some

fundamental understanding of the growth mechanisms of the resulting materials. The

usage of perovskite oxides to serve as CNT catalyst supports, or catalysts, is explored.

There is scope for future work in investigating the enhanced production of CNTs and

their properties via the metal-catalyst-involved route, to determine whether they can

serve as promising candidates for oxide/CNT-based devices. Moreover, the cases of

metal-catalyst-free growth of CNTs on SrTiO3 and BaSrTiO3 substrates might shed

further light on the use of perovskite oxides in catalysis.
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Chapter 2：

Experimental Techniques
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2.1 Background

The growth of carbon nanotubes (CNTs) by chemical vapour deposition (CVD) is a

complicated catalytic process. In principle, it involves two main stages: 1) the design

and generation of catalysts; 2) the growth of CNTs on these catalysts. In this thesis

the CVD process is restricted to the oxide surface-bound13, 14 type (The CNTs are

grown on oxide substrate surfaces with/without metal nanoparticles via CVD. The

details are given in Chapter 3). The experimental technique is of paramount

importance in this particular field, not only because it directly leads to the

fabrication-characterisation of obtained carbon nanomaterials, but also because it

dictates the structure-property relationship of synthesised CNTs and provide insights

into the growth mechanisms to facilitate potential applications.

The catalyst plays a key role throughout the whole synthesis, it deserves thorough

characterisation prior to the CVD process. This can be achieved with the aid of

specific probes ranging from scanning tunnelling microscopy (STM), atomic force

microscopy (AFM), and white light interferometric microscopy (Micro-XAM).

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and

Raman spectroscopy are utilised to investigate the final carbonaceous product, whilst

energy-dispersive X-ray spectroscopy (EDX) equipped within an SEM or TEM

provides elemental constitution/chemical information of given samples.

A broad range of different characterisation techniques are employed in this thesis.

These characterisation techniques have been divided into two separate groups:

Section 2.2 focuses on depicting ‘main’ techniques which were used to characterise
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the materials, whilst Section 2.3 covers ‘complementary’ techniques in a more

succinct way, as these are techniques that were not performed by the author

personally. The experimental methodologies and procedures (which are also carried

out by the author) are covered in Section 2.4.

2.2 Main Techniques

2.2.1 Scanning Tunnelling Microscopy (STM)

The scientists’ long-term aspiration to observe and manipulate surfaces at the atomic

level was not fully fulfilled until the invention of STM in 1981.36, 37 The pioneers,

Gerd Binnig and Heinrich Rohrer at the IBM Zürich research laboratory, were

subsequently awarded the Nobel Prize in Physics in 1986. To date, STM has been a

perfect tool to study surface structures, observe surface dynamics, and monitor

catalysis taken place on surfaces.38, 39 It has been touted to have created a ‘revolution

in nanoscience and nanotechnology’.40

STM is based on the quantum mechanical phenomenon called ‘tunnelling’.

Normally a perfectly sharpened conductive tip is brought close to the surface to be

investigated, a bias applied between the tip and the sample, which gives rise to the

tunnelling current, can be described as:

 Ad
TStunnel eVI  2

(2.1)

where Itunnel is the tunnelling current, V is the bias established between the tip and the

http://en.wikipedia.org/wiki/Gerd_Binnig
http://en.wikipedia.org/wiki/Heinrich_Rohrer
http://en.wikipedia.org/wiki/IBM
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sample, φ is the average barrier height (in eV), ρS is the density of sample states, ρT is

the density of tip states, d is the tip-sample separation (in Å), and A is a constant.

There is an inverse exponential relationship between the tip-sample separation d and

the tunnelling current Itunnel in the expression (2.1), which means that the current

density is sensitively affected by the separated distance, which gives rise to the high

resolution of the STM. It can also be derived from this relationship that electrons can

only tunnel between the atom situated at the tip-apex and atoms on the topmost layer

of the sample (as shown by the enlarged view in Figure 2.1) This featured ‘surface

sensitive’ character is the reason why STM is particularly suitable for examining and

analysing surfaces.

Figure 2.1 shows the basic instrumentation of an STM. Typically, a metal

(tungsten or platinum-iridium alloy) tip is attached to a scanner which is constituted

by piezoelectric crystals. The piezoelectric materials expand/contract due to an

applied voltage, and the scanner is specifically designated in order to allow

independent movement in x, y, and z directions, thus extremely precise control in

tip’s positions can be achieved. By scanning the surface of the sample, information is

gathered with the aid of computer and finally presented in image form.

Equation (2.1) not only reveals that the inverse exponential relationship between

tip-sample gap and tunnelling current that leads to the characteristic ‘sensitivity’ of

STM, it also conveys that the tunnelling current is dependent on the local density of

states (LDOS) of the tip as well as the sample. Therefore the STM image should not

simply be interpreted as a topological map. In fact the STM image needs to be
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deemed as a contribution of both textural and electronic information. This means that

the regions that appear bright or dark on an STM image might not exactly correspond

to a surface protrusion or depression topologically. An example of the STM study of

rutile TiO2 (110) surface41 substantiates the above statement. The Ti ions at a

topologically sunk level on the surface surprisingly appeared as bright rows on the

image because the LDOS of un-coordinated Ti ions will ‘attract’ more electrons to

tunnel into themselves under this circumstance.

There are two essential modes to be chosen for acquiring a topological STM image.

The first mode is called constant height mode. This mode is to scan the tip in the x-y

plane over the sample surface without altering in the z direction. In this operation the

height of the tip is held constant thus the tip-sample separation d is varied due to the

topology of the surface, creating an image as a tunnelling current map. The other

Figure 2.1: A simple sketch of the basic instrumentation of an STM. Image adapted

from the TU Wien.
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mode is constant current mode which is, by far, the most widely employed method to

produce STM images. In this mode the tunnelling current is set by the operator, the

height of the tip is adjusted by the feedback loop while scanning in order to maintain

the determined current. This leads to variation of tip position in the z direction and

creates an image as a tip height map. Specifically, the image of the surface employs

the voltage applied to the piezoelectric scanner, which changes the x, y, and z

parameter, to document a picture of the sample surface. In this thesis the constant

current mode is used to image surfaces.

2.2.2 Scanning Electron Microscopy (SEM)

An electron microscope (EM) employs a beam of electrons directed at a specimen to

get a magnified image of the specimen. SEM is the most widely used type of EM due

to its versatility in surface characterisation and practical ease of specimen preparation.

It is extremely useful for observing the external morphology of materials and can be

used in tandem with other techniques to obtain analytical information on the

structural, chemical, and crystallographic properties of samples.42

Within an SEM, the electron beam is generated by an electron gun. The most

common electron source is the W/LaB6 filament thermionic emitter, but there is a

growing trend toward the use of field emission guns (as within the instrument of the

JEOL JSM 840F), as these guns provide higher brightness and better defined electron

supplies (narrower energy spread). The benefits engendered from using electrons
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instead of light within an EM lie in the following aspects:

(1) An improvement of both resolution and depth of field of the SEM instrument is

achieved.

On the Rayleigh criterion the resolving limit r for distinguishing two adjacent

points could be interpreted as:





sin

61.0
r (2.2)

Furthermore, the depth of field of the microscope, h, which is defined as the range

along the microscope axis within which the specimen can be moved without blurring

the image, is given by:





tansin

61.0
h (2.3)

where λ is the wavelength, α is the angular aperture of the microscope lens. For a

light microscope, α is relatively large, and the wavelength λ of visible light is posited

at 400-700 nm, while for an SEM, the electron lenses are so poor that the α is very

small thus the approximation sinα=tanα=α can be applied. This much reduced value

of α gives rise to the greater depth of field in SEM which enables us to build up a

clear 3D pattern of specimen topography. However, the resolution of SEM is mainly

determined by the electron beam diameter (unlike that of TEM which is determined

by the small wavelengths of high-energy electrons), the use of higher beam energy

electrons (e.g. 20-25 keV) within an SEM could cause larger beam penetration

towards the sample thus more beam damage, leading to poorer resolution.

(2) An enrichment of characterised information in the specimen, e.g. on chemical

composition, crystal orientation, magnetic behavior and electric potentials can be
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obtained.

In comparison with photon radiations, electron radiations can interact more

diversely with the specimen surfaces. When an incident beam of electrons hits the

surface it can generate many different signals by interacting with the surface atoms.

Among these distinct types of signals, are the secondary electrons that are detected

for surface topographic imaging. Apart from these originated low-energy electrons,

there are backscattered electrons and X-rays etc. generated and these can be collected

and used to obtain information on the specimen. The backscattered electrons, which

consist of high-energy electrons, can be used to overview the sample composition

and also help determining the crystallography of the specimen (EBSD). The X-ray

emissions can be used for EDX to enable detailed analysis of the chemical make-up

of the specimen.

The operation of an SEM commences when an electron beam is initiated from the

electron gun. The generated beam (energy ranging 0.5-40 keV) is first demagnified

and condensed into a thin, sharp stream of electrons by a series of

condenser/objective lenses, and then deflected by magnetic lenses/scanning coils in

the x and y direction to adopt a raster scanning fashion. The incident beam interacts

with the specimen and the various types of electrons (SE, BSE, etc.) emitted are

collected by designated detectors and amplified to provide an electrical signal.

Simultaneously, a spot of the cathode ray tube (CRT) is scanned across the display

and it is the amplified signal that controls the intensity of the spot. In the SEM, both

the electron beam and the CRT spot are scanned in the raster pattern; the image is
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digitally captured by a computer and regarded as a distribution of the intensities of

the electrons emitted from the scanned surface. In this work, a JSM 840F SEM

(operates at 5 kV) and a JSM 840A SEM (operates at 10 kV) were used to generate

the SEM data.

2.2.3 Raman Spectroscopy

The Nobel Prize in Physics in 1930 was awarded to Indian physicist C.V. Raman, for

his discovery of Raman scattering by means of sunlight in 1928. Spurred by this

groundbreaking observation, Raman spectroscopy has developed with the progress of

technology since and has become an extremely significant spectroscopic tool for the

analysis of materials and chemicals.

Raman scattering is an inelastic scattering process, as opposed to the elastic

Rayleigh scattering. These different forms of scattering stem from the interaction

between the photons in light and the molecular bonds/electron clouds from a

molecule, as shown in Figure 2.2. In Rayleigh scattering a molecule is excited by a

photon and promoted from the ground state to a ‘virtual’ energy state, thereafter it

instantly drops back to its ground state and releases a photon, giving rise to scattering.

Since the molecule returns to an identical state the scattered light possesses the same

wavelength as the incident beam of photons. Raman scattering is a different process

because it involves energetic transfers between the photons and molecules during

interaction. If the molecule finally drops back to a vibrational state that has higher
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energy than ground state then the scattered photon possess less energy (longer

wavelength) to keep the whole system energy balanced, this is entitled Stokes

scattering; If the molecule starts off being raised in a vibrational state and return to

its ground state after scattering, then the scattered photon gains energy therefore a

shorter wavelength is achieved, this is called Anti-Stokes scattering. Operationally,

the Raman shift is used for documenting the shifting in energy caused by the

vibrational states of the sample. Raman shift is normally expressed in wavenumbers,

with the typical units of inversed centimeters, which can be interpreted as
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(2.4)

where ∆ω is the Raman shift, λ0 is the excitation wavelength, λR is the Raman

spectrum wavelength.

Raman spectroscopy offers a surface-sensitive technique for studying a wide range

of materials and identifying specific molecules. In particular, it is well established

Figure 2.2: A graph showing three forms of visual light scattering. Image adapted from

the University of Cambridge.
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that the quality and intrinsic structure of CNTs can be assessed by Raman

spectroscopy.43 CNT samples possess several peaks at specific frequency positions in

Raman spectra (using visible light excitation). Typical Raman spectra of CNTs

contain four characteristic Raman bands that are resonance enhanced. The bands are

the G-band, the D-band, the 2D (G’)-band, and the radial breathing mode (RBM).

The G-band near 1590 cm-1 is related to the vibration of sp2-bonded carbon atoms

in a 2D hexagonal lattice, indicating the existence of the graphitic structures. The

D-band at around 1310 cm-1 is associated with the presence of amorphous carbon and

disordered graphite. The 2D/(G’)-band near 2700 cm-1 indicates the presence of large

crystallinity in the sample. The RBMs at low wavenumbers are strong evidence for

the presence of SWNTs. Furthermore, the diameter of the SWNTs can be predicted

with the aid of ωRBM. More evidence for SWNTs contained in carbon species relies

on the fact that a sharp split of G-band into two components (G– and G+) occurs,

which is attributed to the curvature effect when the tube diameter is sufficiently

small.44 Therefore, by compiling and analysing the Raman spectral data, decisive

information on size, quality and symmetry of CNTs can be attained.45 In this work,

the grown samples were inspected by a Raman spectroscopy (JY Horiba Labram

Aramis imaging confocal Raman microscope with a 532 nm frequency doubled

Nd:YAG laser).
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2.2.4 White Light Interferometric Microscopy

(Micro-XAM)

Interference is defined as the change of beam intensity occurring at the moment that

two waves of light beam are superpositioned. The use of white light interference

leads to the development of white light interferometric microscopy. White light

interferometric microscopy has already been employed as a novel tool for

characterising and measuring roughness, step heights, and special features of the

sample surfaces.46 The principle of operation involves the splitting a beam of white

light into two beams with the aid of upper beam splitter, as shown in Figure 2.3. One

beam is directed towards the target sample surface whilst the other beam is brought

to reach an internal reference surface/mirror. The lower beam splitter equipped

within the objective lenses recombines the light beams reflected from both the

sample and reference surfaces, and the interference patterns of bright and dark

fringes can be detected and imaged by the CCD sensor. This static fringe map

essentially shows the ‘protrusion and depression’ of the sample. By vertically

adjusting the objective lenses the distance between the sample and the lower beam

splitter varies and dynamic interference fringe images can be created. Once the

maximum constructive interference is established, a 3D topography of the sample

surface is created and is ready to be imaged.
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Conventionally, Atomic force microscopy (AFM) might be the most competent

measurement approach for obtaining the z-direction information (height, roughness,

etc.) of provided surfaces out of UHV. However, lengthy setting-up times and sample

imaging times, along with the fact that the lateral range of inspection is always

limited to an area of several μm2, limit the use of AFM. Compared to the AFM, white

light interferometric microscopy has several advantages including fast measurement

speed, facile access of manipulation, long term reproducibility and stability. This

truly non-destructive technique is also able to achieve high vertical resolution and

good lateral resolution when characterising complex sample surfaces.

Micro-XAM data shown in this thesis were generated on an Omniscan

Micro-XAM 5000B 3D interferometric spectroscopy at Begbroke within the

Department of Materials, University of Oxford. This instrument can measure field of

Figure 2.3: A schematic diagram of typical instrumentation of a white light

interferometric microscopy.46
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view from 84 μm × 63 μm to 8.0 mm × 10.0 mm (depending on the objective lenses 

employed), and can also quickly and accurately achieve a 3D topographic map of the

surface at the nm scale (the capacity of vertical resolution can be better than 0.1 nm)

with a sensitive z-parameter scan range of up to 10 mm. Experimental data were

processed using the provided SPIPTM software, where the advanced data analysis,

batch processing, surface roughness (line/area) measurement etc. can be realised.47

2.2.5 Chemical Vapour Deposition (CVD)

Chemical vapour deposition (CVD) is a chemical process where solid materials are

deposited onto substrates from volatile precursors at high temperatures. Generally,

CVD process can be employed in different forms, the most frequently used CVD

techniques include: atmospheric-pressure thermal CVD, low-pressure thermal CVD,

plasma enhanced CVD, and aerosol assisted CVD.

The CVD technique has played a significant role in the nanotechnology boom of

the past 20 years where it has been used to synthesise novel materials with

fascinating morphologies and tantalising properties. The products fabricated cover a

huge range of types, from elements (metals, semiconductors) to compounds (oxides,

carbides, nitrides), which can also display in various forms (single crystalline,

polycrystalline, amorphous, etc.). Specifically, carbon nanotubes (CNT) grown by

CVD approach have attracted great interest. It is well known that CNT can be

synthesised by a wide range of methods such as arc-discharge, laser ablation, and
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CVD. CVD is used due to its low cost, high yield, and ease of scale-up.48, 49

Moreover, CVD is a versatile approach for CNT synthesis in the sense that it enables

precise control of positioning of grown CNTs on patterned substrates and offers

control over growth parameters.

The growth of CNTs by CVD technique relies on the catalytic decomposition of

carbonaceous precursors and the formation of tubular architectures on catalysts at

elevated temperatures (typically 600-950˚C). The catalysts are normally transition

metals (or their alloys) and oxides, in the form of substrate supported nanoparticles

or thin films. In this thesis the carbon nanostructures were grown by means of CVD

process. More detailed information on CVD technique is presented in Section 3.2 of

Chapter 3.

2.3 Complementary Techniques

2.3.1 Transmission Electron Microscopy (TEM)

TEM is capable of providing images of given specimens at an extremely high

resolution, seeing objects in the order of several angstroms (Å) due to the small de

Broglie wavelength of electrons (around 2.75 pm at 200 keV). TEM can explore the

internal structure of specimens, revealing the details at the nanostructural level, while

an SEM can always only illustrate an object’s external appearance.

In TEM, a beam of electrons with significantly high energy is transmitted through



23

a specimen, interacting with the specimen as it passes through. It is those electrons

which transmitted through the specimen that form an image. A TEM is composed of

an electron gun, a condenser system, a specimen stage, an objective lenses system,

the magnification system, the chemical analysis system, and data recording devices.

There is an array of operating modes in the TEM, which the contrast formation

depends greatly upon. For instance, in the bright field imaging mode, the formation

mechanism of contrast is due to the directly absorption of electrons in the sample,

therefore, thicker regions of the sample will appear dark, whilst regions with no

sample in the beam path will appear bright. Another basic mode is the dark-field

imaging mode, where the images are generated due to the usage of scattered

electrons (diffraction contrast). Nowadays the diffraction contrast is a dominant

mechanism for imaging dislocations and defects in the samples. Moreover, the phase

contrast imaging mode is an advanced operation mode that is based on the variation

of phase of electron waves, which is induced by the interaction with sample. In the

TEM, phase contrast imaging enables the observation of individual atoms, leading to

the high resolution (HR) imaging techniques (HRTEM).

In general, TEM samples need to be sufficiently thin (< 100 nm) to allow electrons

to be transmitted through them. To meet this requirement, numerous sample

preparation methodologies have been created, the degree of handling difficulty varies

from being nearly trivial, such as ultrasonicated dispersion, to procedures involving

complex steps, such as focused ion beam milling, mechanical polishing etc..
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2.3.2 Energy-Dispersive X-Ray Spectroscopy (EDX)

In this work, EDX has been employed as a probe of chemical information, due to its

operational ease and extensive availability within both SEMs and TEMs. This

enables EMs equipped with EDX to perform elemental identification especially at

local areas/morphologies of interests.

Spectroscopy of the inner shell electrons provides information regarding the

elemental constitution of the sample, as the inner electrons are hardly influenced by

chemical bonds between atoms. In EDX, a high-energy beam of primary electrons or

X-rays (external stimulation) is focused to hit the sample being examined. The

incident beam penetrates to excite an electron in an inner shell, releasing it from the

shell thus creating a hole. An electron possessing higher energy from an outer shell

‘drops’ and fills the hole, during this process X-rays are generated with an energy

that corresponds to the difference between the higher energy shell and the lower

energy shell. The stated principle of EDX is graphically shown in Figure 2.4. Since

the energies of the emitted X-rays are characteristic of the atomic structure of the

element, EDX is suitable to measure the elemental composition of the sample.

EDX systems are commonly equipped within SEMs and TEMs, where the

fine-focused electron beam is used to eject the inner shell electrons. Typically a

detector within the EMs is used for converting the energy of the emitted X-rays into

voltage symbols (keV), software such as Oxford INCA installed at computer

monitors could be functioned as data collector, analyser, and processor.



25

2.3.3 Electron Backscatter Diffraction (EBSD)

By making use of backscattered electrons, as mentioned in the above sub-section

2.2.2, the crystal structures of a polycrystalline material can be well elucidated. It is

the backscattered electrons generated by incident beam could exit the sample surface

in the special fashion that the Bragg diffraction condition is adopted. EBSD has

therefore been devised in this sense and becomes a reliable and suitable technique

nowadays for identifying the crystallographic orientations and examining the

crystalline structures in solid materials.

In general, EBSD is performed by virtue of an SEM equipped with an EBSD

detector, which mainly consists of a transmission phosphor screen and a sensitive

video camera. In order to conduct an EBSD measurement, the specimen, prior to

placement into the SEM chamber, needs to be mechanical/chemical polished to form

a flat surface free of damage. This is because, as the electron backscattered patterns

Figure 2.4: A schematic diagram showing the principle of Energy-Dispersive X-Ray

Spectroscopy.
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are normally created at relatively shallow depths (~1 μm) within the materials, the 

crystal lattices close to the surface of specimens need to be clearly presented. The

prepared specimen is then mounted inside the SEM and tilted to an angle of ~70˚ 

relative to normal incidence of the electron beam, and the diffraction pattern named

Kikuchi bands are formed on the phosphor screen. It is these Kikuchi bands that can

be processed and analysed in the connected PC to generate information on the crystal

structures and orientations of the specimen being examined.

2.3.4 Atomic Force Microscopy (AFM)

Following the invention of the STM, there has been a revolution in the field of

scanning probe microscopies (SPMs). AFM, has swiftly found widespread uses since

its invention in 1986,50 and is now a ubiquitous tool for observing, imaging and

manipulating surfaces at the nanoscale.

The AFM utilises a sharp probe which is mounted on a Si or SiN cantilever to scan

and image the sample surfaces. In a typical AFM measurement the probe is placed

close enough above the specimen that forces between the atoms of the probe and

those of the specimen surface give rise to a deflection of the cantilever. When the

specimen is scanned, the cantilever will move up and down in accordance with the

surface topography in order to maintain the constant force between the tip and

sample. This vertical movement of the tip can be accurately measured by using a

laser beam reflected from the cantilever. Moreover, as in the STM, piezoelectric
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crystals facilitate the sensitive and precise scan in all the x, y and z directions. The

vertical resolution is less than 0.1 nm and hence the atomic imaging of surface

structures of the specimen is possible.

The AFM provides clear atomic 3D surface profiling and the measurement can be

carried out under ambient conditions (no vacuum is required). However, compared to

other techniques such as Micro-XAM and SEM, AFM has a limited scan size

(typically up to 10~20 μm in height and 100 μm × 100 μm scanning area limit), a 

slow scan speed and laborious sample preparation is required.

2.4 Methods and Procedures

2.4.1 The Equipments

In this thesis the UHV-STM system, JSTM-4500XT51-54 in the Department of

Materials at Parks Road was designated to carry out experiments to fabricate and

characterise of SrTiO3 catalyst substrates for CNT growth, whereas the

aerosol-assisted, atmospheric CVD apparatus in the Department of Materials at the

Begbroke Science Park was used for the ex situ growth of CNTs on the prepared

substrates by means of CVD approach.
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2.4.1.1 UHV-STM System

Figure 2.5 shows a general view of the JSTM-4500XT. This JEOL system maintains

and operates at pressure of 10-8 Pa with the aid of ion pumps as well as titanium

sublimation pumps (TSP) when required. It consists of two UHV chambers: a

treatment chamber and an STM chamber. The treatment chamber is built up for

treating samples (i.e. degassing, sputtering, annealing), and can also function as a

platform for storing the tips and samples. A loadlock is connected with the treatment

chamber and used for tip/sample introduction, which can be opened and pumped

down using a turbo molecular pump (TMP) to a pressure around 10-6 Pa. The STM

chamber contains the STM head for detailed STM imaging, an e-beam evaporator for

metal deposition and a K-cell evaporator for organic molecular deposition.

Sputtering gun

Transfer arms

Turbo molecular pump Ion pumps

Loadlock

Treatment chamber STM chamber

E-beam evaporator

K-cell evaporator

Stage manipulating magnet

Figure 2.5: Photograph of the JEOL JSTM-4500 XT microscope. A list of key

components is labelled on the UHV chambers.
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2.4.1.2 Atmospheric CVD Apparatus

The lab designed CVD apparatus55 consists of a 50 cm long horizontal electrical

furnace, a quartz tube (2.2 cm inner diameter) which is typically inserted into the

furnace, and a gas exhaustion trap filled with acetone. It should be noted here that the

use of acetone at the current set-up has potential danger, in particular when the

system functions at high temperatures, since acetone is highly flammable. A

diaphragm pump could be used instead for future work. The whole system is

equipped with a gas flow controller for governing the used type and flow rate of

carrier/feedstock gases. A piezo-driven aerosol generator (RBI Pyrosol 7901) can be

incorporated into the system to allow the use of liquid carbon feedstock (such as

ethanol) for CNT growth. A picture of the apparatus is shown in Figure 2.6.

Figure 2.6: Photograph of the atmospheric CVD apparatus at Begbroke lab. A selection

of set-ups is labelled.

Aerosol generator

Electrical Furnace

Quartz tube

Acetone trap

Gas gate
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2.4.2 Buffered-HF Etching

Buffered-HF (BHF) etching remains an effective method to prepare and treat the

surface of perovskites, such as SrTiO3 (STO), BaSrTiO3 (BST). The BHF solution

used in this work was prepared by dosing the NH4F solution (60% mass

concentration) into the HF solution (40% volume concentration), to make sure the

final mixture has a pH value of 4.5. Further details regarding this preparation method

were reported by Kawasaki et al.56

Two kinds of substrates, single crystalline STO (001) and polycrystalline BST,

were used in the experiments. Both of the substrates were epi-polished and supplied

by PI-KEM, UK. In this work, the substrate samples were typically etched for 10 min

in the prepared BHF solution and thoroughly cleansed by ethanol and deionised

water afterwards, prior to CNT growth. By using BHF etching, not only can the

amorphous layer of polishing damage on the new samples be removed, but the used

samples can be regenerated as the sample surfaces are cleansed by etching.

2.4.3 Sputtering and Annealing

Sputtering refers to the process of bombardment of sample surface with noble gas

ions. It is a universal and versatile method for surface cleaning. In particular, with

regard to the STO (001) surface, sputtering also remains as a key step for producing

various kinds of surface nanostructures, as the bombardment can induce specific

defects and disorders to the uppermost surface layers.
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In this work, argon (Ar) ions served as the sputtering beam. On the JEOL 4500XT,

sputtering was performed by using a PSP Vacuum technology ion source ISIS3000,

which is incorporated within the treatment chamber. This sputtering gun uses a

filament to create plasma from Ar gas before accelerating the Ar+ ions towards the

sample. The ion beam energy can be selected from 0.3 to 3 keV depending on the

different surfaces, for example, 0.75 keV could be used for STO sample. The Ar gas

pressure should be maintained at ~2×10-3 Pa for the sputtering gun to operate. In

order to achieve this, the TMP must be in constant operation to control the pressure

in both the load lock and the treatment chamber, whilst the ion pump should be

switched off beforehand to avoid any possible damage.

Annealing is often necessary after sputtering. Annealing of materials not only

serves as a cleaning approach, but also assists the atoms on the uppermost surface

layers to rearrange and heals the defects/disorders of crystal surface caused by the

bombardment.

The STO sample used in this work is doped with 0.5% wt Nb to become

sufficiently conductive for STM measurements. The level of dopants gives rise to a

low RT resistivity of 10-3 Ω·m, which allows the sample to be heated up resistively

through passing a current along their length. In this manner an annealing temperature

of up to 1400˚C can be achieved in the UHV chamber. To measure sample

temperatures during annealing, an optical pyrometer can be employed to monitor

temperatures above 750˚C, while a fit equation53 is applied to estimate the sample

temperatures below 750˚C, as stated in Equation (2.5),
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T = 1.4739x3 – 34.546x2 + 325.3x + 15.58 (2.5)

where x is the power supply output (W) of the sample when heating, T is the sample

temperature (˚C).

2.4.4 Metal Deposition

Metals, in the form of thin films (nanometer thickness) coated on the substrate

surfaces, are capable of producing CNTs. In UHV, in order to deposit metal thin

films on substrates, certain types of metals need to be delivered by their evaporated

states from the source to the target substrates. This was achieved with the aid of the

e-beam evaporator equipped within the JEOL-4500XT in this work, and Fe and Ni

were used and deposited with the evaporator.

In the e-beam evaporator, a W filament is positioned close to the top of a metal rod.

The metal rod is applied by a positive bias (typically 2 kV). The filament is passed

through a current to emit electrons, which can be attracted and collected by the tip of

the rod. The emitted electrons, due to thermionic emission, lead to high electron

density on the tip of the rod, further inducing local heating at the area of the tip.

Hence, the evaporation of source materials is enabled.

In this work, an Oxford Applied Research mini e-beam evaporator ENG4 is used

for metal deposition. It has four separate pockets, and each pocket possesses an

independent filament, which facilitates replacement of different types of material

rods. A water circulation system is provided to cool the instrument when operating
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and a shuttle is attached to protect the target substrate from contamination before

establishing a steady flux rate and also offer control on the deposition timings.

2.4.5 CVD Procedure

The carbon nanotubes (CNTs) were produced on the STO or BST substrates by

EtOH-CVD or C2H2-CVD over a range of temperatures (600-800°C) for designed

growth periods (normally 30 min). Briefly, samples of STO substrates were placed

inside a new quartz tube (2.2 cm inner diameter), which was then positioned in a 50 cm

long horizontal furnace. For EtOH-CVD, pure ethanol (C2H5OH) as carbon feedstock

was introduced by an ultrasonic unit (piezo-driven aerosol generator (RBI Pyrosol

7901)) during the growth period, whilst for C2H2-CVD, instead of aerosol generator,

plastic tubing directly connected to the quartz tube could deliver C2H2 at a requested

flow rate. In a typical CVD experiment the furnace was ramped up to the designed

growth temperature under the protection of 900 sccm Ar and 100 sccm H2. Carbon

precursors were carried by the Ar/H2 mixture and introduced to the quartz tube after

the furnace reached the growth temperature. The Ar and H2 gas flow was maintained

during the growth stage. After a certain growth time, the furnace was switched off and

the quartz tube was cooled down to room temperature in Ar. The as-reacted substrates

were collected to be further characterised.
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2.5 Summary

This chapter has introduced the characterisation techniques and experimental

procedures for investigating the CNT growth on STO surfaces. Since the topic of

surface-bound CVD growth of CNTs can be considered as a ‘merged’ area, a wide

range of probing tools and dedicated synthetic methods have been employed.

Integrated usage of all the techniques enables complementary analysis and leads to

more detailed information to be revealed.
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Chapter 3：

Growth of Carbon Nanotubes by

Surface-Bound CVD: A Literature

Review
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3.1 Background

This chapter deals with the latest progress and understanding in the field of the

growth of carbon nanotubes (CNTs) by surface-bound chemical vapour deposition

(CVD). The growth of CNTs on substrate surfaces via CVD is of technologically

significance for the development of novel devices and composites. In this chapter,

the major technique employed in this area is described. Growth parameter-control

aspects such as the influences of growth temperature, carbon feedstock, ambient gas,

and catalysts (and/or substrates) are reviewed. Emphasis is placed on the selection,

design, and usage of different catalysts in CNT growth on substrates by CVD.

Current understanding of growth mechanisms of various carbon nanostructures

(CNTs, carbon nanofibres (CNFs), carbon nano/micro coils (CNC/CMCs)) are also

explored with the aid of different catalyst types and synthetic methodologies.

3.1.1 Structural Features of CNTs

In the last decade, CNTs have been extensively studied, both theoretically and

experimentally, because of their unique architecture and fascinating properties.8, 49,

57-63 Several reviews59, 60, 64 have shown that CNTs are ideal candidates for electrical,

mechanical, thermal, and chemical applications such as nanoelectronic devices,9, 65, 66

field emission displays,1, 67 structural composites,68, 69 scanning probes,70-72 and

sensors.73, 74 Fundamentally, a CNT can be regarded as a seamless graphene cylinder,

obtained from rolling up a planar sheet of graphene.75 Nanostructures comprising
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single graphene cylinders are termed single-wall nanotubes (SWNTs),76 whereas

multi-walled nanotubes (MWNTs) consist of two (double-walled nanotubes

(DWNTs)) or more such cylinders that are concentrically positioned77, 78. Schematic

configurations and real microscopic images of CNTs are shown in Figures 3.1a-3.1e.

Defects incorporated within the hexagonal lattices might lead to varied tubule

morphologies, i.e. carbon helices, which have been theoretically predicted and target

fabricated18, 78-80 (Figures 3.1f-3.1j). In principle, these shaped CNTs are created by

the insertion of pentagon-heptagon atomic paired defects into the regular hexagonal

carbon networks.81, 82

Figure 3.1: Image library of common types of CNTs. (a) Schematic illustrations of

ideal graphene sheet, SWNT, and MWNT.8 (b) STM image of a 1.3 nm diameter

SWNT.12 (c) TEM image of SWNTs.15 (d) TEM image of DWNTs.16 (e) TEM image of

a nine walled MWNT.1 (f) Structural model of helically coiled CNT, where the pentagon

(red) and heptagon (purple) atomic carbon rings arrange themselves periodically within

the hexagonal network.28 (g) SEM image of a coiled CNT array.33 (h) TEM images of

individual coiled CNTs by different magnifications.34 (i) SEM image of a large amount

of carbon nanocoils (CNCs) produced by CVD.18 (j) TEM image of an individual

helical fibre present in (i).18
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3.1.2 Morphology-Property Correlation: Importance of

CNT Growth Catalysts

It is well known that carbon can be fabricated into a myriad of forms at the nanoscale,

and the properties of carbon nanomaterials depend strongly upon the detailed

features of their morphologies.77, 78 Specifically, the morphology-property correlation

of CNTs leads to numerous investigations on synthetic routes throughout academic

and industrial laboratories worldwide. However, controllable production of CNTs

with well-defined morphological features is still beyond reach of the current growth

methodologies. The reason for this partially lies in the fact that there are various

growth parameters to be adjusted within the synthetic methods, and even tiny

fluctuations in the control of growth parameters can alter the morphologies of CNTs

drastically.35, 64, 77 Amongst these, the accurate selection, design, and usage of CNT

growth catalysts remains to be a key factor for a rational synthesis of target materials,

for the reason that the chemical and geometrical aspects of tailored catalysts could

dictate the structures and hence the properties of resulting CNTs.

3.2 CNT Growth Techniques

To date, several techniques have prevailed in the field of CNT synthesis. All the

well-developed growth techniques, namely, arc-discharge,83 laser-ablation,84 and

chemical vapour deposition (CVD)85 have already been detailed in published reviews,
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accounts and books. Regarding the first two techniques, arc-discharge uses an

applied electric current to provide heat towards two graphite electrodes, realising the

production of different carbon nanostructures even without the presence of metal

catalysts;49 whilst the laser-ablation route uses a laser to vaporise the carbon and the

metal catalyst to produce CNTs, especially SWNTs.49 Here the special focus is

placed on the CVD technique, as it is probably the most versatile production method

for CNTs and also the technique employed for CNT growth in this thesis.

3.2.1 CNT Growth via CVD

Nowadays, CVD is the most widely used method to produce CNTs.63, 64 The CVD

process relies on using an energy source (i.e. an electrical furnace) to decompose

carbon feedstocks and to provide heating for the sample substrates. There have been

various types of CVD, with different energy sources, developed to facilitate the CNT

synthesis. For instance, in thermal CVD, the heat of a furnace aids the precursor

cracking as well as affecting the catalytic performance of the sample substrates;48

plasma-enhanced CVD (PECVD) uses plasma to enable the process of hydrocarbon

decomposition and assists the creation of catalytic nanoparticles (NPs) on the

substrates;86 In hot-filament CVD processing, a hot wire is employed to heat the

precursor gases to high temperature to grow vertically aligned CNT (VACNT)

carpets.87

In comparison with the arc-discharge and laser-ablation methods, CVD is a
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practical technique for the production of CNTs.59, 88-92 The major advantages of the

CVD technique over the other two lie in the following aspects:

1) It enables growth of CNTs in large quantities at a range of relatively low

temperature windows and ambient pressures.

2) It provides more control on the growth parameters and therefore better structural

manipulation over the resulting CNT architectures.

3) It allows ease in experimental set-up and synthesis of CNTs in predefined positions

on patterned surfaces/substrates, which is suitable for fabrication of electronic

devices, field emission displays, gas sensors, etc. and other potential applications.

3.2.2 Surface-Bound CVD

As the name itself states, the surface-bound CVD refers to a technique of

synthesising CNTs on substrate surfaces (oxide/semiconductor/metal surfaces) rather

than on porous/powder supports.14, 67, 93, 94 Prior to the furnace-heating process, the

fabrication of surface-supported catalysts in the forms of NPs or ultrathin films is

involved (ex situ generation of catalysts). Compared with the scenarios of synthesis

of CNTs using floating catalysts (in situ generation of catalysts), the design and

preparation of the catalysts in surface-bound CVD becomes more crucial, as the roles

of catalysts supported by underneath substrate surfaces are more complex. Even

small modifications of surface chemistry and physics of substrates would lead to

notable changes in catalyst performances; hence the morphologies and properties of
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CNTs. The critical factors that can influence the surface growth of CNTs are not only

the catalytic abilities of catalysts themselves, but also the interplay between catalysts

and supports and the interactions between catalysts and various processing

parameters.77, 95

3.3 CNT Synthesis on Substrates: With

a Focus on Catalysts

The successful growth of CNTs on catalyst-coated substrates by surface-bound CVD

needs smart design of catalysts and precise control of the CVD process.96, 97 A large

array of parameters involved in CNT synthesis, such as growth temperature, carbon

feedstocks, ambient gas etc. can exert appreciable influences on the catalyst

performances as well as the resulting material. Control over catalyst design and

growth conditionings in surface-bound CVD processes might therefore enable

researchers to obtain the desired production of materials with targeted structural

features and properties. A sketch highlighting the importance of catalysts in the

course of CVD CNT growth is shown in Figure 3.2.

In this section, I will review a key set of the growth parameters involved in

surface-bound CVD synthesis of CNTs, ranging from general aspects on the choice

of growth temperatures, carbon feedstocks, and carrier gases, to specific strategies on

the design of the catalysts. The aim is to provide brief insights into the impact of
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role of catalysts.
Figure 3.2: A sketch of ‘catalysts in CVD growth of CNTs’, highlighting the

importance of catalysts involved within a CVD process. The focus of this chapter and

the whole thesis is positioned on the substrate-supported catalysts (red colour) in terms

of CNT growth via surface-bound CVD.
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3.3.1 Growth Temperature

Selecting growth temperatures for CNT synthesis is of great significance,64, 77 owing

to the two-fold functions of heating in surface-bound CVD process: 1) To influence

the surface chemistry and catalysis of catalysts (metal catalyst de-wetting, ripening

etc.) and the transported diffusion of reagent species; 2) To affect the

thermal/catalytic pyrolysis of precursor molecules within the reactor/on the catalyst

surfaces. Hence, the effect of growth temperatures is the first to be scrutinised.
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Experimental findings have suggested that growth temperature can affect the

catalytic performances of catalyst particles during the surface-bound CVD process,

thus influencing the production (i.e. yield, structure) of CNT outcomes.98-101 Low

temperatures (i.e. 500-600°C) hinder the surface diffusion of catalyst atoms and

carbon species, whereas excessively high temperatures (i.e. greater than 800°C) lead

to aggregation of catalyst particles on surfaces and enhancement of thermal

decomposition of carbon feedstocks, both of which give rise to sparse yield of CNTs.

An investigation of the T dependence of the growth of SWNTs for the alumina

supported Ni system indicated that promising growth (grown CNTs covering the

whole substrate) took place at ca. 650-700°C (as shown in Figure 3.3);102 Another

interesting phenomenon was that the optimum T was tested to be 650°C for

synthesizing the highest VA-MWNT carpets on Fe-SiO2 substrates.103 Moreover, the

effect of growth temperature may dominate the final morphology of the products. A

study conducted by Liu et al. on the fabrication of unusual carbon structures

illustrated that within the range of reaction temperatures from 430-550°C, the

morphologies of carbon deposits grown by Ni on Si wafers evolved from straight

CNFs, to helical CNFs, to CNCs.104

According to the conventional viewpoint, MWNTs can be generated with

relatively low growth temperatures (400-750°C), while SWNT synthesis generally

require higher synthesis temperatures (800-1100°C).64 However, a breakthrough

made in 2006 has shown that SWNT can be produced at temperatures as low as

350°C on SiO2 supported Fe catalyst by low-pressure CVD,13 which can be
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explained by the conjecture that the CNT growth is governed by the surface

processes of the Fe catalyst NPs. This technically controllable, economically viable

method for SWNT production at low temperature is desirable, because it is

compatible with nanoelectronic processing and related applications.105

3.3.2 Carbon Feedstock

Controlling the composition of the carbon feedstock crucially impacts upon CNT

formation,106 this is partially due to the fact that different types of carbon feedstocks

possess distinct routes/performances of decomposition in a certain CVD condition,

Figure 3.3: SEM investigations of temperature dependence of the SWNT growth on

alumina surface-supported Ni catalyst by methane-CVD.102 At 600°C the growth was

sparse (lack of active catalyst sites); promising growth of SWNT was observed for

650°C and 700°C; at 800°C the yield of CNTs clearly decreased (agglomeration of

catalysts).
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leading to discrepancies in the yield and morphology of the resulting materials. For

instance, hydrocarbon sources with exothermic decomposition (such as C2H2, C2H4)

are noticed to achieve low-temperature growth of SWNTs (at 400°C),13, 107 whereas

the use of less active carbon feedstock with endothermic decomposition (CH4)

requires higher growth temperatures (>560°C) for producing SWNTs.106, 108

In a CVD process, the decomposition of carbon feedstock depends not only on the

intrinsic properties of the precursor, but also on the type and morphology of catalysts

used within a reaction. An example given by Mizuno et al.109 found a strong

selectivity between carbon sources and elemental catalyst species in terms of SWNT

growth on Si substrate. In their study, the matching of two representative carbon

feedstocks (ethylene (C2H4) and ethanol (C2H5OH)) with Fe and Co metal catalysts

was investigated, with the result that Fe (Co) catalysts showed high SWNT yields for

ethylene (ethanol) CVD, while showing very low yield for ethanol (ethylene)

CVD.109

Moreover, recent discoveries have revealed that tuning the chemistry of carbon

feedstocks exerted strong influences on the crystal structures of grown CNTs. By

decoupling the thermal treatments of carbon precursor and substrate-supported

catalysts, and through varying the treatment temperature of gaseous feedstocks,

Nessim et al.97 observed an interestingly morphological transition of produced

carbon filaments (between amorphous CNFs and crystalline CNTs). The similar

experimental route has been tried by Plata et al.96, 110 in enhancing the efficiency of

CNT synthesis. These investigations suggest that specific gas precursors could
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control the structural features of resulting CNTs, thus pinpointing which types of

carbon molecule(s) are responsible for building up the tubular architectures and then

direct delivering these molecule(s) might enable selective growth of carbon

nanostructures in a surface-bound CVD process.

Veering away from the general discussions on the carbon feedstocks above, two

specific types of carbon sources are used in this thesis, acetylene (C2H2) and ethanol

(C2H5OH). C2H2 has been frequently used for CNT synthesis, and in particular, used

to exert coiling efforts on carbon nanostructures with the aid of various catalysts,

especially Cu.111-117 Investigations of the catalytic decomposition of C2H2 over Cu

NPs have indicated that the shape of Cu NPs changed during the adsorption of C2H2

and distinct carbon growth rates from the different facets of NPs were therefore

established, contributing to the formation of helical structures.111, 115

The use of C2H5OH in alcohol-CVD expanded the types of carbon feedstock

available for CNT synthesis. It has been claimed that C2H5OH serves as the most

versatile carbon source for CNT synthesis with various catalyst forms

(floated/powdered/supported) NPs.118 Furthermore, using C2H5OH as a carbon

feedstock in a CVD reaction guarantees a low-cost, environmentally-friendly process

of CNT production;99, 118 also the liberated oxygen-containing radicals (such as –OH

radicals) from C2H5OH decomposition during CVD processes can suppress the

formation of amorphous carbon, leading to the growth of CNTs of high purity. It is

believed that oxygen plays an important role in the CNT synthesis by CVD. Further

details are revealed in the following sections (Sections 3.3.3.2 and 3.3.4.3).
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3.3.3 Ambient Gas

In CVD experiments, carbon-free gases can function as catalyst pretreatment agents

(H2, NH3; O2, H2O; Ar, He etc.) to aid the catalyst conditioning/restructuring, or as

reagents (H2, H2O etc.) to participate within the CVD processes, or simply act as

carriers (Ar, He, N2 etc.) to help transport the hydrocarbons.

3.3.3.1 Influence of Catalyst Pretreatment

Catalyst pretreatment can strongly influence CNT growth in surface-bound CVD

process.119 Two competing pathways of catalyst pretreatment have been previously

used: reducing and oxidising pretreatment (RP and OP).120-122

Hydrogen gas has been proven to be effective, not only in the stage of RP but also

in CNT growth. In addition to enabling reduction and formation of the catalyst prior

to the introduction of carbon, H2 helps to suppress the cracking rate of the precursor

and also assists in etching away the amorphous carbon accumulating around the

catalysts particles during the CVD process. However, excessive H2 usage, especially

at the stage of catalyst pretreatment, results in severe Ostwald ripening, which causes

aggregation of the catalyst particles, making them unsuitable for CNT

formation.123-126

Recent findings have documented that metal catalysts in oxidation states, prepared

by OP, promote CNT growth efficiently. Several techniques of conducting OP of

samples have been attempted, such as controlled annealing in open air127 and O2

plasma sputtering,120 all of which gave rise to enhanced yield and quality in the CNT
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production.

The latest studies on catalyst preparations, which focus on the comparisons

between the OP and RP, have become even more interesting. The deep analyses of

Esconjauregui et al.122 have revealed that the alignment and growth mode of

nanotubes on SiO2 surfaces can be controlled by careful selection of catalyst

pretreatment conditions (OP vs RP); With the aid of in situ XPS, they have

demonstrated that OP induces strong catalyst-substrate interaction (SCSI) by forming

interfacial metal silicates, which can anchor the catalyst particles to substrates, thus

hindering the process of catalyst aggregation, and leading to the base growth mode of

VACNTs on surfaces. Similar results regarding switching the growth modes of CNTs

have also been reported by Dijon et al.121

Nessim et al.125 dealt with the analysis of the effects of delayed introduction of RP

over the Fe/Al2O3 catalyst system. They found that varying the timing of H2

introduction, sometimes even postponing it to after the introduction of the carbon

feedstock, significantly dictated the CNT outcomes, as shown in Figure 3.4.

Inert gases such as Ar and He are often used as carriers to transport carbon species

during CVD process in general. However, a report appeared in 2009 demonstrated

that catalyst treatment by inert gas, with synergetic effects provided by RP or OP, led

to a distinction in both morphology and coarsening behaviour of the catalyst NPs,

prior to CNT nucleation.2 As a result, chiral-selective growth of SWNTs was

achieved, up to 91% of which were metallic SWNTs. Moreover, the mechanism of

catalyst conditioning probed by in situ TEM observations suggested that He ambient
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can enhance the Fe NP faceting and hinder its ripening, whilst Ar ambient led to

degradation of catalyst faceting and induced severe coarsening instead.2

3.3.3.2 Influence of Oxygen-Containing Species

It is believed that oxygen plays an important role in the CVD of CNT growth, as

various studies have revealed that the synthetic efficiencies of CNT growth have

been enhanced by introducing appropriate levels of oxygen (for example, in a

water-assisted CVD process, the water concentration was measured to be around

20~500 ppm15 in the ambient gas) into the systems (i.e. into ambient gas, substrate,

Figure 3.4: SEM and HRTEM images of CNT carpets grown from Fe catalysts on

Al2O3 surface by C2H4-CVD.125 H2 has been introduced 5 min before, simultaneously

with, and 10 min after C2H4 flows in. Delaying H2 introduction gives rise to taller CNT

carpets with better tube alignment and thinner tubular structures with fewer graphitic

walls.
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even catalyst). Surface-bound SWNT synthesis has been achieved at low growth

temperature (450°C) and employed CO as carbon feedstock.128 A number of

investigations also reported that the oxygen-containing species in gas composition

benefit the yield of CNT production by drastically improving the CVD reaction.118,

129-131 In general, there are two routes for introducing oxygen into the CVD process:

through the ambient gas (H2O, CO2 etc.), or via carbon precursor (CO, C2H5OH etc.).

Hata and co-workers15 demonstrated ‘super-growth’ of SWNTs by using H2O in

CNT synthesis via CVD. Since then, numerous publications have appeared,

demonstrating the realisation of large-scale, high-quality VANT carpets with heights

on the substrates in the millimeter scale, by means of this ‘super-growth’ technique.16,

132-135 Along with researching the reproducibility of super growth, the role of water

has also been extensively investigated, and the consensus is that a small amount of

water in the ambient gas can keep the surfaces of catalyst particles clean by

removing the amorphous carbon coating, thus stimulating and preserving the catalyst

abilities as a growth enhancer.15, 136-138 Amama and co-workers139 reported that the

major role of water in super-growth CVD is in suppressing the Ostwald ripening of

catalyst particles, whilst Noda et al.138 have argued per contra that water has no

effect on that. It would be helpful to initiate possible investigations to observe the

interaction of water and catalysts at atomic scales, in order to tackle the discrepancy

in the function of water in such super-growth CVD process.

Based on the successful design of super-growth CVD using water, recent works

have progressively shown that many materials which contain oxygen could replace



water as a ‘growth enhancer’. CO2
140-143 has been extensively used to build up a

flexible approach for CNT synthesis, incorporated with hydrocarbons. The general

rules governing the high efficient growth of CNTs proposed by Futaba et al.144 state

that two essential ingredients must be present in the growth stage: 1) a carbon source

that does not contain oxygen and 2) a growth enhancer containing oxygen. A

follow-up study interestingly revealed that using the oxygen-containing aromatics as

growth enhancer, synthetic control over CNT structures (size and wall number) can

even be realised by C2H4-CVD on the Fe/Al2O3 substrate,145 as shown in Figure 3.5.
Figure 3.5: CNT structural changes tailored by oxygen-containing aromatics (growth

enhancer).145 TEM images of CNTs using (a) water, (b) methyl-benzoate, and (c)

benzoaldehyde growth enhancers. Diameters and wall numbers of CNTs are plotted in
51

the histograms in (d-f), respectively.
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3.3.4 Catalyst

The ultimate role of catalysts in the surface-bound CVD process is still in dispute

although much time has been spent on this matter. The current understanding is that

the functions of catalyst particles during the CVD reaction include decomposing

carbon precursor, assisting diffusion of carbon species (over/within the catalyst NP),

acting as templates to facilitate tubular nucleation, and dictating tube diameters.146,

147 The plethora of comprehensive reviews48, 64, 92, 146, 148-150 dealing with the roles of

catalysts in CNT synthesis bears witness to the significance of this area. In this

section, effects of catalyst type, catalyst morphology and catalyst substrate are

reviewed.

3.3.4.1 Catalyst Type

It is well known that transition metals (such as Fe, Co, and Ni) are effective catalysts

for CNT growth. They can be utilised either in their pure form or mixed as binary

composites. The first comparative study of the catalytic behaviour of elemental Fe,

Co, and Ni was carried out by Huang et al.151, which revealed that the catalyst type

strongly influenced the growth rates and structures of CNTs and concluded that Ni

was the most suitable catalyst of the three for CNT growth. However, another

investigation regarding catalyst activities of Fe, Co, and Ni under the condition of

CH4/H2/900°C showed clear discrepancies: Fe gave rise to the highest yield of CNTs,

while Ni showed the poorest catalytic performance.152 The reason for this distinction

is still unknown, but factors such as the stabilities and properties of their
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corresponding metal carbides and the interactions between the catalysts and the

substrates are worth taking into consideration.

CNT growth on binary catalyst systems has been reported. Several studies have

shown that SWNTs can be grown via CVD on a binary FePt alloy,153-156 which was

obtained from gas-phase based and solution-based catalyst preparation methods.

Moreover, the addition of Mo to Fe, Co or Ni has been accomplished and these

binary catalysts have enhanced the yields of CNTs.157 Introducing Mo to Co led to

formation of bimetallic compounds that can prevent the aggregation of Co, thus

resulting in effective CNT production. Mo has also been claimed to be responsible

for advancing the (n,m) selectivity of grown SWNTs, when using supported Co-Mo

catalysts.158-160

Recent investigations in developing metal catalysts for CNT synthesis have

broadened the scope of catalyst type: Au,161-164 Ag,162 Cu,162, 164-166 Pd,162, 164, 167

Ru,168 Pb,169 Rh,170 Zr,171 Al,164 Mg164 have been reported to catalyse CNT growth.

Zhou et al.166 pioneered the use of Cu as a catalyst for SWNT growth and achieved a

high-quality product; Yuan et al.164 employed a large variety of metals to successfully

achieve horizontally aligned SWNT growth on quartz surfaces. Theoretical

investigations have succeeded in unravelling the effects of metal catalysts in the

growth of CNTs. By analysing carbon-metal binary phase diagrams, Deck and

Vecchio172 proposed that successful metal catalysts were the ones exhibiting

sufficient carbon solubility, rapid carbon diffusion capacity, and limited carbide

formation. Yazyev and Pasquarello’s study173 on modelling the nucleation and
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diffusion stages of CVD-grown CNTs, showed that noble metals, with the aid of

surface diffusion of targeted carbon species on catalyst particles, were able to support

CNT growth at the synthesis temperature of 900°C.

Additionally, investigations on helical carbon nanostructure growth revealed that

‘coiling efforts’ can be assigned to specific catalysts, such as In,33, 174-176 Sn33, 175-180.

The in-depth exploration of non-linear growth of carbon induced by these kinds of

catalysts is featured in Section 3.4.

Lastly, as indicated in previous paragraphs, oxygen has been noticed to benefit

CNT growth. The latest development of CNT catalysts shows that non-metallic

species, such as oxides, can act as CNT growth catalysts. A breakthrough has been

made in reports of the exciting performances of surface-generated SiO2 NPs in terms

of producing SWNTs.19, 21, 181 Further details of this metal-catalyst-free route are

presented in Chapters 5 and 6 of this thesis.

3.3.4.2 Catalyst Morphology

The catalyst geometry in the surface-bound CVD process is as important as catalyst

chemistry in tailoring the yield and configuration of CNT production. Herein, the

influence of the size and shape of catalysts is discussed.

3.3.4.2.1 Catalyst Size

Quantum size effects of NPs can significantly affect their catalytic performances,

when the sizes of particles are below 10 nm; therefore, the solubility of carbon within

catalyst particles and the diffusion pattern of carbon governed by catalyst particles
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are greatly dependent on the size of catalysts.146, 148 A groundbreaking investigation,

reported by Gohier et al.182, demonstrated that the growth of CNTs were strongly

correlated to the catalysts’ nanometric dimension, whilst Liu’s group183 discovered

that an optimal particle size was required when the carbon feeding rates was fixed, to

properly nucleate SWNTs. Smaller NPs were prone to be easily deactivated due to

poisoning from feedstock overfeeding, and larger NPs were inactive because of

underfeeding.183

Several reports have indicated that controlling the size of NPs led to fine tuning of

the carbon nanotube diameters as well as wall numbers.182, 184 Dai’s research group91

was amongst the first to grow CNTs with controlled catalyst size. They made use of

an iron-storage protein, ferritin, to synthesise discrete catalytic iron oxide NPs with

controllable diameters on SiO2 surfaces for SWNT growth. Moreover, they observed

both ends of CVD grown SWNTs in the TEM for the first time.91 A similar

experiment was conducted by Jeong et al.185 to demonstrate a facile,

diameter-controlled growth of SWNTs using Co-filled apoferritins. Recently, a

systematic study performed by Schaffel et al.186 has shown that different particle

sizes resulted in distinct diameters and number of walls in the resulting CNTs, as

indicated in TEM images in Figure 3.6186. Hence, at that moment a consensus had

been reached that SWNTs were normally generated from small particles. However,

Jeong et al.187 observed an atypical phenomenon that larger catalytic particles

embedded on SiO2 substrates also produced SWNTs. It is worth mentioning that by

using arc-discharge methods, radially grown SWNTs were observed from the catalyst



particles which have diameters much larger than those of tubes.188, 189
Figure 3.6: Investigation of catalyst size effect on the growth of CNTs.186 (a-c) TEM

images of Fe particles of varying median diameters of 2.7, 10, and 18 nm, respectively.

(d-f) Corresponding HRTEM micrographs of grown CNTs with different diameters

and wall numbers.
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The preparation of the catalyst material is a critical step for CVD CNT growth. To

date, enormous efforts have been made to fabricate catalytic NPs with narrow size

distributions and high-catalytic activities. Various catalyst patterning methods such

as evaporation,101 dendrimer-templated NPs,88 reserved micelle,190 and wet

chemistry191 have been used to achieve this goal. Although thermal evaporation has

remained the most common approach in catalyst patterning, thanks to its merits in
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precise control of catalyst position and size, other techniques can lead to

unexpectedly striking results. In their landmark report on growth of SWNT by CVD,

Dai et al.192 synthesised SWNTs over Mo NPs using CO as a carbon source. The

results showed close correlation between the diameters of grown tubes and

pre-designed catalysts by a wet chemistry method. A recent preparation approach

involving ion-implantation has been used in patterning Ni NPs on a silica layer in

order for subsequent CNT growth, with their diameters strongly dependent on the

size of catalyst particles.193

3.3.4.2.2 Catalyst Shape

Besides the size of the catalyst NPs, another morphologic parameter that could have

influence in the catalytic process is the shape of the NPs. Controlling nanoparticle

shape can be achieved throughout several routes, such as solution-based chemistry,194

surface energy-controlled substrate growth,25, 27 and gas-induced restructuring.2, 115

To serve the purpose of growing desired carbon nanostructures, the gas environment

structured preparation methods have mainly been used.2, 115

A representative example of catalyst shape effects was reported by Shaikjee and

his co-workers,115 who employed TEM 3D tomography to reveal that the geometry

of Cu NPs can control the morphologies of the grown CNFs at a low synthesis

temperature (250°C), thus illustrating the critical role of catalyst shapes plays on

synthesis, as shown in Figure 3.7.115

However, concerns have been raised on how much the desired shapes of metal
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surrounding environments. Extensive studies have shown that the shapes of metal

nanocrystals can be altered (sometimes irreversible) by heating, molecule adsorbing

and so on. The shape transformation of a nanocrystal occurs due to a need to

minimise the total interfacial free energy at a given volume. Herein, it will be

meaningful in future works to perform investigations on SrTiO3-supported metal

shaped nanocrystals to see how the shape could be maintained in CVD conditions (T:

400-800°C; Ambient gas: Ar/H2/C2H2).
Figure 3.7: The morphologies of CNFs are dictated by the shape of Cu catalyst

particles.115 (A-D) TEM images of CNFs grown from Cu catalysts, which are presented

within the structures. (a-d) Simulated particle shapes that correspondingly relate to the

distinct CNF growth.
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3.3.4.3 Catalyst Substrate

In the surface-bound CVD process, the catalysts are normally deposited on a

substrate as a thin film by evaporation. This is followed by ripening to yield NPs via
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de-wetting of the substrate under proper heating. To serve as a stage for catalyst dots

to perform and also a template to allow the nucleation and growth of CNTs,

substrates used in CVD reactions are of great importance in CNT synthesis.

3.3.4.3.1 Choices of Substrate

Nowadays, CNTs can be grown successfully on numerous types of substrates. Silicon

oxide, aluminum oxide, and magnesium oxide are among the most popular oxide

types used as substrates. From an energy standpoint, it remains critical to obtain

optimally-sized and well-dispersed catalyst particles on oxide substrates, as it will

influence the morphologies and properties of resulting CNTs. However, this targeting

is not easy to achieve, owing to the complicated interplay between catalyst and

relating ambient (substrate, gas atmosphere, thermal process etc.), which has effects

on the de-wetting and agglomerating of catalysts on substrates.77, 95

Extensive investigations have been performed using alumina as a catalyst substrate,

exploiting the fact that it supports the production of high-quality VACNT carpets,

with large tolerance of the process conditions.195, 196 Recently, with the aid of in situ

XPS, Hofmann et al.197 have studied the growth of CNT forests, using Fe as catalysts

on an Al2O3 substrate, and concluded that the enhanced Fe catalytic activities were

due to the specific character of Fe/Al2O3 interface reaction. A recent, comprehensive

study by Amama et al.198 has revealed considerable differences in the activity and

lifetime of Fe catalysts, supported on different types of alumina. By using a

combination of microscopic and spectroscopic characterisation, they demonstrated
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that the complex interplay between Ostwald ripening, subsurface diffusion, and

porosity of the alumina supports may be responsible for the observed phenomena.

Growing CNTs on metallic substrates has proven more challenging, and is hence

less well-studied, because the occurrences of interdiffusion and alloying between

catalyst and metallic substrates could detrimentally affect the de-wetting process,

through which catalyst dots form. However, metal-surface-supported synthesis of

CNTs is of great importance for electronic applications, because the CMOS industry

often requires direct electrical contact between CNTs and the substrates.77, 199

Nowadays, the identified target for CNTs production on metallic substrates is to

synthesise CNTs with vertical-aligned forms at low growth temperatures. To achieve

this, several metallic substrates, such as Cu, Ta, Pd, W, Ti and Al, have been

experimentally tested.97, 105, 199 The very latest, detailed study of the Fe-Ta model

system presented by Bayer et al.95 has highlighted general selection criteria for CNT

growth on metallic substrates.

3.3.4.3.2 Interaction between Catalysts and Substrates

There are two widely accepted growth modes for CNT growth on substrates by

surface-bound CVD: tip-growth and base-growth (or root-growth). Interaction

between catalysts and substrates has been suggested to account for the two growth

modes presented during the CVD process.200 Specifically, the tip-growth mode

corresponds to weak interaction. In this mode, catalyst particles rise with CNT

growth, and eventually stay at the tip of the CNTs. In base-growth mode, catalyst
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particles bond strongly with the substrate at growth, finally remaining anchored on

the substrates and appearing at the bottom of the CNTs. (These growth modes will be

further described in Section 3.4). In this way, the growth of CNTs can be tailored by

modifying catalyst-substrate interaction prior to conducting CVD.

Wang et al.201 conducted a comparative study in the formation of Fe catalyst NPs

on both Ta (metal; with high surface energy) and SiO2 (oxide; with low surface

energy) surfaces for CNT growth by CVD. They observed that Fe particles showed a

Volmer-Weber (VW) growth mode on SiO2 and a Stranski-Krastanov (SK) mode on

Ta. In particular, CNT growth on SiO2 followed a tip-growth mode with a slow

growth rate, whilst Ta exhibited a base-growth mode with a fast growth rate. Their

conjecture suggested that the CNT growth mode was modified by the adhesion

between the catalyst and support.

Interaction between catalysts and substrates has been described, not only as the

adhesive forces indicated above, but also as a variety of forms including interfacial

chemical reactions122, 202 and inter-diffusions198, which can be dictated by specific

catalyst prepared methods, e.g. gas pretreatment. By inducing strong

catalyst-substrate interaction by means of oxidising pretreatment towards catalyst,

Robertson’s group122 has managed to manipulate the growth mode and alignment of

CNTs. In their study, the interaction between metal catalysts (Fe, Co, and Ni) and

SiO2 substrates was operated by forming interfacial metal silicates, which in turn

anchored the catalytic NPs to the substrate, thus restricting their surface mobility and

coarsening.122
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3.3.4.3.3 Functions of Substrate

CNTs synthesised on appropriate substrates have been identified as promising

candidates for their integration into novel devices, such as field emitters and

nanoelectronics. Several roles that substrates can serve in the growth of CNTs are

discussed here.

The basic role of substrates is to support catalyst formation. It has already been

found that the relative surface energies of the substrate, the catalyst, and their

interfacial energies can tune the sizes, shapes, and curvatures of the particles grown

on substrates.25, 26 This variation would lead to large differences in the morphology,

property, and growth mode of resulting CNTs, as already noted.

Another function that substrates can provide is to serve as a template to guide the

growth of surface-bound, horizontally-aligned CNTs (HACNT). It has been shown

that directional control of CNTs growth on a substrate is essential for the production

of high-performance nanodevices, and this becomes achievable once an appropriate

substrate is selected.203 Quite a few recent studies have claimed that single-crystal

surfaces, such as sapphire,204-210 quartz,203, 211 silicon,212, 213 and magnesia,214, 215

enable the controlled production of HACNTs. The CNTs are said to be generated

along either atomic steps205 or lattice directions206. Moreover, observations have

revealed that the crystalline facet strongly influences not only the growth direction

but also the nanotube structure (i.e. diameter and chirality distributions).204, 207

A hidden role of catalyst supports (especially oxides) is simply to aid nanotube

growth. A pivotal effect of oxide substrate in CNT synthesis has been recently
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They proposed a striking concept, that the oxide support plays a catalytically active

role for CNT growth, while metal particles are solely responsible for CNT nucleation

steps. Furthermore, with the aid of HRTEM characterisation, they managed to

demonstrate clearly that graphitic nanotube walls directly root on oxide (alumina)

supports, as opposed to the catalyst particle.218 They also pointed out that oxygen

species are crucial in the growth of CNTs, following a comparative study of growing

CNTs (as indicated in Figure 3.8) on both TiN and Al2O3 supports under the same

CVD conditions.195 Apart from their investigations, a Japanese group196 has claimed

that oxide support assisted the adsorption and transportation of carbon flux, thus

enhancing the growth rates of CNTs. This is because oxides were key components

for hydrocarbon reforming.
Figure 3.8: A comparison study of growth of CNTs on both oxide and non-oxide

substrates.195 SEM images of CNTs grown on (a) Al2O3 surface and (b) TiN surface,

suggesting the oxygen within the substrates plays a critical role in CNT formation in
63

surface-bound CVD process.



64

3.4 Insights into Growth Mechanisms

of Carbon Nanostructures

The theme of this thesis centres on the design and fabrication of different types of

catalysts for the growth of carbon nanostructures on perovskite oxide surfaces. As

for the growth methods, two main forms of CVD technique with regard to catalysts

have been employed, namely, ‘metal-catalyst-involved (MI)’ route and

‘metal-catalyst-free (MF)’19 route. In order to achieve an efficient CNT growth and

design synthetic routes, it is essential to gain a comprehensive understanding of the

underlying science involved in growth mechanisms, which have triggered intense

debates over past years. In this section, the growth mechanisms of MI CNTs, MF

CNTs, and CNC/CMCs are reviewed.

3.4.1 Growth Mechanisms of CNTs Produced via

Metal-Catalyst-Involved Route

3.4.1.1 Growth Modes

Investigating CNT growth mechanisms is difficult especially at the molecular or

atomic level. In part this is due to the number of growth parameters at CVD play.

However, earlier studies on carbon filament formation of metal catalyst particles

shed light on mechanisms of CNT growth, which consists of: (1) absorption and

dissociation of gas precursors, (2) carbon diffusion over/into the particle, (3)



formation of carbon filament, and (4) migration of carbon species to form the top

area of the filament. Through these proposed procedures, two possible scenarios of

growth modes were reported, as discussed in the previous paragraph, the tip-growth

mode and the base-growth mode (Figure 3.9).200
Figure 3.9: Schematics showing the growth modes of base-growth and tip-growth of
65

3.4.1.2 Growth Mechanisms Based on Experimental Findings

The mechanisms behind the growth of CNTs via metal-involved CVD routes remain

a highly debatable topic, despite the considerable efforts invested over the years.

From a fundamental point of view, there is still a discord over a consortium of issues,

such as the states of the metal catalysts and the diffusion pattern of carbon at growth.

To date, experimental findings generated with the aid of sophisticated

characterisation techniques (in situ HRTEM, in situ XPS, etc.) have provided

numerous insight into the possible mechanisms at play.

carbon filaments.200



66

The question of the exact chemical and physical state of the active catalyst during

CNT growth is yet to be answered.64, 219 For common metal catalysts, such as Ni and

Fe, there is a variety of speculations, none of which has gained ascendency. Several

early investigations probing the chemical states of Ni and Fe on the basis of ex situ

measurements showed conflicting results. Baker and his co-workers proposed that

metallic element was the active catalyst for CNF growth;220, 221 whilst Endo and

many others advocated that carbide was responsible for catalysis.222-224 However, ex

situ studies mean that the catalyst could have time to undergo phase transition or

form carbide upon cooling, owing to excess carbon supply; thus it might not be that

accurate in revealing the steady catalyst state at growth.

Recent developments in in situ TEM and XPS techniques have enabled extensive

investigations of the growth mechanisms of carbon nanostructures from both kinetic

and energetic considerations.225 Helveg et al.226 pioneered the demonstration that Ni

catalyst particles remained crystalline with well-faceted shape during

low-temperature, in situ CVD experiments; Lin et al.227 and Hofmann et al.14, 228

have also arrived at similar conclusions. However, in situ TEM and ED observations,

performed by Yoshida et al.,229 Sharma et al.,230 and Feng et al.231 showed otherwise,

by experimentally confirming that CNTs were generated from metal carbide (iron

carbide), although Fe were used in these investigations.

The physical state of metal catalysts at growth is another area where no decisive

conclusion has been reached. Are metal catalyst NPs in liquid state, quasi-liquid state

(fluctuating crystalline), or in solid form (crystalline)? Recent in situ TEM
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investigations suggest that the metal catalyst stays in its solid or quasi-liquid form

during growth, by presenting clear lattice diffraction patterns.14, 227, 229-231 However it

is worth pointing out that these growth trials took place at relatively low

temperatures. Others have concluded that the active catalyst was in a liquid phase, by

considering the exothermic nature of hydrocarbon decomposition on metal surfaces

and the quenching behaviours of melting point of NPs.148, 232, 233 Moreover, a few

experiments have shown that the catalyst particles experienced structural

deformation or re-shaping14, 222, 234 during the growth of MWNTs, which might lead

to the impression that the catalyst was liquid at growth. However, it has been posited

that this structural re-shaping was caused by the mechanical forces exerted by the

surrounding graphitic layers, while the catalyst particle stayed in its solid form.222, 234

A key mechanism, namely the vapour-liquid-solid (VLS) model, was pioneered by

Baker235 and then successfully used by Saito236 to explain the critical role played by

metal NPs in CNT growth. According to this model, the decomposition of

carbon-containing gases first takes place on the surface of metal NPs, followed by

the diffusion of carbon atoms into liquidised metal particles to form metal carbides.

Further supply of carbon sources results in the supersaturated state of nanoclusters

with carbon, and finally carbon islands precipitate on the particle surface, and

nucleate CNTs.101, 232, 237 As a characteristic of the VLS process, bulk diffusion of

carbon occurring within catalyst particles becomes the major carbon transport

mechanism. By means of experimental HRTEM observations and theoretical

molecular-dynamic simulations, Gavillet et al.237 suggested a root growth mechanism
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for SWNTs based on the VLS model, where carbon atoms were structured into the

tube base by a diffusion-segregation process. Another obvious feature of the VLS

process was the formation of metal carbides (eutectic compounds), owing to the

molten catalysts during CNT synthesis. Homma et al.101 grew SWNTs over Fe and

Co NPs on a silica substrate and indicated a carbon-metal eutectic compound

formation. They showed that the eutectic point of nanosized Fe, Co and Ni with

carbon was reduced to 700-800°C owing to the size effect of NPs, and concluded the

CNT growth was mediated by the VLS mechanism. An in situ TEM experiment

performed by Yoshida et al.229 also suggested that carbon atoms adopted bulk

diffusion through iron carbide NPs during the CNT growth. By examining the

metal-carbon phase diagrams, Deck and Vecchio proposed that a successful metal

candidate for supporting CNT growth would exhibit rapid carbon diffusion, adequate

carbon solubility and limited carbide formation.172

In contrast, surface diffusion describes the process of migration of absorbed

carbon atoms over the catalyst surface. An earlier growth model, related to surface

diffusion of carbon species onto catalyst particles, was proposed by Oberlin et al.224

to illustrate the tubular filament growth by catalytic effect. Recently, surface

diffusion mechanism has been favoured in surface-bound, low-temperature CVD

processes. Seidel et al.102 succeeded in growing SWNTs at 600°C, using different

catalysts, and proposed a surface diffusion model. This in particular indicates that

rapid diffusion over surfaces (of particles, support, even grown tubes) caused the fast

growth rates of SWNTs. Helveg et al.226 demonstrated that carbon atoms were



69

preferably absorbed at step edges of Ni via surface diffusion, by means of in situ

TEM observation, and density functional theory (DFT) calculations. Moreover,

Hoffman et al.238 inferred that sub-surface diffusion and incorporation of carbon in

transition metals was more general, through studying the diffusion pattern of carbon

on a Ni particle.

The diffusion process has been regarded as the rate-limiting step in CVD growth

of CNTs.238, 239 The two modes of diffusion process, bulk diffusion and surface

diffusion, contribute competitively. Wang et al.240 claimed that the relative

contribution of the two diffusion pathways depended on the size of the catalyst

particle. The smaller the catalyst size was, the more dominant surface diffusion

would be.13, 238 Interestingly, for catalyst NPs with moderate sizes, the surface and

bulk diffusion contributed equally to the transportation of carbon species.227, 240

However, at low temperatures, surface diffusion has been assumed to be the more

active diffusion process, compared to bulk diffusion, owing to the lower activation

energy for surface diffusion.102, 173

Regarding the catalysis of metal NPs, various effects such as melting point

depression, higher reactivity, larger surface area to volume ratio, and carbon

solubility variation can be applied, owing mainly to the size confinement of NPs,

which could give rise to surprising results in the growth of CNTs.146, 219 As for noble

metals, such as Au, Ag, Cu, and Pt, the successful realisation of SWNT growth

employing these NPs has led to in-depth exploration of their catalytic activities.

Unlike transition-group metals, noble metals have extremely limited solubility for
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carbon and negligible carbide formation; thus the VLS model has to be reviewed

under this circumstance. However, it has been inferred that noble metals can dissolve

carbon effectively for CNT growth, when they are in nanometer scale (<5 nm). This

allows the NPs to present many more surface-atoms, which are catalytically active

ones with low coordination; furthermore, the oxide-substrate-supported NPs can

interact dramatically with the support underneath, which might lead to further charge

transfer to activate noble metal NPs to some extent, for example, Au on SiO2.
146, 219

3.4.1.3 New Insights into the Growth Models

For CNT growth by means of surface-bound CVD, various models have been

proposed on the basis of the synthetic routes and conditions. To date, no single

universal mechanism exists that encapsulates the entire range of growth specifics

appropriately. In this sub-section, several modern models, describing the growth of

CNTs with metal catalysts, are reviewed.

In situ observation of catalyst performance during surface-bound SWNT growth

inspired the proposal of the ‘catalyst re-shaping’ model.14 Based on the results

obtained by in situ TEM and XPS, Hofmann et al.14 revealed that Ni nanoclusters

remained in crystalline states and re-shaped on the silica support during carbon cap

formation and subsequent tube growth. This model highlighted the importance of

catalysts’ dynamic re-shaping with regard to carbon cap origination and stabilisation,

and suggested that the structural selectivity of grown tubes was influenced by the

interplay between carbon network formation and catalyst particle deformation.
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by oxide substrates during CNT growth via surface-bound CVD. By demonstrating

the rational synthesis of MWNTs from Fe and Co particles on alumina, they revealed

that the grown CNTs exhibited roots anchored directly onto the oxide supports, rather

than the metal catalyst particles. In turn, they indicated that the function of catalyst

particles was merely to provide nucleation caps of CNTs, but oxide supports played

an important role in boosting the growth of CNTs, as evidenced by the TEM

micrographs (Figure 3.10),218 which clearly shows the alignment of CNT graphitic

walls with the alumina lattice fringes.
Figure 3.10: Investigations of the function of oxide substrates during CNT growth.

(a-c) TEM micrographs showing a cross-section view of a CNT root at the oxide

support surface.218 (a) The Co catalyst particle resides in the core of the tube; the outer

walls of the CNT align themselves with the lattice fringes of the alumina support. (b) A

magnified image of the boxed region in (a). (c) A copy of (b) with drawing lines added

to highlight the alignment of the graphitic planes with the alumina lattice fringes. (d)

Schematic models illustrating that CNTs grow directly from the oxide support after
71

Another new mechanism which implied that catalyst supports actively participate

in the growth of CNTs has been derived.241 Therein, the activation of catalyst support

for CNT growth can be simply dictated by an efficient chemical treatment, which

nucleation.216



changed the acid-base properties of the substrate. Compared to acidic supports,

enhanced growth of CNTs was found on basic supports, where the presence of basic

sites accelerated the aromatization and reduced the complexity of carbon precursor

molecules, as indicated in Figure 3.11.241 This model also shed new light on the role

of water as modifying the acidity of the support surface in the super-growth CVD

reactions.
Figure 3.11: (Top) Chemical mechanism undergone by carbon precursors adsorbed on

the surface of the supports. Basic supports led to the forming of highly aromatic

fragments, whilst acidic supports produced large-branched, complex hydrocarbon

segments with low degree of aromatisation. (Bottom) Scheme showing the new growth

mechanism of CNTs by surface-bound CVD, which relied on the acid-base properties

of surfaces. In this mechanism, CNT growth emanated on the support and continued

on the nanoparticles, where aromatic fragments were assembled to form CNTs.241
72
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Veering away from the classic VLS model, which laid stress on the

dissociation-diffusion-precipitation process of atomic carbons, a polymerization-like

mechanism was suggested in the latest studies,96, 110, 242 where the CNT growth

proceeded by adding new aromatic fragments (building blocks), generated from

pyrolysis of unsaturated carbon feedstock, such as C2H2. The focus on carbon

precursors in building up CNTs has also been put forward by Reilly et al.,243 as they

came up with a ‘free-radical-condensate (FRC)’ model, which stated that the

presence of radicals in pyrolysed hydrocarbon species enabled rational

rearrangement of carbon bonds, leading to the formation of CNTs.

3.4.2 Growth Mechanisms of CNTs Produced via

Metal-Catalyst-Free Route

The latest development of CNT synthesis has ignited an entire research field, owing

to the fact that the growth of CNTs was realised with no metal at all: the non-metallic

species (oxides, carbon species, etc.) can act as the catalyst. The metal-catalyst-free

route for producing CNTs indeed opened up a new avenue in nanotechnology,64, 92

however there appears to be no universal, convincing model to represent the growth

mechanisms involved.

Various kinds of oxide NPs (such as Al2O3,
21, 244 SiO2,

19, 21, 181, 245-247 ZnO,248

ZrO2,
249 Eu2O3,

21, 250) have proven catalytically active in catalysing CNT growth. In

particular, there have been several investigations focusing on the CVD synthesis of



74

CNTs on SiO2 substrates, with large disagreements over the growth mechanisms.

Huang and his co-workers21 revealed after careful XPS measurements, that the

presence of SiO2 NPs was responsible for the growth of SWNTs at high temperatures.

They further suggested that only a nanoscale curvature was needed to generate

SWNTs, and the defects and distortions created within the quasi-liquid SiO2 NPs

could also enhance decomposition of hydrocarbons. This result is consistent with Liu

and Cheng’s findings,20 where the importance of oxygen-containing SiOx NPs was

highlighted through in situ TEM experiments and DFT calculations. Furthermore,

Page et al.245 employed quantum-chemical molecular dynamics simulations to

investigate the SWNT nucleation on SiO2 NPs. In their study, a vapour-solid-solid

(VSS)20, 245 mechanism, rather than a VLS mechanism, was suggested to explain

SWNT generation on SiO2 catalysts. However, Bachmatiuk et al.247 observed that the

SiO2 NPs were carbothermally reduced to SiC during the synthesis of CNFs and

stated that the VLS mechanism was applicable in this sense; whilst another route of

mechanisms has been argued by Liu et al.,246 who proposed that the SiO2 substrate

subjected to high-temperature H2 annealing would present defects on its surface,

which provided stack-up sites for facilitating the deposited carbons to self-assemble

into SWNTs.

Most recently, alternative routes for generating CNTs by employing pure carbon

species in absence of any metal catalyst have emerged. Investigations have shown

that nanodiamond,251 activated carbon,252 porous carbon,253 carbon aerogel,254 carbon

NPs,255, 256 and even carbon nanotubes257 can catalyse the growth of CNTs via the
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self-assembling route. For example, Song et al.252 discerned that carbon

self-assembly plays a key role in CNT evolution by conducting CNT growth

experiments on both lanthanide metal oxides and activated carbons. They pointed out

that the self-function of carbon species originates from the anisotropic properties of

sp2-hybrid carbon structures (such as CNTs, layered carbons).

3.4.3 Growth Mechanisms of Coiled CNT/Fs

Coiled CNTs are helical carbon nanostructures, created when carbon pentagon (C5)

and heptagon (C7) rings are incorporated into carbon hexagonal networks of the

graphene layers of normal ‘straight’ nanotubes. The existence of coiled CNTs was

theoretically predicted in the early 1990s80 and they were first experimentally

synthesised in 1994.258 However, the large-scale and structural-selective production

of coiled CNTs remains problematic, and one of the plausible reasons lies in the lack

of fundamental understanding of the architecture and growth mechanism of coiled

CNTs.259 The growth mechanisms proposed so far for coiled CNTs have always been

relating to the C5 and C7 atomic rings, however, there have been disagreements

regarding the distributions of these carbon rings within the atomic structures of

coiled CNTs, as to whether the C5 and C7 rings were decorated defects and formed

periodical pairs to induce the coiling (Figure 3.12 (a)),28, 260 or if they were intrinsic

building blocks, as stated in the Haeckelite model,261 where the C5 and C7 rings

constituted a large portion of the helical structures.
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On the other hand, to rationalise the formation of coiled CNFs (referring to the

dense helical nanostructures with no inner hollow), several growth models (as shown

in Figure 3.12b-d) have been proposed in the previous literature, but none of them

addresses the growth of coiled CNFs universally. The prevailing growth models are

based on anisotropic extrusion of carbon from different facets of catalyst particles,

which has been attributed to catalyst topography,115, 178, 262-264 localised orientations,79

and inhomogeneity of chemical composition within a catalyst particle175, 176, 265

(Figure 3.12 (b)).

It is generally recognised that the morphology and yield of the grown carbon

nanostructures are influenced by the type of catalyst used. Bandaru et al.174 proposed

that the repulsive interactions at the interface between the growing graphitic structure

and the non-wetting catalyst materials can promote nonlinear growths (Figure 3.12

(c)). Such non-wetting catalysts, as In, Sn, etc., have been widely proven

experimentally to lead to the production of coiled CNT/Fs. Jian et al.111 revealed that

the use of Cu enabled an enhanced process of C2H2 adsorption and polymerisation,

which would facilitate the formation of helical CNFs. Very recently, Chiu and his

co-workers18 used an efficient, cooperative catalytic system of coupling K and Ag to

achieve successful synthesis of CNCs via C2H2-CVD. Based on the observed results,

they proposed a ‘cooperative catalyst enhanced VLS’ growth model (Figure 3.12

(d))18, which stated that the liquid phase K helped with C2H2 decomposition in a

recycling manner, while Ag NPs assisted the extension of 1-D carbon nanowires

(NWs), and the curled effect of the NWs was induced by the adhesive force between



the K liquid and the carbon. From my point of view, it is reasonable to have

particular growth mechanisms for specific growth routes and conditions, given that

there stays a variety of synthetic strategies as well as resulting materials in the field

of coiled CNT/F growth, differing from case to case.
Figure 3.12: A collection of growth models of coiled CNT/Fs. (a) Regular insertion of

C5-C7 pairs as defects causes the positive and negative curvatures on tubular structures.28

(b) CNC/Fs grown from various Sn compositions, illustrating that the large gradient of

Sn composition induced the coiling.175 (c) Non-wetting behaviour of In plays an

important role in coil formation.174 (d) Cooperative effects of Ag and K on the

formation of coiling structures.18
77
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3.4.4 Short Summary

In this section, the role of catalysts in the growth of carbon nanostructures by

surface-bound CVD has been studied. There appears to be a variety of models for the

growth mechanisms of carbon nanostructure formation, and none of them completely

explains the growth scenario, which is partially due to the fact that specific

mechanisms are needed for particular synthetic methodologies and reaction

conditions.4, 92 However, huge progress has been made, including the discovery of

new catalysts and the improvement of existing models.

3.5 Overview

This chapter has provided an overview of the field in the growth of carbon

nanostructures by surface-bound CVD techniques, with special focus on the roles

and effects of catalysts on CNT growth. This constitutes the background and

fundamental understanding for the work presented in this thesis. A brief description

of surface-bound CVD technique is also provided to relate the review to the

experimental methodologies developed in this thesis. In Chapter 4, the growth of

CNTs on the oxide substrate (SrTiO3) by CVD (Section 3.2.3) via

metal-catalyst-involved route will be discussed, with investigations on the influences

of growth-control aspects (Section 3.3). In Chapters 5 and 6, the growths of CNTs by

metal-catalyst-free CVD on both single crystal SrTiO3 (001) substrates and
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poly-crystalline BST surfaces (Section 3.3.4.1) will then be described; the growth

mechanisms are also probed (Section 3.4.2). Finally, in Chapter 7, the fabrication of

coiled CNT/Fs will be featured, in relation to the content mentioned in this chapter

(Sections 3.1.1, 3.3.2, 3.3.4, and 3.4.3).
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Chapter 4：

Metal-Catalyst-Involved Growth

of Carbon Nanotubes (CNTs) on

SrTiO3 (001) Substrate
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4.1 Background

Numerous studies of metal catalysed CNT growth on oxide substrates via CVD have

been reported. The main aim of these investigations was to fabricate novel

CNT-based nanodevices and understand the CNT growth mechanisms.4 In typical

metal-catalyst-involved CVD processes, the design of a catalyst system is essential to

the growth of CNTs (especially on substrates), as the chemical and geometrical

aspects of catalysts (size, shape, composition, lifetime, activity etc.) are controlled by

the catalyst design (choice of catalyst/substrate material, synthetic methods etc.), and

can greatly affect the morphologies and properties of grown CNTs.

Transition metals (such as Fe, Ni) are the most popular choice for CNT growth

catalysts. A myriad of approaches (wet chemistry, physical metal deposition, etc.)

have been developed to tailor these metals on oxide substrates for generating

catalysts in a controlled manner. In this investigation, Fe and Ni were selected as

catalysts for the surface-bound growth of CNTs. The catalyst fabrication was carried

out in a UHV system. The reason for using the UHV kit to make the catalysts was

based on the fact that it has been an established technique within the research group

to grow metal nanocrystals on SrTiO3 (001) supports, where a selection of metals

(such as Fe23, Co22, Ag24, Au26, Pd25, and Cu27) were successfully synthesised and

characterised.

Apart from metal catalysts, the catalyst substrate plays an active role in the CVD

process thus the choice of substrate is also of particular importance.266 Although

promising CNT growth have been attained on various types of oxide supports, such
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as SiO2, Al2O3, and MgO, limited investigation has been reported on the growth of

CNTs on SrTiO3 substrates.214 Interest in the SrTiO3 (001) surface emanates from its

remarkable ability to support distinct nanosized metal shapes,23-27 the combination of

SrTiO3 and CNT may spur novel properties and lead to the next generation of

nanoelectronic devices, as SrTiO3 has already stimulated intense interests in using it

in the fields of oxygen sensors,267 fuel cells,268 and oxide-based electronic

components269 due to its photocatalytic and dielectric properties.

In this chapter, the growth of CNTs on SrTiO3 (001) substrates with the aid of

metal catalysts is investigated. Starting with the STM study of metal nanocrystal

grown on SrTiO3 (001) surface, it is shown that the metal catalyst particles can be

fabricated in a controlled manner and characterised prior to the CVD reaction. This is

followed by a detailed investigation on an array of CNT growth parameters (carbon

feedstock, catalyst design, growth temperature, and carrier gas flow rate), where the

optimised conditions for growing vertically aligned CNTs has been sought. Further

design of the catalyst has also been performed, leading to encouraging CNT growth

under unconventional growth conditions (fast heating, catalyst pretreatment under

oxidising environment).

4.2 Experimental Details

Epipolished SrTiO3 (001) (STO (001) for short) single crystals (PI-KEM Ltd, UK)
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were employed as the substrates for the deposition of metal catalysts and growth of

CNTs. The catalyst particles were fabricated using a JSTM-4500XT UHV system,

which mainly incorporates a treatment chamber, an Ar+ ion-sputtering source, a metal

deposition kit and an STM, enabling the designing and characterisation of the

substrates prior to the CVD process. To create desired substrates for subsequent

growth of CNTs, the STO (001) samples were first introduced to the vacuum system

without any pretreatment, and were degassed by resistance heating at 600˚C for up to

one hour, then the samples were Ar+ ion-sputtered for 10 min with an ion flux of 100

μA/cm2, followed by selective annealing at UHV at approx. 1200˚C for 15 min. The

preparation method led to a c(4×2) reconstructed STO (001) surface (with annealing),

or a sputtered one (without annealing). Fe or Ni was deposited onto the prepared

STO surfaces in UHV from an e-beam evaporator using 99.99% pure Fe or Ni rods

(Goodfellow Cambridge Ltd, UK). The samples could then be annealed in UHV at

approx. 400˚C for 15 min to form shaped nanocrystals, which were probed by STM.

Atmospheric CVD was used to perform the growth of CNTs, details of which can be

found in Chapter 2.

As for product characterisation, the as-engineered STO samples were imaged by

STM prior to the CVD process. STM images were captured in constant current mode,

using an electrochemically etched W tip, and then processed with WSxM software.

The as-produced CNTs were characterised by SEM (JEOL JSM 840F, 5 kV & JSM

840A, 10 kV), Raman spectrometer (JY Horiba Labram Aramis imaging confocal

Raman microscope, 532 nm laser), and were further analysed by TEM (JEOL
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JEM-2010, 80-200 kV, and JEM-4000HR, 80 kV). TEM characterisations in this

study were conducted by Dr Antal Koos from the Grobert’s research group.

4.3 Results

In this section, the growth of CNTs on SrTiO3 (001) substrates by

metal-catalyst-involved CVD is reported. Firstly, an STM study of STO supported

metal nanocrystal growth is presented, which provides information on the metal/STO

(001) system for the design of a CNT growth catalyst. The growth of CNTs on STO

(001) substrates is then detailed in terms of first attempts of using different carbon

feedstocks, growth parameter investigations, and key achievements on growing CNT

carpets. Unusual growth conditions are also explored, indicating that STO can

function as a suitable substrate for CNT synthesis.

4.3.1 STM Study of Metal Nanocrystal Grown on

SrTiO3 (001) Substrate

Ni was selected as the metal representative (instead of Fe) for this STM study,

although there were also some STM data of Fe produced by the author. The reason

for presenting Ni data lies in: i) that there has been limited investigation on the STM

of Ni/STO (001) system, researching in this system would be helpful to gain
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knowledge on the structures and properties of STO supported Ni nanoparticles (NPs),

which was therefore expected to benefit the design of Ni catalyst for the growth of

CNTs. As for Fe, there was already a publication23 on the same topic which can be

referred to; ii) that the Ni was the only metal within the UHV metal deposition kit

available for CNT growth (short of Fe) during the period of carrying out the STM

studies. .

4.3.1.1 Time-Dependent Particle Size Change (at Constant T)

To explore the effect of the annealing period on the size change of STO supported Ni

NPs, elevated-temperature STM imaging270 (at 350˚C) was performed on the sample

to acquire images at different times. The representative STM images (Figures

4.1a-4.1c) show the evolution of STO supported Ni nanocrystals at constant

annealing temperature (350˚C) with increasing annealing time. The Ni (1 monolayer

(ML) thickness) was deposited onto a room-temperature, SrTiO3 (001)-c(4×2)

substrate followed by UHV annealing at 350˚C. It is observed that both Ni-depleted

areas and Ni particle sizes enlarge, as the annealing time is increased, indicating that

Ostwald ripening occurs at elevated temperatures. Hence the annealing period plays

a leading role in causing the nanocrystals to ripen at a given temperature. Original

data plot (Figure 4.1d) and fitted curve (Figure 4.1e) shows the relationship between

the radius of Ni (R) nanocrystals against the annealing duration (t) applied to the

sample, where the mathematical expression can be interpreted as:

55.034.042.0 tR 
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This is consistent with the exploitation of the Gibbs-Thomson effect on grain growth,

where the particle radius (R) is expected to increase with the annealing period (t) as

t0.5.

Figure 4.1: Hot-STM study of SrTiO3 supported Ni nanocrystals at constant annealing

temperature (350˚C) with increasing annealing time. The Ni (1 ML) was deposited onto 

a room-temperature, SrTiO3 (001)-c(4×2) substrate followed by UHV annealing at

350˚C. Representative STM images (a-c) were taken at different annealing times, as 

marked on the images. (For images (a-c): Image size: 50 × 50 nm2, Vs = 1.1 V, It = 0.1

nA). (d) Original data plot showing the radius of Ni NPs against the annealing durations

applied to the sample. (e) Fitted curve showing radius of Ni NPs against the annealing

durations applied to the sample.
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4.3.1.2 SrTiO3 Supported Ni Nanocrystal Shape Formation

Depositing Ni (3 ML) onto a room-temperature, SrTiO3 (001)-c(4×2) substrate,

followed by a UHV annealing at 390˚C for 15 min gives rise to the shape formation

of Ni nanocrystals, as shown in Figure 4.2a. The grown Ni nanocrystals are

randomly distributed, without preferential nucleation along the terrace edges of the

substrate, and tend to form similar sized, square-like shapes on the STO surface.

Further annealing induced ripening and allowed the nanocrystals to attain their

equilibrium shapes.

Table 4.1: The dimensional information of SrTiO3 supported Ni nanocrystals gathered

from the STM image of Figure 4.2b.
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Figure 4.2b shows an STM image of the same sample treated by further annealing

at 320˚C for 13 hours. The prolonged annealing leads to the phenomenon that the Ni

shaped nanocrystals grown on the STO substrate have achieved their equilibrium

states.23, 25 The arrow marked as ‘i’ denotes the line profile shown in Figure 4.2c,

which indicates the height and shape of the measured nanocrystal. The Ni

nanocrystals adopt truncated pyramid shapes on a SrTiO3 (001)-c(4×2) surface;

detailed information gained from image analysis for Figure 4.2b is presented in Table

4.1. It is worth mentioning that the tip convolution effects would result in particle

size enlargement, but have no influence on the heights of the nanocrystals.

The height information on the nanocrystals was gathered as shown in Table 4.1. It is

interesting to note that the nanocrystal heights are quantised into height steps of 1.8 Å,

which could lead us to conjecture that the truncated pyramid shaped Ni have a

face-centred-cubic (fcc) structure (afcc-Ni = 3.52 Å; abcc-Ni = 2.77 Å). The ratio of the

length (l) of the top square to the height (h) of these truncated pyramids as a function of

volume is shown in Figure 4.2d. The constant ratio of l/h = 0.85±0.03 implies that

these pyramidal nanocrystals have reached their equilibrium shape. Figure 4.2e shows

a 3D scheme of the equilibrium truncated pyramid-shaped Ni with fcc structure, which

possess (001) top facets and four (111) side facets.

These studies on the crystallographic structures of metal particles grown on STO

substrates would be helpful for designing catalysts for controllable growth of CNTs.

Recent investigation by Chiang et al.17 demonstrated that SWNTs with desired

structures can be obtained by tuning the elemental composition of Fe-Ni binary
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catalysts. They conjectured that the change of crystallographic structure within the

catalyst particles between fcc (as for pure Ni) and bcc (as for pure Fe) can greatly

influence the metal-carbon binding during the CNT nucleation.17 Herein, the

identification of the crystal structure of STO supported metal NPs (truncated pyramid

shaped-fcc Ni and -bcc Fe23 on STO surfaces) might also lead to future design in

catalysis, i.e. Fe-Ni core-shell catalyst NPs.

Figure 4.2: (a) STM image of SrTiO3 (001)-c(4×2) supported Ni nanocrystals (Image

size: 100 × 100 nm2, Vs = 1.0 V, It = 0.4 nA). (b) STM image of the same sample, having

undergone further annealing at 320˚C for 13 hours (Image size: 70 × 70 nm2, Vs = 1.0 V,

It = 0.4 nA). (c) A line profile indicates the height and shape of a nanocrystal. (d) The

l/h ratio of the nanocrystals is constant with volume at l/h = 0.85±0.03. (e) A 3D

scheme of an fcc truncated pyramid-shaped Ni.
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4.3.2 Growth of Carbon Nanotubes (CNTs) on SrTiO3

(001) Substrate

4.3.2.1 First Attempts at Growing CNTs by Using Different Carbon

Precursors

Since there has been no scientific report on employing SrTiO3 substrates as a catalyst

support for the growth of CNTs, it became necessary at the initial stage of the project

to test the feasibility of this type of material with regard to functioning as a CNT

growth substrate. The laboratory set-up for CNT growth relied on a set of aerosol

CVD equipments (such as ultrasonic generator, plastic tubing), and hence carbon

precursors in liquid forms (toluene and ethanol) were selected to serve this ‘first

attempt’ purpose. The reason for using toluene was on a basis of inspirations drawn

from the past practical experience within the group, where good results of CNT

synthesis had been achieved via aerosol CVD by employing toluene as the carbon

feedstock;55, 69 whilst selecting ethanol was due to the fact that there had been a

plethora of reports on the promising growth of CNTs by using ethanol as the carbon

source. Indeed, several advantages of using ethanol in CVD reactions for CNT

growth were already identified: low cost, practical ease in handling, easy to undergo

thermal decomposition, non-hazardous and environmentally friendly.118, 162 It was

also proposed that ethanol could benefit to the CNT synthesis because its molecule

contains oxygen. For the catalyst substrate preparation, Fe and Ni were used as

catalyst metals. Fe (or Ni) (3 ML) was deposited onto a 390˚C SrTiO3 (001)-c(4×2)
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surface and then treated by UHV annealing at 390˚C for 2 hours; truncated

pyramid-shaped Fe23 (or Ni) nanocrystals were formed on the STO support, verified

by STM imaging.

4.3.2.1.1 Toluene as a carbon feedstock

The SEM images in Figure 4.3 show the results of CVD experiments conducted at a

growth temperature of 800˚C using Ni (Figure 4.3a) and Fe (Figure 4.3b) as catalysts,

with toluene as the carbon feedstock. The carrier gas during growth was a mixture of

Ar (550 sccm) and H2 (50 sccm) and growth period was 30 min. The substrate

surface is free of carbon tubular structures, indicating that toluene induces poor

growth of CNTs on SrTiO3 substrates. In view of the fact that toluene decomposition

needs fairly high temperatures, higher growth temperature (800˚C) should have been

provided; however, the coarsening process of catalyst particles also becomes severe

when high growth temperature was applied (as can be seen in Figures 4.3a and 4.3b),

which leads to the formation of large clusters and causes the deactivation of the

catalysts.102

Figure 4.3: SEM images of Ni/STO (a) and Fe/STO (b) sample surfaces after CVD

growth using toluene as the carbon feedstock. Scale bars: 1 μm.    
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4.3.2.1.2 Ethanol as a carbon feedstock

The STM images in Figures 4.4a and 4.4b show the catalyst morphology prior to the

CVD process. Ni and Fe adopt fcc and bcc23 truncated pyramid shapes on the SrTiO3

(001)-c(4×2) substrates, respectively. This type of shape formation ought to be able

to generate expected catalytic activity. Figures 4.4c and 4.4d show the SEM

observations of growth of CNTs on the Ni/STO (Figure 4.4c) and Fe/STO (Figure

4.4d), using ethanol as the carbon source at a growth temperature of 650˚C. The

growth conditions for both types of substrates were set to be identical: The gas flow

was a mixture of Ar (550 sccm) and H2 (50 sccm) and growth period was 30 min.

Under these CVD conditions, both of the substrate surfaces are covered with

networks of tubular structures. Raman spectra, as shown in Figures 4.4e and 4.4f,

confirm that these architectures are CNTs. Moreover, by comparing the two spectra,

it is interesting to note that a clear 2D peak only shows up in Figure 4.4f, indicating

that the Fe catalyst leads to CNT production with better crystallinity and fewer

defects.

The successful growth of CNTs on SrTiO3 (001) substrates by using ethanol at

relatively low growth temperatures not only expands the current category of CNT

substrates reported in the research literature, but also opens up new avenues in CNT

synthesis via surface-bound CVD. Further investigation centered on the attempt to

find the optimum growth conditions by performing parameter studies.
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Figure 4.4: Successful growth of CNTs on SrTiO3 (001) substrate, using ethanol as the

carbon feedstock. STM images of Ni/STO (a) and Fe/STO (b) taken prior to the CVD

process ((a): Image size: 100 × 100 nm2, Vs = 1.0 V, It = 0.3 nA; (b): Image size: 100 ×

100 nm2, Vs = 1.0 V, It = 0.08 nA). SEM images of Ni/STO (c) and Fe/STO (d)

samples after CVD show nanotube networks. Scale bars: 1 μm. Raman spectra (e and f) 

confirm the CNT formation on STO substrates.
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4.3.2.2 SEM of CNT Growth on SrTiO3 (001) Substrate: Parameter

Investigations

As mentioned in Chapter 3, a large array of parameters, such as catalyst

morphologies, choices of carrier gases, synthesis temperatures, and reactor

technology can in practice influence the outcome of the CNT synthesis. To

investigate the trends induced by key parameters and identify the optimum growth

conditions for CNT synthesis on SrTiO3 (001) surfaces by ethanol-CVD

(EtOH-CVD), case studies were performed using Fe catalysts with the aid of SEM

observations. The key reasons for using Fe for the parameter study lies in: i) that Fe

was shown to lead to better CNT growth when using ethanol as a carbon feedstock

(Section 4.3.2.1.2); ii) that it could facilitate the data comparison in a broader context,

as Fe was mainly employed as the catalyst material within the research group.

4.3.2.2.1 Effect of Catalyst Fabrication

Three different Fe/STO catalyst substrates were engineered with an identical Fe dose

(3 ML), which are designated as NP@r-STO (Truncated pyramid-shaped Fe

nanoparticles grown on the SrTiO3 (001)-c(4×2) surface), TF@r-STO (As-deposited

Fe thin films grown on the SrTiO3 (001)-c(4×2) surface), and TF@s-STO

(As-deposited Fe thin films grown on the Ar+ ion-sputtered SrTiO3 (001) surface), in

accordance with their fabrication routes. STM images in Figures 4.5a and 4.5b show

morphological information of NP@r-STO and TF@r-STO, respectively. In Figure

4.5a, perfect shapes of Fe nanocrystals form on the STO surface, accompanied by
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notable Fe-depleting surface areas, whereas for the TF@r-STO substrate, higher

surface coverage of Fe NPs with smaller particle sizes is exhibited, following a

room-temperature Fe deposition without further annealing, as shown in Figure 4.5b.

It is worth mentioning that several attempts at imaging TF@s-STO substrates failed

and ended up with STM tip damage or other problems, owing to the rough textures

of the sputtered surfaces.

Figures 4.5c-4.5e show a series of SEM images of grown CNT networks on the

three distinct substrates, with the corresponding Raman spectra shown in Figures

4.5c*-4.5e*. The growth experiment was performed by EtOH-CVD at a growth

temperature of 700˚C for 30 min, with carrier gas flow of Ar (550 sccm) and H2 (50

sccm). It is observed that the areal density of attained CNT networks on the

TF@s-STO is the highest (Figure 4.5c), although CNTs were obtained on all three

types of substrates. A likely hypothesis is that the sputtering procedure introduces a

certain degree of roughness to the surface, hindering the surface diffusion/mass

transportation of Fe catalyst species and, therefore, keeping the catalyst NPs

relatively small during the CVD process, thus leading to the dense growth of tubes.

Moreover, it is worth noticing that the CNT production on TF@r-STO was larger

(Figure 4.5e) in comparison with that on NP@r-STO (Figure 4.5d), which indicates

that supported catalyst NPs without pre-annealing are more efficient in promoting

CNT growth. As mentioned in Section 4.3.1.1, Ostwald ripening leads to particle

agglomeration while annealing, and the particle sizes increase with the duration of

heating. It may happen that some specific, already-formed NPs on NP@r-STO are
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prone to further ripening during the CVD process and eventually become too large to

support the growth of CNTs (which can be observed in Figure 4.5d), resulting in a

reduction of the CNT yield.

Raman spectra (Figures 4.5c*-4.5e*) confirm that these grown nanomaterials are

CNTs, since D and G peaks are exhibited for all the samples. The calculated G/D

ratio for the CNTs grown on the TF@s-STO is approx. 1.3, indicating the CNTs are

of fairly good quality, compared to those produced on the NP@r-STO (Figure 4.5d*,

G/D ratio~0.96) and on the TF@r-STO (Figure 4.5e*, G/D ratio~1.05).

4.3.2.2.2 Effect of Growth Temperature

Figure 4.6 shows an SEM image library of the growth temperature effect on CNT

production. EtOH-CVD was performed on the TF@r-STO substrates at a range of

temperatures from 650-800°C. The gas flow was a mixture of Ar (550 sccm) and H2

(50 sccm) with a growth period of 30 min. Both 0.5 ML and 5 ML Fe doses were

used to check the feasibility of each growth temperature. From SEM observation,

700°C was found to be the most promising temperature for CNT growth on a SrTiO3

(001) surface (as shown in Figures 4.6b and 4.6e). Lower T (650°C) was proven to be

suitable for a small Fe dose (0.5 ML) (Figure 4.6a), but detrimental to high Fe

concentration (5 ML), owing to the underfeeding of catalyst particles during CVD

(Figure 4.6d). Both Figures 4.6c and 4.6f indicate poor growth when the catalyst

system was exposed to 800°C, possibly the catalyst aggregation at high temperatures

(800°C) becomes too severe to accommodate the nucleation of CNTs.
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Figure 4.5: STM images of catalyst morphologies of NP@r-STO (a) and TF@r-STO

(b) substrates ((a): Image size: 100 × 100 nm2, Vs = 1.0 V, It = 0.3 nA; (b): Image size:

100 × 100 nm2, Vs = 1.0 V, It = 0.2 nA). The images were taken prior to the CVD

process. SEM images of grown CNT networks on the three types of substrates,

TF@s-STO (c), NP@r-STO (d), and TF@r-STO (e), highlighting that different catalyst

fabrication routes give rise to distinct growth results. Scale bars: 1 μm. Corresponding 

Raman spectra of grown materials on three types of substrates, TF@s-STO (c*),

NP@r-STO (d*), and TF@r-STO (e*), confirming the CNT formation and indicating

the quality of produced CNTs.
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4.3.2.2.3 Effect of Carrier Gas Flow Rate (H2)

Here the H2 gas flow rate is examined in detail. The EtOH-CVD experiments were

conducted on TF@s-STO substrates (5 ML Fe) at a growth temperature of 700°C for

30 min, with a total gas flow rate of 600 sccm. All the growth parameters were kept

identical, except that varied H2 gas flow rates were used. It is observed that the

amount of H2 used as the carrier gas in the CVD process leads to huge differences of

product morphologies, characterised by SEM (Figures 4.7a-4.7c) and Raman

spectroscopy (Figures 4.7a*-4.7c*). Figure 4.7a shows the CNT growth subject to

small H2 gas flow rate (50 sccm), where the quality of grown materials is reflected

by the corresponding Raman spectra shown in Figure 4.7a*, with a calculated G/D

ratio of 1.3, indicating that maintaining a small H2 flow rate (50 sccm) is beneficial

to CNT growth; increasing the H2 flow rate to 200 sccm surprisingly generates

vertical-aligned CNT forests on STO substrates (as shown in Figure 4.7b) with fairly

good quality (the G/D ratio is calculated ~1.8 from the corresponding Raman

spectrum in Figure 4.7b*), which is detailed in section 4.3.2.3. It is well known that

the H2 as the carrier gas has an effect on the pyrolysis of precursors by suppressing

the cracking rate of hydrocarbon molecules; it can also effectively etch amorphous

carbon away and help to enable/sustain the activity of catalysts.124, 125 However,

Figure 4.6: SEM investigation of growth temperature effect on TF@r-STO substrates.

The Fe catalyst doses and applied growth temperatures are marked on each image. Scale

bars: 1 μm.    



further increasing the flow rate to 400 sccm leads to undesired by-products (Figure

4.7c), Raman spectrum in Figure 4.7c* also shows a stronger D peak (compared to

the G peak) with no sign of 2D peak, indicating that a high H2 gas flow rate is

detrimental to the quality of produced CNTs. Recent studies have suggested that high

exposure of H2 during the CVD process can cause the formation of oversized catalyst

particles,123 or directly damage the grown CNT structures.130 The experimental

findings presented here are consistent with these studies.
Figure 4.7: Investigations of H2 gas flow effect on TF@s-STO substrates. The applied

H2 gas flow rate during growth is marked on each image. At play the carrier gas of a

mixture of Ar and H2 with a total flow rate of 600 sccm was maintained for a growth
100

period of  30 min for all the samples. Scale bars: (a-c) 1 μm. 
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4.3.2.3 Realisation of Vertically-Aligned Growth of CNTs on SrTiO3

(001) substrates

The parameter studies documented in the previous section are instructive in defining

the optimum experimental conditions for CNT growth on STO (001) surfaces with

Fe. The optimum protocols applying to current laboratory set-ups are defined and

shown in Table 4.2.

As with Fe, the growth of vertically-aligned CNTs was realised on STO surfaces

for the first time. The representative SEM images with different magnifications in

Figures 4.8a-4.8c show the morphologies of a vertically-aligned CNT carpet,

produced on a sputtered STO surface. The carpet grows in a uniform manner and

covers the whole surface area of the substrate. Close cross-sectional SEM inspection

shows that these tubes wave and stick to each other by van der Waals interactions125

Table 4.2: The optimum growth conditions for the synthesis of CNTs on SrTiO3 (001)

substrates via Fe-involved EtOH-CVD.
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(Figure 4.8c). Figures 4.8d and 4.8e show the TEM images of individual CNTs from

the carpet. It can be observed that the grown tubular structures are MWNTs. The

outer diameter of the tube in Figure 4.8e is measured at approx. 27 nm. The Raman

spectrum of the grown carpet (Figure 4.8f) displays several characteristic peaks of

CNT at the D band (~1350 cm-1), G band (~1580 cm-1), and 2D band (~2690 cm-1);

the calculated Raman G/D ratio is 1.6, indicating that the grown tubes are of fairly

good quality.

For comparison, Ni was tested using an identical experimental set-up, although this

growth protocol might not be the optimum conditions when employing Ni as a metal

catalyst. The growth results are gathered in Figure 4.9. The SEM images in Figure

4.9a and 4.9b show that dense CNT networks are forming on the sputtered STO

surfaces. As expected, the grown CNTs interweave with each other, growing without

any preferential directions or alignments. The TEM image in Figure 4.9c shows the

morphological observation of two entangled CNTs, partially covered by amorphous

carbon species or by-products. Raman spectrum of obtained CNT networks (Figure

4.9d) exhibits D and G peaks, with a G/D ratio of 0.96, indicating that the CNT sample

contains a relatively high density of defects. Moreover, the 2D peak can barely be

detected in the spectrum, indicating the product lacks graphitic crystallisation to some

extent, compared to that catalysed by Fe.



 

 

Figure 4.8: Realisation of vertically-aligned growth of CNTs on TF@s-STO substrates

under practically refined CVD growth conditions, using Fe as metal catalyst. (a) SEM

image of  general view of  CNT carpets grown on STO substrates. Scale bar: 10 μm. (b)

SEM image of local areas of carpets, showing voids formed at the topmost surface of

the CNT arrays. Scale bar:1 μm. (c) Close SEM observation of  morphology and

alignment of grown CNTs. Scale bar: 300 nm. (d-e) TEM images of grown CNTs from

the carpets. Scale bars: (d) 50 nm. (e) 20 nm. (f) Raman spectrum of grown product.
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The characteristic peaks of CNTs (D, G, and 2D) are labelled on the spectrum.



 

Figure 4.9: Growth of CNT networks on TF@s-STO substrates by adopting the

growth protocols refined for Fe, using Ni as metal catalyst for comparison. (a-b) SEM

images of  grown CNT networks on STO substrates. Scale bars: (a) 1 μm. (b) 300 nm. (c)

Corresponding low-magnification TEM image of these grown CNTs. Scale bar: 50 nm.

(d) Raman spectrum of the grown sample. The characteristic peaks of CNTs (D, G) are
104

marked on the spectrum.
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4.3.3 Growth of CNTs under Unusual Growth

Conditions on SrTiO3 (001) Substrate

4.3.3.1 Fast Heating

As shown in Section 4.3.1.1, the sizes of STO supported catalyst particles increase

with annealing times at elevated temperatures, giving rise to larger NPs, which are

not able to support the nucleation and growth of CNTs. In a conventional CVD

process, the catalyst substrate has been placed inside the furnace prior to turning on

the heating, and hence the NPs on the substrate may agglomerate whilst the furnace

is heating to the required temperature, e.g. 800°C. This causes catalyst coarsening

before the introduction of carbon feedstock, owing to the pre-heat (approx. 30 min)

on the catalyst substrate.

A fast heating method was introduced in an attempt to shorten the thermal history

of catalyst NPs and broaden the growth temperature window of STO supported CNT

growth. It can be easily implemented by sliding a long quartz tube, in which the

substrate can be placed into the furnace when the required temperature is reached.

Both Fe and Ni were employed in the investigation. In a typical trial, EtOH-CVD

was performed on a TF@s-STO sample at a growth temperature of 800°C, using a

mixture of Ar (400 sccm) and H2 (200 sccm) in flow.

The SEM images in Figures 4.10a and 4.10b display morphological differences of

STO surfaces obtained from traditional heating (Figure 4.10a) and fast heating

(Figure 4.10b) CVD. Catalyst substrate subject to redundant annealing through the



regular heating route tends to form oversized Fe NPs, which are not suitable for CNT

nucleation; thus no growth of CNTs is observed in Figure 4.10a. In contrast, massive

production of CNT is achieved by fast heating CVD (Figure 4.10b), suggesting that

the fast heating of substrate samples advances catalyst patterning and promotes the

growth of CNTs, even when the temperature is considered to be relatively high for

STO supported CNT synthesis. Figure 4.10c shows low magnification TEM

observation of these grown CNTs. A closer view of the nanotube arrowed in Figure

4.10c is shown in Figure 4.10d. Raman spectrum of the grown product in Figure

4.10b confirms that the obtained nanomaterials are CNTs.

 

Figure 4.10: SEM images of growth results on TF@s-STO substrates by EtOH-CVD

subject to regular heating (a) and fast heating (b) treatments of Fe catalyst at a growth

temperature of  800˚C. Scale bars: 1 μm. (c-d) Corresponding TEM images of  grown

CNTs shown in (b). The nanotube marked by the blue arrow is further inspected in (d).

Scale bars: (c) 100 nm. (d) 50 nm. (e) Raman spectrum of the product generated by fast
106

heating.



Similar results were achieved when switching the catalyst metal to Ni. Regular

heating CVD, conducted at 800°C, results in severe aggregation of catalyst particles,

which are not able to mediate CNT growth (Figure 4.11a). The SEM image in Figure

4.11b shows how CNT networks are formed on the substrate after fast heating CVD.

The TEM images of grown CNT networks are presented in Figure 4.11c and 4.11d,

showing that the obtained tubular nanostructures possess a clear view of inner

channels and are free of catalyst particles. The corresponding Raman spectrum is

displayed in Figure 4.11e, confirming the grown product are CNTs.

 

Figure 4.11: SEM images of growth results on TF@s-STO substrates by EtOH-CVD

subject to regular heating (a) and fast heating (b) treatments of Ni metal catalyst at a

growth temperature of  800˚C. Scale bars: 500 nm. (c-d) Corresponding TEM

observations of grown CNTs shown in (b). Scale bars: (c) 100 nm. (d) 50 nm. (e) Raman
107

spectrum of the product generated by fast heating.
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4.3.3.2 Catalyst Pretreatment Design

As discussed in Chapter 3, the structure and yield of grown CNTs can be

manipulated through catalyst pretreatment. To optimise our current CNT growth

recipe and improve the quality of the grown product, catalyst pretreatment was

changed by altering the oxidising/reducing environment during catalyst formation.

Here only Ni was tested and C2H2-CVD was performed to facilitate the comparison

between our growth observations and results reported in the research literature.127

TF@s-STO samples were used as substrates with 5 ML Ni deposition.

Subsequently, the substates received heating inside the furnace in a flow of Ar (500

sccm). When the temperature ramped to 500°C, the inert environment maintained by

the Ar flow swiftly changed to reducing (pure H2: 500 sccm) or oxidising

pretreatments (open air), until the growth temperature (700°C) was reached. The

CNT growth was carried out by C2H2-CVD, using Ar/H2/C2H2 (500/500/10 sccm) for

a period of 15 min.

The effect of these pretreatment designs on CNT growth is showed in Figure 4.12.

The reducing pretreatment (RP) gives rise to sparse production of CNTs, indicating

loss of catalyst activity (Figure 4.12a). In contrast, dramatic changes in product

morphology and yield are observed in Figure 4.12b, where the sample is subject to

oxidising pretreatment (OP) and shows massive production of CNTs. Raman spectra

of grown samples from both RP and OP indicate differences in the quality of

produced CNTs. In particular the prominent 2D peak in Figure 4.12d highlights a

new feature for Ni-involved growth of CNTs on STO surfaces, as in normal cases it



does not show up in the spectrum. These findings demonstrate that pretreatment

design can dictate the yield and quality of grown CNTs; and specifically OP proves

to be an efficient approach for promoting tube synthesis.

 

 

Figure 4.12: Investigation of the effect of pretreatment design on the growth of CNTs

on TF@s-STO substrates using Ni metal catalyst at a growth temperature of  700˚C. (a-b)

SEM observations of grown CNTs on RP (a) and OP (b) catalyst substrates. Scale bars:

1 μm. (c-d) Corresponding Raman spectra of  obtained CNTs (e-f) SEM images of

morphologies of Ni catalysts on STO (001) surfaces subject to RP (e) and OP (f) from a
109

blank-CVD process. Scale bars: 200 nm.
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To seek possible explanations of the distinct growth behaviour of CNTs induced

by catalyst pretreatments, blank-CVD (CVD process in absence of carbon feedstock)

was performed on the pretreated substrates (both OP and RP), without the presence

of C2H2 at the growth stage. Figures 4.12e and 4.12f summarise the results for both

pretreatments. Figure 4.12e shows the SEM image of catalyst patterns having

received RP in a blank-CVD process. The restructured NPs, as seen in the image,

have a wider range of size distributions and larger particle sizes, whilst the substrate

sample subject to OP leads to the formation of smaller, uniformly-distributed NPs

(Figure 4.12f). These results are in agreement with previous findings reported in the

research literature.122, 127

4.4 Discussion

Interest in the SrTiO3 (001) surface has emerged because of its remarkable ability to

support distinct metal nanocrystal growth, which can be expected to function as a

catalyst for the growth of CNTs. Here encouraging results regarding the growth of

CNTs on SrTiO3 (001) substrates via atmospheric, catalytic CVD are achieved,

proving that SrTiO3 support can be functioned as a substrate for CNT growth, and

this would certainly boost the types of CNT substrates currently used. It is also

instructive to compare observed CNT growth behaviour with that reported on other

substrates. For instance, sub-millimeter range, dense VACNTs have been extensively
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synthesised on alumina supports, owing to the advanced abilities of Al2O3 surfaces in

catalyst restructuring.196 Our findings also document the realisation of VACNTs on

SrTiO3 substrates, but with limited carpet length (~5 μm) and loose-packed 

configurations, suggesting that further control over catalyst patterning on STO

surfaces might be needed. The formation of VACNT on STO surfaces is of particular

importance for potential applications such as CNT-based nanoelectronic devices,

because the CMOS industry often requires direct electrical contact between VACNTs

and the supports, and the STO could become conductive after proper doping (e.g.

Nb-doped). In recent times, the growth of VACNTs on metallic substrates (such as Ta,

Cu, W etc.) has proven to be challenging;95, 105, 199 hence the realisation of growths of

VACNTs on doped SrTiO3 substrates, especially at low growth temperatures, will

pave the way for nanoelectronic processing and related applications.

There is a vast literature on the significance of catalyst support on catalyst

morphology and subsequent CNT growth. Amama et al.198 studied the effects of

different type of alumina supports on the activity, lifetime, and evolution of

supported Fe catalysts in terms of SWNT carpet growth. Magrez and his colleagues

indicated that distinct CNT growth behaviour can be dictated by tuning the acid-base

properties of catalyst supports.241 In this study, it has been shown that the sputtered

STO substrate is able to support CNT growth, in respect of the quality and yield of

production, compared to the reconstructed one, for the reason that the texture of the

sputtered surface is rougher and thus can hinder catalyst ripening to some extent at

elevated temperatures. It is also worth mentioning that the SrTiO3 (001) surfaces tend
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to aid the process of catalyst coarsening, leading to the presence of oversized catalyst

NPs and poor growth of CNTs at higher growth temperatures, i.e. 800°C. The

strategy of tackling this problem is to lower the CNT growth temperatures to

suppress ripening or to try out unusual growth recipes, e.g. fast heating, as mentioned

above. Moreover, another feature is that the shape-forming of various types of metals

on STO (001) surfaces could lead to catalytic properties; for instance, it can be

expected that the different shapes of STO supported metals will dictate the structures

of CNTs. However, this has not been observed in our investigation, which is

probably due to the evolution/reconstruction of catalyst NPs caused by ambient gas

annealing (Ar, H2, O2, C feeding gas etc.),2, 115 or the NP distortion/deformation

caused by internal pressures exerted by surrounding CNT walls during the growth

stage,222 resulting in the damaging of these metal shapes in CVD processes. Future

work would lie in seeking methods (e.g. cold-wall, hot-filament CVD) of ‘freezing’

the STO supported metal shapes to perform studies on whether the shaped catalyst

could dictate the structures and hence properties of grown CNTs. Moreover,

monitoring these catalyst particles prior to/during/after the CVD process with the aid

of in situ TEM would also be helpful to gain information about the geometrical states

of the catalytic NPs.

Our results showed that oxygen species play prominent roles in CNT growth in a

variety of ways. Firstly, as a perovskite oxide, the SrTiO3 contains oxygen and has

low surface energies compared with those of metals, thus the Volmer-Weber (VW)

growth mode (3D islands) of metals predominates, when deposited onto the STO
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substrate, leading to the forming of a thin film of NPs, which function as catalysts.

Furthermore, recent studies have claimed that oxide support is beneficial to CNT

growth.216, 218 Secondly, the use of ethanol (C2H5OH) as the carbon feedstock in our

investigation brought about promising growth results, compared to those obtained by

using hydrocarbons, such as toluene (C7H8), which is consistent with the findings

from previous studies, indicating that an oxygen-containing carbon precursor is able

to enhance the growth of CNTs. Lastly, oxygen can be introduced by manipulating

the pretreatment gas to tune the catalyst morphology and catalyst-substrate

interactions. The results shown in Section 4.3.3.2 demonstrate that oxidising

pretreatment surprisingly produces catalyst NPs of small size, high density and

reduced mobility, which show great promise for CNT production with high yields

and quality. Our work for the next-step is to probe the chemical aspects of the

catalyst systems by means of XPS, XRD etc.

In surface-bound CVD processing, the growth mode of CNTs greatly depends on

the interactions between catalysts and supports. In our case, the experimental

observations suggest that the growth of CNTs on SrTiO3 (001) substrate with the aid

of Fe follows a base growth mode, as shown in the TEM images of Figure 4.13.

Figure 4.13a displays the general morphologies of CNTs grown on Fe/s-STO

substrate-the outer diameters of CNTs are ~20-25 nm, whereas Figure 4.13b shows a

specific region of the tip of an individual CNT. The arrows in both images indicate

the tip of the CNTs without encapsulated catalyst particles, which suggests a base

growth mode.



Figure 4.13: TEM images of CNTs grown on SrTiO3 (001) surfaces with the aid of Fe.

The arrows in figures indicate the tips of CNTs, highlighting that the CNT tips are free
114

As mentioned above, Fe adopts 3D islands when deposited onto oxide surfaces.

The formation of bcc Fe islands has been observed in the past and the contact angle

(θ) between the Fe nanoislands and oxide support (STO (001)) can be obtained as

45°.23 Therefore the adhesion energy of STO supported Fe catalyst NPs can be

deduced, which is significant for understanding the growth mode of grown CNTs.

The adhesion energy (Ead) can be calculated from Young-Dupre equation271:

  cos1adE
(4.1)

where γ is the surface energy of the nanoislands. Specifically, the catalyst particles

have been annealed at the CNT growth temperature (T) of 700°C, and γT can be

obtained from:

  TmmTmT
T

TT



 

(4.2)

where Tm is the melting temperature. For Fe, the Tm is 1515°C, the γTm and (δγT/δT)|Tm

are 1.88 J/m2 and -4.3×10-4 J/m2°C, respectively.201 Combining Equations 4.1 and 4.2

with the obtained contact angle 45° for SrTiO3 (001) support, a value of the adhesion

of catalyst particles. Scale bars: 100 nm.
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energy of 3.807 J/m2 is calculated for Fe/STO. Taken in comparison with Wang’s

study, where the deduced Ead was 2.24-3.95 J/m2 for the Fe/Ta system and CNTs

followed a base growth mode,201 our calculated result is broadly consistent and thus

points to a base growth mode as well, further confirming the experimental

observations shown above.

Lastly, it is worth-noting that in our case the catalytic performance of Fe seems

superior to those of Ni under identical CNT growth conditions. SrTiO3 supported Fe

NPs, rather than Ni ones, assist in catalysing the growth of VACNTs on the oxide

surface, with encouraging yields and qualities of tube production. This is consistent

with the results from comparative studies of (Fe, Ni) catalytic performances

conducted by some other groups, which reveal that Fe leads to the CNT production

with higher yield and better crystallinity than Ni does.90, 152, 272 However, a few

investigations have concluded that Ni catalysts possess greater ability to support

CNT growth compared to Fe, especially with respect to the CNT growth rate.151, 273

At present, a solid understanding of the discrepancy of catalytic performances in the

cases of Fe and Ni is still lacking. However, experimental observations combined

with theoretical calculations have been conducted to seek possible explanations,

based on the structural and chemical characteristics of the catalyst particles. Jacob et

al.272 investigated the effect of Fe and Ni catalysts on the synthesis of MWNT on Si

(111) substrate under identical conditions and found that the sizes and shapes of Fe

NPs are more suitable than those of Ni NPs for CNT growth. They also revealed that

the catalyst material responsible for the CNT growth stayed in a pure metal state,
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without any trace of metal carbide formation. Page and his colleagues conducted a

detailed simulation to study the SWNT nucleation on Fe- and Ni-carbide NPs.274 In

their study, a three-stage process in terms of SWNT nucleation has been invoked,

indicating that the interplay between the strength of metal-carbon interaction and the

phase of the catalyst NP plays a crucial role in governing the formation and the

stability of bulk/surface/sub-surface metal carbide. They revealed that SWNT

nucleation from the Ni carbide is preferable to nucleation from Fe carbide.274 Veering

away from these published findings, future work of this investigation will aim at

revealing the reason for the difference in the catalytic activities of STO supported Fe

and Ni NPs with regard to CNT growth, by looking into the crystallographic

characteristics of catalyst NPs and gathering information on the possibility of the

formation and evolution of metal carbide species, with the aid of HRTEM, XPS, and

XRD etc.

4.5 Conclusions

In summary, metal-catalyst-involved CVD growth of CNTs has been achieved on

SrTiO3 (001) substrates for the first time. In this study, STO has been proven as a

suitable substrate to support the growth of CNTs, and controls over designing the

CNT growth catalyst onto STO surfaces have also been gained to some extent. Two

types of metals (Fe and Ni) have been used as catalyst materials and ethanol has been
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the main carbon feedstock. Through STM investigation of the growth of STO

supported metal nanocrystals and SEM study of the effects of various CVD

parameters, the growth conditions have been optimised and the synthesis of

vertically-aligned CNTs has then been realised on the SrTiO3 (001) surface, with the

aid of Fe. In addition, the growth of CNTs under unusual conditions (fast-heating,

pretreatment design) has been investigated, with some interesting results. Finally,

several topics such as substrate effects, oxygen influences, growth mode, and the

catalytic performance of Fe and Ni have been discussed. Future studies are necessary

to better understand the metal/STO catalytic systems and detailed catalyst behaviour

during the STO-surface-bound CVD process.
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Chapter 5：

Metal-Catalyst-Free Growth of

Carbon Nanotubes (CNTs) on

SrTiO3 (001) Surfaces
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5.1 Background

The growth of CNTs on oxide substrates by CVD is technologically important for the

development of novel devices and composites.1, 4, 66 In a typical CVD process,

consensus had previously been reached that the involvement of various metals161-164,

166 as catalysts is required for the formation of CNTs. However, recent studies have

indicated that even oxide materials (SiO2
19-21, 181, 245-247, ZrO2

249, ZnO248 etc.) can

catalyse the growth of CNTs, without the presence of any metals. The latest findings

bear further witness to the development of this metal-catalyst-free route, leading to

the CVD production of various other carbon nanostructures, e.g. few-layer

nanographene grown on MgO crystals217, 275 and carbon nanocoils (CNCs) generated

from SiO2.
276 The synthesis of carbon nanostructures by metal-catalyst-free CVD has

not only opened up new avenues in nano-research64 but also benefited novel

applications such as electromagnetic devices, field emission displays, and energy

storage.19, 250 The growth of carbon nanostructures by oxides with the aid of

metal-catalyst-free CVD is summarised in Table 5.1.

Regarding surface-bound, metal-catalyst-free CVD for CNT growth, engineering

the oxide substrates for catalyst preparation is essential.19, 21 Different approaches

have been attempted for this purpose: depositing a SiO2 film (30 nm thickness) onto

a Si wafer19, synthesising ZrO2 nanoparticles (NPs) via a solution-based route onto

inert supports249, or simply conducting high temperature annealing of SiO2 substrates

in a H2 ambient246, all of which would in turn create a rough surface compatible for

the subsequent initiation of tubular structures. In this chapter, a systematic
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investigation of metal-catalyst-free growth of CNTs, using engineered SrTiO3 (001)

substrates is presented. The impetus for utilising STO (001) surfaces emanates from

their remarkable ability to provide various surface morphologies and practical ease of

surface handling277-279, which leads to the growth of CNTs on substrates in a

controllable manner, compared to other oxide materials (i.e., SiO2, ZrO2). This work

will pave the way for investigating the relationship between the structure of STO

surfaces and the related catalytic activities.

Table 5.1: Summary of growth of carbon nanostructures by oxide materials with the aid

of metal-catalyst-free CVD.



121

5.2 Experimental Details

5.2.1 Engineering SrTiO3 (001) Surfaces

In this study, epi-polished SrTiO3 (001) samples with 0.5 wt% Nb-dopant (PI-KEM

Ltd, UK) were used as substrates. A UHV system, incorporating a treatment chamber,

an Ar+ ion sputtering source, and an STM, enables the engineering and

characterisation of the substrates prior to the CVD process. In terms of catalyst

substrate preparation, a series of SrTiO3 (001) surfaces were created via different

treatments described as follows:

BHF etched (disordered): The as-received STO sample was etched for 10 min in a

buffered HF (NH4F-HF) solution (pH = 4.5), in accordance with the recipe described

by Kawasaki et al.56 It has been proved that the surface SrO layers could be removed

after etching, resulting in a rough surface with TiO2 termination.

Degassed (disordered): The as-received STO sample was introduced into a JEOL

JSTM 4500XT ultra-high vacuum (UHV) system and annealed by resistive heating at

600°C for up to 1 hour. This degassing process produces a relatively rough surface

on the STO sample and also removes possible contamination.

Sputtered (disordered): The as-received STO sample was first degassed, followed

by Ar+ ion bombardment with an ion energy of 0.75 keV and an ion flux at 1.28 A/m2

for 20 min (0.75 keV, 1.28 A/m2, 20 min). This procedure leads to the highest surface

roughness amongst these engineered substrate surfaces.

(2×1)-reconstructed (semi-ordered): The STO (001) (2×1)-reconstructed surface
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was prepared by annealing the sample in UHV at 800°C for 30 min. The resulting

surface is more defective and rougher in comparison with the c(4×2)-reconstructed

surface.

Nanostructured (semi-ordered): The nanostructured substrate was produced by

relatively light sputtering (0.75 keV; 1 A/m2; 10 min) and subsequently annealing in

UHV at 900°C for 30 min.

c(4×2)-reconstructed (ordered): The STO (001) c(4×2)-reconstructed surface was

produced through sputtering (0.75 keV; 1 A/m2; 10 min), followed by annealing at an

elevated temperature (1200°C) for 15 min.

Methods involved in the image analysis: Surface roughness reveals the vertical

deviations of a real surface from its ideal form. Herein the root-mean-square (rms)

areal surface roughness (Rrms) of STO surfaces was measured to evaluate the

obtained surface texture of sampling areas. For performing this measurement, The

STM images (Figure 5.3A-5.3F) were processed with a scanning probe image

processor (SPIP, version 6.0.2, Image Metrology) and the Rrms of selected area can be

calculated by this software. To obtain the value of density of CNTs grown on a series

of STO substrates (Figure 5.4), high magnification SEM images (Mag: ×50,000)

were used. The method involved was to simply count the numbers of CNTs within

selected areas on clear printing forms of SEM images. Specifically, it should be

noted that the nucleation point (tiny white dot) at one end of a CNT could be very

helpful for carrying out this counting, as it could help determine the exact number of

tubes in specific sites where several CNTs were intertwined with each other.
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5.2.2 Preparing Particulate SrTiO3 Powders

The STO powders were created using as-received STO samples (non-doping of Nb).

The production method involved putting the STO sample between two pieces of

clean printing paper, milling it with a pestle (interleaved by paper) and collecting the

product. Then the obtained powders were either placed onto a piece of cleansing Si

wafer (inert substrate) or directly deposited onto a TEM grid (Cu), for subsequent

CVD reactions.

5.2.3 Creating Scratched SrTiO3 Substrates

To create the scratched STO substrates, as-received STO samples were firstly etched

within the BHF solution for 5 min, the surfaces of these etched samples were then

scratched, using a diamond blade instead of a stainless steel one, in order to avoid

any metal contamination. The surface morphologies of the scratched samples were

observed by SEM, prior to the CVD process, as shown in Figure 5.1. Figure 5.1a

presents a general view of the original scratched surface; the scratching marks can be

clearly seen. A closer view of the surface morphology (Figure 5.1b) shows that

microsized and nanosized particles are generated in the areas of the scratching marks.

5.2.4 Performing Metal-Free CVD

For CNT growth, both EtOH- and C2H2-CVD were carried out on the prepared STO
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samples. To ensure that a completely metal-catalyst-free process takes place, a brand

new quartz tube was employed in each CVD run, and plastic tools were used instead

of metallic ones for the sample transfer, collection and handling. Moreover, the

samples (especially the sputtered ones) were subject to XPS characterisation before

and after the CVD reaction, which was performed with the assistance of Mr. Clive

Downing (BegbrokeNano). The XPS measurements were carried out on a G Clam

X-ray photoelectron spectrometer at the OCMS Begbroke Science Park, using X-ray

radiation from the Mg Kα band (hυ = 1253 eV), and recorded using an analyzer 

energy of 100 eV for survey scans with a take-off angle of 90°. Representative XPS

analysis was performed on the sputtered samples (Figure 5.2), indicating that there is

no trace of conventional types of metal catalysts (Fe, Co, Ni etc.)

Figure 5.1: SEM observations of scratched STO surfaces prior to CVD reactions. (a) A

low magnification image shows the scratching marks on the surface. Scale bar: 100 μm. 

(b) A close view of the surface morphology in the area of one of these scratches,

indicating that microsized and nanosized particles are presented. Scale bar: 1 μm.  
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Figure 5.2: XPS measurements of sputtered STO sample surface prior to (a) and after

(b) a CVD reaction, revealing that the substrate is free of metallic contaminations (Fe,

Co, Ni etc.).
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5.3 Results

In this study, a series of engineered STO substrates with distinct surface structures is

produced. A correlation between the surface roughness/morphology of substrates and

relevant catalytic activity/CNT yield has been successfully revealed. Complementary

investigations using other forms of STO samples (powders, scratched surfaces) are

performed to confirm the catalytic capability of STO.

5.3.1 Growth of CNTs on Engineered SrTiO3 (001)

Surfaces

5.3.1.1 Surface-Roughness-Tailored Growth of CNTs

Figure 5.3 presents an image library of surface-roughness-tailored growth of CNTs

on a series of engineered SrTiO3 (001) substrates by metal-catalyst-free CVD.

Figures 5.3A-5.3F show the STM characterisation of a series of engineered STO

(001) substrates, namely, sputtered (A), BHF-etched (B), degassed (C),

(2×1)-reconstructed (D), nanostructured (E), and c(4×2)-reconstructed (F). The

differences in surface features/structures of these substrates are attributed to the

distinct surface-engineering approaches applied. The corresponding 3D views of the

surfaces (Figures 5.3A*-5.3F*) provide clearer impressions of the surface

morphologies of these substrates. CNTs were grown on these STO substrates by

EtOH-CVD in an Ar/H2 (400/200 sccm) atmosphere at a growth temperature of



127

700°C for 30 min. It is worth mentioning that all these substrates have experienced a

H2 anneal (800 sccm) for 5 min at the growth temperature of 700°C, prior to the

introduction of carbon feedstock.

The distinct surface-engineering methodologies give rise to a series of STO

substrates presenting various surface structures/roughness, which can dictate the

subsequent growth of CNTs. The SEM observations in Figures 5.3a-5.3f show the

CNT production grown on these STO substrates under identical experimental

conditions. The formation of CNTs occurs on the disordered surfaces with a certain

degree of roughness (Figures 5.3a-5.3c). It is specifically worth-noting that dense

CNT networks are grown on the ‘sputtered’ substrate (Figure 5.3a), indicating that

Ar+ ion bombardment is an efficient method for achieving high yield of CNTs on

substrates (CNT growth with an areal count of CNTs of ~3.4×109/cm2). However, for

the more ordered (flatter) surfaces, such as ‘(2×1)-reconstructed’ and

‘nanostructured’ substrates, only a limited amount of CNTs was observed (Figures

5.3d and 5.3e). Moreover, Figure 5.3f demonstrates that no CNT could be produced

utilising the well-ordered ‘c(4×2)-reconstructed’ substrates, probably because the

surface is too flat to provide any nucleation centres or high-energy sites for forming

the tubular structures. These results reveal that rougher STO surfaces possess

enhanced capacities to support the growth of CNTs.



128



129

Figure 5.3: Image library of surface-roughness-tailored growth of CNTs on a series of

engineered SrTiO3 (001) substrates by metal-catalyst-free CVD. (A-F) STM images of

(A) sputtered, (B) BHF-etched, (C) degassed, (D) (2×1)-reconstructed, (E)

nanostructured, and (F) c(4×2)-reconstructed substrates. Scale bars: 20 nm. (A*-F*) 3D

views of the imaged surfaces. (a-f) SEM observations of CNTs grown on corresponding

STO substates by EtOH-CVD. Scale bars: 1 μm.  

Figure 5.4: The graph of the areal rms surface roughness of the engineered STO

substrates versus the areal count of CNTs grown on them. The case of

c(4×2)-reconstructed sample has not been shown, for the reason that there was no CNT

production on such substrate surfaces.
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The most striking point conveyed here is that the growth trend of CNTs, even the

CNT yield on the whole range of engineered STO substrates, strongly correlates with

the roughness of the STO surfaces. The relationship between the areal surface

roughness of STO substrate surfaces and the corresponding CNT yield (areal count

of CNTs) is plotted in Figure 5.4. The data of areal rms surface roughness (Rrms) of

each imaged substrate were measured with the aid of SPIP software, with a typical

measurement of 20 times for each image. The values of the density of grown CNTs

were obtained by analysing the SEM micrographs. The error (shown as error bars

along both the x and y axes in Figure 5.4) represents the standard deviation of the

measured sampling statistic.

This investigation encompasses several simple, flexible methods for the induction

of atomic surface roughness to achieve metal-catalyst-free growth of CNTs on STO

(001) substrates. In particular, the approach of Ar+ ion bombardment on STO

surfaces is specially highlighted, owing to its assurance of a high yield of CNT

production. A detailed study of the Ar+ ion-sputtered samples is presented in the

following Section 5.3.1.2.

5.3.1.2 Special Focus on the Ar+ Ion-Sputtered Sample

To further verify that surface roughness is responsible for CNT growth, the Ar+

ion-sputtered STO substrates were selected as a representative for scrutinized

investigation. The designed growth experiment was conducted at identical growth

conditions as stated before, followed by detailed sample characterisation.
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Figure 5.5 presents the growth results (identical experimental conditions as stated

in Section 5.3.1.1) from the sputtered samples, characterised by SEM, TEM, and

Raman spectroscopy. The CNT network grown at 700°C on bare sputtered STO

substrate is observed by SEM in Figures 5.5a and 5.5b. Figure 5.5a is a general view

of part of the sample, showing how uniformly the layers of CNT production grow on

the substrate. A high magnified image is presented in Figure 5.5b, which exhibits

dense CNT films covering the sample surface. TEM observation of grown CNTs

(Figure 5.5c) shows regular nanotube structures with no catalyst particles presented.

The quality of the obtained CNTs was further evaluated by Raman spectroscopy. The

Raman spectra of the CNT films (Figure 5.5d) displays several characteristic peaks

of CNTs at the D band (~1350 cm-1), G band (~1580 cm-1), and 2D band (~2690

cm-1); the calculated Raman G/D ratio is 2.2, which indicates that the grown tubes

are of good quality even at a relatively low growth temperature (700°C).

The encouraging production of CNTs grown on a sputtered STO surface may

confirm that the atomic surface roughness is responsible for generating CNTs.

However, in a metal-catalyst-free CVD process, the scientific challenge is to reveal

what would actually act as a ‘catalyst’ for the growth of CNTs, instead of metal

nanoparticles64, 77, 280. STM (Figure 5.6a), combined with AFM (Figure 5.6b)

measurements on the sputtered STO surface, shows the appearance of nanosized

bumps after blank CVD experiments in the absence of carbon feedstock (Figures 5.6c

and 5.6d). Here the AFM measurement was performed by the tapping mode. An STM

image of the same sample was obtained, using the constant current mode. Moreover,
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the base growth mode of CNTs grown on sputtered substrates was identified with the

aid of SEM and TEM (Figure 5.7). Based on these experimental observations, It is

speculated that the formed SrTiO3 nanometer scale bumps/asperities on the surfaces

(which were induced by Ar+ ion bombardment and are reflected in the form of atomic

surface fluctuations/roughness) acted as the nucleation sites of CNTs. To test this

hypothesis, complementary investigations were carried out to further confirm the

catalytic ability of STO NPs in respect of CNT growth, by using particulated STO

powders and scratched STO substrates.

Figure 5.5: Analysis of the growth scenario of Ar+ ion-sputtered samples. (a-b) SEM,

(c) TEM observations, and (d) Raman spectrum of CNTs grown on bare sputtered STO

surfaces by EtOH-CVD at 700°C. Scale bars: (a) 200 μm. (b) 500 nm. (c) 100 nm.  
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Figure 5.6: (a) STM and (b) AFM images of the sputtered STO surface after a blank

metal-catalyst-free experiment. ((a): Image size: 70 × 70 nm2, Vs = 2.0 V, It = 0.06 nA.

(b): Image size: 5 × 5 μm2). Survey height traces, marked as black-dashed lines on (a) and

(b), are shown in (c) and (d), respectively, indicating the formation of nanosized bumps

on the sputtered surface by CVD conditions.



134

Figure 5.7: Investigation of the growth mode of CNTs grown on sputtered SrTiO3

(001) samples. (a) HRSEM observation of the tip of an individual tube grown on the

sputtered surface. Clearly no distinguishable contrast could be detected; thus no NPs are

trapped inside the tip, as indicated by the blue arrow. (b-c) TEM images of the CNTs

grown on the sputtered surfaces by C2H2-CVD (b) and EtOH-CVD (c) show that the

tips of CNTs are free of catalyst particles (highlighted by blue arrows). (d-e) TEM

observations of CNTs generated on Cu-grid-supported STO microsized particles with

miniature surfaces presented. The images of two different sites show that the CNTs are

generated from the STO surface with the tips free of catalyst particles (as indicated by

blue arrows). These EM observations confirm that the growth of CNTs on sputtered

STO (001) substrates follows a base growth mode. Scale bars: (a-e) 50 nm.
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5.3.2 Growth of CNTs by Particulated SrTiO3 Powders

The STO powders employed here were made from as-received, non-doped STO

samples, details of which can be found in Section 5.2.2. For the subsequent CNT

growth experiments, both EtOH- and C2H2-CVD were carried out at a growth

temperature of 700°C.

5.3.2.1 Metal-Free EtOH-CVD

The growth results of CNTs, grown by STO powder with the aid of metal-free

EtOH-CVD, are gathered in Figure 5.8. The growth experiments were carried out in

the identical experimental conditions (gas flow rate, growth time, growth

temperature) as stated in Section 5.3.3.1. The SEM images in Figures 5.8a and 5.8b

display the formation of CNT/Fs from the STO particles after the CVD process.

Representative TEM observations (Figures 5.8c and 5.8d) of the same sample reveal

morphologies of carbon filaments grown by STO particulates, some of which are

trapped within the tips of tubes, as indicated by the blue arrow in Figure 5.8c. Figure

5.8d captures a scene in which graphitic layers (as marked by red arrows on the

image) form and wrap a nanoparticle, which has a diameter of ~10 nm. This NP,

trapped within the graphitic ring, was probed by point-localised energy-dispersive

X-ray spectroscopy (EDX), as marked by the blue circle. The EDX analysis (Figure

5.8d*) displays the presence of Sr, Ti, O, C, and Cu (attributed by the TEM grid). It

also indicates the absence of any other metal elements (such as Fe, Co, and Ni).
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Figure 5.8: Characterisation of carbon nanotube/fibres produced on pure particulate

STO powders by EtOH-CVD. (a-b) SEM observations of the grown sample. Scale bars:

(a-b) 1 μm. (c-d) TEM observations of  the CNT/Fs grown from the same sample. The 

blue arrow marked on (c) highlights a trapped NP. The red arrows marked on (d)

indicate the presence of graphitic layers generated around the NPs. Scale bars: (c) 20

nm. (d) 5 nm. (d*) EDX from the blue-circled region of the trapped NP in (d).
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5.3.2.2 Metal-Free C2H2-CVD

In a similar manner, metal-free C2H2-CVD was conducted on the particulated STO

samples. The SEM images of grown samples (Figures 5.9a and 5.9b) display prolific

production of CNT/Fs, sprouted from the powders. The TEM image (Figure 5.9c)

reveals the typical filamentous structure grown from STO particles, when using C2H2

as the carbon feedstock (Ar/H2/C2H2 here at 400/200/40 sccm), with a close view of

an individual tube indicating the formation of CNFs (Figure 5.9d). The nanoparticle

trapped inside a CNF was characterised by point-localised EDX, and the obtained

EDX spectrum in Figure 5.9c* indicates the presence of STO.

5.3.3 Growth of CNTs on Scratched SrTiO3 Substrates

The scratched STO substrates employed here were made with the aid of a diamond

blade (in order to avoid any possible metal contamination), details of which can be

found in Section 5.2.3. In addition, the surface morphologies of scratched samples

were probed by SEM imaging, which are shown in Figure 5.1. For the subsequent

CNT growth experiments, both EtOH- and C2H2-CVD were carried out. For

EtOH-CVD, the reaction occurred at a growth temperature of 700°C. For C2H2-CVD,

a particular investigation of the effect of growth temperatures was conducted, where

various forms of carbon nanostructures (CNTs, CNFs, CNC/CMCs) were produced,

corresponding with the temperature windows applied.
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Figure 5.9: Characterisation of CNF/Ts produced on pure particulate STO powders by

C2H2-CVD. (a-b) SEM and (c-d) TEM observations of the grown sample. (c*) EDX

from the blue-circled region of the trapped NP in (c). The signal of Cu in the spectrum

were from the TEM grid. Scale bars: (a) 300 nm. (b) 1 μm. (c) 10 nm. (d) 5 nm.  
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5.3.3.1 Metal-Free EtOH-CVD

The SEM image in Figure 5.10a exhibits the growth of CNTs alongside the scratched

mark on the STO sample. The Raman spectrum taken from the grown sample is

shown in Figure 5.10b, which displays G, D, and 2D peaks. The EDX spectrum

collected from the red rectangular area marked on Figure 5.10a is presented in Figure

5.10c, showing the presence of elements such as C, O, Ti, and Sr and the lack of any

other metals. Moreover, the sample after the CVD reaction was subject to an XPS

measurement, which also indicates that there was no trace of any other metallic

species on the sample surface, as shown in the spectrum in 5.10d, confirming that the

CNT were grown from metal-free processes.

5.3.3.2 Metal-Free C2H2-CVD

5.3.3.2.1 TEM Combined with Point-Localised EDX Investigations

In this case, the growth experiment was conducted at a growth temperature of 700°C.

The sample was subject to H2 (800 sccm for 5 min) pretreatment before the

introduction of C2H2. The gas flow recipe used here was Ar/H2/C2H2 at 400/200/40

sccm. The growth results are shown in Figure 5.11. The SEM (Figure 5.11a) and

TEM (Figure 5.11b) images of the grown sample reveal the morphologies of the

attained carbon nanomaterials. It is believed that scratching the STO surface with the

aid of a diamond blade leads to the generation of nanosized and microsized STO

particles on the surface, which in turn function as catalysts for the growth of CNT/Fs.

Figure 5.11b shows that the formation of CNTs occurs at the periphery of the
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blue-circled particle. The EDX measurements on the catalyst particle and the sample

stage background (Figures 5.11b* and 5.11b**) verify the presence of STO.

Figure 5.10: Characterisation of CNTs grown on scratched STO surfaces by

EtOH-CVD at a growth temperature of 700°C. (a) SEM observation showing the

appearance of  CNTs generated alongside the scratching mark. Scale bar: 3 μm. (b) 

Raman spectrum of the CNTs shown in (a). (c) EDX data generated from the red box

on (a). (d) Survey XPS spectrum of the substrate after growth experiment.



141

Figure 5.11: Characterisation of CNT/Fs grown on scratched STO surfaces by

C2H2-CVD at a growth temperature of 700°C. (a) SEM and (b) TEM observations of

the grown sample. (b*-b**) EDX spectra of the blue-circled regions in (b). The EDX

spectrum (b*) of the catalytic NP trapped within the tube proves the existence of STO.

The EDX spectrum (b**) of sample stage background shows bare Cu signal. Scale bars:

(a) 500 nm. (b) 20 nm.
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5.3.3.2.2 Effect of Growth Temperatures on the Forms of Carbon Nanostructures

A parameter investigation regarding growth temperatures was performed by

C2H2-CVD on scratched STO substrates. Here the experiments were conducted at

various growth temperatures (450, 575, 650, 700, 750°C). All other growth

conditions were kept identical. The samples were subject to H2 (800 sccm for 5 min)

pretreatment before the introduction of C2H2. The gas flow recipe used here was

Ar/H2/C2H2 at 200/400/40 sccm. Surprisingly, diverse forms of carbon products were

attained, as shown in Figure 5.12.

The SEM image in Figure 5.12a exhibits the growth products at 450°C. The

formation of carbon NPs and ‘spaghetti-like’ carbons can be observed. Figure 5.12b

documents the production of carbon nanostructures at 575°C, with the network of

CNT/Fs found on the STO surface. At a growth temperature of 650°C, similar

CNT/F structures were produced, but with higher yield, as shown in Figure 5.12c.

The CVD reaction at 700°C produced carbon helical structures (Figure 5.12d),

whereas normal CNTs were produced, along with the formation of some by-products,

when the growth temperature was set at 750°C (Figure 5.12e). Representative Raman

spectra of obtained products are presented in Figure 5.12f.

The production of assorted types of carbon nanostructures here indicates the

capacity of C2H2 to boost the diversity of carbon forms. It is interesting that the

carbon nanocoils/microcoils were formed at a specific temperature of 700°C, the

reproducibility of which has also been confirmed by repeated trials in this study. The

detailed investigations are shown in Chapter 7.
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Figure 5.12: Effects of the growth temperatures on the forms of carbon

nanostructures grown on scratched STO substrates by C2H2-CVD. SEM images (a-e)

and Raman spectra (f) of obtained products are documented. The samples were grown

under various temperatures with other growth parameters set identically. The growth

temperatures applied are marked on each SEM image. Scale bars: (a-e) 1 μm. 
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5.4 Discussion

5.4.1 Metal-Catalyst-Free CVD Process

Metal-catalyst-free CVD process can be described as using non-metal species

(normally oxides) as catalysts/templates for the production of carbon nanomaterials

by CVD reaction. For the synthesis of CNTs, various types of oxides have been tried,

giving rise to promising results (Table 1), which indicate that oxides are a feasible

material for catalysing the growth of CNTs; moreover, the fabrication of graphene

and carbon helices by oxide materials reported in recent publications certainly

demonstrates the versatility of this method.

For performing a metal-free CVD, it is important to establish beforehand that there

are neither metallic species nor other sources of contamination within the reaction. In

this study, several measurements were taken to ensure that a completely metal-free

CVD process took place in each experimental trial. Firstly, several measures were

put in place to create a clean reaction zone, free of any metal contamination. For

example, new quartz tube was used for every CVD run, plastic tools were used

instead of stainless steel ones for sample handling and transfer, and a diamond blade

was employed for scratching the STO substrates. Secondly, in the case of the Ar+

ion-sputtered STO sample, XPS measurements were performed prior to and after the

CVD process, which show the absence of metal elements, such as Fe, Co, and Ni,

indicating that the growth of CNTs is not related to these conventional types of CNT

catalysts. Lastly, controlled experiments were conducted with the aid of
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c(4×2)-reconstructed samples, which were positioned in the quartz tubes, along with

other STO samples in the CVD processes, to detect whether the reaction zone (gas

ambients, carbon feedstocks, reactors, connectors, quartz tubes etc.) was free of

metallic species. For each experimental run, there should be nothing grown on the

c(4×2)-reconstructed substrate surface, if the CVD process is not contaminated by

metals.

5.4.2 Effect of Nb Dopants

For the investigations depicted in Section 5.3.1 and Section 5.3.3, the STO single

crystals used were doped with 0.5 wt% Nb. It is reasonable to assume that the Nb can

function as a catalyst for the growth of CNTs. However, evidence is provided in the

following text to rule out this possibility. For the sputtered samples, it is very

unlikely that the observed asperities on the sputtered substrates (Figure 5.6) are

composed of Nb, since no Nb surface segregation was observed on the substrate

surfaces277, 278. For the scratched samples, point-localised EDX spectra clearly show

that no Nb peak (locates approx. at 2.2~2.3 keV) can be detected, indicating that the

scratch-induced catalyst NPs are free of Nb. In addition, to the best of my knowledge,

there is no report whatsoever in the research literature to claim the catalytic ability of

Nb in terms of generating/assisting CNT growth.
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5.4.3 Speculation on the Formation of CNTs

The latest findings regarding the metal-catalyst-free growth of CNTs by oxides prove

to be encouraging; however, there appears to be no universal explanation for the

growth mechanisms involved. For example, there has been a wealth of studies

focusing on the growth of CNTs on SiO2 substrates via metal-free CVD, with large

disagreements over the growth mechanisms. Huang and his colleagues21 revealed,

after careful XPS measurements, that the presence of silica NPs was responsible for

the growth of SWNTs at high temperatures. They suggested that only a nanoscale

curvature was needed to generate SWNTs, and the defects and distortions created

within the quasi-liquid SiO2 NPs during elevated temperature CVD conditions could

enhance the decomposition of hydrocarbons. This result is consistent with the

findings of Liu and Cheng20, where the importance of oxygen-containing SiOx NPs

was highlighted through in situ TEM experiments and DFT calculations.

Furthermore, Page et al.245 employed quantum-chemical molecular dynamics

simulations to investigate the SWNT nucleation on SiO2 NPs. In their study, a

vapour-solid-solid (VSS) mechanism, rather than a VLS mechanism, was suggested

to explain SWNT generation on SiO2. However, Bachmatiuk et al.247 observed that

the SiO2 NPs were carbothermally reduced to SiC during the synthesis of CNFs and

stated that the VLS mechanism was applicable in this sense; whilst another route of

mechanisms has been argued by Liu et al.246, who proposed that the SiO2 substrate

subjected to high-temperature H2 annealing would present defects on its surface,

which provided stack-up sites for facilitating the deposited carbons to self-assemble



147

into SWNTs.

In this study, the surface-roughness-tailored growth of CNTs on engineered SrTiO3

(001) single crystals by metal-catalyst-free CVD is of great interest. This

investigation encompasses several simple, flexible methods for engineering the STO

(001) substrates to achieve metal-free growth of CNTs on them, where the induction

of atomic surface roughness is responsible for the catalytic performances of substrate

samples. Here a special focus is put on the sputtered samples. It is observed that

nanosized bumps appear on the surface after a blank CVD experiment (Figure 5.6);

furthermore, the base growth mode of CNTs grown on sputtered substrates was

identified (Figure 5.7). Based on these experimental investigations, it is speculated

that those surface engineering methods lead to the creation of SrTiO3 asperities with

nanometer scale on the surfaces and these acted as the catalysts for the formation of

CNTs. This argument is supported by the previous study by Bowker et al.,281 which

indicated that SrTiO3 nanosized particles possessed catalytic capacities to absorb and

decompose hydrocarbons, especially alcohols, such as methanol.

The complementary studies using STO powders and scratched STO substrates

further verify this theory. Direct evidence have been found that the growth of CNTs

occurs right on the STO NPs (Figures 5.8c, 5.9c, and 5.11b), indicating that the STO

NPs function as catalysts for the generation of CNTs. Additionally, the observation of

graphitic rings around the oxide NPs (Figure 5.8d) demonstrates the catalytic ability

of oxides to boost the formation of graphene layers. The point-localised EDX

spectrum of the NP (Figure 5.8d*) shows the existence of oxygen, with no peaks of
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Fe, Co, and Ni; moreover, it has been shown that nanoparticulate SrTiO3 or TiO2

appears to be stable against carbothermic reduction at extremely high temperatures

(>1000°C),282 therefore it can be deduced that the chemical constitution of the

catalyst NP is neither metallic nor carbide.

Despite considerable efforts to prove the catalytic ability of STO NPs, it is still

arguable that the CNTs grown on engineered STO (001) substrates are formed via a

self-assembling route, where the STO surface assists the decomposition and

transportation of carbon feedstocks and provides stacking-up sites for deposited

carbon to assemble into tubes. While the author cannot rule out this possibility, there

has not been sufficient evidence so far to substantiate the explanation in this

investigation; for example, bamboo-shaped CNT/Fs have not been observed in this

case, which is regarded as a ‘sign’ for this self-assembling route252, 256. Here the

engineered STO surfaces with atomic surface roughness automatically possess

asperities with nanoscale curvatures, which will then function as templates, rather

than provide carbon stacking-up stages, for generating CNTs on them during CVD

reactions, as indicated below.

In view of the experimental observations and evidences gathered above, the

surface-roughness-tailored CNT formation on the engineered STO (001) surfaces by

metal-free CVD can be explained: Engineering the STO surfaces through various

treatments gives rise to the formation of STO asperities with nanoscale curvatures on

the surfaces, which will function as templates for generating CNTs. A rougher

surface (within atomic surface roughness), such as an ion-sputtered one, provides
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more nucleation sites for the induction of CNTs, whilst an atomically flat surface,

such as a c(4×2)-reconstructed one cannot support the growth of CNTs, owing to the

lack of suitable curvatured asperities. Thus, the growth mechanism of CNTs can be

suggested as follows: The growth of CNTs on engineered STO surfaces via

metal-catalyst-free CVD adopts a base-growth mode. The STO bumps/asperities with

nanoscale curvatures on the substrate surface function as catalysts to provide

nucleation sites for carbons and assist to form the hemispherical carbon cap, where

the defects/distortions over the STO asperities, which were created by the

elevated-temperature H2 pretreatment in CVD conditionings, could enhance the

adsorption and decomposition of hydrocarbons. The growth of carbon tubular

structures over these STO asperities was then through the lift-off process of the

formed carbon cap, where the supply of carbon atoms/species generated from the

thermal/catalytic pyrolysis were continuously added through the bottom of the tube,

allowing the CNT to keep growing. During the whole process, the STO catalyst stays

in its oxidising form, and the oxygen contained within STO lattices might benefit the

growth of CNTs from them20.

5.5 Conclusions

In summary, surface-roughness-tailored growth of carbon nanotubes (CNTs) by

metal-catalyst-free CVD on SrTiO3 (001) substrates has been achieved. An ultra-high
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vacuum (UHV) system, equipped with an STM, allowed us to engineer and

characterize the substrates prior to the CVD process. Ethanol-CVD was carried out at

a growth temperature of 700°C. In this study, a series of engineered STO substrates

with distinct surface structures was produced. A correlation between the surface

roughness/morphology of substrate and relevant catalytic activity/CNT yield has

been successfully revealed. Complementary studies were performed with the aid of

EtOH- and C2H2-CVD to confirm the catalytic capability of STO

nanoparticulates/nanoasperities. Ultimately the growth mechanism of CNTs is

suggested, based on the experimental findings and related discussions.
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Chapter 6：

Metal-Catalyst-Free Growth of

Carbon Nanotubes (CNTs) on

Polycrystalline BaSrTiO3

Surfaces
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6.1 Background

The metal-catalyst-free growth of CNTs by oxides is a major breakthrough in carbon

nanomaterials research.64, 92 As discussed earlier, the growth of SWNTs has been

achieved on various oxide materials, SiO2
19-21, 246, ZrO2

249, MgO217, 275, a very recent

study has even revealed that carbon nanohelices can be generated from SiO2 without

any involvement of metals using CVD.276 In this thesis, the

surface-roughness-tailored growth of CNTs on SrTiO3 (001) single crystals is also

demonstrated in Chapter 5. One further issue that would be interesting is to

investigate to see which perovskite facet(s) is (are) the most catalytically active for

the growth of CNTs. The way to answer that is to use a polycrystalline sample with a

flat surface for CNT growth via a metal-free CVD, which is the investigation

presented in this chapter. This work is of great importance because it not only leads

to the realisation of controllable synthesis of CNTs directly on oxides throughout

careful selection of oxide faceted surface, but also provides insights into the usage of

perovskite oxides in catalysis.

In this chapter, the facet-selective growth of CNTs on polycrystalline BaSrTiO3

surfaces by metal-catalyst-free CVD is discussed. It is well known that BaSrTiO3 can

serve as a good candidate for numerous applications, e.g. high-sensitivity sensors and

tunable microwave systems, due to the benefits of its low costs and well-known

ferroelectric properties.29-32 Moreover, the combination of the CNTs with BaSrTiO3

may spur novel properties and lead to the fabrication of future DRAM devices and

MEMS-based sensors.31 Here, the effect of facet orientation on the growth of CNTs
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is explored, along with the influence of surface roughness. Although detailed studies

have been carried out on the impact of substrate orientations, with regard to the metal

nanoparticle patterning and corresponding CNT growth behaviour via

metal-catalyst-involved CVD,214 the growth of CNTs on polycrystalline oxide

surfaces without the aid of metal catalysts has never been attempted.

6.2 Experimental Details

Epi-polished polycrystalline Ba0.6Sr0.4TiO3 (BST for short) surfaces (PI-KEM Ltd,

UK) were employed for the growth of CNTs. In this work, the BST samples were

typically etched for 10 min in the prepared BHF solution. This etching treatment

removes the polishing damage/carbon layers/metal contamination on the substrate,

giving rise to a clean (free of metal contamination) polycrystalline BST surface with

various facets clearly exposed. The detailed procedure of BHF etching is described in

Chapter 2. The experiments on CNT growth were performed with the aid of

atmospheric CVD apparatus in the Department of Materials at the Begbroke Science

Park, details of which can be found in Chapter 2. For CNT growth, both EtOH- and

C2H2-CVD were conducted on the prepared BHF-BST samples. An identical set-up

to the one used for the growth of CNTs on the bare SrTiO3 (001) single crystals

described in Chapter 5, ensures that the CVD process taking place is

metal-catalyst-free.



154

6.3 Results

To conduct CNT growth on bare BST substrates, the surface itself is firstly

characterised prior to the CVD process. The successful growth of CNTs on BST

substrates by metal-catalyst-free CVD is then documented with the aid of SEM,

TEM, and Raman investigations. Furthermore, detailed investigations on the

phenomenon of facet-selective growth of CNTs are carried out through SEM, EBSD,

and Micro-XAM co-observations.

6.3.1 Probing the Polycrystalline BHF-BST Surface

Prior to the CVD Process

6.3.1.1 SEM, EDX, XPS, and AFM of the BHF-BST Surface

To acquire information on the surface morphology and chemistry of the BHF-BST

surface, prior to the growth of CNTs, SEM, EDX, XPS, and AFM have been carried

out on the samples. The SEM image in Figure 6.1a shows the morphological features

of the BHF-etched BST sample surface. The distinct crystal facets can be clearly

observed, with varied grain sizes. Figure 6.1b displays a representative EDX

spectrum, generated from the red rectangular area marked in Figure 6.1a. This

chemical analysis shows the presence of Sr, Ba, Ti, and O, which is consistent with

the elemental composition of the detected sample. The EDX pattern also indicates
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the absence of carbon and any other metal contamination (such as Fe, Co, and Ni) on

the surface. The sample was further analysed with XPS characterisation, which was

performed by Mr. Clive Downing. The representative XPS spectrum shown in Figure

6.1c indicates that the sample surface is free of any metal contaminations. The

surface texture of the polycrystalline BHF-BST is probed with the aid of AFM, as

shown in Figure 6.1d. Additionally, the areal root-mean-square (rms) surface

roughness (Rrms) of different crystal facets can be accessed by SPIP Image software.

The values obtained of areal Rrms of the facets marked (i), (ii), and (iii) in Figure 6.1d

are 6 nm, 11 nm, and 5 nm, respectively. The AFM observation of the BHF-BST

polycrystalline substrate reveals that BHF etching gives rise to different crystal facets,

which possess distinct surface roughness and grain heights.

6.3.1.2 Micro-XAM of the BHF-BST Surface

To facilitate the investigation of the surface texture and ease the process of acquiring

information on the surface roughness of BHF-BST samples, a Micro-XAM was

employed, instead of an AFM. Figure 6.2 shows two Micro-XAM images of the

same area on the BHF-BST sample surface, prior to (a) and after (b) a blank-CVD

process. The blank-CVD was carried out at 750˚C for a period of 5 min in a

maintained carrier gas flow of Ar (500 sccm) and H2 (500 sccm), which is identical

to the CVD conditions for CNT growth discussed in Section 6.3.2, but without the

presence of carbon feedstocks. Image analyses on these two micrographs reveal that

there is no drastic change in the surface textures/roughness of the sample surface
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when exposed to the applied CVD conditions.

Figure 6.1: (a) SEM observation of BHF-etched BST surface prior to the CVD process.

The different crystal facets, along with the phenomenon of grain grooving, can be

clearly observed. Scale bar: 1 μm. (b) EDX spectrum formed from the red region 

marked in (a). (c) XPS spectrum of the same sample surface prior to the CVD reaction.

(d) AFM image of the etched BST surface prior to the CVD process. The various crystal

facets are shown in the image. (Image size: 30 × 30 μm2).
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Figure 6.2: Micro-XAM imaging of the same area of the BHF-etched BST surface

prior to (a) and after (b) the blank-CVD process. It is observed that there is no apparent

change in the surface structures/features, when this treatment is applied to the sample.

Measurements of the surface roughness, performed before and after the CVD process,

also show no variation in the values. Scale bar: 30 μm.      
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6.3.2 Metal-Catalyst-Free Growth of CNTs on

Polycrystalline BaSrTiO3 Surfaces

6.3.2.1 Realisation of Metal-Catalyst-Free Growth of CNTs

The growth of CNTs on the BHF-etched BST surface was firstly realised with the aid

of metal-free EtOH-CVD. The CVD experiment was performed at a growth

temperature of 750˚C for a period of 5 min (To choose 750˚C (not 700˚C as used in

the experiments presented in Chapter 5) for this work is because there was no CNT

formation at 700˚C herein). A mixture of Ar and H2 was used as the carrier gas. The

grown sample was collected after the CVD process and subsequently characterised

by SEM, TEM, and Raman spectroscopy.

Figure 6.3 shows a gathering of growth results of CNTs generated from the

BHF-BST surface by metal-free CVD. The SEM images in Figures 6.3a and 6.3b

display tubular structures covered on the BST surface. Surprisingly, Figure 6.3a

exhibits apparent distinction in product distribution in terms of crystal facets where

the tubes are generated. This interesting feature of facet-selective growth of

nanostructures on polycrystalline BST surfaces is detailed in Section 6.3.3.

Low-magnification TEM observation in Figure 6.3c provides a general view of the

tubular nanostructures produced, with a closer look into the morphologies of the

tubes shown in Figure 6.3d. It is clearly observed that hollow compartments occur

regularly inside the tubes, revealing the formation of bamboo-shaped nanotubes. The

Raman spectrum in Figure 6.3e indicates that the produced nanostructures are indeed
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CNTs, and the notable 2D peak reveals that the grown CNTs are quite graphitic.
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6.3.2.2 TEM of Growth of CNTs on Particulate BST

The successful growth of CNTs on the BHF-BST surface by metal-catalyst-free CVD

has been achieved for the first time; this prompts the idea that the BST possesses

catalytic abilities to catalyse the growth of CNTs, or at least offers a possible stage to

assist the tube formation. The same type of experimental investigation described in

Section 5.3.2 (CVD on particulate STO powders) is carried out here to confirm the

capability of BST in terms of CNT growth. In this study, BST microsized particles

(made from the BHF-etched BST sample) were directly deposited onto a TEM grid

in order to facilitate post-TEM imaging, and EtOH-CVD was subsequently

performed on the loaded TEM grid at 750°C.

TEM observations of CNTs grown on the TEM-grid-supported BaSrTiO3

microsized clusters (Figure 6.4) confirm the previous experimental findings. Figure

6.4a shows that the CNTs are generated from a BST cluster, with blue arrows

indicating that the roots of the tubes anchor onto the surfaces of the cluster. Figure

Figure 6.3: Metal-catalyst-free growth of CNTs on the BHF-BST surface by

EtOH-CVD. (a) SEM image of grown sample, showing two adjacent facets, on which

the facet-selective growth of  CNTs occurs. Scale bar: 1 μm. (b) SEM observation of  

morphologies of  the generated CNTs. Scale bar: 1 μm. (c-d) Low (c) and high (d) 

magnification TEM images of grown CNTs collected from BST surfaces, revealing the

formation of bamboo-like CNTs, free of trapped catalyst particles. Scale bars: (c) 200

nm and (d) 50 nm. (e) Representative Raman spectrum of the obtained CNT

production. A notable 2D peak can be clearly observed.
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6.4b shows a higher magnified image of an individual nanotube generated from a

BST cluster. Moreover, the CVD reaction leads to a possible carbon layer

encapsulation of BST nano-bumps and a thin cover of carbon layers on the BST

surface, as marked by the red arrow in the image of Figure 6.4b.

Figure 6.4: TEM observations of CNTs generated on Cu-grid-supported BST

microsized clusters. (a) TEM image of grown sample, showing produced tubular

structures are generated from the surface of a BST cluster, as marked by the blue

arrows. Scale bar: 100 nm. (b) TEM image of an individual nanotube generating from a

BST cluster (indicated by the blue arrow), along with the formation of carbon

layer-wrapped NPs and carbon layer-covered surfaces (indicated by the red arrow). Scale

bar: 20 nm.
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6.3.3 Facet-Selective Growth of CNTs via Metal-Free

CVD: SEM, EBSD, and Micro-XAM co-Investigations

6.3.3.1 Facet-Selective Growth of CNTs on BHF-BST Surfaces

The phenomenon of facet-selective growth of CNTs on polycrystalline BST surfaces

has been observed, where metal-free EtOH-CVD and C2H2-CVD were applied, as

shown in SEM image library in Figure 6.5. Figures 6.5a and 6.5b are SEM

observations with different magnifications, which document the growth of CNTs on

the BHF-BST surface by EtOH-CVD. The EtOH-CVD was conducted at a growth

temperature of 750˚C for a period of 5 min, with mixed carrier gas (Ar: 500 sccm; H2:

500 sccm) flowing during the CVD reaction. The facet-selective growth behaviour

can be clearly seen, as some facets support prolific production of CNTs, whilst other

facets have nothing to grow at all. The same growth trend was observed when

C2H2-CVD was used (Figures 6.5c and 6.5d). The C2H2-CVD was performed at a

growth temperature of 750˚C for a period of 5 min. The gas flow recipe during the

growth stage was Ar/H2/C2H2 at 500/500/20 sccm. Moreover, an experiment was

designed to monitor the initial stage of CNT growth on the polycrystalline BST

surfaces, by running the C2H2-CVD for just 30 sec. The obtained results shown in

Figures 6.5e and 6.5f reveal that carbon depositions are facet-selectively condensed,

indicating that the nucleation of CNTs favours certain crystal facets.
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Figure 6.5:. The SEM image library shows the facet-selective growth behaviour of

CNTs grown on the polycrystalline BHF etched BST surfaces. EtOH-CVD (a-b) and

C2H2-CVD (c-d) were conducted for a growth period of 5 min. A specific investigation

was designed to tentatively observe the nucleation stage of CNT formation (e-f). Scale

bars: (a), (c), and (e): 3 μm. (b), (d), and (f): 1 μm. 
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6.3.3.2 SEM, EBSD, and Micro-XAM co-Investigations

The surprising finding of facet-selective growth behaviour of CNTs leads to further

investigations. Considering the fact that the CNTs were grown without the presence

of any metal catalyst, it is speculated that the BaSrTiO3 surface itself, and in

particular its surface roughness/lattice arrangements/crystal features, play a crucial

role in the nucleation and growth of CNTs. To understand the reason behind the

observed phenomenon, SEM, EBSD, and Micro-XAM are manipulated to

co-investigate the same sites of interest on the grown sample, where SEM and

Micro-XAM provide morphological and textural information on the sites of interest,

and EBSD identifies the grain orientations of each facet at the same place.

A representative position of interest from the grown sample was co-characterised

by SEM, EBSD, and Micro-XAM, as shown in Figure 6.6. The SEM image in Figure

6.6a clearly presents facet-selective growth of CNTs on three distinct crystal facets,

where Facets 1 and 3 display promising production of CNTs, whilst Facet 2 does not

support CNT growth. Moreover, it seems that the CNT production on Facet 1

possesses a larger density and more uniform distribution, compared to that on Facet 3.

Figure 6.6b shows the EBSD patterns of the three different facets: Facet 1, 2, and 3,

as marked on the image, correspond to (110), (001), and (111) crystal planes,

respectively. The Micro-XAM image taken from the same place is shown in Figure

6.6c, where the areal surface roughness of each facet can be obtained through image

analysis. For Facets 1, 2, and 3, the measured areal Rrms are approx. 6 nm, 5 nm, and

5 nm, respectively.
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Figure 6.6:. SEM (a), EBSD (b) and Micro-XAM (c) co-investigation of facet-selective

growth of CNTs on BHF-etched BST surfaces. The images were taken from the same

place on the grown sample. The numbers marked on each image indicate the three

different crystal facets. A Miller index, presented in a colourful triangle, is shown in (b*).

Scale bars: (a) 1 μm. (b) 5 μm. (c) 5 μm.  
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The realisation of co-investigation in a technical sense is decisive in revealing the

trend of facet-selective growth of CNTs on polycrystalline BST surfaces. It can be

deduced from Figure 6.6 that the (110) facet is the most active plane for aiding CNT

growth; next is the (111) facet; least is the (001) facet. It is interesting to note that all

the three facets presented in Figure 6.6 possess almost the same values of areal Rrms,

which is deemed to be one of the paramount factors for producing CNTs; thus it is

reasonable to assume that the BST facet orientations and/or surface lattice

arrangements have a critical effect on the facet-selective growth behaviour of CNTs.

To verify these experimental findings, more co-investigations have been carried out.

Figure 6.7 presents a group of results from the SEM, EBSD, and Micro-XAM

co-investigations on three different positions on the grown samples, with three

images in each row taken from the same site on the sample surfaces. In general, (001)

facets (red colour) are not able to support CNT growth on them, no matter how

suitable the areal Rrms are. For instance, there is no tube growth on Facet 2 in Figure

6.7A, a, and a*, which is a (001) facet with a value of areal Rrms approx. 10 nm. Facet

3 in Figure 6.7B, b, and b* (areal Rrms ~11 nm), and Facet 4 in Figure 6.7C, c, and c*

(areal Rrms ~8 nm) confirm this. In contrast, all the (110) facets (green colour) are

promising crystal planes for CNT formation, even when the surfaces are slightly

rougher. In this case, there is good evidence for Facet 3 in Figure 6.7A, a, and a*,

which is a (110) plane with a larger value of areal Rrms (~19 nm), but it still sustains

good growth of CNTs. As for the (111) crystal planes (blue colour), compromises

between the surface roughness and surface orientation/lattice arrangements exert
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influences on the generation of CNTs. It is observed that (111) facets with a value of

areal Rrms (<15 nm) are able to accommodate CNT growth, such as Facet 5 in Figure

6.7A, a, and a*. However, rougher (111) facets cannot support CNT growth, such as

Facet 3 in Figure 6.7C, c, and c*, which has an areal Rrms value of ~27 nm.

Meanwhile, Facet 2 ((111) facet) in Figure 6.7B, b, and b* shows the phenomenon

that grown CNTs always appear on the facet areas with small values of surface

roughness (6~11 nm).

Figure 6.7:. SEM (A-C), EBSD (a-c) and Micro-XAM (a*-c*) co-investigation of

facet-selective growth of CNTs on BHF-etched BST surfaces, with each row

corresponding to one site of interest. The numbers marked on the images indicate the

different crystal facets for each position. Scale bars: (A-C) 5 μm. (a-c) 5 μm. (a*-c*) 10 

μm.  
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6.4 Discussion

The facet-selective growth of CNTs on BHF-etched polycrystalline BaSrTiO3

surfaces by metal-catalyst-free CVD is of great interest. To the best of my knowledge,

there have not been any studies reported on the facet-selective growth of CNTs on

oxide surfaces via metal-free CVD, although the oxide facet-tailored CNT synthesis

by metal-catalyst-involved CVD has been a focus of research. Ren et al.214 achieved

the growth of millimeter-long VACNT arrays on all MgO single crystals with

orientations of (001), (110), and (111), using Fe as a metal catalyst. Surprisingly they

found that the orientation of MgO substrates had an influence on the length of grown

CNT arrays, where (110) plane led to the longest length but (111) plane produced one

55% shorter in length. What they have speculated is that the different interactions

between Fe and faceted MgO crystals give rise to the distinct nucleation durations of

CNTs214. Another good example is that Ago and his colleagues207 have demonstrated

that the horizontally aligned growth of CNTs can only be realised on the A-plane and

R-plane sapphire but not on the C-plane with the aid of Co catalyst. These findings

suggest that, by means of metal-catalyst-involved CVD, the crystal facets of oxide

substrates can strongly affect the catalyst patterning and subsequent CNT growth on

them. However, what accounts for the facet-selective growth of CNTs where the

metal-catalyst-free CVD is applied needs further identification.

The technique of SEM, EBSD, and Micro-XAM co-imaging serves as a powerful

tool in this study for investigating the interesting phenomenon of facet-selective

growth of CNTs. As mentioned in Section 6.3.1.2, at the beginning of the
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investigation, AFM was attempted to provide topological images of the sites of

interest on the surface but, unfortunately, was unsuccessful in obtaining clear images

of the key areas in most cases. To overcome this technical limitation, the

Micro-XAM was employed instead to image the surface, which can offer accurate

z-information on characterised surfaces, with easy means of manipulation and high

measuring stability. Thanks to the technical realisation of SEM, EBSD, and

Micro-XAM co-investigation, it becomes apparent in this study that the BST (110)

facets lead to promising growth of CNTs on them, whereas the (001) facets result in

no growth at all. Notably, the CVD reactions were conducted without the aid of any

metals; thus the BST oxide surface itself should be responsible for the catalysis

occurring. Different crystal facets on the polycrystalline BST adopt distinct lattice

arrangements and differ in surface nanostructures, which could result in discrepancy

in catalytic performances. Therefore, the interplay between the surface roughness and

surface orientations/energies is suggested to make contribution to the facet-selective

growth behaviour of grown CNTs on the polycrystalline BST surfaces.

Although the facet-selectivity of CNT growth on the polycrystalline BaSrTiO3

surfaces is a focus of discussion, the ‘metal-catalyst-free’ route, which has been used,

leading to CVD growth of CNTs on BST substrates also raises great interest. Figure

6.4 shows the presence of layered carbon-covered BST surfaces and layered

carbon-wrapped NPs, along with the formation of CNTs after CVD reaction,

indicating that the BST benefits the process of graphitisation. A similar observation

has been reported using Al2O3
218, MgO217, 275. While the catalytic activities of oxide
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surfaces have not been clearly understood, certain aspects are nevertheless well

documented. For example, a wealth of studies has reported the importance of oxides

in the field of CNT synthesis20, 216-218, 280, 283, such as enhancing the capture of carbon

species, advancing graphitisation, catalytically activating the formation of CNTs, and

promoting the performance of CNT metal catalysts. Specifically for this study, it has

already been mentioned in Chapter 5 that SrO, TiO2, and SrTiO3 surfaces possess

catalytic capacities to absorb and decompose hydrocarbons. Meanwhile, BaO is more

catalytically active than SrO284, 285, and since the formation of BST can be regarded

as the partial substitution of Sr by Ba in the STO lattice, the BST surface is expected

to be superior to the STO surface in catalysis.

The BaSrTiO3 surface-bound CVD reaction gives rise to the bamboo-shaped CNTs,

where there are no catalyst particles trapped within the tubes (Figure 6.3). Very

recent studies show that similar carbon nanostructure has been found, when

conducting CNT growth experiments on lanthanide metal oxide NPs252 and on Au

surfaces256 via metal-catalyst-free routes. Akin to the conclusions drawn from those

investigations, it is proposed here that the as-grown CNTs on BST surfaces are

formed via self-assembling, i.e. self-function/reconstruction of certain carbon species

(meta-stable graphite layers, activated carbon NPs/atoms, branched aromatic

segments, etc.), which originate from the anisotropic properties of sp2-hybrid carbon

structures255, 286. This proposal conceptually contrasts with the VSS model, which has

been advocated by Liu et al.20 and Page et al.245 with regard to highlighting the

importance of oxide NPs in catalysis for explaining the growth of SWNTs by
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metal-free CVD. While it is unlikely to be the case here, as no direct evidence has

been found in this study that the CNTs are grown right on the surface-bumped NPs,

the possible explanation that the BST surface-bumped oxide NPs with nanoscale

curvatures could function as templates for generating CNTs on them cannot be ruled

out. It would therefore be useful to perform in situ TEM investigations to seek

evidence of the CNT formation on the nano-bumps on BST surfaces.

It is known that the adsorption of a carbon precursor onto the catalyst surface and

the diffusion of carbon species generated from thermal/catalytic pyrolysis are the

crucial steps towards the formation of CNTs on any catalyst sites20. Here, a wealth of

crystal facets on the BST surface offer locations to guide the above-mentioned steps

directly, but only the low-index facets ((001), (110), and (111)) have been considered

in this study, owing to their high crystal symmetry and facet stability287, 288. The

major difference among the (001), (110), and (111) facets is the surface atom

arrangements (it is assumed that all the facets possess identical values of surface

roughness), a DFT calculation was made to study the adsorption and diffusion of

carbon species (C2H2 molecules and C atoms) on these low-index BST surfaces, in

order to understand the facet-selective growth of CNTs better, and in order to further

evaluate the experimental findings. It should be mentioned that this calculation was

performed by the group research collaborators, Assistant Prof. Christina Lekka

(University of Ioannina, Greece) and Prof. Yilin Cao (Henan Normal University,

China). Briefly, the adsorption energies (Eads= Eadsorbate/surface - (Esurface + Eadsorbate))

are used in this calculation to characterise the levels of difficulty in the adsorption
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and diffusion of carbon species on the three distinct facets, with negative values

indicating that such adsorptions are preferable. Here the scenario of the adsorption of

a carbon atom on BST (001) facet is shown as a representative of this calculation.

Firstly, by considering and comparing the total energies of the modeled system, the

most stable surface can be determined, as shown in Figure 6.8a (Note that the BST

(001) surface has a TiO2 termination because of the BHF-etching). When a C atom

adsorbs on this BST (001) surface, three possible adsorption sites are considered: i)

on top of an O atom; ii) on top of a Ti atom and iii) on a 4-fold hollow site formed by

O atoms. The adsorption energies for the ii) (-0.35 eV) and iii) (-1.96 eV) are much

lower than that for the i) (-3.32 eV), at least by 1.36 eV. Therefore, only the

configuration based on C-O bonding structures is presented here, as shown in Figures

6.8b (top view) and 6.8c (side view).

Figure 6.8: Geometry of a carbon atom adsorbed on a BHF-etched BST (001) facet. Sr,

Ba, Ti, O, and C are indicated as purple, green, light grey, red, and dark grey spheres,

respectively. (a) The most stable surface which can be used for this modeling work. (b)

Top view of the adsorption of a carbon atom on an oxygen atom. (c) Side view of the

same geometry as in (b), with an indication that the distance between carbon and oxygen

atoms is 1.56 Å.
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Likewise, by considering possible adsorption sites and diffusion paths in each case,

values of the adsorption of a C2H2 molecule ((C2H2)ad), adsorption of a carbon atom

(Cad), and the diffusion of a carbon atom (Cdiff) on the surface of each facet can be

obtained, respectively; moreover, the most possible scenarios of carbon adsorption

and diffusion (i.e. the most stable adsorption and preferable diffusion of carbon

species) on each facet can be determined, as shown below:

For BST (100) facet, Cad = -3.32 eV. (C2H2)ad = 0.09 eV. Cdiff = 1.35 eV.

For BST (110) facet, Cad = -9.31 eV. (C2H2)ad = -5.32 eV. Cdiff = 0.17 eV.

For BST (111) facet, Cad = -4.15 eV. (C2H2)ad = -0.23 eV. Cdiff = 0.58 eV.

It can be deduced from the values that, among the (100), (110), and (111) crystal

planes, the (110) facet promotes the capture of carbons (especially C2H2) and

facilitates the transportation of carbon species, thus enhancing the formation of CNTs,

whilst the (100) facet retards the adsorption and diffusion of carbons, such that it is

not able to benefit the growth of CNTs. Compared to the (110) facet, a (111) facet

displays intermediate values of (C2H2)ad and Cad, but has a larger diffusion barrier for

carbon transportation (considering the fact that the CNTs are formed via a

catalyst-free route driven by assembling carbon segments), which is in accord with

the observation shown in Figure 6.6, where the CNT production on the (110) facet

possesses larger density and more uniform distribution than that on the (111) facet. In

conclusion, the theoretical work shown here is consistent with the experimental

results and speculations, confirming that the surface orientations/surface lattice

arrangements remain responsible for the facet-selective growth behaviour of
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produced CNTs on the polycrystalline BST surfaces.

In view of the experimental findings and detailed discussions presented above, a

two-fold function of the BST surfaces in this case can be suggested as follows: i) to

provide a possible stage for producing carbon segments needed for CNT growth; ii)

to act as a platform for transporting carbon segments to self-assemble into CNTs.

Correspondingly, the mechanism of the CNT formation on the polycrystalline BST

surfaces by metal-free CVD can be surmised. At the initial stage of CVD reaction,

the BST textured surface assists the catalytic adsorption and decomposition of carbon

feedstocks (such as C2H2, C2H5OH) into carbon fragments (carbon NPs, carbon

layers) and aids the transportation/diffusion of these carbon species. In this respect,

the interplay between the surface roughness and surface lattice arrangements of

crystal facets on the polycrystalline BST surface plays a key role in the adsorption of

the carbon source and the diffusion of carbon species, leading to the phenomenon of

facet-selective growth of CNTs on such surface. The produced carbon species then

assemble into tubular nanostructures as a consequence of particle coalescence and

structural reorganisation, while the distorted sites on the BST surfaces, such as

defects, nano-bumps, and tiny pits, provide the stack-up sites for the carbon species

to make the assembly happen. It is worth mentioning that BST facets with large

surface roughness are not able to support the growth of CNTs on them, for the reason

that the rougher surface hinders the transportation process of the produced carbon

species desired for the consequent self-assembly of CNTs.
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6.5 Conclusions

In this chapter, the facet-selective growth of CNTs on polycrystalline BaSrTiO3

surfaces has been achieved via metal-catalyst-free CVD. The detailed SEM, EBSD,

and Micro-XAM co-investigations reveal that the facet orientations/lattice

arrangements, along with the surface roughness of the BaSrTiO3 substrate, have a

critical effect on the facet-selective growth behaviour of CNTs. The mechanism of

CNT formation seems to depend upon the assembly of carbon segments, which are

produced with the aid of distinct BST facets.



176

Chapter 7：

Growth of Carbon Nanocoils

(CNCs) on BaSrTiO3/SrTiO3

Substrates without/with Sn
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7.1 Background

Research in the field of helical carbon nanostructures has grown rapidly in the past

decade, owing to the unique morphologies and attractive properties of these

materials.78, 79, 259, 289 These structures have generally been referred to as carbon

nanocoils (CNCs) although this is the wrong geometrical description. A coil is a 2D

object which refers to a series of loops, whilst a helix is a 3D object which describes

a type of space curve. Although I realise that the use of ‘coil’ is not accurate, it has

become so commonplace in this field that I have decided to adopt this term. Helical

carbon nanostructures (referred to as CNCs) are expected to have numerous

applications, for example in structural cushions (nanosprings)290, field emission

displays18, electrical circuits291, tactile sensors292, magnetic components293, and

energy storage devices294. Various approaches to fabricating CNCs are reported in the

research literature. The major route towards forming CNCs has been the catalytic

decomposition of hydrocarbons, such as C2H2 and CO, via CVD.259 The essential

aspect for the production of CNCs by CVD is the catalyst employed. To date,

assorted types of elements have been investigated to induce the formation of helical

structures, such as Ni, Cu, Co, Ti; moreover, recent reports have indicated that the

modification of a transition metal catalyst is required for the synthesis of CNCs.33, 174,

177 The ways of modifying metal catalysts mainly lie in: i) the addition of elements of

S292, 295, 296, P297, and Si104 during growth, and ii) the employment of binary and

ternary metal alloys.18, 112, 175 Apart from metals, the latest study has revealed that

carbon nanohelices can be generated from oxide materials (SiO2) by CVD without
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the aid of any metals, although the product yield was tuned by concentrations of

hydrogen gas and the formation of these helical structures was claimed to be via a

metal-catalyst-free route driven by assembling carbon fragments.276

In this chapter the growth of CMC/CNCs on STO and BST substrates by CVD is

presented. Firstly, the growth of helical carbon nanostructures on scratched STO and

BST substrates via a metal-free route is explored, followed by the investigation of

Sn-assisted fabrication of CMC/CNCs on BST substrates via metal-involved CVD;

furthermore, some discussion of the speculation about growth mechanisms and of

future work is presented.

7.2 Experimental Details

Epi-polished SrTiO3 (001) crystals and polycrystalline Ba0.6Sr0.4TiO3 substrates

(PI-KEM Ltd, UK) were employed to serve the experimental purposes. It should be

noted here that the STO crystals are single crystals without pores/pits on the surface,

whilst in the BST samples the existing pores/pits can trap impurities, such as Sn in

this case. In this work, several routes were tried to prepare the substrates, aiming to

perform a complete investigation of the growth of CNC/CMCs on perovskite oxides.
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7.2.1 Preparing Scratched STO and BST Substrates

(For Metal-Catalyst-Free CVD)

The procedure for preparing scratched STO substrates is stated in detail in Chapter 5.

In brief, as-received STO samples were etched within the BHF solution for 5 min,

followed by surface scratching with the aid of a diamond blade. It has been observed

that STO particles (generated by scratching) with nano/micro sizes are presented on

the substrate surfaces. The identical procedures were applied to BST samples to

obtain scratched BST substrates. This type of substrates was involved in the

investigations without the presence of Sn, which is detailed in Section 7.3.1.

7.2.2 Preparing Sn-Modified BST Substrates (For

Metal-Catalyst-Involved CVD)

It should be noted that the as-received BST substrates originally contain Sn;

specifically the pits/holes on the surface of as-received samples are traced with the

presence of Sn, which is detailed in Section 7.3.2.1. Basically, I am aware, after

communicating with the material supplier, that the Sn trapped inside the pits might

come from the polishing stage in the manufacturing process of products, where the

samples were polished on a tin plate.

To further modify the BST substrates with Sn for achieving the growth of CNCs

on a larger scale, SnCl2 powders (Sigma-Aldrich Co. LLC, UK) were employed and

mixed with ethanol to prepare a Sn2+ solution. The concentration of Sn2+ (c(Sn2+))
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was tuned by the amount of SnCl2 used. The BST samples used in this case were the

ones treated by BHF-etching (for an etching period of 5 min). The samples were

coated with Sn2+ by dipping the processed BHF-BST substrates into a Sn2+ solution.

There have been numerous reports on using Fe-Sn binary compounds as effective

catalysts for CNC growth,33,175,179 in this study the Sn-coated samples were then

dipped into a ferrocene-ethanol solution (c(Fe2+) ~ 0.02 mol/L) for 5 sec, in order to

get coated with an Fe layer as well. Here these two types of substrates were involved

in the investigations with the presence of Sn, which is detailed in Section 7.3.2.2.

7.2.3 Growth of Carbon Nano/Microcoils by CVD

The experiments on CNC/CMC growth were performed with the aid of atmospheric

CVD apparatus, details of which can be found in Chapter 2. For the synthesis of

carbon helical nanostructures, C2H2-CVD was conducted on the prepared STO and

BST samples. A mixture of Ar and H2 was used as the carrier gas during the growth

stage, with a H2 pretreatment (800 sccm; for a period of 5 min at a growth

temperature), applied to all the samples.

7.3 Results

The growth of CNC/CMCs is achieved on the scratched STO and BST substrates by

metal-catalyst-free CVD, though with low yield. Introducing Sn into the catalysts
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brings about high yield and diversified morphologies of the CNC product on the BST

substrates, where the chemical and geometrical aspects of the CVD reactions are

investigated.

7.3.1 Metal-Free Growth of Carbon Nanocoils on

Scratched SrTiO3 and BaSrTiO3 Substrates

7.3.1.1 The STO Case

As discussed in Section 5.3.3.2, the use of C2H2 as a carbon feedstock gave rise to a

wealth of grown carbon shapes at different growth temperatures; in particular at

700˚C it was found that CNCs occur. Here a separate investigation, under identical

growth conditions to those used previously, was performed to check the

reproducibility of the product, with the results presented in Figure 7.1. The SEM

images in Figures 7.1a-7.1d show the morphologies of the grown coiled carbon

structures on the STO substrate. The shapes of these displayed coils differ from each

other, forming nanosprings with tight (Figure 7.1a) and loose (Figure 7.1b) pitches,

CNC-CNF hybrid structures (Figure 7.1c), and CNCs with twisted forms (Figure

7.1d). It should be noted that these CNCs were grown with low yield and detected by

random observations. Figure 7.1e displays a representative XPS spectrum of the

sample surface. This chemical analysis shows the presence of Sr, Ti, O, and C, which

is consistent with the elemental composition of the employed sample, experienced

through a metal-free C2H2-CVD reaction. The XPS spectrum also indicates the
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deficiency of any other metal contamination (such as Fe, Co, and Ni) on the surface.

Moreover, the EDX pattern (Figure 7.1f) generated from the red rectangular area

marked in Figure 7.1b shows the similar results. In addition, these grown coiled

nanostructures were inspected by Raman spectra analysis, as shown in Figure 7.1g.

Two main peaks are observed in the spectrum; one is G-band originated from

graphite structures, and the other is D-band originated from structural defects or

disorders in carbon nanomaterials.

The characterisation protocol designed here involving the SEM, XPS, EDX, and

Raman spectroscopy demonstrated an interesting growth scenario of CNCs occurring

on the scratched STO surfaces. However, it is worth mentioning that TEM

investigation of these grown structures has not been realised, owing to the low yield

of the desired product. It would be helpful to figure out possible approaches to

perform TEM study on these nanomaterials, as it could provide further information

on the morphologies of CNCs and related catalyst particles, in order to deepen the

understanding of the growth behaviour of CNCs.

7.3.1.2 The BST Case

The growth of CNC on scratched BST surfaces was also carried out, at a growth

temperature of 750˚C. The SEM image library in Figures 7.2a-7.2d shows the

features of interest of the grown samples. Figures 7.2a and 7.2b present the structures

of carbon solenoids, which were occasionally observed on the substrate surface. A

higher magnified SEM micrograph as an inset is shown in Figure 7.2a*, where the
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blue arrow marked on the image points to a catalyst particle. The EDX spectrum

generated from the red rectangular area (where the particle is sitting) is displayed in

Figure 7.2f, showing the presence of Ba, Sr, Ti, O and C. The grown samples were

also subject to XPS characterisation. The representative XPS spectrum in Figure 7.2e

indicates that the grown sample surface is free of metals. It can be deduced from the

XPS analysis and the EDX pattern that there is no conventional, metallic CNC

catalyst (such as Fe, Co, and Ni etc.) responsible for the growth of CNCs; thus it is

likely that the catalyst particle marked by the blue arrow is mainly composed of Ba,

Sr, Ti, and O, as it was induced by the treatment of surface-scratching. Figures 7.2c

and 7.2d display the observations of carbon helices with twisted forms, the

morphologies of which are considerably different from the solenoids shown in

Figures 7.2a and 7.2b. A higher magnified SEM image as an inset shows a close view

of these twisted carbon helices (Figure 7.2d*).

It is known that controlling the shapes of nanomaterials plays a crucial role in

nanotechnology. In this case, the fact that two distinct types of helical nanostructures

were obtained from the same, metal-free experimental run is of great interest.

Apparently, the solenoid-like CNCs possess larger diameters, compared to the

twisted CNCs. It is possible that the growth of these shaped carbon nanostructures

are strongly correlated with the geometry and chemistry of the catalysts. Here the

scratch-induced BST particles, with differing sizes and configurations, and the

chemical constitutions, especially the Ti elements265, 298 within these particles, lead to

the formation of CNCs.
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Figure 7.1: (a-d) SEM observations of carbon coiled nanostructures grown on

scratched STO substrates by C2H2-CVD. Various shapes of CNCs were generated as

(a-b) nanosprings, (c) CNC-CNF hybrid structures, and (d) twisted CNCs. Scale bars:

500 nm. (e) Representative XPS spectrum of grown sample shows that the surface is

free of metal species. (f) EDX spectrum formed from the red region marked in (b). (g)

A representative Raman spectrum of obtained CNC production.
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7.3.2 Sn-Involved Growth of Carbon Nanocoils on

BaSrTiO3 Substrates

7.3.2.1 For the As-received BST Samples

The trials of fabrication of CNCs on the as-received BST samples came up with

surprising results, as shown in the SEM image library in Figure 7.3. The growth

experiment was carried out using C2H2 (40 sccm for 15 min) as a carbon feedstock,

at a growth temperature of 750˚C. It can be observed that clusters of CNCs sprout

from the pits on the sample surface, with large quantities and diversified

morphologies. The images taken at low magnifications in Figures 7.3a and 7.3b show

general views of the BST substrate surface after the CVD reaction. It is interesting to

note that the pits/cracks on the surfaces function as the cultivating centres for

nurturing the growth of CNC clusters, as indicated by the blue arrows marked on the

images. Figures 7.3c-7.3f show closer views of these CNC clusters, within which are

contained branches of CNCs with different coil diameters and pitches. The catalyst

particles are found at the tips of grown CNCs, suggesting a tip growth mode, which

Figure 7.2: (a-d) SEM observations of carbon non-linear growth on scratched BST

substrates by C2H2-CVD, with distinct shapes in (a-b) solenoid-like CNCs and (c-d)

twisted CNCs. Scale bars: 3 μm. The inset shown in (a*) indicates the presence of  a 

catalyst particle (blue arrow). The inset shown in (d*) shows a close view of twisted

CNCs. Scale bar: 1 μm. (e) XPS spectrum and (f) EDX pattern (the red region marked 

in (a)) indicate the grown samples are free of metallic species.
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is consistent with that reported in most of the research articles33, 175, 178, 179, 263, 299.

To examine the morphologies of these CNCs, high-resolution SEM (HRSEM) was

performed on the grown sample. The SEM image library obtained in Figure 7.4

displays the diversity of the shapes of the produced CNCs. Figures 7.4a-7.4i show

the morphologies of CNCs with loose pitches, whilst Figures 7.4j-7.4r centre on the

tightly-pitched coiled architectures. Close views of the catalyst particles are

particularly shown in Figures 7.4q and 7.4r.

The obtained structures were further investigated by TEM and Raman

spectroscopy. Similar sizes and shapes of grown CNCs are shown in the SEM images

(Figures 7.5a-7.5c) and in the TEM micrographs (Figures 7.5d-7.5f), respectively.

The TEM observation reveals that the grown CNCs differ from each other in coil

diameters (range: 200~900 nm) and lengths of pitches (range: 200~600 nm), which

probably originates from the inhomogeneous size and shape distributions of catalyst

particles, for the reason that the sizes and geometries of catalyst particles can dictate

the morphologies and scales of resultant carbon nanostructures. Moreover, it can be

seen from the TEM images that these obtained CNCs barely possess hollow channels

along the axis of the tubules, from which the coiled structures are formed. Thus the

structures of these CNCs are similar to CNFs. The representative Raman spectrum of

grown CNCs (Figure 7.5g) exhibits the characteristic D and G peaks, with a G/D

ratio at approx. 2.2, indicating a fairly high graphitisation of produced CNCs.
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Figure 7.3: SEM observations of carbon coiled nanostructures grown on as-received

BST substrates by C2H2-CVD. The blue arrows marked in (a) and (b) indicate that the

clusters of CNCs are generated from the pits/cracks along the BST surface. Scale bars:

(a-b) 10 μm. (c-d) 5 μm. (e-f) 3 μm.   
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Figure 7.5: Detailed characterisation of CNC/CMCs grown on as-received BST

substrates. (a-c) SEM observations of distinct shaped-CNCs. Scale bars: 500 nm. (d-f)

TEM observations of CNCs in similar sizes and shapes as shown in SEM images (a-c),

respectively. Scale bars: 200 nm. (g) A representative Raman spectrum of grown CNCs

showing the characteristic D and G peaks.

Figure 7.4: HRSEM image library of the diversified morphologies of CNC/CMCs

grown on as-received BST substrates, showing (a-i) produced CNC/CMCs with loose

coil pitches; (j-r) produced CNC/CMCs with tight coil pitches. Scale bars: 500 nm. It is

interesting to note that the walls of most of the grown CNC/CMCs are characterised

with either protrusions (as indicated by the blue arrows in (f) and (j)) or depressions (as

indicated by the red arrows in (b) and (c)) that are uniformly patterned.
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During the SEM study, EDX measurements were performed to estimate roughly

the catalytic species within the catalyst particles staying at the tips of the grown

CNCs. Figure 7.6a presents a cross-section SEM viewing of CNCs grown from a

specific crack on the substrate. The two conspicuous coiled structures were selected

as features of interest, where EDX analyses were carried out on the catalyst particles,

as marked by the blue circles on the image. Surprisingly, the element of tin was

detected in the EDX spectra (Figures 7.6a* and 7.6a**) for the catalyst particles. It is

widely reported that Sn possesses the ability to induce the helical growth of carbons33,

175, 178, 179, 299. Here the tin is regarded as being critical for the most efficient synthesis

of CNCs on the as-received BST substrates. More specific characterisation of the

grown sample was performed with the aid of point-localised EDX equipped within a

TEM, which reveals the detailed chemical constitutions of catalyst particles. Figure

7.6b shows a representative TEM micrograph of the obtained coiled structure, with a

catalyst particle staying at the tip. This inspected nanocoil possesses a diameter of

approx. 600 nm and a pitch length of approx. 200 nm. The catalyst particle trapped at

the tip of the nanocoil appears to have an irregular polyhedral structure, the size of

which is approx. 550 nm. Figure 7.6b* shows a point-localised EDX spectrum of the

catalyst particle. It can be discovered that the TEM-EDX signal from the catalyst

particle mainly consists of Sn, Sr, Ba, Ti, and O, the chemical composition of which

is entirely consistent with the SEM-EDX study (Figures 7.6a* and a**). It is

highlighted that Sn has significant peaks in the spectrum; however, the origin/source

of this specific element necessitates further study.



192

Figure 7.6: (a) Cross-section SEM view of CNC/CMCs grown on as-received BST

substrates. Two nanocoils were selected for the subsequent EDX measurements. Scale

bar: 3 μm. (a*-a**) EDX spectra taken from the blue-circled regions in (a), showing the 

presence of Sn, apart from the existence of Ba, Sr, Ti, O, and C. (b) TEM observation

of an individual nanocoil, with a catalyst particle trapped at the tip. Scale bar: 100 nm.

(b*) Point-localised EDX spectrum of the catalyst particle, suggesting that the chemical

composition of the catalyst is ~BST with Sn decoration. The signal of Cu is attributed

to the TEM grid.
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As discussed above, the formation of CNCs only occurs at the pits/cracks on the

as-received BST surfaces, but not at the polished, flat surfaces of the substrate. To

investigate the reason for this position-determined behaviour of CNC growth, a

comparative investigation between the polished surface and the pit of as-received

samples was performed by EDX measurements, as shown in Figure 7.7. It was found

that Sn is detected inside the pit on the substrate, whereas there is no trace of Sn at

the polished surfaces of the substrate. Moreover, there were no other metals found

either within the pit or at the substrate surface. Considering the fact that the

pits/cracks, being the defects on the surface, provide non-uniformly geometrical sites

to facilitate the creation of catalyst particles with anisotropic properties, compared to

the polished, flat surface of the substrate, it is reasonable to suggest that the position

determination of carbon nonlinear growth can be attributed to the geometrical and

chemical inhomogeneity of catalyst particles formed inside the pits.

Furthermore, in order to track the origin of Sn, the material supplier, PI-KEM Ltd.

was consulted. According to the information drawn from the correspondences, the Sn

comes from the polishing stage in the manufacturing process of BST products, where

the samples positioned on a tin plate were polished. The samples are processed via

water-based, chemical-mechanical planarisation (CMP) steps afterwards; thus it is

likely that the Sn can be completely removed from the sample surfaces, but trapped

inside the pits as residues to some extent.
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Figure 7.7: Comparison between the EDX spectra of the pits and the polished, flat

surface (matrix) of the as-received BST substrate. The red curve on the spectra clearly

indicates the presence of Sn inside the pits, whereas the yellow curve shows the regular

composition of BST, without any sign of Sn appearing.
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7.3.2.2 For the Sn-Modified BHF-BST Samples

7.3.2.2.1 High-Yield Production of CNCs on BHF-BST Samples

Using Fe and Sn to modify the BHF-BST samples (c(Sn2+) = 0.01 mol/L; c(Fe2+) =

0.02 mol/L) is a step further towards the catalyst design, which leads to promising

growth of CNCs. Here the growth of CNCs not only occurs at the pits on the surface

(similar to as-received samples), but also arises on the edges of the substrates. The

synthesis is of such great efficiency that CNC forests have been obtained. Figure 7.8a

displays the side-view SEM image of the grown CNC forests on the substrate edge. It

reveals that the overall thickness of the forest is about 30 μm. Figure 7.8b provides a 

closer view of the CNC forest. It can be seen that the catalyst particles are found at

the tips of the coils, suggesting that the grown CNCs follow a tip growth mechanism.

Apart from CNC forests, CNC bouquets also formed on the sample edges, as shown

by the side-view SEM images in Figures 7.8c and 7.8d. The SEM top-views shown

in Figures 7.8e and 7.8f present the growth of CNC clusters generated from the pits

on the sample surface, where various shapes of NCs (twisted forms, solenoids,

spring-like forms, waved fibres, NC-NF hybrid forms) can be observed.

The EDX measurement on an individual grown coiled structure positioned on a Si

wafer confirms that the synthesised NCs are a carbon-based material (Figures 7.9a

and 7.9a*). Moreover, Raman spectroscopy was employed to characterise the

obtained product. The presence of G and D peaks in Figure 7.9b further verifies the

production of carbon nanostructures.
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TEM, combined with point-localised EDX measurements, was conducted to

further examine the morphological structure of grown nanocoils and detect chemical

constitution of the catalyst particles responsible for the coil growth, as presented in

Figure 7.10. The TEM images in Figures 7.10a-7.10d* show low (Figures 7.10a and

7.10c) and high (Figures 7.10b, 7.10d and 7.10d*) magnified views of grown CNCs

with twisted forms. The coil diameter and pitch of the same CNC inspected in

Figures 7.10a and 7.10b is 130 nm and 160 nm, and there is no hollow channel inside

the carbon tubule which has been twisted to form the CNC. Another helical structure

displayed in Figures 7.10c-7.10d shows larger coiling size, with a coil diameter of

160 nm and a coil pitch of 210 nm. A closer view in Figure 7.10d* shows that the

examined structure is completely dense without a pore presented within the carbon

tubule. Figure 7.10e presents a spring-like CNC with a catalyst particle staying at the

tip. Point-localised EDX measurement (Figure 7.10e*) of the catalyst particle reveals

that the catalyst NP contains Fe and Sn, with an estimated composition ratio (Fe/Sn)

of 5:2, consistent with the atomic ratio of elements used in the experiment.

7.3.2.2.2 Effect of Amount of Sn Used on the Morphologies of the Grown Product

An investigation into the effect of Sn concentration used on the morphologies of

grown carbons has been conducted. Surprisingly, tuning the amount of Sn leads to

the production of distinct-shaped carbon structures. Briefly, a series of

Sn2+-containing solutions with different concentrations of Sn2+ (c(Sn2+): 0.1, 0.06,
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0.03, and 0.01 mol/L, respectively) and a Fe2+-containing solution (c(Fe2+): 0.02

mol/L) were prepared. BHF-BST substrates were modified by Sn and Fe within these

solutions. The C2H2-CVD was conducted at growth temperatures of 750˚C for 15

min. The gas flow recipe was kept with Ar/H2/C2H2 at 900/100/40 sccm in all these

experiments, unless otherwise stated.

Figure 7.11 displays the SEM image library of various shapes of grown carbon

nanostructures, dictated by the Sn2+ concentrations used. Figures 7.11a and 7.11b

show the formation of flower-like carbon structures, constituted by straight CNFs,

where the substrate was coated with a solution of 0.1 mol/L Sn2+ in ethanol, and there

is no helical growth of carbon observed in this situation. Once the concentration of

the chemical modifier Sn2+ is reduced to 0.06 mol/L, beaded CNFs start to dominate

the morphologies of grown products (Figures 7.11c and 7.11d). Further reducing the

amount of Sn triggers carbon helical growth. Figures 7.11e and 7.11f present the

formation of CNC/CMCs on the edge as well as on the flat surface of the substrate,

when the concentration of Sn2+ is approx. at 0.03 mol/L. Furthermore, a coating of

Sn2+ solution with concentration at 0.01 mol/L for sample treatments witnesses

encouraging production of CNC/CMCs, as shown in Figures 7.11g and 7.11h.

However, the morphologies of carbon helical structures can be slightly changed from

carbon spirals to CNC-CNF hybrid structures or twisted carbon tubules (Figures

7.11i and 7.11j), when the C2H2 gas flow rate is decreased to 20 sccm at growth.
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Figure 7.8: SEM image library of CNC/CMCs grown on Sn-modified BHF-BST

substrates. (a-b) Side-views of CNC/CMC forests grown on the edge of the substrate.

(c-d) Side-views of CNC/CMC bouquets formed on the edge. (e-f) Top-views of

CNC/CMC clusters sprouted from the pits on the substrate surface. Scale bars: (a), (c),

(e) 10 μm. (b), (d), (f) 5 μm.    
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Figure 7.9: (a) SEM observation of an individual coiled structure positioned on Si

wafer for further characterisation. Scale bar: 500 nm. (a*) EDX spectrum taken from the

red-rectangular region marked on (a), showing the presence of C, Si, and O, indicating

that C is the major constituent in the coil. (b) Representative Raman spectrum of grown

sample: a remarkable G/D ratio indicates a high graphitisation of obtained coils.
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Figure 7.10: (a-d) TEM observations of grown CNCs. (d*) HRTEM view of the CNCs

shown in (c) and (d). Scale bars: (a) 500 nm. (b) 50 nm. (c) 200 nm. (d) 100 nm. (d*) 50

nm. (e) TEM image of an individual CNC with a catalyst particle staying at the tip. Scale

bar: 100 nm. (e*) Point-localised EDX spectrum of the catalyst particle, indicating the

presence of Sn and Fe. The signal of Cu is attributed to the TEM grid.
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7.4 Discussion

It is instructive to compare the growth results that have been achieved here with

those grown on other catalyst systems, as there is no study on the helical growth of

carbons on SrTiO3 and BaSrTiO3 substrates. For metal-catalyst-free cases,

comparable growth scenarios similar to those presented here were investigated by

other researchers employing TiC, Ti2O3, and Ti compounds, although chemical

modifications on the CVD process by a small addition of S are noticed in all these

studies265, 298. For Sn-involved cases, there were quite a few reports revealing that Sn

is an efficient catalyst for inducing carbon helical growth, normally co-functioning

with transition metals such as Fe33, 175, 178, 179, Ni180, 299, and Cr180, 299. For example,

Rao et al.33 demonstrated a promising synthesis of helical carbon nanowires with the

aid of a Fe and Sn binary catalyst. A specific model based on the mutual solubility of

Fe and Sn, along with metallic catalyst-carbon product interactions, has been

proposed in their study to elucidate the role of the Sn catalyst33. Similarly, the yield

Figure 7.11: SEM image library of the effect of Sn concentration used on the

morphologies of the grown product, showing distinctly-shaped carbon nanostructures:

(a-b) flower-like structures constituted by straight CNFs, (c-d) beaded CNFs, (e-f)

CNC/CMCs, (g-h) CNC/CMCs (with higher yield), and (i-j) twisted tubules. Scale bars:

3 μm. The amount of  Sn used in each case during substrate preparation is marked on 

each image.
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and quality of carbon helices synthesised in this study have been greatly enhanced by

the involvement of Sn.

It is well known that specific types of catalysts need to be used for promoting the

formation of carbon coils259. To date, a wealth of catalysts (mainly metal elements,

binary metals, and metal carbides) have been tested by various research groups in

respect of synthesising coiled carbon nanostructures, such as Cu111, 113-116, 262, Fe260,

293, 300, 301, Ni104, 264, 292, 302, Fe-Sn33, 177, 303, Fe-In33, 174, 175, Fe-Ni304, 305, Fe/ITO306,

Co/SiO2
307, Ni/Al2O3

296, 308, TiC265, 298, Mo180, Cr299, 309, and Ag-K18. Moreover, a

small addition of S- or P-containing compounds into ambient gases during CVD

reactions has been proven to be successful in aiding carbon helical growth. By way

of contrast, this study employs pure perovskite oxides (in metal-free scenarios) or

Sn/Sn-Fe dosed, perovskite oxides (in metal-involved scenarios) as catalysts for

achieving the growth of CNC/CMCs. Thus it would be helpful to explore the roles

played by these new catalysts within the course of carbon coil synthesis.

Among the metal catalysts used in the growth of CNC/CMCs up to now, Sn has

attracted most attention, owing to its capacity to lead to high-yield, good-quality

production of carbon helices at low cost. Unlike traditional metal catalysts (i.e. Fe,

Ni, Co), Sn has a special interaction with graphite surfaces, where the small degree

of wettability (non-wetting) of graphite nanostructure surfaces by Sn induces a

repulsive interaction, thus promotes non-linear growth of carbon.33 Sn was

extensively reported as cooperating with Fe and/or Fe-In in synthesising coiled CNTs

and CNFs. Earlier study conducted by Pan et al.176 suggests that In contributes to the



204

formation of coiling structures, whilst the use of Sn is only to enhance the growth

rate, since limited yield of the CNC product was obtained when using Fe-Sn or

Fe-SnO2 as catalysts. However, recent investigations have shown that Fe-Sn can act

as an efficient catalyst without the dose of In33, 179, 303. The work herein confirms the

catalytic capacity of Sn in promoting carbon coil growth. Moreover, an interesting

growth scenario has been observed by varying the concentrations of Sn2+-coating

towards the BHF-BST substrates (with the concentration of Fe2+ remaining constant).

It can be clearly observed that large Sn doses lead to the formation of straight CNFs,

whilst small concentrations of Sn additive give rise to non-linear growth of carbons.

This tendency is consistent with the one noted in a previous report regarding the

synthesis of CNCs using Fe-Sn-O NPs as catalysts175. The reason for this is believed

to be the inhomogeneous distributions of Fe and Sn elements within the catalyst

particles leading to the difference in carbon precipitation/extrusion speeds in

different parts of the catalyst.

As outlined in Chapter 3, to elucidate the growth mechanisms of helical carbon

nanostructures, several models have been proposed in previous research articles, but

none of them addresses the growth of coiled CNTs universally. In this study of

metal-free growth and metal-involved growth of CNC/CMCs, different types of

samples, growth conditions, reaction routes etc. have been applied; hence different

formation mechanisms of grown structures need to be considered. With regard to the

metal-free scenario presented in Section 7.3.1, random observations of CNC/CMCs

were gained on the scratched STO and BST substrates. It is believed that the
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scratching treatment on the surface induces the formation of nanosized and

microsized NPs. It is possible that some of the NPs are in proper sizes and shapes,

which are suitable for the generation of helical structures from them. This

speculation is entirely consistent with the experimental observations (Figures 7.1 and

7.2), where limited amounts of carbon coils were produced in the restricted

conditions (narrow growth temperature windows). On the basis of this, a growth

mechanism in terms of CNC formation on the scratched perovskites is conjectured.

Generally, the formation of CNCs from the scratch-induced NPs (Figure 7.2a) on the

scratched perovskite substrate is attributed to the synergetic effects of geometry

(particle shapes, facet orientations) and chemistry (localised compositions) of the

NPs. The scratch-induced NPs expose distinct crystal facets during the growth

process, the C2H2 gas is supplied to the catalytically active facets and decomposed to

carbon segments (atoms, branches), as it is already posited in Chapter 6 that the

distinct BST/STO facets differ in the adsorption and diffusion of carbon species.

These formed carbon segments are then diffused to the precipitation facets. It is

reasonable to suggest that surface diffusion would dominate here rather than bulk

diffusion, considering the fact that C has limited solubility in STO/BST at applied

temperatures, and even the rates of surface diffusion via distinct crystal facets are of

different values; therefore a gradient of carbon precipitation rate is established

alongside the planes of precipitation facets, giving rise to the non-linear growth of

carbons178, 263. On the other hand, the presence of Ti within the NPs could also play

an important role in inducing the bending, since quite a few reports indicated that the
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Ti, especially in the forms of TiC, Ti2O3 etc., tends to catalyse the growth of CNCs265,

298, 310. The scratch procedure might produce nanosized NPs with distinct facet

exposed, where different facets possess different Ti compositions and hence

chemistry, which would result in the anisotropic precipitation of carbons throughout

these regions. It is also likely that the H2 pretreatment used at elevated temperatures

prior to the CVD reaction assists the conversion from Ti4+ (TiO2) to Ti3+ (Ti2O3)

within the surface lattices, thus partially modifying the chemical constitutions of NPs.

Moreover, the localised formation of TiC on the NPs is also suggested, which is

unlikely to be the case, as it is claimed that the carbothermal reduction of TiO2

occurs at extremely high temperatures (>1000˚C)282; however, this possibility cannot

be ruled out until solid evidence in terms of localised chemical information about the

catalyst NPs is provided. Lastly, I cannot also rule out the possibility, at the current

stage, that the grown helical structures were formed via a route driven by carbon

fragment assembling (without the aid of catalyst NPs), as revealed recently by

Bachmatiuk et al.276 in preparing helical carbon nanostructures over pure SiO2,

although a catalyst particle trapped inside the coils has been observed here in this

case (Figure 7.2a).

In respect of the metal-involved scenario presented in Section 7.3.2, various

shapes of CNC/CMCs can be obtained in high yield with the assistance of Sn

(Figures 7.4 and 7.5; Figure 7.8). The grown CNC/CMCs follow a tip growth mode,

where the catalyst particles are found at the tips of the nanostructures. Here two types

of BST samples have been employed for investigating the growth of CNC/CMCs on
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them: as-received samples (containing Sn) and processed BHF-BST samples

(containing Fe and Sn). The growth mechanisms of CNC/CMCs in these two types

of catalyst systems differ one from the other, but both of them contrast with the one

proposed for the CNC/scratched BST case aforementioned. For the as-received BST

sample (Section 7.3.2.1), the NPs inside the pits/cracks of the BST substrate act as

reservoirs for the Sn dispersion. The uniformity of Sn composition is greatly

dependent upon the configuration and position of a NP and the distribution of the Sn

itself. Judging from the sample preparing/processing method described by the

material supplier, it is highly unlikely that a uniform Sn distribution can be

established, thus giving rise to the inhomogeneity of Sn composition on/in a catalyst

particle. Under this circumstance, the carbon deposition/extrusion rates on different

parts of the particle should be different, since they are dictated by this non-uniform

distribution of Sn, or by the localised formation of special compounds (titanium-tin

carbides311). The non-linear growth of carbons is therefore achieved (Figures 7.3-7.5).

It is also worth noticing that both the morphological structure and the chemical

constitution of a catalyst particle trapped within a grown CNC have been detected

(Figures 7.6b and b*), suggesting that the carbon helical growth was induced by an

irregularly-shaped polyhedral BST nanoparticle, modified by Sn, without the aid of

any other transition metal elements (Fe, Co, Ni etc.). However, the fashion in which

the Sn decoration onto the BST nanoparticle remains unknown, it would be helpful

to perform EDX elemental mapping towards the catalyst particles to see the

morphology of Sn distributions.
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As for the processed BHF-BST samples (Section 7.3.2.2), the growth of helical

carbons occurred on the sample surfaces as well as at the substrate edges (Figure 7.8),

where the deposited Fe- and Sn-containing NPs aided the formation of CNCs. The

point-localised EDX study performed within a TEM has verified that the elements of

Fe and Sn are responsible for catalysing the growth of CNCs (Figures 7.10e and

7.10e*), which is consistent with quite a few investigations claiming that Fe-Sn is

catalytically active for inducing carbon helical structures. Moreover, the Fe and Sn

ratio in the catalyst composition is also an important factor for inducing non-linear

growth. Wang et al.33 observed that an Fe/Sn ratio of 4:1 can lead to a promising

growth of coiled carbon nanowires. Chang et al.299 suggested that a composition ratio

of Fe and Sn (19:1) was critical to yield carbon helical structures, by conducting

CNC synthesis on stainless steel plates. Li and his colleagues178 considered a Fe/Sn

ratio of 15:6 optimal for the growth of coiled carbon nanostructures. Herein the EDX

analysis of a catalyst particle staying at the CNC tip shows the presence of Fe and Sn

with a Fe/Sn ratio of approx. 5:2, which has been shown to be suitable for the growth

of CNCs177. The growth mechanism for the formation of CNCs is proposed owing to

the difference between the carbon deposition/diffusion and extrusion rates in

different regions of catalyst particle, which possesses inhomogeneous distribution of

the elements of Fe and Sn. There might be Fe and Sn carbides forming within a

catalyst particle during the CVD process, such as Fe3SnxCy and Fe3C, which could

cause the difference in the extrusion speeds of carbon network among different parts

of the catalyst, as reported by Okazaki et al.175
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Lastly, the carbon non-linear growth in this investigation requires careful

thermodynamic and kinetic control. For example, the temperature window applied

for CVD reactions can greatly influence the products (for metal-free route using STO,

the only temperature for generating CNCs is 700°C); the amount of Sn-coating used

in the catalyst preparation process can also dictate the morphologies of grown CNCs,

as observed in Figures 7.11. Moreover, the formation of catalyst particles is affected

by the C2H2 gas (concentration, pressure etc.), which have been observed recently by

using Cu as a CNC growth catalyst115. This point sheds some light on the interesting

observations shown in Figures 7.11g-7.11j.

7.5 Future Work

The work presented in this chapter centers on the growth of carbon helical structures

on STO and BST substrates without/with the aid of Sn, which are regarded as new

catalyst systems for fabrication of carbon helices. It would be helpful to determine

possible synthetic routes to achieve larger scale production (at industrial levels) of

CNCs at low costs on such substrates. Moreover, the properties of these grown coiled

nanostructures need to be investigated, for example, via mechanical strength testing,

field emission experiments etc.
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Chapter 8：

Conclusions
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8.1 Overview

This thesis presents original work on the growth of carbon nanostructures (mainly

CNTs) on perovskite oxide surfaces via CVD technique. The results in Chapters 4-7

advance the understanding of the growth mechanisms of CNTs and the role of

catalysts played during CVD reactions. Two types of perovskite oxide, single crystal

SrTiO3 (001) and polycrystalline BaSrTiO3, have been used for experimental

purposes: they can function as catalyst supports (in metal-catalyst-involved CVD

routes) or as catalysts (via metal-catalyst-free CVD routes) for the growth of carbon

nanostructures. In this study, grown carbon nanomaterials with various morphologies

have been observed as a result of employing different types of catalysts and catalyst

design methods. The experimental results will be summarised in Sections 8.2 and 8.3

according to the catalytic routes used, followed by an outlook for future work.

8.2 The Metal-Catalyst-Involved Route

The study presented in Chapter 4 demonstrates that the SrTiO3 (001) surface can

function as a suitable substrate for the growth of CNTs, and that the SrTiO3

supported metal catalysts can be designed and fabricated in a controllable way, prior

to CNT growth. Key progress achieved here is concerned with the realisation of

vertically-aligned growth of CNTs on SrTiO3 (001) surfaces by Fe catalyst, but only

with limited CNT carpet length (~5 μm). This finding provides a clear indication that 
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it is feasible to build up future perovskite-based CNT devices (in the field of

nanoelectronics etc.) at the nanoscale, although more delicate design on catalysts

needs to be implemented. Indeed, further steps in catalyst fabrication have been

attempted by using catalysts subject to unconventional methods (fast-heating,

oxidising pretreatment), giving rise to promising CNT growth. It can be inferred

from these results that the SrTiO3 substrate has unexpected potentials in forming fine

catalytic NPs (with controllable sizes and shapes) for CNT synthesis compared to

commonly-used oxide substrates (SiO2, Al2O3), which have been heavily investigated

to date.

Bringing the element of Sn into the catalyst system induces the non-linear growth

of CNTs, which is discussed in detail in Chapter 7. It is found that both Sn-decorated

oxide (BaSrTiO3) nanoclusters and Sn-modified metal (Fe) nanopowders can lead to

the formation of carbon nanocoils (CNCs). The non-linear growth behaviour of

carbons is due to the difference between the carbon deposition/diffusion and

extrusion rates in different regions of the catalyst particles. This finding is important

because it stimulate a general question: Can nanopowders of any material covered by

Sn cause the helical growth of carbons? It is well known that Sn has a non-wetting

interaction with graphite thus could promote non-linear growth of carbons. With

regard to metals (Fe, Cr, Mn, Ni etc.), the formation of bimetallic phases (e.g. Fe-Sn

mixtures) or complex alloys (e.g. Fe-Ni-Cr-Sn) results in inhomogeneous

distributions of Sn within the catalyst particles, which can lead to the uneven

deposition/extrusion of carbons to establish the helical growth. With regard to oxides
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(in this case, BaSrTiO3), it is expected that Sn would wet the BaSrTiO3 surface,

owing to a lower surface energy of Sn (approx. 0.5~0.7 J/m2) in comparison with

BaSrTiO3 (approx. 1.5~2 J/m2). During CVD process, Sn (in molten state) would

cover the BaSrTiO3 nanoclusters in a non-uniform manner (speculatively described

as ‘partially wrap the BaSrTiO3 particle’), this effect would synergistically function

along with the distinct BaSrTiO3 facet effect to dictate the carbon helical growth. For

future reference, it should be interesting to try using SiO2 instead of BaSrTiO3 under

this circumstance, for the reason that Sn will de-wet the SiO2 surface by forming 3D

nanocrystals. It might not be possible to generate helical growth of carbons in such

Sn-decorated SiO2 nanoclusters.

8.3 The Metal-Catalyst-Free Route

The growth of metal-free CNTs is of significant importance, because many potential

applications nowadays require CNT production free of metal catalyst residues, which

are detrimental to the magnetic properties of CNTs and also incompatible with

CNT-based nanodevices.166, 312-314 It is the metal-catalyst-free CVD that makes it

possible to synthesise CNTs by using non-metallic species as catalysts. The work

presented in this thesis reveals that the perovskite oxides (SrTiO3 and BaSrTiO3) can

serve as catalysts for the growth of CNTs. Interesting results are achieved by using

single crystal SrTiO3 (001) and polycrystalline BaSrTiO3 surfaces via
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metal-catalyst-free CVD routes.

The study shown in Chapter 5 focuses on catalyst designs in engineering SrTiO3

(001) single crystals to realise surface-roughness-tailored growth of CNTs via

metal-catalyst-free CVD. The investigation includes several simple, flexible methods

for engineering the SrTiO3 (001) substrates, giving rise to the SrTiO3 asperities with

nanoscale curvatures, which are responsible for the catalytic performances of

substrate surfaces in the formation of CNTs. Interestingly, the growth trend of CNTs,

even the CNT yield on the whole range of engineered STO substrates, strongly

correlates with the roughness of the STO surfaces. The growth mechanism is

suggested in the content of the formation of hemispherical carbon caps over the

SrTiO3 asperities via a lift-off process, where the defects/distortions on the asperities

could enhance the adsorption and decomposition of hydrocarbons. Complementary

studies are performed by using scratched and powdered SrTiO3 samples to confirm

the catalytic capability of SrTiO3 nanoscale roughness. These results could be

extended to a broader context as to ‘Is the roughness of any oxide surface related to

its catalytic activity or is this particularly the case for perovskites’? To the best of my

knowledge, current findings in CNT research indicate that the growth of CNTs

requires nano-dimensional particles as catalysts, which are not limited in chemical

compositions. Hence, it could be expected that any oxide surface with roughness at

the nanoscale can aid the growth of CNTs without the presence of any metallic

catalysts, however, the specific advantage of SrTiO3 lies in the fact that its surface

roughness can be tailored via various types of surface treatments, which could
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subsequently support the metal-free growth of CNTs on it in a controllable manner.

The investigation, presented in Chapter 6, on the metal-catalyst-free production of

CNTs on polycrystalline BaSrTiO3 surfaces is even more interesting, as the

phenomenon of facet-selective growth of CNTs has been observed. The used sample

has been treated by buffered HF etching, which helps remove the polishing

damage/carbon layers/metal contamination on the substrate surface, resulting in a

clean (free of metal contamination) polycrystalline BaSrTiO3 surface with various

facets clearly exposed. Thanks to SEM, EBSD, and Micro-XAM co-investigation, it

becomes apparent in this investigation that the BaSrTiO3 (110) facets lead to

promising growth of CNTs on them, whereas the (001) facets result in no growth at

all. A complementary DFT calculation on studying the adsorption and diffusion of

carbon species (C2H2 molecules and C atoms) on these low-index BaSrTiO3 surfaces

is performed, revealing that the (110) facet promotes the capture of carbons

(especially C2H2) and facilitates the transportation of carbon species, thus enhancing

the formation of CNTs, whilst the (100) facet retards the adsorption and diffusion of

carbons, to such a degree that it is not able to benefit the growth of CNTs. This

theoretical work is consistent with the experimental results, confirming that the

surface orientations/surface lattice arrangements remain responsible for the

facet-selective growth behaviour of CNTs on polycrystalline BaSrTiO3 surfaces. This

is followed by some speculation on the mechanism of CNT formation, which seems

to depend upon the assembly of carbon segments, produced with the aid of distinct

BaSrTiO3 facets.
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In summary, the perovskite oxides (SrTiO3 and BaSrTiO3 in this case) can be

directly used as catalysts for the growth of CNTs, as well as serving as suitable

catalyst supports for the surface-bound synthesis of carbon nanostructures. The

results generated via the metal-catalyst-free CVD route provide insights into the

usage of perovskite oxides in catalysis.

8.4 Future Works

This project could be furthered by a range of future works, in which the two types of

CVD route for catalyst usage could come into play. In respect of the

metal-catalyst-involved route, firstly, further control over catalyst design on oxide

substrates will substantially enhance the quality and yield of resulting carbon

nanomaterials and influence their structures. For instance, attempts could be made to

fabricate SrTiO3 supported Fe/Ni binary catalysts. The combination of bcc Fe and fcc

Ni nanosized particles, which possess unique crystal shapes (truncated pyramids)

with uniform size distributions on SrTiO3 (001) supports, shows great promise for

catalysis, i.e. catalysing the growth of SWNTs with narrow chriality distributions.

Also, the method of tailoring the catalyst patterning on SrTiO3 (001) surfaces needs

to be developed, for the purpose of improving the VACNT synthesis on substrates,

which could have huge implications for key applications, such as integrated circuits

and thermal interface materials. The principle at stake here is to try to increase the
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areal density of metal catalyst NPs (e.g., up to 1011-1013 cm-2) on SrTiO3 substrates

during catalyst fabrication. A method reported by Hofmann et al.315 on cyclic

deposition might be helpful in this quest.

Secondly, the experimental protocols in terms of synthesising carbon

nanomaterials on perovskite substrates will continue to improve. For those SrTiO3

supported metal shaped catalyst particles, a recipe could be sought for freezing the

metal shapes during the CVD reaction, for example, by using cold wall CVD

technique, as mentioned in Chapter 4. Moreover, designing a possible apparatus to

monitor in situ the growth of CNTs from these shaped metal catalysts, to witness

how the structures of grown materials are tailored by the catalysts (e.g. using Au, Cu,

and Ag), if the catalyst shape can be preserved, or to observe how the catalyst

particle evolves/restructures itself during the CVD process, if the catalyst shape is

jeopardized, would help better understand the role of SrTiO3 supported metal

catalysts during CNT growth.

Thirdly, the growth of CNTs will benefit from further characterisations and

analysis through relatively developed techniques, such as in situ TEM and XPS.

Although this will definitely involve more sophisticated sample preparation

procedures, it can unequivocally provide more information on the circumstances of

CNT growth. For example, in situ TEM and XPS/XRD could offer valuable

information on both catalyst geometry/dynamics and chemical constitution during

CNT growth.

The metal-catalyst-free growth of CNTs has been considered as a major
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breakthrough in CNT research. In this thesis, perovskite oxides are used as catalysts

for growing CNTs, and future works on the metal-free route lies in the following

aspects: firstly, the role played by perovskites during metal-free CVD reactions needs

further clarification; the relevant CNT growth mechanisms also need further

investigations before a relatively convincing model can be proposed. Secondly, the

scaling-up and quality of metal-free CNTs could be improved by designing the oxide

catalysts more smartly. There has been no report so far on the growth of CNTs in a

vertically aligned manner via a metal-free CVD approach, thus seeking possible

methods of densely patterning oxide catalyst NPs on substrates, in order to achieve

the growth of VACNTs. This could be of paramount importance for various

applications such as energy storage, nanoelectronics, and magnetic nanodevices.

Thirdly, it is possible to use SrTiO3 substrates to grow graphene on them via a

metal-catalyst-free CVD route, as shown by several studies on the CVD of graphene

on oxide (silicon oxide,316 sapphire317 etc.) surfaces. SrTiO3 has the advantages of

presenting numerous surface reconstructions, subject to different surface treatments.

Graphene films are expected to grow on these tailored SrTiO3 surfaces (for example,

on a reconstructed SrTiO3 (111) surface) via metal-free CVD. This novel study might

pave the way for the full use of perovskite oxides in catalysis and for the direct

fabrication of metal-free graphene into field effect transistor devices capable of high

performances.
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