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Chapter 1 
 
 

Introduction and outline 
 
This thesis deals with carbon nanotubes (CNTs), monodisperse nanoparticles, and planar 

model systems.  The planar model systems are used to facilitate the study of the 

morphological properties of nanotubes and nanoparticles. The rationale behind this 

perhaps somewhat remarkable combination of seemingly fashionable topics is that CNTs 

rely on nanoparticles as the catalysts for their formation, and that their size or more 

precisely their diameters is believed to be determined by the size of the nanoparticles.     

 

Nanotubes form an amazingly versatile class of new materials with a myriad of 

potentially useful applications. 

The drive for lightweight composite materials is on the rise.  Aerospace manufacturers 

have embraced weight-reducing composites, which until recently were used only in a 

limited range of applications. a  In the new generation of aircraft being developed and 

built today, polymer composites are used extensively, for fuselage and other components, 

saving fuel and cutting emissions. Composite materials with new functional properties 

are created by dispersing low concentrations of specially chosen additives within the 

polymer matrix. By this means, polymers with properties such as strength, stiffness, 

impact resistance, fire resistance, and heat reflectance can be produced.   

Prices of minerals and metals increased two- to three- fold from 2004 up to the financial 

crisis in the Fall of 2008 due to the rapidly increasing demand from China and India. b  In 

addition, new technologies for increasing energy efficiency, sequestering and reducing 

carbon dioxide emissions and for improving telecommunications and computer networks 

will require extensive use of certain minerals and metals.  Examples include lithium, used 

for a new generation of hybrid car batteries and tellurium for solar power cells.  In the 

case of lithium, rising lithium prices would, over the long run, signal to the market the 
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relative scarcity of lithium.  Thus, alternate materials which are abundant and inexpensive 

are continuously sought after. 

 

The nanomaterial most likely to meet the requirements of suitable polymer composite and 

possible fuel storage vessel, is the CNT.  CNTs have attracted considerable interest due to 

their unique one dimensional structure and superior electrical and mechanical properties.1  

The combination of their high strength, high Young’s modulus, high thermal and 

electrical conductivity along the axial direction, low density and high aspect ratio has 

made them candidate fillers for a whole new range of nanocomposites. 2   

One of the major hurdles to using hydrogen as a fuel is an effective and convenient 

means of storing it – particularly for use in transportation.  One of the options that 

scientists have explored is CNTs.  Greek scientists 3 have designed a material consisting 

of sheets or ‘floors’ of graphene - layers of carbon just one atom thick - connected 

together by vertical columns of CNTs.  The structure allows hydrogen to be stored in the 

gaps between the nanotube pillars and the graphene ‘floors’.  They also add lithium ions 

to enhance its hydrogen storage capacity.  While these scientists haven’t built the 

‘pillared graphene’ structure yet, the scientists’ calculations indicate that it could store up 

to 41 g of hydrogen per litre.  If the structure can be built and the predictions are correct, 

the new material could overcome one of the major drawbacks that have prevented 

hydrogen from being used extensively as a fuel for automotive applications.  It should be 

noted however, that to date these expectations have not been fulfilled. 

CNTs are thus very versatile and highly sought after materials.  CNTs are basically a 

hexagonal network of carbon atoms rolled up to make a seamless cylinder having 

diameters as small as one nanometer and lengths of up to a few millimeters.  The 

discovery that carbon could form stable, ordered structures other than graphite and 

diamond, stimulated researchers worldwide to search for other new forms of carbon. The 

search was given new impetus when it was shown in 1990 that C60 could be produced in 

a simple arc-evaporation apparatus readily available in all laboratories.  It was using such 

an evaporator that the Japanese scientist Sumio Iijima discovered fullerene-related carbon 

 2 
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nanotubes in 1991. 4  A single walled CNT consists of a single graphene sheet while 

multi walled CNTs consist of several graphene layers as is indicated in Fig. 1.1. 

 

 Single walled CNT Multi walled CNT

 

 

 
 
Figure 1.1 A single walled and multi walled CNT 4 
 

Due to the rising scope of CNTs, our research was focused on synthesizing these 

structures and attempting to extract some knowledge regarding their growth mechanism.  

CNTs can be produced by chemical vapor deposition (CVD) of a carbon source (usually 

CO or a hydrocarbon) on metals like Al2O3, SiO2 or MgO that contain metal catalysts 

like Fe, Co or Ni.  Several papers indicate that the diameter of the CNT is influenced by 

that of the nanoparticle 5-8 due to the fact that the catalyst particles at the ends of CVD 

grown nanotubes have sizes commensurate with the CNT diameters. 8-10   Thus, in this 

research we initially focus our efforts in synthesizing diameter controlled iron 

nanoparticles in an effort to synthesize diameter controlled CNTs.  Since we were 

successful in synthesizing iron nanoparticles over a narrow increment range we decided 

to use these nanoparticulate systems in a Fischer-Tropsch (FT) study, which entailed 

observing the chemical and morphological changes of the iron nanoparticles under FT 

conditions.  Both the CNT and FT studies were carried out on planar model substrates. 

1.1 The Flat Model Approach 

 

Planar model catalysts are used to bridge the gap between high surface area supported 

catalysts and single crystals. 11  Fig. 1.2 illustrates the difference between the mentioned 

catalyst types.  A planar system has the great advantage in that it can be characterized by 

 3
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a host of surface sensitive techniques because the active catalytic material is not hidden in 

the pores as is the case with high surface area catalysts.   

 

 

 

 

 

 

 

 
Planar model catalyst 

 

 

Figure 1.2 Illustration depicting the differences between the porous, planar and 
single crystal catalysts 
 

1.2 Synthesis of Monodisperse Iron Nanoparticles 

 

Monodisperse nanoparticles, generally defined as having a standard deviation   5 %, 12 

are somewhat more desirable due to their technological and fundamental scientific 

importance.  Achieving a precise control over the iron particle size with a narrow size 

distribution is often challenging and generally unattainable with the classical approaches 

of precipitation and impregnation.  Techniques like the microemulsion technique and the 

thermal decomposition of iron carboxylates have produced iron crystallites with a narrow 

size distribution, thus permitting the study of size dependent mechanistic phenomena. 13 

Figure 1.3 shows how different sized nanoparticles can be achieved from the thermal 

decomposition of iron oleate.  Iron oleate can be synthesized either by dissolution of iron 

oxide or hydroxide in oleic acid or by the reaction between iron (III) chloride and sodium 

oleate.  

 

 

 

 

Porous high surface area catalyst Singe crystal 
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(a) 5nm (c) 12nm 

 

 

 

 

 

 

 
(b) 9nm (d) 16nm 

 

 

 

 

 

 

Figure 1.3 Iron nanoparticles of various diameters synthesized from the 
decomposition of an iron carboxylate compound  at different temperatures (a) 274 °C, (b) 
287 °C, (c) 317 °C and (d) 330°C  13  
 

1.3 Fischer-Tropsch Synthesis 

 

The Fischer-Tropsch synthesis (FTS) is the conversion of synthesis gas (CO + H2) to 

hydrocarbons with a product distribution determined by the probabilities of chain growth 

and termination in a polymerization process.  The synthesis gas can be produced from 

both natural gas or coal.  The synthesis gas obtained using advanced coal gasifiers has a 

much lower H2/CO ratio than the synthesis gas produced from natural gas. 14  It is known 

that the Group 8 transition metals are active for FTS.  However, the only FTS catalysts, 

which have sufficient CO hydrogenation activity for commercial application, are 

composed of Ni, Co, Fe or Ru. 15  Iron catalysts are known to make large amounts of 

carbon dioxide via the water gas shift (WGS) reaction and as such are generally 

considered unsuitable for operation from natural gas derived synthesis gas.  Iron’s 

excellent activity for the water gas shift reaction makes it an ideal candidate for use in the 
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conversion of H2 deficient synthesis gas to liquid fuels and chemicals.  Additionally, its 

lower cost, lower methane selectivity, higher olefin selectivity and lower sensitivity 

towards poisons, makes it an even more attractive option as a catalyst for FTS. 16 

 

Typical FTS iron catalysts are prepared by precipitation of a soluble iron precursor 

(typically iron nitrate) and mixed with silica to improve attrition resistance and catalyst 

stability.  Cu and K are added as promoters. 17  After FT synthesis, the iron oxide in the 

catalyst precursor transforms into a multiphase mixture of stoichiometric and disordered 

iron carbide phases (FexCy) and iron oxide (Fe3O4). 18 

e literature. 

 

It is known that during the activation process with either H2, CO or syngas, iron oxide 

[hematite(α Fe2O3) or maghemite(γ Fe2O3)] transforms quickly to magnetite (Fe3O4), 

which then converts to different iron phases depending on the activation environment. 16  

Bian et al. 19 indicated that a H2 pretreatment of their precipitated hematite catalyst 

precursor, produced metallic iron particles and that their CO reduced sample produced a 

mixture of metallic iron and iron carbides.  At low to moderate FTS reaction conditions 

(<270 °C) it has been reported that only ε-Fe2.2C and χ-Fe5C2 were formed, 20 while θ-

Fe3C was reported only for high temperature FT synthesis with fused iron catalysts. 21  

As a result of this complex behaviour, the active state responsible for FTS is not very 

well known.  In particular the relations between catalyst composition and activity, 

selectivity and stability of the catalyst are hardly known, although much speculation 

exists in th

 

1.4 General Outline of Thesis 

 

In this work, we adopt the thermal decomposition of iron carboxylates for the synthesis of 

iron oxide nanoparticles over a narrow increment range.  These nanoparticles are then 

supported on planar silica substrates by the technique of spincoating.  The supported iron 

nanoparticles are exposed to CNT growth conditions to yield aligned growths of multi 

walled CNTs.  What sets this work apart from the mass of available literature regarding 

aligned CNT growth on Fe coated Si supports, is that we can track the same batch of 

 6 
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particles after the different pretreatments and CNT growth to reveal details regarding 

particle rearrangement and CNT growth.  The supported catalyst is monitored through the 

different pretreatment and synthesis stages, by surface techniques like transmission 

electron microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS).  We observe 

no direct correlation between initial particle size and final CNT diameter as has been 

expressed by other researchers. 5-8 

 

It has been shown that the crystallite size of the active catalytic material plays an 

important role in the catalytic activity and should thus be considered in the catalyst 

design. 22  In this work, the planar silica supported iron nanoparticle catalysts used for the 

CNT study is also employed in a FT study.  The chemical and morphological changes as 

a result of H2, CO and syngas exposures, on the different iron nanoparticle sizes, is 

investigated. 

 

1.5 Outline of Thesis 

 

Chapter 2 is the experimental chapter which encompasses the experimental details and 

techniques carried out in this thesis.  Subsequently the most important spectroscopy and 

microscopy techniques are described in greater detail.   

 

Chapter 3 discusses at length the primary nanoparticle deposition technique which is the 

spincoating technique.  Associated spincoating defects and attempts to alleviate them are 

also reported.  The control of iron nanoparticle size is attempted by using the spincoating 

technique.  This is done by varying the concentration of the iron precursor loading of the 

spincoating solution.  The direct spincoating of the iron precursor solution, however, does 

not give rise to individual particles but rather to an iron-hydroxy-chloro film.  Individual 

particles form only after the reduction treatment.  The spincoated, calcined and reduced 

catalyst are analysed by XPS, TEM and AFM (Atomic Force Microscopy). 

 

Chapter 4 describes how the in-situ formed iron nanoparticles produced in Chapter 3 are 

used for the synthesis of multi walled CNTs.  Through TEM measurements it is 
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established that there is no correlation between particle size and CNT diameter.  A short 

review on CNTs using literature spanning the period 2002 – 2008 is included. 

 

Chapter 5 reports the synthesis of monodisperse iron oxide nanoparticles by the thermal 

decomposition of oxygen-ligand containing iron compounds.  Variations in reaction 

temperature, ratio of iron precursor to surfactant and seed mediated growth are 

investigated for the synthesis of iron oxide nanoparticles over a narrow increment range.   

 

Chapter 6 describes how the monodisperse iron oxide nanoparticles from Chapter 5 are 

used in a sintering study.  The monodisperse particles are spincoated on the silica TEM 

grids and the exact set of particles are studied before and after an Ar/O2 calcination 

treatment at 500 °C. 

 

Chapter 7 uses the monodisperse iron oxide nanoparticle coated silica TEM grid to 

investigate the correlation between particle and CNT diameter.  The CNT growth mode is 

also investigated. 

 

Chapter 8 is a FT study which involves observing the chemical and morphological 

changes of different particle sizes as a function of FT pretreatment gas.  The iron 

nanoparticle coated planar model catalysts are pretreated with H2, CO and syngas.  

Spectroscopy, microscopy and diffraction data are recorded and evaluated. 

 

Chapter 9 summarizes briefly the results and conclusions obtained for the individual 

chapters.  As part of future work, this chapter highlights the potential of silica spheres as 

model supports.  It also presents some ideas on how the potential of planar model systems 

can be optimised.  
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Experimental Details 

 
 

Abstract 

 

The current chapter describes the spectroscopy and microscopy techniques used for the 

characterization of the iron oxide nanoparticles and the synthesized carbon nanotubes.  

One of the primary tools used in the most part of this thesis is the silica TEM grid which 

enables the visualization of nanoparticles on a planar support.  A detailed description of 

the spincoating process which formulates the primary deposition technique for the iron 

oxide nanoparticles is provided in Chapter 3. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



Experimental details 

Characterization is an indispensable discipline in catalysis.  Composition, morphology, 

structure, degree of reduction and support interactions, are among the basic things one 

needs to know about a catalyst.  In our research we have relied on X-ray Photoelectron 

Spectroscopy to determine the composition of the nanoparticles, oxidation state of the 

metal and the degree of reduction.  We have relied on electron microscopy to obtain 

information about particle and carbon nanotube morphology and particle support 

interactions.  The more sophisticated applications of electron microscopy like Energy 

Filtered Transmission Electron Microscopy (EFTEM) have provided chemical elemental 

maps of parts of the sample. 

 
2.1 X-ray photoelectron spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS) 1 is a surface analytical technique based upon 

the photoelectric effect which was discovered by Thomson and later explained by 

Einstein.  When an X-ray beam is directed onto a sample surface, the energy of the X-ray 

photon is adsorbed by the core electron of an atom.  If the photon energy, hv, is large 

enough, the core electron will then escape from the atom and emit out of the surface.  The 

emitted electron with the kinetic energy of Ek is referred to as the photoelectron.  The 

kinetic energy of the emitted electron depends on the wavelength of the radiation in 

accordance with the following equation: 1 

 

Ek = hv - Eb - φ 

where 

Ek is the kinetic energy of the electron 

h is Planck’s constant 

v is the frequency of the absorbed radiation 

Eb is the binding energy of the photoelectron with respect to the Fermi level of  

 the sample 

φ is the work function of the spectrometer 

If a material is irradiated with a source of known energy, the binding energy of the 

electron in the atom can be determined by measuring its kinetic energy after ejection.  

 12 
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The binding energy of an electron is directly related to the atom it originates from and 

thus carries element specific information.  Frequently used X-ray sources for XPS are Mg 

Kα (1253.6 eV) and Al Kα (1486.3 eV).  In XPS, the intensity of electrons is measured 

as a function of their kinetic energy, but in an XPS spectrum the intensity is usually 

plotted as a function of the binding energy. 
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Figure 2.1 XPS wide scan of a planar SiO2/Si(100) support which has been 
spincoated with an iron choride-isopropanol solution 
 
 
Figure 2.1 shows the widescan of a planar SiO2/Si(100) support which has been 

spincoated with an iron chloride solution.  Photoelectron and Auger peaks are the most 

noticeable features which make up the spectrum’s element specific characteristics.  Zero 

energy corresponds to the Fermi level of the sample (and the spectrometer). The small 

features close to zero energy come from the photoelectrons ejected from the valence 

levels, therefore they are of low binding energies.  The silica support contributes 

significantly to the silicon and oxygen peaks while the iron and chloride peaks are due to 

the impregnating iron chloride solution.  The carbon peak is always present even if no 

material is deposited on the support and this is due to surface hydrocarbon impurities 

 13
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from the atmosphere and perhaps from pumping oils of the vacuum introchamber.  The 

formation of Auger peaks is illustrated more clearly in Fig. 2.2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 The empty core hole left behind by the photoelectron is filled by an 
electron from a higher energy level (L1→K), and the relaxation energy emits an Auger 
electron (L23→Auger) 1 
 
 
Fig. 2.2 shows that as the sample is irradiated, an atom absorbs a photon of energy (hv) 

and a photoelectron is emitted.  At around the same time, but at a slower rate, an 

additional phenomenon occurs.  The core hole created by the electron is filled with an 

electron from a higher shell and the atom relaxes from the excited state.  The energy 

released from this step is taken up by another electron, the Auger electron, which is 

emitted, again with an element-specific kinetic energy.  Auger electrons have fixed 

kinetic energies, which are only dependent on the energies of the levels involved in the 

Auger transition. 2   

 

XPS spectra were measured with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 

 14 



Chapter 2 
 
 
were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to the Si 2p peak at 103.3 eV. 

 
2.2 Electron Microscopy (SEM, TEM and EFTEM) 
 
Electron microscopy has developed into an indispensable tool for visual analysis of 

materials on a micrometer and nanometer scale. It is an attractive choice of 

characterization because we can view particles at almost an atomic resolution.  Lattice 

spacing measurements from atomic resolution images can help with composition 

determination.  Modern developments in electron microscopy include in-situ TEM 

(Transmission Electron Microscopy) studies while the resolution has been improved to 

subatomic dimensions with the use of aberration corrections. 3 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) (a) 

 
Figure 2.3 (a) Detectable signals upon interaction of a primary electron beam with a 
sample; (b) schematic set up of SEM 1 
 
Fig. 2.3 (a) shows the interactions of a primary electron beam with a sample.  A part of 

the electrons will pass through the sample depending on the sample thickness.  These 

electrons can be divided into transmitted electrons, diffracted electrons and loss electrons.  

Some electrons are scattered back because of elastic collisions with sample atoms, 

forming the backscattered electrons.  Secondary electrons are formed when the primary 

electrons transfer energy to the sample due to inelastic scattering.  Additionally, the 
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interaction of an electron beam with a sample induces Auger electrons and X-rays and 

other photons from UV to infrared.   

 

SEM (Scanning Electron Microscopy) is a quick and easy method to obtain details about 

the topology and morphology of a particular sample.  SEM is based on the bombarding of 

the sample with electrons.  Fig. 2.3(b) shows how electrons (with energy between a few 

hundred eV and 50 keV) leave an electron gun to pass through a series of electronic 

magnetic lenses, forming a narrow electron beam with a fine focal spot size (1 to 5 nm).  

Creation of a SEM image involves backscattered or secondary electrons [see Fig. 2.3(a)].  

The secondary electrons have mostly low energies (5-50 eV) and originate from the 

surface region of the sample.  Backscattered electrons come from deeper regions and 

carry information on the composition of the sample, since heavy elements are more 

efficient scatterers and appear brighter in the image.  Scanning the surface and correlating 

each position of the beam on the sample surface with a certain concentration of 

backscattered or secondary electrons yields a topology image.  Contrast is obtained by the 

orientation of the surface relative to the detector and by the work function of the 

particular spot on the sample. At equal work function, surface regions facing towards the 

detector appear brighter than surfaces pointing away from the detector.  Figure 2.4 shows 

a SEM image from our work. 

 

 

 

 

 

 

 

 

 

 
Figure 2.4 SEM image of spincoated 9 nm iron oxide nanoparticles on a silica wafer 
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SEM was performed using a Philips environmental scanning electron microscope (XL-30 

ESEM FEG; Philips, The Netherlands, now FEI Co.) in high vacuum mode with an 

accelerating voltage of 10 kV. 

 
When a high energy (200 keV) electron source interacts with a solid sample, it gives rise 

to various phenomena which are indicated in Fig. 2.3 (a).  TEM imaging involves the 

portion of electrons that pass through the sample without suffering energy loss.  These 

transmitted electrons form a two dimensional projection of the object. It is possible to 

obtain very high resolution images with TEM.  Fig. 2.5 shows a high resolution TEM 

image where the lattice fringes of the particles are visible.  The diffracted electrons may 

be used to obtain dark field images as well as diffraction patterns.  The TEM studies were 

carried out on a Tecnai 20 (FEI Co.) operated at 200 kV. 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 TEM image of calcined 28 nm iron oxide nanoparticles 
 
When a high energy beam traverses a sample, one is usually interested in the elastic part 

of the scattered electrons for imaging purposes.  Until recently there was no easy method 

to remove most of the inelastically scattered electrons from the images.  Inelastic 

scattering events, i.e., events in which the incident electron looses a fraction of its energy, 

result in blurry images and a decreased signal to noise ratio.  In EFTEM, one selects 
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electrons which have lost a certain amount of energy in inelastic scattering processes, and 

creates an image with those electrons.  Since the energy loss spectrum of a material 

contains a signature of all the chemical species present, one can actually “tune in” to a 

certain element and obtain an elemental map.  Figure 2.6 shows a TEM and 

corresponding EFTEM image of the initial stage of CNT growth.  EFTEM measurements 

were conducted on a Titan-Krios at 300 kV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 nm

 

Figure 2.6 TEM (left) and EFTEM image of the initial stages of CNT growth with red 
indicating carbon, green, iron and blue, oxygen 
 

2.3 The silica TEM grid 
 
The silica Transmission Electron Microscopy (TEM) substrates used for our research 

were based on the design formulated by Enquist and Spetz. 4  They were custom made 

according to requested specifications.  The side view of a typical silica TEM substrate is 

shown in Fig. 2.7.  The basic preparation involved the deposition of silicon nitride both at 

the back and front of a standard Si (100) wafer.  The nitride at the back was patterned to 

form an appropriate mask which facilitated anisotropic etching of the silicon until the 

silicon nitride at the top was left suspended in its framework.  The silicon nitride layer on 
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the top was made as thin as possible (~ 15 nm) to facilitate efficient TEM analysis.  A 

silica surface layer of about 3 nm thickness was formed by calcining the wafer in an oven 

at 750 °C for 24 hours.  The silica TEM grids used for our model catalysts were made to 

have a window with dimensions of 200 m x 200 m to allow for stability and adequate 

TEM imaging area.  The silica TEM grid is robust and has been shown to survive high 

reaction temperatures and gas flows to capture the top view of the catalyst in its pristine 

state. 

 

 
 SiO /SiN /SiO  –  2 x 2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Side view of a silica TEM support showing the transmission window.  This 
window is a 15 nm thick silicon nitride membrane that has been calcined in air to 
produce a surface oxide layer 
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Spincoating, calcination and reduction treatments of a planar 

OFe/Si icles 2/Si (100) catalyst for the in-situ synthesis of iron nanopart

 

Abstract 

 

The formation and control of metal clusters by the technique of spincoating has been 

previously investigated, facilitating the study of several industrially relevant catalyst 

systems.  In this study, spincoating is used in an attempt to control the iron particle size 

by varying the iron precursor loading.  Various spincoating defects are discussed, in 

addition to strategies that were implemented to eliminate them.  The direct spincoating of 

the FeCl3.6H2O-isopropanol solutions onto the silica substrates resulted in a 

homogeneous iron-hydroxy-chloro film and not individual particles as has previously 

been observed with some other metal precursors.  The spincoated Fe/SiO2/Si(100) 

catalyst is characterized extensively by AFM, RBS and XPS.  It becomes clear that to 

produce iron nanoparticles the spincoated substrates need to be subjected to some sort of 

a pretreatment.  The spincoated catalyst is calcined and reduced and the respective states 

are analysed by XPS, TEM and AFM to determine the morphological and chemical 

compositional changes of the iron nanoparticles after the different pretreatments.  The 

calcination treatment resulted in the production of a network of prismatically shaped 

FeOOH crystals, while the reduction treatment resulted in isolated particles having both 

a metallic and an oxide component. 

 

 

 

 

 

 



Chapter 3 

3.1 Introduction 

 

A planar silicon (Si) substrate consisting of a thin silica layer is a suitable support system 

for the preparation of a planar model catalyst.  A planar system has the great advantage in 

that it can be characterized by a host of surface sensitive techniques because the active 

catalytic material is not hidden in the pores as can be observed from the illustration in 

Fig. 3.1.  Another advantage is that these substrates do not suffer from the drawback of 

charging effects because the silica layer is sufficiently thin to conduct, permitting the 

XPS and SEM analyses of these planar systems. 

 

 
(b) (a) 

 

 

 

 

 

 

Figure 3.1 Illustration showing the basic differences between a (a) porous and (b) 
planar catalyst where with the planar system the metal particles are easily accessible for 
surface analyses 
 

Planar model catalysts are used to bridge the gap between high surface area supported 

catalysts and single crystals. 1  A popular method of depositing catalytic material onto 

planar supports is via the technique of spincoating.  Spincoating mimics the chemical 

interaction between support and precursor during the wet impregnation of real catalysts.  

The formation and size control of metal clusters by the technique of spincoating has been 

previously described in detail. 2-4  It has been suggested that to affect a change in mean 

particle size, initial solute concentration, spin speed and choice of solvent need to be 

considered. 5, 6  The formation of thin layers or isolated particles after spincoating, 

depends on the metal precursor.  It has been observed with the deposition of RhCl3 and 

Cu(NO3)2–ethanol solutions, that nanoparticles form immediately after spincoating 

whereas this not the case with Cu(CH3CO2)2–ethanol solutions.  This solution is 
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deposited as a thin layer and this behavioral difference between Cu(NO3)2 and 

Cu(CH3CO2)2 can be attributed to the fact that Cu(CH3CO2)2 has a larger region of 

metastability in the solvent, suppressing nucleation and growth, leading to its deposition 

as a layer. 6  The formation of particles from this layer is then dependent on the 

subsequent heat treatment. 5 

 

We intend to synthesize a range of planar model catalysts, each consisting of a different 

iron oxide particle size.  The use of these catalysts will facilitate many particle size 

related studies.  In addition, the use of planar systems means that an in depth 

spectroscopy and microscopy study can be carried out.  In this chapter, we consider a 

variation in iron solute concentration as the option to control iron particle size via the 

technique of spincoating.  We also address the issue of spincoating defects and what 

measures were taken to combat this.  Spincoating of the iron precursor solution yields a 

smooth iron hydroxy-chloro layer.  Iron nanoparticles are formed after the calcination and 

reduction treatments, and each of these stages are characterized to obtain morphological 

and chemical compositional changes. 

       

3.1.1 The spincoating mechanism 

Spincoating comprises two major processes which occur simultaneously: radial liquid 

flow and evaporation of the solvent 4 as is indicated in Fig. 3.2.  The radial flow behavior 

of the liquid is attributed to a force balance between the centrifugal and shear forces.  The 

evaporation of a solvent during the spincoating of a solution produces an increased 

solvent concentration at the liquid/vapor interface, resulting in the subsequent 

concentration profiles of solvent and solute through the liquid film. 
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Disk 

Liquid film 

Evaporation  

 

Radial liquid flow  

 

 

 

 
Figure 3.2 Diagram indicating the two simultaneous processes that occur during 
spincoating   
 

Evaporation is an important process towards determining what a coatings final thickness 

will be.  Evaporation is also an important factor that influences the coating uniformity 

and quality in a number of ways.   

 

3.1.2 Spincoating defects 

During evaporation, spincoating defects are likely to occur and precautions against their 

formation need to be exercised.  A common spincoating defect is striation formation and 

its formation occurs as follows: 7 

Evaporation from the surface of a solution can firstly establish a composition gradient at 

the surface where volatile species leave and less volatile components are left behind.  

Secondly, evaporation can result in evaporative cooling, which can contribute to an 

increase in the surface tension of a solvent, since it has been shown that a temperature 

decrease can increase the surface tension of a number of solvents.   

 

Slight differences in surface tension at the top surface can cause adjacent regions of the 

top surface to be in competition in a sort of surface “tug-of-war”.  Thus if one region is 

adjacent to another region having a lower surface tension (σ), the first area (having higher 

σ) will actively pull material from the second area (having lower σ).  This phenomenon is 

shown more clearly in the schematic representation in Fig. 3.3.  Thus the solution 

morphology develops such that higher surface regions become slight hills and lower 

surface tension areas become valleys creating the striation morphology. 
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Solvent evaporation 

Vapor
 

 

 
High σ High σ  

 

 
 
 
 
 
 
 
Figure 3.3 Schematic representation of the mechanism by which striations develop 
during spincoating 
 

During the spincoating of Cu(CH3COO)2.H2O-ethanol solutions onto planar silica 

substrates, van den Oetelaar et al. 8 noticed some break up in the liquid films.  They 

attributed this to the presence of water in the film which could arise from water 

condensation from the atmosphere during spincoating, or to the presence of water in the 

ethanol itself.  Another defect known as “comet” formation could arise if the substrate 

surface or the impregnating solution contains large solid particles during spincoating.  

These solid particles could impede the radial flow pattern of the solution on the spinning 

wafer giving rise to comet-like features. 

 

3.2 Experimental 

 

3.2.1 Spincoating of the FeCl3.6H2O-isopropanol solutions onto the SiO2/Si(100) 

substrates 

Planar silica supports were prepared by the thermal oxidation of a Si(100) single crystal 

wafer in air at 750 ˚C for 24 h.  This procedure creates a thin film of approximately 20 

nm of amorphous oxide with a surface roughness of < 1 nm.  The high temperature 

treatment of silica leads to a dehydroxylation of the surface. 9   

 

High σ 

Low σ Low σ 

Surface layer becomes  
depleted of solvent Surface tractions pull fluid in 

wherever σ is locally higher 
 

Coating Solution 

Substrate
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Scheme 3.1 Preparation process for the planar Fe/SiO2/Si(100) model catalyst  

 

The preparation process for the planar Fe/SiO2/Si(100) model catalyst is illustrated in 

Scheme 3.1.  Treatment of the dehydroxylated wafer in a 1/1 volume mixture of H2O2 

(35%, p.a., Merck) and NH4OH (25%, p.a., Merck) at 60 ˚C for 10 min., results in the 

rapid decomposition of the peroxide, which removes contaminants from the silica 

surface.  In addition this treatment produces a fully hydroxylated silica surface.  A 

subsequent transfer of the etched wafer into boiling water removes the adsorbed NH4OH.  

OH OH OH 

silicon 

silicon 

silica 

Calcination in oven for 24 h at 700C 

Spincoating impregnation of  
FeCl3-isopropanol solution 

(1) NH3, H2O2, heat 
(2) H2O, heat 
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The wafers were first spincoated with ethanol (to reduce the surface tension of the 

impregnating solution) and then with the impregnating iron chloride–isopropanol 

solutions.  The iron loading of the planar catalyst was controlled by varying the iron 

concentration in the impregnating solution and was determined using the following 

equation : 2 

 

 

et
2M = 1.35 x C0                           (3.1) 

 

where M is the amount of material deposited onto the wafer in at/nm2, C0 is the 

concentration of the precursor in the impregnating solution in mol/m3,  is the rotation 

speed in rpm,  and  are the viscosity and density of the impregnating solvent in kg/ms 

and kg/m3 respectively, and te is the evaporation time in seconds.  

 

3.2.2 Calcination and reduction pre-treatments of the spincoated iron chloride-

isopropanol film 

The calcination and reduction pre-treatments of the spincoated catalyst were carried out 

in a single tube quartz reactor.  The calcination was done at 500 ºC for 30 min. in Ar/O2 

(300/70 ml/min).  The calcined samples were characterized by XPS and TEM.  The 

reduction treatment was done at 700 ºC for 45 min in H2 (420 ml/min.).  The reduced 

samples were analysed by AFM, TEM and XPS.   

 

3.2.3 Rutherford Backscattering Spectrometry (RBS) 

The iron coverage of the planar model catalyst was determined quantitatively with RBS, 

using 2 MeV He+ ions.  The helium beam collided with the sample surface at near 

normal incidence such that the beam was aligned with the (100) channel direction of the 

Si substrate.  The applied scattering angle is 95 degrees (exit angle of 5 degrees with the 

sample surface).  This grazing exit angle and the low overall count rate inherent to the 

channeling condition, reduced the risk of pile-up (coincident pulses) to a negligible level.  

A total ion dose of at least 150 C, resulted in Fe quantifications which varied by < 3% 

from their duplicate values.   
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3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed with a VG Escalab 200 using a standard aluminum 

anode (AlK  1486.3 eV) operating at 300 W.  Spectra were recorded at normal emission 

background pressure, 1 x 10-9 mbar.  The spincoated samples were calibrated using the 

C1s peak (284.5 eV) and the calcined and reduced samples were analysed using the Si2p 

peak (103.3 eV) which experiences some overlap with the Fe3s peak.  XPS 

measurements of the reduced samples involved cooling them in H2 and transferring the 

reactor to the glove box, within which, the reduced samples were transferred to the pre-

chamber of the XPS, ensuring an inert transfer.   

 

3.2.5 Scanning Electron Microscopy (SEM) 

SEM was performed using a Philips environmental scanning electron microscope (XL-30 

ESEM FEG; Philips, The Netherlands, now FEI Co.) in high vacuum mode with an 

accelerating voltage of 10 kV. 

 

3.2.6 Atomic Force Microscopy (AFM) 

A Solver P47H Atomic Force Microscope (AFM, NT-MDT, Moscow, Russia) operated 

in intermittent mode under ambient conditions and quipped with NT-MDT NSG01S 

cantilevers was used.  The height profile of the spincoated layer was determined by 

rustering the film surface with the AFM tip using a high force constant (5.5 Nm-1). 

 

3.2.7 Transmission Electron Microscopy (TEM) 

The TEM studies were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV.  All 

TEM measurements were done on silica TEM substrates.  No precautionary steps were 

taken to maintain the reduced samples in an inert environment during TEM 

measurements, thus the reduced samples shown in the TEM images have been 

reoxidized.  The particle diameter distribution as a function of iron loading was based on 

the reduced/reoxidized samples. 
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3.3 Results 
 
3.3.1 Spincoating of the FeCl3.6H2O-isopropanol solutions onto the SiO2/Si(100) 

substrates  

During the initial spincoating attempts, inhomogeneous iron films were obtained which 

were rife with defects like striation formation, “comet” formation and breaks in the 

spincoated layer.  These defects were very visible to the naked eye as is shown by the 

photos taken in Fig. 3.4.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1cm 

(a) 
1cm 

(b)  
 

 

 

Figure 3.4 Photos of the inhomogeneously coated 80 Fe at/nm2 substrates showing 
(a) one of the spincoating defects which includes breaks in the spincoated layer (b) and 
another type of spincoating defect known as comet/streak formation 
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The SEM images in Fig. 3.5 indicate the various inhomogeneous layers that were 

obtained due to spincoating defects.  

 
 
 

(a)  
(c)  

 
 
 
 
 
 
 
 
 
 

(b) (d)  
 
 
 
 
 
 
 
 
 
 
Figure 3.5 SEM images of spincoated FeCl3.6H2O-isopropanol samples indicating 
the various spincoating defects like (a) striation formation, (b) breaking up of the iron 
film, (c) solute concentration gradients due to inhomogeneous evaporation from the 
surface with the inset showing a droplet of concentrated material, (d) formation of 
streaks and comets due to the presence of dust particles on the surface which impede 
radial flow of the solution during spinning 
 

The defects featured in Figs. 3.5(a)-(c) are due mainly to differences in the surface 

tension of the impregnating solution brought about by the presence of water.  The defects 

featured in Fig. 3.5(d) are due to the presence of dust particles on the silica surface prior 

to spincoating.  To eliminate all the defects featured in Fig. 3.5, in the spincoated layer, 

differences in the surface tension of the impregnating solution had to be minimized and 

the wafer surface had to be rid of residual dust particles.  To prevent inhomogeneous 

evaporation of the impregnating solution which contributes to a difference in the surface 
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tension, the spincoater was placed in a sealed chamber.  A nitrogen circulation was 

maintained within this sealed chamber to prevent water condensation which would alter 

the surface tension of the impregnating alcohol.  In order to reduce the surface tension of 

the water coated surface, after its removal from the boiling water after etching, the wafer 

was first spincoated with ethanol and then the impregnating iron chloride-isopropanol 

solution.  Prior to spincoating, the silica wafers were flushed with a nitrogen stream to 

remove dust particles. Implementation of these strategies contributed to the homogeneous 

film depicted in Fig. 3.6. 

 

 

 

(b) 
 
 
 
 
 
 
 
 
 
 
 1cm 

(a) 
 
 
 
 
 
Figure 3.6 (a) Photo showing a homogeneous iron film after implementing strategies 
to prevent spincoating defects, (b) SEM image showing the absence of striations or other 
spincoating defects 
 
 

Figure 3.6(a) shows that the edges of the wafer have a higher concentration of material 

than at the center and this may be due to several reasons.  First, surface tension effects 

make it difficult for solution that is flowing radially outward to detach from the wafer.  

Thus a small “bead” of liquid can stay attached around the entire perimeter and result in 

thicker coatings in this rim zone.  If substrates are not exactly round as the chuck (the 

metal piece on which the wafer is spun), and if they are square or rectangular, then the air 
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flow over the protruding parts (corners) will be perturbed.  Although the flow may still be 

laminar, it will have a different flow history and will usually result in non-uniformity in 

coating thickness at these corner areas. 

 

3.3.2 RBS analysis of the spincoated iron chloride-isopropanol film 

The iron concentrations calculated using the spincoating formula (equation 3.1) was 

verified by RBS measurements 
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Figure 3.7 Comparison of the Fe loading as determined by RBS and by the 
spincoating formula 
 

The graph in Fig. 3.7 shows a nice agreement with the predicted line derived from 

equation 3.1.  Duplicate RBS values were measured at a 4 mm distance from the original 

spot.  Each duplicate value varied by less than 3% implying a homogeneous iron 

distribution over the silica substrates.  The composition of the spincoated layer as 

determined by RBS, corresponds to FeCl0.3O1.5 for all measured iron loadings. 
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3.3.3 XPS analysis of the spincoated, calcined and reduced samples 
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Figure 3.8 Fe 2p and O 1s XP spectra of the FeOx / SiO2 / Si(100) model catalysts at 
various stages of the catalyst life: (a) after spincoating impregnation, (b) after 
calcination at 500ºC, (c)  after reduction in hydrogen at 700ºC and inert transfer 
 

Fe 2p and O 1s XP spectra for the spincoated, calcined and reduced samples are shown in 

Fig 3.8.  The lines in the Fe 2p spectra indicate the positions that we assign to Fe0 (706.8 

eV), Fe2+ (710.0 eV) and Fe3+ (711.3 eV) species.  Table 3.1 summarizes the Fe 2p 3/2 

binding energy of relevant iron reference compounds.   
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Table 3.1 Fe 2p 3/2 XP binding energies for various iron reference compounds 

 

Iron compound Fe 2p3/2 binding energy 
(eV) 

Reference 

F  710.8 e(OH)3
10 

Fe2O3 710.95 10 
Fe3O4 710.6 10 

Fe l 

FeOOH 711.4 

F  710.8 

Fe3O4/SiO2 710.8 This work 

 meta 706.9 11 
FeO 709.7  11 

Fe2O3 711.1 11 
11 

Fe2O3 711.2 12 
e3O4

12 
FeO 709.53 13 

Fe2O3 711.0 13 
Fe3O4 710.56 13 

Fe2SiO4 709.0 13 

 

3+

3+

d 

ydroxide contributions.  The iron (oxide/hydroxide) to the total O1s emission is 80%.  

 

14

the iron hydroxide peak to equal 1 as expected.  Together they make up about 75% of the 

The Fe 2p3/2 peak of the freshly spincoated sample has a binding energy of  711.3 eV 

corresponding to Fe3+ species.  In literature, the reported Fe 2p XP binding energy values 

for the different Fe  species is very close, thus it is difficult to distinguish between the 

different Fe  species based solely on XP binding energies. Even though these films have 

been made from an iron(III)chloride precursor they only contain a small amount of 

chlorine. Quantitative analysis of the Fe 2p, Cl 2p and O 1s spectra yield an overall film 

composition of about Fe1O1.9Cl0.6, which is in fair agreement with the results of the RBS 

quantification. The O1s spectra where analysed in terms of three components 

corresponding to silicon oxide (532.6 eV), iron hydroxide (531.0±0.2 eV) and iron oxide 

(530.0±0.1 eV).  For the spincoated samples the O 1s region shows both iron oxide an

h

The Fe 2p3/2 core line of the calcined sample (Fig 3.8b) is almost identical as after 

spincoating. We assign this phase to be iron oxyhydroxide (FeOOH) based on the shape 

of the O1s peak in the XP spectrum.   We observe an intensity ratio of iron oxide against 
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total O 1s emission implying that the silica substrate remains largely covered.  The 

chlorine is removed completely from the catalyst surface during the calcination step.  

 

For the XPS analysis of the reduced samples (Fig. 3.8c), caution was taken to minimize 

reoxidation of the iron samples by performing the transfer of samples from the reactor 

into the XPS pre-chamber, via the glove box.  The Fe 2p spectrum of the reduced sample 

shown in Fig. 3.8 indicates a Fe 2p3/2 peak at 706.8 eV as well as at 710.0 eV, which we 

assign to metallic Fe and to FeO respectively.  Partial reoxidation of initially metallic iron 

nanoparticles in the glovebox ambient certainly has to be taken into account when 

interpreting these XP spectra.  However, as we will discuss in Chapter 4, we believe that 

the iron(II) oxide and Fe(0) coexist after reduction by hydrogen  In the O 1s region we 

observe a strong decrease in the intensities of the iron (8% of total area) as compared to 

the spincoated and calcined catalyst. This implies that severe particle rearrangements and 

sintering took place during this treatment. 

 

3.3.4 AFM analysis of the spincoated and reduced states 

Fig. 3.9(a) shows the AFM image of the 80 Fe at/nm2 spincoated layer which has been 

scratched to obtain the height profile in determining the thickness of the film.  The height 

profile is shown in Fig. 3.9(b) and corresponds to a film height of about 4 nm.  We have 

also determined the surface roughness across the spincoated sample (80 Fe at/nm2) to be 

 0.6nm, confirming that the spincoated iron(oxide-hydroxide-chloride) layer, is indeed a 

smooth film.  The AFM image in Fig. 3.9(c) shows the reduced catalyst after reoxidation, 

because no precautionary measures were taken to ensure that the samples were 

maintained in an inert environment during AFM measurements.  The corresponding 

height profile is shown in Fig. 3.9(d).  The average particle height of the 

reduced/reoxidised particles is 25 nm and is indicated by the histogram in the inset in Fig. 

3.9(c).  It should be noted that an AFM image is a convolution of the topography of the 

surface and that of the tip.  If surfaces contain features that are sharper than the tip, one 

images the tip shape rather than the surface topography.  Hence, particles with average 

diameters of only a few nanometers may appear larger because the size of the tip 

determines the resolution of the image thus, AFM measurements normally yield correct 

 35



Chapter 3 

information regarding particle height, but they do not provide accurate information on 

particle diameters. 
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Figure 3.9 (a) AFM image showing the scratched iron chloride film (80 Fe at/nm2) 
where the line corresponds to the height profile shown in (b); (c) AFM image of the 
calcined and reduced particles for the 80 Fe at/nm2 sample, with the inset representing 
the histogram for the particle height and (d) indicating the particle height profile along 
the line in (c) 

 

3.3.5 TEM analysis of the FeOx/SiO2/Si(100) catalyst 

Calcination transformed the homogeneous film formed after spincoating into a network 

of needle like crystals as is indicated in the TEM image in Fig. 3.10(f).  XPS results have 

already suggested the presence of goethite.  Goethite is known to form prismatic needle 

like crystals,15 thus we believe that the features observed in Fig. 3.10(f) represent indeed 

FeOOH crystals. 
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Figure 3.10 (a) to (c) TEM images of the reduced 40, 80 and 160 Fe at/nm2 samples; 
(d) histogram showing the particle diameter distribution for the different iron loadings; 
(e) high resolution TEM image of a facetted iron oxide particle after reduction, (f) TEM 
image showing the needle shaped FeOOH crystals formed after the calcination treatment 

(e) 

(f) 

2 nm 
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After the reduction treatment, the needle like crystals transformed into individual iron 

nanoparticles as shown in Figs. 3.10(a)-(c).  The nanoparticles featured in these TEM 

images are reoxidized as these samples have been transferred through air.   TEM 

measurements, unlike AFM measurements can be used to make reliable estimates of 

particle diameter distributions, however, it is difficult to make a size distribution based on 

the truly reduced particles, because iron oxidizes so easily.   

 

The histogram featured in Fig. 3.10(d) gives the diameter distribution of the 

reduced/reoxidized iron particles.  Although there is a distinct difference in particle sizes 

from the 40 to 80 Fe at/nm2 samples, this difference is not so distinct between the 80 and 

160 Fe at/nm2 samples, implying that there could exist a concentration maximum 

whereby particle size can be varied as a function of heat treatment.   

 

It is interesting to note that at least some of the iron particles are crystalline after 

reduction at 700°C and reoxidation.  Figure 3.10(e) shows one such particle, which is 

strongly facetted and presents lattice fringes.  Such crystalline oxide layers have been 

previously observed by Wang et al.16 who have indicated that the reoxidised layer is most 

likely magnetite or maghemite. 

 

3.4 Discussion 

 

During the spincoating of iron chloride-isopropanol solutions, several defects were 

observed.  By taking the necessary precautions, these spincoating defects were eliminated 

to produce the homogeneous iron films shown in Fig 3.6.  Daniels et al.17 noticed that by 

spinning the wafer in a totally closed rotating chamber, evaporation occurred evenly, 

leaving no streaks behind.  Van Hardeveld et al.4 observed that the evaporation rate of 

ethanol within a N2 atmosphere was approximately 2.5 times larger than that within an 

air atmosphere.  They attributed this to water condensation that occurred within the air 

environment, which hindered ethanol evaporation.  The undesirable consequence of this 

was that they noticed an inhomogeneous deposition of the solute because the liquid film 

contracted into small droplets due to poor wettability of the wafers by water.  This 
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phenomenon is what we observed during the spincoating of the samples featured in Figs. 

3.5(b) and (c).  To prevent a repetition of this defect, a N2 circulation was maintained at 

all times within the sealed chamber during spincoating.   

 

During the cutting of the Si wafers, a lot of Si dust is generated and this could be 

responsible for creating streaks and comet-like features on the spincoated layer.  Care 

was taken to ensure that Si dust was removed from the surface by flushing the silica 

surfaces with N2, prior to spincoating.  The surface tension of water is rather high (72.8 

mN/m at 20 ºC) when compared to the commonly used alcohols like ethanol (22.10 

mN/m at 20 ºC ) and isopropanol (23 mN/m at 20 ºC).  It has been reported that small 

additions of ethanol can cause dramatic lowering of the surface tension from the pure 

water value.18  In an attempt to reduce the surface tension of the water coated surface, 

after its removal from the boiling water after etching, the wafer was first spincoated with 

ethanol and then the impregnating iron chloride-isopropanol solution.   

 

Due to the homogeneous film formed on direct spincoating of FeCl3.6H2O-isopropanol 

solutions onto silica substrates, varying spincoating parameters or even iron precursor 

concentrations will not influence particle size during spincoating.  Similar homogeneous 

films have been previously observed with the spincoating of Fe(NO3)3–ethanol solutions 

onto silicon substrates.19 

 

The spincoating equation may be used to accurately determine the iron loading as is 

confirmed by the excellent correlation with RBS measurements in Fig. 3.7.  The 

spincoating equation was verified previously for planar Co/Pt/SiO2/Si(100) bimetallic 

model catalysts prepared from Co(NO3)2.6H2O and Pt(NH3)4(NO3)2 precursors,20  

Cr/SiO2/Si(100) model catalysts prepared from aqueous CrO3
21 and Mo/SiO2/Si(100) 

catalysts.4  Van Hardeveld et al.4 reported te for ethanol in a N2 atmosphere at a  of 

2730 rpm to be 1.9 s and te for 1-butanol in a N2 atmosphere at a  of 2500 rpm to be 9.5 

s.  The te value of 2.5 s for our measured isopropanol evaporation time, in a N2 

atmosphere at 2800 rpm is comparable. 
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The calcination treatment transforms the amorphous iron-oxy-chloro layer into FeOOH 

crystals.  XPS measurements indicate the two different oxide species in Fig. 3.8(b), and 

TEM measurements show the needle-like crystals, characteristic of goethite.  The 

reduction treatment further transforms the prismatic goethite crystals into individual iron 

nanoparticles.  The reduced iron particles have a metallic component in addition to an 

oxide component which appears to be FeO according to the Fe 2p XP spectrum in Fig. 

3.8(c).  It is generally accepted that nano zerovalent iron, after air exposure, has a core-

shell structure,22 with a zerovalent iron core surrounded by an iron oxide/hydroxide shell, 

due to passivation by spurious oxygen, which grows thicker with the progress of iron 

oxidation.  The reduced/reoxidized particles are faceted as is shown by the high 

resolution image in Fig. 3.10(e).   

 

While we do observe a difference in particle size from the 40 to 80 Fe at/nm loading, 

there appears to be no particle size difference between the 80 and 160 Fe at/nm2 samples 

(Fig. 3.10(a)-(c)).  It is probable that there exists some kind of Fe concentration 

maximum whereby particle size, as a function of heat treatment, can be varied.  Even if 

this is so, the particle size distribution for the 40 Fe at/nm2 sample (our lowest selected 

iron concentration) is very wide having a standard deviation () of 42%.  Monodisperse 

particles are generally defined as having as having a  of  5%,23 thus a precise control of 

monodisperse iron nanoparticles, at our selected concentration range (13.5 – 54 mmol/l), 

by subsequent calcination and reduction of the spincoated sample, is not the most viable 

option.  

 

3.5 Conclusions 

 

The direct spincoating of FeCl3.H2O-isopropanol solutions onto planar SiO2/Si(100) 

substrates did not produce particles as has previously been observed with Cu(NO3)2 and 

RhCl3 - ethanol solutions.  Special precautions had to be exercised during spincoating in 

order to eliminate spincoating defects.  The spincoating equation could be accurately used 

for the determination of the iron concentration as has been verified by RBS 

measurements.  RBS and XPS measurements confirm that the spincoated layer consists of 
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an iron-hydroxy-chloro layer the atomic composition of which, could be more or less 

verified by XPS measurements.  The calcination treatment of the spincoated film 

produced a network of goethite crystals as was confirmed by XPS and TEM 

measurements.  TEM images revealed that the reduction treatment produced isolated 

particles and XPS measurements have confirmed that the particles constitute a metallic 

and an FeO component.  The reduced particles are referred to as in-situ formed particles 

and they are subsequently used for CNT synthesis in Chapter 4. 
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Chapter 4 
 

Application of in-situ formed iron particles for the synthesis of aligned 

carbon nanotube (CNT) films 

 

Abstract 

 

Chapter 3 confirms that the calcined and the subsequently reduced planar Fe/SiO2/Si 

catalysts consist of isolated iron nanoparticles.  In this chapter, these in-situ formed iron 

nanoparticles are used as catalysts in an attempt to synthesize diameter controlled 

carbon nanotubes (CNTs).  We use the chemical vapor deposition (CVD) technique for 

CNT synthesis and obtain aligned CNT film heights >180 µm.  It is generally accepted in 

literature that the catalyst particle size influences the CNT diameter.  TEM measurements 

of the synthesized CNTs, however, indicate that the diameters have little or no correlation 

to the diameters of the particles produced during the reduction treatment.  By consulting 

the recent CNT literature (during the period 2002-2008), which constitutes a short review 

within this chapter, we attempt to suggest possible ideas why we observe the poor 

correlation between catalyst particle size and CNT diameter. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

4.1 Introduction 

 

Carbon nanotubes (CNTs) have attracted considerable attention since their discovery in 

1991. 1  CNTs can be thought of as a hexagonal network of carbon atoms rolled up to 

make a seamless cylinder having diameters as small as one nanometer and lengths of up 

to a few mm.  A single walled CNT consists of a single graphene sheet while multi 

walled CNTs consist of several graphene layers.  CNTs are considered a fascinating 

material because of their potential applications for electronic devices, nanomechanical 

systems, electrochemical energy storage and production, and composite materials. 2, 3  

Transition metals like Fe, Co and Ni can be used for CNT synthesis with CNTs growing 

easier over the Fe catalyst. 4  It seems that Fe catalysts have an apparently less structure-

sensitive interaction between formed carbon and the metal particle than with Co or Ni.   

 

There are several papers that have reported that the diameter of the CNT is influenced by 

that of the catalyst nanoparticle. 5-7  Nevertheless, the growth mechanism of CNTs is still 

a controversial subject and a short literature review is incorporated in this chapter to 

present the different ideas proposed by researchers in the field.  In the rest of this chapter 

we use the particles from Chapter 3 to test the hypothesis that the CNT diameter is 

determined by the catalyst size.  Our conclusion is that the diameters of the multi walled 

CNTs show little or no correlation to the diameters of the reduced particles synthesized in 

Chapter 3. 

 

4.1.1 Outstanding Properties of CNTs 

CNTs can exist as single walled or multi walled nano structures and they have attracted 

considerable interest due to their unique one dimensional structure and superior electrical 

and mechanical properties. 8  Their fascinating electrical properties such as high current 

density and ballistic conductance by virtue of their one dimensional structure, have 

facilitated the use of these materials as nanotube interconnects in microelectronic devices.    

Their electronic conductivity has been predicted 9 to depend sensitively on tube diameter 

and wrapping angle (a measure of the helicity of the tube lattice), with only slight 

differences in these parameters causing a shift from a metallic to a semi conducting state.  
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To achieve a clearer understanding into how this works let us consider the unrolled 

graphene sheets indicated in Fig. 4.1. 

 

  (b) (a) 
 

 

 

 

 

 

 

 

 

 

 
(d) (c) 

 

 

 

 

Figure 4.1 Unrolled (a) and rolled (c) graphene sheet indicating an “armchair” 
nanotube; unrolled (b) and rolled (d) graphene sheet indicating a “zigzag” nanotube 
 

 

If the sheet in Fig. 4.1(a) is coiled about points A and B then this results in the formation 

of an “armchair” nanotube shown in Fig. 4.1(c).  The vector between A and B is known 

as (4 x a1) + (4 x a2) or (4, 4) and this is a typical (n, m) value for an “armchair” 

nanotube, the (n,m) values being the normal convention used to describe the structure of 

a nanotube.  In the case of the unrolled graphene sheet in Fig. 4.1 (b),  the vector between 

A and C is known as (4 x a1) + (0 x a2) or (4,0).  This is a typical (n, m) value for a 

“zigzag” nanotube which is featured in Fig. 4.1(d).  The “armchair” nanotube conducts 

electricity like any metal, with a low resistance.  This is because the electronic wave 

functions (caused by the bonds between the carbon atoms), are lined up at right angles to 
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the flow of electrons and do not cause an interference.  The “zigzag” nanotube acts as a 

semiconductor, as the wave functions interfere with the movement of electrons making it 

difficult for the current to flow.   

 

One method to modify the electronic properties of CNTs is by post treatment after 

synthesis.  The high selectivity in the adsorption of CO2 molecules on tube edges of 

different structures can be used to control the electronic properties of SWNTs. 10  The 

CO2 molecule physisorbs on an “armchair” tube edge, whereas it chemisorbs strongly on 

a “zigzag” tube edge with a large adsorption energy of -4.82 eV.  It is proposed that 

annealing with ambient CO2 gas can lead to selective etching with initial CO desorption, 

followed by subsequent CO desorption from the tube edge.  Using this process, only 

“armchair” tubes can be obtained.10   

 

In terms of mechanical properties, CNTs are among the strongest and most resilient 

materials known to exist in nature.  A nanotube has a Young’s modulus of 1.2 TPa and 

tensile strength about a hundred times higher than steel and can tolerate large strains 

before mechanical failure. 11  Because of their high Young’s modulus, all types of CNTs 

have attracted much interest for low weight structural composites.  NASA is developing 

materials using nanotubes for space applications, where weight-driven cost is the major 

concern. 12  However, to date, their performance has been rather disappointing because of 

the difficulty in dispersing them in the hosting matrix and in obtaining a strong interfacial 

adhesion.  The prerequisite of any composite is a good dispersion of the filler within the 

hosting matrix.  In the case of nanofillers, this task is particularly challenging since the 

extremely large surface area that characterizes them is responsible for their strong 

tendency to form agglomerates.     

 

4.1.2 Chemical Vapor Deposition (CVD) Synthesis of CNTs 

In early work the arc discharge and laser ablation processes were the most common forms 

of nanotube production.  The arc discharge technique uses an arc discharge to vaporize 

two solid carbon electrodes to form carbon particles which self assemble into CNTs.  The 

laser ablation process uses a laser to vaporize the graphite bulk.  Due to the interest in 
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developing a scalable methodology for industrial applications, more work has been 

devoted to the CVD techniques.  The CVD production of CNTs is very attractive due to 

the high quality of CNTs produced.  The CVD synthesis is achieved by passing through a 

gaseous carbon source like CH4, C2H2 or C2H4, which is decomposed into atomic carbon 

by the energy provided by a heating coil or plasma.  The carbon diffuses towards the 

heated, catalyst coated substrate, where CNTs form. CVD can produce quite a pure 

product of CNTs measuring up to a few mm in length, 13 with good alignment and high 

yields.  A thermal CVD reactor similar to the one employed for the synthesis of our 

CNTs, is shown in Fig. 4.2. 

 
 
 
 
 
 Catalyst coated substrate 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 A typical thermal CVD reactor set up used for CNT synthesis 14  

 

4.1.3 The General Growth Mechanisms of CNTs 

There are two distinct growth modes for a CNT synthesized from catalyst particles.  In 

the base or extrusion growth mode, the catalyst can remain on the substrate and exist at 

the base of the growing CNT.  In the case of a weak metal-support interaction, the 

particle is detached from the substrate and it moves to the head of the fiber, giving rise to 

the tip growth mechanism.  An illustration of both these mechanisms is shown in Fig. 4.3.  

The growth of CNTs by a catalytic growth mechanism has been studied by many groups 

and they adopt the concepts developed in the 1970s for CVD growth of carbon fibers. 15  

The accepted mechanism is that CNTs form as carbon precipitates from a supersaturated 
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metal catalyst particle.  It has also been observed that the activation energies for carbon 

filament growth from different types of metal catalysts closely resembled activation 

energies for carbon diffusion through the bulk of those metals. 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tip growth 

Extrusion or base growth 

CnHm → C + 

CnHm

Support 

Support 

Figure 4.3 Two growth modes for CNTs; the base growth mode where the particle 
remains attached to the substrate surface and the tip growth mode where the particle is 
detached from the substrate and contained in the tip of the growing CNT 13  
 

 

4.1.4 Prices and Production Capacity 

Prices of CNTs vary depending on type, producer and purity.  A price list from one 

particular supplier, CheapTubes.com is included in Table 4.1 to provide a general idea of 

CNT pricing.  The quoted prices have been effective as of 6 June 2008. 
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Table 4.1 CNT Price List from CNT Supplier CheapTubes.com 

Type of CNT Diameter (nm) Wt% Price/g ($) Price/kg ($) 

Single walled 1-2 90 95 50 000 

Multi walled < 8 95 15 2 500 

Multi walled 8-15 95 10 2 000 

Multi walled 10-20 95 10 2 000 

Multi walled 20-30 95 8 750 

Multi walled 20-40 95 5 600 

Multi walled 30-50 95 5 600 

Multi walled > 50 95 5 600 

 

Chemical & Engineering News 17 have reported some recent market analyses that were 

conducted by a leading international business research company (Freedonia Group), 

regarding the present and future CNT demand.  Their results are reported in Table 4.2. 

 

Table 4.2 CNT Demand according to a research conducted by Freedonia Group 

 2004 2009 2014 

Total Demand $6 M $215 M $1070 M 

By Type    

Single walled nanotubes 0 95 600 

Multi walled nanotubes 6 120 470 

By End Use    

Electronics 0 90 395 

Automotive 1 31 165 

Aerospace/Defense 0 10 65 

Other 5 84 445 

By Region    

U.S. 2 57 290 

Western Europe 1 32 180 

Asia/Pacific 3 113 500 

Other 0 13 100 
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 Some of the worlds leaders in multi walled CNT production include Hyperion Catalysis 

International (Cambridge, Massachusetts) with an undisclosed capacity ranging in the 

“tens of tons” capacity, Bayer (Germany) with an envisioned capacity of 3 000 metric 

tons per year by 2012, Nanocyl (Belgium) with an annual capacity of 40 metric tons and 

Arkema (France) with 10-30 metric tons per year.  

 
 
4.1.5 A short review regarding CNT synthesis for the period 2002-2008 

Due to the rapid growth of literature regarding CNT synthesis, in this short review we 

limit the list mostly to CNT syntheses carried out in the period 2002 – 2008, which 

involve iron as the catalytic material and in most cases a planar silicon substrate as the 

support.  Table 4.3 summarizes seventeen such papers where the iron precursors have 

been deposited by spincoating, sputtering or electron beam evaporation. 

 

The spincoating technique has already been discussed in detail in Chapter 3.  Electron 

beam evaporation involves the evaporation of material which is heated with an electron 

beam, generated from a hot filament and focused with a magnetic field. In the vacuum 

chamber, the evaporated material condenses on the substrate, which can be covered with 

a mechanical shutter as soon as the right amount of material has been deposited.  Ion 

beam sputtering utilizes an ion beam which hits a metal or metal oxide target to sputter 

material onto the target substrate.  It generates fairly uniform, non-porous coatings with 

good adhesion and very low surface roughness (possibly below 1 Å). 

 
It is difficult to draw general conclusions regarding CNT growth simply because its 

growth is rather sensitive to conditions like type of pre-treatment gas, synthesis 

temperature, substrate composition, type of hydrocarbon precursor, hydrocarbon flow 

rates and even reactor set up.  The research highlights of the papers listed in Table 4.3 are 

summarized below according to common subheadings. 
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4.1.5.1 The Vapor-Liquid-Solid (VLS) mechanism of CNT growth 

The VLS model 18-21 is the most common model used to describe CNT growth.  In the 

VLS model it is assumed that carbonaceous species adsorb on the surface of a catalyst 

and then decompose to carbon and other products.  These latter species either leave the 

surface or reside there, thus gradually poisoning the catalyst.  The formed carbon atoms 

are dissolved by the catalyst to form a super saturated solution, from which carbon 

precipitates on the surface forming the tip of the merging nanotube.  In this process the 

most energy demanding step is the diffusion of carbon through the metal bulk.  CNT 

growth is thus a diffusion controlled first order reaction whose rate is proportional to the 

diffusion coefficient and saturated concentration of carbons in the bulk metal. 22  The 

typical corresponding activation energies for bulk diffusion of carbon in various phases 

of iron are 71-83 kJ/mol in bcc Fe, 87 kJ/mol in fcc Fe and 202 kJ/mol in fcc Fe 

supersaturated with C. 23 

 
4.1.5.2 Ferrocene as the iron precursor 

Kim et al. 24 employed ferrocene as the iron source and have reported that as the CNT 

growth temperature increases from 600-800 ºC, their growth rate enhances by a factor of 

25 and the degree of crystalline perfection increases.  Their CNTs have a cylindrical 

structure with a uniform diameter of 15 nm for all synthesis temperatures.  They have 

determined the activation energy (Ea) of their CNT growth to be 30 kcal/mol which is 

close to the diffusion energy of carbon into the bulk γ-Fe.  Lee et al. 25 have observed that 

as the temperature increases from 700 to 1000 ºC, their growth rate enhances non-linearly 

by 60 times.  The CNTs become straighter and their lateral alignment and crystallinity 

improves at higher temperature.  The CNTs reach lengths of up to 3 mm at 1000 ºC.  

They have obtained an activation energy of 35  3 kcal/mol for CNT growth and propose 

that the bulk diffusion rate of carbon is the rate determining step for their CNT growth. 

 
 



 

Table 4.3 Summary of reviewed papers 
 
Substrate Fe precursor Pre-

treatment 
Hydrocarbon 

precursor 
Temperature 

(ºC) 
Duration 

(min) 
CNT film Yield / 

Density 
Diameter 

(nm) 
Ref 

Si (100) FeCl2.4H2O + ethanol NH3 C2H2 800 5 1010 tubes/cm2 20 26 
SiO2/Si(100) FeCl3.6H2O + 

NH2OH.HCl 
Air CH4, C2H4, H2 900 10  1.5 27 

Si Fe(NO3)3 + ethanol N2 C2H2, N2 700 30 35 tubes /m2 20-28 28 
SiO2 Fe( e- beam 

sputtering) 
Ar, H2 C2H2, 

C60 
750 30 1010 tubes/cm2 14 

22  11 

29 

Si Fe-Si H2 plasma CH4, H2 370 15 1010 tubes/cm2 12 30 
Si(002) Fe (e- beam 

evaporation) 
Ar, H2 C2H2, H2, Ar 750 

900 
15  5-15 

60 

31 

SiO2/Si Ferrocene  C2H2 600-800 10  15 24 
 Ferrocene  C2H2 700-1000 5  20 25 

Si FeCl2.4H2O + ethanol NH3 CH4, C2H2 900-1100 5 1010 tubes/cm2 50-150 32 
Alumina FeCl2.4H2O + ethanol NH3 C2H2 900-1000 5 1010 tubes/cm2 50-80 22 
SiO2/Si Fe(NO3)3.9H2O + 2-

propanol 
Ar,H2 C2H4 830-980 6  2 33 

SiO2/Si/Al Fe (e- beam 
evaporation) 

H2 Cyclohexane 720 10  0.6-5 18 

Si/Al Fe (e- beam 
evaporation) 

Ar, H2 C2H4 750-800 30 4x1010 tubes/cm2 7.9 34 

SiO2/Si(100) Fe wire He C2H2 680   10-20 35 
SiO2/Si Ferrocene Ar Xylene 740-830 60 0.25 g/cm3 35-40 20 

SiO2/Si/Al Ferrocene Ar C2H4 850 5  25-65 36 
Si Fe (sputtered)  C2H4 (Ar with 

H2 that contains 
H2O vapor) 

750 10  1-3 37 

SiO2/Si Al2O3/Fe (e- beam 
evaoporation) 

H2/He EtOH/C2H4/H2 825 60  8 38 



Application of in-situ formed iron particles… 

 53

Halonen et al. 20 use ferrocene as the iron precursor and xylene as the hydrocarbon 

source.  From their temperature dependent growth rate data, they obtain two growth 

regimes with activation energies of 405 ± 61 (at 740-770 ˚C) and 164 ± 12 kJ/mol (at 

762-830 ˚C) corresponding to thermal cracking of precursor molecules and carbon 

diffusion in the catalyst respectively.  Their optimal temperature for the synthesis of good 

quality CNTs is 770-800 ˚C.  At low synthesis temperatures (<765 ˚C), their growth is 

slow and the large proportion of amorphous carbon deposition is attributed to the limited 

formation of active catalyst particles due to the large activation energy (382 kJ/mol) 

proposed for the thermal decomposition of ferrocene. 39 

 

Floating Catalyst (FC) CVD has also been used for the synthesis of aligned CNT films.  

FC CVD involves the simultaneous introduction of the iron and hydrocarbon precursor 

into the reactor.  Liu et al. 36 employed ferrocene as the iron precursor and C2H4 as the 

hydrocarbon source and synthesized long, pure and uniform diameter CNTs on an 

Al/SiO2/Si substrate.  The Al layer which is converted to alumina during the heat 

treatment appears to make the Al/SiO2/Si a more active substrate for CNT growth than a 

SiO2/Si substrate.  Liu et al. 36 indicated that XPS analysis of their Al/SiO2/Si substrate 

which was exposed to vaporized ferrocene for 20 seconds, showed the presence of 

metallic iron in addition to a magnetite and iron oxyhydroxide component.  They state 

that it is commonly believed that iron oxide can be reduced to metallic Fe during the 

CNT growth and that the metallic Fe is the active catalyst form. 40  They propose that in 

their case, the particles would possess a core (iron oxide)/shell (metallic iron) structure, 

with the active metallic iron shell providing the channel for accumulation and diffusion 

of the carbon species to feed the CNT growth, while the oxide core would pin the whole 

particle to the substrate to favour the base growth of the CNTs and improve the bonding 

between the multi walled CNTs and the substrates as the previous reports. 41  In addition, 

they propose that an Fe-Al alloy was possibly formed and could provide another 

explanation for the higher and neater multi walled CNT growth in the presence of Al.  

They attribute this to the finding of Nolan at al. 42 who reported that catalyst activity 

could be significantly enhanced by alloying a catalyst (i.e. Fe) and a non catalytic metal 

(i.e. Al), and both surface and subsurface sites are active in the carbon deposition process. 



 

4.1.5.3 Bamboo CNTs 

Bamboo CNTs have distinct compartment layers within their tubular structure.  Lee et 

al 26, 32 and Kim et al. 22 observed bamboo CNTs when their iron coated substrates were 

pre-treated with NH3 and exposed to C2H2 in the temperature range 800 – 1100 ºC.  Lee 

et al. 32 grew nitrogen doped bamboo CNTs by exposing their NH3 pre-treated iron 

coated substrates to C2H2/NH3 and CH4/NH3 mixtures.  Nitrogen doped CNTs has been 

considered as a possible method to control the electronic properties of CNTs in a well 

defined way.  An enhancement of conductivity is expected because the additional 

electrons contributed by the nitrogen atom provide electron carriers for the conduction 

band. 43   

 

Lee et al. 32 observed that as the nitrogen content of the CNTs increased, their crystalline 

perfection decreased.  They proposed that nitrogen doping enhances the flexibility of the 

graphitic sheets and is thus one of the promising ways to control crystallinity and 

structure of nanotubes.  Lee et al. 32 claim to be one of the first groups to synthesize 

vertically aligned CNTs by use of thermal CVD of CH4 at temperatures down to 900 ºC.  

The growth rate of CNTs at 1100 ºC is essentially the same for both CH4/NH3 and 

C2H2/NH3 mixtures, however at lower temperatures the CH4/NH3 mixture gives a lower 

CNT growth rate.  Lee et al. 32 have from additional experiments, suggested that the 

decomposition of C2H2, C2H4 and C2H6 at temperatures in the range 800 - 1100 ºC would 

generate the saturated C concentration in the gas phase thus leading to the same growth 

rate of CNTs.  CH4 on the other hand may provide this saturated concentration only when 

the temperature is as high as 1100 ºC.  Kim et al. 22 have observed that the growth rate of 

bamboo CNTs on the Fe catalyst is about two times higher than those grown on Co and 

Ni catalysts over the temperature range 900 - 1000˚C, producing more crystalline CNTs 

over the Fe catalyst.  They further observed that the crystallinity of CNTs improves at 

higher temperature and this they propose, has to do with the diffusion of carbons being 

the rate determining step.  They suggest that as the bulk diffusion rate of carbons 

increases, the buildup of graphitic sheets would be more successful with less stacking 

faults, thus producing a higher degree of crystalline perfection. 
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4.1.5.4 Cyclohexane and C60 – The more unusual carbon sources for CNT growth 

Grüneis et al. 18 report for the first time the synthesis of CNTs using cyclohexane as the 

carbon source.  They indicate that in order to grow clean CNTs in large quantities it is 

desirable to carry out the synthesis at a temperature well below the self pyrolysis of the 

carbon source and above that of the metal-carbon eutectic.  A eutectic is a mixture of two 

or more phases at a composition that has the lowest melting point, and where the phases 

simultaneously crystallize from molten solution at this temperature.  For all metals, the 

eutectic point decreases with film thickness.  The iron-carbon eutectic is known to be 

1153 ˚C for the bulk but it is expected to be significantly lower for a nm thin film due to 

surface effects. 44  The iron-carbon eutectic for nm sized particles was estimated to be 

approximately 730 ˚C. 45  Grüneiss et al. 18 suggest that by choosing an appropriate film 

thickness and carbon source, the temperature window for nanotube growth without self 

pyrolysis can be set.  Cyclohexane is an attractive carbon source because of its high vapor 

pressure of about 130 mbar (at room temp) which results in high carbon deposition rates.  

It also has a high self pyrolysis temperature of about 850 ˚C.  By using a nm iron film and 

cyclohexane as the carbon source, Grüneis et al. 18 reported a more than 100 ˚C 

temperature window between the onset of catalytic activity (720 ˚C) and the self 

pyrolysis of cyclohexane. 

 

Nerushev et al. 29 report on the synthesis of CNTs using C60 (fullerene) as the carbon 

precursor.  They are one the first groups to show TEM images of initial CNT growth 

using a Si3N4 substrate.  They observed that the C60 grown material has more defects 

when compared to the C2H2 grown CNTs.  Increasing the flow rate of C2H2 (12-16 sccm) 

leads to a denser growth of aligned multi walled CNTs whereas increasing the C60 flow 

rate, slightly increases the density of tubes but also broadens the distribution of nanotube 

diameters.  Nerushev et al. 29 further comment that the results for the two precursors 

molecules (C60 and C2H2) seem to be contradictory to published results 5, 46 which 

indicate the strong correlation between catalyst particle dimensions and the diameters of 

CVD grown single walled and multi walled CNTs.  They conclude that for the thermal 

CVD methods using Fe as the catalyst metal, the multi walled CNT size distribution is 

only slightly sensitive to the catalyst size in the range 10-100 nm. 



 

4.1.5.5 The influence of the substrate surface and buffer layer on CNT growth 

Ting et al. 30 report that well aligned CNTs were obtained at a remarkably low  

temperature of 370 ºC by use of a Fe/Si catalyst on Si with plasma enhanced CVD.  It 

appears that the use of Fe alone at 370 ºC hinders CNT growth due to low diffusivity of 

the carbon.  They observed however, that the presence of Si enhances the diffusivity of 

carbon in Fe at high carbon concentrations.  They further noted that at 500 ºC, the carbon 

diffusivity in Fe-Si-C is 10 times higher than in Fe. 30   

 

Yao et al. 31 report that the 750 and 900 ˚C heat treatment of the iron coated Si substrate 

produced (Fe,Si)3O4 particles.  They observed that the CVD treatment of these substrates 

with C2H2/H2 at 750 ˚C, produced an aligned CNT film, the bottom of which contained a 

high density of α1-Fe2Si and intermediate carbide particles formed through the reduction 

of preformed (Fe,Si)3O4 particles.  A low nanotube yield and random CNT growth was 

obtained for the 900 ˚C growth temperature.  Yao et al. 31 noticed that this growth 

temperature resulted in an increased deposition of amorphous carbon and an increased 

number of carbonized and agglomerated particles entirely embedded in amorphous 

carbon or graphite shells.  They observed the formation of -Fe3C particles inside the 

CNTs synthesized at this temperature, which they propose form through the 

carbonization of encapsulated iron-silicon metallic, or intermediate carbide, particles.  

They finally conclude that CNTs obtained from both the 750 and 900 ˚C syntheses, 

originate via a base growth mechanism.  

 

Chakraborty et al. 33 have synthesized CNTs over a Si supported Fe catalyst and have 

investigated closely the nanotube/Fe/Si interface.  They observed that no CNTs were 

grown at temperatures below 830 ˚C and that CNT growth peaks at 890 ˚C.  Ting et al. 30, 

however, observed CNT growth at just 370 ˚C, but they used an Fe/Si combination 

catalyst instead of just an Fe catalyst as is the case with Chakraborty et al. 33  The high 

CNT activity of the Fe/Si catalyst at the low temperature is due to the fact that at high 

carbon concentrations, the diffusivity of carbon in Fe/Si/C is much higher than the 

diffusivity of carbon in Fe alone.   
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Chakraborty et al. 33 propose that the temperature minimum required for CNT growth 

could be explained by the VLS model which stipulates that a certain amount of energy is 

required to overcome the diffusion barrier for carbon atoms on the iron surface.  They 

also consider the growth model proposed by Kanzow and Ding, 47 to explain this 

temperature minimum requirement.  This model suggests that encapsulation of catalyst 

particles with carbon occurs in competition with CNT growth and dominates at lower 

temperatures.   

 

Chakraborty et al. 33 attribute the decline in CNT growth at temperatures above 890 ˚C to 

the loss of catalytically active particles.  They propose several possibilities for the loss of 

iron catalyst from the substrate surface and these include: 

(a)  Iron silicide formation which is observed at high temperatures and which could lead 

to suppression of CNT growth.   

(b)  Subsurface diffusion of iron nanoparticles as observed by Chemelli et al. 48 who have 

shown that in a system of Fe/SiO2/Si, iron can diffuse through the oxide layer to form 

buried silicides leading to the formation of SiOx/FeSi/Si or SiOx/FeSi2/Si structures at 

temperatures above 450 ˚C. 

(c)  The possible reaction of iron and carbon, to form its carbide at high temperatures, 

mainly cementite (Fe3C) which has been suggested by some researchers, 49 to be inactive 

for the formation of CNTs and hence causes a decline in its yield. 

(d)  Evaporation of iron particles at elevated temperatures.  The kinetic theory of gases 

and the vapor pressure data of iron at 980 ˚C indicates that the probability of a surface 

iron atom evaporating from a particle in 1 s, is  1.5 x 10 -2.  Thus it can be estimated that 

in 6 min. of growth time, about 6 atomic layers of iron will have evaporated from a close 

packed (110) surface into vacuum which represents a substantial fraction of a nm sized 

particle. 

(e)  The dissolution rate of carbon may increase more rapidly than the rate of diffusion 

and precipitation, thus the increased dissolution rate will eventually result in carbon 

encapsulation of the catalyst particles, preventing further CNT growth. 33   

 



 

 Ci et al. 34 report on the synthesis of vertically aligned large-diameter double-walled 

CNT arrays having a density of 15 mg/cm3, making their nanotubes the lightest 

nanotube material ever reported.  Their double walled CNTs have an average diameter of 

7.9 nm as compared to those of Yamada et al. 50 which are 3.7 nm.  They propose that the 

initial Fe thickness together with the interaction between Fe and the substrate will 

determine the size of the catalyst particle size which in turn influences the CNT diameter.  

They further suggest that the interaction between Fe and Al is different from that between 

Fe and Al2O3, and this will produce Fe catalyst particle sizes and CNT distributions 

different from that reported by Yamada et al., 50 who used Al2O3 as the buffer layer. 

 

Dai et al. 35  grew vertically aligned CNT forests over a Fe coated SiO2/Si (100) substrate.  

They maintain that the SiO2 layer allows reduction of the Fe2O3 to FeO rather than Fe 

during CNT growth.  They claim that FeO and not Fe, is the more active catalyst for CNT 

growth and this, they note, has been supported by previous work. 41  Dai et al. 35 observed 

a disoriented layer on top of their aligned CNT forest.  XPS analysis of this top layer 

indicated the presence of metallic Fe.  Dai et al. 35 propose that when too thick an iron 

layer allows some of the oxidized iron to be reduced to Fe, it tends to agglomerate and 

becomes weakly attached to the substrate.  The loose iron particles provide the seeds for 

tip growth and the thicker CNTs are pushed away from the substrate to form the 

disoriented layer on top, containing metallic iron particles at their tips.   

 

Dai et al. 35 further suggest that the faster growing self aligned forests without harmful 

catalyst impurities or disoriented layers occurs when the metal catalyst is oxidized and 

interacts with an oxide layer (SiO2 or Al2O3).  This, they propose, enhances break-up of 

the catalyst layer and allows reduction to the more active FeO rather than to Fe, from the 

by products of the dissociation of the hydrocarbon.  They further report that the longest 

forests have been grown using a SiO2 and/or Al2O3 layer, and a SiO2 layer has been 

shown to inhibit catalyst poisoning by iron silicide and silicate formation. 51 
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4.1.5.6 Some conclusions regarding the relationship between particle size and CNT 

diameter as discussed in the articles outlined in Table 4.3. 

As already mentioned, most of the cases outlined in Table 4.3, involve the deposition of 

iron via the technique of spincoating, electron beam evaporation and ion beam sputtering.  

This implies that the iron is initially deposited as a film which is then subjected to some 

pre-treatment before the formation of nanoparticles.  The carbon precursor is then passed 

over the pre-treated substrates to yield CNTs.  Some of the papers describe particle 

formation during the pre-treatment and correlate the diameter of the synthesized particles 

to that of the CNTs, others mention only the initial film thickness and the diameters of 

the final synthesized CNTs.   

 

Lee et al. 26 acknowledge that at high temperatures the migration rate of the iron particles 

on the substrate is enhanced, facilitating agglomeration, thus the average size of the 

nanoparticles becomes large with a broad size distribution and a low density.  They also 

noted that at temperatures higher than 900 C, the number of CNTs having diameters 

larger than 100 nm increases significantly.  They do however, observe a correlation 

between particle and CNT diameter, even for the cases where the particles have 

coalesced.  Kim et al. 22  observe particle formation only after NH3 pre-treatment of their 

iron coated substrates.  They 22 also observe that at higher temperatures, the average size 

of catalytic nanoparticles increases and the distribution becomes broader, due to the 

agglomeration of the nanoparticles.  They further suggest that because the catalytic 

particles limit the diameter, the CNT growth rate may decrease with increasing CNT 

diameter.   

 

Ci et al. 34 state that because the size of the catalyst particle is critical for CNT growth, 

the initial iron thickness, together with factors like the interaction between iron and 

substrate will determine the size of catalyst particles.  They reported that a 1-2 nm thick 

deposited iron film produces suitable catalyst sizes for large diameter (7.9 nm) double 

walled CNTs.  Yao et al. 31 observe a high density of 1-Fe2Si particles at the bottom part 

of their aligned CNT film synthesized at 750 C.  They associate these particles to their 

CNT growth, and observe a direct correlation between these particle sizes and the 



 

diameters of the synthesized CNTs.  They further mention that at 900 C, there is a low 

density and uneven distribution of catalytic particles which leads to a low CNT yield.   

 

Lee et al. 25 report a diameter average of 20 nm for CNTs synthesized via the pyrolysis of 

ferrocene and C2H2 in the temperature range 700-1000 C.  They report that the 

crystalline perfection of the graphitic sheets increases with temperature.  Choi et al. 27 

observed a near monolayer formation of nanoparticles after soaking their silica substrates 

in a hydroxylamine/FeCl3 solution for 2 minutes.  After calcination, these particles 

appeared smaller and their diameters appeared to have a direct correlation with that of 

their synthesized CNTs.  Mauron et al. 28 report that the iron cluster density can be varied 

with the concentration of the iron (III) nitrate spincoating solution.  The iron clusters are 

formed only after subsequent heating of the spincoated substrates.  With an iron (III) 

nitrate solution concentration as high as 60 mmol/l, their iron coated silicon substrates 

remained unchanged after heating and no clusters were observed for the temperature 

range (650 – 750 C).   

 

They report their highest nanotube densities for their lowest iron (III) nitrate 

concentration (7.5 mmol/l).  The distribution of the CNT diameters for this iron loading is 

narrow (20 – 28 nm) although the iron cluster distributions have broader dispersions.  

They further observed that more than two thirds of the iron clusters do not act as seeds 

for nucleation of a CNT.  They counted 30 – 40 tubes/m2 for synthesis parameters 

where they obtain 120 clusters/m2.  They also mention that CNTs on an aluminium 

substrate exhibit a much better adhesion to the support than CNTs on silicon because the 

synthesis temperature of 650 C is near the melting point of aluminium (660 C).   

 

Sato et al. 51 indicate that the size and density of particles largely influences the growth of 

CNTs.  They show that the heat treatment of an iron coated substrate promotes 

granulation of the catalyst film which increases the iron surface and thus promotes 

growth conditions for CNTs.  They point out that without a heat treatment in air, the 

surface of the catalyst film is covered with a stable FeO layer, which apparently prevents 

the reduction reaction of the catalyst and granulation of the catalyst film.  Heat treatment 
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of the coated substrate in air transforms FeO to Fe2O3.  Sato et al. 51 claim that it is more 

difficult to reduce FeO than Fe2O3 to the metallic state, which they suggest is the active 

component for CNT growth.  

 

It can be gathered that most of the literature outlined in Table 4.3, is in agreement that 

particle diameter dictates CNT diameter.  Most of the articles acknowledge that at high 

temperatures, agglomeration of particles is observed and these sintered particles nucleate 

thicker CNTs.  The majority of the literature suggests that an increase in CNT synthesis 

temperature, promotes the CNT growth rate in addition to the crystalline perfection of the 

CNTs.  Yao et al. 31, however, have observed that at the higher synthesis temperature of 

900 ˚C, an increased deposition of amorphous carbon and an increased number of 

amorphous and graphitic carbon coated agglomerated particles, result. 

 

4.2 Experimental 

 

4.2.1 Synthesis of CNTs 

The spincoated samples were transferred to a quartz multi tubular CVD reactor, with each 

tube having a diameter of 2 cm.  The model catalysts were calcined in Ar/O2 (260/60 

ml/min) for 30 min. at 500 ˚C.  After calcination, the samples were reduced in Ar/H2 

(370/110 ml/min) for 45 min. at 700 ˚C.  C2H4 (780 ml/min) was used as the hydrocarbon 

precursor at 700 ˚C for 45 min.  The reactor was then cooled to room temperature in an 

Ar flow. 

4.2.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 

were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to the Si 2p peak at 103.3 eV.  XPS measurements were conducted on the silica substrates 

after the CNT layers were removed. 

 

 



 

4.2.3 Scanning Electron Microscopy (SEM) 

SEM was performed using a Philips environmental scanning electron microscope (XL-30 

ESEM FEG; Philips, The Netherlands, now FEI Co.) in high vacuum mode with an 

accelerating voltage of 10 kV. 

4.2.4 Transmission Electron Microscopy (TEM) 

The TEM studies were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV.  The 

CNT samples were prepared by suspending some of the tubes in an ethanol solution.  The 

solutions were sonicated using a horn sonicator (Sonic Vibracell VC750) with a 

cylindrical tip (6 mm end cap diameter) delivering energy between 2000 – 3000 J/min.  A 

drop of the sonicated CNT sample was then deposited over a silica TEM grid. 

4.2.5 Thermogravimetric Ananlysis (TGA) 

TGA was performed using a Shimadzu TGA-50 thermal analysis instrument.  The CNT 

samples were removed from the substrate and milligram sample quantities were burned.  

The CNT samples were heated in air from 25 to 800 ˚C at 10 ˚C/min.  

4.2.6 Raman Analysis 

Raman Spectra were measured by a Jobin Yvon-LabRam Raman Spectrometer equipped 

with a microscope and utilizing the 633nm excitation wavelength and a focal point 

diameter of 2µm.  Measurements were done from the top of the CNT bundles as well as 

from their side. 
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4.3 Results 

4.3.1 Synthesis of well aligned CNT films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 4.4 SEM images of aligned CNT films over the (a) 40, (b) 80 and (d) 160 Fe 
at/nm2 samples with the insets showing the respective top views; (c) shows the ease of 
detaching the CNT layer from the substrate surface; the highlighted areas in (a) and (d) 
have been magnified to show the side and top view of the CNT film 

(a) 

(b) 

(d) 

(c) 



 

The heights of the CNT films are 188, 266 and 186 m and the CNT yields are 0.23, 0.25 

and 0.26 mg/cm2 for the 40, 80 and 160 Fe at/nm2 loadings respectively.  There appears 

to be some inconsistency in CNT yield and film height as a function of iron loading even 

though the iron concentrations have been doubled in each case.   

 

The insets in Figs 4.4(a), (b) and (d) show that the CNT coverage as seen from above, 

increases with iron loading.  The magnified side view of the aligned CNT film, indicated 

in Fig. 4.4(a) shows that the tubes appear twisted.  This CNT morphology was observed 

for all the iron loadings.  The magnified top view of the CNT film shown in Fig 4.4(d) 

indicates that the top layer consists of an interwoven network of thicker CNTs that grow 

laterally.  Fig. 4.4(c) indicates that the CNT film can be easily removed from the 

substrate surface implying a weak interaction between the CNT film and substrate surface 

once the sample has been cooled down. 

 

 

 

 

 

 

 

 

 

Figure 4.5 TEM images of the synthesized CNTs obtained from the (a) 40, (b) 80 and 
(c) 160 Fe at/nm2 loading 
 
 
Table 4.4 CNT diameter distribution as a function of iron loading and average 
particle size (obtained after reduction treatment) 
 
 

 

 

 

Fe loading 
(at/nm2) 

Average particle diameter 
(nm) 

Tube diameter (nm) 

40 13 (5) 15 ( 5) 
80 37 (6) 15 ( 5) 
160 36 (7) 17 ( 4) 

(a) (b) (c) 
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The CNTs featured in the TEM images in Fig. 4.5 were sonicated in an ethanol solution, 

after which a drop of the well dispersed tubes was placed on the silica TEM grid and 

allowed to dry.  Fig. 4.5 show that CNTs are no longer helical as observed in Fig. 4.4(a).  

This could imply that the twisted nature of the CNTs could be stress induced during 

growth, and this stress appears to be lifted during dispersion of the CNTs during TEM 

sample preparations.   

 

The average particle diameter reflected in Table 4.4 comes from the calcined and reduced 

particles shown already in Chapter 3.  Table 4.4 shows that the CNT diameter for the 40 

Fe at/nm2 sample is more or less equal to the particle size, however, the other two 

samples have similar tube diameters, which are almost half the size of the reduced 

particles.  This discrepancy between particle and tube diameter suggests that the particles 

produced during the reduction treatment are unlikely the nucleating particles for the 

CNTs reflected in Fig. 4.5. 

 

4.3.2 XPS analysis of the silica substrates after removal of the CNT films 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Fe 2p XP spectra as a function of iron loading of the silica surface after 
removal of the CNT layers 
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Fig. 4.6 shows the Fe2p XP spectra of the substrate surface after CNT removal.  A Fe 

2p3/2  peak is observed at 707 eV which is indicative of metallic iron. 52  An additional 

Fe2p3/2 peak is observed at 711 eV and this can be attributed to magnetite 53 or 

hematite 54.  The residual iron on the substrate surface is higher for the 40 Fe at/nm2 

sample than for the 80 and 160 Fe/at/nm2 samples. 

 

4.3.3 Thermogravimetric analysis (TGA) of the synthesized CNTs 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.7 Derivative TG curves for the CNTs obtained from the 40, 80 and 160 Fe 
at/nm2 samples  
 

TGA is an effective method for determining the burning temperature of CNTs in air 55 in 

addition to detecting the quantity of residual catalytic material contained in the tubes.  

Ramesh et al. 56 performed a TG analysis of their Co filled multiwalled CNTs.  They 

observed two peaks in their Derivative Weight % vs. Temperature curve.  The first peak 

was at 580 ˚C, and they attributed this to the presence of amorphous carbon in the CNTs.  

The second peak was at 650 ˚C and they attributed this to the burning of the CNTs 

themselves.  Fig. 4.7 shows the Derivative Weight % vs. Temperature curves for the 

CNTs from the 40, 80 and 160 Fe at/nm2 samples.  The slight dips in the curves at 643, 
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589 and 549 ˚C (indicated by the red arrows) for the 40, 80 and 160 Fe at/nm2 samples 

respectively, are most likely due to the burning of amorphous carbon and less crystalline 

CNT material.  The peaks at 670, 693 and 642 ˚C for the 40, 80 and 160 Fe at/nm2 curves 

samples, are related to the burning of the actual CNTs.   

 

The lowest combustion temperature for the CNTs from the 160 Fe at/nm2 sample, 

indicates that this sample contains the most defective CNTs as compared to the other two 

samples.  The higher quantity of defective CNTs associated with the 160 Fe at/nm2 

sample is expected, considering that the top entangled layer which constitutes thick, 

defective tubes is most abundant in this sample (inset in Fig. 4.4(d)).  The superior 

quality of the CNTs from the 80 Fe at/nm2 sample with respect to that of the 40 Fe at/nm2 

sample, even though the top entangled layer is denser, implies that the CNTs below this 

entangled layer have high quality.  The CNTs produced from the 40 and 80 Fe at/nm2 

samples are better graphitized than the CNTs produced by Ramesh et al. 56 as is indicated 

by their higher combustion temperatures. 

 

4.3.4 Micro-Raman Measurements of the CNT layer 

Raman spectroscopy is one of the most powerful characterization techniques for carbon 

materials. 57  Raman Spectroscopy is a relatively easy, non-destructive non-contacting 

and quick measurement method to probe the inelastic scattering of light from a sample 

surface at room temperature and ambient pressure. 58  Graphite has three most intense 

Raman features, one at  1580 cm-1 which is referred to as the G band, one at 1350 cm-1 

which is referred to as the D band, and one at  2700 cm-1 which is referred to as the 2D 

or D* band.  A weak band at  3248 cm-1, called the 2D band is an overtone of the D 

mode which is found at  1620 cm-1. 57   

 

The G band is due to doubly degenerate E2g mode at the Brillouin zone center, whereas 

the D band arises from defect mediated zone-edge (near K-point) phonons.  The presence 

of the G band in a spectrum, indicates that the sample contains sp2 carbon networks.  The 

D and D bands are defect induced features and these bands cannot be seen for highly 

crystalline graphite.  The D* band is an overtone of the D band and since this band is 



 

symmetry-allowed and appears in the second order Raman spectra of crystalline graphite 

(without any kind of disorder), it was originally called the G band.  Other authors prefer 

to call it the 2D or D* band, since it corresponds to the overtone of the D band. 58  The 

integrated intensity ratio ID/IG for the D band and G band is widely used for 

characterizing the defect quantity in graphitic materials.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 The three points on the CNT layer measured by Raman analysis 

 

Micro-Raman measurements of the as-grown films were performed at three different 

points on the CNT layer, all the while still being supported by the Si substrate.  The three 

points of measurement are indicated in Fig. 4.8.  The Raman spectra measured at point 1 

of the CNT bundle for the 40, 80 and 160 Fe at/nm2 samples are shown in Fig. 4.9(a).  

The intensity ratio ID/IG is  1.0 for the 40 Fe at/nm2 sample and  1.1 for the 80 and 160 

Fe at/nm2 samples.  Some commercial multi walled CNTs were also measured by Raman 

analysis using the same excitation wavelength.  These results are indicated in Fig. 4.9(b).  

On comparison of ID/IG for our synthesized CNTs to those of the commercial samples, it 

appears that the degree of graphitization and hence the quality of our synthesized CNTs, 

is better than those from Nanocyl, Korea and Toulouse and comparable to those from 

Infineon. 
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Figure 4.9 (a) Raman spectra for the CNTs obtained from the 40, 80 and 160 Fe 
at/nm2 samples.  The intensity ratio of D/G [I(D)/I(G)], normally used as an indication of 
the quality of multi walled CNTs is also shown; (b) Raman spectra for commercial multi 
walled (MW) CNTs, also reflecting the D/G intensity ratio 
 
 
It appears that deviations in the degree of graphitization can occur depending on which 

part of the CNT bundle is analysed.  The spectra for the Raman measurements conducted 

at the three points indicated in Fig. 4.8 are shown in Fig. 4.10 (a).   

 

Point 2 which is close to the Si substrate shows a small Si signal at 524 cm-1, while point 

3 which is measured very close to the Si edge shows a huge Si signal at the same Raman 

shift.  The Raman spectrum of the CNTs at point 3 has a ID/IG ratio of  1.1 and this is 

similar to the ID/IG ratio of the CNTs at point 1.  The CNTs at point 2 have a ID/IG ratio of 

 0.9, implying that the degree of graphitization of these CNTs is higher than the CNTs at 

point 1 and 3. 
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Figure 4.10 (a) Raman spectra of the CNTs obtained from the 160 Fe at/nm2 sample, 
measured at the points indicated in Fig. 4.8; (b) magnified view of the G peaks in (a) 
indicating the D peaks more clearly  
 

The D peak which occurs at the side of the G peak is indicative of the measure of defects 

in the CNTs.  The G peaks are magnified in Fig. 4.10(b) to indicate the D peaks.  The D 

peak is more intense at point 3 when compared to the D peak at point 2.  At point 1, the 

G and D peaks cannot be clearly resolved, thus confirming that the top layer consists of 

lower quality CNTs.   

 

4.3.5 CNT synthesis without the reduction pre-treatment 

Since the CNT growth conditions using ethylene as the carbon source are highly 

reducing, one might wonder if a hydrogen reduction pre-treatment is necessary.  Hence, 

the CNT synthesis was also carried out by including the calcination pre-treatment but 

eliminating the reduction pre-treatment.  The importance of the reduction pre-treatment is 

realised by the poor CNT yield and quality shown in Fig. 4.11.  The CNT yields were too 

low to give measurable quantities and the insets in Figs. 4.11(a) and (b) magnify the poor 

quality of the CNTs, which appear to have inhomogeneous diameters and no alignment. 

 

500 1000 1500 2000 2500 3000

I
D
/I

G
 0.9 

I
D
/I

G
 1.1 

D'
Measurement - point 3

Measurement - point 2In
te

n
si

ty
 (

a.
u

.)

Raman shift (cm-1)

Measurement - point 1

D'

Si

I
D
/I

G
 1.1 

1500 1600 1700

D'

In
te

n
si

ty
 (

a.
u.

)

Raman shift (cm-1)

D'

G

(a) 

(b) 



Application of in-situ formed iron particles… 

 71

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 SEM images showing the synthesized CNTs without the reduction pre-
treatment (a)-(c) over the 40, 80 and 160 Fe at/nm2 samples respectively with the insets 
in (a) and (b) showing the poor alignment of the CNTs; (d) shows the aligned CNT 
growth obtained with the reduction pre-treatment 
 
Figs. 4.11(d) and (c) indicate the huge difference in CNT yield and alignment obtained 

with and without the reduction pre-treatment, for the same iron loading. 

 

4.4 Discussion 

 

4.4.1 Synthesis of the well aligned CNT films 

The aligned CNT growth observed for all the iron loadings shows a rather irregular 

growth on top and a more refined growth below it as can be observed in Fig. 4.4(d).  The 

CNTs on the top appear to be entangled with thicker diameters and a growth which 

extends in a lateral direction, while the CNTs below it are very ordered and appear 
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parallel to the surface normal.  Dai et al. 35 also observed similar characteristics for their 

aligned CNT growth from an Fe/SiO2/Si catalyst.  They observed an entangled layer on 

the top and a vertically aligned forest below this.  The top layer seems to vary with initial 

iron loading as is shown by the insets in Figs 4(a), (b) and (d) implying that the overall 

quality of the tubes is influenced by the initial iron concentration.   

 

Dai et al. 35 also observed that the quantity of thick defective tubes which form initially, 

increased with initial iron catalyst layer.  They propose that too thick an iron layer allows 

some of the oxidized iron to be reduced to Fe, which tends to agglomerate and becomes 

weakly attached to the substrate.  They further suggest that the loose iron particles 

provide the seeds for tip growth and the thicker CNTs are pushed away from the substrate 

to form the disoriented layer on top.  We are also in agreement with Dai et al. 35 that the 

reduced particles catalyses the entangled growth observed on top since the thick defective 

tubes that we observe on top of our aligned CNT growth are most likely catalysed by the 

agglomerated particles formed during the reduction treatment.  We have performed XPS 

measurements of the top of our CNT layers, however the Fe signal was very weak to 

make any conclusive statements regarding the iron oxidation state.  Dai et al. 35 observed 

metallic iron from XPS analysis of their top layer.   

 

The CNTs in the aligned layer appear to be maintained at the same height.  Figure 4.4(a) 

shows that on closer inspection these tubes appear helical.  The TEM images in Figure 

4.5 however, show no evidence of the helical nature, implying that the helicity of the 

tubes is probably induced by some stress during growth.   

 

It is very likely that this stress or restriction maintains that all the CNTs have the same 

height even if their individual growth rates differ.  We could attribute this restriction to 

the possibility that the aligned growth lifts up the disordered growth, thus growing into 

the entangled layer and experiencing some restriction by it.   

 

We have calculated 59 the grafting density of the CNTs for the 40 Fe at/nm2 sample to be 

 45 CNTs/m2.  Mauron et al. 28 have obtained a density of  40 CNT/m2 for their 
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CNTs derived from pretreated spincoated Fe(NO3)3-ethanol samples.  Alignment of these 

CNTs has been previously attributed to van der Waals forces.60  The CNTs in our aligned 

layer however, are separated by too great a distance to impose alignment on each other 

via van der Waals interactions, thus there must be some other mechanism at play which is 

responsible for the alignment of the CNTs in our samples.   

 

It appears that the initial iron loading has little influence on CNT yields, CNT film 

heights and average tube diameters.  The reduced particle diameters shown in Table 4.4 

are almost double the resulting CNT diameters for the 80 and 160 Fe at/nm2 samples.  It 

is generally accepted that the particle diameter dictates the CNT diameter 5-7, 61, but our 

results show clearly no correlation between reduced particle size and CNT diameter for 

the 80 and 160 Fe at/nm2 samples whose average particle sizes are 37 and 36 nm 

respectively and whose CNT diameters are both 15 nm.  We propose that the particles 

produced during the reduction treatment are not the nucleating particles for the CNTs 

observed in Fig. 4.5. but are the catalysing particles for the entangled CNT growth 

observed on top of the aligned layer.   

 

At this stage we cannot provide conclusive statements regarding the growth mechanism 

of the CNTs observed in Fig. 4.5, however we are inclined to believe that the growth 

mechanism for the secondary aligned growth may be different from the process that 

catalysed the initial entangled layer. 

 

4.4.2 XPS analysis of the silica substrates after removal of the CNT films 

The residual iron on the substrate surface indicates a metallic iron component in addition 

to an iron oxide one (Fig. 4.6).  The fact that metallic iron was detected even though the 

substrate was transferred through air, indicates that this iron is passivated by carbon.  The 

iron oxide component could very well have been metallic, which spontaneously oxidised 

once the samples were exposed to air.  It can also be noted that the residual iron is highest 

for the 40 Fe at/nm2 sample and lowest for the 160 Fe at/nm2 sample.  Most of the iron in 

the 80 and 160 Fe at/nm2 samples is probably incorporated in the top entangled layer as 

the quantity left behind is lower than that for the 40 Fe at/nm2 sample.  We propose that 



 

this residual iron on the substrate surface is responsible for the decomposition of the 

hydrocarbon precursor into atomic carbon. 

 

4.4.3 TGA and Micro-Raman measurements of the CNTs 

The TGA measurements indicate that the CNTs obtained from the 80 Fe at/nm2 sample is 

the most superior because it burns at a higher temperature.  The Raman spectra shown in 

Fig. 4.9(a) however, suggests that the CNTs from the 40 Fe at/nm2 samples are most 

superior because the intensity ratio of the D/G is lowest for these tubes.  It should be 

noted that the quality of the CNTs can differ at various points within the CNT layer as is 

shown by Fig. 4.10(a).  Fig 4.9(a) represents measurements taken from the top of the 

CNT layers, thus it is reasonable that the 40 at/nm2 sample will feature the best CNT 

quality because it has the least dense top layer which appears to consist of the defective 

CNTs.  It seems like the most graphitized portion of the CNT layer is represented by 

point 2 in Fig. 4.8.  The CNTs in close contact with the silica substrate also appear 

defective.  These defective CNTs could represent the carbon which has passivated the 

iron which is indicated as the metallic component in the XP spectra in Fig. 4.6.  The 

overall quality of our synthesized CNTs fares extremely well when compared to the 

commercial multi walled CNT samples shown in Fig. 4.9(b).  

 

4.4.4 Active iron species for CNT growth 

Referring back to Chapter 3, we know from XPS measurements that after calcination of 

the spincoated FeCl3-isopropanol samples we get FeOOH and after reduction we obtain a 

metallic iron component and a major iron oxide component with an Fe 2p3/2 peak at 710 

eV, which we attribute to FeO.  Fayalite (2FeO.SiO2) which has a Fe 2p3/2 binding energy 

at 709.0 eV 62, is a less likely candidate.  Various authors have recently shown that while 

unsupported iron (II) oxide is a metastable phase below 570 °C, it is stabilized when 

dispersed on oxidic supports such as silica 63.  In temperature programmed reduction 

experiments, silica supported iron (II) oxide was formed around 500 °C.  Further 

reduction to metallic iron occurred only at temperatures exceeding 700 °C.  
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Baker et al. 64 have compared the catalytic reactivity of metallic iron (Fe), wüstite (FeO), 

and haematite (Fe2O3) as precursors for the formation of carbon filaments from ethane 

and acetylene.  They concluded that the order of activity is FeO > Fe  Fe2O3.  Dai et 

al. 35 also agree with the higher reactivity of FeO for CNT synthesis after they examined 

their silica substrate surfaces by XPS after removal of their aligned CNT forest.  They 

observed that the Fe spectra showed the characteristic shape and binding energy of FeO 

(even though their sample has been transferred to the XPS through air).  They inferred 

that the vertically aligned CNTs are base grown on FeO catalyst nanoparticles, which are 

firmly attached to the substrate.  They further suggest that both Fe and FeO can act as 

catalysts for CNT growth but that FeO is the more active catalyst.  

 

We agree that the bulk of the CNT growth stem from a base growth mechanism,65 

however, it is interesting to note that we did not observe FeO on the surface of the 

catalyst after removal of the CNT product in air.  We only see zero- and trivalent iron in 

the Fe 2p window spectra.  We propose that the catalytically active FeO particles are 

prone to reoxidation while carbon encapsulated iron particles remain metallic even in air.  

The latter particles however, only contribute to a minute fraction of the overall CNT 

yield, thus this encapsulation should be regarded as a deactivation process. 65  

 

4.5 Conclusions 
 

In this chapter we have provided a brief literature review for the period 2002-2008, of 

CNT synthesis on mostly planar Si supported iron catalysts.  All of the literature leans 

toward the belief that particle size dictates CNT diameter.  Many of the articles 

acknowledge that sintering of the particles occurs at high temperatures, but still maintain 

that particle size dictates the diameter of the resulting tubes even for the cases of the 

agglomerated particles.  We, on the other hand, observe no correlation between particle 

size and CNT diameter, for the CNTs derived form the 80 and 160 Fe at/nm2 samples.  

The particles produced during the reduction treatment have diameters twice that of the 

synthesized CNTs.   

 



 

There appears to be two modes of growth during CNT synthesis.  There is an initial 

growth which consists of thick defective CNTs most likely catalysed by the agglomerated 

reduced particles.  The disordered layer seems to contain a big portion of the initial iron 

content.  This growth extends laterally and Raman measurements have confirmed that 

indeed this top growth is defective.  Below this thick defective growth, there is an aligned 

growth which is parallel to the surface normal.  Raman measurements from the sides of 

the CNT layers indicate that these tubes contain fewer defects than those on the top.  

When the CNT layers are removed from the substrate surfaces, XPS analyses indicate the 

presence of zero- and trivalent iron.  The zerovalent iron is encapsulated by carbon and 

thus can be maintained in its metallic form even when the sample is exposed to air.  We 

propose that the trivalent iron was probably FeO which oxidised on exposure to air.  We 

further propose that the residual FeO may be involved in the decomposition of the 

hydrocarbon precursor as well as the nucleation and crystallization mechanism of the 

CNTs.  The reduction pretreatment appears essential for the synthesis of good yields of 

aligned CNT films. 

 

The in-situ particle synthesis towards the subsequent formation of CNTs has proved to be 

an efficient route for the synthesis of well aligned CNT films.  TG measurements have 

indicated that our synthesized CNTs are rather superior when compared to various 

commercial multi walled CNTs.   

 

It appears that the synthesis of monodisperse particles via the in-situ route is not the most 

viable option.  The synthesis of monodisperse particles over a wide size range, is 

however, still desirable, in order to facilitate studies like sintering behavior and changes 

in particle morphology with respect to various chemical environments.  In Chapter 5, we 

focus on the synthesis of monodisperse iron oxide nanoparticles over a wide size range. 
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Chapter 5 
 

Synthesis of monodisperse iron oxide particles 

 
Abstract 

 
The synthesis of a range of uniformly sized iron oxide nanoparticles is of growing interest 

in catalysis.  Control of size of a metal crystallite on a support might be very important in 

developing a catalyst which meets the activity, stability and selectivity requirements of a 

particular catalytic process.  A great deal of catalytic activity is believed to be focused at 

defect sites of crystals so the extreme curvature of nanoparticles means that they are 

associated with a high concentration of defect sites.  Traditional precipitation 

approaches for the synthesis of iron oxide nanoparticles can result in particles with a 

wide size distribution.  This makes the interpretation of crystallite size dependent 

behaviour of the catalyst impossible.  An elegant method for the synthesis of 

monodisperse iron oxide nanoparticles involves the thermal decomposition of oxygen-

ligand containing iron compounds such as acetylacetonates, acetates and oleates in 

surfactant containing solutions.  In this chapter, iron acetylacetonate and iron oleate 

constitute the selected oxygen containing iron precursors used for the synthesis of iron 

oxide nanoparticles.  Variations in reaction temperature, ratio of iron precursor to 

surfactant and seed mediated growth are investigated for the synthesis of a range of 

particle sizes.   
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5.1 Introduction 

 

In Chapter 3, we discussed the synthesis of iron oxide nanoparticles by adopting the in-

situ approach.  This method suffered in that it resulted in particles with a broad size 

distribution.  Monodisperse nanoparticles, generally defined as having a standard 

deviation   5 %, 1 are somewhat more desirable due to their technological and 

fundamental scientific importance.  These nanoparticulate materials often exhibit very 

interesting electrical, optical, magnetic and chemical properties, which cannot be 

achieved by their bulk counterparts.  In this chapter we explore the thermal 

decomposition of iron oleate and iron acetylacetonate, towards the synthesis of 

monodisperse iron oxide nanoparticles. 

 

Iron oleate can be synthesized either by dissolution of iron oxide or hydroxide in oleic 

acid or by the reaction between iron (III) chloride and sodium oleate.  Iron oleate proves 

the most versatile iron carboxylate due to the wide particle size range (6 to 30 nm) that 

can be derived from it, simply by a variation of reaction conditions.  In this chapter, the 

influence of reaction temperature on the iron oleate complex and the ratio of iron 

precursor to oleic acid molar ratio, is investigated. 

 

The reduction of iron (III) acetylacetonate in a high boiling solvent produced very small 

nanoparticles ( 5 nm). 2  These nanoparticles were then used as seeds for the synthesis of 

bigger particles.  Yamamuro et al. 3 indicated that the metallic nature of these particles 

could be enhanced by increasing the ratio of the reductant to metal precursor.   

   

5.2 Experimental 

5.2.1 Investigating the influence of reaction temperature 4 

For the synthesis of the iron oleate complex, 6.6 mmol of FeCl3.6H2O and 19.9 mmol of 

sodium oleate was dissolved in a solvent mixture composed of 14 ml ethanol, 10 ml 

distilled water and 24 ml of hexane.  The reactants were contained in a vessel equipped 

with a condenser and mechanical stirrer.  A N2 flow was maintained within the vessel 

throughout the entire synthesis process.  A heating mantle with a temperature range from 
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ambient to 450 C was used.  A special aluminium casing supported the reaction vessel 

within the heating mantle.  A temperature probe was suspended within the aluminium 

casing.  This temperature probe maintained control of the reaction temperature without 

contacting the reaction mixture.  The temperature difference within the aluminium block 

and the reaction mixture was calibrated to be approximately 5 C.  The resulting solution 

was then heated to 70 C and maintained at this temperature for a period of 4 hours.  On 

completion of this reaction, the upper organic layer containing the iron-oleate complex 

was washed three times with distilled water in a separatory funnel.  The hexane was then 

evaporated off at a rotary evaporator and the resulting mixture yielded a waxy solid. 

 

The thermal decomposition of the iron oleate complex which resulted in the 9 nm 

particles, involved dissolving 2.2 mmol of the synthesized iron oleate complex and 1.1 

mmol of oleic acid in approximately 16 ml of 1-hexadecene at room temperature.  The 

reaction mixture was then heated to boiling (274 C), at a rate of 4 C/min. and 

maintained at this temperature for 30 minutes.  For the synthesis of the 16 nm particles, 

2.2 mmol of the iron oleate complex and 1.1 mmol oleic acid were dissolved in 

approximately 16 ml of 1-octadecene at room temperature and then reacted for 30 

minutes at approximately 320 C. 

 

The resulting solutions containing the 9 nm and 16 nm nanocrystals respectively, were 

then cooled to room temperature.  To prepare a solution containing monodisperse 

particles, a size selection process was applied.  The most frequently used size selection 

process involves the addition of an anti solvent to precipitate the larger particles.  Ethanol 

served as the anti solvent which caused the biggest particles in the mixture to flocculate 

because of van der Waals interactions.  This precipitate was then retrieved by 

centrifugation.  The precipitate was then dissolved in toluene and additional ethanol was 

added for a further size selection process.  After centrifugation, the precipitate was once 

again dissolved in toluene to which ethanol was added for the final size selection process.  

The resulting precipitate after centrifugation was then dissolved in toluene and this 

constituted the stock solutions for the 9 and 16 nm particles.  The iron oxide 
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concentration was determined by burning off an aliquot of the stock solution in a calcined 

tarred quartz weighing boat at 500 C and measuring the residual iron oxide material. 

 

5.2.2 Investigating the influence of iron to surfactant ratio 5 

This method involved the one pot synthesis and decomposition of the iron oleate 

complex.  The 1:5 iron:surfactant ratio was investigated by reacting 2 mmol of FeOOH 

(50-80 mesh) and 10 mmol of oleic acid in approximately 6.5 ml of 1-octadecene.  The 

mixture was heated to 320 C and kept at this temperature for 2 h.  For investigation of 

the 1:8 iron:surfactant ratio, 16 mmol of oleic acid was used.  Precipitation, particle size 

processing and iron quantification was similar to that as in section 5.2.1.  

 

5.2.3 Investigating the technique of seed mediated growth 2 

This technique involves the synthesis of small particles (4.5 nm) which are then used as 

seeds or nuclei for the generation of bigger particles.  The 4.5 nm particles are derived 

from the reaction of 0.5 mmol of Fe(acac)3, 2.5 mmol of 1,2-hexadecanediol, 1.5 mmol of 

oleic acid and 1.5 mmol of oleylamine in 10 ml dioctyl ether.  All reactants were heated 

to 270 C and maintained at this temperature for 30 min.  Precipitation, particle size 

processing and iron quantification was similar to that as in section 5.2.1, except that 

heptane was used as the hydrocarbon solvent.  For the seed mediated growth, the above 

mixture once reacted for 30 min. at 270 C, was air cooled to room temperature.  To this 

mixture additional reactants were added which included: 1 mmol of Fe(acac)3, 5 mmol of 

1,2-hexadecanediol, 3 mmol of oleic acid, 3 mmol of oleylamine and 20 ml dioctyl ether.  

The combined mixture was heated to 270 C and maintained at this temperature for 110 

min.  The precipitated and size selected particles were then dissolved in heptane. 

 

5.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 

were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to Si 2p peak at 103.3 eV. 
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5.2.5 Transmission Electron Microscopy (TEM) 

The TEM studies were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV.  Particle 

statistics were conducted on at least 80 particles for each size range using the software 

SPIP (Scanning Probe Image Processor).  SPIP is a software for nano and micro scale 

image processing, available from Image Metrology. 

 

5.2.6 X-ray Diffraction 

X-ray diffraction experiments were carried out using a Huber Guinier imaging plate 

camera G670 with Cu K1 radiation source ( = 1.54059 Å). 
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5.3 Results 
 
5.3.1 Investigation of reaction temperature 
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Figure 5.1 (a) TEM image of synthesized 9.5 nm particles using 1-hexadecene as 
solvent and thus a final reaction temperature of 274 C with (b) the corresponding 
histogram showing the diameter distribution; (c) TEM image of synthesized 16 nm 
particles using 1-octadecene as solvent and thus a reaction temperature of 317 °C with 
(d) the corresponding histogram showing the diameter distribution 
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Fig. 5.1 indicates that as the boiling point of the solvent is increased, the diameters of the 

iron oxide nanocrystals appear bigger.  This result can be explained by the higher 

reactivity of the iron-oleate complex in the solvent with a higher boiling point. 4 

 

5.3.2 Variation in iron precursor to surfactant ratio 
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Figure 5.2 TEM images where the (a) ratio of iron precursor to surfactant = 1:3 with 
(b) the corresponding histogram showing diameter distribution; (c) ratio of iron 
precursor to surfactant = 1:8 with (d) the corresponding diameter distribution histogram 
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From Fig 5.2 it can be observed that there exists a particle diameter increase with an 

increase in surfactant to iron precursor ratio.  It has been previously observed that the 

higher the ligand concentration, the lower the monomer reactivity; therefore there would 

be less nuclei formed resulting in larger nanocrystals because of the decreased 

availability of the iron precursor in the solution phase. 6 

 
5.3.3 Seed Mediated growth 
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Figure 5.3 TEM images showing the (a) synthesized 4nm particles produced by the 
decomposition of Fe(III) acetylacetonate and (b) corresponding histogram; (c) 6nm 
particles synthesized by using the 4nm particles as seeds with (d) corresponding 
histogram 
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During the seed mediated growth process, the 4nm particles (Fig. 5.3(a)) are mixed with 

more precursor material to synthesize the 6nm particles (Fig. 5.3(c)).  By controlling the 

quantity of seeds, iron oxide nanoparticles with various sizes can be synthesized. 

 

5.3.4 XPS results 

XPS measurements were performed on the spincoated 4 and 9nm particles in order to 

determine the iron oxide phase.  Due to the closeness in Fe 2p 3/2 binding energy values 

between Fe2O3 and Fe3O4, (710.95 eV for Fe2O3 and 710.6 eV for Fe3O4), 7 additional 

features in the XP spectra need to be considered in order to make a distinction between 

the two phases.  For this, we consider reference Fe 2p spectra for Fe2O3 and Fe3O4 

species which is indicated in Fig. 5.4. 
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Figure 5.4 Reference (a) Fe2O3 and (b) Fe3O4 Fe 2p XP spectrum 8 
 

The Fe 2p spectrum for Fe2O3 (Fig. 5.4(a)) has a characteristic satellite peak ~ 8.5 eV to 

the left of the Fe 2p 3/2 peak while the Fe 2p spectrum for Fe3O4 (Fig. 5.4(b)) is 

characterized by the absence of this satellite peak.  Although the Fe 2p XP spectra for  

Fe2O3 (hematite) and  Fe2O3 (maghemite) are rather similar, a distinction between them 

can be made based on the shape of their Fe 2p3/2 peaks.  This difference is indicated in 

Fig. 5.5 
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Figure 5.5 Detailed Fe 2p3/2 spectra for  and  Fe2O3 9 

 

The spectrum of the  form has two distinct peaks separated by 1 eV while that for the  

form has only a slightly broadened maximum. 
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Figure 5.6 XP spectra of the (a) synthesized 4 and (b) 9 nm iron oxide particles 
shown in Figs. 5.3(a) and 5.1(a) respectively 
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The XP spectrum of the 4 nm particles in Fig. 5.6(a) indicates the absence of the satellite 

peak.  A shoulder in the Fe 2p 3/2 peak indicated by the arrow is also observed.  These 

features are consistent with those of reference magnetite (Fig. 5.4(b)).  The 9 nm particles 

appear to be Fe2O3 as is observed by the presence of the satellite peak approximately 8 

eV higher than the main Fe 2p 3/2 peak.  In trying to distinguish between α and γ Fe2O3, 

the Fe 2p 3/2 peak was magnified (Fig. 5.7).  It is a bit difficult to deduce from the 

magnified spectrum whether the 9 nm particles are indeed hematite or maghemite.       
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Figure 5.7 Magnified view of the Fe 2p 3/2 peak for the synthesized 9 nm particles 

 
 
5.3.5 XRD Results 

XRD measurements were performed on solutions of the 16 and 28 nm particles by use of 

capillary tubes.  Reference XRD spectra shown in Fig. 5.8 were considered to 

differentiate between magnetite and hematite.  
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Figure 5.8 XRD spectra for reference Fe2O3 and Fe3O4 species 10 
 

Hematite appears to have more high intensity planes than magnetite.  The 220, 311, 400, 

511 and 440 planes occurring at 2θ of 30, 35, 43, 57 and 62 degrees respectively appears 

to be the more prominent planes in magnetite. 
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Figure 5.9 XRD spectrum for the synthesized 16 nm particles 
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It can be observed from Fig. 5.9 that the high intensity peaks observed at 2θ of 35, 43, 57 

and 62 degrees correspond well to the 311, 400, 511 and 440 planes of magnetite.  The 

same can be observed in the XRD spectrum for the 27 nm particles in Fig. 5.10. 
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Figure 5.10 XRD spectrum for the synthesized 27 nm particles 

 

The XPS and XRD measurements have indicated that the synthesized 4, 16 and 27 nm 

particles are magnetite and that the 9nm particles are hematite.  These results are 

consistent with the analysis carried out in literature for the synthesized 4, 9, 16 and 27 nm 

particles. 

 

5.4 Discussions 

 

5.4.1 Decomposition of the iron carboxylate complex 

Although some reaction equations have been suggested for the thermal decomposition of 

metal carboxylates, the reaction route for the formation of iron oxide and the exact 

stoichiometric relations are not clear. 11  Four different types of coordination modes 
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(illustrated in Fig. 5.11) can be expected for metal carboxylates.  These include ionic, 

unidentate, bidentate and bridging. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Types of metal carboxylate coordination modes; for simplicity sake the 
monovalent metal is shown instead of the trivalent 12 
  
 

Bronstein et al. 13 have through FTIR analysis, identified that the iron oleate complex, 

prepared in exactly the same manner as ours, is co-ordinated in both a bidentate and 

bridging mode.  According to Bronstein et al., the differential scanning calorimetric 

(DSC) trace of the iron oleate complex shows a small endothermic peak at 132 C, which 

they attributed to the removal of crystal hydrate water.  The second endothermic peak 

with an onset at about 183-189 C was attributed to the removal of free oleic acid or 

partially unidentate oleate ligand.  This transition has also been assigned to the formation 

of nuclei. 4  The third endothermic transition observed by Bronstein et al. with an onset at 

about 300 C, was assigned to the removal of the remaining oleate ligands and formation 

of iron oxide nanoparticles.   

 

The greater the separation between the nucleation and growth process, the more 

monodisperse the nanoparticles. The DSC curve for the iron oleate complex indicates a 

temperature difference of 10 C between the nucleation and growth stage.  Bronstein et 
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al. noticed that the monodispersity of the particles was influenced by the choice of 

solvent.  Decomposition of the iron oleate complex in octadecane (b.p. 317 °C) results in 

small monodisperse spherical particles, however decomposition in docosane (b.p. 369 

°C) results in very polydisperse particles.  Due to the small separation between nucleation 

and growth (10 C), the increase in reaction temperature to the solvent boiling point in 

the case of docosane creates some overlap between the nucleation and growth process 

(even with a slow heating rate), thus leading to a wider particle size distribution. 

 

The decomposition reaction of transition metal caboxylates occurs via the thermal 

formation of thermal free radicals.  The breakage of MO and MOC bonds of metal 

carboxylates results in radical species as shown in equations 1 and 2. 

 

MOOCR  M + RCOO  (1) 

MOOCR  MO + RCO  (2) 

 

These radical species can recombine, decompose into smaller molecules or react with 

other metal carboxylate molecules to propagate the decomposition reaction.  Usually the 

thermal decomposition of metal carboxylates in the solid state leads to the formation of 

metal oxide along with other by-products such as CO, CO2, H2, water, ketones, esters 

and hydrocarbons of varying lengths. 14  Kwon et al. 14 monitored the thermal 

decomposition of the iron oleate complex in a high boiling solvent using TG-MS and in-

situ superconducting quantum interference device magnetometer (in-situ SQUID) 

measurements.  Their results revealed the existence of intermediate species between the 

iron oleate complex and the iron oxide nanocrystals.  They propose that it is the 

intermediates species rather than the iron oleate complex itself that acts as the monomers, 

the minimum building units of the iron oxide nanocrystals.  
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5.4.2 Postulated Mechanism for the formation of iron oxide nanocrystals 
 
The iron oleate complex was prepared by reacting sodium oleate and iron chloride 
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At the high synthesis temperature (> 270 °C), it is possible that the oleic acid molecules 

condense to form oleic acid anhydride and water. 
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Park et al. 4 have proposed that the first oleate ligand dissociates by a CO2 elimination 

pathway and marks the start of nucleation. 
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The water formed during the dehydration of the oleic acid molecules, reacts with the 

above complex to release the olefin.  The first hydroxyl group is then introduced into the 

complex. 

 
 

O
Fe

C

O

O

C

R

O R

C H2 (CH2)6

C C

(CH2)7CH3

H H

H
O

H

(CH2)6

C C

(CH2)7CH3

H H

CH3

+                

O
Fe

C

O

O

C

R OH

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O R

 98 



Synthesis of monodisperse iron oxide particles 

 
 

O
Fe

C

O

O

C

R

O R

OH O
Fe

O

C

H

R O

O C

O

R

H2O

O
Fe

C

O

O

C

R

O R

O
Fe

O

CR

O

O C

O

R

+ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Major growth occurs at 300 C and is initiated by the dissociation of the remaining two 

oleate ligands from the iron oleate complex.  The other two oleate ligands leave the 

complex in a manner similar to the first oleate ligand. 

 

5.5 Conclusions 

 

The decomposition of metal carboxylates for the synthesis of iron oxide nanoparticles is a 

viable route for the synthesis of a wide range of monodisperse particles.  The particle size 

increases with an increase in temperature due to the higher reactivity of the iron oleate 

complex.  The particle size increases with an increase in surfactant quantity due to the 

decreased availability of the iron precursor.  The seed mediated growth technique can be 

used to synthesize bigger particles over a narrow increment range.  XPS results have 

indicated that the synthesized 9.5 nm particles are hematite and that the 16 nm particles 

are magnetite.  XRD measurements have confirmed that the synthesized 4.5 and 27 nm 

particles are magnetite.  The synthesized particles prepared via the carboxylate 

decomposition route have been used in subsequent chapters to observe the sintering 
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behavior during calcination; the influence of particle size on CNT diameter and to study 

the chemical and morphology changes of the particles under different reducing 

environments.   

 

5.6 References 
 
1. Hyeon, T., Chemical synthesis of magnetic nanoparticles. Chemical Communications (Cambridge, 

United Kingdom) 2003, (8), 927-934. 
2. Sun, S.; Zeng, H., Size-Controlled Synthesis of Magnetite Nanoparticles. Journal of the American 

Chemical Society 2002, 124, (28), 8204-8205. 
3. Yamamuro, S.; Ando, T.; Sumiyama, K.; Uchida, T.; Kojima, I., Monodisperse metallic iron 

nanoparticles synthesized from noncarbonyl complex. Japanese Journal of Applied Physics, Part 
1: Regular Papers, Short Notes & Review Papers 2004, 43, (7A), 4458-4459. 

4. Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; Hwang, N.-M.; 
Hyeon, T., Ultra-large-scale syntheses of monodisperse nanocrystals. Nature Materials 2004, 3, 
(12), 891-895. 

5. Yu, W. W.; Falkner, J. C.; Yavuz, C. T.; Colvin, V. L., Synthesis of monodisperse iron oxide 
nanocrystals by thermal decomposition of iron carboxylate salts. Chemical Communications 
(Cambridge, United Kingdom) 2004, (20), 2306-2307. 

6. Yu, W.W.; Peng, X., Formation of High-Quality CdS and Other II-VI Semiconductor 
Nanocrystals in Noncoordinating Solvents: Tunable Reactivity of Monomers13. Angewandte 
Chemie International Edition 2002, 41, (13), 2368-2371. 

7. Descostes, M.; Mercier, F.; Thromat, N.; Beaucaire, C.; Gautier-Soyer, M., Use of XPS in the 
determination of chemical environment and oxidation state of iron and sulfur samples: constitution 
of a data basis in binding energies for Fe and S reference compounds and applications to the 
evidence of surface species of an oxidized pyrite in a carbonate medium. Applied Surface Science 
2000, 165, (4), 288-302. 

8. Yamashita, T.; Hayes, P., Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide materials. 
Applied Surface Science 2008, 254, (8), 2441-2449. 

9. McIntyre, N. S.; Zetaruk, D. G., X-ray photoelectron spectroscopic studies of iron oxides. 
Analytical Chemistry 1977, 49, (11), 1521-9. 

10. Bahgat, M., Magnetite surface morphology during hematite reduction with CO/CO2 at 1073 K. 
Materials Letters 2007, 61, (2), 339-342. 

11. De Jesus, J. C.; González, I.; Quevedo, A.; Puerta, T., Thermal decomposition of nickel acetate 
tetrahydrate: an integrated study by TGA, QMS and XPS techniques. Journal of Molecular 
Catalysis A: Chemical 2005, 228, (1-2), 283-291. 

12. Lu, Y.; Miller, J. D., Carboxyl Stretching Vibrations of Spontaneously Adsorbed and LB-
Transferred Calcium Carboxylates as Determined by FTIR Internal Reflection Spectroscopy. 
Journal of Colloid and Interface Science 2002, 256, (1), 41-52. 

13. Bronstein, L. M.; Huang, X.; Retrum, J.; Schmucker, A.; Pink, M.; Stein, B. D.; Dragnea, B., 
Influence of iron oleate complex structure on iron oxide nanoparticle formation. Chemistry of 
Materials 2007, 19, (15), 3624-3632. 

14. Kwon, S. G.; Piao, Y.; Park, J.; Angappane, S.; Jo, Y.; Hwang, N.-M.; Park, J.-G.; Hyeon, T., 
Kinetics of Monodisperse Iron Oxide Nanocrystal Formation by "Heating-Up" Process. Journal of 
the American Chemical Society 2007, 129, (41), 12571-12584. 

 
 



Chapter 6 
 

Observation of the sintering behavior of monodisperse iron oxide 

particles after a calcination pretreatment 

 

Abstract 

 
The growth of metal particles and the subsequent loss of surface area, commonly referred 

to as sintering, represents one of the major deactivation routes of heterogeneous 

catalysts.  Understanding the mechanism of sintering can contribute significantly towards 

the synthesis of more durable catalysts.  In this chapter we use the silica transmission 

electron microscope (TEM) grids, to study the behavior of the same set of particles both 

before and after an Ar/O2 calcination treatment at 500 C.  Ten pairs of particles that 

appear to remain stationary after the calcination treatment, and 11 pairs of particles that 

appear to make contact after the heat treatment, are analysed and discussed.  The overall 

observation was that particles did not sinter to form completely new particles, however 

contacting of particles without coalescence was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

6.1 Introduction 

 

Sintering in supported metal catalysts refers to the loss of active surface area through the 

growth of metal catalyst particle size, sometimes called coarsening. 1  Sintering is one of 

the major catalyst deactivation routes and is the reason why industrial plants experience 

periodic shutdowns in order to replace a catalyst.  This often results in a cost of millions 

of dollars because of the lost production involved.  A good understanding of the sintering 

mechanism is thus crucial for the purpose of predicting the extent of deactivation and for 

the design of sintering resistant catalysts.   

 

Two limiting mechanisms for catalyst sintering have been proposed: Ostwald ripening 

(OR) and particle migration and coalescence (PMC). 2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)  Particle migration and coalescence 

+ +

(b)  Ostwald ripening 

+ 

Figure 6.1 Sintering is basically a process whereby clusters increase their size and 
reduce their number.  The two main mechanisms are shown here (a) particle migration 
and coalescence and (b) Ostwald ripening 3 
 
 
PMC sintering occurs when two clusters touch or collide and merge to form one bigger 

cluster.  OR sintering occurs by evaporation of atoms from one cluster, which then 

transfers to another.  This is a dynamic process with both clusters exchanging atoms but 
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the rate of loss from the smaller cluster is higher.  This is so because of the lower average 

coordination of atoms at the surface and their relative ease of removal.  This results in big 

clusters getting bigger at the expense of smaller clusters which eventually shrink and 

disappear.  OR sintering is normally associated with metal clusters on a supported surface 

that are well spaced apart while PMC normally occurs for a high density of clusters.  The 

presence of the surface results in surface mediated OR sintering in which material is 

transferred from one cluster to another by diffusion across the surface and not through the 

gas phase.   

 
While experimental studies on high surface area, porous, supported metal catalysts can 

yield valuable information on the influence of various reaction parameters on sintering, 

they do not provide direct insight into the mechanisms of sintering.  Datye et al. 2 have 

demonstrated that observed particle size distributions cannot help to infer the sintering 

mechanism, and have suggested that fundamental mechanistic information is best 

obtained from direct observations of well defined model metal support systems.   

 

Goeke et al. 1 used disks of fused quartz on which they supported Pd particles to monitor 

sintering behaviour at 900 C in nitrogen.  By making a scribe mark on the surface of the 

quartz, they could with SEM imaging, monitor the same area of support before and after 

sintering.  In this study, monodisperse iron oxide particles are supported on silica TEM 

grids (which are described in greater detail in Chapter 2) and the marked corner of the 

silica windows serve as markers for TEM imaging of the same area of particles before 

and after an Ar/O2 calcination treatment at 500 C.  The calcination treatment forms the 

basic pretreatment, before other pretreatments like reduction (discussed in Chapter 8) are 

investigated.  During the calcination treatment, the long chain surfactant coatings on the 

monodisperse iron oxide particles are removed, thus their contribution to the study of 

subsequent pretreatments is negligible.  Ten pairs of particles which appear to be 

stationary after the calcination treatment and eleven pairs of particles which appear to 

make contact after the calcination treatment are analysed.  Particle diameter and inter 

particle distance measurements are conducted for the different particle pairs. 
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6.2 Experimental 

 

6.2.1 TEM Measurements of the particles before and after the calcination 
treatment 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 corner A 

spincoated 9nm iron oxide particles 

window of silica TEM grid 

TEM beam focused at the corner  

 
 
Figure 6.2 Illustration of a silica TEM window with supported iron oxide particles, 
where the electron beam is focused at corner A which serves as a marker 
 
 
Corner A (which is normally marked with silica spheres) in Figure 6.2 was first measured 

by TEM after the 9nm iron oxide particles were spincoated.  The silica TEM grid was 

then transferred to a quartz tube reactor where the calcination treatment was done at 

500 ºC for 30 min. in Ar/O2 (300/70 ml/min).  After the calcination treatment the TEM 

grid was transferred to the TEM where corner A was measured again.  The TEM studies 

were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV.  All particle measurements 

were done using the software Image J, which is a public domain, Java based image 

processing program developed at the National Institutes of Health. 

  

6.2.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 
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were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to Si 2s peak at 154.25 eV.  For XPS measurements of the spincoated samples, the 

samples were first treated in a UV-ozone photo-reactor (UVP PR-100) for 1 hour to 

remove the surfactants, which would otherwise mask the true iron surface intensity. 

 
6.3 Results 

 
6.3.1 Particle pairs that appear to remain stationary after the calcination treatment 
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Figure 6.3 (a) Spincoated 9nm Fe2O3 particles; (b) the same set of particles after a 
calcination treatment with the numbered particles representing those that appear to 
remain apart after the calcination treatment 
 
In Figure 6.3, we have selected twenty particles, i.e. ten particle pairs which appear to 

remain stationary after the calcination treatment.  We will consider particles 3 and 4 to 

demonstrate how measurements were performed.  Figure 6.4 shows the magnified images 

of the particles both before and after calcination.   
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Figure 6.4 Magnified images of particles 3 and 4 indicating how measurements were 
done to determine inter particle distances with (a) showing the spincoated state and (b) 
showing the calcined state 
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The inter particle distance is determined by measuring the distance from the center of one 

particle to the center of the other.  The particle diameter measurements are conducted 

across the width of the particle maintaining a constant angle of 0 degrees.  The inter 

particle distance of particles 3 and 4 remain more or less unchanged after the calcination 

treatment, implying that the particles did not move during the heat treatment.  Particle 4 

seems to have slightly increased in size after calcination.  A possible explanation for the 

size increase could be the conversion of magnetite species to hematite, however the 

spincoated 9nm particles (as discussed in Chapter 5) are hematite in nature.  Datye  4 

acknowledges that it is commonly thought that oxidation will lead to the spreading and 

wetting of the metal oxide on the support.  The diameter of particle 3 seems unchanged 

after the heat treatment, however, the standard deviation of 0.2 nm (Table 6.1) could 

imply that the particle may experience a negligible increase in diameter due to the 

spreading of the iron oxide. 
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Table 6.1 Diameter and inter particle distance measurements of the spincoated and 
calcined particles shown in Fig. 6.3 
 

 

Particle spincoated calcined 
 Inter particle 

distance (0.3nm) 
Particle diameter 

(0.2nm) 
Inter particle 

distance (0.3nm) 
Particle diameter 

(0.2nm) 
1  9.8  10.3 
2  7.6  7.9 

pair (1-2) 12.3  12.4  
3  10.1  10.1 
4  11.4  11.8 

pair (3-4) 39.3  39.4  
5  9.4  9.4 
6  9.8  10.5 

pair (5-6) 13.6  13.9  
7  8.3  8.3 
8  10.0  9.9 

pair (7-8) 11.7  11.8  
9  9.9  9.9 

10  9.9  9.9 
pair (9-10) 13.1  12.9  

11  10.0  10.6 
12  10.5  11.5 

pair (11-12) 14.8  13.9  
13  9.9  9.9 
14  9.3  9.3 

pair (13-14) 12.8  12.1  
15  8.4  9.9 
16  10.5  10.5 

pair (15-16) 13.9  13.9  
17  8.4  9.1 
18  10.1  10.5 

pair (17-18) 12.2  12.1  
19  9.4  10.5 
20  10.1  10.8 

pair (19-20) 14.6  15.4  

 
Several observations can be made from Table 6.1 regarding particle behaviour.  Particle 

pairs 1-2, 5-6, 7-8, 9-10, 15-16 and 17-18, do not appear to move during the calcination 

treatment since their inter particle distances remain the same.  In the case of particle pair 

11-12, the diameter of particle 12 is about 1 nm bigger after calcination.  This increase in 

particle size could be the combined effect of the spreading out of the particle in addition 

to the transfer of some iron oxide material from the particle to its right, marked with * 
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which seems to make contact with particle 12 after the heat treatment.  The center of 

gravities of particles 11 and 12 also move a distance of approximately 1 nm closer after 

the calcination treatment.  This movement towards each other is the result of the 

movement and contact made between particle 12 and the particle marked *.  Particle pair 

19-20 experiences some movement away from each other after the calcination treatment.  

It appears like particle 20 experiences an attraction towards the particles to its right, thus 

moving away from particle 19 and increasing their inter particle distance.  

 

If the particles spread out during the oxidation treatment as indicated by Datye, 4 then it 

should follow that the iron surface intensity should increase after the heat treatment.  An 

attempt was thus made to measure the XPS intensity of the exact same spot both before 

and after calcination.  After a spincoated 9nm iron oxide sample was ozonated, XPS 

measurements were conducted at a point X on the sample.  The sample was then calcined 

and the iron surface intensity was re-measured at exactly the same point X on the sample.  

Figure 6.5 shows the Fe 3p XP spectra for the ozonated and calcined samples. 
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Figure 6.5 Fe 3p XP spectra for the ozonated and calcined 9nm iron oxide sample 
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Figure 6.5 shows that no significant increase in iron intensity could be observed after the 

calcination treatment.  It is likely that XPS is not the most sensitive technique to 

investigate the particle spreading out phenomenon.  Some particles like 

2,3,5,7,8,9,10,13,14 and 16 whose diameters according to Table 6.1, seem unaffected 

after the heat treatment, probably experience a negligible increase in particle diameter but 

this increase is probably too small to be detected by a technique like XPS.   

 

6.3.2 Particle pairs that appear to make contact after the calcination treatment 
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Figure 6.6 TEM images of the (a) spincoated 9nm Fe2O3 particles; (b) the same 
particle set after a calcination treatment with the numbered particles representing those 
that appear to make contact after the calcination treatment 
 
 
In Fig. 6.6, we consider six particle pairs that make contact after the calcination 

treatment.  Fig. 6.7 gives a magnified view of particle pair 1-2, indicating clearly that the 

center of gravities of this particle pair has changed after calcination.  
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Figure 6.7 Magnified images of particle pair 1-2 from Fig. 6.6 showing the pair (a) 
before calcination and (b) after calcintation 
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Figure 6.8 (a) Spincoated particles at a different spot on the same sample as in Fig. 
6.6, with the numbered particles representing those that appear to make contact after the 
calcination treatment (b) 
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For reproducibility sake, another area on the same sample featured in Fig 6.6, is also 

analysed.  This area is indicated in Fig. 6.8 and focuses on 5 other particle pairs that make 

contact after calcination.  Table 6.2 contains the particle diameter and inter particle 

distance measurements for the labeled particles in Figs 6.6 and 6.8 

 
 
All particle pairs except 19-20 and 21-22 have decreased inter particle distances of  0.6 

nm.  All particles except 5, 13, 16 and 17 experience an increase in particle size  0.5 nm.  

The contacting made between most of the particle pairs can be attributed to the combined 

effect of the movement of the particles towards each other and the spreading out of the 

particles.  This can be seen more clearly in Fig. 6.7 where the inter particle distance 

decreases by about 2 nm after calcination and both particles 1 and 2, experience an 

increase in diameter of at least 1 nm in diameter.  Particles 1 and 2 also experience a 

difference in color contrast after calcination.  One would expect that this contrast 

difference should indicate a difference in the thickness of the particles with the darker 

particle being the thicker one.  Datye 4 expressed that when a metal particle appears dark, 

it means that it is oriented close to its diffraction condition.  Image contrast appears to be 

a complicated function of particle orientation, internal structure, and electron imaging 

conditions.  From Fig. 6.8 it appears that particle pairs 19-20 and 21-22 make contact 

even though their inter particle distances after the calcination treatment seem more or less 

unaltered.  Their contacting can thus be attributed primarily to the spreading out of the 

particles during the oxidation treatment.  It can be noted that all four particles experience 

an increase in particle size of between 0.4 to 1.3 nm. 
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Table 6.2 Diameter and inter particle distance measurements of the spincoated and 
calcined particles for cases where the particles appear to make contact after the 
calcination treatment 
 

 

Particle spincoated calcined 
 Inter particle 

distance (0.3nm) 
Particle diameter 

(0.2nm) 
Inter particle 

distance (0.3nm) 
Particle diameter 

(0.2nm) 
1  10.1  11.1 
2  8.7  10.1 

pair (1-2) 12.9  10.6  
3  8.0  8.9 
4  9.8  10.5 

pair (3-4) 11.0  9.9  
5  9.8  10.0 
6  13.6  14.5 

pair (5-6) 14.6  12.9  
7  11.0  12.0 
8  10.7  11.1 

pair (7-8) 13.2  12.3  
9  9.6  10.1 
10  9.4  10.3 

pair (9-10) 12.8  12.2  
11  9.9  10.5 
12  7.8  9.9 

pair (11-12) 11.1  10.2  
13  11.5  11.5 
14  9.2  10.9 

pair (13-14) 11.5  10.3  
15  8.9  10.1 
16  9.9  10.0 

pair (15-16) 11.5  10.6  
17  9.2  9.1 
18  10.4  10.9 

pair (17-18) 11.8  10.7  
19  9.2  9.7 
20  10.0  11.3 

pair (19-20) 12.5  12.5  
21  11.7  12.2 
22  9.9  10.3 

pair (21-22) 13.2  13.3  
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6.3.3 Super imposing of the spincoated and calcined particles 

Another technique for analysing the particles before and after a pretreatment involves 

creating binary images of the particles in the two states, and then superimposing the two 

images to observe how the particles deviate from their original state.  Figures 6.9(a) and 

(b) represent the binary images of the spincoated and calcined states respectively.   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) (a) 

 
Figure 6.9 Binary images of the (a) spincoated and (b) calcined particles 
 

An attempt was then made to superimpose the spincoated and calcined states and our best 

attempt is shown in Fig. 6.10.   
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Figure 6.10 Super imposed image of figures 7.8(a) and (b) 
 

If the images were superimposed perfectly, then definitive conclusions could be made 

regarding changes in position and diameters of all particles.  The highlighted particles 

and pairs represent those particles that are almost perfectly super imposed.  The 

highlighted single particles indicate a slight increase in size after the calcination 

treatment.  The highlighted pairs show clearly the contact made after the calcination 

treatment, most likely brought about by the spreading out of the particles. 
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The spincoated and calcined 16 and 28 nm particles are shown in Fig. 6.11 to confirm 

that the bigger particles too, do not undergo a major particle rearrangement.  Those 

particles that are close enough appear to make contact after calcination, most likely 

through the spreading out mechanism observed with the 9 nm particles.  
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(c) (d) 

 

Figure 6.11 (a) Spincoated and (b) calcined 16 nm particles with the boxed particles 
serving as a marker to show that these are the same set of particles; (c) spincoated and 
(d) calcined 28 nm particles 
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6.4 Discussion 
 
The study we have presented in this chapter is a simple and reliable approach to observe 

the same set of particles under different gas environments.  One limitation that this 

method may suffer from, is that the silica TEM grids may not be robust enough to study 

pretreatments at extremely high temperatures.  Datye 4 used disks of quartz or sapphire as 

model supports which could be subjected to temperatures exceeding 1000 C.  These 

supports also minimized the role of support sintering so that the nature of the metal 

sintering could be studied.  Such supports however, do not permit TEM imaging and 

analysis of particles is carried out by processing SEM images.  This can prove time 

consuming for samples with low iron loadings which exhibit charging and necessitates 

the deposition of a carbon layer prior to measurements. 

 

The oxidation treatment at 500 C for 30 min. results in the contacting of certain particle 

pairs but no sintering to form completely new particles is observed.  We cannot stipulate 

that there exists an inter particle distance minimum before particles make contact because  

Table 6.1 indicates that at a distance of 11.7 nm, particle pair 7-8 remain apart and Table 

6.2 indicates that at a distance of 14.6 nm particle pair 5-6 makes contact.  We are 

inclined to believe however, that all particle diameters increase after the calcination 

treatment due to them spreading out during oxidation. 

 

An attempt to investigate the spreading out phenomenon of the particles by performing 

XPS measurements did not result in a significant increase in iron surface intensity after 

calcination.  A more surface sensitive technique like Low Energy Ion Spectroscopy 

(LEIS) could prove more suitable for such an analysis.  Another approach to investigating 

the spreading out phenomenon could involve the TEM recording of a series of images of 

the spincoated and calcined sample as a function of tilt angle.  This technique forms one 

of the basic steps of electron tomography developed by the group of Krijn De Jong and 

co-workers. 5  By comparing the spincoated and calcined images of the exact set of 

particles at different angles, one might be able to compare differences in particle height 

and shape. 
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6.5 Conclusions 

 

We have introduced a novel approach to study the stability of supported iron oxide 

particles under chemical treatments such as calcination, with TEM.  The approach can be 

easily adapted to study particle behavior under a range of gas environments.  After 

calcination, certain particle pairs remained stationary and certain particle pairs moved to 

make contact with each other.  Particles which were close made contact and stayed in 

contact after cooling without coalescing into larger agglomerates.  Isolated particles that 

were a significant distance apart (> 15 nm) from a neighboring particle appeared to 

remain apart after the calcination treatment.  All particles, whether isolated or in close 

proximity to another particle, seemed to experience an increase in diameter, which could 

be attributed to the spreading out phenomenon which occurs during oxidation.  If a 

particle pair was close to an island of particles, then the particle closest to the particle 

island experienced an attraction to the particle island and in so doing experienced some 

movement away from the other particle in its pair.   
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Chapter 7 
 

 
Is there a correlation between particle size and CNT diameter? 

 
 
Abstract 
 
Monodisperse iron oxide particles were deposited on a planar silica transmission 

electron microscope (TEM) grid and from TEM and energy filtered TEM analyses it is 

confirmed that the particles are involved in a series of re-arrangements during the 

pretreatment and initial carbon nanotube (CNT) growth.  It is also shown that CNT 

growth occurs in two stages; an initial disordered growth, followed by a more aligned 

growth underneath.  The planar silica TEM grid serves the dual purpose of being the 

catalytic support, and the tool which facilitates TEM analysis on a planar model system.  

The particle re-arrangements and the two modes of CNT growth may offer an 

explanation as to why we find no correlation between primary particle size and final CNT 

diameter.  
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7.1 Introduction 
 

Carbon nanotubes (CNTs) are considered to be one of the most promising nano-scale 

materials due to their extraordinary electronic and mechanical properties [1].  They can 

serve as active electronic elements in nanometer sized electric circuits [2] or tips in 

scanning probe microscopy [3].  New kinds of composite materials containing CNTs as a 

reinforcing agent could provide extremely strong but also lightweight construction 

materials for advanced applications [4].  A proper understanding of the nucleation and 

growth of CNTs is essential to optimize controlled growth of CNTs in terms of diameter, 

number of graphene layers, yield and even purity.   

 

Several papers describe that the diameter of the CNT is influenced by that of the catalyst 

nanoparticle [5-8].  This hypothesis has been supported by the observation that catalytic 

particles at the ends of chemical vapor deposition (CVD) grown nanotubes have sizes 

commensurate with the CNT diameters [3, 8, 9].  Since most CNTs are grown at 

temperatures in excess of 700 ˚C, it is difficult to separate the fact that at these 

temperatures, catalytic particles are most likely to coalesce, reducing catalytic efficiency 

[10, 11], and producing CNTs whose diameters stray from that of the original particle.   

 

There are different views regarding particle coalescence and the diameter controlled 

growth of CNTs.  Rouvière et al. [6] claimed that isolated surfactant coated 5.6nm and 

14nm iron oxide nanoparticles, deposited on a silica substrate, can conveniently be used 

for the formation of multiwalled nanotubes with controlled diameters.  They further 

claimed that no particle agglomeration occurred during their CNT growth at 850–1050 ºC 

and from SEM images, they deduced that only one nanotube grows from an individual 

particle. 

 

Okamoto et al. [12] however, claimed that 2.8nm iron based nanoparticles grew thicker 

CNTs at temperatures >740 ˚C because nanoparticles have a tendency to aggregate due to 

the depression of the melting point as the diameter of the nanoparticles decrease [13-16].  

They further suggested that particles >3.3nm experienced less aggregation when the 

temperature was increased to 830 ˚C.   
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Schäffel et al. [17] acknowledged that at high particle densities there is a potential for 

particle coalescence and they proposed that CNT nucleation sets in prior to particle 

coalescence because the diameter of their synthesized CNT is in good agreement with 

that of the primary particle. 

 

TEM is one of the most powerful techniques used for characterizing the morphology of 

small supported particles and studying phenomena such as particle sintering and 

migration [18].  To facilitate TEM measurements on a planar model silica system, we 

make use of a silica TEM grid.  Enquist and Spetz [19] were one of the first groups to 

introduce the idea of silica TEM substrates.  The silica TEM substrate consists of a silica 

window suspended in a silicon framework.  The silica window allows for the 

transmission of the electron beam thus the silica TEM grid serves the dual purpose of 

catalytic support and the tool that facilitates TEM imaging on a planar system.  A more 

detailed preparation of a silicon TEM substrate is shown by Kasemo et al.[20] 

 

We report our findings regarding the correlation between nanoparticle and CNT diameter.  

Four iron oxide nanoparticle model catalysts with particle sizes in the range 4nm to 16nm 

have been synthesized.  These systems have been used to grow CNTs using the CVD 

technique.  We observe no correlation between primary particle size and final CNT 

diameter.  This inconsistency with previous literature has prompted us to consider the 

possibility of particle rearrangement during CNT growth. 

 

By use of the silica TEM grids, we were able to image the particles after the 

pretreatments and the initial stages of CNT growth.  We have observed particle 

coalescence and re-dispersion during these stages.  It should be noted that the 

catalyst/substrate interaction could influence the mobility of the nanoparticles thus our 

results are specific for a Si(100)/SiO2 supported iron nanoparticle system.  Cross 

sectional TEM images of CNT growth obtained from planar model systems have been 

presented earlier [21, 22].  Campbell et al.[23] have used silicon nitride windows to show 

CNT growth from fullerene, however, to the best of our knowledge, our TEM images are 

the first top view TEM images of pristine CNT growth from ethylene.  Further, we have 
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4 

observed that the CNT growth mode consists of an initial disordered growth, which is 

supported by a more aligned growth closer to the silica substrate. The disordered growth 

on top stems from ill defined iron nanoparticles, which have undergone severe sintering.  

The aligned growth representing the bulk of the total CNT yield cannot be correlated to 

individual iron nanoparticles.  The aligned growth proceeds via a base growth mode on 

the silica surface.  Iron is also present on the silica surface during the aligned CNT 

growth and probably catalyses the decomposition of the carbon precursor.  If however, 

iron is also involved in the nucleation/crystallization of these CNTs, remains uncertain. 

 
 
7.2 Experimental 

 

7.2.1 Synthesis of iron model catalysts 

Iron oxide particles were synthesized by the thermal decomposition of iron carboxylate 

complexes.  The surfactants oleic acid and oleylamine were employed during synthesis to 

afford for stability of the iron oxide nanoparticles and to minimize agglomeration.  The 

decomposition of iron (III) acetylacetonate according to Sun and Zeng [24] gave rise to 

4.5nm iron oxide particles.  By using the 4.5nm particles as seeds and reacting them 

further, we obtained 6nm iron oxide particles [25].  The 9.5nm crystalline iron oxide 

nanoparticles were obtained by the decomposition of an iron-oleate complex in 1-

hexadecene [26].  Decomposition of the iron-oleate complex in a solvent of 1-octadecene 

resulted in 16nm iron oxide particles.  Heptane solutions of the synthesized 4.5 and 6nm 

particles and toluene solutions of the 9.5 and 16nm particles were prepared.   

 

The solutions were sonicated using a horn sonicator (Sonic Vibracell VC750) with a 

cylindrical tip (6mm end cap diameter) delivering energy between 2000 – 3000 J/min.  

The sonicated solutions were then spincoated on calcined silica TEM grids and wafers.  

Particle statistics were conducted on at least 80 particles for each size range using the 

software SPIP (Scanning Probe Image Processor).  SPIP is a software for nano and micro 

scale image processing, available from Image Metrology. 
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7.2.2 Materials 

Iron (III) choride hexahydrate (97%), sodium oleate (99%), 1-hexadecene (92%), oleic 

acid (90%), toluene (99.5%), iron (III) acetylacetonate (99.9%), 1,2-hexadecanediol 

(90%) and octyl ether (99%) were purchased from Aldrich and used as received.  

Oleylamine (>70%), 1-octadecene (>95%), heptane (99%) and diphenyl ether (>98%) 

were purchased from Fluka and used as received.   

 

7.2.3 Carbon nanotube formation by chemical vapor deposition 

The supported iron oxide particles were transferred to a quartz multi tubular CVD 

reactor, where each tube has a diameter of 2 cm.  The model catalysts were calcined in 

Ar/O2 (260/60 ml/min) for 30 min. at 500 ˚C.  After calcination, the samples were 

reduced in Ar/H2 (370/110 ml/min) for 45 min. at 700 ˚C.  To capture the pristine state of 

the reduced particles, the sample was transferred from the reactor to a TEM transfer 

holder in a glovebox.  The TEM transfer holder was then used to directly transfer the 

sample to the microscope, thus the reduced particles were maintained in an inert 

environment after the reduction treatment.   

 

C2H4 (780 ml/min) was used as the hydrocarbon precursor at 700 ˚C for 45 min.  For 

initial CNT growth mode determinations, C2H4 was flowed for a period of 20 seconds to 

2 min.  The reactor was then cooled to room temperature in an Ar flow. For 

determination of CNT diameters of the fully developed growth a small portion of each 

CNT growth was dispersed in ethanol and sonicated. The resulting slurries were applied 

on a conventional TEM grid. The software, Image J was used for CNT diameter 

measurements and a total of thirty individual CNTs were measured for each particle size 

range.  Image J is a public domain, Java based image processing program developed at 

the National Institutes of Health. 

 

7.2.4 Analytical techniques 

The TEM studies were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV. 

Energy Filtered-TEM measurements were conducted on a Titan-Krios at 300 kV. 
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SEM was performed using a Philips environmental scanning electron microscope (XL-30 

ESEM FEG; Philips, The Netherlands, now FEI Co.) in high vacuum mode with an 

accelerating voltage of 2 kV and a secondary electron detector. 

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 

were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to Si 2s peak at 154.25 eV. 

 

7.3 Results 

 

7.3.1 Synthesis of the iron nanoparticle model catalyst  

The monodisperse surfactant stabilised iron oxide particles were spincoated over the 

silica TEM substrates to produce the four iron nanoparticle model catalysts featured in 

Fig. 7.1.  The surfactant coating assists in keeping the particles isolated, thus the isolated 

particles serve as a good starting point, if our intention is to investigate particle behavior 

during CNT growth. 
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Figure 7.1 TEM images of spincoated iron oxide particles on silica TEM grids and 
corresponding histograms along with average diameters 
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7.3.2 CNT synthesis over the iron model catalysts 

 

 

 
Figure 7.2 SEM images showing a typical CNT growth after 45 min; (a) shows a side 
view of the entire film. The inset shows the top edge at higher magnification; (b) shows a 
side view of a center part of the CNT growth where the CNTs are loosely aligned parallel 
to the surface normal of the film. Some tubes are more or less straight while others 
appear helical; (c and d) show a top view of the aligned CNT layer which is a tangled 
network of thicker CNTs 

(b) 

1 µm 

(a) 
CNT toplayer 

aligned CNT growth 

1 µm 
silicon wafer 

(c) (d) 

200 nm 1 µm 
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Fig. 7.2(a) shows the typical CNT growth obtained after 45 minutes with all the 

synthesized iron oxide particles.  Fig. 7.2(b) shows that some of the CNTs within the 

pristine film have a helical appearance and that CNTs are aligned more or less parallel to 

the surface normal of the model catalyst.  A helical CNT morphology has been previously 

noticed [27] and has been attributed to a CNT growth mode which involves the 

insertion/formation of pentagon and heptagon pairs into the hexagonal sheet of the 

growing nanotube.  However, we believe that in this case the apparent CNT helices 

observed in the pristine growth (Fig. 7.2(b)) are in fact merely distortions in the CNT 

tubes induced by stress during CNT growth. 

 

When the CNT coated sample was removed from the cooled reactor, the CNT film could 

be effortlessly detached from the substrate surface implying a poor interaction between 

the CNT film and substrate surface after the reaction.  When the film breaks up, only very 

few CNTs become suspended between the pieces.  This suggests that while the CNTs 

may be interwoven at the top there are little or no entanglements between individual 

CNTs in the bulk of the growth. 

 

Figs 7.2(c) and (d) shows that the top view of the CNT growth resembles a disordered 

network of CNTs.  Note that the top layer appears to consist of significantly less defined 

CNTs than the more aligned growth below it.  Table 7.1 shows the influence of particle 

size and iron loading on CNT diameter and yields.  It also shows the surface iron 

intensity, as measured by XPS, before CNT growth and after the synthesized CNT films 

have been removed.   
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Table 7.1 Comparison of particle size, CNT diameter, iron surface intensity 
(measured by XPS) and CNT yields as a function of iron loading 
 
 

Particle size  
(nm) 

Iron loading  
(mg/ml) 

CNT 
diameter  

(nm) 

Area 
Fe3p/Area 

Si2s 
(before CNT 

growth) 

Area 
Fe3p/Area 

Si2s 
(after CNT 
removal) 

CNT 
yield 

(mg/cm2) 

4.5 2.80 9 ± 1.7 0.88 0.16 0.68 
9.5 1.15 9 ± 1.5 0.07 0.04 0.65 
4.5 0.35 not 

measured 
0.04 not measured 0.52 

6 0.35 9 ± 2.0 0.02 5 x 10-3 0.50 
16 0.35 14 ± 2.0 0.01 6 x 10-3 0.29 

 
 
 
Table 7.1 indicates that there is no clear correlation between particle size and CNT 

diameter.  The lack of correlation between particle size and tube diameter suggests the 

likelihood of particle re-arrangement in the reaction steps prior to the final CNT growth.  

Table 7.1 also indicates that variations in particle size and iron loadings has little effect 

on CNT yields implying that the initial iron particles cannot be responsible for the final 

CNT growth. 

 

XPS measurements of iron on the substrate surface before CNT synthesis and after the 

CNT films have been removed indicate the presence of residual iron after CNT synthesis.  

The Fe 2p XP spectra of the substrate surface after CNT removal (which is not shown) 

shows a Fe 2p3/2 peak at 707 eV which is indicative of metallic iron [28], and a peak at 

710.8 eV which could be attributed to magnetite [29] or hematite [30].  It appears that 

iron is present on the substrate surface throughout the CNT growth. 

 

7.3.3 Observation of particle behavior during pre-treatment  

Fig. 7.3(a) represents the calcined (500 ºC, 30min.) 9.5nm iron oxide particles.  The 

calcined particles still appear monodisperse.  Some of the particles do appear to make 

contact, but no coalescence to form new particles can be observed.   
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(a) (b) 20 nm 

Figure 7.3 TEM images (using the silica TEM grid) of (a) calcined iron oxide 
particles; (b) reduced particles with the inset showing more clearly the core shell 
structure 
 

Fig. 7.3(b) indicates the reduced particles for the same iron loading.  The reduced 

particles have a core-shell structure as is shown clearly in the inset in Fig. 7.3(b).  It is 

generally accepted that nano zerovalent iron has a core-shell structure [31] with a 

zerovalent iron core surrounded by an iron oxide/hydroxide shell, due to passivation by 

spurious oxygen, which grows thicker with the progress of iron oxidation [32, 33].  By 

handling the reduced catalyst in an inert atmosphere during sample introduction, we have 

tried to minimize effects of this surface reoxidation. In comparison to the calcined 

catalyst, the reduced particles have clearly re-arranged to give core sizes ranging from 4 

to 20nm.  We assume that the re-arrangement has largely taken place during the reduction 

treatment. 

 

7.3.4 Observation of initial CNT growth  

Figs. 7.4(a) and (b) show the TEM and corresponding Energy Filtered TEM image of 20 

seconds CNT growth at 700 ˚C.  Several observations regarding particle morphology can 

be made from these images.   
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Figure 7.4 (a) TEM image of the initial CNT growth over 9.5nm particles after 20s. 
(b) EFTEM image corresponding to (a), with red representing carbon, blue indicating 
oxygen and green showing iron. Images 1, 2 and 3 show magnified views of the 
highlighted areas 1,2 and 3 respectively, arrow 4 shows an iron particle in the process of 
splitting and arrow 5 indicates a CNT where the iron particle resides at the tip and base 
of the CNT 
 

Large iron particles appear to have more defined edges.  The elemental mapping in Fig. 

7.4(b) and the high resolution image 2 of Fig. 7.4(a) confirm that the edged particles are 

the iron oxide particles.  Smaller particles are rounded and consist of metallic iron; which 

are surrounded by carbon sheets.  This can be observed more clearly in images 1 and 3 of 

Figs. 7.4(a) and (b) respectively.  Some metallic particles have proceeded to nucleate and 

grow tubular carbon structures.  Such a feature is indicated by arrow 5.  The iron particle 

within this particular tube appears to be deformed, breaking up to sit at the tip and base of 

the carbon tube.  Similar CNTs have been previously reported [34].   
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The fully formed CNTs appear to be defective.  They have varying diameters and are 

rather irregular. In the following we will refer to this irregular growth featuring iron 

containing CNTs as the primary CNT-growth.  A closer look at the substrate surface in 

image 1 of Fig. 7.4(a), indicates the presence of very small iron particles distributed on 

the surface.  The possibility of metallic iron particles being imaged (green color) in Fig. 

7.4(b) even though this sample was contacted with air before TEM analysis, is due to the 

fact that these particles are stabilized by graphene sheet/s as is evident by the red shells 

around them.  Iron particles not stabilized by the carbon sheets are readily oxidized (blue 

color).  The feature shown by arrow 4 in Fig. 7.4(b) shows the elongation of an iron 

particle within a carbon sheet.  It appears like this particle is about to split.  The initial 

CNT growth stage (the first seconds) appears to be a disordered process.   

 

Fig. 7.5(a) shows a different spot on the same silica TEM grid as featured in Fig. 7.4.  

This area has a higher yield of CNTs than that featured in Fig. 7.4.  Some of the features 

observed in Fig. 7.4 can be observed in Fig. 7.5(a).  The thick, short and highly defective 

CNTs together with agglomerated and carbon encapsulated iron particles are clearly 

visible on the top in Fig. 7.5(a).  Next to this ill defined layer of thick and short CNTs a 

new feature appears consisting of thinner, more defined CNTs.  We assign these CNTs to 

be the product of a secondary growth process, which is quite independent from the ones 

involving encapsulated iron particles. We will refer to the latter as primary CNT growth. 
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(a) (b)

200 nm

 

Figure 7.5 TEM image of the initial CNT growth. (a) showing the inhomogeneous 
CNT growth coexists with longer and more defined CNTs; (b) showing CNT growth next 
to encapsulated iron nanoparticles (c and d)  showing side views of the CNT growth on 
the silica membrane. The circled areas indicate tube ends without encapsulated iron 
particles. The arrows indicate iron particles, which are encapsulated by carbon shells 
 

 

 

 

 

 

100 nm

Silica membrane 

(c) (d)
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Fig. 7.5(b) shows another region of pristine carbon nanotube growth.  Here we observe an 

isolated tube end without an encapsulated iron particle.  We find, again, a high density of 

iron particles, which are encapsulated by carbon sheets.  This implies that a large portion 

of the iron does not contribute to the overall CNT yield.  Fig. 7.5(c) and (d) show a piece 

of silica membrane that was broken and became suspended on the TEM grid in such a 

way that it allowed imaging the pristine CNT growth in side view.  We again observe 

long and thin CNTs with catalyst free tube ends. Similar tube ends have been observed by 

Rümmeli et al. [35].  In addition we notice that the nanotubes grow close to the surface at 

these early growth stages and form initially a disordered layer. 

 
 
7.4. Discussion 

 

We have observed no consistent relationship between iron particle size and CNT 

diameter.  Variations in the particle size and iron loadings results in no significant change 

in CNT yields.  The particles re-arrange on reduction and initial CNT growth.  The initial 

CNT growth is a disordered process forming a network that contains agglomerated iron 

particles and thick defective CNTs (Fig. 7.5a).  At later stages we again observe a tangled 

network of CNTs at the top of the CNT film.  It appears that these tubes are the same as 

the ones observed at the early stages of CNT growth and that they are supported by a 

more aligned CNT growth below it, consisting of well defined CNTs with typical 

diameters around 9nm.  CNT yield and thickness show only a weak dependence on iron 

content and diameter of the initial iron oxide nanoparticles.  In the following we will 

argue that the defective, disordered CNTs of the primary growth and aligned ordered 

CNTs of the secondary growth stem from different growth mechanisms. 

 

7.4.1 Particle re-arrangement and primary CNT growth 

Fig. 7.3(b) shows that indeed the particles coalesce and/or rearrange during the reduction 

treatment to produce a wide particle size distribution ranging from 4 to 20 nm.  If these 

were the true catalyst particles for CNT growth, then we would expect a wide size 

distribution of CNT diameters.  This is not the case, since we obtain a CNT diameter 

distribution of 9 ± 1.5nm for the 9.5nm particles (Table 7.1).  We do however, observe a 
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broad distribution of CNT diameters during the early stages of CNT growth (Figs. 7.4 

and 7.5) and on the top of the aligned CNT growth (Figs. 7.2c&d). 

 

Particle coalescence prior to nanotube growth has been previously observed by Cutler et 

al [36].  They confirmed that in supported catalysts with initially small metal clusters, 

agglomeration occurs before carbon deposition takes place.  They further claim that the 

commonly held belief that catalyst particle size determines the CNT product size is more 

likely the opposite way around.  They propose that the thermodynamics of the carbon 

deposition system determines the size and structure of the carbons formed, and thus the 

size and shape of the catalyst particle.  The feature indicated by arrow 4 in Fig 7.4(b) 

shows the deformation of an iron particle within a carbon sheet.  The carbon tube 

indicated by the arrow 5 indicates the fragmentation of an iron particle.  These structural 

deformations of the iron particle lead us to agree with Cutler et al. that carbon deposition 

could determine the size and shape of the catalyst particle.  The tubes formed by the 

sintered iron nanoparticles however, only form a small percentage of the overall CNT 

yield at longer reaction times.   

 

The primary CNT growth forms a disordered network of defective CNTs and 

encapsulated particles during the early stages of CNT-CVD.  We propose that this 

network constitutes the defective CNTs featured in Fig. 7.4 in addition to the carbon 

growth catalysed by the coalesced particles. We believe that we also observe this growth 

on the top of the CNT films after 45 minutes of CNT-CVD (Fig. 7.2).  

 

There is some speculation about the interaction of carbon and iron during CNT growth 

and the influence of this interaction on CNT yields.  The possibility of iron and carbon 

reacting to form cementite (Fe3C) has been suggested [37].  Some researchers [38, 39] 

claim that iron carbide does not act as a catalyst for the formation of filamentous carbon 

and is thus responsible for a decline in its yield.  Other studies [37, 40] suggest otherwise 

and show that iron carbides formed during CNT growth, actually assist with its 

formation.  In many growth models it is suggested that the metal catalyst is molten during 
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CNT growth which can be explained by a decrease in melting point of the metal via 

carbide formation [41]. 

 

Whatever the details of this growth, the CNTs formed by the re-arranged particles only 

contribute to a small fraction of the total CNT yield.  They form a layer of thick, short 

and highly defective interwoven CNTs which also contains considerable amounts of 

encapsulated iron particles, constituting a large fraction of the total iron content of the 

model catalyst.  Even in this initial CNT growth, no correlation between particle size and 

CNT diameter can be observed because some of the particles are either encapsulated by 

graphene sheets whilst others become severely deformed or even break up as the CNTs 

begin to grow. 

 

7.4.2 Secondary CNT growth  

The bulk of the CNT growth yields aligned CNTs with average diameters of 9nm.  We 

believe that these CNTs are formed in a secondary process which may be very different 

from the process leading to the ill defined mess on top of the CNT film.  We attempt to 

propose some ideas regarding the secondary, aligned growth.  To achieve this, we 

consider two theories that have already been postulated.   

 

4 

In the first theory proposed by Falk et al. [42], it is suggested that the aligned film of 

multi walled CNTs is catalysed by fine iron particles that result from a process called 

metal dusting [43].  In a strongly carburizing atmosphere where the carbon activity (ac) > 

1, carbon oversaturation of iron can occur, leading to cementite (Fe3C) formation.  

Cementite is an unstable compound and tends to decompose into iron and graphitic 

carbon [43]. 

 

6 Fe + C2H4  2 Fe3C + 2 H2  (1) 

2 Fe3C   6 Fe + 2 C  (2) 

 

Reaction (1) indicates the possible formation of iron carbide when iron is exposed to 

ethylene.  Reaction (2) contributes to a corrosion process called metal dusting [43], which 
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attacks iron and steel in strongly carburizing atmospheres at ac > 1.  The result of metal 

dusting is a dust of fine iron particles and carbon, both of which, according to Falk et al., 

contribute to a secondary aligned CNT layer. 

 

In the second theory postulated by Rümmeli et al [35], it is proposed that the catalyst 

particle merely provides the nucleation caps of the CNT and that the rest of the growth is 

promoted by the oxide substrate.  They deduce this, from their observation that the CNT 

is directly attached to the substrate surface and that the catalyst particle resides at various 

points within the CNT core.  They suggest that, once the catalyst particle nucleates the 

CNT, it no longer serves any purpose and can therefore be located at different points 

within the tube.   

 

Regarding the theory proposed by Falk et al. [42], we have also noticed the evidence of 

metal dusting.  The substrate surface in image 1 of Fig. 7.4(a) indicates the presence of 

fine iron particles distributed over the surface.  Falk et al. have proposed that initially, 

their secondary CNT growth is not supported by the substrate.  They attribute the 

alignment of this secondary layer firstly to, steric hindrance between closely spaced 

particles which will affect the orientation of the particles during initial tube growth and 

secondly to, interactions between neighbouring tubes via van der Waals interactions.   

 

We have estimated the density of multi walled CNTs in our aligned films using formulas 

derived by Peigney et al. [44] and realize that after a 45 min. synthesis with the 9.5 nm 

particles, we produce about 200 CNTs/µm2 silica surface or alternatively a space filling 

of less than 2 %.  These 9 nm CNTs are separated by too great a distance, to impose 

alignment on each other via van der Waals interactions.  We propose that the ordered 

alignment of the secondary CNT growth is probably due to the direct attachment of the 

CNTs to the substrate surface during growth.  If this were not the case, the secondary 

growth would also be an entangled layer, which is obviously not the case as is featured in 

Fig. 7.2(b).  Falk et al. further proposed that the particles resulting from metal dusting are 

responsible for catalyzing the secondary aligned CNT growth.  The inner diameters of 

our synthesized CNTs are almost double that of the particles produced from metal 
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dusting, implying that the particles produced during metal dusting are unlikely the 

nucleating particles.   

 

Regarding the theory proposed by Rümmeli et al. [35], we also agree that the CNT is 

directly attached to the substrate possibly via a defect site between the substrate and 

particle.  We believe that a base growth mechanism is necessary in order to explain the 

observed preferential orientation of the CNT parallel to the surface normal in the fully 

developed CNT growth.  In order to create such an orientation the tubes need to be 

constrained at both ends and the tubes must grow at the tube base located at the catalyst 

surface.  With free catalyst particles at the tip of growing CNTs they could easily form 

highly entangled and disoriented networks within the bulk of the CNT growth due to the 

very low tube density. 

 

Unfortunately it has proven difficult to find direct evidence for the growth mechanism in 

the TEM images of pristine CNT growth.  Already after a few seconds of CNT growth 

the catalyst surface becomes very heterogeneous.  The highly disordered CNTs of the 

primary growth and the large amount of carbon encapsulated iron particles obscure large 

portions of the catalyst surface and of the secondary CNT growth. In addition it seems 

that the CNTs detach from the catalyst surface after the reaction. Therefore we could not 

image the growing base of carbon nanotubes.  However we were able to detect a number 

of tube ends, which do not contain any iron.  While such isolated tube ends are rare to 

find due to the great tube length and the entangled growth at the early stages of CNT, we 

believe that such tubes are supporting evidence for a proposed base growth mechanism.  

We assign them to be catalyst free tube tips. 

 

The residual iron detected by XPS on the substrate surface after the CNT synthesis 

reaction, indicates the presence of both metallic and oxidized iron on the catalyst surface.  

The metallic iron is probably due to carbon encapsulated/passivated particles that lie on 

the surface and actually do not contribute to the growth of the secondary layer.  The 

oxide iron component could be due to metallic iron which spontaneously oxidized once 

the samples were removed from the reactor.  This exposed iron on the silica surface is 
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needed for the catalytic decomposition of the hydrocarbon precursor.  This however, does 

not automatically imply that this iron is directly involved in the nucleation/crystallization 

of the CNT on the silica surface, but we believe it is required for the catalytic breakdown 

of the hydrocarbon precursor into atomic carbon. 

 

At this point we cannot provide any clear answers regarding the nature of the 

nucleation/crystallization point of the CNT on the silica surface.  Possibly iron is also 

involved here somehow.  We did not observe iron particles at the tips or anywhere along 

the length of the CNTs in the secondary CNT growth layer.  Nucleation of the CNTs may 

occur on iron particles according to Rümmeli et al. but up to now we have found little 

evidence to support or oppose this supposition.  

 

Regarding the alignment of the secondary CNT growth, we propose that during the initial 

stages of CNT-CVD the disordered network of defective CNTs of the primary growth 

and carbon encapsulated particles, forms a dense layer together which the secondary 

CNT layer, which grow largely parallel to the silica surface (Fig. 7.5(c)).  The top ends of 

the secondary CNT layer grow in the initial CNT layer until they become entangled and 

constrained.  As the top and bottom ends of the secondary CNT layer become fixed, the 

CNTs start to grow in an aligned fashion parallel to the surface normal. Even if the 

growth rates of the CNTs in the aligned layer vary, the top layer maintains that all the 

CNTs in the aligned layer are at an even height (see Fig.7.2(a)).  This will imply that 

some CNTs will experience more stress than others and will thus contain more extended 

twists in their helical appearance (Fig. 7.2(b)).  The dual mode CNT growth involving an 

initial disordered layer, supported by a more refined CNT layer upon a Si(100)/SiO2/Fe 

system has also been recently reported by Dai and Skourtis [45]. 

 

7.4.3 Summary of particle behavior and overall CNT growth 

Scheme 7.1 summarizes our view on particle behavior and modes of CNT growth from 

the start of a 45 min. synthesis reaction to its end.   
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Scheme 7.1 Key stages of evolution of aligned CNT growth by chemical vapor 
depositions over monodiperse iron(oxide) nanoparticles. (a) Monodisperse iron oxide 
nanparticles on silica surface after impregnation and calcination. (b) Metallic iron 
nanoparticles with broad size distribution after reduction. (c) At the initial growth stages 
the CNTs form a disordered layers featuring, thick and short CNTs (primary growth, 
green) as well as longer CNTs (secondary growth, red) with catalyst free tube ends. Iron 
can be found inside the thick CNTs of the primary growth, encapsulated in spherical 
graphene layers (green) and as naked iron particles. (d) The fully developed CNT growth 
features a layer of aligned CNTs which represents the bulk of the overall CNT yield 
(secondary growth, red). The morphology of the initial stages remains preserved at the 
top of the CNT growth. Iron particles are detectable at catalyst surface and at the top 
layer of the CNT growth 
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After spincoating and calcination the iron oxide particles supported on the flat silica 

surface still appear monodisperse.  During reduction in H2 at 700 ˚C, the particles 

coalesce resulting in a broad distribution of particle sizes. During the initial ethylene 

exposure a series of events occur.  Some of the coalesced particles become encapsulated 

by carbon sheets.  Some of the coalesced particles nucleate and grow thick defective 

carbon filaments.  The particles within this filamentous carbon can be distorted and can 

even split to reside at both the tip and base of the filament.  However, these primary 

CNTs only make up a minute fraction of the total CNT yield after 45 minutes. 

 

The process of metal dusting also occurs during initial ethylene exposure to give rise to a 

high density of smaller iron particles which seem to be distributed over the silica surface.   

Also during the initial ethylene exposure, the start of a secondary CNT growth occurs 

which forms a disordered top CNT-layer together with the primary disordered growth 

constituting carbon encapsulated particles, agglomerated iron particles and thick 

defective tubes.  With extended ethylene exposure, the secondary CNT growth 

progresses.  

 

As the secondary growth proceeds on the silica surface the tube tips become constrained 

within the disordered top layer of the CNT growth and they start to align parallel to the 

surface normal of the silica support. These aligned tubes form the bulk of the overall 

CNT yield while the disordered CNTs formed at the initial growth stages remain the top 

layer of the CNT growth.  The aligned CNTs experience some stress due to the constraint 

imposed by the top layer, thus these CNTs deform and some take on a helical appearance.  

The substrate surface during this stage also shows the evidence of residual iron.  A small 

portion of this iron may be encapsulated by carbon and just lies on the surface without 

contributing to the secondary growth.  The rest of the iron is probably involved in 

decomposition of the ethylene but does not necessarily provide the 

nucleation/crystallization points of the CNTs in the secondary aligned layer. 
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7.5. Conclusions 

 

It is commonly accepted that the original catalyst particle size influences the diameter of 

the final forming CNT.  An inconsistency in particle size and CNT diameter 

measurements from our synthesis reactions, has lead us to consider the possibility of 

particle re-arrangements on silica supported systems, prior to CNT growth.  To 

investigate particle behavior, we synthesized a planar model catalyst consisting of 

isolated, monodisperse iron oxide particles.  By removing the catalyst after the different 

pretreatments and initial CNT growth stages, we could, from TEM and EFTEM analyses, 

make some conclusions regarding particle behavior and its influence on the final CNT 

diameter. 

 

The initial monodisperse iron oxide particles do not nucleate and grow the final CNTs.  

We have shown that the particles re-arrange during the pretreatment as well as during 

initial C2H4 exposure.  We have proposed that some of the coalesced particles form short, 

thick and defective primary CNTs that contribute to the initial disordered network of 

CNTs.  However, the primary CNTs represent only a minute fraction of the overall CNT 

yield.  Below this disordered CNT growth, we have observed an aligned CNT growth.  

We have calculated that the aligned CNTs will be separated by a few tens of nanometers. 

We propose that the secondary CNTs in the aligned growth are directly attached to the 

substrate surface as proposed by Rümmeli et al [35].  We attribute alignment of this bulk 

layer to the constraint experienced by the initial CNT layer on the top, in addition to its 

direct attachment to the substrate surface. 

 

It should be emphasized that at this stage we are not certain about the 

nucleation/crystallization mechanism of the growing CNT in the secondary layer, but we 

do propose that iron is necessary for the decomposition of the hydrocarbon precursor into 

atomic carbon.  This atomic carbon is then somehow incorporated into the growing 

nanotube.  The silica TEM grid has proved to be an integral tool in our attempt to observe 

particle and CNT behavior.  We finally conclude that it is difficult to predict the 

correlation between primary particle size and final CNT diameter under typical CNT 
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synthesis conditions, where particle re-arrangements like coalescence and re-dispersion 

are shown to occur, in addition to the two modes of CNT growth. 
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Chapter 8 
 

Investigation of iron oxide particle behavior under H2, CO and CO-H2 

(synthesis gas) environments 

 
Abstract 

 

Due to the uncertainty surrounding the nature of the active phase of the working iron 

Fischer Tropsch (FT) catalyst, numerous studies involving both model and industrial 

catalysts have been undertaken to determine the active iron species.  The pretreatment 

effects which may involve a H2, CO or synthesis gas (H2-CO) activation, appear to have 

a significant influence on catalyst activity and selectivity.  In this chapter we use model 

silica supported iron oxide nanoparticles to observe morphological and chemical 

changes after H2, CO and syngas exposures.  With the H2 pretreatment a core shell 

structure was observed with the core containing metallic iron and the shell comprising 

iron oxide.  With the CO activation a slight disruption in particle integrity was observed 

with magnetite being the dominant iron species.  With the synthesis gas treatment, 

particle fragmentation was observed and some of the particles appear to be encapsulated 

by carbon shells.  XPS and TEM diffraction results indicated that the synthesis gas 

treated particles consisted of a mixture of metallic iron, iron carbide and magnetite. 
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8.1 Introduction 
 

The Fischer Tropsch synthesis (FTS) for the production of liquid hydrocarbons from coal 

based synthesis gas (syngas) has been the subject of renewed interest for the conversion 

of coal and natural gas to liquid fuels.  The use of iron based catalysts is an attractive 

option due to its high FTS activity as well as water gas shift reactivity, which allows for 

use of a synthesis gas with a low H2/CO ratio (e.g., 0.7) directly without an upstream 

step.   

 

There have been a number of studies on model iron catalysts aimed at determining the 

active iron phase for FTS.  Some researchers consider the surface carbides, with an 

underlying iron carbide bulk structure, to be the active phase, 2 others claim that 

magnetite is the active phase, 3, 4 whereas in the so called competition model, 5 iron atoms 

on the surface are considered as the active sites.  The issue of the nature of the active 

phase is thus a controversial one. 6 

 

The pretreatment conditions used for iron Fischer Tropsch (FT) catalysts often have a 

significant effect on the subsequent steady state catalyst activity, selectivity and 

lifetime. 7, 8  Phase transformation of the iron catalyst during activation and FTS plays an 

important role in determining the structural integrity or attrition resistance of the catalyst 

particles.  Previous studies have shown that the formation of surface carbides is necessary 

before the catalyst can exhibit high activity. 6, 9  Activation with H2, CO or CO-H2 

(syngas) generally results in the rapid formation of Fe3O4. 10  With additional time, the 

magnetite is converted to metallic iron in the case of H2 pretreatment or various iron 

carbides (usually χ-Fe5C2 or έ-Fe2.2C) with CO or CO-H2 pretreatment. 11   

 

This is an exploratory chapter expressing the versatility of the monodisperse iron oxide 

nanoparticles synthesized in Chapter 5.  An attempt was made to investigate particle 

behavior under model FT reduction and synthesis conditions.  This chapter incorporates 

work that is in its infancy stages and the results have indicated significant potential for 

this type of study in future FT related work.  The silica TEM grid supported iron oxide 
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nanoparticles were exposed to H2, CO and syngas environments and their morphological 

and chemical changes are reported in this chapter. 

 

8.2 Experimental 

 

8.2.1 Investigation of H2 Pretreatment 

The silica TEM grid (described in greater detail in Chapter 2) supported 9, 16 and 28 nm 

particles were calcined in Ar/O2 (260/60 ml/min) for 30 min. at 500 ˚C.  A marked corner 

of the silica TEM grid bearing the calcined particles was imaged by TEM and the sample 

was then re-inserted into a quartz tubular reactor for the H2 pretreatments.  H2 

pretreatments were performed at 320, 500 and 700 °C.  The temperatures were ramped at 

5 °C/min. to the respective temperatures.  The samples were treated for 5 h at 320 °C and 

for 45 min. at 500 and 700 °C.  The H2 flow was maintained at approximately 250 

ml/min.  After the reduction treatment, the samples were cooled in an Ar flow to room 

temperature after which the entire reactor containing the samples was transferred to the 

glovebox. 

 

8.2.2 Investigation of CO Pretreatment 

After a marked corner on the silica TEM grid containing the calcined 9, 16 and 28 nm 

particles were imaged by TEM, the samples were transferred to a quartz tubular reactor 

with an inner diameter of 8 mm.  The temperature was ramped at 3 °C/min. to 270 °C in 

CO/He (5/15 ml/min) after which the samples were reduced for a period of 1.5 h at the 

same flow.  Thereafter the samples were cooled in Ar to room temperature and passivated 

with 1% O2 in He. The samples were also pretreated for an 18 h period in a quartz 

tubular reactor with inner diameter of 25 mm in a CO flow of 200 ml/min.  The reactor 

was transferred to the glovebox, where the samples were passivated by the ppm levels of 

O2 in the glovebox. 
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8.2.3 Investigation of CO-H2 treatment 

After the samples were pretreated with CO, they were imaged by TEM and the same 

samples were then inserted into the reactor for the syngas treatment.  The samples treated 

in the 20 ml tubular reactor were reacted in He/CO/H2 (20/10/7 ml/min.) for 1.5 h at 

270 °C.  The samples were cooled to room temperature in Ar and passivated with 1% O2 

in He.  The samples treated in the 200 ml tubular reactor were reacted with a pre-mixed 

mixture of H2-CO bearing a ratio H2/CO ratio of 0.7 at a flow of 100 ml/min. for 18 h at 

320 °C.  The samples were cooled to room temperature with Ar and then transferred to 

the glovebox. 

 

8.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al K X-ray source and a delay-line detector (DLD).  Spectra were 

obtained using the aluminium anode (Al K = 1486.6 eV) operating at 150 W.  Spectra 

were recorded at background pressure, 2 x 10-9 mbar.  Binding energies were calibrated 

to N 1s peak at 397.3 eV (due to the Si3N4 layer on the TEM grid).  All samples 

measured by XPS were transferred from the reactor into the pre-chamber of the XPS 

within the glovebox thus exposure to air was minimized as far as possible. 

 

8.2.5 Transmission Electron Microscopy (TEM) 

The TEM studies were carried out on a Tecnai 20 (FEI Co.) operated at 200 kV.  All the 

measurements were conducted on silica TEM grids.  For the 700 °C H2 reduction a TEM 

transfer cell was used, thus, this particular sample was not exposed to air.  All other 

samples were passivated either by a 1% O2 in He mixture or by the ppm O2 levels in the 

glovebox. 

 

8.3 Results 

 

8.3.1 TEM diffraction patterns of the calcined particles 

Calcination of the spincoated 9, 16 and 28 nm particles at 500 °C for 30 min. in Ar/O2 

(260/60 ml/min), will most likely convert the iron oxide particles to their most stable 
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state which is hematite.  The electron diffraction patterns for the various sized calcined 

particles are indicated in Fig. 8.1 and appear to resemble each other very closely.   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 

 
Figure 8.1 Electron diffraction patterns of the calcined (a) 9, (b) 16 and (c) 28 nm 
particles with the bright spots in (c) representing the diffraction planes of the Si wafer 
 

Comparison of the electron diffraction patterns of the calcined particles to reference 

hematite (α Fe2O3) and maghemite ( Fe2O3) diffraction patterns (Figs. 8.2a and 8.2b 

respectively), reveals that the calcined particles resemble maghemite more closely than 

they do hematite.  The diffraction spots in Fig. 8.1(c) represent the diffraction planes of 
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the silicon wafer which was captured during TEM imaging of the corner of the silica 

TEM grid.  

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

 
Figure 8.2 Reference electron diffraction patterns for (a) hematite12 and (b) 
maghemite13 
 

If the calcined 9, 16 and 28 nm particles are considered to be maghemite, then a 

calibration curve can be plotted using the heights of the diffraction rings and 1/d spacing 

for the maghemite diffraction planes.  The d spacing for the diffraction planes of 

maghemite can be obtained from its powder diffraction file (PDF).  Such a calibration 

curve can be used to determine/confirm the d spacings of other diffraction ring patterns.  

Fig. 8.3 indicates such a calibration curve.   

 

It should also be expressed that the TEM and electron diffraction patterns for maghemite 

and magnetite are very similar.  We know from Chapter 5, that the XP spectrum of the 

freshly synthesized 9 nm particles represents hematite/maghemite.  After calcination, it is 

unlikely that the 9 nm particles will convert to magnetite, thus the TEM diffraction 

pattern observed for the calcined 9 nm particles must correspond to maghemite.  The 

freshly synthesized 16 and 28 nm particles are magnetite and after calcination we cannot 
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be absolutely certain that the particles have transformed to maghemite.  The d-spacings 

for the featured planes in Fig. 8.2(b) for maghemite and magnetite are shown in Table 8.1 

 
Table 8.1 D-spacing for selected planes of magnetite and maghemite 
 

Plane d-spacing – magnetite (Å) d-spacing – maghemite (Å) 

220 2.96 2.95 

311 2.53 2.51 

400 2.09 2.08 

422 1.71 1.70 

511 1.61 1.60 

440 1.48 1.47 

 
 
It is apparent from Table 8.1 that a calibration curve based on either a magnetite or 

maghemite designation will give essentially the same 1/d values.   
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Figure 8.3 Calibration curve using the height of the diffraction rings of the calcined 
9, 16 and 28 nm particles and 1/d spacing for the diffraction planes of maghemite 
 
For the Si reflection, the d spacing corresponds to 1.9 Å.  According to the Mincryst 

crystallographic database, this d spacing corresponds to the 67% intensity 220 plane of 

silicon. 
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8.3.2 H2 reduction treatments 

Reduction of an iron catalyst (α Fe2O3) with hydrogen proceeds via magnetite and 

presumably wüstite (FeO) to metallic iron. 14  Because wüstite is metastable below 

573 °C, any FeO is quickly transformed to Fe3O4 and Fe, thus the formation of FeO is 

hardly observed.  Reduction of Fe3O4 with H2 to zero valence was also claimed with 

20% metallic iron being obtained by treating with H2 at 220 °C. 7, 15  Fig. 8.4 gives the 

H2 temperature programmed reduction (TPR) profiles for different sized iron oxide 

nanoparticles.  The curves in Fig. 8.4 show two peaks which is indicative of the two step 

reduction of hematite to magnetite and magnetite to metallic iron.  The broadness of the 

second peak indicates that the transformation of magnetite to metallic iron is a relatively 

slow process. 16  The area percentage of the first peak can give an indication of the 

composition (ratio of Fe2O3/Fe3O4) of the iron oxide crystallites. 1  In Fig. 8.4 it can be 

observed that the relative peak area of the first peak decreases with decreasing crystallite 

size, suggesting a lower content of Fe2O3 in these samples. 

 

 

Figure 8.4 H2 TPR profiles 
of iron oxide nanoparticles in 
the range 2.0 – 15.7 nm 1  
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8.3.2.1  H2 reduction treatment at 320 °C 

The calcined 9, 16 and 28 nm particles were subjected to a H2 reduction treatment at 

320 °C.  We have already indicated that a 500 °C calcination treatment will produce γ 

Fe2O3 particles.  According to the TPR profile, at 320 °C, 9nm Fe2O3 particles will 

convert to magnetite particles.  Bukur et al. 17 have shown that silica supported iron oxide 

particles, prepared via a continuous precipitation method, when pretreated with H2 at 

250 °C for 4 h were converted primarily to metallic iron (α-Fe) with a small amount of 

magnetite.  It should follow then, that a H2 pretreatment at 320 °C for 5 h will convert the 

maghemite particles, observed during calcination, to metallic iron.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

 
Figure 8.5 TEM images of the exact set of (a) calcined and (b) 320 °C H2 reduced 9 
nm particles 
 
It should also be noted that zero valence iron (Fe0) when exposed to air will be quickly 

oxidized. 18  This nearly instant formation of an oxide layer on the metal also occurs for 

nanometer sized particles.  Therefore, unless protected by some other type of layer, Fe0 

particles will be covered by a thin layer of iron oxide (typically 2-3nm thick).  The 

resulting particles are often described as core shell structured Fe nanoparticles.18  The 

particles shown in Fig. 8.5 (b) appear to have a core shell structure.  The darker cores are 

most likely metallic iron and the lighter shells are probably iron oxide formed as a result 
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of the spontaneous oxidation of metallic iron.  It can further be observed from Fig. 8.5 (b) 

that there is no major sintering of particles.  The core shell structure is also observed with 

the 16 and 28 nm particles as indicated in Fig. 8.6. 

 

 

   

 

 

 

 

 

 

 

 

 
 
 

(a) 
d spacing = 2.0Å 

(b) 

d spacing = 2.5Å   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 

Figure 8.6 TEM images of (a) 320 °C H2 
reduced 16nm particles; (b) 320 °C H2 
reduced 28nm particles; (c) profile view of 
the 320 °C H2 reduced 28nm particles 
confirming the core shell structure 

 
 
The d spacing of 2.0 Å in Fig. 8.6 (a) could correspond to the high intensity 110 plane of 

metallic iron or to the low intensity 400 plane of magnetite or maghemite as indicated by 
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the PDF data for the iron species.  The d spacing of 2.5 Å in Fig. 8.6 (b) could correspond 

to the high intensity 311 plane of magnetite or maghemite 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 

Figure 8.7 TEM diffraction patterns of the 320 °C H2 reduced (a) 9nm; (b) 16nm and 
(c) 28nm particles 
 
There are no distinct diffraction ring patterns in Figs 8.7 (a) and (b).  This is indicative of 

amorphous species and most likely represents the iron oxide shell around the 

reduced/reoxidised particles.  Fig 8.7 (c) however, shows a strong diffraction ring pattern.  

Using the calibration curve in Fig. 8.3, the height of this particular diffraction ring 

corresponds to a d spacing of 2.0 Å, which corresponds to the high intensity 110 plane of 

metallic iron, confirming that the core of the 320 °C H2 reduced 28 nm particles, is most 

likely metallic.  Previous work has been done to elucidate the structural nature of the 

oxide layers on the reduced/reoxidised iron nanoparticles. 19  Wang et al. 19 have 

indicated that this oxide layer is a mixture of magnetite and maghemite. 
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Figure 8.8 Fe 2p XP spectra of the 320 °C H2 reduced 9 and 16 nm particles 
 
 
The Fe 2p XP spectra for both the 9 and 16nm particles in Fig. 8.8 resemble hematite or 

maghemite (see reference Fe 2p XP spectra in Chapter 5).  The spectra are most likely 

indicative of the iron oxide shell around the reduced/reoxidised particles.  Since XPS is a 

surface sensitive technique, the bulk of the XPS measurement will constitute the iron 

oxide layer around the reduced particles.    

 

8.3.2.2  H2 reduction treatment at 500 °C 

The H2 reduction treatment at 500 °C, appears to have resulted in the loss of some iron 

particles as can be observed in Fig. 8.9.  The particles that appear to have vanished seem 

to have left behind “footprints” as can be observed in the black highlighted areas of Fig. 

8.9. 
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(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 
Figure 8.9 TEM images of (a) calcined and (b) 500 °C H2 reduced 9nm particles with 
the highlighted areas serving as markers to indicate the exact set of particles 
 
 

The areas highlighted in black appear to be missing particles.  The disappeared particles 

have left “footprints” demarcating their original positions.  It is possible that the missing 

particles could be absorbed by neighbouring particles via an Ostwald ripening sintering 

process (refer to Chapter 6).  The Hüttig temperature of metallic iron is 269 °C, 1 thus the 

iron atoms are relatively mobile above this temperature and can be easily involved in a 

sintering process.  The 500 °C H2 reduced particles appear to have a core shell structure 

and this is indicated more clearly in Fig. 8.10. which is a high resolution image of the 

area highlighted in white in Fig. 8.9.   
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d spacing = 2Å 

Figure 8.10 TEM image showing a magnified view of the white highlighted area in 
Fig. 8.9 
 
 
Once again, the d spacing of 2.0 Å in Fig. 8.10 corresponds to the high intensity 110 

plane of metallic iron indicating that the core is most likely metallic.  The loss of iron 

nanoparticles with resulting “footprints” was also observed with the 16 and 28 nm 

particles as indicated in Figs 8.11 and 8.12 respectively.  The reduced/reoxidised 16 nm 

particles in Fig 8.11(c) do not depict the typical core shell morphology indicated by the 

reduced/reoxidised 9 nm particles in Fig. 8.10, but the reduced/reoxidised 16 nm particles 

do appear crystalline as is indicated by their lattice fringes.  The d spacing of 4.8 Å in 

Fig. 8.11(c) could correspond to the low intensity 111 plane of maghemite or magnetite, 

suggesting that the reduction conditions at 500 °C was probably not sufficient to allow 

for complete reduction to metallic iron. 
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(a) (b) 

(c) 

d spacing = 4.8Å 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.11 TEM images of the (a) calcined and (b) 500 °C H2 reduced 16nm 
particles; (c) magnified view of the highlighted particles in (b) 
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(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 
Figure 8.12 TEM images of the (a) calcined and (b) 500 °C H2 reduced 28 nm 
particles 
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Figure 8.13 Fe 2p XP spectra for the 500 °C H2 reduced 9nm and 16 nm particles 
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Both Fe 2p XP spectra in Fig. 8.13 resemble magnetite which is normally characterized 

by the absence of the Fe 2p 3/2 satellite peak (see reference Fe 2p XP spectra in Chapter 

5).  The 500 °C H2 reduced particles however, seem to experience a more pronounced 

effect of sintering as compared to the 320 °C H2 reduced particles. 

 

8.3.2.3  H2 reduction treatment at 700 °C 

A H2 reduction treatment at 700 °C, produces a clear core-shell structure as is observed 

in Fig. 8.14 (b).  It can be further noticed that between the core and shell there exists a 

void as is indicated by the arrows. 

 
 
 

(b)  

 

 

 

 

 
 
 
 
 
 
 
 

(a) 

 
Figure 8.14 TEM images of the (a) calcined and (b) 700 °C H2 reduced 9nm particles  
 
This void is not a TEM induced feature and has been previously observed by Wang et 

al. 19  They showed that particles that were not fully oxidized contained voids at the 

interface between the iron core and the oxide shell and that particles that were fully 

oxidized contained voids at the center of the particle.  They observed fully oxidized 

particles in cases where the particle diameter was less than 8nm.  These two oxidation 

induced phenomena are shown in Fig. 8.15.      
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voids 
void 

 
Figure 8.15 HRTEM images showing (a) the fully oxidized particle with a void in the 
center of the particle and (b) trapping of the cluster of voids at the interface between the 
iron core and oxide shell.  The inset in each image is a schematic illustration of the 
particle structure 19 
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Figure 8.16 Fe 2p XP spectra of the 700 °C H2 reduced 9 and 16nm particles 
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The Fe 2p XP spectra in Fig. 8.16 indicate the presence of metallic iron and iron oxide 

species.  The reason for observing metallic iron with the 700 °C H2 reduced samples as 

compared to the 320 or 500 °C H2 reduced samples, could be that the oxide shell is 

thinner, facilitating the XPS detection of metallic iron.  Wang et al. 19 have from lattice 

fringe space measurements, indicated that the iron oxide shell maybe Fe3O4 or γ Fe2O3 

but were unable to differentiate between the two. 

 

8.3.3 CO and Syngas reduction treatments 

It has been previously observed that the pretreatment of an iron catalyst with CO or 

syngas can result in the formation of iron carbide. 20, 21 

 

8.3.3.1 CO treatment for 1.5h at 270 °C followed by syngas treatment at 270 °C for 1.5h 

It can be observed from Fig. 8.17 (b) that very little change occurred in particle behavior 

between the spincoated-calcined and CO reduced state for the 9nm particles.  The only 

observable change from Fig. 8.17(a) to (b) is that certain particles tend to make contact 

with each other.  This type of particle contacting behavior has been previously observed 

in Chapter 6 during the 500 °C calcination treatment.  No observable changes could be 

noticed between the CO and syngas reduced 9nm particles. 
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(a) (b) 

 

 

 

 

 

 
 
 
 
 
 
 

(c)  
 
 
 
 
 
 
 
 Figure 8.17 TEM images of the same 

set of (a) spincoated 9nm particles; (b) 
calcined and 270 °C CO reduced 
particles and (c) 270 °C syngas treated 
particles 
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Fig. 8.18 (b) indicates that after calcination and CO reduction, some of the 16nm particles 

appear faceted.  Some particles have sintered to form completely new particles.  Fig. 8.19 

indicates the d-spacing of two different particles featured in the highlighted area in Fig. 

8.18(b).  According to PDF data, the d-spacings of 2.5 Å and 2.9 Å correspond to the 

high intensity 311 plane and medium intensity 220 plane of magnetite respectively.   
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 Figure 8.18 TEM images of the same 
set of (a) spincoated 16nm particles; 
(b) calcined and 270 °C CO reduced 
particles and (c) 270 °C syngas treated 
particles 
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Fig. 8.18 (c) indicates that after syngas exposure, some particles have sintered and 

ruptured.  The ruptured particles appear to have undergone some kind of stress which has 

resulted in them losing integrity 

 

 

(2) d spacing = 2.9 Å 

(1) d spacing = 2.5 Å 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.19 High magnification TEM image of the outlined area in Fig. 8.18 (b) 
 
 
 
 

(a) (b) 
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(d) 

d spacing = 4.8 Å 

 

(c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.20 TEM images of the same set of (a) spincoated 28nm particles; (b) calcined 
and 270 °C CO reduced particles and (c) 270 °C syngas treated particles; (d) high 
magnification TEM image of the 270 °C CO reduced 28nm particles 
 
 

Fig. 8.20 (b) indicates that after calcination and CO exposure, the particles appear to 

contact each other and exhibit slight changes in their structural integrity. Figure 8.20 (c) 

indicates that the 28nm particles sinter and rupture when exposed to the syngas treatment.  

The reason for the fragmentation could lie in the chemical conversion of the iron oxide to 

iron carbides.  This conversion induces a volumetric change due to the significant 

difference in the skeletal densities of carbide and oxide structures (e.g. 7.7 g/cm3 for 

Fe3C as compared to 5.2 g/cm3 for Fe3O4).  The volumetric change can cause stress in 

the particle which may lead to attrition and formation of small crystallites of iron carbides 

that split off rapidly to form ultrafine particles. 22, 23 

 

The d-spacing of 4.8 Å in Fig. 8.20 (d) which represents a CO reduced 28nm particle, 

corresponds to the low intensity 111 plane of magnetite.  Bukur et al. 17 have with XRD 

and Mössbauer measurements, determined that the phases present in their supported iron 

catalyst after a 8h CO pretreatment at 280 °C, are iron carbide and magnetite, with 

magnetite constituting about 58% of the sample.   
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Figure 8.22 Fe 2p XP spectra of the CO reduced (1.5h) and subsequent syngas treated 
(1.5h) samples with the H2 reduced sample serving as a reference sample 
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Figure 8.23 C 1s XP spectra of the CO reduced (1.5h) and subsequent syngas treated 
(1.5h) samples with the H2 reduced sample serving as a reference sample 
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The presence of a peak at ~ 706.5 eV in the Fe 2p spectra of the syngas reduced samples 

in Fig. 8.22 hints towards the likely formation of metallic iron which has a binding 

energy of 706.9 eV. 24  It also appears that there exists the presence of iron carbide which 

has a binding energy of 708.5 eV. 25  The 320 °C H2 reduced sample is included as a 

reference to show the relative absence of these components in this particular sample.  The 

presence of iron carbide is further confirmed by the C 1s spectra in Fig. 8.23, which 

indicates the presence of an iron carbide component which is normally located at 

283.8 eV. 25  The reference C1s spectrum for the H2 reduced sample indicates a 

negligible contribution in this particular range. 
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8.3.3.2 CO treatment for 18h at 270 °C followed by syngas treatment at 320 °C for 18h 

 

 
(a) (b)  

 

 

 

 

 

 

 

 

 
(c) (d)  

 

 

 

 

 

 

 

 

 
(e)  

 

Figure 8.24 TEM images of a series 
of treatments performed on the 9nm 
particles with the highlighted area 
confirming that it is the same set of 
particles; (a) calcined particles; (b) 18 
h CO reduction at 270 °C; (c) syngas 
treatment at 320 °C for 18 h; (d) the 
corresponding TEM diffraction pattern 
for (a); (e) the corresponding TEM 
diffraction pattern for (c) 
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The 9 nm particle morphology appears unchanged after the CO reduction treatment.  

With the syngas treatment the particles take on a core shell morphology and no severe 

sintering to form new particles can be observed.  The maghemite TEM diffraction pattern 

observed for the calcined particles is very similar to the TEM diffraction pattern of the 

syngas treated sample.  This TEM diffraction pattern most likely corresponds to 

magnetite which is also confirmed by the Fe 2p spectrum in Fig. 8.25, which shows the 

absence of the satellite peak as compared to the Fe 2p spectrum for the calcined sample 

which shows its distinctive presence. 
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Figure 8.25 Fe 2p XP spectra of the calcined, CO reduced and syngas treated 9nm 
particles 
 
 
From Fig. 8.25 it can be observed that the particles transform from maghemite after 

calcination to magnetite after CO reduction.  With the syngas treatment, there exists the 

appearance of a metallic iron (706.9 eV) and iron carbide (708.5 eV) contribution which 

is otherwise absent in the calcined and CO reduced samples. 
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(a) (d) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) (e) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 

Figure 8.26 TEM images of a series 
of treatments performed on the 16nm 
particles with the highlighted area in 
(a) magnified to give (b) and (c); (a) 
calcined particles; (b) 18 h CO 
reduction at 270 °C; (c) syngas 
treatment at 320 °C for 18 h; (d) the 
TEM diffraction pattern corresponding 
to (a); (e) the TEM diffraction pattern 
corresponding to (c). 
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Fig. 8.26 (b) indicates that the 16 nm particles do not undergo any morphological changes 

after the CO reduction treatment.  After the syngas treatment it can be observed that the 

particles have reduced in size.  The particles seem to be encapsulated by a shell.  There is 

a single distinct ring in the TEM diffraction pattern of the syngas treated particles.  

According to the calibration curve in Fig. 8.3, the ring corresponds to a d spacing of 2 Å.  

This particular d spacing can correspond to the high intensity 110 plane of metallic iron 

(ferrite) or the high intensity 031 plane of cohenite (Fe3C) or the high intensity 510 plane 

of Hägg carbide (χ-Fe5C2).   
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Figure 8.27 Fe 2p XP spectra of the calcined and CO reduced 16nm particles 
 
 
The TEM diffraction pattern in Fig. 8.26 (d) and the Fe 2p XP spectrum in Fig. 8.27 

indicate that after calcination, the 16 nm particles are maghemite.  The absence of the 

satellite peak in the Fe 2p spectrum for the CO reduced particles indicates that they are 

most likely magnetite. 
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d spacing = 2.9Å 
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(c) 

d spacing = 3.4Å 

(f) 

Figure 8.28 TEM images of a series of treatments on the 28 nm particles with (a) 
indicating the calcined particles, the black highlighted area in (a) represents the 
particles shown in (b) and the white highlighted area represents the particles shown in 
(d);  (b) 18 h CO reduction at 270 °C; (c) syngas treatment at 320 °C for 18 h; (d) syngas 
treated sample indicating a d spacing of 2.9 Å; (e) TEM diffraction pattern 
corresponding to (a); (f) TEM diffraction pattern corresponding to (c). 
 
 
The 28nm particles also do not appear to undergo a change in morphology after the CO 

reduction treatment.  After the syngas treatment, the particles take on a core shell 

appearance and they also appear to have reduced in size.  The syngas treated particle in 

Fig. 8.28 (e) has a d spacing of 2.9 Å which corresponds to the 220 plane of magnetite.  

The shell of the syngas treated particles featured in Fig. 8.28(c) corresponds to 3.4 Å.  

This d-spacing could imply that the shell is composed of well ordered graphite which has 

a d-spacing of 3.4 Å. 26  A magnified image of this particular particle showing the d-

spacing of the shell is shown in Fig. 8.29.  Sarkar et al. 26 observed an ordered graphitic 

carbon layer around magnetite particles after exposing unpromoted iron nanoparticles to 

a syngas environment at 270 °C for 311 h. 
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d spacing = 3.4 Å 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.29 Magnified image of the particle featured in Fig. 8.28 (c), indicating more 
clearly the d-spacing of the shell 
 

 

The single ring in the TEM diffraction pattern of the syngas treated sample (Fig. 8.28(f)) 

corresponds to a d spacing of 2 Å, which like that of the 16 nm particles could represent 

the high intensity 110 plane of metallic iron or the high intensity 031 plane of Fe3C or the 

high intensity 510 plane of  χ-Fe5C2.   

 

8.4 Discussions 

 

It is known that during the activation process with either H2, CO or syngas, iron oxide 

(hematite or maghemite) transforms quickly to magnetite, which then converts to 

different iron phases depending on the activation environment. 26  Bian et al. 27 indicated 

that a H2 pretreatment of their precipitated hematite catalyst precursor, produced metallic 

iron particles and that their CO reduced sample produced a mixture of metallic iron and 
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iron carbides.  At low to moderate FTS reaction conditions (<270 °C) it has been reported 

that only ε-Fe2.2C and χ-Fe5C2 were formed, 7 while θ-Fe3C was reported only for high 

temperature FT synthesis with fused iron catalysts. 28   

 

Some researchers suggested that ε-carbide is responsible for the catalysis following CO 

dissociation 29 while some claimed that Hägg carbide has a low activity. 2  On the other 

hand, some claimed that the deactivation of iron FT catalysts is associated with the 

transformation of Hägg carbide to a less active ε-carbide phase with the formation of 

highly ordered graphite on the catalyst surface.  It is quite clear that there are no definite 

answers with respect to the active phase for iron FT synthesis.  The problem may lie in 

post catalyst handling.  The instability of iron oxides and iron carbides may prevent 

accurate evaluation of the active iron phase.  Thus precise in-situ analysis techniques for 

this purpose will contribute significantly towards the detection of the active iron phase. 

 

The H2 pretreatment produced particles with a core-shell morphology.  The core in the 

case of the 320, 500 and 700 °C reduction treatments is most likely metallic iron, 

although metallic iron was only detected in the Fe 2p XP spectrum for the 700 °C 

reduction case.  Even though all the H2 reduced samples were measured by XPS via a 

glovebox transfer, the metallic cores may have spontaneously oxidized due to the ppm 

levels of O2 in the glovebox.  The shell could either be a Fe2O3 or Fe3O4 layer.  The 

initial oxidation process has two features: the formed oxide layer is normally just a few 

nanometers, and the growth rate is rapid. 19  Under the framework of the Caberra-Mott 

theory of oxidation of metal, 30 the initial oxidation process of iron can be described as 

follows: upon initial attachment of oxygen onto the surface of metal and the formation of 

a thin layer of oxide, the electron tunnels through the thin oxide layer and ionizes the 

oxygen, leading to an electric field between the metal and the surface of the oxide layer.  

The electrical field will subsequently drive the outward diffusion of the ionized Fe.  With 

the Caberra-Mott model, it is estimated that at room temperature, it takes about 0.2 

femtoseconds (10 -15 s) to form an initial 1 nm thickness of oxide layer on a freshly 

exposed iron surface, and 40 s for a film of 2 nm, 40 weeks for a film of 3 nm and 600 

years for a film of 4 nm. 31 
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With the CO reduction, it is interesting to note that a 1.5 h exposure created a greater 

change in particle morphology (Figs. 8.18(b) and 8.20(b)) as compared to the 18 h 

exposure (Figs. 8.26(b) and 8.28(b)) where hardly any change could be observed.  At this 

stage, we cannot provide any suitable explanation for this particular result.  Another 

interesting observation is that after the CO reduction, the 9 nm particles (Fig. 8.17(b)) did 

not exhibit a change in particle morphology as compared to the 16 nm (Fig. 8.18(b)) and 

28 nm (Fig. 8.20(b)) particles, implying that the 9 nm particles are somewhat more stable 

in terms of their structural integrity as compared to the 16 and 28 nm particles.  The XPS 

results and the d-spacings from the high resolution TEM images, strongly suggest that the 

particles are mostly magnetite after CO reduction. 

 

The XPS results, TEM diffraction patterns and d-spacings for the syngas treated samples, 

suggest that metallic iron, iron carbide and magnetite are present.  With the extended 

syngas exposure (Fig. 8.28(c)), graphitic shells could be observed around the particles.  

The core of these particles is most likely a mixture of magnetite, metallic iron and iron 

carbide.   

 

8.5 Conclusions 

 

In this chapter we have demonstrated the possibility of using monodisperse iron oxide 

nanoparticles to observe morphological changes in H2, CO and syngas environments.  

These chemical environments have been tested previously by other researchers as 

pretreatment gases for iron FT catalysts.  While the chemical and morphological changes 

of the supported iron oxide particles are quite complex and sometimes rather subtle and 

while our limited amount of experiments only allow a tentative assessment, the following 

trends seem to emerge: 

With the H2 pretreatment, a core shell morphology is observed.  Due to the spontaneous 

oxidation of metallic iron, the metallic core produced after reduction, becomes 

encapsulated by an iron oxide shell.  XPS results have confirmed the presence of metallic 

iron after the 700 °C H2 reduction treatments.  With the CO reduction, magnetite appears 

to be the dominant iron species with the 16 and 28 nm particles exhibiting more of a 
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morphology change, as compared to the 9 nm particles.  With the syngas exposure, the 

presence of magnetite, metallic iron and iron carbide have been observed.  With extended 

syngas exposure, the particles assume a core shell appearance with the shell in this case 

resembling a well ordered graphitic layer and the core most likely consisting of a mixture 

of magnetite, metallic iron and iron carbide. 

 

In this chapter we have presented a powerful methodology for the observation of particle 

behavior under model FT reducing and synthesis conditions.  The results presented in this 

chapter are preliminary and due to time constraints, most of the experiments were not 

subjected to duplication.     
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Conclusions and outlook 
 
This research has provided insight into two different but important fields, viz. the 

preparation and behavior of monodisperse nanoparticles and the growth mode of CNTs.  

Further, contributions were made towards developing novel methodologies to facilitate 

these studies.  The use of silica TEM substrates, which serve as both catalyst support and 

TEM imaging tool, forms the basis for these methodologies.  Once the nanoparticles are 

supported on these substrates, the sample can be imaged, then pretreated in a reactor and 

imaged again.  The corners of the silica TEM grids are used as markers so that the exact 

set of particles may be imaged after the different pretreatments, permitting definitive 

conclusions to be drawn regarding particle behavior.  It is also possible to support 

particles of different sizes on one TEM grid, allowing for assessment of particle behavior 

as a function of particle size in a single experiment. 

 

9.1 Defined or monodisperse nanoparticles 
 
It is well known that at the nanoscale, materials exhibit fascinating optical, electronic and 

magnetic properties that differ drastically from their bulk counterparts. 1  The novel 

properties of nanostructured materials enable them to find potential applications in fields 

such as nanofabrication, nanodevices, nanobiology and nanocatalysis. 

 
The synthesis of diameter controlled nanoparticles is important in the field of catalysis 

for the formulation of a catalyst which meets the activity, stability and selectivity 

requirements of a particular catalytic process.  A fundamental understanding of the 

catalyst particle behavior can be achieved by supporting these nanoparticles on model 

supports.  Catalysts usually consist of small particles hidden inside the pores of the 

support, inhibiting the application of surface sensitive techniques.  Flat supports with the 

catalytic particles on the top, offer full access to surface spectroscopies. 2  Previous model 

systems usually constituted single crystals of metal, or thin films of metals or oxides 

grown epitaxially on other model crystal surfaces. 2  Their success was outstanding in 
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identifying many of the molecular ingredients of important catalytic reactions however, 

the drawback of these systems was that the catalyst support was not part of the catalyst 

system, thus extrapolation to catalyst-support systems used in most technologies was not 

possible. 3  The use of planar silica substrates overcomes this drawback 

 

The synthesis of diameter controlled nanoparticles can be quite challenging with the 

classical approaches of precipitation and impregnation.  The formation and size control of 

metal clusters by the technique of spincoating has been previously described in detail. 4-6  

Spincoating is a deposition technique of the active catalytic material onto the model 

support and the process mimics that of the impregnation technique performed on 

industrial catalysts.  It has been suggested that to affect a change in mean particle size, 

initial solute concentration, spin speed and choice of solvent need to be considered.  Our 

initial attempt to control iron particle size was to vary the concentration of the iron 

precursor in the spincoating solution (Chapter 3).  During the actual spincoating process 

we encountered defects like striation formation, “comet” formation and breaks in the 

spincoated layer.  These artefacts were mainly due to differences in the surface tension of 

the spincoated layer as well as to residual dust particles on the silica surface.  After taking 

precautions to maintain the homogeneity of the surface tension in the spincoated layer, 

these artefacts were eliminated.   

 

As an illustration of how system specific catalyst preparation may be, we saw in chapter 

3 that the direct spincoating of various concentrations of FeCl3.H2O-isopropanol 

solutions did not produce any particles but gave rise to an iron-hydroxy-chloro layer 

instead.  This was confirmed by XPS and RBS (Rutherford Backscattering Spectroscopy) 

data.  A calcination treatment produced needle-like goethite structures as confirmed by 

XPS and a subsequent reduction treatment produced isolated particles with a metallic iron 

core component and an iron oxide shell.  There was no distinct change in particle 

diameter as a function of iron precursor concentration.  The in-situ particles formed after 

the reduction treatment were used as catalysts for the growth of aligned multiwalled 

CNTs (Chapter 4).  Most of the studied literature (Chapter 4) leans towards the belief 

that the catalyst particle size dictates the CNT diameter.  Using TEM measurements we 
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were able to provide evidence that this is not truly the case. In fact the 13 and 37 nm 

diameter particles (produced after the reduction treatment) gave rise to 15 nm tubes.  This 

discrepancy suggests that the isolated particles produced after the reduction treatment are 

unlikely the nucleating particles for the CNTs. 

 

The inability to synthesize monodisperse iron oxide nanoparticles via the spincoating and 

pretreatment (in-situ) route, prompted an investigation into an alternate route for 

nanoparticle synthesis.  The thermal decomposition of iron carboxylate compounds like 

iron oleate and iron acetylacetonate lead to the synthesis of monodisperse iron oxide 

nanoparticles, the diameters of which could be varied over a narrow increment range 

(Chapter 5).  The influence of reaction temperature, iron to surfactant ratio and the 

technique of seed mediated growth were investigated to give rise to 4.5, 9.5, 16, 12.6, and 

27 nm iron oxide nanoparticles.  XPS and XRD (X-ray diffraction) data indicated that we 

have synthesized magnetite and hematite nanoparticles.  A mechanism showing the 

conversion of the iron carboxylate compound to the iron oxide nanoparticle, via thermal 

decomposition, is also postulated. 

 

Besides using the monodisperse iron oxide nanoparticles for catalyst related studies, these 

nanoparticulate materials were also employed in a sintering study.  When supported on 

silica TEM substrates, these model systems can be imaged by TEM, then taken into a 

reactor, treated, and then imaged again to feature the exact set of particles measured prior 

to the reactor treatment.  Fig. 9.1(a) shows the nanoparticles directly after spincoating and 

Fig. 9.1(b) shows the same set of particles after a calcination treatment. 
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Figure 9.1 TEM images of (a) spincoated and (b) calcined 9 nm iron oxide 
nanoparticles  
 

After a calcination treatment (Chapter 6), individual particles, pairs of particles and 

groups of particles were analysed.  All particles, whether isolated or in close proximity to 

another particle, seemed to experience an increase in diameter, which could be attributed 

to the spreading out phenomenon which occurs during oxidation. 7  Particles which were 

close, made contact and stayed in contact after cooling without coalescing into larger 

agglomerates. 

 

9.2 Carbon nanotubes (CNTs) 

 

CNTs have attracted much interest recently owing to their novel properties that have led 

to realistic possibilities of using them in a host of commercial nanoelectronic 

applications.  These include field emission – based flat panel displays, chemical sensors 

and hydrogen storage devices, to name a few. 8  As a result, they represent a real-life 

application of nanotechnology and their high strength extends their potential application 

sphere to include composite reinforced materials.  Based on their technological 
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importance, it is essential to understand the synthesis mechanism of these materials. 9  

Thus an attempt to study the growth mode of CNTs was attempted. 

 

The monodisperse iron oxide nanoparticles were used to gain some insight into the CNT 

growth mode (Chapter 7). Using TEM and EFTEM measurements it was confirmed that 

the particles were involved in a series of re-arrangements during the pretreatment and 

initial CNT growth.  Thus contrary to what has been expressed by some researchers, the 

initial monodisperse iron oxide particles do not nucleate and grow the final CNTs.  It was 

also shown that CNT growth occurred in two stages; an initial disordered growth, 

followed by a more aligned growth underneath.  This was one of the reasons why we 

observed the lack of correlation between the initial deposited iron nanoparticle and the 

final CNT diameter.  Further clarity into the CNT growth mode is provided by scheme 

9.1.    

 

When the deposited iron oxide nanoparticles are calcined they show no indication of 

sintering and remain more or less monodisperse (9.1a).  After reduction, the particles tend 

to agglomerate and redisperse creating a wide size distribution (9.1b).  After the initial 

ethylene exposure, some of the iron nanoparticles become encapsulated by carbon, and 

some nucleate and grow thick defective carbon filaments.  These structures constitute the 

primary CNT growth.  There is also the formation of thinner tubes whose ends appear to 

be free of catalyst particles and these tubes signify the start of a more refined secondary 

growth.  A spray of small iron nanoparticles also appears to populate the silica surface 

(9.1c).  With extended ethylene exposure, the secondary CNT growth continues, pushing 

the primary CNT growth to the surface of the CNT layer.  In time, the tube tips of the 

secondary layer become constrained within the disordered top layer of the CNT growth 

and they start to align parallel to the surface normal of the silica support. These aligned 

tubes form the bulk of the overall CNT yield while the disordered CNTs formed at the 

initial growth stages remain the top layer of the CNT growth.  The substrate surface 

during this stage also shows the evidence of residual iron.  A small portion of this iron 

may be encapsulated by carbon and just lies on the surface without contributing to the 

secondary growth.  The rest of the iron is probably involved in decomposition of the 
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ethylene but does not necessarily provide the nucleation/crystallization points of the 

CNTs in the secondary aligned layer (9.1d). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 9.1: Key stages of evolution of 
aligned CNT growth by chemical vapor 
depositions over monodiperse iron(oxide) 
nanoparticles. (a) Monodisperse iron oxide 
nanparticles on silica surface after 
impregnation and calcination. (b) Metallic 
iron nanoparticles with broad size 
distribution after reduction. (c) At the 
initial growth stages the CNTs form a 
disordered layers featuring, thick and short 
CNTs (primary growth, green) as well as 
longer CNTs (secondary growth, red) with 
catalyst free tube ends. Iron can be found 
inside the thick CNTs of the primary 
growth, encapsulated in spherical 
graphene layers (green) and as naked iron 
particles. (d) The fully developed CNT 
growth features a layer of aligned CNTs 
which represents the bulk of the overall 
CNT yield (secondary growth, red). The 
morphology of the initial stages remains 
preserved at the top of the CNT growth. 
Iron particles are detectable at catalyst 
surface and at the top layer of the CNT 
growth 
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The studies dealing with CNT growth are relatively numerous in literature, 10, 11 and the 

various experimental observations often lead to different approaches to explain the 

peculiar growth modes of these materials. 12  Bearing this in mind, it maybe impossible to 

assign a strict growth model for CNT growth as this may vary based on type of carbon 

precursor, catalyst, catalyst support, reactor set-up and operating parameters.   

 

The availability and “know how” to synthesize an iron nanoparticle model system 

prompted a Fischer-Tropsch study.  Due to the uncertainty surrounding the nature of the 

active phase of the working iron FT catalyst, some work was attempted to observe the 

chemical and morphological changes of the iron nanoparticle model catalyst, when 

subjected to various FT pretreatment conditions (Chapter 8).  With the H2 pretreatment a 

core shell morphology was observed, with the core being metallic iron and the shell, iron 

oxide.  The CO reduction seemed to result in magnetite being the dominant species.  

Syngas exposure resulted in a mixture of metallic iron, magnetite and iron carbide. 

 

 

9.3 Future Perspectives 

 

Although the thesis illustrates the versatility of the iron nanoparticle model catalyst, there 

is much more than can be done with this model system.  In this work we have merely 

scratched the surface when it comes to application of these model catalysts in FT.  Since 

these planar systems are optimally suited for surface science measurements, other 

techniques like X-ray synchrotron techniques which have not been attempted in this work 

can be performed.  For instance, XANES (X-ray Absorption Near-Edge Spectroscopy) 

yields information on the oxidation state of the metal and local co-ordination state.  This 

type of information is very important when trying to distinguish between the different 

iron oxides in the FT treated catalyst, especially since distinction between magnetite, 

hematite, maghemite and goethite can be tricky with techniques like XRD and XPS.  

With the construction of a suitable FT reactor, activity, selectivity and kinetic data can be 

derived using these model systems.  These model systems have the potential to lead to a 

highly valuable fundamental insight into the relation between catalyst structure, 
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composition, activity, stability, and selectivity.  This can open the way for optimizing 

iron catalysts on a more rational basis towards specific targets such as enhanced activity 

maintenance, or selectivity improvement towards desired product fractions such as fuels 

or petrochemicals.  

 
Another model support that has been briefly investigated is the spherical silica support. 13  

Such a support is suitable for profile TEM imaging, thus more information can be 

extracted regarding particle morphology.  Fig. 9.2 shows 6 nm iron oxide particles 

supported on silica spheres.  Such a model system is derived via a one pot synthesis 

containing the silica spheres and the iron carboxylate complex which is heated to a 

reaction temperature of 150 °C.  The other advantage is that such a model support is more 

robust than the planar silica TEM substrates. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.2 TEM image of 6 nm iron oxide nanoparticles supported on silica spheres 
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The spherical model catalyst featured in Fig. 9.2 was exposed to some FT conditions.  

The catalyst samples were reduced in H2 at 450 oC for 2 h and then exposed to syngas 

(H2:CO = 5:1) at 270 oC.  The spent catalyst was measured by TEM to reveal a core shell 

structure as revealed by Fig. 9.3.  This is similar to what we observed with the planar 

model system in Chapter 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.3 The spherical model catalyst after the FT reaction at 270 °C for 2 hours 
 
 

XPS measurements of the spent spherical catalyst have indicated that the shell is 

composed of carbon.  The particles also seem to have experienced ~ 50% increase in size.  

The work presented here with the spherical model catalysts, is evidence enough that there 

exists enormous potential for these model systems in FT. 

 

Finally, we note that model catalysts can make a significant contribution to the 

fundamental understanding of real working catalysts.  A lot of the work presented in this 
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thesis is very preliminary and rather novel with the potential to make an enormous impact 

in the world of catalysis.  At Eindhoven University of Technology, work with the 

nanoparticles is still ongoing.  The synthesis of cobalt nanoparticle model systems have 

been attempted.  The idea of revisiting the same set of particles after different 

pretreatments, has initiated a sintering/redispersion study of the cobalt crystallites.  There 

also exists the potential to synthesize bimetallic particles, for a study involving the 

influence of catalyst promoters.  The ability to synthesize monodisperse iron oxide 

nanoparticles over a narrow increment range creates the possibility of investigating 

various properties of an iron catalysed reaction like activity, selectivity, catalyst-support 

interactions and catalyst lifetime, with respect to crystallite size. 
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Iron Nanoparticulate Planar Model 
Systems - Synthesis and Applications 

 

It is well known that at the nanoscale, materials exhibit fascinating optical, electronic and 

magnetic properties that differ drastically from their bulk counterparts. The novel 

properties of nanostructured materials enable them to find potential applications in fields 

such as nanofabrication, nanodevices, nanobiology and nanocatalysis. 

 
The synthesis of diameter controlled nanoparticles is important in the field of catalysis 

for the formulation of a catalyst which meets the activity, stability and selectivity 

requirements of a particular catalytic process.  A fundamental understanding of the 

catalyst particle behavior can be achieved by supporting these nanoparticles on model 

supports.  Planar supports with the catalyst particles on the top, offer full access to 

surface spectroscopies. The synthesis of diameter controlled nanoparticles can be quite 

challenging with the classical approaches of precipitation and impregnation.  This thesis 

involves the synthesis of diameter controlled iron nanoparticles and its applications in 

carbon nanotube (CNT) and Fischer-Tropsch (FT) studies.   

 

Our initial attempt to control iron particle size was to employ the technique of 

spincoating.  This involved varying the concentration of the iron precursor in the 

spincoating solution.  The direct spincoating of various concentrations of FeCl3.H2O-

isopropanol solutions did not produce any particles but gave rise to an iron-hydroxy-

chloro layer instead.  A calcination treatment produced needle-like goethite structures as 

confirmed by spectroscopy studies and a subsequent reduction treatment produced 

isolated particles with a metallic iron core component and an iron oxide shell.  There was 

no distinct change in particle diameter as a function of iron precursor concentration.  The 

inability to synthesize monodisperse iron oxide nanoparticles via the spincoating and 

pretreatment (in-situ) route, prompted an investigation into an alternate route for 

nanoparticle synthesis.  The thermal decomposition of iron carboxylate compounds like 
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iron oleate and iron acetylacetonate lead to the synthesis of monodisperse iron oxide 

nanoparticles, the diameters of which could be varied over a narrow increment range.  

The influence of reaction temperature, iron to surfactant ratio and the technique of seed 

mediated growth were investigated to give rise to 4.5, 9.5, 16, 12.6, and 27 nm iron oxide 

nanoparticles.   

 

When supported on silica transmission electron microscope (TEM) substrates, these 

model systems can be imaged by TEM, then taken into a reactor, treated, and then 

imaged again to feature the exact set of particles measured prior to the reactor treatment.  

CNTs have attracted much interest recently owing to their novel properties that have led 

to realistic possibilities of using them in a host of commercial nanoelectronic 

applications.  Based on their technological importance, it is essential to understand the 

synthesis mechanism of these materials.  Thus an attempt to study the growth mode of 

CNTs was attempted.  The monodisperse iron oxide nanoparticles were used to gain 

some insight into the CNT growth mode.  Using microscopy techniques, it was confirmed 

that the particles were involved in a series of re-arrangements during the pretreatment and 

initial CNT growth.  Thus contrary to what has been expressed by some researchers, the 

initial monodisperse iron oxide particles do not nucleate and grow the final CNTs.  It was 

also shown that CNT growth occurred in two stages; an initial disordered growth, 

followed by a more aligned growth underneath.  This was one of the reasons why we 

observed the lack of correlation between the initial deposited iron nanoparticle and the 

final CNT diameter.     

 

The availability and “know how” to synthesize an iron nanoparticle model system 

prompted a FT study.  Due to the uncertainty surrounding the nature of the active phase 

of the working iron FT catalyst, some work was attempted to observe the chemical and 

morphological changes of the iron nanoparticle model catalyst, when subjected to various 

FT pretreatment conditions.  With the H2 pretreatment a core shell morphology was 

observed, with the core being metallic iron and the shell, iron oxide.  The CO reduction 

seemed to result in magnetite being the dominant species.  Synthesis gas (CO + H2) 

exposure resulted in a mixture of metallic iron, magnetite and iron carbide. 
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