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ABSTRACT OF THE THESIS

PARAMETRIC STUDY OF LOW-PRESSURE PREMIXED
ETHYLENE/HYDROGEN/OXYGEN FLAME SYNTHESIS OF TITANIA

NANOPARTICLES AND THEIR PHASES

By HADI DHARMA HALIM

Thesis Director:

Professor Stephen D. Tse

Parametric study of operating conditions of low-pressure premixed flame
(ethylene/hydrogen/oxygen) synthesis using titanium tetra-isopropoxide (TTIP) precursor
is investigated, specifically examining as-synthesized nanopowder phase and properties.
The Sandia SPIN code is used to simulate the synthesis flow field to guide and compare
with experiments. Strategic dilution of inert gases is used to adjust the characteristic
flame temperature. As-produced samples are thermally stable without any sign of phase
change, as characterized using TGA and DSC, up to 500°C. X-ray photoelectron
spectroscopy (XPS) indicates Ti*" valence and presence of carbon (13 — 30 atomic %),
with absence of Ti**, Ti-C, and nitrogen. SEM and TEM confirm mixed micro- and nano-
meter features. XRD and SAED divulge srilankite, rutile, and anatase phases produce

under different experimental conditions.



Temperatures ranging from 1560K to 2650K, ambient pressures from 20 to 40
torr, and burner flow velocities from 150 to 300 cm/s are investigated, producing
nanoparticles ranging from 3-10nm = 3nm with mixed srilankite and rutile titania phases.
Oxygen concentration effects are also studied from equivalence ratios of 1.08 to 0.37.
Fuel-lean conditions produce anatase-rutile mixed nanopowders, while fuel-rich
conditions yielded srilankite-rutile mixed nanopowders. By modifying the composition of
the precursor (e.g. by adding ethylene), the phase of the product can be changed, likely

because of carbon-doping stabilizing a specific phase.
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1 Introduction

The science of nanotechnology progressed with developments in quantum physics,
spectroscopy, and electron microscope imaging technique. However, the utilization and
application of such technology dates back to the Lycurgus cup or even the mythical

Damascus blade.

It is possible to draw analogies of these old technologies to the current one. In the
Lycurgus cup, the color change that was observed when one views the cup from a
different angle stems from the difference between transmitted and reflected light.
Recently Freestone discovered that this behavior arises from the usage of gold
nanoparticles embedded in the cup®. Fascinating enough, the ancient Roman people

already knew of the method to create nanoparticles and applied it in their daily life.

Another analogy is the mythical Damascus Blade. While no one can say for sure
what exactly a Damascus Blade is, it is believed that the 300 B.C. Middle Eastern sword
smith had a working understanding of the iron-carbon phase diagram and steel forging
technique. Reibold pointed out that carbon nanotubes and cementite nanowires appear
within the Damascus sword composition®. It is impressive considering the concept of
thermodynamics first appeared in the 1600s. This concept eventually led to the awareness
of the phase diagram. Modern scientists are using similar knowledge in attempts to create
a high Young’s modulus and fracture-resistant material through the understanding of
phase diagrams and the manipulation of the composition of the nanostructure within the

material of interest.



1.1 Titania usage

The focus of this study is the titanium-oxide system, specifically titanium dioxide
(TiO,). Also known as Titania, TiO; is a widely commercialized product commonly used
as pigment. Industrially, the rutile phase with anatase in conjunction or as alternative is
typically used. Titania can also be used as food colorant, and its micron and nanometer
sized varieties are typically used for sunscreen. Scientists of the previous decades
discovered that bulk titania behaves quite differently from its nanometer counterpart. This
has led to the invention of the dye sensitized solar cell (DSSC) by Gratzel?, as well as
various photo-catalytic devices for titania. It has been reported to be able to decompose
various dyes, which can be used to model organic-based pollutants®. Its photo-induced
hydrophilic properties® have been utilized as a self-cleaning coating in various roof

constructions such as those at the Cape Town, Durban and Nelson Mandela stadium®.

Commonly recognized titania polymorphs that are photo-catalytically active are
rutile and anatase. Various discrepancies on which phase (and/or combination of phases)
has higher catalytic activity are present in the literature’. In fact, given the many of
polymorphs available in titania, it is not surprising if the other Titania phases are also
photo-catalytically active. Some scientists have started reporting on the photo-
catalytically active brookite and srilankite®® phases. Scientist and engineers are also
interested in improving the visible absorption of titania. Scientists have demonstrated that
by increasing the dopant quantity, it is possible to shift the absorption edge to the visible
regime while retaining its photo-catalytic performance’. This forms the basis of various

titania doping studies that are found in the literature™*.



With various emerging novel applications, and the market of its conventional bulk
properties, titania has become a lucrative research area'?. However, its unique properties
also drive questions such as, which kind of titania (or mixture of) is the best for these
various applications®? Have people explored the phase diagram, and have scientists
figured out the various modifications that are possible within such a system? More
importantly, how do such modifications alter the properties of the final product? These
are the kind of questions that scientists are trying to answer currently. Before we begin to
explore such options, it is beneficial to take a look at the Ti-O and Titania phase diagram,

13,14

as published by Murray and Dachille

1.2 Phases of Titania

Conventionally, the bulk Ti-O system follows the phase diagram delineated by
Murray™. Various Magneli phases are found as the oxygen content is reduced in the Ti-O
system. One can see that various Ti valences can exist and alter the chemical structure of

Ti-O material. However, the titania material is usually stabilized with +4 valences.

Hanaor and Dachille have shown that if you start with anatase titania, and apply
high pressure or high temperature, it will change phases™. One can deduce that rutile is
the bulk-phase high-temperature, high-pressure stable phase. Anatase is a low-
temperature, low-pressure metastable polymorph. On the other hand, srilankite is
considered a high-pressure low-temperature metastable polymorph. One should keep in
mind that the titania pressure-temperature phase diagram will look different depending on

the starting material. The phase diagram that Hanaor and Dachille observed is what



scientists consider as a thermodynamically-stable phase diagram. However, often the
question remains: during the synthesis process, which is often not thermodynamically

stable, can one predict the phase that will nucleate in the system?

One fact that should not be forgotten is that the internal pressures of nanoparticles
are relatively high. Following the classical Young — Laplace model for internal pressure
as an inverse function of particle diameter, one can imagine that the internal pressure of
nanoparticles must be higher than their bulk counterparts. How high are the internal
pressures? Given the nanometer size nature of these particles, even the definition of
surface tension, which is another important element in Young-Laplace model, starts to
break down. Hawa performed molecular dynamic simulation on SiO, nanoparticles and
showed that for 6nm particle size, their internal pressure is approximately 5kbar'®.
Ehrman also reported internal pressure of 2kbar for 10nm Titania'’. Fitting this data into
the Young Laplace model, one can calculate that the internal pressure of 6nm titania will
be approximately 3.3kbar. Comparing this to the thermodynamic phase diagram, one can
see that if the starting material is anatase, then a titania nanoparticle should stabilize as

anatase under external low pressure and low temperature.

Rutile is believed to be the stable phase for titania **. However, it is important to
take a closer look at the titania system. First, there are various metastable polymorphs of
titania that exist in nature. Scientists have discovered various phases, such as anatase,

brookite, srilankite, contunnite, baddeleyite , and holandite. **%°



1.3 Various names for Orthorombic, Pbcn (60) phase

Of interest to this study are the anatase, rutile, and srilankite metastable phases. In
the literature, the Orthorombic, Pbcn (60) phase is often described as srilankite,
columbite, TiO,-1l, TiO,-PbO, alpha similar phases and TiO,-Hp interchangeably.

21,22

Srilankite and TiO,-Il have been referred to interchangeably“““, and the phase has also

been called columbite?>?*,

The best way to resolve the issue is by comparing their space group and lattice
parameters, as outlined in Tong Shu’s paper®. after such an analysis, we can assert that
ICDD PDF#97-001-5328 depicts the same crystal structure as columbite, srilankite, and

TiO,-11, despite the discrepancies in the literature.

1.3.1 Kinetic driven

Zhang and Gribb (Banfield’s group) proposed that in the nanoparticles synthesis
process, most of these phenomena are actually Kkinetically-driven instead of

thermodynamically driven®2®

. Banfield’s group utilized the solution method by
hydrolyzing titanium, inherently kinetically different from the gas phase method. Zhang
noted the stabilities inversion of anatase and rutile phases for nanoparticles. Thus, even if
the thermodynamically stable phase is rutile, anatase is the more commonly observed
state. Zhang further hypothesized that particle sizes smaller than 11nm will most likely
nucleate as anatase. In-between 11nm - 35nm is brookite, and finally larger than 35nm

will be rutile. It is worth mentioning that Banfield’s group did not report whether there

were any other dopant in their samples.



Another example of kinetic driving force is compression or decompression history
(hysteresis), which is dependent on the morphology of the titania nanosamples®, which is
in turn dependent on the initial oxygen concentration as precursor in plasma processes for

both titania®’ and copper-oxide nanoparticles®.

1.4 How it is typically synthesized?

Understanding that nanoparticle synthesis are not solely driven by thermodynamic
aspect, unlike its bulk counterpart; it is important to recognize that depending on the
method, one can obtain different phases of titania. Here are several synthesis

methodologies that have been used to create Titania nanostructures.

1.4.1 Solid phase method - Pressure driven method

Investigating the effects of pressure on the titania phase has piqued scientists’
interests™. With the advancement of analytical methods, there are ongoing interests to
renew these studies and investigate the higher-pressure titania phases. Using pressure to
transition from anatase, rutile, and brookite phases at ambient pressure to higher
pressures, high-pressure phases, such as srilankite®®, can be examined. Another study
investigated pressure-induced Nb-doped titania noting similar phase transition to the
higher-pressure titania®. Although these methods can create nanometer sized features of
high-pressure phase titania, in general they are not suitable for catalysis processes

without further processing.

Another variant of the solid-phase method is ball milling. Several studies
successfully synthesized srilankite phase®***3. Similar to the high-pressure method, this

method induces partial sintering. Nevertheless, increases in photo-catalytic effects in the



visible wavelength are observed™.

1.4.1.1 Liquid phase method

The liquid-based method aims to increase surface area by nucleating the titania
particles using liquid precursor such as TTIP or TiCl,. Various solution methods have
produced ambient pressure phases such as brookite, rutile, and anatase. Primary control
in this method lies in adding surfactant to avoid clustering. With the advancement of
diagnostic methods and particle-size control, one may see the high-pressure phase being
generated with this method in the future®*®. One challenge in this method is separating

the nanoparticles from the liquid byproduct.

1.4.1.2 Gas Phase method

The gas-phase method aims at nucleating titania particles in the gas phase. The
precursor is vaporized. This method uses more energy than other method; however does
not suffer from other additional sintering or need for separation from byproduct. The

methods includes plasma-driven method?’, plasma modification®®’

, chemical vapor
deposition methods®, flame spray pyrolysis®, atmospheric flame*, and low pressure
method****. In this thesis, the low-pressure flame method, as described in Zhao Hong and

41,42

Megan thesis™ ™, is employed.

In this thesis, carbon doping, accomplished through ethylene gas addition, and its

effect on the generation of high-pressure-phase srilankite titania is investigated.



Parametric studies are conducted to isolate the primary mechanisms in the phase

transition.



2 Experimental procedure

In this chapter, the experimental details are presented. The experimental setup is
able to isolate ambient pressure, flame temperature, flame velocity, and precursor
composition (e.g. oxygen concentration, ethylene concentration). Premix flame with
stagnation point flow establishes the gas-phase synthesis geometry. The Sandia SPIN
code is utilized to define the synthesis flow structure (i.e., temperature, species
concentrations, flow velocities) for the experiments to aid in parametric study of the
controlling mechanisms. Several techniques are employed to isolate one thermodynamic
parameter, while fixing the others. Running these simulations help to establish the input

parameters for the system.

2.1 Low-pressure premix flame in stagnation point flow

The procedure behind the flame synthesis method can be summarized in the
following steps. First, a thermodynamically-stable premixed flame of fuel and oxidizer
needs to be established. There are various parameters that can be controlled such as the
pressure of the chamber, the composition of the fuel and oxidizer, and whether or not to
add inert gasses to control the temperature profile of the flame. It is also possible to
control the velocity of the flame by adjusting the type of inert to be used (denser inert
such as nitrogen will slow down the overall velocity, while less dense inert such as

helium will yield a faster flow velocity).



10

H2 TTIP

H2

0oz

\_\:_
—

N2

C2H4

Figure 1. Simplified schematic of the low pressure, premix with stagnation point flow geometry flame

synthesis process.

Once the flame condition is established, the next step is delivering the precursor. In
this work, titanium tetraisopropoxide (TTIP) is utilized as the precursor for this flame.
The precursor delivery technique that is used in this work is a bubbler based vapor
delivery unit. The precursor is heated to a saturated vapor in the bubbler. The set point of
this bubbler temperature is 85°C, corresponding to a loading rate of 3.43 E* mol/min.

Gases are then delivered through the bubbler to carry the precursor into the flame.

Finally, the precursor vapor encounters the flame, where it pyrolyzes/oxidizes.
Homogeneous nucleation occurs in the presence of a steep temperature gradient. A
relatively monodispersed particle distribution can be collected on the cold substrate.
Details of the experimental setup and description of the bubbler setup are available from

Megan’s and Zhao Hong thesis **2,
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Figure 2 Pictures of Ti O2 9p5 (top- left low exposure, right — high exposure) and Ti O2 3p25 (bottom — left low

exposure, right — high exposure)

2.2 Simulation

The flame structure can be modeled as a complex system. It encapsulates the fluid
mechanics (stagnation flow geometry, Navier-Stokes Equation), heat transfer (Energy
balance equation, heat release from the combustion reaction), and finally chemistry
(kinetic rate of various collision and combustion species interaction). The Sandia
Chemkin—Spin package can be used to model the flame structure, e.g., the temperature,

species concentration, and velocity profiles of the flow field.

For the chemical reactions, GRI Mech 1.2 with modified C* reaction is used. This

modification follows the proposed simulation by Megan and Zhao Hong ***2.
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2.3 Doping system

Depending on the type of fuel used, one can also control the dopant by adjusting
either the combustible gas mixture, or the precursor composition. In this study, ethylene
is utilized as a carbon dopant. An accompanying effect of adding such fuel is the increase
in the temperature of the flame. It is important to be able to control the carbon dopant
quantity, which can affect the crystallinity of the products. Here, the increase in
temperature will be compensated by modifying the inert gas to lower back the

temperature.

An additional mass flow controller is employed to deliver the ethylene. Special
precaution needs to be taken to make sure that higher flow rate gas is introduced in the

parallel part of the T junction, rather than the perpendicular section to prevent backflow.

2.4 Parametric Study design — Establishing input condition

Some of the interested input parameters are ambient pressure, temperature, velocity,
and chemical composition. For ambient pressure, this is easily modified in the SPIN input
parameters. Experimentally, this will be accomplished by controlling the valve between

combustion chamber to the vacuum pump.

For temperature, the variable we choose to define this parameter is the highest
temperature in the output of SPIN. Similarly, for velocity, we choose to define this
parameter by the initial input velocity to the SPIN. The most common technique used to

control temperature is by adjusting the inert gases. Experimentally these parameters are
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driven by the SPIN code input chemical composition. SPIN code input can be translated

to the appropriate mass flow rate to the mass flow controller.

2.4.1 Cases

2.4.1.1 Ta cases; Hydrogen only flame

The first case in this study (Tal50) uses hydrogen as base fuel. The hydrogen and
oxygen flame have an equivalence ratio of 0.42, and 25% percent nitrogen is added as
inert; this case is derived from the standard 20-torr condition from Megan and Zhao

Hong studies**?

. This condition yields a maximum temperature flame of 1560K. The
velocities of the gases are set at 150cm/s by using a mass flow controller. These are

shown in Figure 3.

Ta200 will be discussed as a comparison case to the Th case.

2.4.1.2 Tb cases; Hydrogen/Ethylene flame

The second set of cases consists of Th100 to Th300. In this set of cases, ethylene is
added as the base carbon dopant. As mentioned earlier, the unintended effects of this fuel
addition is the significant increase in the temperature. Hydrogen and ethylene are used as
fuel in a 1:1 ratio. These fuels are then balanced stoichiometrically with oxygen
(equivalence ratio of 1), and 47.6% of nitrogen added as inert. Finally, the velocities of

the gases are varied from 100, 150, 200, 250, and 300 cm/s. These are shown in Figure 4.
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2.4.1.2.1Ta200 compare to Th100 N11

Ta200 and Th100_N11 are a special subset of the Ta and Thb series. The intent of
this comparison is to make sure that the ambient pressure and maximum temperature are

comparable. Ta is a hydrogen only flame, while Tb is a hydrogen/etheylene flame.

Ta200 is derived with the same equivalence ratio; however the velocity is increased
to 200cm/s, keeping the pressure at 20 torr, with no inert. The goal of Ta200 is to
increase the temperature of the hydrogen as high as possible, while maintaining the same

temperature as Tb case, in this set: Th100_N11. These are shown in Figure 5.

2.4.1.3 Tc; varying velocity

The third set of cases consists of T-c120 to T-c300. In this set, ethylene is added as
the base carbon dopant. Hydrogen and ethylene are used as fuel in a 1:0.4 ratio. These
fuels are balanced stoichiometrically with oxygen (equivalence ratio of 1). In these cases,
the nitrogen concentration is adjusted such that the temperature of the flame is fixed at
2150K. The velocities of the gases range from 120, 160, 200, 240, 280, and 300 cm/s.
The intention of the study is to understand the effect of flow velocity, with temperature

constant. These conditions are shown in Figure 6.

2.4.1.4 Te; varying temperature

Te cases are conducted to explore the temperature effect. Starting from the Th150
condition, nitrogen dilution is modified. By reducing the inert nitrogen concentration, the

temperature is raised, with other parameters kept constant. These are shown in Figure 7.



15

2.4.1.5 Tg; varying ambient pressure

The Tg series is produced by starting from the Tb150 case, and then changing the

pressure to 40 torr. The result is plotted below. These are shown in Figure 8.

2.4.1.6 Th; varying oxygen concentration — fuel lean

The Th series is produced by starting from Tbh150, and then modifying the oxygen
concentration. The nitrogen concentration is adjusted with the intent of keeping the

temperature constant. The corresponding plots are shown in Figure 9.

2.4.1.7 Ti; varying oxygen concentration — fuel rich

Similar to Th, Ti is based on Th150, with reduced oxygen concentration. The
nitrogen concentration is adjusted to keep the maximum temperature the same. These are

shown in Figure 10.
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Figure 3. SPIN temperature and velocity output for standard 20 torr case. This case is renamed as Tal50 in this

study to differentiate between Hydrogen/Oxygen and Ethylene/Hydrogen/Oxygen flame.
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Figure 5. SPIN temperature and velocity ouput of Tb150, Tb100_N11 and Ta200. These simulated results show

Tb100_N11 and Ta200 similar maximum temperature. Th150 is plotted as a reference.
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Figure 9 SPIN temperature and velocity output of Th_0O2_4p5_N2_4p5, Th_02_5p5 N2_4, Th_02_6p5 N2_3,

Th_02_7p5_N2_2, Th_02_8p5_N2_1, Th_02 9p5_N2_0. Showing same temperature profile between the Th

series.



Ti cases
2200 T T T T o
T
2000 .
1800 i
Ti_02_2p75_N2_5p5
_1eoor Ti_02_3p25 N2_5 1
X + Ti_02_3p0_N2_5p5
1 1400 B 7
2
% 1200 simulation of varying O2 concentration (fuel rich party
8 Equivalent ratio : 1.08, 1.17, 1.27
£ 1000
2
800
600
400
200 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Distance from substrate - [cm]
Ti cases
100 T T T T T T T
Ti_02_2p75_N2_5p5
0 Ti_02_3p25_N2_5
+ Ti_02_3p0_N2_5p5
-100
-200
)
e -300
S,
é -400
5
2 500 | K
> ++
x5
-
-600 +++@
-700 - thbcb;k
-800 | .
_900 | 1 1 | 1 | 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Distance from substrate - [cm]

Figure 10 SPIN temperature and velocity output of Ti_O2_2p75_N2_5p5, Ti_02_3p25_N2_5,

Ti_0O2_3p0_N2_5p5 showing same temperature profile between the Ti series.

23



24

2.5 Modifications to the experimental setup

Some modifications are made to the experimental setup to improve the repeatability

of the experiments and to reduce operational errors:

1. Installed additional heating line to prevent vapor condensation.

2. Installed one-way valve to prevent upstream backflow (and liquid backflow).

3. Compartmentalized the pressure in different sections to make sure that pressure
always flows downstream. This is especially helpful during ignition process.

4. Added baffle at precursor downstream tube.

5. Installed double LN2 trap to make sure that nanoparticle and vapor do not
condense in the vacuum pump.

6. Implemented cleaning process using pressurized gas, and delivering of
isopropanol into the system.

7. Added GFCI to the electrical circuit for troubleshooting and electrical safety.

8. Established maintenance schedule — igniter every 3 experiments, oil change every

10 experiments / months.

2.6 Collection Plate

The cover plate system is used to make sure that powder is collected only during the
steady state condition. The collection plate is covered until the precursor is delivered, and
steady state is reached. Then, the cover plate is knocked (thus the diamond shaped
overlay). Powder is only collected within this diamond overlay. Note that there is the jet
impinged area (center) and the remainder of the area within the diamond overlay. For this

thesis, we analyze the center samples.
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Figure 11 Collection plate of a typical TiO2 sample. Highlighting the separation between impingement area

(Center), and rest of the area covered under cover plate

Figure 12 Collected powders indicating observed differences between the impinged area (bottom), and the rest

of the covered plate. For this thesis, we focus on the center samples
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3 Analysis tool used

Several analysis methods are used to analyze the nanopowders, including optical

imaging, DSC, TGA, electron microscopy, and x-ray and electron diffraction.

3.1 Optical pictures

Physical appearances of the samples are collected using the built in camera from
Samsung Galaxy Note 3 / LG G2 phone. For pictures of the flame, neutral-density filters

with OD’s of 0.4 and 1 are used to attenuate the intensity.

3.1.1 Tbh150, Th250, Tal50 - Investigating visible absorption and

indication of dopant.

The industry standard for titania is Degussa P25, and they are normally white. This
is also the color that is normally observed for the anatase samples synthesized in this
study. The color starts shifting toward yellow (for rutile sample); and in general, shift
toward blue for srilankite samples.This color change implies bandgap shift, exhibiting

visible color absorption.

For example, Th150 is light blue; and Th250 is yellow. These colors are not
commonly observed color for titania, which is white. From the chemical perspective, the
color change corresponds to the absorption bandgap shift. For rutile, the bandgap is
reported around 3eV. Anatase is typically observed to be approximately 3.3ev. To the
best of the author’s knowledge, the experimental bandgap measurement for pure

srilankite is not available in the literature. This bandgap shift is also indicative of doping.
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Figure 13 Optical image of Th-250, Th150 and Ta150 (left to right). Note not white appearance of Th250 and

Tb150, indicating visible color absorption and signs of doping.

3.2 Thermal stability

We are also interested in determining the stability of the phases that are created. In
terms of temporal stability, the sample that has been kept for 1 year does not exhibit any
visible color changes, nor phase changes under SAED. The analysis also indicates that

the samples do not undergo phase changes up to 500°C.

Two analysis tools that are used to evaluate thermal stability are digital scanning

calorimetry (DSC) and thermal gravimetric analysis (TGA)*.

3.2.1 DSC

Digital scanning calorimetry works by measuring the amount of heat added (or not
added) to the samples while tracking its temperature. This will yield heat loss vs.
temperature plot that can be used to analyze what type of heat signature exists. Another
important aspect to note is that phase changes usually corresponds to a sharp change in

the DSC spectra.
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As references, DSC is run on two samples. One is DSC on Degussa P25, the
industry standard titania. P25 has one endothermic peak around 100°C, and another

minor endothermic peak around 350°C.

The second reference sample is alumina nanoparticles with TTIP drop added.
Alumina is considered as thermally inert. From this experiment, the TTIP endothermic

peak can be observed, noting undecomposed precursor thermal signature.
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Figure 14 DSC of P25
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Figure 15 DSC Al203 with a drop of TTIP

Once a temperature signature of standard nanoparticle is established, samples are
heated at 130°C and 230°C overnight at ambient air. Then these three samples are run
under DSC. As-synthesized and 130°C DSC powder show water adsorption around
100°C, and undecomposed precursor at 250-270°C. Post heating at 230°C completely

eliminates these endothermic peaks.
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DSC of typical carbon Doped TiO2 post-heat treatment
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Figure 16 Typical DSC of carbon doped TiO2. We noted two heat loss peaks around 100 °C and 250 °C. After

heating up to 230 °C, we no longer see any heat loss peak

The typical DSC curve can be observed for as-synthesized Tal50, Th250, and
Tbh150, showing the same 100°C and 250°C endothermic peaks. From these spectra, up to

500°C, phase changes are not observed.



31

DSC - Tb150, Th250, Ta150
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Figure 17 DSC of Tal50, Th250, and Ta150

3.22 TGA

TGA works similarly to DSC, where the difference is instead of measuring caloric
input, the weight (gravimetric) signature is tracked. TGA is useful when coupled with
DSC. For example, sharp caloric signature change in DSC, when not accompanied with

mass changes represents phase changes.

The same endothermic reaction in DSC is observed, with no evidence of phase
changes. The rate of weight loss changes at approximately 100°C and 300°C can be seen.
The reason the weight loss is finalized at 300°C instead of 250°C, which is predicted by

the DSC curve, is due to the difference in the heating rate. In TGA, the heat rate was
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50°C/ min; and in the furnace, the heat rate was maintained at 230°C over the period of 23

hours.

The P-25 TGA history stabilizes at 4% weight loss, while our samples stabilize at
approximately 9-10% weight loss. Notice that these differences in the weight loss are

indicative of surface area differences between P25 and this thesis’ samples.

TGA plot of the P-25, T-a150, T-b250 and T-b150
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Figure 18 TGA of P25, Ta150, Th150, Th250

3.3 Microscopy Imaging

Other tools that are used include microscopy imaging, i.e. scanning electron

microscopy (SEM) and transmission electron microscopy (TEM). These two techniques
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use electron beam (instead of visible optical light), thus capable of resolving nm spatial

resolution. Their differences lie in the mode of operation and scales involved.

3.3.1 SEM

While the SEM source of illumination is electron beam, the primary mode of
operation is distinct from that of TEM. SEM operates in scanning mode, similar to
cathode ray tube television. It deflects the beam using electron lens in a grid pattern.
Differing sample topography produces differing secondary electron emission (or
backscatter electron). By rasterizing the samples in this grid pattern, an image is formed
with topographical information. Interesting consequence of this topography information
is by tilting the sample (either induced by lens focus or physical tilt), one can create 3D-

SEM, stereo vision*®*’.

SEM is typically used to observe material from millimeter to submicron scales. It
does not resolve well at nanometer scale. One of the advantages of SEM is the wide
range of scales that it can detect. For example, Figure 19 shows a picture of P25 samples
observed under SEM. At micron level scale, the resolution has relatively good signal to
noise ratio; however zooming in to the 100nm scale, the clarity of the picture diminishes,

requiring use of different tools to assess morphology of the sample.

These SEM pictures reveal particle-like clustering at the micron level, along with
dendritic-like aggregation of the nanoparticles. For example, less aggregation in the

solution method may be achieved using surfactant during synthesis.
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In this work, Zeiss Sigma Field Emission SEM with Oxford EDS LEO is used to
image on micron scale morphology and to determine chemical composition using EDS

phase analysis.
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3.3.2 TEM

Given the limit of the SEM in resolution, the transmission electron microscope
(TEM) becomes valuable. TEM is capable of very-high magnification images; however,
the samples need to be dispersed in solution and dropped on lacey carbon grid. This
process self-select particles that are able to attach themselves to the lacey carbon grid.
However, by being able to resolve sub-nm features, this is the method of choice to

analyze nanoparticles*®,

TEM operates similar to an optical microscope, bending the electron beam (light)
using a magnetic field (lens) to generate the magnification necessary. The difference lies
in the fact that the electron beam transmits through the sample in TEM, while in an
optical microscope, the light is reflected off the object. Another interesting note for the
TEM is that the electron beam passes through the samples in what is estimated to be a
parallel beam. Unintended consequences of this is the TEM reflected depth by differing
illumination because of electron absorption, where bright spots represent electrons

passing freely; and dark spots represent electrons obstructed by the sample.

In a standard TEM mode, through interesting engineering and mathematical
modeling, if this parallel beam passes through crystal-like structure, a diffraction pattern
(similar to XRD) will be observed. This enables scientists to obtain crystallinity

information at the nanometer scale.
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Here, JEOL 2010F with EELS and EDX is used to determine nanometer scales
morphology. JEOL2010F can be used in scanning mode, enabling compositional

analysis.

3.3.2.1 STEM

Advancements in technology related to high voltage stability and magnetic lens
have enabled engineers to run TEM in scanning mode. STEM operates similar to its SEM
counterpart, by measuring the secondary electron emission. The primary advantage of

STEM arises from determining the elemental composition enabled by the scanning mode.

3.4 Phase analysis

Another important characterization that is used for material science is phase
analysis. The nanoparticles here are generally crystalline in structure. Crystallinity can be
defined by the long-range-order arrangement of the atoms within the material. If the
source of illumination is selected to be on the same order as these arrangement,
diffraction phenomena arise. The interrogated sample can be determined to be single

crystal or not based on the diffraction spectra*®%*°.

3.4.1 XRD

Crystallinity analysis usually starts with XRD. Twelve point five percent of a 6nm

nanoparticle atom is actually composed of short range order surface atoms'®. This fact
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inherently makes X-Ray diffraction (XRD) a non-optimal method to characterize
nanoparticle phases. From the XRD spectra, a 24 hour scan of the nanoparticles yields a
very-low signal count. Typically 10000 intensity counts are expected over minutes of
scan. However, in spectra of our nanoparticles yielded 1000 counts for a 24 hour scan.
While it is possible to distinguish the crystallinity, XRD is definitely not the method of
choice to characterize these nanoparticles. In fact Schlabach, Brown, Choi, and Wu
recommended against using XRD for crystallinity identification for nanoparticles smaller
than 10nm®***. Furthermore, Schlabach coined the term “onset of ordering”, with 10nm
as the limit of when the XRD technique starts to fail. Some studies also attribute quantum
confinement as the reason why the spectra broaden as particle size falls from 14.2nm to

6.8 nm>>.

As shown in Figure 21 and Figure 22, one can observe that using a standard glass
slide and scotch tape method yields background that can interfere with the sample. One
can observed from Figure 22 that there is some sort of signal; however the signal-to-noise
ratio is very low. To circumvent this high background signal, a zero background sample
holder is used, along with a better tuned Expert Phillips. This setup yields the XRD

spectra depicted in Figure 22.
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Figure 22 XRD of Tal50 with zero background sample holder

3.4.2 SAED

Using TEM, the parallel beam section can be diffracted by the atomic arrangement
in the specimen. Using this effect as an analysis method is called selected area electron
diffraction (SAED). This is another diffraction method that works in the same principle
as XRD; but by using an electron beam. The electron beam has smaller wavelength, thus

generating narrower band*®%.
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3.4.3 Determination of Srilankite, instead of Brookite

Orthorhombic Pbcn (Srilankite) and Pbca (Brookite) space groups have similar
spectral signatures. Their main differences lie in their intensity, with similar peak
location. This is partly due to these structures sharing orthorombic structure, which is
why it is important to use two different phase analysis methods to confirm that the

Srilankite phase and not Brookite.

3.4.3.1 SAED

SAED spectra of Th300 and Tbh100 serves as first evidence of srilankite presence.
The blue sample (Tb100 and Tbh150) SAED spectra indicate that they are composed
primarily of Srilankite phase. Th300 is overlaid with the PDF# 99-000-3236 to reveal that
the peaks that are detected in the spectra come from rutile. The Th100 spectra identifies
with PDF# 97-000-5328, which corresponds to srilankite. Traces of rutile also exist in

Th100.
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Figure 23 Tb100 and Th300 comparison

To clarify these differences, the XRD database from the International Centre for
Diffraction Data (ICDD) is consulted. These expected diffraction angles can be converted
to the d-spacing vector. This way, the SAED data can be analyzed. In crystallographic
diffraction, the peak location and the relative peak intensity should match the database.
For rutile, the peak location and peak ratio are comparable to that found in the ICDD
database. However, for the srilankite, while the peak locations match, the peak ratios are
somewhat different for the 2.9 and 3.4 nm™ peaks. Another key point here is the grouping
of peaks in the Brookite phase at 5.3 nm™ are not present in the Th100 sample. This is

how we come to the conclusion that these are Srilankite phases.
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T-b100 SAED Peak Identification
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Figure 24 Th100 SAED compared to Srilankite, Rutile and Brookite ICDD
3.4.3.2 XRD

The same conclusion can also be drawn by using XRD. Shown below is the
Th150 sample where the sample spectra is compared with the ICDD database.
Combining this knowledge with SAED spectra, we confidently draw the conclusion that
this is indeed Srilankite phase. Note t peaks are not observed in at 48 degrees, equivalent

to the missing 5.3 nm™; consistent with the absence of the brookite phase.
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3.5 Elemental composition

Material characterization is incomplete without analysis of the chemical
composition. To do this, there are various methods that can be used, including from X-
ray fluorescence — energy dispersive spectra (XRF-EDS), X-ray fluorescence — wave
dispersive spectra (XRF-WDS), electron energy loss spectroscopy (EELS), and X-ray
photo-electron spectroscopy (XPS). Together, chemical composition and phase

composition, construct the cornerstone of material characterization.

In this work, XRF-EDS is used, administered by TEM and XPS. Together they

provide not only elemental composition, but also binding energy information.

3.5.1 XRF-EDS

XRF is a phenomenon where samples re-emit a portion of the incident light with
lower energy light. In this case, the incident light is X-Ray, typically by copper K-alpha.
This chemical composition has enjoyed a wide range of interrogation window from
millimeter range (standard non vacuum equipment); micron range (SEM attachment); to
nanometer range (TEM attachment). The versatility and scale variation of this method
has asserted this method as a standard elemental composition tool. Because of the X-Ray
interaction with the material, in a tear drop shaped penetration region, XRF-EDS act as a

volumetric composition method in our nanometer sample®.

Here is an example of spectra generated by using TEM. As shown in the Figure 26,
the composite survey scan shows different colors that are superimposed to generate an

elemental mapping. Copper signal is present with low intensity, recognizing that lacey
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carbon is on top of the copper grid, which serves as the sample holder. The carbon in the
lacey forms are observed, indicating the supporting carbon layer. What is important to

note is the fact that the carbon signal exists whenever titanium and oxygen signal exist.

Whenever there is titanium signal, oxygen and carbon signals (Titania nanoparticle)
are present, in contrast to areas where there is no titanium signal but carbon (lacey
support) can still be seen. Because of the volumetric interrogation volume of this method,
the carbon distribution may not be uniform across the particles. One can only assert that

carbon is distributed across the titania nanoparticles.
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Figure 26 XRF-EDS spectra mapping of TEM on Tb150
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Figure 27 XRF-EDS line scan on TEM on Tbh150 (left) and Tbh250 (right)
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3.5.2 XPS

Considering that ethylene and titanium tetra iso-propoxide (TTIP) are used as
precursors, the samples may be carbon doped. Since nitrogen gas also present, we need to
find a way to confirm that there is no Nitrogen doping. Another type of doping that

maybe present is Ti-C. These bonds will be explored in the following analysis.

In order to show the dopant and the dopant state, X-ray photoelectron spectroscopy
(XPS) is employed. XPS works in a similar fashion to XRF, but through a different
mechanism, allowing identification of the binding energy, thus providing assessment of
the type of chemical bond existing within the sample. From the XPS survey scan, no
nitrogen doping is detected in our system. Conversely, the carbon peak is clearly visible

in the spectrum scan.
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Typical survey scan of carbon doped TiO2 sample
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Figure 28 X-Ray Photoelectron Spectroscopy survey scan of doped TiO2 sample.

A more detailed look of the XPS spectra will provide much more information
about the type of chemical bonding that exists. The first observation can be made from
the long (exposure) scan in the titanium XPS peak. The Ti** peak (458 and 471 eV) is
readily visible from the spectra®. The 464 and 477 eV are reportedly the satellite
features from the Ti** peak. ®* From our XPS, Ti** is not visible, which would have
existed at 455 and 461 eV. Neither are other lower valences Ti visible. *® Thus, our

samples are composed of titania (not Ti,O3 or other Ti-O Magneli phase) >,
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Figure 29 X-Ray Photoelectron Spectroscopy long scan of doped TiO2 sample.

Another important observation is in the C XPS peak. First, the Ti-C peak is absent.
The typical carbon doping feature in the literature is the Ti-C type (oxygen substitution).
The XPS carbon peaks at 284, 286, and 288 eV are usually denoted as adventitious
carbon, i.e., C-O bond and COO bond. From here, one can hypothesize that the type of
bonding that exists in our system must be interstitial (from the adventitious carbon) and

Ti-O-C type bonding (titanium substitution). *®

It was hypothesized that the Ti-O-C type bonding came from the incomplete

composition of precursor. During the titania synthesis process, the rapid collision
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between the precursor and the gases must have destroyed most of the bond. However, the
bond energy of C-C is indeed weaker than the C-O bond, by 83 to 86.5 kcal/mole (3.60 to
3.75 eV/atom). **® It is not significantly weaker, only differing by 3.5 kcal/mole (0.15
eV/atom). The Ti-C bond, which is 126kcal/mole, is stronger than C-C and C-O, thus is
much harder to create®. We propose that the C-O bonds that do not break stay in the Ti-
O matrix, thus trapping the dopant. On the other hand, the C-C bonds that break will be

trapped and remain as interstitial carbon.

To rule out the effect of atmospheric contamination, P-25 industry standard and
another titania synthesized using swirl flame (with methane and oxygen as the fuel, fuel
lean condition, TTIP as precursor) are compared. The titania from the swirl flame
actually exhibits 11.61% carbon, while P25 contains 14.96% carbon. T-a150, T-b150 and
T-b250 contain 13.67, 28.5, and 22.0% carbon. In conclusion, ethylene addition

definitely increases the carbon concentration in the titania matrix.

Hence, it is concluded that it is possible to synthesize various phases of titania
nanoparticles with the low-pressure system. Furthermore, the titania nanoparticles
samples are carbon doped, thus changing their color. On deeper analysis of the XPS, one
can deduce that our system consists of Ti* valence, with no oxygen deficient state

detected.

In this work, ThermoFisher K-Alpha instrument is used to obtain XPS spectra.
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4 Effect of ethylene addition to the previous existing

experiment yielding phase changes

In this thesis, the effect of ethylene gas addition to the low-pressure setup is

investigated. Several parametric studies are designed to elucidate the transition:

Tal50 & Tb series — hydrogen-only flame and addition of ethylene to hydrogen
flame, respectively
- Tc series — controlled change in flow velocity
- Te series — controlled change in maximum gas-phase temperature
o Ta200 & Th100_N11 — similar temperature profiles to compare cases of
hydrogen-only flame and hydrogen-ethylene flame
- Tg series — controlled change in ambient pressure
- Thseries — controlled change of fuel lean case
- Tiseries — Controlled change of fuel rich case

The results of these experiments are grouped into two sets:

1. Parametric study that influences the srilankite-rutile transition.

2. Parametric study that influences the anatase-rutile-srilankite transition.

4.1 Parametric study that influence Srilankite-Rutile transition

The following sets of studies are designed to explore the effect of adding ethylene
to a hydrogen flame. The hydrogen-flame case Tal50 is discussed here as a reference to

be compared to cases Th, Tc, Te, and Tg. When ethylene is added, Th150, srilankite
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(with minor rutile) is produced instead of anatase, Tal50. In Tc, Te, and Tg series, the
parameters are deviated strategically from Tb150, and no significant phase changes are

observed from this srilankite and rutile mix.

4.1.1 Tal50 & Tb series — hydrogen-only flame and addition of ethylene to hydrogen

flame

First observation is the change in color. Tal50 is white in color, while Tb100 is
dark blue in appearance. Note that the color slowly shifts toward yellow as the cases shift

from Th150 to Th300. The visible color can be correlated to different phases.

Tal50 samples have color that is usually white. A gradation of color from dark to
lighter blue is seen for Th100 and Th150 cases, and yellow to lighter hues of yellow is

seen going from Th200 to Th250 to Th300 cases.

T-b250/(Rutile) MBT-b150](Srilankite)T:a150/(Anatase)

Figure 30 Physical appearances of Tal50 compared to Tb series.
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Figure 31 Physical appearances of Tb series (center collection plate).

Considering the crystallinity, Tal50 is anatase dominant with trace amounts of
rutile. The main component of Th150 can be identified as the srilankite phase with trace
amounts of rutile. The last sample in this set, Tb250, is primarily composed of rutile
phase, with traces of srilankite. The XRD results agree with the SAED results,

confirming the phase identification of these samples.

XRD of various TiO2 polymorph - as synthesized
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Figure 32 XRD of Tb150, Tb250, Tal50
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Anatase (T-a150) Srilankite (T-b150) Rutile (T-b250)

Figure 33 TEM-SAED of Tal50, Tb150, and Tb250

The SAED spectra from Th100 to Th300 cases are presented. From this transition,
Th100 is dominated with srilankite phase, with traces of rutile. There are diminishing
amounts of srilankite with increasing amounts of rutile as cases move from Tb100 to

Tb300, culminating at Th300 being rutile dominant with traces of srilankite.

The color shift can be correlated to the srilankite composition in the sample.
Though, it is unusual to see rutile phase that has yellow hint, which usually indicates the
presence of dopant within the samples. Nevertheless, adding ethylene increase the flame
temperature from 1560K to 2060K to 2280K. This ethylene addition also corresponds to
changing phase from anatase to srilankite—rutile mix, as the color shifts from white to

blue-yellow.
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Figure 34 SAED intensity profile of Tb series, indicating the systemic transformation from Srilankite to Rutile

as the flame velocity increase.

Morphology-wise, the expected agglomeration is shown in the SEM. The dendritic
natures of this agglomeration can be seen, with a mix of micron and sub-micron features,
ideal for catalytic processes. SEM is not the best tool to resolve the nanometer features

that indicate the primary particle size. To resolve this primary particle size, TEM is used.
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Figure 35 Ta150 SEM 50kx 200kx
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Figure 36 TB150 SEM image, 50kx and 200kx
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Figure 39 Tal50 HR TEM image
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Figure 40 HRTEM of Th100
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Figure 41 HRTEM of Th150
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Figure 42 HRTEM of Th250

Using TEM, the particle sizes can be seen to change from cases T-b300 to T-b100.
The particle size increases from 3.72 to 9.11nm as the flow velocity issuing form the
burner decreases. The particle size changes and the carbon concentration changes are

summarized in the table below.
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Sample Name | Average Particle Standard XPS Carbon Temperature
Size [nm] Deviation [nm] Atomic % [K]
[C%]

T-b100 9.11 2.06 2060
T-b150 8.60 1.92 28.52% 2120
T-b200 6.22 1.72 2180
T-b250 5.15 1.12 22.05% 2230
T-b300 3.72 187 2280

Table 1 Tb series average particle size, standard deviation, XPS carbon concentration and Spin maximum

temperatures

Another characteristic of the as-produced powders that is studied is their thermal

stability. Tal50, Tb150, and Th250 are heated in a furnace at 230°C for 24 hours.

Samples become brown color upon heating.
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K

Figure 43 Optical image of non heated Th250, Th150, and Ta150 (top); compare to the heated at 230°C

(bottom)

Next, the samples’ thermal stability are analyzed with thermal gravimetric analysis
(TGA) and digital scanning calorimetry (DSC). As shown in the Figure 16, Figure 17,
and Figure 18, the samples do not show any phase change peaks, indicating phase
stability. Two endothermic peaks occur at approximately 100°C and 250°C. The 100°C
peak corresponds to the release of water absorbed from the product of combustion, while
the 250°C is hypothesized to be from un-decomposed precursor. This hypothesis stems

from the endothermic peak from the DSC of TTIP decomposition at 278 °C. From the
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DSC curve, it makes sense to heat treat our sample at 230°C, thus creating a thermally

inert ceramic. Performing our heat treatment in the furnace for 24 hours at 230°C

indicates a thermally inert DSC thermal history.

‘= " e »
g

T-a150-h230, 7.44 nm + 1.53 nm T-b150-h230, 7.13 nm + 1.60 nm T-b250-h230, 4.23 nm * .859 nm

Figure 44 TEM pictures of Tal50, Tb150, Tb250 heated and non heated

From the TEM, particle size reduction can be observed upon heating. Consistent
with the DSC & TGA signature, there are no phase changes upon heating. Conversely,
looking at the XPS carbon concentration, a consistent reduction in the carbon
concentration upon heating is observed. Meanwhile, from the SAED, the phase does not

change upon heating, in agreement with the DSC.
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Anatase T-a150 (left), Srilankite T-b150 (left), Rutile T-b250 (left),
T-a150-h230 (right) T-b150-h230 (right) T-b250-h230 (right)

Figure 45 TEM SAED of heated and non heated couterpart - indicating no phase change detected post heated

Sample Name | Average Particle Standard XPS Carbon | Temperature
Size [nm] Deviation [nm] Atomic % [K]
[C%]
T-a150 7.77 1.84 28.04 1560
T-a150-h230 7.44 1.53 22.37
T-b150 8.60 1.92 23.50 2120
T-b150-h230 7.13 1.60 19.47
T-b250 5.15 1.12 28.66 2230
T-b250-h230 4.23 .859 24.26

Table 2 Particle size, XPS carbon concentration and temperature of flame for heated and unheated sample.

From this set of studies, the addition of ethylene into the hydrogen flame induces

phase transformation from anatase-rutile to srilankite-rutile for the nanopowders.
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4.1.2 Tc series — change of velocity

Th cases are designed to preserve the stoichiometry, while varying the flow velocity
issuing from the burner. This, however, has the consequence of affecting the temperature
and residence time. The intention of these cases is primarily to observe the phase changes
between rutile to srilankite and the possibility to capture such phenomena by simply

changing the velocity of the flow.

The Tc series is designed with the intention to introduce carbon dopant with lower
hydrogen to ethylene ratio, while minimizing the temperature differences between the
cases. The hydrogen to ethylene ratio is lowered from 1:1 to 1:0.4. Assuming that
nitrogen is inert and does not contribute to the reaction, strategic-dilution with nitrogen
can keep the temperature constant. For the T-c series, the temperatures are targeted at

approximately 2050K.

Figure 46 Physical Apearances of the Tc series

As evidenced from the physical appearances, visible absorption changes are
noticeable, indicating successful carbon doping. From the XPS measurments, our system
is able to control the carbon doping, along the 2050K isotherm. The trend is if the
velocity of the flow is lower, the carbon doping will be higher. Thus, along an isotherm,

the carbon dopant within the titania matrix can be controlled.
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Figure 47 XPS carbon concentration plot of the T-c series, indicating lower carbon concentration as the velocity

increase.

T-c120, 8.94+1.80nm T-c160, 6.80+1.67nm T-c200, 6.29+1.59nm

T-c240, 7.53£1.57nm T-c280, 5.0241.11nm

y

T-c300, 6.8912.11nm

Figure 48 TEM pictures of Tc series, Tc120, 160, 200, 240, 280, 300
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Sample Name | Average Particle Standard XPS Carbon | Temperature
Size [nm] Deviation [nm] Atomic % [K]
[C%]

T-c120 8.94 1.80 33.95 2150
T-c160 6.40 1.67 21.52 2150
T-c200 6.29 1.59 21.57 2150
T-c240 7.53 1.57 17.89 2150
T-c280 5.02 1.11 18.32 2150
T-c300 6.89 211 15.95 2150

Table 3 Particle size, XPS carbon concentration and Temperature of the flame of the T-c series.

From analyzing the crystallinity of the samples with SAED, the primary phases are

dominated by rutile. The temperature in the Tc series is relatively close to that of the

Tbh150 and Th200 cases. However, the srilankite phases are barely existent in these series.

As evidenced from the SAED profile, at 1:0.4 ratio of H, to C,H4, the srilankite phases

are not dominant in this situation.
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Figure 49 SAED intensity profile of the T-c series, showing mostly Rutile dominant phase.

However, the range of carbon-doped concentrations in the titania is not significantly
higher compared to that for the 1:1 ratio for hydrogen to ethylene. Assuming the type of
carbon doping that exists from 1:1 and 1:0.4 ratios of hydrogen/ethylene are of the same
type, one can conclude that the carbon concentration might not be the primary factor that
determines the srilankite formation. However, one cannot be sure if the ratio of the
hydrogen/ethylene does not play a role in the srilankite nucleation. Although this aspect
poses one additional parameter that needs to be analyzed, it also demonstrates the

possibility to control the carbon concentration along an isotherm.
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Note that Th150 and Tc120 both have the dark blue appearance, but different
phases. As such, color is not a good marker for phase in our samples, emphasizing the

need for crystallinity measurement.

4.1.3 Te — series — change of temperature

The next set of experiments is the Te series. The maximum flow-field temperature
is now raised to 2650K by complete elimination of nitrogen in the gas phase. This
increase in temperature yields additional rutile phase. From here, temperature change is
able to move the rutile-srilankite equilibrium, but not enough to move into the anatase-

rutile regime.

Figure 50 Te_N2_0 physical appearances, from left to right, center and edge collection area.
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4 Te case
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Figure 51 XRD of Te cases, compare to Th150

4.1.3.1 Cold srilankite vs hot anatase comparison”

Another subset of this Te series is the cold srilankite case (Tb100_N11). The goal
of this experiment is to reduce the temperature of the flame to be comparable to that of
the Tal50 case, as shown in Figure 5. Consistent to the conclusion of the Te series,
variation of temperature from 1560K to 2650K yields samples that are still srilankite —

rutile mix.

XRD of Th100_N11 and Ta200_NO are used in this thesis with permission from Ashley Pennington,
Jonathan Shi, Rachel A. Yang and Prof. Celik.
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Figure 52 Normalized XRD spectra of Th150, Th100_N11, Ta200_NO

4.1.4 Tg - change of pressure from 20-40 torr

Another parameter that is modified is the ambient pressure. By changing the
ambient pressure from 20torr to 40torr, XRD spectra reveals more amorphous product.
The phase observed is still a mix of srilankite-rutile, thus the increase in ambient pressure
is also able to modify the srilankite-rutile equilibrium, but not enough to move it into the

anatase-rutile regime.



Figure 53 Tg 40 torr physical appearance, left to right indicate center and edge collection area.
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Figure 54 XRD of Tg cases, compared to Ti O2 3p25
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4.2 Parametric study that influence Anatase-Rutile-Srilankite

transition

So far, it has been observed that by modifying parameters such as velocity,
temperature, and pressure, srilankite and rutile composition are observed. In the Th and
Ti series, by modifying the oxygen concentration, the srilankite-rutile phase can

transition to the anatase-rutile phase.

4.2.1 Ti— Fuelrich

Ti series are identified by fuel-rich condition. Keep in mind that as the flame
condition approaches the flammability limits, so does flame stability. Ti_O2_3p25 is the
lowest oxygen concentration that is possible with this setup; this corresponds to an
equivalence ratio of 1.08. The powder quantity generated in this case are less than that
compared to its Th150 counterpart. Nevertheless, the repeatability of this case can be
demonstrated by multiple runs of these experiments. From the TEM picture, this sample
is found to be crystalline, as evident from the diffraction lines. SAED of this sample is

compared to that in the next section in Figure 60.
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Figure 57 HRTEM Ti_02_9p5 (500kx)

4.2.2 Th series — fuel lean

Th series are identified by fuel lean condition. In this condition, it is possible to
increase the Oxygen ratio to as high as 9p5. By increasing the Oxygen concentration, the
samples color slowly shift from light blue toward white. From the TEM, this sample is

fully crystalline, as evident from the diffraction lines in both the TEM image and SAED.



82

Notice that by changing the oxygen concentration, the composition of the samples

are modified with the following progression.

- Srilankite (Ti, 0=3.25) ; equivalence ratio = 1.08

- Srilankite with trace of Rutile (Th150, O=3.5) ; equivalence ratio = 1
- Rutile with trace of Srilankite (Th, O=4.5) ; equivalence ratio = 0.78
- Rutile with trace of Anatase (Th, O=5.5) ; equivalence ratio = 0.64

- Anatase (Th, 0=9.5) ; equivalence ratio = 0.37

Figure 58 Ti series physical appearance. Th O2 4p5, 5p0, 5p5, 6p5, p5, 9p5 (from top left to right, bottom left to

right)
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Figure 59 XRD of Ti O2 3p25, Th150, Th O2 4p5, 5p5, 9p5. Indicating phase changes from Srilankite,

Srilankite-Rutile, Rutile-Srilankite, Rutile-Anatase, Anatase
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Figure 61 Th 02 9p5 HRTEM (500kx)
4.3 Conclusions
The investigation of ethylene gas to hydrogen-based flame is conducted. While the
hydrogen-only flame generated an anatase-rutile mix, ethylene introduction resulted in
the transition to the srilankite-rutile system. It is established that temperature variation

from 1560K to 2650K, ambient pressure from 20 to 40 torr, and burner flow velocity
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from 150 to 300 cm/s maintain the production of nanopowders with srilankite-rutile

composition.

On the other hand, by modifying the oxygen concentration, the composition from
anatase (fuel lean) shifts toward srilankite (fuel rich). Rutile exists as a phase found in-

between the anatase and srilankite transition.
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5 Concluding Remarks

Low-pressure premixed hydrogen/ethylene/oxygen flame with TTIP as precursor is
used to produce titania nanoparticles. The Sandia SPIN code allows modeling of the
flame structure and flow-field attributes, assisting in designing the parametric studies to

isolate the effect of each variable on as-synthesized nanopowder characteristics.

As Ethylene is introduced to the hydrogen/oxygen flame, the resulting powders
shift from an anatase-rutile mix to a srilankite-rutile mix. Several parametric studies are
conducted that establishes that temperature variation from 1560K to 2650K, ambient
pressure from 20 to 40 torr, and issuing flow velocity from 150 to 300 cm/s still produce
srilankite-rutile composition. The trend observed is that the higher the temperature and
the higher the velocity, the more rutile phase is produced. Higher pressure yields more

amorphous rutile composition.

On the other hand, by modifying the oxygen concentration, the composition from
anatase (Fuel lean) tilts toward srilankite (Fuel rich). Rutile exists in-between the Anatase

and Srilankite transition.

This study demonstrates that by modifying the composition of the precursor (e.g. by
adding ethylene), one can modify the phase of the product, e.g. producing the srilankite
phase even at lower temperatures, showing that carbon doping indeed stabilizes the high-

pressure phase.
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5.1 Suggestion for future works

2200 .

Temperature matching, CH4, C2H4, C2H2
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Figure 62 SPIN simulation result of Methane and Acetylene flame that match temperature profile of Th150

Ethylene is but one gas that can be added into the flame to modify the composition
of the as-synthesized powders. Carbon-based fuel such as methane and acetylene can be
used as well. Potential direction may be to conduct parametric study using methane and
acetylene to observe the effect of polycyclic-aromatic hydrocarbons (PAHSs) on carbon

doping of the nanopowders for the srilankite-rutile phase being produced.
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