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Nomenclature of used symbols

Symbol Definition Unit
a surface area of agglomerates cm”
Ayt weight of sample materials g

A absorbance of light

by width of the deflection capacitor mm
B full width at half maximum (FWHM)

Cp specific heat capacity (isobaric) J Kg'1 K"
Gy precursor concentration ppm
Cig mean thermal velocity of the evaporated molecule ms”
Cmp mean thermal velocity of the gas molecule ms’
d distance between atomic layers in a crystal nm
dgn geometric number mean diameter nm
d, diameter of primary particle nm
d, droplet or particle diameter nm
d,’ exit diameter of the particle nm
dperystallite crystallite diameter of a material nm
dpi particle diameter nm
dpn number (count) mean diameter nm
Dy mass fractal dimension

‘E‘ electric field strength v’
E, energy in the lower state (valence band) eV
E. energy in excited state (conduction band) eV
Er Fermi energy eV
E, band gap energy eV
Eiin kinetic energy J

Ey energy density of the laser Jm™
‘Ij")‘ deflection force due to an electric field in the y-direction N
Sonin frequency minimum Hz
F Kubelka-Munk function

G, Gy conductance S

G particle growth law cm’ s
hv photon energy eV

vii



Symbol Definition Unit

Ah, evaporation enthalpy J Kg'l
Iy nucleation rate molecules/cm’s

1 light beam passing through sample

1, reference beam

Jewp evaporation rate Kg s

imaginary part of the complex refractive index
512 -1

Kr coagulation coefficient in free molecular regime cm™" s
Kpus PMS constant 1A
l distance mm
L crystallite size nm
L, distance between grids mm
Ly length of plate capacitor mm
Ly particle package length mm
Lpus length of PMS mm
m complex refractive index of particles

my mass of particle g
mj mass of a molecule or atom g

M molecular weight of adsorbate g
M; mass of particles within a section g

n number concentration cm”
Ne number of charges

Ny number of primary particles

N; number of particles in an interval in an agglomerate

Nw total particle or aggregate concentration cm™
P partial pressure of species 1 dyne cm™
P, gas pressure Pa
Pp reactor pressure mbar
q phonon absorption eV
Gabs heat flux due to absorption w
Gcond heat flux due to conduction \'Y
Gevap heat flux due to evaporation w
Grad heat flux due to radiation w
R reflectance

R, characteristic length of an aggregate nm

viii



Symbol Definition Unit

s adsorption cross section nm?’

S specific surface m’ g'1

Sar saturation ratio

Swp radiation signal from black body

S, particle emission signal v*

Stotal total surface area m> g !

t time S

T temperature K

Top temperature of black body K

T, gas temperature K

T, particle temperature K

Uk deflection voltage \Y

vr laminar burning velocity ms’

Vg velocity of fresh gas ms”

Vin monolayer adsorbed gas quantity m’

Vp speed of propagation ms”

X flow coordinate (height above burner) mm

y trajectory of particle deflection

Z Impedance (real and imaginary) Q

Greek symbols

Symbol Definition Unit

A absorption coefficient

ar energy accommodation coefficient

a, accommodation coefficient for evaporation

Lr Collision frequency in free-molecule regime cm’ s

pv-v') collision frequency of particles of volume v and v’ cm’ s

) delta function

e total emission ratio of the particle

& spectral emission ratio of the particle

Epf Dimensionless pre-factor (value = 1)

hw photon energy eV
diffraction angle °
wavelength of X-ray beam nm

X



Symbol Definition Unit

A1, A2, Adetection detection wavelength nm
Alaser wavelength of the laser nm

U gas viscosity g cm” s
ViV, v particle volume cm’
V¥ critical particle volume cm’
p density gcm’
Pp mass density of the particle gcm
Poo vapour density at distance of infinity from particle gcm’
Ps vapour density at particle surface gecm
c resistivity S.m’
oo friction stress Pa

Og geometric standard deviation

Oy yield strength Pa

T, Te characteristic time for coalescence and coagulation S
Constants

Symbol Definition Value

Co velocity of light in vacuum 299792456 ms™

e elementary charge 1.6°10" C

kg Boltzmann constant 1.38 107J K

N Avogadro’s number moles/molecule

11 pie 3.1428

o Stefan-Boltzmann constant 567 10 Wm?*K*
Abbreviations

Acronym Definition

AES auger electron spectroscopy

BET (Brunauer, Emmett, Teller)

CEM™ controlled evaporation and mixing

CMD count mean diameter



Acronym Definition

DRA diffuse reflectance accessory

EDX energy dispersive X-ray spectroscopy
EELS electron energy loss spectroscopy

FWHM full width at half maximum

GDE general dynamic equation

HAB height above burner

HF high frequency

HR-TEM high-resolution transmission electron microscope
IDC inter-digital capacitor

IS Impedance spectroscopy

LF low frequency

MBAPD molecular beam assisted particle deposition
Nd:YAG neodymium: yttrium-aluminium-grant-laser
NO-LIF nitrogen oxide-laser induced fluorescence
PDF probability density function

PID proportional-integral-derivative

PM photomultiplier

PMC pre mixing chamber

PMS particle mass spectrometer

TEM transmission electron microscope

TEOS tetraethoxysilane

TiRe-LII time resolved laser induced incandescence
T™MT tetramethyl tin

TTIP titanium tetra isopropoxide

UV light ultra violet light

UV-VIS ultra violet-visible

VOC volatile organic compound

XRD X-ray diffraction

X1






1 Introduction

Currently research, development, and production of technologies based on
nanomaterials have leapt from its infancy several decades ago to high levels of
commercial activities [1,2]. While much effort is on developing new technologies, most
emphasis is on the improvement and consolidation of existing technologies based on
initial potentials observed in nanosized materials. The growth and development in
nanotechnology has been fundamentally propelled by inter-disciplinary cooperation in
the areas of natural science, engineering, and business management. This cooperation
facilitates speedy realization of ideas, as well as goal-oriented research based on a
balanced economic strategy. The result is increasing financial and resource investment

in nanotechnology, which is expected to exceed a $1trillion by 2015 [3].

Nanoparticles, which are commonly defined as particles below 100 nm are
considered the fundamental building blocks of most nanomaterial based devices. Many
materials in nature (bulk) that exhibit special properties like magnetism, hardness, and
different pigmentation, have fuelled the research towards the development of special
devices and applications based on these properties. The properties of Nanomaterials
differ from bulk due to higher atom concentration on the nanomaterial surface, with
decreasing particle diameter. Hence, increased surface area to volume ratio is common
for nanosized materials, in comparison to bulk [4]. Research interest in nanomaterials
ranges from single elements like silicon and iron, through to nitrides, carbides and metal

oxides (MO,), which is the focus of this research.

Metal oxides (MOQO,) occur naturally in different configuration, and have been
exploited for millions of years due to their unique properties such as hardness, colour,
porosity, brittleness etc. Zinc oxides (ZnO), iron oxide (Fe,03), silicon oxide (SiO,) are
some metal oxides that have sustainably been produced commercially in several million
tons annually for several decades. The oxides have been engineered for applications in
UV shielding cream, pigments, and catalysis. However, current investigations of these
materials are revealing further properties, especially when these materials are
processed (i.e. turned into transparent thin films) or “functionalized” (i.e. modification
of the surface group). This has fuelled utilization of these materials for devices such as

touch screen displays, gas sensors and solar cells.



General flame phenomena

The unique properties exhibited by metal oxides are due to their physico-
chemical properties based on their particle size, morphology, crystallinity etc. Metal
oxides can be electrically conducting, non-conducting or semi-conducing depending on
their physical properties. Semi-conducting metal oxide particles are of particular interest
because of the ease to influence their conductivity by varying parameters such as the
ambient gas composition, particle size, temperature of exposure etc [5]. Nanosized tin
oxide has been established as a semi-conducting metal oxide, which changes its
conductivity under different conditions (oxidizing and reducing). This special feature of
tin oxide makes it a potential material for gas-sensing, and is currently used in many
solid state gas-sensing devices. However, its “response and relaxation time” (the time it
takes to reach its maximum conductivity when exposed to a gaseous medium, and vice
versa) is relatively low. Furthermore, tin oxide exhibits poor “sensitivity” (change of
conductivity in the presence of a gaseous medium) towards some gases, which limits its

applicability as a material for sensing diverse gases.

Titania (TiO,) is the most widely researched metal oxide, which is used for
pigments and photo-mineralization of volatile organic compounds (VOCs). The photo-
mineralization of TiO, coupled with its transparency, makes it a widely used material
for coating glass, which is sold as “self cleaning glass” by firms like Pilkington and
Saint Gobain. However, this ability to reduce VOCs upon irradiation with light (UV) is
constrained by low efficiency, due to the relatively low UV content of sunlight [6,7].
Research into nanosized TiO; has revealed that doping titania with Fe,Os or nitrogen,
results in a shift of the absorption spectrum of titania towards higher efficiency, upon
exposure to sunlight. However, the transparency of the material is lost by this
“functionalization” (material colour changes to red-brown due to Fe,O3 content), hence
the material cannot be used to coat transparent surfaces. Furthermore, the surface group
of titania can be modified to make it hydrophilic or hydrophobic, whereby

hydrophilicity of titania is essential for applications such as self cleaning glass.

These two illustrations of the applicability of nanosized SnO; and TiO, particles,
establish the challenges posed by nanomaterials and the need for continued research
into the factors that influence material properties. The synthesis route employed in
generating semi-conducting MO, nanoparticles significantly affects their properties (i.e.
particle size, morphology and crystallinity). For most synthesis route, varying the

experimental parameters directly influences the properties of the generated metal oxide
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particles. Therefore, investigating the extent of these effects on the material, often

serves as the basis for most synthesis based research on nanoparticles.

Several methods have successfully been employed for both laboratory and
industrial synthesis of nanosized metal oxides [8-10]. The choice of synthesis route is
often guided by the product, cost, safety etc. One such method is gas-phase synthesis of
metal oxides in a flame reactor[11]. The advantages of this process include; wide
operational scale (laboratory, pilot plant and industrial plants are possible), low
operational cost, purity of product material, easy control of material properties by
varying synthesis parameters and high product yield. For this synthesis route, the
temperature-time history has been identified as one of the most important factors that
influence particle size, crystallinity, and morphology [11]. A typical size dependent
effect observed in MO, was reported for premixed flame synthesized Fe,O;
nanoparticles, whereby the blocking temperature of the particles were observed to vary

between 50 and 150 K for particle diameters between 4 and 10 nm [12].

Several metal oxides (TiO,, GeO,, SnO,, SiO,-Fe,0O3) have been successfully
synthesized using different kinds of flame reactors [13-17]. However, for the purpose of
this research a premixed H,/O,/Ar flame operated in a low-pressure reactor was used to
synthesize a variety of single metal oxides and mixed oxide particles. The objective of
this research is focused on the investigation into the synthesis of semi-conducting MO,
nanoparticles for well defined applications. Good theoretical understanding of the
objectives, coupled with advanced characterization techniques, are required to set-up a
synthesis structure, which in the middle of a constant feedback loop is necessary for
continuous improvement of the synthesized MO, nanoparticles. The fundamental

queries that drove this study are as follows:

a)  What is the relationship between the experimental parameters such as temperature,
pressure, residence time etc, on the structure and properties of the semi-

conducting MO,?

b) How can the properties of semi-conducting MO, be tuned or improved for

application purposes?

¢) How can deposition of semi-conducting MO, nanoparticles on surfaces for

characterization or incorporation in devices be achieved?
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d) Which characterization methods can deliver detailed information on material

systems?

The premixed flame was chosen as the synthesis route for all investigations in this
study, because of the huge success achieved with this method for the generation of MO,
nanoparticles [18,19]. The reactor equipped with an in-sifu particle mass spectrometer
for particle size analysis, was modified for the synthesis of diverse semi-conducting
MO, nanoparticles. Ex-situ characterization of the flame synthesized materials was
performed with X-ray diffractometery (XRD) for information on crystal structure and
composition. Brunauer-Emmett-Teller (BET) adsorption isothermal was used for
surface area characterization. High resolution transmission electron microscope (HR-
TEM) was used for information on particle-size, morphology, and composition.
Impedance spectroscopy (IS) was used for information on conductivity and charge
carrier transport, while ultraviolet-visible spectroscopy (UV-VIS) was used to obtain

information on the optical absorption spectrum of the material.

In this study, the theory behind flame synthesis of MO, particles is presented in
chapter 2 for purpose of clarity and basic understanding of this thesis. Chapters 3, deals
with characterization methods, flame reactor set-up, and various equipment description.
Detailed results obtained from synthesis of SnO,, TiO,, SnO»/TiO; and diagnostic work
on soot particles with time resolved laser induced incandescence (TiRe-LII) are
presented in chapter 4. The summary of this dissertation is presented in chapter 5, while

chapters 6 and 7 are the references and the appendix respectively.



2 Theory

2.1 General flame phenomena

Flames can simply be described as self propagating subsonic reaction wave usually with
a luminous zone and heat release [20]. The terms, “premixed” and “diffuse” are
commonly used to describe the mixing nature of combustion gases before ignition. The

laminar premixed flame that was used for this research is characterized by the flame
thickness and laminar burning velocity (V,), which is defined as the propagation

velocity of a reaction zone normal to its surface and relative to the unburned gas. These
properties are consequently influenced by fuel type, equivalence ratio, pressure, and
temperature. The laminar burning velocity is important because it is the factor that
describes the flame shape and stability properties such as blow-off and flashback [21].

The fundamental laminar burning velocity v, is correlated to the speed of fresh gas v,

and speed of flame propagation v, according to the following equation.
=y Ty 2.D

For flame propagation in similar direction as the flow of fresh gas, the minus operation
in equation 2.1 is valid, and vice versa for counter gas flow and flame propagation. The

following conditions will arise for varying laminar burning velocity and fresh gas speed

velocity:
Stationary flame front V=V, (2.2)
Flashback V>V, 2.3)
Blow-off Ve <V, 2.4)

Premixed flames are either operated as freely-propagating or burner-stabilized, whereby
burner-stabilized are typically one dimensional (flat disc shaped flame). In burner
stabilized flames, the gaseous reactants enter the flame with a velocity equal to the
flame propagation velocity. This is followed by combustion reactions that proceed
rapidly through a thin flame front yielding products and intermediates. However, since

the flame heats the products, the product density is less than the reactant density, hence,
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to ensure flame continuity, the burned gas velocity must be higher than that of the

unburned gas.

Cold reactant Pre-flame Reaction Product

Zzone zone zone zone
< > < > <

Reactants

or rate of heat release

Temperature

Concentration, temperature

Figure 2.1: Profile of laminar flame showing temperature, reactants and products

distribution [21]

Figure 2.1 shows temperature, reactants and products distribution across various zones
of the laminar flame whereby 7, and T}, are the temperatures of the unburned gas and
burned gas respectively. According to the detailed structure of the flame, the
temperature increases smoothly from initial to final state, while the intermediates and
products concentration will increase with decreasing reactant concentration. In the
reaction zone the flame is often visible due to the luminescence of electronically excited
species such as CH, CN, C,, CHO and CO,; however, non-hydrocarbon systems such as
H,/O, flames are invisible, whereby their presence can only be confirmed by measuring

high temperatures radiating from the flame.

1-dimensional flat flame burners are often the burner of choice for combustion
studies in laboratories and in some radiant burners. These burners can either be operated
adiabatically, or non-adiabatically. For non-adiabatic flat flames, the burner head which
is often a sintered matrix is water cooled. Constant extraction of heat from the flame via
the water-cooled burner head decreases the laminar burning velocity, thereby allowing
flames to be stabilized over a relatively wide range of flow conditions [22]. The ability
to operate the flame under varying flow conditions is crucial for flame synthesis of
materials, which often require varying inlet gas flow rates and compositions.

6
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2.2 Parameters influencing premixed flame combustion synthesis

For the purpose of this research, premixed flame synthesis was selected as the route for
the generation of nanosized semi-conducting MO,. The premixed flame consists of
hydrogen (H») as fuel, oxygen (O;) as oxidizer and argon as inert gas component. The
fuel/oxidant ratio, inert additives, pressure and temperature are the main factors that

influence the laminar burning velocity and consequently the flame generated products.

2.2.1 Influence of fuel/oxidant ratio

The fuel/oxidant ratio is used for defining the upper (rich mixture) and lower (lean
mixture) flammability limit, which establishes the region for sustainable combustion.
When coupling flame chemistry with material synthesis (especially for MO,
generation), the fuel/oxidant ratio selected can influence the stoichiometry of the

synthesized metal oxides [23,24].

The fuel/oxidant ratio also influences the flame temperature, whereby it is often
assumed that a direct relationship exists between maximum flame temperature and
maximum laminar burning velocity. However, this relationship varies with respect to
different fuels and oxidants [25]. Maximum flame temperatures, as well as the overall
temperature distribution during material synthesis, influence thermal dissociation of
precursors, gas phase reaction of species, as well as sintering and surface growth
phenomena of nanomaterials. The temperature-time profile during this process
influences the properties, such as particle size, morphology and crystallinity of the

material.

2.2.2 Influence of inert gas additives

The addition of inert gases such as argon (Ar), nitrogen (N;) and helium (He) to flames
influences the physical properties of the flame such as temperature, conductivity and
specific heat capacity, thermal diffusivity and chemical inhibitions of reactions [26]. For
the synthesis of materials using varying concentration of Ar as an additive to the
premixed H,/O, flame, significant changes in the physical properties of the particles are
not expected. The inert gas additive serves as a “flexible” component of the inlet gas
mixture, which can be varied to achieve a particular temperature or volumetric flow

rate, so as to ensure flame stability. Furthermore, the cold gas inlet velocity can be
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varied by changing the Ar content of the inlet gas mixture. This in turn can influence the

residence time for particle growth in the reactor.

2.2.3 Influence of pressure

The flammability limits of laminar premixed flames are also affected by a change in
pressure. The limits for H, become slightly narrower with increasing pressure, while
other hydrocarbons show the opposite effect with change in pressure[26]. During this
research, operating the premixed flame under low-pressure conditions (typically at
30 mbar), was known to stretch the flame front. Information about the flame
temperature and specie distribution within this extended front can thus be investigated
with non-intrusive diagnostic methods. However, unlike the velocity of fresh gas that
can be widely varied, the change in reactor pressure is limited to a small range (between
20 and 60 mbar), whereby operations outside this range can lead to either blow-off or a
pulsating flame front. Increase in reactor pressure slightly increases the mean particle

diameter of synthesized nanomaterials and in some cases the particle morphology [27].

2.2.4 Influence of temperature distribution

The temperature distribution of the 1-dimensional premixed, burner-stabilized H,/O,/Ar
flame, operated in low-pressure regimes, can be influenced by the cold gas flow, the gas
mixing ratio and the inert gas content. Results from the temperature distribution has
been simulated or measured with thermocouples and reported [28,29]. The obtained
results often do not adequately compensate for the heat loss by radiation, which is
sometimes difficult to incorporate into the measurement and analysis algorithm. The
maximum flame-temperature and temperature-distribution are important for the thermal
dissociation of the precursor during particle synthesis. Whereby, they influence the
coagulation and coalescence steps of the particle formation process. Hence the mean
particle diameter, particle size distribution and particle morphology are influenced by
this factor. Furthermore, the temperature profile may determine if a doped, segregated

or nanocomposite arrangement will be generated for the selected synthesis route.
2.3 Fundamentals of gas-to-particle conversion

Low-pressure, gas-phase synthesized materials are often characterized by small particle
size, narrow particle size distribution, and spherical morphology. The most important

step during gas phase synthesis is the gas-to-particle conversion, which involves several
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overlapping step rapidly occurring within a very short time frame. These steps are
hereby presented for both single component MO, and multi-component material system

synthesis.

2.3.1 Gas-to-particle conversion for single component metal oxide (MO,) systems

Gas-to-particle conversion that yields a single component metal oxide (MOx) occurs by
condensation of supersaturated species in the low-pressure flame reactor. Upon
introduction into the flame, some dilute precursor vapour containing the metal source
such as iron pentacarbonyl Fe(CO)s is thermally dissociated, followed by a gas-phase
reaction with oxygen, nucleation, and condensation of particles at lower temperatures
downstream of the flame (see Figure 2.2). Other precursors such as titanium tetra-
isopropoxide TTIP and tetraethoxysilane TEOS, do not require additional oxygen in
order to generate the metal oxide, due to the sufficient oxygen content of the precursor.
As the particle concentration increases due to condensation, the particle growth
mechanism becomes more a function of coagulation, coalescence, and surface growth,
which leads to a mix of agglomerated and non-agglomerated particles with varying

particle diameter (see Figure 2.2).

Homogenous gas-phase

Reaction, Nucleation, Agglomerates

Vapor Coagulation, Particle formation ' Larger Coagulation
or Gas Particles ~ Surfacereaction  particles  and agglomeration g g
N\ o e®o Coalescence e® ® P
#, n K ° . f ]
— " ® —— 90 ® @ — w o
o o° °® ® %0 o o
I % Growth ® .0 @ 0%
L4 ®eo0
Pret_:urs_or . / Condensation L4
(solid, Iﬁu:d) ... ..
U VA« in-
1 ¢ :.:.: Molecules % Energy in-put
{é} or clusters R Reactante.g. O,
Nucleation
Energy

Figure 2.2: Gas-to-particle conversion for a single component powder

generation [30]

Several models, theories and dissertation have been proposed to describe in detail the
fluid and particle dynamics, transport, and chemical phenomena involved with gas-
phase synthesis of particulate materials [31-33]. From all these methods, the general
dynamic equation (GDE) is widely used to model gas-to-particle conversion [32]. It

describes the aerosol dynamics with respect to the particle size distribution;

9
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furthermore, it encompasses nucleation, condensation, coagulation and coalescence, and

is expressed [34,35]as:

an dGn) o _
” + 5 1,(v¥)o(v—v¥) 2.5
a b ¢

; ],[)’(v -V V) n(v=v,Hn0, Hdv’ —n(v, t)o].,[)’(v, Win(v,)dv'
0 0
d e

The property n is number concentration of the particles, v is particle volume, v* is the

critical volume, V" is the average particle volume, £ is the collision frequency of the

particles and ¢ is time. The first term (@) in the equation describes the rate of change of
the particle size distribution with time (particle concentration). The second term (&)
involves the growth law, which represents the gain or loss of particles within a size
range by condensation, while the third term (¢) on the left hand side describes the

formation of new particles with critical size v* by nucleation at the rate of /,. The

other two terms (d and e), describe the gains and loss of particles within a given volume
class as a result of Brownian coagulation. Equation 2.5 is however, only valid for
spherical particles, and does not take into account particle diffusion as well as velocities

due to external forces (e.g. thermophoresis).

2.3.1.1 Homogenous nucleation

Homogenous nucleation occurs when clusters grow to a size whereby the rate of
formation is higher than the rate of destruction. This implies that homogenously
nucleated clusters are larger than the critical cluster size [36]. Nucleated clusters are
sometimes thermodynamically unstable due to evaporation and partial pressure
influences, unless they are sufficiently large enough, and partial pressure conditions
around the cluster is greater than vapour pressure above the curved surface of the
cluster (Kelvin effect) [30]. Thus, the highly supersaturated state necessary for
nucleation is achieved by decreasing the equilibrium vapour pressure through cooling of
the gas. In order for clusters to grow and form particles, the saturation ratio (which is
the ratio of the actual pressure of the specie, to the equilibrium vapour pressure over a

flat surface) must be above 1.
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The classical nucleation theory is one of the simplest theories used to describe
homogenous nucleation. This theory though not necessarily numerically correct, is
useful in establishing the dependence of nucleation rate on parameters such as surface

tension and saturation ratio [32,37]. Based on this theory, the rate of formation of stable

particles (/) from nucleation is expressed as [30]:

P 2v,0"? ~16m}c’
= ((mekBT)J[ (k)" J"‘ eXp(3(kBT)3(ln S.)° J 20

From equation 2.6, the nucleation rate is strongly dependent on the surface tension term

o’ and the saturation ratio S, whereby a 2 to 10 order of magnitude change in the

at?
saturation ratio results in a 70 order of magnitude change of the nucleation rate.
Furthermore, the surface tension is material specific and can vary in many orders of
magnitudes for different material. This often results in different nucleation rate for

various materials synthesized under similar conditions.

After the nucleation process, particle growth can occur by one or several
processes that includes; a) physical condensation of vapour onto particles, b) chemical
reaction on the particle surface (surface growth), c) diffusion of a reactant into the
particle, followed by a reaction within the particle. Furthermore, particle
collisions (coagulation) occurring across phase transitions, and coalescence, results in

larger particles, aggregates and agglomerates.

2.3.1.2 Coagulation, Coalescence and Agglomeration

Coagulation involves the collision of two particles, which stick to form a new, larger
particle. Coagulation is interconnected to nucleation and coalescence, and describes the
fusion of particles that have collided. Coagulation influences the overall particle size
distribution, whereby the particle number, and surface area decreases due to the
formation of larger particles. The rate of change of the concentration of particles with

size v by coagulation is a measure of the particle size distribution n(v), and is

expressed as:

dn(v)
dt

= % ].ﬁ(v, v=)n(W)n(v—v)dv' - n(v)ojlﬁ(v, W n(W)adv’ 2.7

a b
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In equation 2.7, B(v,v’)represents the collision frequency of two particles with volume
v and V. The first term (@) on the right hand side represents the formation of particles
with volume v by coagulation. Double counting of collisions is avoided by multiplying
the result by a factor 0.5. The second term (b) represents losses by coagulation of

particles with volume v .

In the free molecular regime where the Knudsen number (ratio of mean free path
to a characteristic length) is far greater than unity, (Kn >> 1), and in the absence of

substantial external field forces, coagulation of spherical particles occurs by particle
diffusion through the continuous gas (Brownian motion). The collision frequency A,

for Brownian coagulation in the free molecular regime is thus expressed as [32]:

% e
ﬁF=KF(ij 6(l+iJ 0 ey @8
4 v,V
K, =(6k,T/p,)” (2.9)

Coagulation is preceded by coalescence, and is described as the fusion of particles after
collision. Coalescence is dependent on temperature, material properties, particle size,
and is driven by the reduction of the radius of particle volume. An approximate
expression that describes the coalescence of two or more spherical particles into a single

spherical particle is [38]:

da_ 1 4y (2.10)

The properties a; and a represents the surface areas of a spherical particle and

agglomerate respectively. From equation 2.10, the characteristic time for particle

coalescence 7, 1s described as the time needed to reduce the excess surface area of the

agglomerate over that of a single sphere with similar mass by a factor of 0.63 [30].

Depending on the reactor system and the coalescence time, several types of

particle morphology can be obtained as shown in Figure 2.3.
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Figure 2.3: Interplay between characteristic times for coagulation and coalescence

and the various particle morphologies obtainable [30]

In the first case scenario, the coalescence time (2 is shorter than the coagulation

time 7_, that results in perfect spherical particles. Furthermore, the particle growth is

not a function of the material property in this case, rather growth is collision limited. In

the second case scenario, 7, is much longer than 7,, and particles exist as aggregates,

hence growth is coalescence limited. For this case, the particle size is a function of
parameters that influence coalescence, such as temperature and material properties. For
most gas-phase synthesis in low-pressure reactors, the coagulation and coalescence do

not particularly follow any of the two case scenarios described, and, a combination of

both situations occur simultaneously, induced by the case 7, =7,

Flame synthesized particles always consist of an ensemble of non-, soft- and
hard-agglomerated particles, whereby Pratsinis et.al [39] reported distinctive zones
during high temperature synthesis where these particles can be found. Depending on the
interplay between characteristic time for coagulation and coalescence, which are
influenced by experimental parameters, the degree of agglomeration of a material
system can be controlled. Using silica as a model material, it was reported that the
cooling rate influences the on-set of the formation of hard-agglomerates, while
increased maximum temperature accelerates reaction kinetics, prolongs coalescence and
facilitates the formation of larger primary particles, with low degree of agglomeration.

Furthermore, increasing the precursor concentrations enhances both primary and

13



Fundamentals of gas-to-particle conversion

agglomerate particle growth, while large primary particles and small soft agglomerated

particles are generated by prolonged heating time followed by instant cooling.

2.3.2 Gas-to-particle conversion for multi-component metal oxide systems

Gas-to-particle conversion that results in multi-component system containing two or
more different metals can occur during flame synthesis of nanosized materials. Based
on the precursors, the reaction kinetics of the precursors, temperature-time history,
multi-component arrangements such as mixed and coated oxides can be generated [40-
43]. Mixed metal oxides consist of two or more metal that are chemically bonded with
oxygen in a composite arrangement such as X,Y,0., where X and Y represents the
metals, O represents oxygen, a, b are the fractions of the metals in the oxide, while ¢
represents the oxidation state of the oxide (1, 2, 3 depending on the metals). The coated
oxides arrangement involves the encapsulation of one oxide with another oxide, and

unlike the mixed oxides, the oxides are chemically segregated.

The synthesis of mixed oxide in the low-pressure flame reactor is performed
with two different precursors that are co-currently transported into a pre-mixing
chamber in the reactor, where they mix with the combustion gases before going into the
flame. Several steps can occur when multiple precursors are simultaneously exposed to
high temperature sources like flames [43]. However, for the purpose of simplicity
emphasis is placed on the formation of mixed oxides, which is relevant to this study. A
simplified schematic illustration of possible processes involved with the formation of

the multi-component oxide materials is presented in Figure 2.4:
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Figure 2.4: Simplified schematic illustration of gas-to particle conversion involving

two precursors, which yields multi-component metal oxide systems

Upon entering the flame, the precursors undergo thermal dissociation, nucleation,
condensation, coagulation and inter-diffusion. For the formation of mixed oxide
particles in the low-pressure flame, the process can either be kinetically or
thermodynamically controlled depending on the precursors involved [30]. Kinetic
controlled mixed oxide formation, often involves chemical reactions between the metal
species of the precursors with oxygen in the gas-phase. The resulting supersaturated
mixed oxide condenses at lower temperatures into solid particles. Despite gas-phase
formation of the mixed oxides, species distribution within the particle is not often
uniform. For coated particle systems, thermodynamic controlled synthesis involves
segregation of one phase to the particle surface, which is wetted and becomes the core
that will be coated [44]. Kinetic controlled synthesis on the other hand is influenced by
formation kinetics and vapour pressure differences between the precursors. This results
in the formation of an initial material from a precursor with low vapour pressure.
Downstream of the flame at lower temperatures, the second species becomes
supersaturated and condenses on the surface of the initially formed material, hence

creating a coated particle system. [45].

15



Physical and optical properties of nanosized semi-conducting metal oxides

2.4 Physical and optical properties of nanosized semi-conducting

metal oxides

Nanosized materials often exhibit properties different from bulk, which include Hall-
Petch effect, change in band gap, as well as quantum size effect. Furthermore, particle
size distribution, mean particle diameter, particle morphology and crystallinity are

several properties that influence the characteristics exhibited by these materials.

2.4.1 Particle morphology

MO, can exhibit different types of morphology, such as, cubic, rod, chain, tube,
spherical etc [46-48]. Spherical, non-hollow particles are often generated from gas-
phase synthesis of oxides in low-pressure flames. However, particles generated from
this synthesis route often consist of both soft and hard agglomerates. Agglomerates are
defined for this study as an assembly of particles rigidly joined together due to partial
sintering, while aggregates are an assembly of particles loosely attached to each other.
The formation of agglomerates in flames is due to incomplete coalescence as a result of
reduced temperature and low residence time. The resulting particles often have
morphologies that deviate from standard shapes, hence, morphologies of particle

systems are characterized by their fractal dimensions D, as shown in Figure 2.5

D, =1 1<Df<3 D, =3

Figure 2.5: Schematic illustration of agglomerate fractal dimension

For spheres consisting of primary particles, the fractal dimension D, =3, for platelet
D, =2 and for fibres D, =1. A general expression for fractal like aggregates composed

of N, primary particles is [30]:
N, =€, (2R, /d)"” (2.11)

In equation 2.11, R, represents the characteristic length of the aggregate (radius of

gyration), d, is the primary particle diameter, and €, is a dimensionless pre-factor,
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usually assigned a value of 1. Furthermore, the aggregate aspect ratio (which is ratio of
the length to width of the aggregate), can be used to characterise and investigate

changes in the particle morphology [49].

2.4.2 Crystallinity

Crystallinity refers to the regular repetition arrangements of atoms or molecules in a
unit cell over a relatively larger distance within a particle. It plays an important role in
determining the suitability of several materials for such applications like optoelectricity,
catalysis, and photoluminescence [50]. Nanoparticles can either be polycrystalline,
comprising of several crystallites, or single crystalline, with just one crystallite per
particle. Crystallite formation for high temperature processes is determined by the
atoms of the material involved, and the temperature-time history, whereby for high

temperature and long residence time, ordered arrangements of atoms commonly occur.

MO, (Al,O3, SnO,, WO3 and Ga03) synthesized in flames can exhibit several
metastable or stable crystal arrangements [51,52], depending on the temperature-time
history. The metastable structures can often be transformed into stable crystal
arrangements via phase transition at elevated temperatures. The size of the crystallites
of most flame synthesized MO, differs slightly from the actual particle size, because the
crystallite size describes the length scale above which atoms within a particle are
ordered. In contrast, the particle size encompasses both the crystallite size and the
amorphous layers that are often observed to encapsulate the ordered crystalline core of
most flame synthesized metal oxides. The amorphous nature of the shell is due to high
concentrations of atoms on the shell, which are not ordered. The relatively high
concentrations of atoms on the surface of the MO, are both electrically and
coordinatively un-saturated, hence, they readily react with species in the environment to
form a chemical bond, which passivates the surface of the MO, particles. The
crystallinity of metal oxides is often investigated with X-ray diffractometry (XRD) and
high resolution-transmission electron microscope (HR-TEM). From the diffraction
patterns obtained from XRD analysis, crystallite sizes can be calculated using the
Scherer’s equation

09-4

=—— 2.12
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Whereby, L is the crystallite diameter, A is the wavelength of the X-ray and B is the
full width at half maximum (FWHM).

2.4.3 Hall-Petch effect

Reducing the grain size into the nanometer range influences the mechanical properties
of materials. This relationship is described by the Hall-Petch equation that relates yield

stress 0, to the grain size of a material d as shown in the equation below [S3]:

k
O-)’:GO+W 2.13

Where o, is friction stress and k is a constant. Hence, reducing the grain size of a

material from 10 pm to 10 nm increases the strength by a factor of about 30,
theoretically [54]. A similar relationship exists between hardness and the grain size,
whereby hardness was observed to increase with the inverse of the square root of d .
This rate of increase was observed to be material specific, whereby Ni and Fe show the
highest changes. Increasing interaction of dislocations with grain boundaries results in
the suppression of dislocation motions. This yields a pile-up of dislocations at the grain
boundaries, which is responsible for the increased hardness with decreasing grain size.
However, it has been established that at low grain sizes (in nanosized range), a reverse
Hall-Petch effect is observed in most materials. This was attributed to increasing
diffusion accommodation of the grain boundaries, as well as superelastic behaviour at

elevated temperatures.

2.4.4 Band model

Solid materials consist of bands composed of ensemble of atoms that are located in
discrete energy levels as shown in Figure 2.6. Each band can contain 2N electrons,
where N represents the number of primitive unit cells in the crystal. Electrons fill the

bands, up to the Fermi energy EFr, which is determined by the total electron density [55].

Figure 2.6a represents a metal with an uneven number of electrons per atom,
hence the highest occupied band will be half full and the Fermi energy exists in the
middle of the highest occupied band (also known as the valence band, whereby the
lowest occupied band is referred to as the conduction band). Electrons just below the

Fermi energy can easily be excited above this energy with an electric field. Hence
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acceleration of electrons with an electric field is relatively easy and explains why metals

are excellent conductors.

l Cond]uclion
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Figure 2.6: Band model for a) conductor, b) semi-conductor and insulator, bjii) as
well as various configurations obtainable for semi-conducting

materials (options enclosed in the box)

Semi-conductor or and insulators have even number of electrons per atom, therefore the
valence band is full and the Fermi energy lies between the valence and the conduction
band. The next available state where electrons can jump to is the conduction band,
whereby a minimum energy (band gap) is required to excite the electrons into this state.
Hence semi-conductors and insulators are relatively poor conductors in comparison to
metals. The difference between semi-conductors and insulators is the band gap,
whereby, semi-conductors have smaller band gaps than insulators, and can conduct
some degree of electricity at room temperatures. As temperature increases, the

conductivity of semi-conductors improves.

Figure 2.6b; shows the band model of a semi-conductor whereby an electron is
excited from the valence band into the conduction band. The absence of the electron in
the valence band creates a “hole” that behaves like a positive charge. The electron in the
conduction band and the hole in the valence band can both conduct electricity, whereby,
conduction by thermally excited electrons and holes in pure crystals are known as
intrinsic. Other possible configurations of semi-conductors include n-type doping,
where a material with an extra electron is introduced into the crystal lattice of the semi-

conductor (i.e. doping of a group IV semi conductor with atoms of a group V material).
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The new material (dopant) donates one extra electron for each dopant atom and the
extra electrons lie in a donor state just below the conduction band. The Fermi energy
must lie close to the conduction band as shown in Figure 2.6b;;, hence the electrons can
easily be excited into the conduction band at room temperature. The electrical properties
of this n-type semi-conductor are determined by the extrinsic electron from the dopant
atom. Another configuration is p-type doping whereby the semi-conductor is doped
with a material with less electrons (i.e. doping of group IV semi-conductor with atoms
of a group IIl material). Due to the deficiency of an electron per dopant atom, each
dopant atom can accept an electron from the valence band. The acceptor levels (empty
states) lie just above the valence band, hence, electrons can easily be excited to these
empty states at room temperature. This creates a high concentration of holes in the

valence band that determines the extrinsic electrical conductivity of this material.

2.4.5 Band-gap

The band gap (E,) has previously been described as the minimum energy required to
excite an electron from the valence band into the conduction band. Electrons can be
excited by absorption of photon energy (light) 7@ . However for a successful inter-band
transition, the photon energy must be greater than the band gap (7@ > E,). Electrons
excited from the valence band into the conduction band, creates a hole in the valence

band, hence inter-band absorption results in creation of electron-hole pairs.

Band gap can either be direct or indirect as shown in the E-k diagram of Figure
2.7. The major difference between direct and indirect band gaps is the relative position

of the conduction minimum and the valence band maximum in the Brillouin zone.
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Figure 2.7: Illustrations of direct and indirect band gap of semi-conducting materials

For direct band gap materials, the conduction band minimum and valence band
maximum occur at the centre of the zone at kK =0. However, for indirect band gap
material, it occurs somewhere else at k£ =0, typically near the zone edge or close to
it. Furthermore, electron vector does not significantly change during photon
absorption process for direct band gap materials, hence, photon absorption is
represented with vertical lines in the E-k diagram of Figure 2.7. However, for
indirect band gap, photon absorption is insufficient to excite electrons from the
valence band into the conduction band. Additionally, the inter-band transition
requires a phonon to conserve momentum. Phonons are atomic vibrations in the
crystal lattice that have resonant frequencies in the infrared spectral region [55]. In

Figure 2.7, g and the wavy lines represents phonon absorption or emission.

2.4.6 Quantum size effect

Many fundamental properties of nanosized materials such as melting point, saturation
magnetization, photoluminescence differ from bulk. Quantum size effect occurs when
the size of materials decrease into the nanometer range, which leads to quantum
confinement of electrons and holes in all directions. Hence a shift of the band gap of
materials towards higher energies (lower wavelength) is observed [56]. For
nanocrystalline semi-conductors, a size dependent bad gap has been established due to

quantum localization [57], which results in band gap increase.
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2.4.7 Inter-band absorption

Inter-band transitions in materials occur when electrons jump from the lower energy
state of the valence band into the conduction band, by absorption of photons with
energy greater than the band gap of the material. The photon wavelength and
corresponding energy values is presented in Figure 2.8. For a material with band gap of
3 eV, photon with wavelength below 413.3 nm (see Figure 2.8) is required to instigate

electron excitement, which results in an electron-hole pair.

The formation of electron-hole pairs in nanosized materials fundamentally
influences their photoconductivity, whereby the conductivity is proportional to the
density of free electrons and holes. Therefore the conductivity increases due to the

generation of free charge carriers after inter-band absorption of photons [55].

Wavelength / nm

1240 620 413.3 310 248

Infrared ]
IR Ultraviolet

Visibl

Energy / eV

Figure 2.8: Photon spectrum in wavelength and energy showing the infrared, visible

and ultraviolet regions of the spectrum

When an electron-hole pair is bound together in stable orbitals by mutual coulomb
attraction between them, an exciton is formed. Excitons can exist as free excitons that
are characterized by large radius and free movement within the crystal, or as tightly
bound excitons with smaller radius, which are localized on individual atoms sites. The
generation of electron-hole pairs in materials has been established as the basis for
photocatalytic activity reported for materials like TiO,. The mechanism for the
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photocatalytic behaviour of TiO,, is illustrated in Figure 2.9. It is based on the
generation of electrons and holes upon exposure to UV light (with a wavelength of
390 nm or lower). As a result, negatively charged electrons are excited from the valence
to the conduction band and react with oxygen in the environment to form super oxide
anion (see left side of Figure 2.9). Consequently, the positively charged holes in the

valence band dissociate water in the ambient into hydrogen, and hydroxyl radical (see

hUV light < 390 nm
@) (7))
:\\» s o o'

N\

right side).

0,/0,
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Figure 2.9: Photocatalytic mechanism in TiO, showing electron-hole generation and

REDOX of H,O and O,

The radicals generated from this action consequently oxidize and reduce volatile

organic compounds (VOC) into less complex materials that can be easily disposed.
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3 Experimental set-up, in-situ and ex-situ analytical methods

The synthesis of nanosized MO, was realised in a low-pressure premixed flame reactor.
The experimental set-up includes precursor mixing and delivery systems, the low-
pressure flame reactor, particle collection and sampling devices as well as an in-situ-
particle mass spectrometer (PMS), coupled to the low-pressure flame reactor. A

schematic of the processes involved is presented in Figure 3.1.
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Figure 3.1: Flow sheet of process operations for MO, nanoparticle synthesis in the

low-pressure premixed Hy/O,/Ar flame

Additionally, a non-intrusive time resolved—laser induced incandescence (7iRe-LII)
measuring technique for particle sizing was used to independently confirm result from
the PMS investigation, using soot as sample particle material. The detailed description

of the set-ups and measuring techniques are presented in this chapter.
3.1 Precursor dilution systems

For the synthesis of MO, nanoparticles, dilute concentrations of metalorganic
precursor(s) are transported with mass flow controllers into the H,/O./Ar premixed
flame. Three different precursor dilution methods were used during this study, whereby
the selection and suitability of each method was based on the vapour pressure of the

precursor at room temperature.

3.1.1 Mixing vessel method

The mixing vessel method is based on the partial-pressure of the gases, as well as on the

assumption that the gases and vapours behave like ideal gases. This method is suitable
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for precursors with vapour pressure higher than 10 mbar at 25°C, and has been
previously used in several investigations to dilute tetramethyl tin, iron pentacarbonyl,
trimethyl aluminium and tetramethyl germanium [19,58,59]. The set-up of the mixing

vessel method is illustrated in Figure 3.2
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y
\ Exhaust
T~ Mixing Vessel

Figure 3.2: schematic of the precursor mixing vessel set-up

The 50 litres mixing vessel is initially evacuated with a combination of vacuum and oil
diffusion pumps to low pressure (approx 10°mbar) conditions. Subsequently, vapour
from the precursor vessel is sent into the mixing vessel by opening a valve V1 between
the mixing vessel and the precursor vessel. The pressure in the mixing vessel is
constantly monitored, and at 10 mbar precursor partial pressure inside the vessel, V1 is
closed. Argon is then introduced into the mixing vessel through a 6 mm steel pipe via
V2, until the pressure in the mixing vessel reaches 1000 mbar. The pipe extends to the
bottom of the mixing vessel, whereby the end of the pipe is terminated and argon
streams out from tiny openings along the pipe length into the vessel and dilutes the
precursor. This design ensures some degree of turbulence, which enables the generation
of a homogeneously dilute precursor mixture. This result in 1 % precursor mixture,
diluted with argon, that is then sent to the reactor via 6 mm steel pipes. By varying the
degree of dilution, precursor concentrations within ranging from 300 to 3000 ppm are

realized with this method.
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3.1.2 Controlled evaporation and mixing

The controlled evaporation and mixing (CEM™) device from Brohnkorst Netherlands,
enables delivery of precise concentrations of diluted and evaporated liquid precursors to
the reactor. This precursor dilution set-up was used for the synthesis of titania from
titanium tetra isopropoxide (TTIP). TTIP has a very low vapour pressure at room
temperature (below 1 mbar at 25°C), hence an alternative precursor dilution method that
offers effective control of precursor concentration was employed for the synthesis. The
set-up of the CEM shown in Figure 3.3 consists of a liquid flow meter, a mixing valve,

an evaporator and a mass flow controller.

Argon
Mixing valve
% L ‘ ﬂ] fraer
Liquid flow Mass flow
meter controller
Precursor
reservoir CEM
Titan tetra iso-
propoxide _ _
Ti(OC4H,), T =80-200°C
heated pipe

A
To reactor

Figure 3.3: schematic presentation of the controlled evaporation and mixing device

The CEM device was employed for the controlled mixing and evaporation of titanium
tetra isopropoxide TTIP [Ti(OC3Hy)4]. Typical TTIP mass flow rates obtainable with
this method are between 0.5 to 1.5 g/h TTIP diluted with Argon. The precursor that was
placed in a reservoir was pressurized to 3 bars by an argon stream. This pressure forces
the liquid 7TIP to flow outwards from the reservoir through a liquid flow meter towards
the evaporating device. A metering valve located above the evaporator, allows a defined
mass flow rate of 77TIP to be mixed and metered with argon at the mixing valve.
Depending on the required precursor dilution, a desired argon stream is regulated by a
mass flow controller and both fluids flow co-currently into the evaporation chamber. In
the evaporator, the premixed 77IP is evaporated at temperatures between 80 and 200°C.
The heated precursor/argon mixture is transported into the low-pressure reactor via

heated lines to prevent re-condensation of the precursor. A major advantage of the CEM
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is the effective control of precursor concentration through accurate metering and
dilution of the precursor. However, argon dilution flow rates are relatively high, which
often results in the pulsation of the low-pressure flame. Secondly, condensation of the
precursor occurs behind the burner head, because of the difficulties associated with
completely and effectively heating the transport lines up to the flame. Therefore,
precursor concentrations in the flame cannot be accurately established. These
instabilities are undesirable for research purposes due to the difficulties associated with
reproducing results under these conditions. Furthermore, material properties can vary

widely as a result of these inconsistencies.

3.1.3 Pressure controlled mixing

The CEM device is ideal for mixing and evaporating precursors with low vapour
pressure at room temperature. However, due to the high dilution flow rates (argon),
required to ensure very low concentrations of precursor, the total volumetric flow rate
from the CEM is often too high for the low-pressure flame. An alternative method to
generate dilute concentrations of 77IP or other low-vapour pressure precursors is the

pressure controlled mixing shown schematically in Figure 3.4
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Figure 3.4: Schematic presentation of the pressure controlled mixing device set-up

This method is based on empirical calculation of precursor concentrations using the
partial pressure of the precursor at different bubbler pressure. The set-up is directly
attached to the low pressure reactor, therefore, the reactor pump creates vacuum

conditions in the line directly connected to the reactor. A defined low flow rate of argon
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is sent into the bubbler with mass flow controller MFC 1, and the argon becomes
saturated with TTIP vapour. The concentration of the 7TIP vapour in the saturated
argon can be controlled by varying the bubbler pressure, using a pressure controlled
valve attached to the transport line (T771P out flow line) as shown in Figure 3.4. The
valve that is connected to the low-pressure reactor, adjusts the bubbler pressure to the
set value, which influences the amount of TTIP that is in the gas phase. The saturated
TTIP/argon mixture consequently flows out of the bubbler towards the low-pressure
reactor into the flame. In other to further control the concentration of TTIP/argon
mixture going into the reactor, additional argon is metered by a mass flow
controller MFC 2 via the by-pass line. The major advantage of this set-up is that it
enables generation of dilute concentrations of low vapour pressure precursors at room
temperature, without heating up the set-up and transport system. Furthermore, due to the
relatively low volumetric flow rate, this system does not significantly affect the stability
of the flame, unlike the CEM. Typical TTIP concentration levels obtainable with this

method are from 300 to 10000 ppm, depending on precursor vessel pressure.
3.2 Flame synthesis of metal oxide nanoparticles

Nanosized metal oxide particles were generated during this study in a low-pressure,
burner-stabilized premixed H»/O./Ar flame reactor with peripheral equipment
connected to the reactor. Low-pressure synthesis was selected because pressure offers
an additional parameter that can be varied to influence the material properties.
Furthermore, low-pressure conditions cause a stretched reaction zone that can be
investigated for information on flame temperature and atom specie concentration. A
schematic illustration of the particle synthesis set-up is illustrated in Figure 3.5. It
consists of the combustion gases bottles (Hy, Oz, CoHa, Ar), mass flow controllers,
vacuum and oil diffusion pumps, as well as the reactor, which is divided into the
synthesis, expansion and analysis chambers. Furthermore, thermophoretic sampling

device, particle filter system and particle mass spectrometer are attached.
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Figure 3.5: Schematic presentation of low-pressure premixed Ho/Oo/Ar flame reactor

3.2.1 The low-pressure flame reactor

The low-pressure premixed flame reactor consists of 3  cylindrical
chambers (combustion, expansion and analysis), operated at different vacuum
conditions. The reactor chamber shown in Figure 3.6 has optical windows for process
visualization, vacuum pump connections, heated filament for flame ignition and

sampling orifice for aerosol expansion.

According to Figure 3.6, the combustion gases are initially delivered by mass
flow controllers to a pre-mixing chamber filled with glass pearls to stimulate intensive
mixing. The premixed combustion gases consequently flow into the reactor to the water
cooled burner matrix where the flame is ignited and stabilized. For visualization and
controlled ignition purposes, the flame is initially generated with a CoH4/O/Ar mixture
flowing over an electrically heated tungsten wire. Once the flame has been ignited; the
C,H,4 flow is systematically reduced while the H, flow is increased as the flame fuel
source. The precursor(s), diluted with argon, using one of the 3 dilution techniques
previously described, is consequently introduced into the reactor by a mass flow
controller(s). The diluted precursor and the combustion gases temporarily mix in a
chamber directly behind the burner matrix to ensure homogenous distribution, before
entering the colourless Ho/O»/Ar flame. The pressure in the synthesis chamber of the
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reactor can be varied between 20 and 50 mbar with a PID pressure controller. Upon
entering the flame, the diluted precursor is dissociated, followed by exothermic gas-
phase reaction, which yields a supersaturated vapour of a metal oxide. Down stream of
the flame at lower temperatures, the vapour condenses into particles that grow by
coagulation, coalescence and surface growth (see schematic in Figure 3.6). The
synthesized particles are deposited thermophoretically on a cooled substrate in the

synthesis chamber, as well as on the walls of a filter system attached to the reactor.

Pneumatic assisted

Pressure gauge /
particle sampling device

PID controller

To vacuum

.. Sampling
Prﬁ-mlzmg orifice
cham
Combustione\ /
gases [— o .
Diluted X 0
precursor Moveable
burner
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Figure 3.6: Schematic illustration of the combustion chamber of the low-pressure

premixed flame reactor

3.2.2 Thermophoretic sampling of particles and pneumatic assisted sampling

Some particles synthesized in the flame reactor are thermophoretically sampled on a
water cooled plate downstream of the flame. The sampled particles are then
characterized by ex-situ methods or used directly for applications. Thermophoresis as
described by Hinds [33], refers to the migration of particles due to a temperature
gradient. A model that describes thermophoresis in free molecular region (Kn >, 1),
indicate that hot gas molecules, due to high thermal velocity, transfer a higher impulse
to particles than colder molecules during gas-molecule particle collision. This
influences particles migrating towards lower temperatures, with relatively insignificant

influence on the particle size. Expressions for the thermophoretic power and velocity
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show that they are functions of the gas-phase pressure, temperature gradient, gas
molecule mean free path, particle temperature, particle diameter and kinematic viscosity
of the gas [33]. Thermophoresis in the low-pressure reactor is due to cooling of the
external reactor walls by convection at ambient conditions. This is an unwanted
phenomenon, although as a result, macroscopic quantities of particles can be collected
for quantitative analysis from the internal walls of the combustion chamber. Wanted
thermophoresis is achieved on a water cooled plate located in the combustion chamber.
Particles thermophoretically sampled on this cooled plate are collected after synthesis

by gentling scraping off the film with a spatula into a container.

For the investigation of the particle size distribution, morphology, crystallinity
and degree of agglomeration, thermophoretically sampled particles were analyzed by
transmission electron microscopy (TEM). For this purpose, pneumatic assisted sampling
of particles on TEM grids at a position very close to the sampling orifice is often
performed (see illustration in Figure 3.6). This method that was used and described in
detail elsewhere [27], involves the rapid insertion into the synthesis chamber of a TEM
grid placed in a holder on a pneumatic cylinder. The residence time of the TEM grid in
the chamber can electronically be controlled and ranges from 15 to 500 ms. Despite the
intrusive nature of this method, the insertion into the combustion chamber is rapid (see
Figure 3.6) but parallel to flow of combustion aerosol. Therefore, particles are
thermophoretically deposited on the TEM grids and the distortion of the flame profile is
negligible. The short residence time in the synthesis chamber and comparatively low
temperature of the TEM grid, prevents further growth of particles sampled on the TEM
grid.

3.2.3 Filter by-pass system

The synthesized particles were also collected on a filter by-pass system schematically
shown in Figure 3.7. The essence of this filter was to trap particles entrained by the
vacuum pump of the combustion chamber, so as to prevent deposition of the particles in

the pumping system.
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Figure 3.7: Schematic illustration of the filter by-pass system

The filter system consists of a start-up and stabilization route, through which the
gaseous exhaust products of the combustion process flows through. Before flame
ignition, valves V1 and V4 are opened while V2 and V3 are closed to achieve the
pressure necessary for flame ignition. After flame ignition and introduction of precursor
(particle formation is occurring), V2 and V4 are opened, followed by simultaneous
closure of V1. Synthesized particles laden in the reaction mixture but entrained by the
vacuum pump, are trapped in a cylindrical paper filter system (25 x 100 mm) positioned
in the filter, seen Figure 3.7. During the synthesis process, the pores of the filter become
covered, leading to gradual pressure drop in the synthesis chamber. A change of filter is
thus required and can be performed without stopping the experiment by switching to the
start-up and stabilization route. Based on this enhanced recovery system, increased

quantities of synthesized MO, can be obtained from the flame reactor.
3.3 Particle mass spectrometer (PMS)

A major property of nanomaterials that influences their unique properties is the particle
diameter and consequently the particle size distribution. It has been reported that

changes in mean particle diameter of Fe,O3; can result in either ferromagnetism or

32



Experimental set-up, in-situ and ex-situ analytical methods

superparamagnetism [60]. Investigating and controlling the mean particle diameter
during synthesis is therefore important for generating functional materials for specific
applications. During the synthesis of MO, nanoparticles, an in-situ particle mass
spectrometer (PMS), coupled to the flame reactor was used to investigate the particle
size distribution of the materials. The PMS schematically illustrated in Figure 3.8,
shows the nozzle (sampling orifice) and a skimmer both located downstream of the

flame in the synthesis and expansion chambers respectively [61].
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Figure 3.8: Schematic presentation of the particle mass spectrometer (PMS) showing

particle deposition possibility [61]

Due to the pressure difference in the chambers (30, 10* and 10°® mbar), sample aerosols
are continuously extracted from the synthesis chamber into the expansion chamber. The
centre of the expanded aerosol is further expanded through a skimmer into the low-
pressure analysis chamber, resulting in a particle laden molecular beam, which can be
analyzed with the PMS or deposited on substrates for ex-situ analysis. The deposition of
particles in the molecular beam on substrates within the analysis chamber, is described
as the “molecular beam assisted particle deposition method” (MBAPD). This method
was used extensively for transmission electron microscope (TEM) analysis and
impedance spectroscopic (IS) analysis of metal oxides synthesized in the low-pressure

reactor.

The PMS, which is based on the behaviour of charged particles in an electric

field, consist of a deflection capacitor with length /;, width b; and an aperture at a
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distance Lpys from the deflection capacitor, and Faraday-cups behind an aperture for

particle charge detection (see Figure 3.9) [61].
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Figure 3.9: Schematic of particle deflection within the PMS

During operation, a charged particle-laden molecular beam centrally enters the
deflection capacitor that consists of two parallel plates. An electric field is generated by
introducing a scanning voltage Uy between the parallel plates of the capacitor. The
charged particle is deflected from its original path along a trajectory. Based on the
condition that the electric field exists only within the capacitor plates, and the field lines

are orthogonal to the capacitor surface, the electric field strength can be mathematically

represented as‘E‘:Uk /b, . The deflected charged particle, experiences a force of

‘Ij"y‘:neeU /b, which is perpendicular to the capacitor surface. With respect to its

mass, the consequent acceleration and deflection of the charged particle away from it

original trajectory (x-direction) is expressed as:
y=n,eUb m, 3.1

The trajectory of the particle in the deflection capacitor can be calculated with the

following equations [62]:
y:0.5-ne~e~Uk/(bk-mp)t2 xX=v -t (3.2)

y=n,-eU,[(b -m,)t x=v (3.3)
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Since the electric field does not extend beyond the capacitor parallel plates, there is no
further deflection in the y-direction, and hence the particle continues along a straight
trajectory. The trajectory can then be calculated, taking into consideration the constant

velocity components x and y as follows:
y=n,-e-UJ02-m)-1,[b,-(x=1/2) for x>1,  (3.4)

Every particle with mass m, and charge n, has a distinctive path, therefore, the

previously focused molecular beam is expanded into a fan of trajectories as a result of
the deflections. Mass selection is thus achieved by filtering the trajectories with an

aperture located downstream of the deflection capacitor at a distance x =L, in the x-
direction, with an aperture size of Ad and a distance of y=d from the centre axis in

the y-direction. Therefore, to calculate the kinetic energy of the deflected particle, the

following equation is required:
kin:%.mvzzUk.n el_k(ﬂ_l_kj (3.5)

The geometric dimension of the PMS and the value of an elementary charge e = 1.6 x
10" C are computed into a constant (Kpys). By re-arranging equation 3.5, the mass of
the particle that was deflected with a voltage of U, and passes the aperture, can be
calculated when the particle velocity and number of elementary charges per particle is

known:
m,=Kpys-n, U v (3.6)

The value of the constant Kpyys for the purpose of this research is 431-10" J/V. The
PMS analysis with regard to particle size is based on the assumption that all particles are
spherical, have an elementary charge and the velocities of the particles are equal (Fuchs

theory) [63].

For the successful characterization of the particle size distribution with the PMS,
the particles have to be charged, the particle velocity and the number of elementary
charges on the particles are required. The charging mechanism is assumed to be a result
of diffusive transport of ions to particles, which are transported within the gas medium.
The charges result from thermal electron emission, which occurs during the combustion
process. The charging probability has nearly a Boltzman distribution and can be

described by Fuchs theory [63], whereby, for particles larger than 20 nm, a 32 %
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probability for one elementary charge and 1 % for binary charge was postulated. Hence,

the possibility of binary charging for particles below 10 nm is almost zero, therefore, it

can be assumed that most of the particles synthesized in the low-pressure reactor have

one elementary charge. A typical PMS signal is shown in Figure 3.10.
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Figure 3.10: Typical PMS signal for nanosized particles synthesized in the low-

pressure flame reactor
It is presented as a deflection-voltage vs. particle-current plot. The maximum current

detected within a given time interval was for Uy =6 V. For the computation of the

particle size distribution, the particle velocity is thus required. This is measured with a

“chopping device” that is schematically illustrated in Figure 3.11.
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Figure 3.11: Schematic of PMS velocity measurement

The measurement begins with the selected beam of charged particles passing through
two grids in series, supplied with synchronously repelling potentials. The upper grid
form packages of charged particles that go through at zero potential, but are repelled
when the voltage is increased to 1 KV. The length of the packages /, is a function of the
frequency of the grid voltage f and the particle velocity v,. Only very few or no particles
pass through the second grid if the package length /, is an odd-numbered multiple of the
grid distance. By changing the frequency of the deflection voltage Ui, a fluctuating
particle current /, with maxima and minima is obtained that obeys the following

conditions [61]:

Vp = 2 ’ fmin,i ' lp,i (37)
[, 1
L, =lg,§,gg,etc

Equation 3.7 describes the determination of the particle velocity, whereby the

frequencies f .

min,i

that causes a minimum of current flux /,, has to be determined [61].
The first minimum of the velocity signal that must satisfy the expression /,; =/, can be

difficult to identify from the frequency dependent signal of the velocity measurement.

Hence it was established that the difference between two minima corresponds to:
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Afmin =2 fmin,i (38)

The sensitivity of the PMS at higher deflection voltages increases due to
disproportionate evaluation of the current for higher particle mass [61]. Therefore the
PMS signal (voltage/current) plot does not represent the probability density
function (PDF) of the distribution. The PDF can thus be obtained from the PMS signal
by averaging the measured particle current I(Uy) with a factor Uy o /Ui, whereby Uy o
represents an arbitrary reference voltage. The PDF is then expressed as follows:

[U,)
Uk

PDF(m,) < U, , - (3.9)

A typical velocity measurement signal for nanosized particles is presented as a current

vs. frequency plot in Figure 3.12.

0.8

0.6

Current / pA
o
N

0.0F

-0.2 F

0 2000 4000 6000 8000 10000
Frequency / Hz

Figure 3.12: Velocity measurement signal for SnO, particles synthesized in the low-

pressure reactor

The black lines represent the raw signal obtained from measuring the particle velocity,
while the red curve represents a fit of the original signal. From Figure 3.12, a particle
velocity v, = 507 m/s was calculated. Based on the assumption that the particles have
spherical morphology, the probability density function PDF of the synthesized particles
can therefore be calculated with the particle velocity v,, the signal from Figure 3.10,
equations 3.6 and 3.9, as well as the bulk density of the particle. A typical example of

the calculated particle mass distribution is shown in Figure 3.13. The particle size
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distribution is calculated from the mass distribution and presented as the insert in Figure

3.13.
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Figure 3.13: Typical particle mass distribution and particle size distribution for MO,
nanoparticles synthesized in the low-pressure flame reactor.

The count mean diameter (CMD) and the geometric standard deviation (oy) of the

synthesized MO, can be obtained by analyzing the size distribution (insert in Figure

3.13) with a log normal function. The relationship between the CMD, and o, is

expressed as follows:
Ind, —InCMD)?
(nd, ~InCMD) }adp (3.10)

1
d’)= ex
) V27 -d,-Ino, p[ 2(Ino,)’

The CMD represents a statistical mean of the particle size, while the o indicates the

percentage of the sample particle with diameters that deviate from the CMD.

3.4 Laser induced incandescence

Online characterization of nanoparticle sizes was performed using the in-situ particle
mass spectrometer (PMS). The result obtained from the PMS is often validated with ex-
situ methods such as TEM image analysis and BET particle surface characterization that
do not provide real time information of the size distribution. An alternative non-
intrusive, real time particle sizing method is the time resolved laser induced

incandescence (TiRe-LII). It involves rapid heating of particles with a short laser pulse
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up to high temperatures, and consequently detecting its cooling profile with respect to
time, by measuring the laser induced particle radiation. This profile can thus be
correlated to the volume of a spherical particle, which can be computed to obtain a
count mean diameter. The TiRe-LII has previously been applied to particle sizing in

various reactors and diesel engines successfully [64,65].

3.4.1 Theory of TiRe-LII

The TiRe-LII is based on time resolved detection of the particle’s radiation, which has
been heated up to very high temperatures by very short laser pulse. The model, which

was used for this investigation was developed by [66] and further improved in [67].
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Figure 3.14: Energy and mass balance of a single spherical particle during

heating [67]

It is based on the energy and mass balance of a single spherical particle during heating

and cooling as illustrated in Figure 3.14. For TiRe-LII analysis, the particles are heated

to maximum temperatures (max temp = T;? ), whereby the temperature is measured with

two colour pyrometry. Consequently, the particle size as a function of cooling time is
calculated with numerical solutions of differential equation systems. It is assumed that
there is a distinct separation between the heating and cooling periods (no overlaps). The
heat and mass fluxes involved when a single particle is heated by a short laser pulse is

expressed as:

d . . . .

E (mp ’ CP ’ Tp) = qabs - qcond - qrad - qevap (31 1)

Py (3.12)
dr - evap .
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The term g, represents energy absorption of the particle and is expressed as :

. dT
Gups =M C u (3.13)

pp dt
The other terms in equation 3.10, describe energy loses by radiation, conduction, and
evaporation. The expression ignores energy fluxes due to particle oxidation, thermal
annealing and thermionic electron emissions [68]. The energy loss by conduction in the

free molecular regime (Kn>>1) can be expressed by the following equation:

o -m-d*p e T
PR R e o (3.14)
8 K—1 Tg

In this equation ¢, is the translational energy accommodation coefficient, which

describes the efficiency of energy transfer during molecular collision. The other

properties include the heat flux by radiation, which is expressed as:
Gpa =7-d,-£-0-(T, ~T,) (3.15)

The total emission coefficient £ was assumed to be 1.00 for the purpose of this
research, while o represents the Stefan-Boltzmann constant.
The heat flux due to evaporation is dependent on the evaporation enthalpy Ak, and rate

of evaporationJ,  :

evap *

Ah (3.16)

qevap = Jevap ' v

Joap =0y -025-70-d> -, (p, = p..) (3.17)

evap

From equation 3.15, a mass accommodation coefficient @, = 1.0 was assumed for this
investigation. The densities at the particle surface and infinity p,, p. respectively, are
represented in equation 3.15 whereby p, can be calculated with the Clausius-

s

Clapeyron equation

3.4.1.1 Particle heating

. 0 . . .
The maximum temperature 7, reached by the particle after absorption of laser energy is

required as a necessary input to model the cooling profile of the particle. For spherical

particles, absorption of electromagnetic radiation is described by Mie theory [69], which
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states that the heat up temperature Tp0 is independent of the particle diameter, for

particles with diameters far much smaller than the laser wavelength (Rayleigh limit).

Alternatively, two-colour pyrometry can be applied for the experimental

determination of Tpo without involving the complex refractive index term. However, the

particle emission signals S, at two different wavelengths A and A, are required to
calculate the particle temperature. Calibration for this method is performed with a black
body radiation and assuming a refractive index for the laser wavelength. The following

expression is valid for particles within the Rayleigh limit:

&) A (3.18)
&4) 4

Therefore, the maximum particle temperature 7, reached is assumed to be similar to the

maximum temperature of the particle Tp0 that absorbs the laser energy.

3.4.1.2 Particle cooling

TiRe-LIl of soot particles in the flame reactor is performed under low-pressure
conditions. Soot particles were selected as a model material for this investigation
because of the relative success in measuring it in diesel engines [65]. Hence
measurement of soot particles synthesized in the low-pressure flame reactor with TiRe-
LII serves as a basis for investigating the applicability of this measuring technique in
this reactor. The success of this process can thus be extended to metal oxide synthesis in

the low-pressure reactor.

The influence of pressure on the three heat fluxes (radiation, conduction and
evaporation) involved with particle cooling for a 15 nm carbon particle is hereby
presented in Figure 3.15. It shows the heat fluxes for particles dispersed in argon at
various heat-up temperatures for pressures of 45 mbar and 1000 mbar, respectively. The
heat fluxes from evaporation and radiation are independent of pressures from
1000 mbar and below. In contrast, the heat flux as a result of heat conduction is pressure
dependent, whereby at atmospheric pressure a linear dependence on the particle
temperature is observed. However, at low-pressure conditions heat conduction is almost
zero for the relevant particle temperature regions and thus has no effect on particle
cooling. Due to the free molecular conditions in the combustion chamber of the low-

pressure reactor, only few collisions occur between particles and surrounding gas
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molecules, hence particle cooling by heat conduction is suppressed. At low particle

temperatures, the heat flux is due to radiation, while at higher particle

temperatures (above 3000 K) evaporation becomes the dominant heat loss mechanism.
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Figure 3.15: Pressure influence on heat fluxes affecting particle cooling [67]

The emission signal at the detection wavelength A,

etection

is a fundamental input for the

TiRe-LII analysis, whereby this signal can be related to a particle temperature using
Planck’s law [70]. The measured radiation is a summation of various particle diameters
that represents a polydisperse size distribution, typical for nanosized particles

synthesized in the flame under low-pressure conditions.

3.4.2 TiRe-LII experimental set-up

The TiRe-LII set-up for particle size analysis in the low-pressure flame reactor consists
of a laser and an optical detection unit as schematically presented in Figure 3.16. The
laser used for this analysis is an Nd:YAG laser (spectron SL 454G-10) with a
wavelength of 1064 nm. The particles are heated with the laser having a beam diameter
of 8 mm and pulse energy of up to 500 mJ, for pulse duration of 6 ns. However, for the
validation experiments with soot particles, pulse energy of 240 mJ that corresponds to
energy density of 0.48 J/em?® was used. The laser beam was adjusted to sample particles
at the entrance of the sampling nozzle located downstream of the premixed flame in the
reactor. The essence of this localized measurement is to ensure that particles sampled
and analyzed with the PMS are identical to TiRe-LII analyzed particles. The laser beam
after passing the sampling spot is absorbed by a beam dump made of a non-reflective

black body.
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Figure 3.16: Schematic presentation of the TiRe-LII set-up for particle size analysis

in the low-pressure flame reactor

The signal detection system is arranged perpendicular to the laser beam axis and
consists of an optical lens with a focal length f, = 150 mm and diameter = 50 mm. The
optical lens focuses all the signals from particles heated at the localized sampling
position in the combustion chamber. A beam splitter located within the optical detection
unit, splits a part of the signal (50/50) by 90°, resulting in 2 signal beam paths. Narrow
band filters with centre wavelength at 550 and 694 nm (FWHM = 10 nm) are placed
along each path and collecting lenses with f, = 50 mm (diameter = 50 mm) focus the
signal on the cathodes of two high speed photomultipliers (PM). The PMs are integrated
with amplifiers (SMT MEA 1030 V8DA with HAMAMATSU  R7400U-04, rise time
t=0.78 ns), and the signals are digitalized and stored by a 1-GHz digital
oscilloscope (LeCroy LC584AXL). The oscilloscope samples at a rate of 2Gs/s that

corresponds to a 0.5 ns time resolution.
3.5 Ex-situ characterization techniques

After the synthesis of MO, particles in the synthesis zone of the low-pressure premixed
Hy/O,/Ar flame reactor, the generated particles were collected for different ex-situ
analyses. These investigations include X-ray diffraction (XRD), Brunauer-Emmett-

Teller absorption isothermal (BET), High resolution-transmission electron
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microscope ((HR)TEM), Ultraviolet-Visible spectroscopy (UV-VIS), and Impedance
spectroscopy (IS), are designed to deliver information about the physical and unique
properties of the nanosized materials. The theoretical descriptions of the physics behind

these characterization techniques are hereby presented.

3.5.1 X-ray diffraction (XRD)

X-ray diffraction is a non-destructive method used to determine information about the
chemical composition and crystal structure of both naturally occurring as well as
synthesized materials [71]. Furthermore, the presence of impurity in the crystal lattice

of another material can be detected in some cases with XRD analysis.

Atoms within a crystal are located in a 3-dimemsional lattice. This arrangement
can be described as a series of parallel levels, whereby the levels are separated from
each other by a specific distance (d) called lattice planes, which is crystal structure
specific. During XRD measurement, a Bragg reflection is observed when a
monochromatic X-ray beam with a wavelength (A) is incident upon a crystalline
material at a defined angel (® ), and the distance of the lattice planes with respect to A

corresponds to:

nA =2dsin® (3.19)

Whereby 7 is an integer and is usually assigned a unit value. By varying the incident
angle (®), the intensities of the Bragg reflection for polycrystalline materials can be
detected, measured and presented in a diffractogram. For crystalline materials, Bragg
reflections with relative intensities are observed for defined 2® values. These relative
intensities coupled with 2® values can be assigned to a specific material, thus it is used
as a material characterization technique. Furthermore, the crystallite size (L) of the
material can be calculated with the full width at half maximum (FWHM) (B), obtained
from the Bragg reflections of the diffractogram and Scherrer’s equation:

0942

= 3.20
B-Cos® ( )

The crystallite size does not represent the mean particle diameter of the material and
thus differs slightly from it. However, it provides critical information on how large the
crystallites are. The crystallite size is closely related to the mean particle diameter and

often used to indicate its tendency.
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A Panalytic X’pert MSD X-ray device with either cobalt or copper X-ray source
was used for the diffraction analysis of the MO, powders synthesized in the low-
pressure flame. The diffractometer is equipped with a highly sensitive semi-conductor
for obtaining highly resolved Bragg reflections. For the XRD investigation, slurry of the
metal oxide made by mixing the MOx powder with a few drops of non-polar
cyclohexane was placed on a silicon single crystal substrate. The slurry was evenly
distributed on the substrate, after which it was exposed to an X-ray beam. The substrate
was set at a speed of 2 rotations per second so as to enable even exposure of the slurry
to the beam. Analysis of the patterns obtained from the XRD investigation were
consequently performed with the aid of a database software X’pert High score from

Panalytic.

3.5.2 Brunauer-Emmett-Teller (BET) absorption isothermal

BET Nitrogen absorption is a widely used surface area characterization technique, based
on the adsorption of gas molecules on the surface of solid materials (MO,). This method
is based on the extension of the Langmuir theory for monolayer to multilayer
adsorption [72], and was established by Brunauer, Emmett and Teller (BET). From
this analysis, a total surface area Sy and a specific surface area are computed with the
monolayer adsorbed gas quantity (v, ), Avogadro’s number (N ), adsorption cross
section (s ), molecular weight of adsorbate (M ), and weight of sample solid (a w), as

shown in the following equations:

(v,,Ns)
total = M

S (3.21)

§ = Dt (3.22)

wt

The BET specific surface obtained (S ) can be converted to a particle diameter with the
density of the material and the assumption that the particle has a spherical morphology.

The particle diameter is obtained with the following equation:

D=— 3.23
5 (3.23)

Whereby (D) is the BET diameter of the particle.
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A Nova 1000 from Quantachrome BET measuring equipment was used in the course of
this research. This equipment includes a heating and vacuum station for thermally
desorbing volatile organic compounds adsorbed on the surface of powders to be
investigated. A 5 point BET measurement procedure was typically used for powders

investigated during this research.

3.5.3 UV-Vis spectroscopy

UV-Vis spectroscopy is a fundamental, optical analytical method for investigating the
reflection, transmission and absorption properties of multi-phase materials (gas, liquids
and solids). It is used to obtain information on sample materials (nanoparticles) such as
optical band gap, blue shift, quantum size effects, as well as directly measure the
absorption edge of the material. The absorption edge is defined as the transition
between the strong short-wavelength and the weak long wavelength absorption in the
spectrum of the semi-conducting solid. The spectral position of this edge is determined
by the energy separation between the valence and the conduction bands of the material.
Several types of UV-Vis investigation methods exist, and the choice of technique is
often guided by the nature of the material to be investigated (i.e. solid or liquid), as well
as the information required about the material. However, for the purpose of this research
nanosized materials were investigated with the diffuse reflectance method of UV-Vis
analysis that uses a praying mantis DRA (diffuse reflectance accessory). For this
method, light is projected on the sample material, horizontally positioned in the
spectrophotometer (UV-Vis measuring equipment). Diffusely reflected light from the
sample is collected by two large hemispherical mirrors positioned above the sample.
The reflected light is then directed towards the instrument detector, where information

on the optical properties of the material is registered.

A varian carry 400 UV-Vis spectrophotometer designed for diffuse reflectance
analysis was used. The powder samples were placed inside a sampling cup provided
with the praying mantis accessory. The cup was overfilled with sample materials into a
mound that was then flattened with a blade along the surface of the mound, to create a
3 mm diameter sample surface. Variation of surface flatness and parking density were
minimized by making the sample as flat and densely parked as possible. A baseline
correction was performed using Teflon - placed in a sample cup in the same manner as
the sample material. This was followed by diffuse reflectance analysis of the material

that results in a spectrum graphically displayed as percentage reflectance against
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wavelength of the light beam. From the detected reflection, a spectrum based on the
absorption and scattering coefficient is obtained. This spectrum, which is based on the
absorption and scattering coefficient of the sample material, is described by the kubelka
and munk expression [73]. This expression defines the scattering relationship as a
function of the particle size and wavelength of incident beam. From the UV-Vis
spectrum, information about the material band gap can be extrapolated and calculated,
while changes in the absorption edge due to doping, presence of impurities, or blue shift

based on quantum size effect can be observed.

3.5.4 Transmission electron microscopes (TEM and HRTEM)

The transmission electron microscopes functions similarly like a light microscope,
however, electrons are focused on a substrate as a thin beam with the aid of an
electromagnetic lens instead of a light beam [74]. Unlike in light microscope where
magnification is limited by the wavelength of the incident photon, the wavelength of
electrons can be tuned and exhibit both wave-like and particle functions. Therefore,
when accelerated by an electric field and focused by electric and magnetic fields,
electrons can act like a beam of radiation, whereby the wavelength is dependent on their
energy, which can be varied by changing the flux of the accelerating field. This result is
a far lower wavelength than light and the electrons can still interact with substrates due

to its charges.

For the purpose of this research investigation, a TEM (Philips CM12) and a high
resolution transmission electron microscope HRTEM (FEI Technai 20) were employed
for microscopic investigation of particles deposited on TEM micrographs. The TEM
with a maximum resolution of 750000 was mainly used to visualize particle
size (d,>2nm) and  morphology, degree of agglomeration, particle
composition (energy dispersive X-ray spectroscopy EDX) and to some extent
crystallinity through diffraction patterns. The HRTEM with a maximum resolution of
10° is equipped with electron energy loss spectroscopy (EELS) for investigating atomic
compositions of materials. Furthermore detailed EDX and diffraction patterns can be

obtained due to its higher resolution.

3.5.5 Impedance spectroscopy IS

Impedance spectroscopy (1S) is a useful method to characterize the electrical properties

of MO, nanoparticles. The process involves the applying an electrical stimulus (voltage
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or current) to materials (deposited between two electrodes, or 4-point measurement),
and investigating the corresponding response [75]. This process is performed with the
basic assumption that the properties of the electrode-sample system do not vary with
time. The objective of IS is to obtain information on the variation of the intrinsic
properties of the sample materials based on parameters such as temperature,
stoichiometry and surrounding atmosphere. Several microscopic processes, which
contribute to the overall electrical response of the sample system, occur when the

electrode-sample system is electrically stimulated. These processes include:
a) transport of electrons through the electronic conductors
b) transfer of electrons between electrode-sample interface
c) flow of charged atoms via defects in the sample system

Several methods exist to induce stimuli for IS measurement. However, the most
common approach (method used for this research) involves the measurement of
impedance directly in the frequency domain by applying a single-frequency voltage to
the interface. This is consequently followed by measuring the phase shift (real part Z),
as well as the amplitude (imaginary part Z”) of the resulting current at that frequency.
The impedance measurement can be performed over a wide frequency range from mHz
to MHz. The intrinsic properties, which can be measured by IS are broadly divided into
2 categories. The first group consists of properties that are related to the materials such
as conductivity, dielectric constant and charge mobility equilibrium. The other group
consists of properties such as adsorption-reaction rate constant, capacitance of the
interface region, and diffusion coefficient of neutral species that relate to the electrode-

sample interface.

IS signals can be presented in a nyquist diagram, whereby the X-axis represents
the real part Z’, while the Y-axis represents the imaginary part Z”. The experiments are
typically performed within a specific temperature and frequency range. The analysis of
the IS data is performed based on a detailed electrical model consisting of passive
electronic devices such as resistors, capacitors and inductors. The experimental
impedance data can be analyzed using fitting algorithms and comparing it to equivalent
circuits consisting of these devices. Some sample combinations describing different

transport processes are shown in Figure 3.17.
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Figure 3.17: RC circuits representing a) electrode-sample interaction; b) sample

particle; c¢) particle-particle interaction.

As can be seen from Figure 3.17, the charge carrier transport process can thus be
described for (A) an electrode-particle system, (B)through a single particle and
(C) particle-particle system. By means of the special fit algorithms, contributions from

A, B and C can be separated and their activation energy calculated, from an Arrhenius

plot of their conductivity o as shown below:

G=G,-¢ 1 (3.24)
1
Whereby: G.—_o,
Z
G represents the conductance, which is directly proportional to the conductivity, but

inversely proportional to the resistivity of the material.

For impedance measurements, a Solatron SI 1255 frequency response analyzer
(FRA) in combination with a dielectric interface SI 1296 was used in the frequency
range between 1 Hz and 1MHz with 17 points per decade. The control of the FRA, the

data recording and the temperature adjustment were realized with a computer.
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4 Synthesis of particles in a low-pressure flame

The results of the synthesis and characterization studies performed on several single and
mixed oxide nanoparticles are presented in this chapter. Emphasis is placed on the
effects of experimental parameters during synthesis on the physical properties of the
oxide materials. In this chapter the results of the synthesis of tin oxides, tungsten oxides,
titanium dioxide as well as mixed tin-titanium oxide are presented. Furthermore, results
on the implementation of an optical in-situ particle sizing technique for on-line

determination of mean particle diameter in the low-pressure flame reactor are presented.
4.1 Metal oxides synthesis in the low-pressure flame

The objectives of this study were to investigate the synthesis of nanosized metal oxide
particles in the premixed low-pressure flame and consequently characterize the
properties associated with these materials. The optical and electrical properties of these
materials were characterized by UV-VIS reflectance spectroscopy, and impedance
spectroscopy. Other physical properties such as particle size distribution, crystallinity,
and surface area were also analyzed. Before presenting the results from synthesis of the
metal oxides, it is important to report some information on 2D-flame temperature
measurement of the Ho/Oo/Ar premixed flame, operated in low-pressure conditions. The
importance of these results cannot be over emphasized due to the strong influence of the

temperature on the particle size, morphology and to some extent crystallinity.

The maximum flame-temperature from the synthesis process is influenced by the
equivalence ratio ¢ of the flame. For a 1-dimensioanl premixed Hy/O,/Ar flame, with
equivalence ratios ¢ = 0.667 and 0.375, temperatures corresponding to 1379 and 1306 K
+ 25 K, respectively, have been measured with NO-laser induced fluorescence (NO-

LIF). The overall temperature profile of the flame is presented in Figure 4.1
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Figure 4.1: a) 2D-NO-LIF temperature distribution of an isobaric premixed H,/O,/Ar
flame along a low-pressure reactor; b) Corresponding temperature profiles for

different equivalence ratios

The advantage of this method over previously referenced methods is that it is calibration
free and non-intrusive [76,77]. The two ¢-values used, represent the range of
fuel/oxidant ratios often selected for synthesis of metal oxide nanoparticles MO;.
Despite the difference in the maximum flame temperature for both ¢, the cooling
profiles downstream of the flame appear similar. This identical profile can be attributed

to non-adiabatic conditions that exist in the reactor due to heat loss on the reactor wall.

The maximum flame temperature varies between 1250 and 1375 K depending on
the equivalence ratio selected. Furthermore, the maximum flame temperature was
observed to increase with increasing reactor pressure due to increased reactions per unit
volume. The maximum flame temperature is generally not significantly affected by low
concentrations of metalorganic precursors (200-300 ppm). However, different
precursors (carbonyls, metalorganics, and halogen based precursors) may exhibit
different chemistry in a high temperature environment, which results in a slight
temperature deviation. For example, tungsten hexafluoride (WFs) was observed to
slightly slow the flame chemistry of the 1-dimmsiaonl premixed H»/O./Ar flame,
resulting in a lower maximum flame temperature. In contrast, iron
pentacarbonyl Fe(CO)s creates a luminous flame, whereby, the maximum flame

temperature increases slightly by about 100 K.
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4.1.1 Synthesis of SnO; nanoparticles

The synthesis of nanosized SnO, nanoparticles was achieved by doping the low-
pressure flame, stabilized on a water cooled bronze matrix, with dilute concentrations of
tetramethyl tin (TMT) Sn(CHj3)4. The properties of this precursor is presented in Table
7.1 in Appendix A. Synthesis of SnO, in diffusion flames have been reported
previously [49,78], however, the objective of this study was to use a premixed Hp/Oo/Ar
flat flame operated in low-pressure conditions to investigate the synthesis of SnO,
nanoparticles. Working under low-pressure conditions, creates a stretched flame front
that can be investigated with non-intrusive spectroscopic methods for information on
atom concentration and flame temperature distribution. Furthermore, with this
arrangement, pressure becomes an additional parameter that can be used to influence the

physical properties of SnO; nanoparticles.

For the synthesis of tin oxide nanoparticles, 1 % TMT diluted with 99 % Ar by

volume was realized in the mixing vessel. The experimental conditions used are as

follows:
TMT concentration 300 — 1000 ppm
Reactor pressure Pp 30 — 50 mbar
H, / O, ratio 0.6 - 0.75
Inlet gas velocity o, 1.32 m/s
Height above burner HAB 40 — 200 mm

For simplicity sake, the synthesis of SnO, from TMT precursor will be represented with

the following single step reaction:
SH(CH3)4 + 802 — SIlOz + 6H20(g) + 4C02(g) 4.1

The process begins with the thermal dissociation of TMT, yielding Sn radical that reacts
with oxygen to form a supersaturated vapour of SnO, that condenses into particles at
lower temperatures downstream of the flame. The synthesized SnO, particles were
consequently characterized to determine their physical properties, as well as possible
changes with respect to varying experimental parameters. Some reported properties of

bulk SnO, are presented in Table 7.2 in Appendix A.
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4.1.2 Characterization of flame synthesized SnO, nanoparticles
The characterization of the flame synthesized SnO, nanoparticles is broadly divided into
in-situ (particle mass spectroscopy PMS), and ex-situ characterization methods (X-ray

diffraction spectroscopy XRD, Transmission electron microscopy TEM, ultra-violet

spectroscopy UV-Vis, impedance spectroscopy (IS).

4.1.2.1 Particle mass spectrometry

The particle mass spectrometer (PMS) was used during this investigation to obtain real
time information on the particle size distribution of SnO;, nanoparticle during the
synthesis process. The PMS was consequently used to study the effect of height above
burner (HAB), precursor concentration Cp, and reactor pressure Pp, on the mean particle
diameter and geometric standard deviation o, of the synthesized materials. A typical
PMS signal and velocity measurement of SnO, nanoparticles is presented in Figure 4.2.

A maximum current of 0.29 pA was detected at a deflection voltage of 6.5 V for SnO,

particles synthesized at height above burner (HAB) = 90 mm, Crpr = 300 ppm.
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Figure 4.2: PMS signal and velocity measurement (insert) of at HAB = 90 mm,

H,/0,=0.95, Ar / (H, + O3) = 0.505, Crvmt = 300 ppm
The particle size distribution was determined with the bulk density of the material (see

appendix A) and the information obtained from Figure 4.2. The result is presented in
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Figure 4.3, from which the PDF parameters of CMD =3.9 nm and o, = 1.15, were
determined.
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Figure 4.3: PDF of the particle diameter of of SnO2 nanoparticles determined from
Figure 4.2

The influence of height above burner (HAB) on the mean particle diameter is presented

in Figure 4.4. The error bars represent the geometric standard deviation of the particle
size distribution.
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Figure 4.4: Influence of HAB on the count mean diameter of SnO, particles
synthesized in the low-pressure flame reactor

55



Metal oxides synthesis in the low-pressure flame

A progressive increase of the CMD values were observed for increasing HABs. A 100 %
increase of the CMD from 3.1 nm to 7 nm was observed for HAB changes from 100 mm
to 190 mm. This phenomenon has been reported in detail by previous investigations on
the synthesis of several metal oxide nanoparticles using this low-pressure
reactor [12,27,79]. The increasing CMD has been attributed to longer time for
coagulation and coalescence in the synthesis chamber, due to high concentration of
particles suspended in the aerosol medium. The standard geometric deviation o, from
the particle size distribution was also observed to increase with increasing HAB,
whereby a maximum of o, = 1.283 was measured at HAB = 190 mm (see Figure 4.5).
This result can be attributed to the temperature-residence time history of the particle in
the synthesis chamber. Due to the temperature differences in the axial and radial
directions of the reactor, coagulation and coalescence rates that are temperature and
time dependent are strongly influenced. Hence as time and temperature decreases along
the direction of flow, incomplete coalescence of particles results in loose particles,
agglomerates and aggregates. The influence of HAB on the geometric standard

deviation of the synthesized MO, nanoparticles is presented in Figure 4.5.
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Figure 4.5: Change in the geometric standard deviation of SnO, nanoparticles with

respect to the height above burner HAB

The o, was observed to increase with rising HAB. This can be attributed to the higher

number of agglomerates and aggregates formed as a result of incomplete coalescence
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influenced by the temperature-time history of the process. Hence at higher HABs the

particle size distribution becomes more polydispersed.

The influence of precursor concentration on the CMD of SnO, particles was
investigated by varying the flow rate of dilute concentrations of TMT into the reactor. In
order to maintain the total volumetric flow rate, the difference from varying the
precursor flow rate was compensated by adjusting the argon flow rate. In Figure 4.6, the
change of the CMD is presented as a function of the precursor concentration and the
height above burner (HAB). A progressive increase of the CMD with rising TMT
concentration is observed due to more frequent coagulation and coalescence as a result
of elevated specie concentration. The CMDs for all precursor concentration
investigated, established a direct relationship with increasing HAB values. Hence for
elevated HAB values, the CMDs show a corresponding increase due to increased
characteristic times for coagulation and coalescence. However, at higher
HABs (downstream of the flame), the combustion chamber temperature is relatively
lower, hence, the coagulation and coalescence processes often results in a mix of single

particles, agglomerates and aggregates.
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Figure 4.6: Change in the count mean diameter of SnO, nanoparticles with respect to
precursor (TMT) concentration and height above burner (HAB) in the low-

pressure flame reactor
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4.1.2.2 X-ray diffraction (XRD)

The as-synthesized particles were analyzed with an X-ray diffractometer (Pan analytic
X’pert), so as to confirm the synthesized metal oxide, and obtain information on its
crystallinity. From Figure 4.7, the Bragg reflections on the diffractogram were matched
to the tetragonal rutile structure of SnO,. It is the most stable phase that occurs at high
temperatures, hence, the temperature and residence time available during synthesis were
sufficient for the creation of the most stable crystal structure of this metal oxide. Lattice

parameters reported for SnO; are presented in Table 7.3 in Appendix A.
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Figure 4.7: X-ray diffractogram of SnO, nanoparticles synthesized in the low-

pressure flame reactor

The tetragonal crystal structure of SnO, (Figure 4.8) has a space group D4h
[P42/mm][Jar76], whereby each unit cell of the crystal structure contains 4 oxygen and

2 tin atoms (see Figure 4.8).
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Figure 4.8: schematic of the tetragonal (rutile) crystal structure of flame synthesized

SnO; nanoparticles
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Each tin atom is octahedrally coordinated from six oxygen atoms. Three tin atoms
located approximately at the corners of an equilateral triangle surround every oxygen

atom, whereby, this arrangement is referred to as the 6:3 coordination [5].

The lattice parameters calculated from the XRD diffractogram (Figure 4.7) are a
=b=0.472 nm and ¢ = 0.3155 nm, which are slightly lower than a = b = 0.4737 nm and
¢ = 0.3185 nm reported in literature for bulk SnO; [5]. The difference can be attributed
to size-effects such as Hall-Petch, reverse Hall-Petch, and surface stress, associated with
the scale down of bulk materials to the nanosize regime. Furthermore, the crystallite
size of the flame synthesized SnO, particles was calculated from the
diffractogram (Figure 4.7) with the Scherrer equation, and the full width at half
maximum (FWHM), from a Lorentz fit of a Bragg reflex. A crystallite size
dperysiatie = 4.1 nm was calculated, which is within the size range of CMDs obtained

from the PMS analysis.

4.1.2.3 Transmission electron microscope (TEM)

TEM analysis of the SnO; particles was performed with a CM 12 transmission electron
microscope. The SnO, particles were sampled on the TEM grids using two different
methods. In the first method the TEM grid was placed on a pneumatic assisted particle
sampling device that uses compressed air to quickly insert and withdraw the TEM grid
to a position, directly in front of the sampling orifice, downstream of the flame (see
Figure 3.5) in the reactor. Particles sampled at this position are assumed to be stable (no
significant changes with respect to size and morphology), due to their proximity to the
sampling orifice. Particles that go through the sampling orifice are instantaneously
“frozen” due to the supersonic expansion into the free molecular. Even though the
pneumatically assisted TEM sampling method is relatively fast (few milliseconds), and
can be operated without stopping the experiment, particles sampled on TEM grids often

exhibit some degrees of soft agglomeration due to thermophoretic deposition.

The second method involves sampling the particles from the molecular beam,
which arises after subsequent expansion of the aerosol from low-pressure to vacuum
conditions. This method referred to as molecular beam-assisted-particle-
deposition (MBAPD), can be used to deposit particles laden in the molecular beam on
surfaces and structures, as well as to perform PMS analysis. The advantage of this
method is the deposition of highly dispersed particles with low degree of agglomeration

on TEM micrographs. This method is however constrained by blockage of the sampling
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orifice during experiment, especially when high precursor concentrations are involved.
Furthermore, due to the high dilution of the aerosol during expansion, deposition of
particles on substrates usually requires a few hours before a monolayer on a spot

diameter of 3 mm is achieved.

The TEM micrograph seen on Figure 4.9 shows flame synthesized SnO,
nanoparticles sampled from the molecular beam. The particles have very poor contrast,
which is typical for oxide materials due to their high oxygen content. However, the
particles morphology is identifiable and observed to be spherical. The insert A shows an
overview image of the micrograph, whereby, the particles appear to be slightly
agglomerated with both hard and soft agglomerates. The insert B shows a diffraction
image of the SnO, particles. The bright rings indicate the relatively good crystallinity of
the material, which is further confirmed by the presence of lattice fringes seen as

ordered parallel lines on the surface of the particles (Figure 4.9).

Figure 4.9: TEM micrographs and diffraction image of flame synthesized SnO,

nanoparticles sampled with pneumatically assisted TEM sampling device

The diameters of the particle are below 10 nm, which further validates the result
obtained from the PMS analysis. In order to compare the result from PMS with TEM
image analysis, several hundred particles sampled on the TEM micrograph were

characterized with the software Imagetool . The measured particle diameters were
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subsequently classified with frequencies and a histogram of the particle size distribution
was generated. The histogram was fitted with a normal distribution and compared to the
PMS result. During this experiment, the height above burner HAB was kept constant at
90 mm, reactor pressure was 30 mbar, precursor concentration was kept at 274 ppm and
hydrogen/oxygen ratio was set at 0.97. The result of the comparative analysis is

presented graphically in

Figure 4.10. From the results, both particle size analysis methods (TEM analysis and
PMS) are in good agreement, whereby, slight differences in the mean particle diameter
and the geometric standard deviation exist. This disparity can be attributed to the errors
involved with both measurement methods however the differences are accepted to be

within error limits [80].
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Figure 4.10: Comparative analysis of PMS generated mean particle diameter and TEM

image analysis generated mean particle diameter.

4.1.2.4 UV-spectroscopy

SnO; by virtue of its band gap and composition is classified as a transparent conducting
oxide, therefore, investigation of its optical property was performed using a UV-Vis
spectrophotometer. The powder sample was placed in a small sample holder in the
spectrophotometer and exposed to a light beam with a scanning wavelength from 700 -
200 nm. The reflectance of the material with respect to the incident light wavelength is
shown in Figure 4.11a. From the reflectance spectrum, it was observed that the as-

synthesized SnO; particles show its maximum reflectance in the visible range (from
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400 nm Figure 4.11), however, in the UV range, the reflectance progressively decreases,
which indicates strong absorption in this range. In order to ascertain the absorption
properties, as well as the band gap of this material, the Kubelka-Munk function, F(R)
that allows the optical absorbance of sample to be approximated from its reflectance is
employed. The function is expressed as:

(1-R)’
2R

F(R)= 4.2

From this expression, semi-conducting materials can be analyzed with a Tauc plot [81],
whereby (F(R)-hv)" against hV is plotted and n = 0.5 (direct band gap) and 2 (indirect
band gap material). On the Tauc plot, a linear region just above the optical absorption
edge is fitted and extrapolated to the photon energy axis as illustrated in Figure 4.11B.

The intercept on this axis represents the band gap of the material under investigation.
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Figure 4.11. A) Reflectance spectrum of SnO, with respect to wavelength light
beam; B) Tauc plot of SnO, nanoparticles indicating optical band gap of the

material

From the tauch plot analysis, a band gap of 3.66 eV was obtained for the flame
synthesized SnO, nanoparticles. This value slightly differs from the literature reported
value of 3.6 eV by about 60 meV [82]. The difference can be attributed to blue-shift due
to quantum size effects, and is accepted to be within tolerable limits. The band gap of a

material is a key indicator of its efficiency to harvest light upon exposure.
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4.1.3 Tuning the stoichiometry of tin oxide (SnO, for1.4<x <1.8)

Tin 1s known to exhibit stable oxidation states of 2 and 4, however oxidation states that
lie between those values have also been identified [83]. Such sub-oxides are of huge
interest due to increased charge carrier concentration, as a result of deficiencies created
by the absence of oxygen atoms from the crystal structure. Several experiments have
been designed and performed to investigate the conditions necessary for the formation
of these sub-oxides as well as the degree of sub-stoichiometry exhibited by these
materials. These experiments are similar to those performed for SnO, synthesis,
however, the H,/O, ratios were progressively increased with the objective that the
stoichiometry of the synthesized metal oxide will be “tuned” correspondingly. The sub-
stoichiometry of the synthesized metal oxides were analyzed with Auger electron
spectroscopy (AES) that gives information about the stoichiometry of materials up to a
depth of about 3 nm. Finally the materials were characterized and their properties

compared to fully oxidized SnO,.

During the SnO; synthesis experiment, a H»/O, ratio of about 1 was used that
ensured excess O, with respect to stoichiometric values required for complete
combustion of H,. Stoichiometrically, a H,/O, ratio of 2 should be adequate for the
complete combustion of Hy, however, this value was adjusted to 1.97 to accommodate
the oxygen requirement for the precursor. The reactor pressure was maintained at
30 mbar, the inlet gas velocity was 1.32 m/s, and the precursor concentration was set at

500 ppm.

The H,/O, ratio of 1,97 should be sufficient to yield fully-oxidized SnO,
nanoparticles, however, a thin gray coloured film was observed on the walls of the
reactor, which could not be recovered for ex-sifu analysis. SnO particles are gray
coloured and have low evaporation enthalpy. The absence of macroscopic quantities of
this monoxide in the reactor can be attributed to the relatively high temperature
downstream of the flame (see Figure 4.1) that hinders condensation of large quantities
of supersaturated SnO vapour in the reactor. Hence, entrainment of the vapour through
the pumping system occurs and “good” PMS signals could not be obtained due to low
particle concentration. It is then concluded that the H,/O, ratio of 1.97 did not provide
sufficient oxygen for the generation of SnO, nanoparticles, rather a lower oxide (SnO)

present in the reactor as a thin film was observed.
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For the next set of experiments, the H,/O, ratio was further reduced by
increasing the oxygen concentration. The selected H,/O, volumetric ratios were 1.7, 1.4
and 1.27. Pressure and inlet velocity were maintained from the initial experiment, while

the precursor concentration was varied between 500 and 1000 ppm.

Unlike in the initial experiment, light yellow to off-white coloured powders were
obtained from all the experiments, which indicates some differences between the
particles. The stoichiometries of these particles were characterized by Auger electron
spectroscopy (AES) as shown in Figure 4.12. The relative intensities of the Sn and O
Auger peaks from the flame synthesized materials were compared to that of standard,
commercial SnO,, initially measured. The result of this comparison establishes the
degree of sub-stoichiometry of the flame synthesized materials. The AES result of the
flame generated particles indicates that SnO, nanoparticles, with stoichiometries
corresponding to 1.4 < x < 1.8 were obtained (Figure 4.12). This implies that despite the
excess oxygen in the flame, the particles were not completely oxidized. Furthermore,
some degree of carbon contamination on the SnO, particles was observed from the AES
result, which was attributed to the carbon content of the metalorganic precursor. This
result indicates that stoichiometric O, concentrations are insufficient for synthesis of
fully oxidized tin oxide particles with respect to this synthesis route, and reactor

geometry.

EJN(E) / dE
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Figure 4.12: Auger electron spectroscopy of SnO, nanoparticles “tuned” in the low-

pressure flame reactor
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Based on the result obtained from previous investigations, the volumetric H»/O; ratio
was set at 0.97, which corresponds to a significant excess of O,. The pressure and inlet
gas velocities were maintained as in the previous experiments, while the precursor

concentration was varied between 200 and 700 ppm.

White nanoparticles corresponding to SnO, were obtained from this
investigation, which was confirmed by AES. The quantity of SnO, nanoparticles
obtained was significantly higher than that obtained for each of the previous SnO;
experiments. The results from these investigations show that stoichiomteric H,/O, ratios
are inadequate for the synthesis of fully oxidized materials. This phenomenon can be
partially attributed to OH" distribution within the system as well as flame chemistry
involving dilute concentrations of metalorganic precursors. OH'is assumed to be
responsible for the oxidation of species released during thermal dissociation of the
metal organic precursor. However, 1-dimension simulation of its concentration in the
reactor was investigated with CHEMKIN’s PREMIX  and presented in Figure
4.13 [84].
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Figure 4.13: PREMIX" simulation of 0O, and OH ' concentrations above burner

matrix for H,/0, ratios of 1.4 and 0.97
The simulation indicates that the O, concentration is depleted at about 2 cm height

above burner, while a progressive increase in OH® concentration is observed

accordingly. The OH" concentration is vital for the “high speed” oxidation process and

its concentration with respect to height above burner is indicative of the degree of
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oxidation at the position. Hence, the oxidation process is assumed to be complete at

5 cm height above burner due to no further increase of the OH ® concentration.

Tin oxide stoichiometries are displayed as a function of the H,/O, ratio in Figure

4.14 whereby the stoichiometries have been determined by Auger electron

spectroscopy (AES).
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Figure 4.14: Tin-oxide stoichiometries with respect to H,/O, ratios in the low-

pressure premixed flame reactor

From the illustration in Figure 4.14, the SnO and SnO, regions are relatively small in
comparison to that of SnO,. Furthermore, a linear relationship exists between the H,/O;
ratio and the resulting tin-oxide stoichiometry [23,80]. This confirms that the tin-oxide
stoichiometry can be effectively “tuned” during flame synthesis by varying the H»/O,

ratios.

The physical properties of the SnO, nanoparticles were further characterized
with the PMS, XRD and UV-spectroscopy and the results compared to those for SnO;
nanoparticles. The trend of the mean particle diameter with respect to HAB for SnO,
nanoparticles is similar to that for SnO, nanoparticles (Figure 4.15). The increase in
mean particle diameter was observed to be directly proportional to HAB, as was

similarly seen for SnO, nanoparticles.
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Figure 4.15: Influence of HAB on the count mean diameter of SnO, particles

synthesized in the low-pressure flame reactor

XRD analyses were performed on almost all the tin oxides to investigate any significant
differences that might be as a result of the various stoichiometries. Commercial SnO is
known to have a different crystal structure in comparison to SnO,. However, the crystal
structure of flame synthesized SnO could not be analyzed, due to lack of macroscopic

quantities for this investigation.

The XRD of SnOj 74 particles showed no significant difference in comparison to
SnO; as seen in Figure 4.16, hence, the crystal structure of SnO; 74 can be assumed to be
almost identical with that of SnO; particles. It is expected that SnO, 74 particles that has
some oxygen deficiency in the crystal lattice will exhibit some major differences in
comparison to SnO, particles when analyzed by XRD. This is because loss of oxygen in
the crystal lattice should lead to the re-adjustment of the lattice, which inherently can
influence the crystal structure and the lattice parameters. However, the absence of
oxygen atoms in the crystal lattice does not result in a collapse of the crystal structure
rather the lattice parameters slightly change towards a structurally stable arrangement in
order to annul the effect of the oxygen deficiency in its crystal lattice. This theory has

not been experimentally proven, however, preliminary results from on going ab-initio
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simulation into oxygen deficiency in the SnO, crystal lattice seems to support this

statement.

Intensity / a.u

Figure 4.16: X-ray diffractogram of SnO, 74 and SnO, nanoparticles synthesized in

the low-pressure flame reactor

In order to understand the formation of Sn-atoms from the precursor tetramethyl
tin (TMT) and its subsequent oxidation by O,, some high temperature shock tube
experiments have been performed [85]. A shock tube is a high temperature wave
reactor, in which gas mixtures can be instantaneously heated up to constant high
temperatures for about 1 to 2 ps. Thermal dissociation reactions initiated in that way can

be followed by spectroscopic methods and evaluated in terms of rate coefficients.

The thermal dissociation of the Sn-precursor (TMT) and the subsequent
oxidation by O, was studied in mixtures of TMT/O,, diluted in Ar at temperatures
1025 K< T <1390 K and a pressure of about 1.6 bar [86]. A typical experimental result
is shown in Figure 4.17. The time ¢ = O characterizes the arrival of the shockwave and
the associated sudden temperature increase. The precursor decomposes forming Sn-
atoms during the first 300 ps, thereafter, the Sn-concentration decreases due to
oxidation by O,. The computer simulation (red line) is able to verify the experimental

finding, but the oxidation product SnO and SnO, could not be recognized.
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Figure 4.17: Measured Sn-concentration profile showing a rapid formation during

TMT-dissociation and subsequent consumption due to oxidation by Os.

Therefore, additional shock tube experiments [85] were performed using SnO-
nanoparticles, which were generated in a tube furnace and later dispersed in O,/Ar gas
mixtures. At the high post-shock temperatures, the particles evaporate, which could
result in the formation of gas phase SnO. Further oxidation by O, was directly measured
by detecting the appearance of O atoms from experiments performed in the temperature

range 1700 K < T <2300 K at pressures around 100 KPa

SnO, + O — SnOy; + O 4.3)
A rate coefficient of the above reaction was determined and reported as:
cm’ mol's™

K = 1014.78 exp (23530 K/T)

The corresponding Arrhenius diagram is presented in the figure below.
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Figure 4.18: Arrhenius diagram of the rate coefficient for the reaction

SnO; + O; — SnOy + O determined based on O-atom measurements

4.1.4 Electrical properties of SnO; and SnQO, nanoparticles

Electrical characterization of the flame synthesized tin oxides was performed with
impedance spectroscopy. Tin oxide like many transparent conducting metal oxides, has
the potential to change its conductivity when exposed to different gases (oxidizing and
reducing). The possibility of characterizing the behaviour of tin oxides with respect to

changes in their conductivity can potentially be applied to gas-sensing devices.

The SnO, nanoparticles were deposited on an inter-digital capacitor (/DC) using
the molecular-beam-assisted-particle-deposition method (MBAPD). The IDC shown in
Figure 4.19A, was positioned in the analysis chamber of the low-pressure reactor, with
a specially constructed holder. Positioning the IDC device correctly in the reactor is of
utmost importance, due to the relatively small dimension of the device, as well as small

contact area of the molecular beam.
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Figure 4.19: Photo and SEM image of various magnifications of an inter-digital
capacitor structure (/DC) for impedance spectroscopic analysis of

nanoparticles

Consequently, tin oxide particles in the molecular beam were separately deposited on
the structure that consists of gold fingers with a distance of 200 nm and width of
400 nm. These fingers have a parallel arrangement and cover an area of 50 pm by
100 pm as shown by the magnifications in Figure 4.19b6 and c. The fingers are
contacted, and the entire device was placed in a separate set-up after particle deposition

for IS measurements.

A Nyquist plot (Figure 4.20) generated from the IS measurement shows the
resistance distributions of SnO, SnO; 74 and SnO, nanoparticles. The commercial SnO
material was pressed into a small disk and IS analysis performed using another set-up
that was previously described elsewhere [87]. It must be stated that the influence of the
sample preparation method, which differs for SnO and SnOy (1 <x<2) is considered as

non-consequential on the result presented in Figure 4.20.
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Figure 4.20: Nygquist plot of commercial SnO, SnO;74 and SnO; nanoparticles
showing resistance contributions of these materials for both high

frequency (HF) and low frequency (LF) measurements

The Nyquist plot indicates the resistivity of the tin oxides measured by impedance
spectroscopy. The z'-axis represents the real part of the impedance analysis while the z"-
axis represents the imaginary part. From Figure 4.20, it was observed that SnO exhibits
the smallest resistance in comparison to SnO; 74 and SnO,. Hence it can be concluded
that the conductivity of SnO (see red point on Figure 4.20) is significantly higher than
that of SnO;74 and SnO;. In the same context, SnO; 74 and SnO; nanoparticles reveal
two contributions to the overall impedance, whereby, SnO; 74 shows a smaller resistance
in the low frequency (LF) range. These contributions originate from bulk and grain
boundary conduction processes that can be separated with AC methods. However, these
results confirm the enhancement of conductivities with decreasing oxygen content,

which arises from oxygen atom deficiencies in the crystal lattice of the material.

Based on this observation, detailed impedance measurements of SnO, were
performed in synthetic air in the temperature range from 343 to 503 K, for increasing
and decreasing temperatures. Figure 4.21 shows the Nyquist diagram of two
measurements at 433 K, the first during the heating process and the subsequent cooling
process. For both measurements, the results show semi-circles as expected for semi-
conducting materials. The second measurement (cooling) showed enhanced

conductivity.
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Figure 4.21: Nyquist plot of SnO, nanoparticles measured during heating and cooling

of the sample material

Based on the low frequency conductivity values, the temperature dependence was

analysed by means of an Arrhenius diagram (Figure 4.22). The activation energy of the

charge carrier transport process represented by the heating process can be extracted

from the slope of the low temperature range and has been calculated to be

302 meV [80]. The overall conductivity is however relatively better due to a sintering

process that improves the grain boundary contacts.
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Figure 4.22: Arrhenius diagram obtained from analysis of the Bode plot of SnO,

nanoparticles for both heating and cooling of the sample material

The difference in conductivity between heating and cooling can be attributed to physical
changes of the material. Starting from 400 K, the conductivity increases some orders of
magnitude and remains significantly high when the sample is cooled down. This
behaviour is well known for nano-particulate materials and can be attributed to sintering
processes without growth. However, the activation energy for the charge carrier
transport process after sintering can be extracted and calculated to be -363 meV.
Furthermore the sintering process resulted in no significant growth rather better contact
between the particles were observed from the scanning electron microscope (SEM)

images.

From the result of the electrical investigation of SnO, particles, the temperature
dependent semi-conducting behaviour of this material was confirmed. The semi-
conducting behaviour of tin oxide has been reported to be influenced by the particle

size [83], hence particle size control is essential for obtaining tailored materials.
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4.2 Titanium dioxide nanoparticles (TiO,)

Titania (TiO,) is the most widely researched metal oxide in the world and has been in
commercial production for over 60 years. However, research into its synthesis,
functionalization, characterization, and commercialization continues with huge
interest [2,11]. The interest in titania stems from its unique properties, which have been
applied to pigments, UV-protection creams, and more recently in photocatalysis as well
as solar cells. The mean particle size, crystallinity, and morphology are some of the
properties that determine its suitability for various applications previously enumerated.
The objective of this study was to investigate the conditions necessary for the synthesis
of nanosized titania in the low-pressure premixed flame reactor, as well as characterize
its properties. Finally the photocatalytic efficiency of the flame synthesized titania was

investigated and compared with commercial titania P25 from Degussa.

4.2.1 Synthesis of TiO, nanoparticles

The synthesis of TiO, nanoparticles was performed in the low-pressure reactor by
doping the premixed H./O,/Ar flame with dilute concentrations of titanium tetra
isopropoxide (TTIP). This precursor has very low vapour pressure at room
temperature (< 0.1 mbar at 25°C), hence, it cannot be diluted in the mixing
vessel (section 3.1.1) like other precursors previously described (see precursor
properties in Table 7.4 of Appendix A). Dilute concentrations of TTIP was achieved
using either the controlled evaporation and mixing device (CEM) or the pressure
controlled mixing device both described in section 3.1.2 and 3.1.3, respectively. The

experimental parameters for TiO, synthesis in the low-pressure flame reactor are as

follows:
Precursor mass flow (TTIP) 0.5-15¢gh
Reactor pressure Pp 30 mbar
H, / O, ratio 0.67-2.0
Inlet gas velocity v, 1.32 m/s
Height above burner HAB 80 — 180 mm
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The synthesis of TiO, particles from TTIP is described by a simple overall reaction

given as follows:
Ti(OC3Hy7)4 + 702 — TiO; + COxg) + 14H20(g 4.4

From the experiment, white crystalline TiO, nanoparticles were generated for
H,/0O, <0.85. For this synthesis, the oxygen concentration was slightly reduced than is
typically required, due to the presence of oxygen in the precursor. However, further
reduction of the oxygen concentration (H»/O, > 1.5) results in the formation of non-
stoichiometric TiO, powders that exhibit different colours (blue, grey etc.) other than

white. The physical properties of bulk TiO, are reported in Table 7.5 of Appendix A.

4.2.2 Characterization of flame synthesized TiO, nanoparticles

The PMS was used to analyze the particle size distribution of the TiO, nanoparticles
while varying the precursor flow rate and the height above burner HAB. These two
parameters have been identified from previous investigations as the most important
factors, which influence the mean particle diameter of materials synthesized in the low-
pressure flame reactor. The PMS signal and the velocity measurement required for

determining the particle size distribution are presented in Figure 4.23.
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Figure 4.23: PMS signal of TiO; nanoparticles synthesized in the low-pressure

reactor; the insert shows the velocity measurement of the material.
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The particle velocity calculated from Figure 4.23 insert was equal to 500 m/s. From this
result, a count mean diameter at CMD = 6.07 nm and geometric standard deviation
o, = 1.19 were obtained [88]. Consequently, the change of the mean particle diameter

of TiO, particles with respect to HAB was investigated and the result presented in

Figure 4.24.
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Figure 4.24: Influence of HAB on the count mean diameter of TiO, particles (Error

bars represent the deviation from the mean particle diameter at each HAB)

The mean particle diameter was observed to increase correspondingly with the HAB for
TiO, nanoparticles due to increased coagulation and coalescence. However, the rate of
change of the mean particle diameter was observed to occur relatively fast, whereby,
particle detection began at relatively low HAB values. This indicates that the nucleation
and particle growth process occur relatively fast for this material. Consequently low
geometric standard deviations were observed at low HAB values, which progressively
increased, as the HAB increased. Overall a 2 nm change in the mean particle diameter
and 4 % change in the standard geometric deviation were observed over a distance of

30 mm.

The influence of 77IP flow rate on the mean particle diameter of TiO,
nanoparticles was investigated by varying the flow rate at 0.25 g/h intervals starting

from 0.5 g/h to 1.5 g/h. The TTIP flow rate is directly proportional to the concentration
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of TTIP in the reactor, and has a direct influence on the mean particle diameter of the
material (Figure 4.25). The increase in the mean particle diameter was attributed to the
increased coagulation due to higher number of species available as TTIP flow rate
increases. A change of about 2 nm was observed for a change in the 77IP flow rate
from 0.5 to 1.5 g/h. The 2 nm change might appear insignificant, however for particles
with mean particle diameter below 10 nm, this change is significant and represents over
20% change in this property. It was also observed that the particle size approaches a
maximum for high TTIP flow rates. This saturation was attributed to the constant HAB
selected for this investigation. The HAB is proportional to the residence time for particle
growth, hence, for increasing precursor flow rate, more frequent coagulation,
coalescence and particle growth occurs. Therefore, if the maximum residence time
available is reached, while precursor flow rate is increasing, there will be insufficient
time for particle growth, hence the PMS result indicates the onset of saturation in the

profile.

8 ) ) ) ) )
£
c
~
S

I

o 6p 1
[0} /
& L
R /
T 4t + 4
©°
(&) , .
= —&—TiO, nanoparticles
@© -
S st P_= 30 mbar 4
c H,/0,=0.67-1.14
@ HAB = 105 mm
=

0 L :

0.4 . 0.6 . OT8 . 1TO . 1?2 . 1.4 . 1.6
TTIP flow rate / g/h

Figure 4.25: The influence of TTIP flow rate on the mean particle diameter of TiO,

nanoparticles

The mechanism for the synthesis of TiO, from T7TIP follows the thermal dissociation
mode. This model is typical for many metalorganic precursors and has been described

in detail by Pratsinis et al. [89] for TiO, synthesis from TiCly.
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The TiO2 nanoparticles synthesized under different Hy/O, ratio were analyzed with
XRD. The result of the investigation is presented in the diffractogram shown in Figure
4.26. From the diffractogram, a sharp Bragg reflection at 26 = 33.10 was observed, and
can be attributed to the silicon substrate on which the TiO, nanoparticles were
deposited. Two different H,/O, ratios (0.67 and 1.0) were selected so as to investigate
the influence of temperature on the material, whereby, the oxygen concentration was set

so that synthesis of completely oxidized TiO, nanoparticles will be achieved.
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Figure 4.26: XRD of TiO, nanoparticles synthesized under different H,/O; ratios in

the low-pressure flame reactor

From the diffractogram, both powders show dominant anatase structure with traces of
the rutile crystal structure. However, the particles synthesized at Hy/O, =1 show
significant rutile Bragg reflections in comparison to the particles synthesized at H,/O,
ratio of 0.67. The rutile crystal structure is the most stable structure of titania, which
usually evolves at higher temperatures. Hence, it was initially suggested that due to
higher H; and lower Ar concentrations for H»/O, = 1.0 in the premixed flame, the flame
temperature was higher than that for the lower H, concentration. However, flame
temperature measurement from NO-LIF analysis for various H»/O; ratios, revealed only

a slight difference in the maximum temperature for both H,/O, ratios, but similar
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cooling profile downstream of the flame. Hence the rise of the rutile Bragg reflections

cannot be attributed directly to the increased flame temperature.

It has been reported that increasing the oxygen concentration during flame
synthesis of titania with TTIP, improves the formation of the anatase phase [52]. Hence
the formations of the anatase and rutile crystal structures are influenced by the relative
concentration of the oxidant in the synthesis environment. The common crystal

structures and lattice parameters of TiO, are presented in Table 7.6 of the Appendix A.

The flame synthesized TiO, nanoparticles (mixed anatase and rutile) have a

tetragonal structure, similar to the rutile structure of SnO,, whereby the space groups for
rutile and anatase TiO, particles are D};, — P4,/mnm and D;,, —14,/amd respectively.

The lattice parameters calculated from the diffractogram were compared to the literature

values for anatase and rutile structured TiO, particles, and is presented in Table 4.1.

Table 4.1: Lattice parameter values for rutile, anatase and TiO, nanoparticles

synthesized in the low-pressure reactor

TiO, a (nm) ¢ (nm) c/a
Rutile [90] 0.4584 0.2953 0.644
Anatase [90] 0.3733 0.937 2.51
Flame synthesized 0.376 0.928 2.46

The calculated lattice parameters for the flame synthesized TiO; nanoparticles appear to
be similar to literature reported values for the anatase structure. This result further
confirms that the flame synthesized titania is not homogenously composed of a single
crystal structure, rather it is a hybrid of the dominant anatase and the recessive rutile

structures.

TiO, nanoparticles synthesized for a very low TTIP flow rate of 0.5 g/h were
sampled using the previously described MBAPD at HAB = 60 mm. The micrograph with
the sampled TiO, nanoparticles is presented in Figure 4.27. It shows that the particles
are not highly agglomerated, which is in contrast to previous observations of flame
synthesized powders. The insert shows the particle deposition over a wider area (lower

magnification), where it is observed that the deposition is homogenous. The relatively
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low TTIP flow rate, coupled with the molecular beam expansion of the aerosol, as well
as short sampling time, resulted in the low agglomeration observed on the micrograph.
In practice, particles thermophoretically deposited in the combustion chamber and filter

systems of the reactor, always have a high degree of agglomeration.

TEM image analysis of the micrograph was performed, and the result compared
to the particle size distribution from the PMS analysis. Both analyses were observed to

be in good agreement, and consistent with the findings from SnO, synthesis.

Figure 4.27: TEM micrograph of TiO, nanoparticles sampled with the molecular
beam assisted particle deposition system; the insert shows the particle

deposition on a lower magnification

UV spectroscopy of the flame synthesized TiO; nanoparticles was performed, and the
result presented on Figure 4.28 (insert) as normalized reflectance of the material as a
function of the wavelength of the incident light. The spectrum indicates that TiO,
reflectance decreases in the UV range that begins at about 390 nm. This value
corresponds well to the literature reported optical behaviour of anatase TiO, [90].
Analysis of the reflectance spectra with the Kubelka-Munk function (Figure 4.28)
yielded an optical band gap of 3.33 eV that is significantly different from the 3.0 eV for

rutile, and 3.2 eV for anatase, reported in literature [90]. The explanation for this
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discrepancy could not be established within the context of this research. However, this

observation presents a platform for future works on the crystal structures of titania.
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Figure 4.28: Analysis of the optical band gap of nanosized TiO; particles; the insert
shows the normalized reflectance spectra of the as-synthesized TiO;

nanoparticles

4.2.3 Photocatalytic activity of flame synthesized TiO, nanoparticles

The photocatalytic activity of the flame generated titania was investigated and
compared to commercial titania powder, by using the materials for the photo-
mineralization of 4-chlorophenol (4CP). The experimental set-up consist of a conical
flask reactor made of quartz glass, UV lamps, membrane pumps, a gas chromatograph,
CO, gas for calibration of the chromatograph and O, for the mineralization reaction.
Three different titania powders were selected, whereby two of these powders were
synthesized in the low-pressure flame reactor while the third powder was from Degussa
(P25). The mineralization of 4CP was performed separately with each of the powder
sample. 4CP was used as the model volatile organic compound (VOC), due to previous
success with this material for mineralization investigations [91]. Before the experiment

began, the set-up was initially calibrated with CO, to ensure that the correct
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concentration of CO, was measured. The VOC was then placed in the reactor containing
100 mg of titania powder, and the pH value was adjusted with perchloric acid. 500-
700 ppm of O, gas was then pumped into the reactor while a magnetic stirrer was used
to stir the mixture. The mineralization of 4CP should yield CO, gas, as an indicator that
mineralization has occurred. A maximum of 5% CO; is expected from this reaction as

reported in literature [91].

The result obtained for flame synthesized titania powders with BET surfaces of
156 and 234 m*/g, as well as from P25 (BET surface = 50 m?/g) are presented in Figure
4.29. The 234 rn2/g flame synthesized TiO, and P25 showed better photocatalysis than
the 156 mz/g powder. Further analysis of the flame synthesized powders, indicates that
the 156 m2/g powder shows significantly more rutile structure than the 234 m?/ g

powder.
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Figure 4.29: Comparative analysis of photocatalytic activity of flame synthesized

TiO, powders and commercial TiO, (Degussa P25)

Hence the improved photocatalytic activity observed for the 234 mz/g powder can be
attributed to its anatase structure and smaller mean particle diameter, which influences

the quantum efficiency of TiO,.

The quantum efficiency of titania is determined by the competition for charge
carriers between the RedOx reactions, and the electron-hole recombination process, and
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has been reported to be a function of the particle diameter [92]. From this investigation,
the synthesis of TiO, was successfully performed and characterized. Furthermore, the
photocatalytic efficiency of the powder has been established whereby, the mean particle

size was observed to influence this efficiency.
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4.3 Ti0,-SnO, mixed oxide nanoparticles

In order to improve the quantum efficiency of TiO, particles several suggestion were
proffered. These include the synthesis of a TiO,-SnO;, nanocomposite, which should
prevent the recombination of electrons and holes, hence improving the quantum
efficiency of the photocatalytic material [41]. However, the objective of this
investigation was rather to synthesize and “tune” the band gap of titania. The aim is to
generate a TiO,-SnO; nanocomposite, whereby the presence of two different elements
in an oxide matrix is expected to result in a band gap change. The objective was
achieved by doping the premixed H,/O,/Ar flame with dilute concentrations of titanium
tetra isopropoxide (77TIP) and tetramethyl tin (TMT) simultaneously. From the phase
diagram of TiO, and SnO; (see Figure 4.30), the conditions necessary to generate
several composite arrangements (mixed or segregated oxides) are displayed. Therefore,
in other to synthesize mixed oxide particles in the flame, which has a maximum
temperature of 1400 K, TTIP:TMT concentration ratios of 10:1, 4:1 and 1:1 were

selected.
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Figure 4.30: Phase diagram of TiO, and SnO, showing immiscible and mixed oxide

sections
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4.3.1 Synthesis of TiO,-SnO, mixed oxide nanoparticles

For the synthesis of the TiO,-SnO; nanoparticles, dilute concentrations of 77IP and
TMT were sent co-currently via separate pipes into the reactor. The precursors were
initially mixed in a small chamber behind the burner matrix, whereby, glass pearls in
this chamber improves the mixing process by turbulence. It is assumed that no reaction
of the precursors occur during the initial mixing, due to high argon dilution rates, low
temperature of the chamber and low residence time. The parameters for the flame

synthesis of TiO,-SnO, nanoparticles are given as:

Precursors concentrations ratio (T7TIP:TMT)(10:1; 4.1; 1:1)

Reactor pressure Pp 30 mbar

H, / O, ratio 0.58 - 0.75
Inlet gas velocity v, 1.32 m/s
Height above burner HAB 80 — 200 mm

Based on previous synthesis of TiO, and SnO,, the H,/O, ratio was selected to ensure
sufficient oxygen (factor 20 in excess) for complete oxidation of the metalorganic
precursor. A white coloured powder was obtained from each of the three experiments
with varying precursor concentration ratios. The materials were consequently

characterized with both in-situ and ex-situ characterization techniques.

4.3.2 Characterization of the TiO,-SnO, mixed oxide particles

The mean particle diameters of the composite materials were investigated with the PMS
for changes with respect to variation of the HAB as shown in Figure 4.31. For the
evaluation of the count mean diameters (CMD) from the PMS signal, the density of the
composite material was calculated based on the concentration of the precursors in the

inlet gas mixture. This method has been described and reported in detail elsewhere [27].

From the PMS result, the particles were observed to show “delayed growth”
whereby, the first particle diameter was detected at relatively high HAB (170 mm). The
mean particle diameter was observed to increase with rising HAB, which is an
established trend for particles synthesized with dilute precursor concentrations in this
reactor. The mean particle diameters were observed to change from 5.3 to 8.3 nm for a
HAB difference of 30 mm and a geometric standard deviation change between o, = 1.19

and 1.25. The error bars on Figure 4.31 represent the geometric standard deviation
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measured at different HABs and was observed to increase with rising HAB. In general
the TiO,-SnO, nanoparticles exhibit similar particle growth tendency like other metal

oxide particles synthesized in the low-pressure premixed flame reactor.

Error bars represent standard deviation
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Figure 4.31: The influence of the mean particle diameter of TiO,-SnO, nanoparticles

from the flow coordinate Ti:Sn = 10:1

White TiO,-SnO, particles thermophoretically deposited on the reactor walls as well as
in the particle filter system were collected and analyzed with XRD. This was to
determine the crystallinity of the material, as well as provide information on the type of
metal oxide arrangement (either nanocomposite or mixed oxide) obtained. The XRD of
TiO,-SnO, powder was compared to the XRD spectra of pure SnO, as shown in a
diffractogram on Figure 4.32. The high crystallinity of the synthesized materials was
confirmed from the Bragg reflexes on the diffractogram. Segregated TiO, and SnO,
Bragg reflections were not identified on the diffractogram, which implies that a
nanocomposite arrangement was not achieved during his synthesis. Rather, a mixed
oxide arrangement was obtained. For a mixed oxide arrangement, it is assumed that
Sn** was either substitutively or interstitial placed in the crystal lattice of TiO,. Hence
the mixed oxide arrangement can best be depicted as Ti;.«SnyO, arrangement, whereby,
x represents the concentration of Sn** in the TiO, lattice. Furthermore, despite the high

TTIP concentration for all experiments, the spectra of the synthesized materials tended
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towards the spectrum of pure SnO; (Figure 4.32). Further observation indicates that a
direct correlation can be established between the TMT concentration in the inlet gas

mixture, and the optical properties of the mixed oxide.
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Figure 4.32: Normalized XRD of TiO,-SnO, mixed oxide nanoparticles and pure

SnO, nanoparticles synthesized in the low-pressure premixed flame reactor

The lattice parameters of the mixed oxides were calculated from the diffractogram and
compared to the values for pure TiO, and SnO,. The result presented in This observed
phenomenon can be attributed to the SnO, that readily crystallizes into the tetragonal
rutile arrangement when synthesized in the low-pressure reactor. Hence, the addition of
SnO; into the crystal lattice of anatase TiO,, results in its transformation into a rutile
crystal structure. SnO; is thus referred to as a “rutilizer” because of this observed

phenomenon.

Table 4.2 shows that the lattice parameters for the mixed oxides lie between that of the
rutile TiO, and the rutile SnO,. The parameters correspondingly change with the SnO;
concentration in the mixed oxide arrangement. This result clearly confirms the optical
observation from the XRD analysis, whereby a shift in the spectrum of each mixed
oxide can be correlated to the concentration of tin precursor in the inlet gas mixture.
Furthermore, as-synthesized TiO; from the low-pressure premixed flame reactor shows

predominantly the anatase crystal structure with some traces of the rutile arrangement.
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However, when low concentrations of TMT were included along with the inlet gas
mixture, a mixed-oxide with rutile structure was generated. This observed phenomenon
can be attributed to the SnO, that readily crystallizes into the tetragonal rutile
arrangement when synthesized in the low-pressure reactor. Hence, the addition of SnO,
into the crystal lattice of anatase TiO,, results in its transformation into a rutile crystal

structure. SnO; is thus referred to as a “rutilizer” because of this observed phenomenon.

Table 4.2: Comparative analysis of the lattice parameters for TiO,-SnO, mixed

oxides, TiO; and SnO; nanoparticles synthesized in the low-pressure flame

Concentration ratios a (nm) c (nm) c/a

SnO, 0.472 0.318 0.674
TiO, / SnO, 1:1 0.468 0.315 0.673
TiO, / SnO, 4:1 0.463 0.309 0.667
TiO, / SnO, 10:1 0.464 0.305 0.657
TiO, (Rutile) 0.459 0.296 0.644

Vergard’s law describes the linear relationship between the lattice parameters and
composition of the composite materials (expressed in percentages). Based on this law,
the lattice parameters of the mixed oxides should vary proportionally to the percentage
composition of tin in the material. Figure 4.33 shows analysis of the lattice parameters

for pure SnO;,, the mixed oxides, and TiO, based on Vergard’s law.
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Figure 4.33: Lattice parameters a and c of the mixed oxides compared to the values for

pure SnO; and TiO; according to Vergard’s law

The error bars on the lattice parameters for the mixed oxides represent the deviation of
these parameters based on Vergard’s law. The trend for both lattice parameters (a and c)
with varying (TiO, and SnO,) composition was observed to be similar. However, the
values of these parameters do not ideally comply with Vergard’s law, although the

deviations are considered to be tolerable.

UV reflectance spectra of the mixed oxides were performed and compared to the
results obtained for pure TiO, and SnO; nanoparticles. From the initial reflectance
spectrum, significant differences were not observed for the materials under
investigation. However, differentiation of the reflectance with respect to the wavelength
of the incident light was performed, which revealed significant differences between the
materials. The result of this mathematical operation is presented in Figure 4.34,
whereby, the maximum of the mixed oxides spectra were observed to lie sequentially

between those of SnO, and TiO,.
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Figure 4.34: Comparative analysis of the differential of the optical reflectance of the
mixed oxide, TiO, and SnO; nanoparticles with respect to the wavelength of

the incident light

The position of the maximum can be correlated to the SnO, concentration in the mixed
oxide powder, whereby, each mixed oxide has a different optical band gap that varies
with the SnO, content. This implies that by varying the concentration ratios of TMT and
TTIP in the inlet gas mixture, the band gap of the resulting mixed oxide can be

“tuned” [80].

The mixed oxide particles (TTIP:TMT, 4:1) were sampled on a micrograph
using the pneumatic assisted TEM sampling device. Figure 4.35A shows the TiO,-SnO,
nanoparticles, with a relatively high degree of soft and hard agglomerates. The particle
morphology was observed to be spherical and the particle diameters are below 10 nm.
The particles appear homogenous with no traces of islands where segregated TiO, and
SnO; exist. Energy dispersive spectroscopy (EDX) was performed on particle ensembles
as well as on single isolated particles (nano-beam investigation) to determine
qualitatively and quantitatively the composition of the as-synthesized materials. The
EDX results established the presence of Ti, Sn and O in both the particle ensemble as
well as on single isolated particle. However, quantitative analysis of the elements did

not yield a result that corresponds to the TTIP:TMT ratio in the inlet gas mixture.
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Hence, it was concluded that the composition of the mixed oxides do not precisely
correspond to the precursor mixing ratio. However, the trends of the precursor mixing

ratios were sustained in the end products (mixed oxides).

Figure 4.35: A) TEM micrograph of TiO»-SnO, (4:1); B) HR-TEM of the same

particle sampled with the pneumatic assisted TEM sampling device

HR-TEM of the TiO,-SnO, mixed oxide was also performed as shown in Figure 4.35B,
whereby the particle morphology was confirmed as spherical. The lattice fringes, which
are an indication of the well ordered crystallite, can be seen as parallel lines on the

particles. Hence, the mixed oxide was confirmed as being highly crystalline.

BET analyses of the mixed oxide particles were performed with a 5 point BET
measuring equipment described previously in section 3.5.2. Depending on the HAB
selected during synthesis, mixed oxides with BET values between 176 and 234 mZ/g
were obtained. These surface areas are quite large in comparison to commercial
titania (Degussa P25) with a surface area of 50 m2/g [93]. The BET values where
converted into equivalent diameters based on the spherical morphology of the particles
as observed on the HR-TEM micrograph (Figure 4.35). The densities used were
calculated empirically based on the precursor concentrations used for the synthesis of
the mixed oxides. The results were compared to diameters obtained from PMS and
XRD.

Figure 4.36 indicate that all methods show similar tendencies, whereby the mean
particle diameter rises with increase of the TTIP composition in the inlet gas mixture.

This increase is due to the relatively high precursor concentrations selected for higher
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TTIP:TMT ratios (TTIP:TMT 2629:262). As a result, more frequent coagulation,

coalescence and surface growth of species occur, leading to large particles.
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Figure 4.36: Comparative analysis of particle diameters obtained from PMS, BET

and XRD analysis of the TiO,-SnO;, mixed oxide particles

The result of the XRD (crystallite size) differs somewhat from the BET and PMS
measurements. The crystallite size represents the size of the particle crystal with an
ordered lattice, whereby, crystalline flame synthesized materials often have an
amorphous shell encasing a crystal core. Furthermore, particle size from XRD analysis
in this size regime, introduces some uncertainties that make the result difficult to
compare with other particle sizing technique. Hence, the crystallite size is often lower
than the mean particle diameter and is thus not considered as the mean particle diameter
of the material. However, the tendency of its change with respect to the TiO, content

validates the trend observed for BET and PMS analysis.

The formation of TiO,-SnO, mixed oxide in the low-pressure flame can be
attributed to the temperature and precursor ratios selected for the synthesis. Based on
the phase diagram of both oxides (see Figure 4.30) the selected synthesis parameters
should result in miscible oxides, which was confirmed by XRD and UV-Vis analysis of

the mixed oxides. Furthermore, due to the high temperature gradient and short residence
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time in the low-pressure reactor, a specific composition of the material is often “frozen”

that result in kinetically controlled synthesis of the materials.

4.3.3 Electrical properties of the TiO,-SnO, mixed oxide nanoparticles

The electrical properties of the mixed oxides were investigated under ambient
conditions and compared to that of pure TiO, and SnO,. The result of the investigation
is presented in Figure 4.37, whereby InG represents the real part of

conductivity (inversely proportional z') of the material.

From the result, TiO; exhibits very poor conductivity, in contrast to pure SnO,.
The mixed oxides (1:1 and 10:1) show conductivities that lie between pure TiO, and
SnO,. The conductivity of the mixed oxide was observed to vary with the Sn content,
whereby the mixed oxide with higher Sn content showed the higher conductivity in
comparison to the other. This result is in accordance with the trends observed from XRD

and UV-Vis investigations of the mixed oxide powders.
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Figure 4.37: Comparative analysis of the conductivity of the TiO,-SnO, mixed
oxides as well as, TiO, and SnO; nanoparticles synthesized in the low-

pressure premixed flame

In conclusion, the exact arrangement of the mixed oxide crystal lattice with respect to

the position of Ti and Sn was not established in the course of this research (interstitial or
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substitutive). However, lattice parameters as observed, can only change when Ti is
substitutionally replaced by Sn. It is obvious from the characterization methods
employed that a mixed oxide was synthesized in the low-pressure premixed flame

reactor.
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4.4 Time resolved laser induced incandescence (TiRe-LII)

An attempt to measure the particle size of iron oxide (Fe,Os3) nanoparticles, synthesized
in the low-pressure premixed H,/O,/Ar flame reactor, with the time resolved laser
induced incandescence (TiRe-LII) method was performed. The objective of this
investigation was to implement a fast, non-intrusive and independent online-particle
sizing technique, which will be compared to the results obtained from the particle mass
spectrometer (PMS) of the metal oxide nanoparticles. The PMS has successfully been
tested on different nanosized oxides and non-oxides, synthesized under low-pressure
conditions [19,58,59], while the TiRe-LIl has also been implemented in several
processes and on different nanosized materials [64,65]. However, both methods have
limitations due to assumptions necessary for the simplification of the analysis. TiRe-LII
is dependent on the ability of the material to absorb and radiate energy that it receives
from a laser pulse, whereby, soot is known to be a model material for this analysis.
Furthermore, soot particles were previously characterized with the PMS in the low-
pressure reactor with huge success [62]. Hence, soot was selected as a model particle

for the investigation and validation of both measurement techniques.

4.4.1 Synthesis and characterization of Fe,O3 nanoparticles

Fe,Os was synthesized by doping the low-pressure Ho/O,/Ar premixed flame with dilute
precursor concentrations of iron pentacarbonyl (Fe(CO)s). The precursor was diluted in
the same manner as for SnO, synthesis and the concentration in the flame was
controlled with a mass flow controller. The flame conditions were similar to that for
SnO; synthesis; however the reactor pressure was varied between 40 and 50 mbar. The

parameters for the synthesis are hereby listed as:

Reactor pressure Pp 40 - 50 mbar
Fe,O;5 concentration 300 — 1000 ppm
Inlet gas velocity o, 1.32 m/s

Height above burner HAB 60 — 180 mm

A typical TiRe-LII raw-signal for a detection wavelength A ..., = 550 nm as a function
of the cooling time, measured at conditions p = 50 mbar and HAB = 100 mm is shown

in Figure 4.38.
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Figure 4.38: TiRe-LII signal of Fe,Os nanoparticles measured at detection wavelength

of 550 mm, HAB = 100 mm, and reactor pressure = 50 mbar, with filter

The sudden rise and consequent cooling profile signal does not exhibit a typical TiRe-
LIl signal for nano-particulate materials, due to the “irregular” nature of the cooling
profile. Furthermore, the laser energy density used was very high (0.72 Jem™?),
whereby, the high laser energy can result in the evaporation of the sample materials. In
other to ascertain if it is possible to obtain relatively good signals with low signal-to-
noise ratio, the optical filter was removed so as to subject the particles to a wider laser
wavelength spectrum without high energy density. The signal for this measurement is
presented in Figure 4.39. This signal shows a better profile with relatively longer
cooling time and lower laser energy density (0.22 J/em™). However, by removing the
filter, the TiRe-LII measurements have been compromised and the result cannot be

evaluated for particle size information.
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Figure 4.39: TiRe-LII signal of Fe,O3; nanoparticles measured at detection wavelength

of 550 mm, HAB = 100 mm, and reactor pressure = 50 mbar, without filter

Therefore, in other to demonstrate the practicability of the 7iRe-LII measurement to
particles generated in low-pressure conditions and subsequent comparison to PMS, a

model material (soot) was investigated, with both measuring methods in the reactor.

4.4.2 Synthesis of soot particles in the low-pressure reactor

For the implementation of the TiRe-LIl on soot particles in the low-pressure flame
reactor, the experimental set-up previously described was used. A major requirement for
the implementation of TiRe-LII is high particle concentration, which is necessary for the
detection of the emitted energy from the particles with a photomultiplier. Hence, for this
investigation, a sooty flame was used to ensure high concentrations of soot particles.

The parameters for the synthesis and corresponding spectroscopy are given as follows:

Reactor pressure Pp 40 - 50 mbar
C,Hy4 / O, ratio 2.125-2.5
Inlet gas velocity v, 1.32 m/s
Height above burner HAB 100 — 180 mm
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The mean particle diameter of the soot particles generated under the conditions
mentioned above, were investigated with PMS and TiRe-LII, while changing the height
above burner HAB and the reactor pressure. The result obtained from both methods

were analyzed and compared.

4.4.3 Characterization of soot particles

PMS measurements performed on soot particles at 40, 45 and 50 mbar as a function of
HAB is presented in Figure 4.40. For all reactor pressures, the growth of the particle
sizes with increasing HAB was observed. This observed behaviour was due to increased
residence time at high pressures, which results in a high growth rates of the soot
particles [12]. Furthermore, at high HABs (from 140 mm), saturation sets in, leading to
insignificant change of the mean particle diameter with increasing HAB. This
observation was attributed to the limitation of the PMS system in deflecting and
consequently measuring large particles. Hence particles above a certain mass will not be

deflected, which results in the saturation profile observed in Figure 4.40.
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Figure 4.40: CMD values obtained from PMS measurement analysis at different

reactor pressures and HAB positions

A typical TiRe-LII raw-signal for a detection wavelength A4 = 550 nm as a function

of the cooling time, measured at conditions p = 50 mbar and HAB = 120 mm is shown
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in Figure 4.41A. At time ¢ =0, which signifies the start of the laser pulse, a sudden
signal increase due to particle heating is observed. The laser pulse duration is 6 ns, after
which the particles radiate energy until the signal reaches its initial level after about
1700 ns. The section of the signal after the laser pulse duration was fitted with an
exponential function that describes the cooling profile of the particles under
investigation (see Figure 4.41B. The cooling time is relatively long because of the
suppressed cooling by heat conduction due to the low-pressure conditions. The
calculated CMD and o, from the analysis are 16 nm and 1.1, which are in good
agreement with the PMS results for the same conditions. The shape of the fitted curve
also agrees well with the measured signal. This result confirms that the used model

provides a reasonable representation of particle cooling under low-pressure conditions.
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Figure 4.41:A) Typical TiRe-LII cooling signal; B) TiRe-LII cooling signal showing
line of best fit for the curve, HAB = 120 mm

A set of normalized particle emission signals during cooling were obtained at three
different reactor pressures as shown in Figure 4.42A. All signals were measured at
Adetect =550 nm and HAB = 120 mm. The three decay curves have nearly the same
characteristics, whereby no clear pressure dependence could be optically established.
For the purpose of clarity, the signals were fitted with an exponential function as shown
in Figure 4.42B. From this analysis, a slight increase of cooling time with the reactor

pressure was observed.
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Figure 4.42: A) Normalized TiRe-LII signals measured at different reactor pressures;
B) Normalized TiRe-LII signals measured at different reactor pressures fitted

by exponential functions, HAB = 170 mm

The increase of the cooling time implies larger particles were measured for higher
reactor pressure. Increased reactor pressure leads to lower aerosol velocity, longer
residence time and consequently larger particles [88]. Evaluation of the particle size
diameter as a function of the reactor pressure was consequently calculated from the
original signal (Figure 4.42A). The results of the evaluation as well as the comparison to

PMS generated results are presented in Figure 4.43.
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Figure 4.43: Comparison of PMS and TiRe-LII results for varying reactor pressure

and constant residence time, HAB = 120 mm

Each TiRe-LIl point shown in Figure 4.43 was averaged from three individual
measurements and the deviation presented as error bars. The results of the two different
measuring techniques are in good agreement. However the disparity observed especially
at 45 mbar was due to instabilities from working at elevated pressures in the low-

pressure reactor (above 40 mbar).

Figure 4.44A shows four TiRe-LII signals measured at 550 nm for different
HABSs in the reactor at a constant reactor pressure of 40 mbar. The recorded emission
signals were normalized and fitted by exponential functions to establish the relationship
between HAB and the cooling time of the particles. Higher HABs that result in increased
residence time for particle growth, was observed to be proportional to the particle
cooling time. Hence longer cooling times were observed for higher HAB due to the
larger diameters of the particles as a result longer growth times. In Figure 4.44B the
results of TiRe-LIl and PMS measurements with varying residence time at constant
reactor pressures were compared. The evaluated CMD-values are presented as a
function of HAB, whereby the trends of the CMDs measured by TiRe-LII are in good
agreement. However, some disparity was observed in the actual values of the CMD

obtained.
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Figure 4.44: A) Normalized TiRe-LII signals measured at different HAB fitted by
exponential functions; B) Comparative analysis of PMS and TiRe-LII results

for varying HAB positions and constant reactor pressure

The present work demonstrates the applicability of time-resolved laser-induced
incandescence (7iRe-LIl) for soot particle-size measurements under low-pressure
conditions. Quantitative data evaluation requires the solution of a differential equation
system that consists of the energy and mass balance of a single particle during cooling.
Due to the low-pressure conditions in the reactor the heat transfer from the particle to
the surrounding gas takes place under free-molecular Knudsen number conditions. The
heat flux due to heat conduction under these conditions is suppressed so that the
dominating heat transfer at the relevant particle temperatures is caused by evaporation.
Under the assumption of a lognormal distribution function of the particles in the reactor,
the count median diameter (CMD) and geometric standard deviation (o,) were used to
fit calculated signal curves to the measured signals by least square method. Analysis in
terms of particle size distribution was done simultaneously by particle mass
spectrometry (PMS) to provide an independent in-situ measurement for comparison.
Both measurements were performed for variation of the reactor pressure and the height
above the burner (HAB). It was observed that the particle diameters increase with
increasing reactor pressure and HAB. The tendency of the TiRe-LII measured particle
sizes are in good agreement with the results evaluated by PMS, however some

discrepancies exist with the CMD values obtained from both processes.

Both methods have limitations that influence the obtained results. The TiRe-LII
functions effectively at elevated pressures (above 40 mbar), whereby this pressure is

already in the upper operational limit of the low-pressure flame reactor. Furthermore,
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due to high soot concentration during synthesis, both measurements could not be
performed simultaneously hence the results presented are based on the assumption that
the particle diameters obtained are reproducible. Taking all these factors into
consideration, the results presented are encouraging, but needs more improvement for
eventual application in measuring metal oxide particles synthesized in the low-pressure

remixed flame reactor.
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5 Conclusion

The objective of this work was the investigation into the synthesis and characterization
of nanosized semi-conducting metal oxide particles generated in a low-pressure
premixed Ho/O,/Ar flat flame. The materials were synthesized by doping the premixed
flame with dilute concentrations of the precursors containing the metal source. Due to
the high temperature of the flame, the precursor undergoes thermal dissociation (true for
metalorganics), followed by a gas-phase reaction and homogenous nucleation, which
results in a supersaturated vapour of the metal oxide. At lower temperatures
downstream of the flame, this vapour condenses into solid particles. The size of the
particle continues to grow depending on the temperature and residence time
distribution, by a combination of processes that includes surface growth, Brownian
coagulation and coalescence. The final product is often a mix of single particles, soft
and hard agglomerates as well as aggregates, which are thermophoretically collected as
metal oxide powders on a cool substrate in the reactor and in a particle filter system for
ex-situ analysis. An in-built particle mass spectrometer was used to investigate the
influence of experimental parameters (height above burner HAB, precursor
concentration, pressure) on the mean particle diameter of the powder material during
synthesis, with relatively good success. In this work, research into the synthesis and
characterization of tin oxides, titanium dioxide and titanium-tin mixed oxide were
performed. By varying the temperature-time history of the process (oxygen/fuel ratio
and height above burner (HAB)), the mean particle diameter, particle size distribution,

oxidation state and crystallinity of metal oxide nanoparticles were influenced.

Tin oxide nanoparticles were synthesized in the low-pressure reactor with dilute
concentrations of tetra methyl tin in argon. The SnO, particles were observed to be
crystalline with the rutile tetragonal structure and spherical morphology. By increasing
the H,/O, ratio in the flame oxygen vacancies are created in the crystal lattice of tin
oxide that results in non-stoichiometric SnO, nanoparticles were 1<x < 2. Hence,
tuning of the stoichiometry was achieved for this reactor geometry and gas composition.
The electrical properties of SnO, and SnO, were investigated, whereby due to oxygen
vacancies in SnQOy, increased conductivity was observed in comparison to SnO,
nanoparticles. Hence, SnO, particles with tuned stoichiometry are suitable candidates

for metal oxide based gas sensors.
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Titania (TiO,) nanoparticles were synthesized by doping the low-pressure flame
with dilute concentrations of titanium tetra iso-propoxide (77IP) with either the
controlled evaporation and mixing device (CEM) or the pressure controlled precursor
delivery system. The titania particles were crystalline with a mixed anatase (dominant)
and traces of rutile (recessive) structure, whereby the mean diameter was observed to be
between 3 and 9 nm depending on the HAB. The rutile arrangement in the titania
powder increased significantly for higher hydrogen H, content in the inlet combustion
gas. The photocatalytic property of two flame synthesized titania samples were
compared to commercial titania P25 (d, = 25 nm, BET = 50 g/m”) from Degussa. The
flame synthesized titania with high anatase arrangement and 6 nm mean particle
diameter (BET =234 g/mz) exhibited comparable performance to P25, which was better
than the high rutile content, 9 nm (BET = 156 g/mz) flame synthesized titania. Hence the
photocatalytic property of titania is influenced by its surface area, crystallinity, crystal

structure, and consequently its quantum efficiency.

Synthesis of a TiO,-SnO, nanocomposite was proposed for the purpose of band
gap “tuning” of TiO,. This mixed oxide was synthesized by simultaneously doping the
low-pressure flame with dilute concentrations of 771P and TMT. The mixing ratios were
varied (TTIP:TMT 10:1, 4:1 and 1:1) and the resulting oxides were characterized with
both in-situ and ex-situ techniques. The as-synthesized oxide was confirmed from XRD
analysis to be crystalline. Separate Bragg reflections from TiO, and SnO, were not
identified from the diffractogram, whereby this result signals a segregated TiO,, SnO;
powder system. Rather, the spectrum was observed to be similar to that of pure SnO,
with a significant shift in lattice constants, depending on the SnO; content of the mixed
oxide. It was thus concluded that Sn** (which has a larger radius than Ti*") displaces
Ti**, and is substitutively incorporated in the crystal lattice of TiO,. This resulted in a
mixed oxide with the composition Ti; x«SnsO,. Finally, electrical characterization of the
mixed oxides were performed and compared to the highly conductive SnO, and the
poorly conductive TiO,. The result show that with increasing TMT in the inlet gas, the
conductivity of the mixed oxide improves considerably. This confirms that progressive
increase in the concentration of Sn** in the crystal lattice of TiO; can be used to “tune”

the optical and electrical properties of these mixed oxides.

Time resolved laser induced incandescence (TiRe-LII) was performed in the
low-pressure reactor to validate the result obtained from the in-built PMS system. Both

systems have been previously tested for different materials under different conditions,
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Conclusion

hence performing simultaneous measurements with both methods was proposed. For
this analysis, soot was used since both methods have shown good results for
characterizing soot particles generated from combustion processes. A sooty flame was
generated and both measuring techniques were implemented for different reactor
pressures (40, 45 and 50 mbar) and different HAB (120-180 mm). For both
investigations, the trends of the result were identical and validate each other to some
extent. However, discrepancies exist between both methods on the actual value of the
CMD recorded. The observed difference in the CMD obtained from both methods was
attributed to the operational limits of these technique as well as errors with these
measurements. The soot particles synthesized were rather large for the PMS to measure
in many cases due to the high concentration of carbon species from the acetylene.
Secondly the reactor pressures were set at the upper limits of the flame reactor that
sometimes resulted in flame instabilities. The geometric standard deviations for both
techniques were found to be in good agreement. Overall this method has some
promising potential, however the real challenge exist in implementing this technique for
measuring metal oxide nanoparticles synthesized in the low-pressure reactor. The TiRe-

LIT was successfully applied in the low-pressure flame reactor for the first time.
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7 Appendix A

Table 7.1: SnO, precursor data

Precursor Formula CAS No Molar mass Vapour pressure

Tetramethyl Tin | Sn(CHj3)4 594-27-4 178.83 133 mbar @ 25°C

Table 7.2: Material properties SnO,

Material | Molar mass Density (g/cm3) Melting point (°C) | Boiling point (°C)

SnO, 150.69 6.90-7.00 1630 1800-1900 (sublimes)

Table 7.3: Crystal structure

Crystal structure | System Space group Lattice constants (nm)

a B C

rutile tetragonal 0.472 0.318
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Table 7.4: TiO, precursor data

Precursor Formula Cas No Molar mass Vapour pressure
Titanium tetra | Ti(OC3H7)4 546-68-9 284.25 < 0.1 mbar @ 25°C
iso-propoxide
Table 7.5: Material properties TiO,
Material Molar mass Density (g/m3) Melting point (°C) | Boiling point (°C)
TiO, 79.9 3.830 2500-3000
(anatase)
TiO; (rutile) | 79.9 4.240 1870 2500-3000
Table 7.6: Crystal structure
Crystal structure | System Space group Lattice constants (nm)
a c
anatase tetragonal 0.3733 0.937
rutile tetrogonal 0.4584 0.2953
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