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ABSTRACT

The focus of this dissertation is to investigate the synthesis of crystalline transition
metal oxide (TMO) structures in a counter-flow diffusion flame. This thesis examines the
underlying mechanisms for the flame synthesis of 1D, 2D and 3D nano and micron scaled
TMO structures on the solid support and in the flame gas-phase. The understanding of the
growth mechanisms of the synthesis of single metal structures, along with hybrid and
heterostructures with complex morphologies is essential to tailor the fabrication of TMO
nanoscale structures. These new novel structures enable a multiplicity of applications in
critical areas of today’s world economics such as clean energy and sustainability (i.e. solar
energy, batteries, smart buildings, gas sensors, etc.). The source material, solid supports of
high purity transition metals, in the form of wires are introduced in the flame medium to
trigger the synthesis of crystalline nanostructures. The insertion of single and dual solid
supports in the oxygen-enriched diffusion flame is investigated along with the rapid
formation of structures in the gas-phase. The solid support serves as, both, the material
source and the site for disposition, allowing for crystallization of the formed structures at
different locations around the surface of the metal probes. The study presented herein
commenced with the fabrication of 1D and 3D tungsten-oxide nanostructures on the
surface of a single solid support (i.e. W probe) inserted in the opposed-flow oxy-fuel flame.
The unique 1D nature of the counter-flow diffusion flame, along with is high thermal and
chemical species gradients favors the transformation of bulk transition metals into 1D, 2D,
and 3D structures with complex morphologies. The physico-chemical properties of the
transition metal probe (i.e. diameter and elemental composition) and flame composition

(i.e. oxygen content in the oxidizer stream) were varied to investigate their influence on
XVi



the synthesized nanostructures. We hypothesize that the concentration rate of metal oxide
vapors generated from the surface of the probe, once inserted in the oxygen-rich flame
medium, along with flame residence time, flame oxidizer composition and precursor
location in the flame volume are key parameter for controlling the morphology of the
structures. All of the mentioned factors can influence flame temperature and composition
of oxygen species, along with the rates of oxide generation, subsequent crystallization and
morphologies of the structures formed. Moreover, the unique structure of the 1D flame
geometry with one region rich in carbon species and the other in oxygen radicals can be
leveraged for the synthesis of even more complex assemblies such as hybrid carbon-metal
oxide structures.

The formation of triangular, rectangular, square, and cylindrical 3D channels with
completely hollow or semi-hollow morphologies was achieved by varying the probe
diameter from 1.0 to 0.5 mm. Whereas the increase of the Oz content to 100% and the
employment of a 1 mm high purity W probe resulted in the growth of 2D ribbon-like
micron-sized structures. The lattice spacing of ~0.38 nm measured for the 1D tungsten-
oxides closely matches that of monoclinic WO3 structure. X-ray photoelectron
spectroscopy analysis revealed that the larger 3D structures also consist of WOs3,
confirming that the chemical composition of the structures remains the same while tailoring
both the probe and flame parameters. The flame geometry was used to synthesize hybrid
C-metal oxide structures. This was achieved by inserting a high purity 1 mm diameter W
probe into the oxygen rich flame environment (formed with an oxidizer composition of
50% O2 + 50% N2) to form 1D tungsten-oxide structures. The newly formed structures

were exposed to the carbon rich environment of the flame, using a sleeve, to coat their

Xvil



surfaces with various layers of carbon shells, thus, forming 1D hybrid nanowires composed
of tungsten-oxide cores covered with a uniform carbon sheath. The physical features of
the grown structures on the solid support present lengths up to 50 um and diameters
ranging from 20 to 50 nm. This study reveals the existence of a common generic
mechanism consisting of tungsten-oxides/hydroxides layers being formed on the probe
surface (fuel side) exposed to the high-temperature oxidative environment. These
oxides/hydroxides layers are then evaporated/sublimated as the metal probe continues
being exposed to the flame volume. The formed oxide vapors are then transported by the
gas flow towards the stagnation plane and crystalizes in the form of 1D nanomaterials on
the upper surface of the probe where the temperatures are lower. The proposed growth
mechanism for the 3D structures consists of coalescing of 1D tungsten-oxide nanorods.
The growth of the 3D channel hollowed structures is favored by material deposition
from the gas-phase along the edges of early formed large cubical structures (Berg effect).
Thereby, resulting in deposits of hollowed structures since solely a limited amount of
materials can diffuse to the heart of the formed 3D structure. Regarding the hybrid
nanowires, a two-step synthesis mechanism is proposed: (i) tungsten-oxide nanorods
are formed in the oxygen-rich flame region; (ii) the rapid formation of carbon shells
from hydrocarbon species attained from the carbon-rich zone of the flame during the
probe removal process.

The gas-phase structure/particle synthesis sets the foundation for increase
production of tungsten-oxide nanostructures. The synthesis of well-defined faceted
octagonal prisms (octahedron nanoplatelets) and elongated structures of high aspect ratio
in the form of rod-like nanocrystals is performed in the flame gas-phase employing a
solid-fed precursor flame technique using a 99.9% purity 1 mm diameter W probe
as the
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precursor source. The growth mechanism of the formed nanoscale structures involves the
oxidation of the surface of the metallic probe, evaporation of the newly formed oxide layer
followed by transport of the metal oxide vapors toward the hydrocarbon-rich zone of the
flame. As the transport takes place, the metal oxide vapors are crystallized into well-
defined octahedron nanoplatelets and elongated rod-like nanocrystals. The lattice d-
spacing of grown nanoplatelets and of the rod-like nanocrystals was measured to be ~0.38

nm closely corresponding to the (002) plane of monoclinic WOs structures.

The last part of this research consisted of studying the impact of dual solid support
synthesis to aid the formation of hybrid and complex structures with a multiplicity of
morphologies. W and Mo probes of 1 mm in diameter are inserted in an oxygen-rich zone
at flame positions of Z = 13 and Z = 11 mm, respectively. Experiments consisted of
simultaneous and varied probe insertion in the flame medium. Evidently, controlling flame
position (temperature/radicals’ concentration), residence time (rate of oxide vapors
production), and probe insertion sequence results in the formation of highly complex
structures with multiple morphologies (e.g., polyhedral-, tree-, flower-, forest-, and grass-
like nanostructures). The growth of these unique structures is driven by the formation of
1D “backbone” structures that serves as precursors for the synthesis of the multiple
structures with complex morphologies. HR-TEM/EDX/SAED analyses were used to
characterize the formed structures. A proposed growth mechanism for the synthesis of
these hybrid complex structures is also presented. It is interesting to note that tungsten-

oxide structures with unique morphologies were grown not only on the solid support
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surface but also in the flame gas-phase providing insightful knowledge regarding the mass

production of these materials with a wider range of applications.
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1. CHAPTER 1: INTRODUCTION TO TRANSITION METAL

OXIDES (TMOs)

Material scientists have focused significant attention to study metal oxides owing
to their remarkable properties and multiplicity of structure morphologies that can be
synthesized [1]. The conversion of some transition elements (TMs) to their equivalent
oxide forms results in material with outstanding optical, electrical, magnetic, mechanical,
and catalytic properties; thereby, making them materials of increasing scientific and
technological interest. Millions of tons of TMOs with spherical morphology are being
produced every year, typically employed in paints as pigments, as fluoresce for medical
devices, petroleum refining, recording media, among other applications [2]. However, in
recent years nano sized TMO structures involving 1D, 2D and 3D morphologies are highly
sought after nanomaterials (NMs). The unique morphologies of TMOs (aspect ratios and
shape) combined with their molecular structure yield NMs with remarkable properties and
of a broad range of applications. Owing to the unique properties of these NMs they have
found themselves as important components in various sectors including in healthcare (i.e.
in drug delivery for tumor therapies), renewable and clean energy (i.e. increasing power
output in solar panels and or increasing the performance in Li-ion batteries), as catalytic
material (i.e. for hydrogen and green gasoline production), electrochromic materials (i.e.

for smart building applications), and many other applications [3,4,5,6,7,8].

1.1 Motivation to Study TMOs
The largest group of elements of the periodic table is the so-called transition metals

(TMs). This includes groups 3 to 12 (d-block) and the f-block. According to the



International Union of Pure and Applied Chemistry (IUPAC) a TM is any element with a
partially filled d electron sub-shell. In TMs the valence electrons are present in more than
one shell and often exhibit several common oxidation states [9,10]. The f-block elements
(lanthanide and actinide) are referred to as “inmer transition metals” or more commonly
as “rare earths”. Despite many similarities, the TMs do vary considerably in certain
properties. There is a general decrease in size of atomic radii from left to right for each of
the series in the periodic table. There is a significant increase in atomic radius from 3d to
4d metals, although, the 4d and 5d metals have remarkably similar atomic radii. Within the
3d, 4d, and 5d block of the transition series all of these elements contain cubic and
hexagonal crystal structure with the exception of Hg which contains rhombohedral
structure. Some of these metals have very different melting points such as W with 3,410°C
and Hg as a liquid at 25°C. TMs such as Mo, Fe, and Ti present high hardness, great
strength, and make very useful structural materials; others such as Cu, Ag, and Au, are
relatively soft and highly conductive.

The simple intercalation of a TM with oxygen to form a new material, transition
metal oxide (TMO), can significantly improve the properties of the base metal.
Experimental and theoretical studies have shown that by converting bulk material into
minute structures (at the nano- and micron-sized range) a remarkable modification of their
properties (i.e. chemical, catalytic, magnetic, electronic properties) relative to their bulk
can take place (see Table 1). Additionally, the alteration of the elemental composition of
the nano- and micron-sized structures (i.e. 1D and 3D) from its bulk material can
significantly enhance the material properties providing many useful applications and this

has generated a significant interest within the scientific and industrial communities.



Materials with such improved properties due to their transformation from bulk to nano-
/micron-size and the modification of the elemental composition are TMOs. More recently,
it has also been shown that the mixing of two transitional metals to form a mixed transition
metal oxide (MTMO) structure can result in a structure that has superior properties.
Different methods and techniques have been developed for the synthesis of various types
of TMOs. The flame method represents a single-step process where the structures can be
formed in a few minutes or even seconds. The underlying hypothesis of the flame synthesis
is that coherent variations in temperature and chemical species can produce controlled
growth conditions leading to controlled and highly selective formation of TMO
nanostructures. The flexibility to introduce various synthesis parameters has yielded a
wide-spectrum collection of TMO nanostructures with varying shape (i.e. spherical vs. 1D
& 3D), structure (crystalline vs. amorphous), elemental composition (stoichiometric vs.
nonstoichiometric), and mixing type (uniform vs. nonuniform or core-shell). Therefore,
the focus of this chapter is to provide an insight into the many studies conducted in the
application of flames for the synthesis of TMOs. Different approaches taken by several
experts/researchers in this field used to control the variety of chemical and physical

morphologies in the flame generated TMOs are presented in this chapter.



Table 1. Properties and applications of metal oxides, adapted from [11].

Metal Oxides Properties Applications
FesO, Sorbent Removal of arsenic IIT and IV
from water
Cancer detection and
v-Fe203, BaFe ;209 Super paramagnetic remediation, sensors, and
memory devices
TiO,, Fe,03, Cr20; Colors Ceramic pigments
AlLOs, CeO; Hardness Abrasive
TiO,, CeO,, Fe 03 Catalysts Air and water purification

Photocatalyst, sunscreen, and

TiO,, ZnO UV-Vis sunlight absorbing .
paint
Color Pigment in ceramics and paints
. Smart windows, information
Electrochromic .
WO; displays
Gaschromic Sensing of NH3, HS», NO»

Photochromic Sunglasses, data storage

AL O3, ZrO, Refractory Toughened ceramics

MTi/Zr0; (M ;b():a’ Sr, Ba, and Dielectric Sensors, MEMS
Y,03—ZrOs Electrolyte Solid oxide fuel cell

1.2 Properties and Applications of 1D and 3D TMO Nanostructures
Owing to the unique properties of TMO NMs we have seen a significant increase
in their application as important components in various sectors including in the fields of
photocatalysts [12,13], luminescence [14,15], piezoelectric transducers and actuators [ 16-
24], electrochromic displays [25,26], high-performance anodes in Li-ion batteries [27-
30], gas sensing components [31,32], data storage media [33], optical absorption and
emission [34], biosafety and biocompatibility [35], among others. Popular applications of

TMOs in selected technologies are briefly described below (Fig.1).



1.2.1 Solar Panels

In the solar panel industry the use of photovoltaics allows for the conversion of
sunlight (photons) into electricity (Fig. 1a). Si-based solar cells have been in development
for over 50 years [36], however, efficiencies of only 5-15% are typically attained in
commercially available cells as a result of the reduced utilization of photons by the Si-layer
of the cell [37,38]. The uses of different types of photovoltaic materials, of unique
morphological characteristics, and of nanostructured scales have become topics of study in
recent years for increasing the power output of solar panels [39]. That is, electron transport
in photoactive materials (regardless of its type) can be influenced depending on whether
the material is in: 1) bulk or micron sized compared to nanosize scales. Nanosized
photoactive materials are reported to offer advantages in enhancing the efficiency of the
cells by the increased surface-to-volume ratio. That is, nanosized NMs allow for a shorter
diffusion path for charge carriers to the surface, additional adsorption sites for reactants,
and more active sites for the catalytic reactions, in addition to the localized electronic states
favoring charge transport and trapping near the surface. ii) Physical morphological
properties of the photoactive materials (spherical vs. non-spherical, regardless of the type
of material). Spherical particles have been employed for solar panel applications. However,
they possess a key problem: coalescence of the fabricated atomic clusters, affecting the
original physical and chemical interactions. However, 1D-nanostructures (nanowires,
rods, tubes, cones, etc.) applied to photovoltaics favor the influence of both absorption and
reflection due to light scattering between the nanostructures which increases the travel path

for the photons.
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Fig. 1. Typical applications of nanostructures multi-dimensional TMOs: (a) solar
panels; (b) electrochromic, (c) rechargeable batteries; (d) capacitors, (e) gas sensors;
(f) light emitting diodes; and (g) catalyst.



Moreover, 1D structures orthogonalize the direction of electron transport, which
facilitates the absorption of light and the collection of charge carrier; whereas, 3D
structures result in improved surface reaction rates, electrical transport, chemical stability,
specific surface area which causes a dramatic enhancement in storage ability. The
exceptional review of Anta et al. shows the intensive efforts by various research groups to
study the efficiency of light harvesting devices based on nanostructured metal oxides [30].
One application of the metal oxide for solar cells relies on creating nanostructured films
[40,41]. It has also been shown that thermal treatment (annealing) of the films can result
in significantly higher external quantum efficiencies compared to the not-annealed solar
cells [42,43]. For instance, Dittrich et al. showed that annealed thin absorber layers based
on ZnO nanowires with length of 1.5 pm coated with absorber materials of 25 pm of In2Ss3
and CuSCN resulted in higher efficiencies compared to those non-annealed layers [34].
Kuznetsov et al. [44] reported the use of TMO nanorods to coat Si-based solar cells to
increase their power output to levels up to 5%. Thus, two different mechanisms can be
proposed to enhance solar cell power output/efficiency: (1) replacing Si-films with other
materials that require thin films, or (2) coating the Si-films with nanostructures to increase
the film surface-to-volume ratio, and thus, its efficiency. Hybrid components can also result
in enhancement of power conversion efficiency, for instance ZnO nanorod structures
combined with poly-3-hexylthiophene polymer results in conversion efficiency of over

four times greater than that of similar devices based on single nanoparticles [45].

1.2.2 Electrochromic (EC) Devices
An application of electrochromic properties is shown in Fig. 1b using a “smart

window” as a typical application. A smart window typically employs two EC films; one a



cathodic oxide and the other an anodic oxide. Upon an electrical stimulus, ion
insertion/extraction will cause both films to undergo color-bleach cycles. Briefly, a generic
EC device consists of several superimposed layers placed in between two transparent
substrates (i.e. glass, polycarbonate, polyethylene terephthalate, etc.) [46]. The variation
of the optical properties results from ion insertion/extraction via centrally positioned
electrolytes from the EC films. Small ions are typically favored for such purposes (i.e. H+,
Li+, etc.), Fig. 1b. Transparent liquid and/or polymeric-based electrolytes and ions
carrying thin oxide films are typically employed [37]. The ion transfer can be triggered by
applying an electrical field between the two EC films, a voltage of 1-2 V DC is typically
required, which suggests that powering the systems is easily possible [47]. The movement
of electrons can result in intervalence transition (i.e. yield polaron absorption), which is the
main reason for optical absorption [38]. Films are commonly fabricated based on NMs
with tailored nanoporosity and of TMOs based on two types of oxides. Cathodic EC film
(coloring under ion insertion, i.e. Ti, Nb, Mo, W, Ta) and an anodic EC film (coloring
under ion extraction, i.e. Cr, Mn, Fe, Co, Ni, Rh, Ir). A significant amount of effort has
also been devoted to the development of superior EC films. For instance, the formation of
V-based oxides which are hybrid in nature (anodic/cathodic) and the use of mixed
transition metal oxides (MTMOs). Mixed TMOs can yield optimized properties with
superior performance when compared to the individual oxides. For instance, W-Ti oxide
results in enhanced electrochemical cycling durability as a result of the addition of Ti to
the parent material [48]. Additional examples of W-based films hybrid oxide involve
combinations with Ag [49], Pt [50], Au [51], Ta [52], Mo [53], Ru [54], Ni [55], V [56],

etc.



1.2.3 Lithium-ion Batteries (LIBs)

Commercially available LIBs (Fig. 1c¢) employ films of spheroidal shaped
transition metal oxide particles as cathodes. These are the most advanced among the
rechargeable batteries available to date [57]. Recently, in order to improve the
performance of rechargeable batteries, the use of a cathode having one of its surfaces
coated with a layer of 1D and 3D TMO nanostructures instead of conventional bulk
microcrystalline films has become a very attractive field of study [58-60]. Cathodes coated
with bulk microcrystalline metal oxides generally suffer from poor kinetics and/or capacity
fade with cycling. On the other hand, cathodes composed of 1D and 3D TMO
nanostructures have recently been shown to improve the rate capabilities of solid-state
electrodes because of the small diffusion lengths [61]. Typically, nanoparticles are not very
stable and difficult to fabricate on large scales; which has driven research to focus on 1D
nanostructures that can render electrochemical LIBs more versatile. Nonetheless, in order
to obtain higher energy and charge densities, 3D nanostructures may be required, due to
electrodes having higher surface areas, large surface to volume ratio, mass transport
abilities along with favorable structure stability over 1D structures and nanoparticles. There
are significant efforts aimed at developing novel electrodes to eliminate the dependence on
carbon materials (carbon based electrode) and to further optimize their performance [62].
Much attention has been devoted to transition metal oxide (TMOs) nanostructures as
candidates for LIBs electrodes since they can offer advantages of large and reversible
capacities of 2 to 3 times greater than graphite, along with corrosion resistance, eco-
friendliness, less volumetric expansion upon lithiation, better lithium intercalation process,

and optimum cost-performance ratio [63].



1.2.4 Capacitors

TMO nanostructures (2 to 50 nm) have attracted much attention in energy storage
applications not only due to their outstanding mechanical, electrical and structural
properties, but also because of their high pseudocapacitance (capacitors) as a result to their
multiple valence state changes typically not possible with carbon-based materials [64].
Moreover, their large specific surface area and suitable pore size distribution are also
features that favor their use for capacitor applications [65] that result in high specific
capacities due to effective contact between electrodes and electrolyte along with enhanced
transportation of ions/electrons in both the electrode bulk and the electrode/electrolyte
interface (Fig. 1d). RuO:z (720 F-g ') and IrO2 (550 F-g!) nanoparticles are recognized as
the most promising candidates for capacitor applications due to their very large specific
capacitance values. However, low specific surface area is one of their disadvantages. This
shortcoming is addressed by employing 1D nanostructures that are capable of solving the
issue of specific surface area, and thereby enhance the electrode active material utilization.
3D structures, however, improve the surface reaction rates, electrical transport and
chemical stability along with optimized surface area, and facilitation of ion transfer in the
system with improved storage capacity. Hybrid structures are reported to further improve
the capacitance performance, NiCo204 nanoneedles grown on 3D graphene-Ni foam

resulted in capacitance of up to 1588 F-g™!.

1.2.5 Gas Sensors
It is now well-known that the electrical conductivity of metal-oxide
semiconductors is very sensitive to the composition of the surrounding gases. This property

can be utilized in the production of gas sensors. Oxygen vacancies on the surface of metal

10



oxide materials cause changes in electrical conductivity of the materials as a result of
molecular adsorption. Consequent to the adsorption of some molecules, such as NO2 or Oz
at the vacancy sites, conductivity is reduced. But the conductivity increases when
molecules, such as CO and Hz, are adsorbed at the vacancy sites on the surface. Most metal-
oxide gas sensors operate based on this principle [66].

Similar to the above described applications, the sensing properties of NMs can be
affected by several factors including its: 1) chemical composition, ii) surface modification
with other metals, and iii) morphology, among others. A gas sensor typically consists of a
coated ceramic tube (i.e. metal oxide), where the coating corresponds to the sensing film
with predefined thickness (Fig. 1e). The actual sensing mechanism consists of the
nanostructures (i.e. TMOs) exposed to a targeted environment (i.e. gas mixed air). This
results in Oz 1ons (formed on the surface) by getting an electron from the conduction band,
which results in electron depletion at the surface (Fig. 1e). Upon interactions with volatile
compounds and/or chemical species through adsorption, chemical reactions, or charge
transfer, the physico-chemical properties of the sensing film can be modified, thus
generating an electrical signal [67]. However, both the chemical composition and the
physical morphological properties play key roles in determining the performance metrics

of these sensors.

1.2.5.1 Chemical Composition:

One of the key advantages of TMOs gas sensors refers to their ability to have
reversible interactions between the sensing film and the gas, which is characteristic of
conductometric semiconducting metal oxides [68]. Only TMOs with d0 and d10 electronic

configurations are ideal for gas sensing applications. Moreover, the sensitivity of gases in
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a gas sensor can be optimized when using core-shell TMOs of various elemental
compositions [69]. Similarly, sensors formed from a combination of metal oxides have
been shown to exhibit significantly higher sensitivity than sensors constructed solely from
a binary composition [70,71]. A literature survey of different metal oxides employed for
gas sensing applications suggests that ZnO and SnO: are the most extensively researched
for sensing films in chemoresistive gas sensors [72]. However, it has been shown that a
binary composite ZnO-SnO: sensor exhibits superior sensitivity to sensors constructed
solely from zinc oxide or tin oxide under identical experimental conditions [C.L. Zhu et al.

61].

1.2.5.2 Physical Morphological Properties:

The specific shape of employed sensing materials can play a critical role on their
performance owing to the fact that higher active surface areas result in higher sensitivity
between the sensing materials and the targeted gas. For instance, Geng et al. [ 73] indicated
that 14-faceted polyhedral ZnSnOs microcrystals resulted in higher sensitivity than
octahedral components, mainly due to the increased active surface for interaction when
exposed to multiple gases including H2S, C2HsOH, and HCHO. Moreover, gas sensors are
frequently required to operate in very challenging environments (i.e. temperatures up to
600 °C [74]), which results in significant operational limitations as a result of the sensor’s
poor sensitivity at such conditions. However, metal oxides with nanoscale dimensions have
been found ideal for such extreme environments. The nanoscale TMOs forming the sensing
film enhance the adsorption of gases due to the significant increase of the surface area
compared to their micro or bulk counterparts. The use of nanoscale TMOs increases the

sensor’s sensitivity and allows for expanding the operational regime of the devices.
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Typically, nanostructure arrangements for gas sensing applications consist of aligned and
randomly oriented 1D structures, as a result of their unique features associated with low
dimensionality and lowest size making the fabrication of nano devices a reality. Binary
TMOs such as TiO2 and V20s represent the d° configuration; whereas post-TMOs such as

ZnO and SnO, represent the d'° configuration.

1.2.6 Light Emitting Diodes

Recent advances suggest the use of nanoengineering for fabricating flexible and
high temperature resistance LEDs (Fig. 1f). Typically TMOs and hybrids thereof are
employed for these applications, especially those composed of 1D heterostructures grown
directly on top of flexile films which are ideal for optoelectronic devices with flexible,
transferable and stretchable features [75]. In particular hybrid nanorods synthesized on
graphene-based flexible films with very small contact areas favor great endurance under
deformation [76]. Nanostructure morphology also plays a critical role in light output
power, for instance, 3D cone-shaped nanostructures with side-wall angles of 24.1° resulted
in light out power enhancement of 300% higher than flat surface conventional LEDs [77].
The ability of TMO nanostructures and/or nanoparticles to participate in redox and acid-
based reactions makes them suitable for applications as catalysts for industrial applications
[78,79]. In recent years, much effort has been devoted to the field of nanotechnology and
nanoscience in regard to TMOs due to their relatively high chemical activity along with
defined interactions [80-83]. TMO nanoparticles with increased surface area to volume
ratios are highly efficient considering the oxidation reaction takes place at the surface

oxygen.
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1.2.7 Catalysis

In recent years, much effort has been devoted to the field of nanoscience in regard
to TMOs due to their relatively high chemical activity along with defined interactions
[71,84]. TMO with increased surface area to volume ratios are highly efficient considering
the oxidation reactions that can take place at the surface, Fig. 1g. Their performance as
catalytic NMs can be further optimized by placing the TMOs particles on a magnetic core,
and thus allowing for collection and separation of the catalyst from the resulted mixture
when exposed to a magnetic field. Furthermore, employing magnetic nanoparticles allow
for recycling of the catalyst as a result of the ease of its recovery capabilities at the end of
the reaction, along with the ability of turning off a reaction by applying a magnetic field
[58]. Generally, the specific catalytic activity, per unit mass or per unit of surface area,
increases with reduced particle size, however, decreasing particle sizes can also result in
nanoparticle agglomeration as a result of lack of stability [85]. Though, this is typically
resolved by immobilizing active species on solid supports. Although, Mn-oxide
nanoparticles are known as efficient catalysts in the oxidation of olefins with epoxides as
products [86], Rahaman et al. reported the preparation of Mn2Os 1D structures (i.e.
nanorods) with enhanced catalytic activity and high selectivity for the direct synthesis of
multiple aldehydes via oxidation of alcohols [87]. Furthermore, it is important to highlight
the fact that the catalytic activity of nanoscale structures can result in 75% improvement in
catalytic activity when compared to bulk components [88]. 1D structures have gained
increased focus in photocatalyst applications as a result of their large surface-to-volume
ratio and lower number of grain boundaries [89]. 3D mesoporous structures have been

reported to yield high catalytic activity due to their ability to generate high light harvesting
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ability along with the reduction of the recombination rate between photoelectrons and
holes.

After describing the multiple applications, it is interesting to note that the capacity of
some TMOs to exist in various oxidation states and with a large variety of crystal structures,
and others with an ability to undergo phase transition configurations (physical and
chemical), makes them unique. Depending on the type, some TMOs are essential in
catalysis (large surface area for photocatalyst applications), photoelectrochemical (i.e.
photochromism, in reference to the reversible change in color or optical properties of a
material upon exposure to light), electroluminescence (i.e. light-emitting diode),
electrochemical (i.e. Li-ion batteries), optical properties (i.e. in solar panels), among others.
Some of these technologies will have far reaching practical application as TMOs with
superior properties are being exploited for the development of many new technological

applications as discussed above.
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1.3 Outline/Organization of the Dissertation

Chapter 1 presents the motivation behind this research thesis on the flame
synthesis of TMOs and outlines the need for this study. It describes the benefits of
intercalating an oxygen molecule into a bulk transition metal to form metal oxide
nanostructures. It discusses the importance of particle shape (spheroidal, 1D and 3D) and
size (micron and nano) of TMOs to improve their properties and applications. Moreover, a
detailed review of the multiple applications of selected TMOs that support the need for this
research is also illustrated.

Chapter 2 provides a comprehensive literature review containing significant
insights in regard to multiple fabrication techniques of TMOs nanostructures. In this
chapter typically used classic and conventional non-flame methods for the synthesis of
TMOs are presented and compared with various flame methodologies. Interestingly, this
chapter describes the benefits of employing flames as a flexible and inexpensive technique
(when compared to its non-flame counterparts) for the synthesis of TMOs nanostructures
with unique and complex morphologies.

Chapter 3 contains the core research objectives of thesis along with the impact
thereof. One of the main objectives of this thesis consists of gaining further insights into
the underlying mechanism that a solid support (material source) exposed to a high
temperature oxygen rich medium (oxygen flame) can result on the synthesis of hybrid and
multi-dimensional structures with complex morphologies both on the solid support surface
and in the gas-phase. This new knowledge can certainly aid in enhancing the solid support
and the gas-phase synthesis of new complex TMOs with remarkable properties and hence

enable novel applications.

16



Chapter 4 describes the combustion reactor used in this research, along with key
features of the counter-flow diffusion flame, numerical predictions of the major chemical
species and the temperature profile distribution. Furthermore, the process of the metallic
probes (i.e. bulk material sources) insertion into the flame medium and the sample
preparation for both scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analyses are also presented herein.

Chapter 5 summarizes the result of the initial evaluation of the synthesis of TMOs
on a single solid support employing a single metal precursor and the proposed growth
mechanism of the fabricated structures. This part of the work sets the foundation for the
solid support synthesis of TMOs with hybrid/complex/multi-dimensional nature.

Chapter 6 introduces the concept of gas-phase combustion as a versatile and
promising technique for synthesizing TMO nanostructures. Further insight as to how the
material growth takes place within the flame volume serves to gain additional
understanding on the overall synthesis of TMO nanostructures with well-defined atomic
structure in (i) the gas-phase, on how the structures evolve from shapeless discrete particles
to octahedral and elongated rod-like polygonal structures, and (ii) a single solid support.

Chapter 7 focuses on the synthesis of complex heterostructures with a multiplicity
of morphologies tailored based on substrates flame position, residence times, substrates
insertion time, and azimuthal crystallization sites.

Chapter 8 present the concluding remarks of the dissertation along with

recommendations on future work.
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2. CHAPTER 2—LITERATURE REVIEW

In this chapter, trends, developments, and recent advances in the various methods
for the synthesis of transition metal oxides (TMOs) are explained by reviewing several
scholarly works on this field. It includes non-flame and flame methodologies developed
for the synthesis of TMOs. Detailed description of multiple studies where flames were
employed to fabricate TMO structures of multiple morphologies (i.e. spherical, 1D and 3D)
in both solid substrates and in the gas-phase. The flame methods are compared to other
methods for the synthesis of TMOs including chemical vapor deposition (CVD), sol-gel,

and plasma.

In relation to the flame synthesis of TMO nanostructures, it discusses various types
of flames including normal and inverse diffusion, premixed, and partially premixed flames,
along with the types of combustion-based burners employed for synthesis, i.e. counter-
flow, flat flame, co-flow diffusion, and premixed burners. The various forms of
introducing the source or bulk material into the flame media is discussed. Interestingly,
most industrial flame synthesis techniques focus on spherical nanoparticles for mass
production; however, recent advances on multi-dimensional structures (1D to 3D) with
unique morphologies (i.e. grass, flower, tree, forest, polyhedral, etc.) have gained much
attention for novel applications and devices, i.e. batteries, electrochromic windows,
catalyst, drug delivery, etc. Furthermore, this chapter also discusses the flame synthesis of
mixed transition metal oxides (MTMOs), where the combined physico-chemical nature

and morphology of the resulting nanostructures are highly desired for optimal and tailored
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performance. It is also emphasized that the flame synthesis method of TMO nanostructures

includes both solid supports and gas-phase as the key to volumetric grow.

2.1 Synthesis and Methodologies to Form TMO Nanostructures: A Review and
Analysis of Flame and Non-flame Synthesis Techniques

Methods for the synthesis of these novel TMOs are to be robust, scalable, energy
efficient and inexpensive in order to suffice the requirements of current and future
applications. A variety of techniques have been proposed and developed for the synthesis
of TMOs including aqueous chemistry [90-92], chemical vapor deposition [93-95], pulsed
laser deposition [96-98], high temperature heating process in a restricted vacuum chamber
[99], and metalorganic vapor phase epitaxy [ 100], combustion synthesis methods or self-
propagating high-temperature synthesis [101], and flames, among others. All of these
methods are based on the assembly of molecules through evaporation and deposition on a
substrate through vapor-phase transport or chemical reactions. Through this method, highly
pure crystalline and complex nanostructures (physically and/or chemically) can be
produced. Although most of these methods are capable of producing TMOs, most are
generally limited by the complexity of the process, scalability, and purity of its products.
However, combustion/flame synthesis methods have emerged as highly flexible, rapid,
relatively inexpensive, robust, and single-step process with a broad potential for high-
volume commercial production of various nanoscale materials with controlled and
complex morphologies compared to the other aforementioned techniques. Thus, flames
have evolved into one of the most versatile and promising methodologies employed for

high volume/commercial production of nano-scaled materials [ 102,103]. Table 2 lists and
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highlights specific methods and their combinations that have been employed to synthesize

TMO nano/micro structures.

2.1.1 Chemical vapor deposition (CVD)

In this method, thin films of TMOs can be formed on a substrate through chemical
reactions. Oxygen and/or non-reactive gases are fed into a furnace chamber and the gases
react with the metal source and deposit on the substrate to form a thin film of metal oxide.
A variety of CVD configurations have been established and examined for the synthesis of
TMOs. The CVD configurations include plasma enhanced CVD, vapor trapping CVD,
vertical furnace, and plasma enhanced CVD among others [104]. Generally, CVD
synthesis mechanisms use temperature to trigger the gaseous precursors, however, the
formed structures can differ significantly with respect to each other regarding their
structure, composition, and properties due to multiple factors including temperature (i.e.
deposition and sublimation), substrate, gas flow or vapor/gas ratio, pressure, growth time,
cooling rate, etc., which all play a key role in the fabrication process [105,118]. Gesheva
et al. [118] employed a low temperature CVD technique to fabricate W-, Mo-, and
molybdenum/tungsten-oxide films for electrochromic applications for smart windowns.
Their process exposed the respective substrates to temperatures ranging from 150 — 200°C
and vapour source temperatures of 90°C, resulting in growth rates of 6-10 nm/min. Zhou
et al. [120] employed a plasma enhance CVD tehcnique to syntehsized MoO2 nanowire
arrays on silicon substrates. Substrate temperatures and experimatal syntehsis times of
1100°C and over 60 min were attained, respectively. Interestingly, based on the reported
CVD tehchniques, the grow rate tends to increased with decreasing dimentionality and

increasing crystallinity (i.e. from amourphous to crystal-based structures) of the structures
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[118,120]. Generally, CVD methods allow for production of uniform and high-quality thin
films. However, The resulting structures can exhibit significant variations in their structure,
composition, and properties, depending on several factors such as temperature, substrate
type, vapor/gas ratio, pressure, growth time, cooling rate, etc. These parameters play a
critical role in the fabrication process, and slight changes can result in significant
differences in the final structures. Moreover, this technique requires multiple steps and
several hours in order to yield nanosutrcutres production, which represent disadvantages

for large scale production of multidimensional structures.

2.1.2 Sol-gel

The sol-gel method is based on the formation of an oxide network through reactions
of a metal (source) in a solution. A sol is a stable dispersion of amorphous or crystalline
particles in a solvent. And a gel encompasses a solution. In this method, the film of material
is formed from agglomeration of the particles. Galatsis et al. [124] synthesized Mo-, W-,
Ti-, Mo/Ti- and molybdenum/tungsten-oxide structures for gas sensors applications. Their
process consists of: (i) mixing precursors in few minutes; (ii) place the sols materials in
ultrasonic bath for 1 hour; (iii) settling and aging at room temperature for 24 hours; (iv)
placing solutions on substrates and spun at 2500 rpm for 25 s.; (v) allow films to gel on
substrates for 24 hours at room temperature; and (vi) annealing to 450 and 500°C for 4
hours. It is important to note that this synthesis mechanism typically requires over 50 hours
for films or structure sysnthesis. Niederberger et al. [130] introduced the fabrication of
molybdenum-oxide nanofibers using a sol-gel technique with production times of at least
5 days. From various of these studies, it is evident that regardless of the dimentionality (1D

vs 2D) and the crystallinity of the structures, the frabrication times are in the range of 3-7
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days [124,125,130]. Typically, sol-gel is a versatile technique for producing a variety of
nanostructures, including thin films and powders. However, sol-gel requires multiple steps
and long processing times to produce high-quality products and often results in
aglomerated spherical structures, which can be a disadvantage for large-scale production

of multidimensional nanostructures.

2.1.3 Plasma

Most recent plasma reactors have been redesigned for the synthesis of TMOs. In
the plasma method, two graphitic probes perform as the negative and positive electrodes.
An electrical discharge is created as a result of a conducting path between the two
electrodes. Similar to the CVD combinations, a variety of plasma configurations
(sputtering, cathodic electrodeposition, and anodization, etc.) have been designed and
tested for the formation of TMOs. Hu et al. [137] generated hollow crystalline tungsten-
oxide fibers employing a plasma-like setup with currents of 40-55 A and substrate
temperatures of 1300-1400°C during 1 hour. Depero et al. [ 106] reporeted the synthesis of
W/Ti-oxide thin films using a reactive sputtering coupled with an annealing process at 600-
800°C for approximately 12 hours. Mixed molybdenum/tungsten-oxide films were also
produced via sputtering by Vomiero’s group [135]. Despite the plasma technique being
able to reach high temperatures rather quickly, it has been reported the additional annealing
process, typically greater than 10 hours, is highly responsible for the morphological and

compositional evolution of the formed films [135].
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2.1.4 Flames

Although the above-described classic conventional (non-flame) methods are
capable of producing TMOs, some of them are generally limited by the complexity of the
process (multi-step), scalability, and selectivity of its products. Most of these methods
require several hours for the synthesis process, whereas flame synthesis can be achieved in
a matter of minutes or seconds. Flame as a synthesis technology represents a method
capable of producing nanoparticles and nanofibers at the scale of several million metric
tons annually due to its simplicity [107,108]. For instance, flame generated materials
include carbon blacks and of the highly ordered nanostructured carbon materials such as
carbon nanotubes, fullerenes, fullerene derivatives, fumed silica, titanium dioxide or titania
with and without pigmentary properties and optical fibers [109,110,111]. Every year,
millions of tons of single metal oxide particles (such as TiOz2, Al203, GeO2, PbO, V20s,
Fe203, SnOz2, ZrO2, and ZnO) are produced through flame-based inexpensive, single step,
and rapid synthesis method [97,112]. Typical theoretical reactions of methane flame with

oxygen and transition metals to form TMOs nanostructures are described below:

CHa(g) + 502(g) + 2Ws) — 2WO3(s) + CO2(g) + 2H20(g)

CHa(g) + 502(g) + 2Mos) — 2MoOs3s) + CO2(g) + 2H20¢g)
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Table 2. Methods used for the synthesis of TMOs nanomaterials.
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Every year, millions of tons of Si02, TiO2, Al203 [97] and ZnO [140] are produced
through this considerably rapid and inexpensive method. Various combustion-based
processes and unique catalytic-fed methods have been employed for the synthesis of TMO

nanopowders. Typical methods of precursor delivery into the flame medium for synthesis
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of TMOs include “aerosol” and “flame spray pyrolysis” (FSP) (Fig. 2a). Typical
advantages of flame synthesis of nanostructures involve the production of
multidimensional structures with controlled size, morphology, and composition, making it
a promising technique for a wide range of applications. The resulting nanostructures can
have unique shapes, such as hollow, core-shell, or hybrid structures, which can be
challenging to produce using other techniques. However, the growth mechanism of the
complex and hybrid flame formed structures may not be very well understood to unlock its
full potential.

Burner configurations are an important aspect of flame synthesis of nanostructures
since it affects the temperature, chemical species, and stability of the flames. The typical
burner configurations consist of the counter-flow, co-flow, and flat flame reactors:

i.  Counter-flow burners are designed so that the fuel and oxidizer flow in opposite
directions and impinging against each other to form a typically 1D counter-flow
diffusion laminar flame suitable for studying soot, carbon nanotubes and TMO
nanostructures. This configuration promotes efficient mixing and combustion due
to the high shear forces between the two streams as well large temperature and
chemical species gradients of the order of 2000 K/cm and hydrocarbon-rich to
oxygen rich-distinctive zones, respectively [109].

ii.  Co-flow burners are designed so that the fuel and oxidizer (or their mixtures) flow
in the same direction, typically from the center of the burner to the outside. This
configuration creates a longer flame, making co-flow burners ideal for applications
where a long flame is required, such as in glass melting or steelmaking. This

configuration can yield premixed or diffusion flames, with premixed reactor
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1.

representing the best efficiency and less unburnt fuel as a result allow for accurate
temperature and emissions control. However, they are also the least safe as a result
of potential for flashback [141]. Diffusion co-flow reactors offer added flexibility
and safety compared to their premixed counterparts due to the ability to inject fuel
and oxidizer either through the center and outer nozzles or vice versa, hence
characterizing the flame location , soot oxidation rates, and size of the
characteristics oxygen and hydrocarbon rich zones [ 142].

Flat flame burners are designed to produce a flame that is flat and wide, rather than
the typical cylindrical shape of counter-flow and co-flow flames. This
configuration allows for a larger heat transfer area and can be useful in applications
where the flame needs to cover a wide surface area, such as in industrial ovens or
kilns. The flat geometry is achieved by either employing a perforated plate burner
or a flat porous end plate [143]. This configuration has been commonly used to
investigate the key features of premixed laminar flames for studying hydrocarbon
pollutants [143] and most recently the evaluation of nanoscale materials synthesis

[164].

Interestingly, all three main configurations have been used for the synthesis of nanoscale

structures [139]. Furthermore, it is important to consider that some of these flame

techniques could be impeded by the harvesting process of the grown structures, particularly

they are grown directly in the gas-phase medium.

It has been shown that reacting mixing additives, introduction of electric fields,

among other processes can be used to control morphology (primary particle size,

agglomeration, shape, particle crystallinity, etc.) and composition in the flame synthesis of
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TMOs. For the most part these methods of precursor delivery have resulted in the synthesis
of metal-oxide products composed of aggregates formed of tightly bonded primary
particles (mostly spheroidal). Powders composed of agglomerates are usually formed from

the fumed aggregates during their final production.
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Fig. 2. Schematics showing different approaches utilized in the flame synthesis of
TMO:s. (a) Evolution of metal oxide nanoparticles as the base materials is introduced
into a reaction zone using ‘“Aerosol Methods” and “FSP” techniques; (b) “Solid
Support” synthesis of 1D/3D TMOs, (bl-b2) “Gas-phase” synthesis of TMOs and
hybrid nanomaterials, (c) Synthesis of TMOs by direct oxidation of a TM in a post flame
region.
It is anticipated that flames can also be used as an inexpensive viable alternative to
produce complex nanostructured TMOs that are essential for the development of new
technologies (i.e. 1D, 2D and 3D and of unique chemical structure). It has been shown that

the “solid support” and “gas-phase” techniques can be used to directly generate multi-

dimensional, hybrid and mixed TMOs in flames, Fig. 2(b-c).
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2.2 Flames as a Unique Fabrication Techniques to Produce TMO Nanoparticles
What makes flames attractive for the synthesis of NMs is the relatively inexpensive
and single-step process. The rapid succession of heating and cooling during combustion

creates materials with rich physical morphologies and composition.

2.2.1 Flame synthesis of metal-oxide nanoparticles

An important controlling parameter in the flame synthesis of TMOs is the manner
in which a raw material (source or precursors) can be delivered into a flame environment.
The products synthesized using flames can exhibit significantly different morphologies
and, at times, varying chemical compositions from those of the introduced source or

precursors.

2.2.1.1 “Aerosol” and “spray pyrolysis” methods

Table 3 highlights some works for the synthesis of TMOs in flames by introducing
the source material into the reaction zone using “aerosol” and ‘‘flame spray pyrolysis”
(FSP). The “aerosol method” is a gaseous delivery process where the precursor is
vaporized in a bubbler or evaporator before being introduced into a flame medium, while
in the FSP the raw material is introduced into the flame as a form of fine spray. Burner
configuration and corresponding flame structure, type of fuel used, type of catalytic/source
materials and method of delivery of the source material is evident in Table 3. A schematic
of the representative “morphology” of the formed powders is also presented. It is
interesting to note that these methods of precursor/source delivery have resulted in TMO
powders composed mostly of spherical-like primary particles and their aggregates. The

general conclusion is that some of the important parameters for determining the
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morphological structure of the produced powders are: i) the concentration of precursor
introduced into the flame. Not only can this parameter affect the flame structure itself, but
frequency of particle collisions during synthesis can increase with an overloading of
precursor vapor leading to a higher rate of agglomeration (usually undesirable); ii) the
combined influence of residence time of the particles and the flame temperature. Flame
temperature (directly influenced by fuel type and oxygen content) can affect the flame
synthesis of the TMOs since fuel type and oxygen concentration can affect flame structure
as well [ 144]. For instance, Jensen et al. [ 145] reported on the flame synthesis of both ZnO
and Al203 powders composed of nanoparticles using a premixed methane-air flame at
atmospheric pressure. High purity zinc and aluminum precursors were introduced to the
flame environment by employing an “aerosol” technique with nitrogen flow. The
synthesized ZnO and Al2Os particles had diameters in the range of 25-40 nm and 7.1-8.8
nm producing surface areas of 27-43 m*/g and 184-229 m?/g, respectively. The particle
diameter range was achieved by adjusting the flame temperature and precursor vapor
pressure parameters. Stark et al. [ 146] also used the “aerosol” method in a methane-fueled
co-flow diffusion flame for the synthesis of vanadia-titania oxide nanoparticles. The as-
synthesized particles had diameters ranging from 10 to 50 nm and specific areas of 23-120
m?/g. Stark and co-authors have observed that an increase of the oxygen flow rate resulted
in larger diameters and smaller specific areas. During the last decade extensive research
efforts have been devoted to the synthesis of TMOs in flames via the “flame spray
pyrolysis” method. Typical nano-powders created with this method are titania, MgAI2Oa4,
gamma-Fe203, alumina, manganese oxide, and zirconia. For instance, Tani et al. [147]

reported on the use of the “flame spray pyrolysis” method for synthesis of ZnO
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nanoparticles using a co-flow premixed flame. The average particle diameter was
controlled between 10 nm and 20 nm by the solution feed rate, and the particles exhibited
highly crystalline wurtzite (hexagonal) structure. Zinc acrylate was dissolved in methanol
to create the precursor solution, and methane and oxygen were used as the fuel and
oxidizer, respectively. By increasing the precursor feed rate, the flame location was
increased resulting in greater surface growth and larger diameter particles. Similarly, Qin
et al. [148], reported the production of europium-doped yttrium silicate (Y2SiOs:Eu’")
nanophosphors. The experimental combustion system consisted of a co-flow
methane/oxygen diffusion flame and an ultrasonic spray generator. As with other metal-
oxide flame synthesis studies, the diameter of the particles increased as the precursor
loading increased. Fennell et al. [ 149] utilized a fuel-lean, premixed, laminar flat-flame
burner to synthesize highly crystalline MgO nanoparticles with narrow diameter
distributions. The flame was formed by acetylene (C2H2) and nitrogen/oxygen
compositions. An aqueous solution of MgCl> was nebulized as a fine spray and mixed
with the fuel/oxidizer stream before combustion with a magnesium concentration of
approximately 13 ppm. Memon et al. [150] study the growth of titanium oxide
nanoparticles that are synthesized using a multi-element diffusion flame burner (MEDB).
Argon and hydrogen or ethylene are used as the precursor carrier gas and oxygen and argon
are used as the oxidizer in the MEDB. The tetraisopropyl titanate (TTIP) precursor, injected
through a syringe pump, is heated to nearly 180°C to prevent condensation of the TTIP.
The nanomaterials were collected on an aluminum plate, maintained at 100°C, downstream
of the burner. When using the hydrogen/argon mix and the ethylene/argon mix as the

carrier gas, the team reported the growth of pure anatase TiO, nanoparticles and carbon-
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coated TiO, nanoparticles, respectively. Height et al. [151] synthesized zinc oxide (ZnO)
nanorods using a premixed flame formed with methane and oxygen, and by inserting the
precursors using FSP method. The solvent precursor is fed through the nozzle using a
syringe pump as oxygen sheath gas was concentrically introduced around the nozzle. Zinc
naphthenate and toluene were combined to form the liquid precursor solution. With the
help of a vacuum pump, the nanomaterials were collected on a water cooled glass fiber
filter. The group reported that ZnO, displayed single-phase wurtzite structure when doped

with indium, tin, and lithium.

2.2.1.2 Approaches used for controlled synthesis in “aerosol” and “FSP”

As discussed earlier, conventional methods (i.e. CVD and plasma) can be
combined to form a hybrid or combined system (plasma-enhanced CVD) to design or form
novel types of TMOs. Similarly, in the application of flames for the synthesis of TMO
nanoparticles some innovative processes (besides the popular precursor feed rate
parameter) have been introduced as a means to control their formation. The ability to easily
introduce many variables to fine tune/manipulate controlled synthesis makes flames a
powerful method compared to the conventional methods. Some introduced variables
include unique burner configurations, the simultaneous combination of two flame volumes,
and the introduction of external forces such as electric fields, among others (Table 3). One
interesting and frequently explored variable is the introduction of electric fields (EFs). This
may be due to the successful early works of pioneers in this field revealing the effect of the
change in flame geometry, velocity of flame gases, heat transfer rate, control of the
particulate matter (flame luminosity) upon the introduction EFs [152-156]. Therefore,

those early EF flame works have provided unique tools for researchers in flame synthesis.
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The very recent work of Li et al. presents an excellent review on the various techniques
employed for controlling the flame synthesis of metal-oxide nanopowders to form
structured films [157]. The Li et al. work presents a review of the flame aerosol deposition
to form the TMO films and discusses the various deposition mechanisms for their
formation. The introduction of external EFs in the flame synthesis of ceramics and TMOs
has allowed for high precision control of the primary particle size, degree of the particle
agglomeration (powder morphology) and crystallinity [158,159]. EFs formed using
electrodes of various geometrical shapes (i.e. plate vs. needle shapes placed across the
flame) and of various strengths have been tested in flames (diffusion and premixed) and
have been revealed to be an excellent control variable in the manufacture of ceramics and
TMOs [160,161]. EFs can be used to either increase or decrease the size of the primary
particle [162,163]. As the particles are forming in the flame, they are charged by the EF
and repel each other to prevent coagulation. Zhao et al. [164] studied the effect of EFs on
controlling the nanoparticle size and level of agglomeration on titania nanoparticles. A
flat-flame burner geometry was used with the fuel source (hydrogen), the oxidizer
(oxygen), and the precursor vapor and carrier gas all being delivered as a premixed blend.
The nanoparticles were collected thermophoretically on a cooled substrate downstream
from the flame. The EF was established between the burner itself and the cooled substrate
by a dual-polarity, high-voltage power source. Applying the EF allowed for the decrease
of particle size from 40 nm to 18 nm without affecting any other material properties (e.g.
crystallinity). Another innovative and creative approach is to introduce “multi-nozzle”
flames that deal with the merging of flame volumes which has been proposed and

developed in the flame synthesis of TMOs using the “aerosol” and “flame spray pyrolysis”
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methods. For instance, Strobel et al. used a two-nozzle FSP for the single step preparation

of Pt/Ba/Al203 NMs [165]. In one of the flames, Al precursors were introduced while in

the other barium/platinum was introduced resulting in individual crystalline Al2O3 and

BaCOs nanoparticles.

Table 3. Flame configurations and generated spheroidal nanoparticles.

Burner Flame Fuel/ Reagent/Carrier
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It is reported that the inter-nozzle distance can be used as a variable to control the
products in the two-nozzle synthesis. It is concluded that if the two flames come into
contact later (tips region only) mixing of the two types of particles only agglomerate and
do not sinter into a single particle as lower temperature prevails late in the flame [151].
The introduction of a swirler device inside a burner to tune/manipulate the flow dynamics
and deposition of TMOs on a substrate is another interesting approach that was introduced

by Wang et al. [170].

2.2.2 Flame synthesis of multi-dimensional TMOs using the “Solid Support” method
The introduction of the raw material in the highly oxidative environment of a flame
in the form of high purity wires or meshes can yield TMOs of higher dimensional shapes.
This method does not involve the introduction of catalysts or dopant vapors, but instead
the raw material is introduced in the form of a solid substrate and we refer to it here as the
“solid-support”. The wire/meshes can also serve as supporting surfaces, where structures
are grown or recrystallized. The “solid support” method has been applied to the synthesis
of various TMOs including Mo, W, Fe, Zn, and others as the base metals (Table 4). This
method works very well for the synthesis of multi-dimensional shapes TMOs on solid

35



supports or directly in the flame medium [171- 183]. It is well understood now that the
interaction of a transition metal wire (source material) with a highly oxidative environment
containing O and OH radicals results in the rapid oxidation of the wire with the formation
of metal oxides in high oxidation states in the form of layers on the surface of the probe
(Fig. 2b). The layers are typically formed on one side of the probe, most likely the side
exposed to the highly oxidative region of the flame. This is followed by the formation of
metal oxide precursors originating from the oxide layers upon their vaporization or
sublimation. The metal oxide precursors are transferred by the gas flow along the wire
surface for their crystallization in colder regions in and/or out of the flame (on the same
probe or other designed surfaces).

Some of the most popular parameters for selective design of the TMO morphology
with multidimensional shapes in the “solid support” method are the geometry of the
reactor used to form the flame medium, diameter size of probe, the ratio of introduced fuel
to oxidizer, oxygen content in the oxidizer stream (O2/N2), among others. Table 4 presents
a list of works on the flame synthesis of multi-dimensional TMOs using the “solid
support” in a variety of flame configurations. The underlying growth mechanism of the
TMO structures using the “solid support” in flames appears to be composed of multi and
interrelated sub-mechanisms that occur continuously and nearly simultaneously. The first
sub-mechanism is responsible for the conversion of the metal to metal oxide layers on the
surface of the “solid support” upon its exposure to the flame volume. The second sub-
mechanism is responsible for the melting/sublimation of the newly formed metal oxide
layers into vapors or precursors. The third sub-mechanism is of a molecular level that deals

with the nucleation and crystallization for the growth of the TMOs.
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In “solid support” synthesis of multiple TMO nanostructures, multiple parameters
are reported to impact the morphology and composition of the formed structures. Those
parameters include: size of the solid metal source, residence time of the solid metal source
in flame media, substrate position in flame media, oxygen concentration in flame
environment, and source material (i.e. substrate). Similarly, some innovative
approaches/processes that combine flames with sequential nonrelated flame processes have
been developed for the formation of unique/modified TMOs. For instance, an innovative
approach for the synthesis of TMOs in the form of composites has been developed by the
Tse’s group [183]. In that contribution a two-step synthesis process (flame and
electrodeposition) for the synthesis of tungsten-oxide/Al nanowires (WO2.9/Al NWs) was
employed. This is typically achieved in a sequential process with the first array composed
of tungsten-oxide NWs formed using the “solid support” in a W probe inserted in a
counterflow flame, followed by exposure to an ionic-liquid electrodeposition method
containing an Al wire. This process has resulted in the flame synthesis of TMOs of higher

dimensional shapes (see Table 4).
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Table 4. Flame configuration and generated 1D and 3D TMO Nanostructures.
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2.2.3 Volumetric flame synthesis of 1D and 3D TMOs

Gas-phase combustion synthesis has proved to be one of the most versatile and
promising techniques employed for scale-up production of nanoscale materials [193,194].
Modern applications of TMOs require them to be of multidimensional shapes involving
1D (i.e., nanorods, nanowires, etc.), 2D (i.e., nanoribbons, nanosheets, nanoplatelets, etc.),
and 3D (i.e., nanotrees, nanoforest, nanopolyhedrons, etc.) structures. Whether this
becomes a reality will depend on the ability to design controllable synthesis methods for
the generation of elongated objects with a high aspect ratio and at large scales. The ability
to synthesize the structures directly in the gas-phase makes the flame a continuous single
step process ideal for large scale production of the nanostructures. Table 5 represents a
list of works on the “gas-phase” synthesis of 1D and 3D TMO nanoforms using aerosol,

FSP, and “solid-support” feed; these methods are discussed below:

2.2.3.1 TMOs (1D) formed using “aerosol” and “spray pyrolysis”

In some cases under certain conditions the “aerosol method” and “flame spray
pyrolysis” has resulted in the synthesis of elongated TMOs. Height et al. reported that the
introduction of tin and indium dopants in their FSP experiments altered the structures to
form rod-like shapes (with closely controlled aspect ratio) as the concentration was
elevated while the lithium dopant did not have an effect on the shape of the ZnO [137].
Furthermore, they reported that the specific surface area for the indium and tin doped ZnO
materials increased as the dopant concentration was elevated. These materials are
promising in sensing, electronics, and optical displays. Tani et al. [133] reported on the use
of the flame spray pyrolysis method for the synthesis of ZnO nanoparticles using a co-flow

premixed flame. By increasing the precursor feed rate, the flame location was increased
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resulting in greater surface growth and larger diameter particles. The introduction of higher
precursor feed rate resulted in elongated TMOs made of Zn. Memon et al. reported that the
introduction of metal vapor precursors (aerosol) using hydrogen and ethylene as the carrier
can result in the synthesis of non-spherical particles [136]. For the hydrogen mix, the group
reported nanoparticles exhibiting a polyhedral shape with diameters ranging from 50-100

nm. For the ethylene mix, the group reported a carbon-coating thickness of approximately

3-5 nm [136].

Table 5. “Gas-Phase” Burner configurations for flame synthesis of 1D and 3D TMO
nanostructures.
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2.2.3.2 Gas-phase flame synthesis of 1D and 3D TMOs

The “solid support” studies also lead to the flame gas-phase synthesis of 1D and
3D TMO nanostructures by the authors and others. During the “solid support” synthesis
of TMOs it was noticed that the flame medium slightly changed color as the result of the
insertion of the wire (source). One of the hypotheses was that the change in flame color
was due to the rapid oxidation of the inserted probe at its surface. To prove this hypothesis
TEM grids were inserted (thermophoretic sampling technique) in the flame volume at
various distances from a W probe for potential sample collection. Indeed these
experiments showed that when a Mo probe was inserted in the flame, Mo oxide structures
of polygonal shape were formed directly in the gas-phase.

The presence of ultra-small crystals is observed close to the surface of the solid
probe. Particle transformation occurs as the small crystals are pushed upstream in the
direction of the fuel nozzle by the gas flow. Sampled material collected further away from
the probe’s surface shows the presence of larger nanocrystals with the shape of cubes and

rods.
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The direct synthesis of the TMOs in the flame volume involves the oxidation of the
solid wire to form various oxide layers on the surface of the probe exposed to the high
temperature oxygen-rich region of the flame. Evaporation and/or sublimation of the oxides
and their further transfer from the high temperature oxygen-rich region to the lower
temperature fuel zone create an ideal environment for metal oxide synthesis. As the metal
oxide vapor precursors travel in the gas flow, structures are crystallized in the form of

elongated 1D nanorods and 3D nanorods octahedron nanoplatelets.

2.3 Core-shell and Mixed Transition Metal Oxide Nanostructures (MTMOs)

The simple cross-linking of two transition metals with oxygen atoms or the
combination of two transition metal oxides into a single compound (or a core-shell TMOs
X@Y) allows for the formation of an entirely new type of material. In recent years
extensive research has been devoted to the study of these NMs revealing the unique
properties and the potential applications in a broad-spectrum of sciences and engineering.
MTMO and core-shell TMOs have shown to have superior chemical, piezoelectric, optical,
electrochromic, and photochromic properties and are essential components for the
development of new state-of-the-art technologies (ranging from catalysis, LIBs, smart
windows, medical and biomedical applications, among others) that stem from the superior
properties that they exhibit [196-201]. However, the development of these new
technologies is greatly hampered by the high cost of production of the NMs. For instance,
Jiang et al., [202] reported an overview of the latest developments in metal oxide-based
electrode architectures for electrochemical energy storage applications with a focus on

lithium-ion batteries (LIBs). The authors concluded that the key to satisfy the requirements
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of future power sources consist of developing advanced designs and simple fabrication
methods of nanostructured films/arrays of hybrid electrodes [202]. Therefore, a continuous
and facile method for the production of these novel nanomaterials is needed. The ideal
method should be able to produce the NMs at a high rate with controllable composition,
nanosizes, crystallinity, shape, structure and morphological characteristics. Therefore, the
development of a method to generate such structures that is facile, inexpensive, with a fast
growth rate will impact whether these new technologies become commercially viable in
the future. Various synthesis methods including chemical vapor deposition (CVD) [203,
204]; sol-gel method [205]; and plasma [206,207] have been used for the synthesis of
mixed Mo-W oxides. CVD and the sol-gel methods are currently considered the “ideal
methods” for the synthesis of MTMOs. Both CVD and sol-gel are composed of multi-step
processes. Both methods initially require the pyrolytic decomposition of the metal/alkoxide
precursors. The sol-gel method requires a time intensive ultrasonic bath to achieve
homogenous mixing of the solution containing the pyrolytic decomposed precursors. In
the same process an extensive “aging process” is required (~24hrs). Both methods require
extensive deposition time and annealing in the final stage. As an example of the multi-steps
process that these conventional techniques employed, Gesheva et al. [203] demonstrated
the use of the CVD technique for synthesizing tungsten/molybdenum-oxide films for
electrochromic applications. The synthesis process involved pyrolytic decomposition of
hexacarbonyls for each metal source, Mo(CO)s and W(CO)s, at a 1:4 ratio, respectively.
The mixed metal oxide films were deposited by mixing the precursors at 90 °C with a
constant supply of Ar loaded with precursor vapors, followed by the separate introduction

of O2 gas at an Ar to Oz ratio of 1:32. The deposition process occurred at 200 °C for 40
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min, resulting in different growth rates or film thicknesses, followed by an annealing

process in air between 400 to 500 °C for an additional hour to complete the synthesis.

2.3.1 Flame synthesis of core-shell and MTMOs on solid substrates

Table 6 lists important works on the flame synthesis of MTMOs and core-shell
TMOs using different types of flame configuration and techniques. Some of these methods
are hybrid that allow for the combination of different deposition processes of the vapors
[208,166]. The process includes “flame vapor deposition”, “solid diffusion growth” or a
combination of the two to grow 1D binary metal oxide and complex core-shell TMO
nanostructures [201]. In the “solid diffusion growth” process some areas of the substrate
serve as the metal source. This process requires the flame to rapidly heat the metal. This
causes the metal atoms to diffuse toward the surface of the source material and become
oxidized by the flame, forming metal oxide nanostructures on the original substrate. The
“flame vapor deposition” process for the synthesis of MTMOs as described by Cai et al.
encompasses: 1) the flame oxidizes the surface of the metal (e.g., Mo mesh); i1) the newly
formed metal oxide sublimates to form vapors; and iii) the metal oxide vapors condense
onto colder growth substrates, placed further down the flame front, in the form of 1D NMs.
A multi-step process called “Sequential solid-vapor growth” was used to generate nano
TMOs of a core-shell structure. The “Sequential solid-vapor growth” combines both the
“flame vapor deposition” and “solid diffusion growth” to form the complex metal oxide
nanostructures. In the Cai et al. contribution, copper oxide (CuO) nanowires were formed
first by the process of “solid diffusion growth” on the surface of a Cu substrate. The newly
grown CuO nanowires serve as nano substrates to be used in the “flame vapor deposition”

of a4 cm x 4 cm, 99% purity Mo wire mesh (0.318 cm wire spacing and 0.064 cm wire
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diameter). MoO vapors are deposited on the already formed CuO nanowires, coating them
with MoOs in the form of solid shells or branches. It was reported that the morphology of
the metal oxide nanostructures was dependent on the MoOx vapor concentration, growth
substrate temperature and the time of growth. When Twmo and Tcu are maintained at 480 °C
and 420 °C, respectively, for 10 minutes with a 0.5 fuel to oxygen ratio, MoO3 is deposited
evenly around the already grown CuO nanowires. For complex metal oxide nanostructures
to occur, the growth rate for the creation of both oxides (e.g. MoO and CuO) needs to be
similar. This can be difficult since “flame vapor deposition” method has a much faster
growth rate than the “solid diffusion growth” method. Therefore, the Cu substrate is kept
at a temperature at which the nanostructure growth is fastest (~500 °C) and Mo mesh wire
was maintained at a temperature resulting in low MoOx vapor concentration, where the fuel
(CHa and H>2) to oxidizer (air) equivalence ratio was 0.53 and the Mo source mesh was
~550 °C. The temperatures of the meshes are achieved by the use of heat sinks in the form
of plain steel cooling meshes. The cooling meshes are placed between the flame and the
source mesh as well as between the source mesh and the growth substrate as needed for
temperature control.

Cai et al. [210] also used the simultaneous “vapor-vapor deposition” method to
synthesize 1D complex W-doped MoOs nanoflower-like structures. This flame synthesis
process requires the simultaneous oxidation of two source materials and their deposition
on the surface of a substrate placed further downstream. The simultaneous “vapor-vapor
deposition” process involves the use of two different transition metals (i.e. Mo and W),
which are placed in the post-flame region. The metals are then oxidized by the flame,

producing metal oxide vapors by means of sublimation. The sublimated vapors formed,
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WOx and MoOx, then move with the gas flow toward a silicon (Si) substrate placed further
downstream. Complex W-Mo-O nanostructures are formed when the vapors condense and
deposit on the colder Si substrate. To form mixed metal oxides instead of separate binary
oxides, it is necessary to ensure that the nucleation and growth rates of both metals are
similar.. The structure of the complex metal oxides is found to be dependent on the
temperature of the growth substrate. W and Mo mesh wire temperatures were kept
relatively constant, using the steel cooling meshes, at around ~670 and ~560 °C
respectively. When the vapor concentrations and substrate temperature (~351 °C) were
comparatively low, square and hexagonal nanoplates of average area 1 pm were formed
on the Si substrate after 20 minutes. To obtain a low vapor concentration the fuel to
oxidizer equivalence ratio was set at 0.8 and the temperature of the metals was ~667 °C for
the W mesh and ~558 °C for the Mo mesh. These nanoplates had layer structures indicating
the nanostructures contained evenly dispersed Mo and W. The atomic ratios of Mo to W
were estimated to be 22:1. Most of the complex metal oxides formed have a crystal
structure similar to the one found in a-MoOs3, and ultimately the W-Mo-O complex oxide

nanoplatelets are likely made of tungsten-doped MoO:s.

2.3.2 Synthesis of MTMOs and related core-shell nanostructures using “flame spray
pyrolysis”

As was noted in the previous sections of this contribution, flame aerosol
synthesized products are strongly dependent on the state in which the precursor is fed into
the flame medium. This basic principle was employed by Stark et al. in flame spray
pyrolysis to selectively synthesize ceria-oxide and ceria/zirconia mixed nanocrystals of a

high specific surface area and improved thermal stability [204]. It was reported that the
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introduction of Ce (FSP) using isooctane/acetic acid/2-butanol carrier resulted in large

CeO:s structures of a polydisperse size distribution [209].

Table 6. Flame generated core-shell and mixed metal oxide nanostructures.
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Zhang et al. employed the flame assisted spray technology (FAST) that allowed for
the continuous production of nanostructured LiNio.sMnis504 with an outstanding average
particle of 16 nm [206]. The MTMOs appear to be consisting of powders composed of
spherical-like primary particles. Of interest are the wide ranges of particle size that exist in
the powder; that is, the particle diameter ranges from the micro to the nanoscale. It is

reported that the spinel structures are valuable materials for energy applications.
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2.3.3 Gas-phase synthesis of MTMOs

Recently, using a counter-flow diffusion flame our group showed that MTMO
nanopolyhedrals made of W-doped MoOs can be synthesized directly in the gas-phase
[216,217]. High purity molybdenum and tungsten probes, 1 mm in diameter, are
introduced simultaneously into the oxygen-rich zone flame as the material source. The
process starts with the formation of Mo Oxide and W oxide vapors in a region of the flame,
initial crystallization of the vapors into shapeless particles in an intermediate flame zone,
and ending with the transformation/combination into well-developed cubes (W-doped
Mo0Q3) in another region of the flame. The process takes place as flame gases move in the
direction of the stagnation plane. The underlying mechanism is as follows: (i) the high
temperature flame causes fast formation and sublimation of molybdenum oxides from the
surface of the Mo wire, (ii) molybdenum oxide vapors cool down and nucleate to form
shapeless particles that are transformed to nanocubes as they travel inside the flame
volume; (ii1) tungsten oxides evaporated from the tungsten probe deposit on the surface of
existing MoO3 nanocubes and form chain-like tails attached to the nanocubes, (iv) chain-
like tails diffuse into the nanocubes and elemental tungsten intercalate into layers of
nanocubes; (v) as nanocubes are transported inside the flame, W atoms distribute evenly
inside the structures and increase the lattice spacing of the existing nanocubes. However,

the nanocubes maintain crystalline structure.
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3. CHAPTER 3—RESEARCH OBJECTIVES

This chapter defines the core objectives of this dissertation and sets the foundation

to assess the impact of this research.

3.1 Thesis Objectives

In the past decades, research in flame synthesis of micron and nanosized structures
has taken this method to a new level. Flame synthesis is shown to be a scalable single step
process, with high growth rates, optimum control over the morphology, growth flexibility
(i.e. gas-phase and/or solid support), and is therefore an economical technology [218, 219]
for producing controlled single and metal-oxide nanoscale heterostructures [220, 221,222,
223, 224]. In this study a reactor with the counter-flow configuration is employed for
investigating the synthesis of TMOs. The flame counter-flow flame structure depends on
the gas velocities (strain rates), oxygen content in the oxidizer, fuel type, among other
parameters.

The main purpose of this study consists of showing the flexibility of flame media
as a rapid and single step process for the synthesis of TMO nanostructures. Secondly,
gaining a fundamental understanding of the synthesis mechanism of complex structures
such as, hybrid, heterogeneous, and multi-dimensional structures on both the solid support
and the gas-phase synthesis media is of key interest of this work. It is hypothesized that:
(i) When metal probes are introduced into oxygen-rich flames with strong temperature

gradients, the metal atoms react with the oxygen species in the flame, resulting in

the formation of metal oxide compound films on the surface of the metal probes.

(ii) The metal oxide layer is then evaporated or sublimated to form metal oxide vapors.
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(iii)

The oxide vapors are then carried by the gas flow downstream in the direction of
the stagnation plane and are deposited on the upper surface (or fuel side) of the
probe/substrate with lower temperatures which promotes crystallization of the
oxide vapors to form the crystals.

Gaining further understanding of the effect of flame dynamics (i.e. residence time,

temperature, chemical species, fuel and oxidizer ratios, etc.), along with crystallization

kinetics will certainly enhance our knowledge on solid support and gas-phase synthesis of

single and hybrid TMO nanostructures with complex morphologies. Ultimately, our

hyp

othesis is supported by validating the principal research objectives of this dissertation.

The principal components of this research involve:

1.

To provide a well searched background on the high flexibility of flames as scale-up
method or commercial production for the synthesis TMO structures (i.e. typically
spherical and micron size structures). Hence, highlighting how the “legacy flame
processes’ have evolved for the synthesis of high-purity production of several types of
well-defined TMO nanostructures with a multiplicity of morphologies.

To illustrate how the combination of a 1D diffusion oxygen-rich flame with the
introduction of solid support (i.e. material source) can result on an ideal process/method
for the synthesis of a new generation of nanocrystalline TMOs.

To comprehend the fundamental mechanism involved in the solid support-based
growth of single transition metal oxide nanostructures and mixed transition metal oxide
(MTMO) structures, which exhibit complex morphologies. The growth of both Mo and
W probes will be investigated as examples of material sources for the synthesis of

single and MTMO nanoscale structures. By understanding the growth mechanisms, it
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is possible to apply this knowledge to various transition metals in the periodic table,
resulting in tailored physico-chemical properties of the synthesized nanoscale
materials, achieved by combining transition metals with complementary properties.

4. To gain further insight into the physical and chemical properties of the synthesized
nanoscale materials to support the proposed growth mechanisms.

5. The ultimate outcome of this work consists of gaining new knowledge in the
application of oxygen-rich flames for the synthesis of complex MTMO nanostructures

with unique properties and morphologies suitable for a wide range of applications.

3.2 Research Impact

This investigation is focused on gaining detailed understanding on the synthesis
and growing mechanism of complex TMO heterostructures both on the solid support and
in the gas-phase employing a counter-flow oxygen-enriched diffusion flame. The attained
understanding of how complex structures with tailored morphologies sets the foundation
to enable mass production of these structures for optimizing their properties and allowing
their wide range of novel applications. Several contributions will be made from these
research project:

e The significance of the physico-chemical interactions between the 1D counter-
flow diffusion flame and the metallic probe substrates. These interactions favor
the oxidation of the metallic probes, followed by the formation oxide vapors
that act as precursors of highly crystalline structures.

e The importance of synthesizing complex and hybrid heterostructures composed

of at least two metals to enable significant performance improvements on the
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end-structure due to counterbalancing the shortcomings and optimizing the
advantages of the individual components.

The ability of flames to fabricate nano- and micron-sized structures with a
multiplicity of morphologies based on flame position of the metal substrates,
short residence times (<150 sec), and azimuthal crystallization sites for
deposition.

Optimum understanding of the growth mechanism of the structures with
complex morphologies (core/shell, grass, flower, tree, forest, polyhedron, etc.)
as a result of the interaction of the metal probes with the highly oxidative flame

environment.
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4. CHAPTER 4—EXPERIMENTAL SETUP AND PROCEDURE

The purpose of this chapter is to present the details of the experimental setup and
procedures used to enable the synthesis of complex heterostructures. The chapter
comprises of four main parts including: (i) details of the counterflow combustion reactor;
(i1) details of the mechanism/procedure used for the probe insertion or bulk material source
into the flame medium; (ii1) sample preparation used for both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) analyses after the structures are
synthesized in the flame; (iv) key features of the counter-flow diffusion flame along with
the numerical predictions of the major chemical species and the temperature profile

distribution.

4.1 Experimental Setup of the Counterflow Reactor

A schematic of the experimental setup is shown in Fig. 3. Two opposite streams
of gases are introduced in a counter-flow diffusion flame combustion reactor; the fuel
(methane seeded with acetylene) is inserted from the top nozzle and the oxidizer
(oxygen/nitrogen) is supplied from the bottom nozzle. The fuel and the oxidizer nozzle
have inside diameters of 42 mm and they are 25.4 mm apart. A cylindrical annular duct
around the oxidizer nozzle is employed to introduce co-flowing nitrogen with various
purposes such as extinguishing the flame near the outer jacket and preventing it from
dissipation into the environment, and it also creates a protective shield around the flame
that serves as a stabilization mechanism that helps protect the flame from disturbances in

the surrounding environment. This plays a key role in the stabilization process of the flame
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considering that small disturbances, such as a person moving close to the burner position,
can result in flame instabilities due to the low fuel and oxidizer streams flows, ~20 lpm.
The nitrogen duct has inner and outer diameters of 60 and 108 mm, respectively. The
nitrogen flowrate varies based on the strain rate (e.g. for strain rates of 20 and 30 s!, the

N2 flowrate is 96.70 and 145 1/min, respectively).

The fuel and the oxidizer streams impinge against each other creating a stable
stagnation plane. The flame front is formed on the oxidizer side with respect to the
stagnation flame. Methane (CH4) seeded with 4% by volume of acetylene (C2Hz) were
employed as the fuel in this work; whereas the oxidizer is composed of 50% by volume of
oxygen (O2) and 50% by volume of nitrogen (N2). It is important to mention that the
addition of C2Hz in the fuel stream increases the flame temperature and affects the growth
rate of metal oxide structures. The oxygen content can be varied in some cases in order to

study its influence over the synthesized material.

The flows of all the gases were metered with Aalborg electronic mass flow
controllers which have accuracies within 1.5% and are located upstream of the burner
nozzles (Fig. 4). Mixing chambers are located downstream the flow controllers in the
respective top/bottom sections of the burner for the fuel and the oxidizer streams,
respectively, as depicted in Fig. 4. These chambers have the function of guaranteeing a
well mixture of the respective gasses, CH4/C2H2 and O2/N2. The chambers are metallic

cylinders with one and two outlet nozzles on the top and on the bottom, respectively. These
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metallic cylinders are half-filled with 3-mm diameter glass beads in order to further

improve and distribute the gases flow in the mixing process.

Counter-Flow
Reactor

Mixing
Chambers

Flow

Controllers
Gas ===

1
Cylinders . :

2-D Positioner

Fig. 3. Schematic of the experimental facility. The gas flows are measured and regulated
by mass flow controllers, then the fuel and oxidizer mixing process takes place in their
respective mixing chambers. The fuel mixture is introduced from the top nozzle and the
oxidizer mixture is supplied from the bottom nozzle. The photograph represents a
regular counter-flow diffusion flame.

Fig. 4 illustrates a schematic of the cross-sectional view of the counter flow
diffusion burner and the various components employed to further benefit the flame
stabilization process. Several stainless-steel screens are positioned in the fuel and oxidizer
nozzles exits, and a honeycomb plate is placed in the annular nitrogen duct. These devices
are employed to stabilize the flow through the top and bottom nozzles. A cooling system

with water as the permanent flowing work fluid is included in the upper nozzle aiming to

dissipate heat from the exhaust gases preventing failure of the burner due to overheating.
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A photograph of the counter-flow burner, along with a typical diffusion flame and the

direction of the respective flows, is shown in the insert of Fig. 4.
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Fig. 4. Schematic of the cross-sectional view of the counter-flow combustion reactor. The
inset represents a photograph of the actual combustion reactor and the counter-flow
diffusion flame.

4.1.1 Counter-flow reactor positioning system

The entire combustion reactor was placed on a 2-D stepping motor positioning
system, driven by UniSlide Velmex MA 6000 units, in order to achieve precise positioning
of the reactor and the metallic probe within the reactor. A personal computer data
acquisition system was connected to the stepper motors to control the operation of the

positioning system, therefore, governing the position of the metallic probe inside the flame
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environment. The interface COSMOS V3.1.4 (Computer Optimized Stepper Motor
Operating System) was used as the data acquisition software, which allowed precise
positioning within fractions of a millimeter (0.0000625 inches). The system has a variable
velocity of 0 to 0.20 inches/second. This allowed the probes to be accurately inserted into
the flame at a specified Z location . A schematic of the positioning system utilized in this

investigation is illustrated in Fig. 5.

Counter-Flow

Motor Controller

Fig. 5. Schematic of the 2-D stepping motor positioning system. The stepper motors are
controlled through the control box by the personal computer.

4.2 Counter-flow Diffusion Flame Structure
1D characteristics and easily variable residence time within the flame are two

main factors that make flames fed by opposing jets of fuel and oxidizer an interesting
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area of fundamental research. Both experiments and calculations are much more

workable owing to 1D features of the counter-flow flame.

It is important to highlight that the diffusion flame created by the counter-flow
combustion reactor is always established between the nozzles and it is essentially flat, with
a disc-like geometry, having dependencies only in the axial direction. The flame has two
very unique zones. The flame has a strong transition from blue in the oxidizer side, oxygen-
rich area, to bright yellow in the fuel side, hydrocarbon rich area (photograph of the flame
in Fig. 4). The soot particle radiation gives the yellow color to the flame and is also
responsible for the flame brightness. Strong temperature and chemical species composition
gradients along with the counter-flow diffusion flame features discussed above make this
type of flames an ideal synthesis medium for both CNTs and TMOs. The production
capability of several types of materials greatly adds flexibility to any process developed

with this type of flame.

Another neat characteristic of this flame corresponds to the ability of controlling
the two characteristics zones only by modifying the oxygen content in the oxidizer stream

and the gas velocities.

4.2.1 Structural response of counter-flow diffusion flame to strain rate modifications

The counter-flow diffusion flame is characterized by a local strain rate, SR,
obtained by fitting a straight line to the computed approximate velocity profile just
upstream of the thermal mixing layer at the oxidizer side, and it is defined as half of the

negative of the axial velocity gradient [225]. The local strain rate is inversely proportional
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to the residence time of the reacting species in the reaction zone. Strain rate represents a
key parameter that plays an important role in regulating the counter-flow flame structure.
The flame cannot be sustained if the strain rate is too high or two small [226]. The global

strain rate is defined as:

2V,
SR =—2

where the parameter J denotes the velocity of the reactant streams at the nozzle
boundaries, L represents the separation of the nozzles and the subscript g symbolizes the
gases stream. It should be noted that both the oxidizer and the fuel stream have the same
velocity.

Fig. 6 shows several photographs of counter-flow diffusion flames with a constant
oxidizer concentration of 35% Oz and 65% of N2 and strain rates ranging from 10 to 40 s
!, this was accomplished by changing the outlet flow velocities and the nozzles’ separation
distance. The counter-flow diffusion flame structure is strongly influenced by modifying
the strain rate, for instance, the brightness of the yellow zone of the flame decreases as
going from strain rates of 10 s'to 40 s'. These photographs reveal that the brightest yellow
zone of the flame takes place when the strain rate is 10 s and it is also interesting to note
that this zone becomes weaker with higher strain rates, Fig. 6. For lower stream velocities
at the nozzles’ boundaries, more time is available for pyrolysis processes as a result of
longer residence times of the particles inside the flame, which will later aid to increase the
soot concentration in the flame medium. The blue zone is also affected by changing the
strain rate, it can be clearly observed from Fig. 6 that the blue zone becomes substantially
narrower and less active when increasing the strain rate. The flame thickness is reduced

by increasing the strain rate; likewise, the thickness of the characteristics zones of the
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flame, yellow and blue, are also reduced. Table 7 and Fig. 7 show the measurements
performed using ImageJ software (a public domain image processing program developed
by the National Institutes of Health) on the flame photographs referencing the known
distances between the nozzles with an accuracy of 0.01 mm. Results show how the flame
yellow and blue zone thicknesses are reduced from 14.91 mm to 12.50 mm, 12.22 mm to
11.21 mm, and 2.69 mm to 1.29 mm, respectively, as going from a strain rate of 10 to 40
s'. Sung and coworkers also studied the structural response of counter-flow diffusion

flames to strain rate variations and they found that both experimental and computational

analyses reveals that diffusion flame structures become thinner with increasing strain rate,

with its thermal thickness roughly proportional to 1//SR [225]. Sung’s studies strongly

agree with the results presented herein.

4.2.2 Structural response of counter-flow diffusion flame to oxygen concentration
variations
The counter-flow combustion reactor has the capability not only of changing the strain
rates but also has the ability of varying the oxidizer gas mixture ratio. This adds substantial
flexibility to this reactor by creating strong temperature and chemical components
gradients. A constant strain rate of 20 s was employed for both the fuel and oxidizer
streams in order to study the flame response to the variation of the oxidizer oxygen content
from 21% to 100%, Fig. 9. It is clearly observed that the air-based flame (21% O:) has a
considerably thinner blue zone compared to the flames with higher oxygen contents;
moreover, this air-based flame does not curl around the fuel nozzle plate. On the other
hand, when the oxygen content was increased to 100% O: the blue zone is much thicker,
more active and the flame visibly curl around the upper disc of the combustion reactor
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owing to the suction of the exhaust system. With oxygen enrichment the flame is
compressed decreasing the overall flame thickness (Table 8 and Fig. 8). The curves in
Fig. 8 confirm that the flame overall thickness decreases, whereas the blue zone thicknesses
is increased by increasing the oxygen content in the oxidizer stream. On the other hand,
the yellow zone thickness is reduced by increasing the oxygen content. As the oxygen
enrichment increases, the maximum temperature and the stagnation planes are moved
toward the fuel side, and the distance between them decreases; furthermore, the high
temperature region is much wider compared to the air case and the pyrolysis is improved
considerably [227]. The 50% oxygen flame has ideal features that make it suitable for
synthesis of TMOs considering its highly-stability and strong gradient of temperature and
chemical species characteristics. This particular flame lies in between the two extreme

conditions explained above.
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mEm—————— .
35% O, +65% Ny, ; SR-=10(1/s)

35% 0, +65% N, ; SR =20 (1/s)

35% 0, +65% N, ; SR = 30 (1/s)

Fig. 6. Counter-flow diffusion flame photographs with oxidizer concentration of 35% O:
+ 65% N2 formed with various strain rates ranging from 10 s to 30 s7!. Increasing strain
rates results in reduced flame zone thicknesses.

Table 7. Measured flame geometry by varying the strain rate.

Strain Rate (1/s) A (mm) B (mm) C (mm)
10 2.69 12.22 14.91
20 1.65 11.88 13.52
30 1.47 11.60 13.07
40 1.29 11.21 12.50

A =Dblue zone; B = yellow zone; C = flame thickness
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Fig. 7. Flame structure response to strain rate variations. Results show that both the
characteristics zones of the flame and the flame thickness are reduced with increasing
strain rates.

21% O, +79% N, ; SR =20 (1/5)

50, ; SR =20 (1/s)

Fig. 8. Counter-flow diffusion flame photographs with strain rate of 20 s formed with
various oxygen concentrations. As oxygen content is increased, both zones become more
active.
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Table 8. Measured flame geometry by changing the oxygen content.

Oxygen (%) A (mm) B (mm) C (mm)
21 1.12 12.40 13.55
35 1.59 11.96 13.31
50 2.79 11.43 13.21
68 3.16 11.55 13.00
100 4.14 10.41 12.90

A =blue zone; B = yellow zone; C = flame thickness

| ¢ A (mm) OB (mm) C (mm) |

Thickness (mm)

5 15 25 35 45 55 65 75 85 95 105

% Oxygen Content

Fig. 9. Flame structure response to oxygen content variations. Results show that blue
zone thickness increased by increasing the oxygen content in the oxidizer stream.

Conversely, the yellow zone and the overall flame thickness decrease with increasing
oxygen content.

4.2.3 Numerical predictions of temperature profile and chemical species distribution
The flame temperature and concentration of chemical species for analysis of
nanomaterial synthesis results were obtained from intensive numerical studies by Beltrame

et al. [227] and Silvestrini et al. [228] performed for an identical flame configuration to the
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counter-flow flame employed in this investigation. Fig. 10 illustrates the temperature and
chemical species profiles for a diffusion flame at a strain rate of 20 s™' composed of 50%
02 and 50% N2 as the oxidizer, and 96% CHa4 and 4% C2H:> as the fuel, which is the same
composition employed in this investigation. The numerical simulation utilized a chemical
kinetic model developed by combining C1-C6 chemistry consisting of 365 reactions and
62 chemical species, and a soot formation mechanism. The authors accounted for radiation
heat losses computed according to the weighted sum of gray gases method considering
H>0 and COz as the most radiating species. The soot contribution to radiation was also
considered. The predicted drop of gas flame temperature due to radiative losses was found
to be below 50K [227].

The computational simulation provides various chemical species and temperature
profiles for the two characteristic zones of the flame medium. In Fig. 10, the variable Z in
the y-axes of the numerical simulation plot represents the flame location, which is the
distance from the fuel nozzle to any position in the flame medium. The variable Z ranges
from 0 mm at the top nozzle boundary to 25.4 mm at the bottom nozzle (oxidizer nozzle)
surface. The computed major chemical species were CO2, CH4, O2, H20, and CO.
Although, CO2 and H20 are not shown in the chemical species profiles depicted herein,
they were in optimum agreement with measure species as reported by Beltrame et al. [227].
It is important to mention that that both temperature and the chemical components present
strong gradients over varying the flame location only by few millimeters. For instance, by
varying the distance within the flame from Z = 10 mm to 11 mm results in a temperature
change from 1300 °C to 2150 °C creating a temperature gradient of 850 °C, based on the

temperature computational simulations performed on the counter-flow diffusion flame
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[227]. This flame has the highest flame temperature at Z = 12 mm, and it corresponds to
~2500 °C. In the same context, the chemical environment rapidly changes from a
hydrocarbon species rich region in the fuel side to an oxygen species rich region in the
oxidizer side (flame image in Fig. 10). The yellow zone rich in various carbon species
represents proper conditions for the synthesis of carbon nanotubes, carbon fibers and
related materials [109]. Conversely, the blue zone clearly observed in the flame, Fig. 10,
is rich in oxygen and oxygen ions species which along with the high temperature gradients
present in this area, represents suitable conditions for the oxidation of metals. The main
objective of this investigation is the synthesis of transition metal oxides; hence, all the
attention will provided to the blue zone of the flame, which is mainly located at Z ranging

from ~10 mm to ~14 mm.
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Fig. 10. Temperature and chemical species profiles along the Z axis. The location of the
stagnation plane is indicated by the dashed line. Strong temperatures and chemical
species gradients are shown in this simulation [227,228,229].
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4.3 Probe Insertion Mechanism into the Flame Environment

Solid cylindrical W and Mo probes of high purity, ~99.9%, were introduced into
the flame medium serving as the bulk metal source for the synthesis of tungsten-oxide and
molybdenum-oxide nanostructures, along with combinations thereof. Metallic probe
diameters of 0.5 mm and 1.0 mm were employed as the metal precursors. Tungsten and
molybdenum were selected as the metals of study in this investigation due to their wide
range of unique and unusual properties when converted to their oxides forms with
outstanding morphologies of unique and hybrid nature where applications, especially at the
micron and nano scales, are remarkable. The TM probes were exposed to the flame medium
by introducing them into the blue zone of the flame for a few minutes. Once the targeted
residence time was reached, the probe removal process took place within ~30s. This
process is driven by sliding a stainless-steel cylindrical tube over the metal probe, the
cylindrical tube acts as a protective heat sleeve that shields the probe from exposure to
undesired regions of the flame and to the rapid change of environment from the flame to
the atmospheric environment. The probe and protective sleeve exposure to the flame
medium are depicted in Fig. 11.

The TM probe(s)/flame medium interaction play a critical role in studying the
synthesis and growth mechanism of nanoscale structures. The temperature of the TM
probe used for TMOs nanostructure synthesis is always lower than the local flame
temperature due to the radiant and conductive heat losses [230]. The metal probe inserted
in the flame is heated by convection and loses heat by radiation and heat conduction along
the axial direction of the wire. The probe portion that is not exposed to the flame

environment acts as cylindrical pin fin and is responsible for heat conduction loses. It is

69



important to mention that the temperature difference between the surrounding flame
medium and the metal probe can be less than few hundred degrees depending on the probe

material properties and the flame conditions [231].
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Fig. 11. Schematic of the TM probes and protective sleeve/flame interaction. Z

represents the flame location, which is measured from the fuel nozzle. The fuel and

oxidizer stream are also illustrated.
4.4 Sample Preparation and Characterization Techniques

Once the TM probe(s) have been exposed to the flame environment, it is

hypothesized that the metal oxide layers will form on the probe’s surface, thus, preparation
steps and various characterization techniques need to be applied in order to analyze the
synthesized materials. The part of the TM probes exposed to the flame environment is cut
in small pieces immediately after the exposure time has been reached. The smaller pieces
with potential nanostructures on their surface are fixed to aluminum studs with electrical
conductive carbon tapes in order to perform SEM analyses of the deposits, Fig. 12a.
Optimum branding of the probes’ orientation with respect to the flame environment (i.e.
fuel vs. oxidizer side) is critical for understanding material crystallization sites on the probe

surface when performing analytical evaluations. As a result, the metal proves upper side

70



exposed to the fuel side of the flame was strategically marked with white droplet to identify
deposition sites around the probe surface as the prove was rotated 180° in both directions
to move from the fuel to the oxidizer facing sides of the probe.

The specimens for TEM examinations were prepared by ultrasonic dispersion of
TMO deposits collected from the probe’s surface in acetone; a drop of the suspension was
placed on the TEM copper-substrate/carbon film grid. Fig. 12b shows the 3 steps used to

accomplish this process.

Sample Preparation for SEM Analysis

W-probe specimen

_~ Mo-probe specimen

| Carbon Tape

\ g Aluminum Stud

Sample Preparation for TEM Analysis

Ar==mg
1510
BRANSON
(e )
[e=o)
1. Acetone and Mo/W Probe II. Sonication of (I) for Probe and III. Place 2-3 Droplets of Solution
Solution Structures Separation in I into TEM Grid for Analysis

Fig. 12. Sample preparation methods for both SEM and TEM analyses.

In order to further characterize the nanomaterial, other techniques, besides SEM and TEM,
must be applied. Among them, X-ray energy dispersive spectroscopy (EDX), selective
area electron diffraction (SAED) pattern, X-ray photoelectron spectroscopy (XPS) were
employed to characterize the structural and elemental composition of the produced
materials. A general description of all these characterization techniques is provided in

Appendix A [232].
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5. CHAPTER 5—FLAME SYNTHESIS OF TMOs ON A SINGLE

METAL SUPPORT

The objective of this chapter is to describe the underlying mechanism for the flame

synthesis of TMOs when a single solid support in introduced in the flame medium. Those

mechanisms will serve as the foundation for:

1.

The development of a novel combustion-based synthesis method to synthesize
crystalline 1D, 2D and 3D tungsten-oxide nanostructures with multiple morphologies
on the surface of a solid support.

The feasibility of the flame to convert bulk pure W material into 1D and 3D tungsten-
oxide nanostructures in a counter-flow flame with strong axial temperature (up to 2000
K/cm) and chemical composition gradients.

The first ever fabrication of hybrid nanostructures composed of tungsten-oxide
nanorods uniformly covered by layered carbon shells along with their formation
mechanism and thus a description of our ability to control their morphologies.
Providing fundamental knowledge on the underlying mechanism of solid support
synthesis of various types of TMO nanostructures in our flame. That is, one side of the
probe (oxidizer side) served for material source while the other side (fuel side) allowed

for deposition.
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The introduction of a single solid support acting as both material source and
deposition allowed our research group to gain detailed insights regarding the formation of
TMO nanostructures ranging from 1D/2D/3D to hybrid structures.

5.1 Flame Synthesis of 1D, 2D, 3D and Hybrid Nanostructures

Three key parameters were used to tailor the synthesized structures morphologies
and sizes: (i) W-probe diameter, (ii) flame location, and (iii) oxygen/nitrogen content.
Tungsten probe with different diameters were independently introduced in the high
temperature zone of the opposed flow flame medium for the synthesis of tungsten-oxide
nanostructures. For both tested probe sizes it was found that the introduction of the probes
in the 1D reaction zone of the counter-flow flame did not visibly disturb the flame nor did
it create flame instabilities near the probe’s surface or in the overall flame structure. The
flow behavior in relation to the metal probe inserted in the flame medium can be considered
as a flow around a stationary cylinder. Therefore, flow deceleration is very small in the
front of the cylindrical probe [233] and the flow continues to travel upwards around the
smooth cylindrical surface. In contrast large flow field instabilities can be created behind
the probes with the introduction of ribbon like probes, even when the probes are micron
size [233]. The buoyancy effects caused by the hot gases within the flame volume present
a challenge for accurately determining the Reynolds number or localized flow
characteristics of the cylindrical probes in the gas-flow

The flame location was leveraged along with probe size and oxygen content to
yield the optimum chemical species and temperature gradients that favor metal oxidation,

sublimation and crystallization.
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Fig. 13. Evolution of tungsten-oxide nano-sized structures from 1D to 3D morphologies
after a Mo probe is exposed into a counter-flow diffusion flame during 2 minutes process.
SEM: (a) schematic of probe size and location within flame media, flame/oxidizer
configuration, and deposits location for 1D structures, depicting the location of the fuel
and oxidizer sides of the probe; (b) low resolution SEM (LR-SEM) image illustrating a
high density layer of tungsten-oxide nanowires; (c) high resolution SEM (HR-SEM)
image of the boxed area in (b); (d) schematic of probe size and location within flame
media, flame/oxidizer configuration, and deposits location for 2D structures, (e) LR-
SEM image of the W-probe indicating the deposition takes place on the probe sides; (f)
SEM imaging of the boxed area in (e); (g) HR-SEM imaging of the fabricated ribbon-
like structures along with the cylindrical 1D nanostructures; (h) schematic of probe size
and location within flame media, flame/oxidizer configuration, and deposits location for
3D structures, (i) LR-SEM image of a tungsten-oxide nanostructures cluster, (j) depicts
the various hollow and semi hollow large 3D structures (red arrows) along with the high
aspect ratio solid cylindrical structures (vellow arrows). Note the boxed areas are not
drawn to scale.
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The introduction of 1-mm diameter tungsten probes in the high temperature flame
medium at flame locations of Z = 12 mm during 2 min resulted in material deposition on
the top of the probe (Fig. 13a). The fuel and oxidizer were composed of 96% CHa + 4%
C2H2 and 50% N2 + 50% Oz, respectively. A high density layer of synthesized 1D
nanostructures was observed to cover the upper part of the probe’s surface (Fig. 13b). HR-
SEM imaging of the boxed area in Fig. 13b indicated that the layer is composed of
numerous elongated nanorods randomly oriented with very high aspect ratios (lengths of
>50 and diameters of <100nm), Fig. 13c. Interestingly, these type of structures present
remarkable properties to develop uniform and stable field-emission and for flat panel
displays applications with a low threshold field (~4.37 MV/m for an emission current
density of 10 mA/cm2) [234]. Similarly, needle-like structures were synthesized by Jin
and coworkers [235]. They produced WisO49 nanoneedles with high aspect ratios using
tungsten powder reacting with water at temperatures ranging from 800 — 1000 °C. Argon
flow was bubbled through the boiling W/water mixture placed in a furnace; the temperature
was raised to 800 — 1000 °C and maintained during 40 min. This technique evidently
requires longer synthesis’ times and various steps compared to the counter-flow flame
method.

Additional experiments were conducted enriching the oxidizer stream with 100%
Oz while the fuel type and composition (96% CHa + 4% C:H2) was kept constant.
Increasing the oxygen content results in a compressed flame, thus, reducing the overall
flame thickness; while increasing the height of the high temperature region of the flame,

Table 8. In the pure oxygen flame the two characteristic zones are easily identified: a
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yellow zone rich in hydrocarbon species and a blue/high temperature zone abundant in
oxygen based radicals. The insertion of 1-mm diameter W probes in the high temperature
flame medium at flame locations of Z = 9 mm for 2 minutes resulted in a thick layer of
material deposited on the sides of the probe surface (Fig 13d-e). The deposits are
composed of micron-sized flat ribbon-like structures of few nanometers in thickness and
of tens of micrometers in length. Interestingly, the base of the flat ribbons-like structures
is filled with nanoscale 1D structures similar to those illustrated in Fig. 13c. The yellow
arrows in Fig. 13f depict the flat ribbon-like structures; whereas the elongated 1D nanorods
are illustrated by the boxed area. HR-SEM on a selected area at the base of the ribbon-like
structures shows 1D nano scale structures are extruded from the edges of the flat
nanoribbons (see arrows in Fig. 13g). Similar tungsten-oxide ribbon-like structures were
reported by Li et al. [236] who conducted experiments employing a heating process carried
out for more than 1 hour, followed by cooling in order to achieve synthesis.

Tungsten probes of different diameters were also tested in order to gain insight into
the growth mechanism of the tungsten-oxide structure on a solid support. The synthesis
results show the effect of the probe diameter directly affects both the thermal and chemical
environment of solid support flame nanomaterial synthesis by (i) limiting the variation of
the chemical species and temperature around’s its surface, and (ii) defining its temperature
by balancing convective and radiant losses. The insertion of the 0.5-mm probe closer to
the flame front at a flame location of Z = 11 mm resulted in the formation of high density
materials composed of large 3D structures (Fig. 13h-j). At this particular flame position,
the flame temperature is 2100°C (Fig. 10); whereas the probe temperature corresponds to

1200°C due to heat losses from radiation and conduction through the probe. Numerous
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individual 3D structures were located on the 900x600um cluster, as shown in the inset of
Fig. 13i. Fig. 13j depicts a HR-SEM image of the boxed area in Fig. 13i showing a high
density of 3D independent structures with several microns in length and a few micrometers
in diameter possessing various channel-shaped structures either completely or semi-
hollow. Some of these structures present a clearly visible cross-section of square,
rectangular, and triangular shapes as illustrated by the red arrows in Fig. 13j. Among the
large 3D structures, it is evident the presence of solid 1D structures of very high aspect
ratios similar to those observed in Fig. 13c, see yellow arrows in Fig. 13j. Hollow
tungsten-oxide structures are of particular interest due to their possible application as host
structures. Their hollowness may also contribute to the extension of porosity and surface
area. Hollow tungsten-oxide structures organized in pine-tree-like arrays were synthesized
by Hu et al. [237] by heating WS2 powder in oxygen. This multi-step process was
performed at a temperature of approximately 1300 to 1400°C during 1 hour [237].
Hexagonal W-trioxide tubes were produced by Wu et al. [238] by using an
electrochemistry deposition technique; the growth process involved various stages and a
tungsten substrate temperature of about 800°C lasting 1 hour. Cheng et al. [239] obtained
highly ordered tungsten trioxide nanotube arrays utilizing a method consisting of an anodic
aluminum oxide (AAO) template. The use of AAO has various disadvantages including
the introduction of impurities into the tungsten-oxide structures and eventually complicates

the process of separation.
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5.1.1 Characterization of the chemical composition of the 1D, 2D and 3D tungsten-
oxide nanostructures
TEM and high resolution-TEM (HR-TEM) provided further insight into the
structural, compositional and morphological characteristics of the formed structures. Initial
analysis on the 1D nanostructures revealed contrast of light and dark regions indicating
that the presumed nanorods are, indeed, built of two different materials, Fig. 14a. The
core/inner material of darker contrast is composed of a highly crystalline metal oxide which
is covered by an outer material of lighter contrast composed of carbon layers with lattice
spacing similar to that of graphite indicating that these 1D structures are, in fact, nanowires
composed of metal oxide cores and carbon shells, Fig. 14b. Moreover, electron beams of
various diameters applied to the selected areas on the surface of the grown structure were
employed for studying the chemical composition of these structures via EDX analyses.
Results indicated that focused beam on the core materials contains W, O, and C (carbon
from the TEM holder film) whereas, the lighter contrast material is composed primarily of
O and a high intensity peak C (i.e., carbon shells), Fig. 14b-inserts. The inner metal oxide
material has a lattice spacing of 0.38 nm, which closely corresponds to a (002) plane of
monoclinic WO3 (Fig. 14¢); whereas the sheath material is composed of cylindrical carbon
layers with d-spacing of 0.34 nm, resembling the characteristics of graphite. A more
detailed assessment of how the hybrid metal oxide cores surrounded with a sheath of
carbon shells are formed is described in section 5.1.2.
Due to their minimal thickness, the 2D structure selected for TEM analysis is highly
transparent to the electron beam (Fig. 14d). Higher resolution TEM imaging on the

selected structure shows the extraordinary structural uniformity and highly ordered
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crystalline structure, Fig. 14e. HR-TEM imaging shows that these thin flat structures are
free of dislocations and structural defects, and similarly to the nanowires, a lattice spacing
of 0.38 nm (Fig. 14f) was measured, which corresponds to a (002) plane of monoclinic
WOs.

Due to the large size of the 3D structures for TEM analysis the oxidation states of
these structures are carried out by XPS. For XPS analysis, the structures were removed
from the W probe and placed on a carbon adhesion tape in powder form (Fig. 14g). The
quantitative results show 3:1 ratio for O and W and the percentage of atomic concentration
for W 4f and O 1s are measured to be 23.1 and 76.9 which closely correspond to WOs3, Fig.

14h.
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Fig. 14. Chemical composition characterization of the synthesized 1D to 3D tungsten-
oxide nanostructures: (a) LR-TEM image depicting the core-shell morphology of the
formed 1D nanorods; (b) HR-TEM illustrating the morphology of the 1D core and shells
and their elemental compositions (EDX inserts); (c) higher resolution TEM showing the
lattice spacing of the formed 1D structures, (d) typical TEM image of a grown ribbon-
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like 2D structures, (e) higher resolution image of (d); (f) HR-TEM image of the boxed
area in (e); (g) SEM image of the typical 3D structures; (f) XPS spectrum of the large
3D tungsten-oxide nanostructures. Note the boxed/circled areas are not drawn to scale.

5.1.2 Synthesis of hybrid tungsten-oxide cores with carbon shells

Recently, much attention has been focused on the synthesis of engineered hybrid
nanomaterials that are organic and inorganic in nature. Decreasing the characteristic size
of inorganic and organic components presents a pathway to optimum tailoring of the
materials’ properties at a molecular level. As a result, the atomic manipulation yields novel
materials that either exhibit characteristics in between the two original components or even
new properties [240].

Various tubular shields with diameter D ranging from 2 to 8 mm were employed in
order to protect the grown nanomaterials from the non-uniform boundary envelope of the
flame during the probe removal process from the flame media. This process typically
requires ~20 seconds and it is very likely that the large shield diameters can capture
hydrocarbon species from the fuel side of the flame and exposed the already synthesized
metal oxide nanorods to carbon-rich species. Experimental results indicated tungsten-oxide
nanorods are first grown on the surface of the probe by exposing the W-probe in the flame
oxygen-rich region for a few seconds. Upon the nanorods being formed, the capture of
carbon-rich species from the fuel-rich zone of the flame during the probe removal process
results in the rapid formation of uniform carbon shells. Experimental results performed
with no shield and probe tubular shields with internal diameters of 6 and 8§ mm resulted in
1D nanorods covered with no carbon layers (Fig.15a-b), 5 nm (Fig.15¢-d), and 12 nm

(Fig.15e-f), thick carbon shells, respectively. This further confirms that carbon species
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present in the upper part of the flame were captured during the shield motion and served as
a source of the carbon to form the C-shells surrounding the tungsten-oxide 1D structures.
Fig. 15g depicts the carbon layer increase with increasing internal diameter of the
protective shield, used during metal probe removal post flame exposure time, following a
power mathematical format. The technique of using different sizes of tubular shield
diameters allows for tailoring the amount of carbon species transferred, hence, controlling
the thickness of the CNT layer surrounding the metal-oxide nanorod. In other studies on
flame synthesis of tungsten-oxide nanowires [241], it was suggested that carbon can diffuse
from the upper part of a flame rich in carbon species to a flame zone where only oxygen
radicals are present, although in that work the carbon present in the structures was detected

by EDX only and was not evident via TEM imaging.
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Fig. 15. TEM images of hybrid nanowires and tungsten-oxide nanorods formed on the
surface of the 1 mm W-probe: (a) schematic indicating probe position at Z = 12 mm
and the lack of protective shield use; (b) TEM results illustrating the sole presence of
tungsten-oxide on the formed 1D nanorods; (c) schematic indicating probe position at
Z = 12 mm and the protective shield with internal diameter D = 6 mm, (d) TEM image
depicting the tungsten-oxide nanorods covered with a thin layer of carbon shells; (e)
schematic indicating probe position at Z = 12 mm and the protective shield with
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internal diameter D = 8 mm; (f) TEM image revealing the tungsten-oxide nanorods
covered with a larger layer of carbon shells; (g) chart representing the C-shells
thickness obtained with varying protective shield diameters during prove removal.
Diameter of the probe/substrate, the protective shield and the size of the flame structure
are not drawn to scale.

The ability to synthesize hybrid nanomaterials composed of metal and metal oxides
with carbon shells have been studied by several authors [242,243]. For example,
superconducting nanowires and nanorods from lead, tin, and other materials are sensitive
to oxidation. Encapsulation in carbon nanotubes is an ideal method to protect and stabilize
such nanostructures. A simple and reproducible method yielding individual micrometer-

long carbon nanotubes filled with superconducting tin nanowires was developed by

Jankovic et al. [242].

5.1.3 Proposed growth mechanism of the 1D, 2D, 3D and hybrid nanostructures

The growth mechanism of tungsten-oxide structures consists of two consecutive
sub-mechanisms: 1) the global mechanism which deals with the melting/sublimation, and
condensation of tungsten-oxides on the lower side of the solid support and 2) the
crystallization of the structures on the upper surface of the probe as the material is being
transported by the gas flow traveling in the direction of the stagnation plane located on the
fuel side of the flame. The recorded distribution of the deposited materials suggests that
the gas flow transfers the material from the probe side exposed to the high temperature
oxidizing environment (T1) and they are then further deposited and crystallized on the
probe surface downstream at a lower temperature side (T2) (Fig. 16a). The deposits’
location, thickness, and their shapes are tailored as the flame and the probe diameter vary

affecting the crystallization process and resulting morphology of the structures. The same
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effect has been observed during the flame synthesis of molybdenum-oxides when using a

Mo-probe as the solid support [244,245].
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Fig. 16. Growth mechanism of the synthesized 1D, 2D, 3D, and hybrid nanostructures:
(a) schematic diagram of the recorded distribution of deposited materials suggests the
transfer of material from the lower to the upper part of the probe, T1 > T2; (b) SEM
image collected on the deposits on the upper part of the probe show the layer to be
composed of needle-like 1D nanostructures, (c) SEM image of the bottom surface of the
probe depicting strong material erosion; (d) schematic diagram of the recorded
distribution of deposited materials suggests the transfer of material from the lower to
the sides of the probe, T1 > Tz, (e-f) SEM image of the synthesized 2D flat ribbon
structures with the presence of 1D nanorods (e) and inserts depicting the computer
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generated 2D shapes; (g-j) schematic and SEM images of the 3D formed structures along
with computer generated inserts; (k-m) schematic and TEM images of the fabricated
tungsten-oxide core and carbon-shells hybrid nanostructures.

SEM analyses on the surface of the probe facing the oxidizer side show no
accumulation of any type of structural material for all morphologies. To the contrary, a
strong degree of material erosion is present mainly due to the probe exposure to the high
temperature which modifies the probe surface in an irregular manner (Fig. 16¢). The W
probe inserted in the flame medium containing high concentrations of atomic and
molecular oxygen is rapidly oxidized. Various oxides (WOsx) and hydroxides are
continuously formed and evaporated from the lower part of the probe considering the lower
boiling points of tungsten-oxides when compared to pure W metal (i.e., ranging from 2255
to 3855 °C lower boiling points for their oxide forms). This supports hypothesis (i) and (ii)
postulated in Section 3.1 regarding the formation of oxide films on the metal substrate and
their subsequent evaporation to form oxide vapors. Interestingly, these metal oxides are
crystallized as WOs3 structures (Fig. 16b) in the upper part of the probe due to the change
of flame temperature and chemical environment. In fact under these flame conditions, the
formation of vapor-phase tungsten-oxides can be quite spontaneous [246], especially at the
gas-phase temperature attained in the counter-flow flame (i.e. ~2400°C at Z = 12 mm). Jin
et al. [235] reported that by increasing the reaction zone temperature above 1100 °C, solely
WOs structures are formed. Furthermore, the presence of water vapor (combustion by-
product) and radical species such as OH and H at the probe location may further enhance
chemical and phase transformation of metal oxides and the growth process [246,247],

further supporting the hypothesis (iii) in Section 3.1.
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Both, oxygen content and probe diameter can increase the concentration of the
material in the gas-phase, therefore, affecting the crystallization process on the upper parts
of the probe [245]. Experiments conducted increasing the oxygen content in the oxidizer
to 100% effectively compresses? the flame thickness; while, increasing the high
temperature zone area. The introduction of I-mm W-probe in the oxygen-rich flame at Z
=9 mm, resulted in the formation of 2D flat ribbon like structures on the sides of the probe
(Fig. 16d), Interestingly, 1D nanorods appear to also extrude from the flat ribbon structures
(Fig. 16e), hence, suggesting that the flat structures are formed as a result of (i) growth of
1D nanorods, followed by (ii) lateral agglomeration of 1D structures. As the crystallization
rate increases due to varied flame temperature and chemical species gradients favoring
greater deposition rates within the same exposure time (i.e. 2 minutes) as that used for
synthesis of 1D structures, the ribbon-like structures facets become well defined as shown
by the SEM image in Fig 16f and demonstrated by the computer generated schematic, Fig
16f-insert.

Additionally, it was found that experiments performed on a 0.5-mm diameter probe
during 2 minutes resulted in the synthesis of large 3D structures along with few 1D
structures. While experiments conducted on 1-mm diameter probes for flame exposure
time of 2 minutes resulted in the production of only 1D nanostructures. The reduction in
the size of the probe diameter increased the probe’s temperature and therefore the etching
rate of the material on the lower part of the probe facing the fuel side thus yielding the
crystallization of larger 3D structures. Extensive studies by Hu et al. [237] showed that
WisO49 whiskers could aggregate to form hollow fibers. Jeong and coworkers [248]

produced ZnO microtubes by coalescence of ZnO nanowires. Wu et al. [238] reported the
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formation of well-faceted hexagonal tungsten trioxide tubes. They proposed that tungsten-
oxide nanowires agglomerate and then coalesce laterally into tubular structures followed
by a dehydration process which was responsible for the formation of the well-faceted
structures.

The schematic of the interpretation of the 3D in Figs. 16g-j. The first stage
corresponds to the growth of individual tungsten-oxide 1D structures on the probe surface.
In the case of high influx of material being transported by the gas flow from the lower to
the upper part of the probe, nanorods grow closely to each other to create closely packed
bundles of the 1D nanostructures (Fig. 16h). The green arrows in the SEM image in Fig.
16h point to a microbundle of 1D nanostructures, in an earlier synthesis stage, with the
shapes as illustrated by the matching numbers in the computer generated graphics shown
in Fig. 16h. A lower number of individual 1D structures are also present as highlighted by
the blue arrows in Figs. 16h-j. Interestingly, the diameters of the individual nanorods
closely resemble those present in the microbundles as shown by the white dots. The closely
packed 1D structures began to coalesce laterally into 3D structures of various
configurations depending on the shape of the initial arrangement of the 1D structures, Figs.
16h-j. As the influx of material continues downstream, the coalesced structures will
continue to grow laterally. It is also interesting to note that some of these 3D structures are
hollow with a rough surface as shown in Fig. 16i. The hollow effects can be attributed to
the absence of some nanowires at the center of the structures, considering that if a
microbundle contains a large number of the 1D structures, the incoming WOx(g) material
depositions takes placed along the edges of the coalesced 1D nanorods (Berg effect) and

may never reach the 1D bundle of structures located at the center, therefore, preventing
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their continued growth and as a result leaving a cavity in the center [249, 250], as shown
in Fig. 16j. Although further theoretical and experimental analysis is needed to confirm the
proposed mechanism of formation of the large 3D structures, observations similar to those
made in CVD studies [251] greatly support the validity of this mechanism.

Remarkably, it was assessed that varying the diameter of the protective shield
employed for specimen removal post flame exposure results in hybrid structures composed
of tungsten-oxide cores covered by carbon layers of different thicknesses. The growth
mechanism of the 1-D tungsten-oxide/carbon nanowires involves two sequential steps: (i)
the tungsten-oxide nanorod formation and (ii) the carbon shell growth. At the flame
location of Z = 9 and 8 mm corresponding to the maximum flame exposure for both
protective shields used, the resulting concentration of hydrocarbon-rich species can be
significant. That is 0.5mol% C2H2 and 20mol% CHa4 and 2mol% C:H2 and 60% CHa, for
the 6 mm and 8 mm diameter shields, respectively. Fig. 16k represents a schematic
proposing the progression of growth of the hybrid tungsten-oxide/carbon nanowires with
first the synthesis of 1D nanorods, followed by carbon species present in the upper part of
the flame being captured by a protective shield during the removal process. At high
temperature the tungsten-oxide nanorods act as an active surface for the rapid deposition
of hydrocarbons. Thus, it is possible to suggest that the entire 1D nanorod acts as a catalytic
surface for hydrocarbon decomposition and growth as cylindrical carbon nano-shells. The
presence of tungsten-oxide inside a graphitic shell is quite surprising. However, this agrees
well with existing thermodynamic data for bulk materials. In particular, tungsten trioxide
has an enthalpy of formation of AH s = -843 kJ/mol that is much lower that the enthalpy

of formation of carbon dioxide 4H = -394 kJ/mol [252]. This preserves the preferential
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bonding of oxygen with tungsten ensuring the structure’s stability. HR-TEM analysis of
the hybrid structures reveal that the tips of the slender metallic structures are capped with
carbon layers, Fig. 16l; and in contrast, the bases of the structures are always flat and free

of carbon layers, Fig. 16m.
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6. CHAPTER 6—GAS-PHASE SYNTHESIS OF TMO

NANOSTRUCTURES BASED ON A SINGLE SUPPORT

The need to further understand the synthesis mechanism of 1D/2D/3D and hybrid
nanostructures drove the need to investigate how or whether 1D-3D structures can be
formed in the gas-phase and hence evaluate the formation of TMO structures in the flame
media and how they can, then, be deposited on the solid support taking advantage of the
counter-flow flame high temperature and chemical species gradients. Furthermore, gas-
phase combustion synthesis has proved to be one of the most versatile and promising
techniques employed for scale-up production of spherical nano-scaled particles like
ceramics, carbon black, etc. [253,254].

This chapter focuses on the gas-phase combustion synthesis of elongated tungsten-
oxide polygonal nanocrystals and octahedron nanoplatelets by inserting a W-prove into the
oxygen-rich flame to produce metal oxide precursors near the surface of the probe followed
by the synthesis of the nanostructures in the upper part of the flame gas-phase medium.
The non-isothermal counter-flow diffusion flame employed as the synthesis medium in this
investigation provides strong temperature and chemical composition gradients which
produce an appropriate environment for the synthesis of high purity nanostructures with

controlled morphology, composition and structure.

6.1 Gas-phase Synthesis of TMO Nanoplatelets
To facilitate the collection of formed structures in the gas-phase media, a

thermophoretic sampling technique [255,256] was employed for collection at different
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flame positions (Fig. 17). In this technique, a cold surface, i.e. an electron microscope
grid, placed into the hot flame media produces considerable gradient of temperatures. As
a result, the synthesized structures travel in the direction of the generated gradients
toward the cold surface driven by thermophoretic forces. The 3 mm in diameter electron
microscope grid possesses a copper mesh substrate along with a ~20 nm pure carbon film
deposited on one side of the grid. The synthesized materials collected on the electron
microscope grid were then evaluated and characterized employing TEM and EDX

techniques.
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Fig. 17. Thermophoretic sampling technique used for collection of the gas-phase
fabricated nanostructures. Adapted from [227]
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The evolution of the fabricated structures was obtained by analyzing the collected
specimens at distances from the fuel nozzle of Z = 13, 12, and 11 mm, where the
temperature varies from 2100 to 2450°C and structures evolve from discrete particles to
elongated nanocrystals (Fig. 18a-b). The structures collected at the flame location of Z =
13 mm (i.e. TEM grid and W-probe at the same flame position, Fig. 18) illustrate the early

formation of a high density of smaller discrete shapeless particles (blue arrows)
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accompanied by a few larger crystal-like structures (green arrows), Fig. 18c. HR-TEM
image of a typical discrete shapeless particle shows its well-organized atomic structure that
likely resulted from tungsten-oxide vapors nucleation from the metal probe/flame
interaction to form WOs3 as per the measured lattice spacing of 0.38 nm, Fig. 18d.

Additional specimens were collected further away from the W-fixed precursor
source to study their morphology evolution as they travel toward the stagnation plane
through varying gradients of temperature and chemical species. TEM images depicting the
typical morphology of the thermophoretically collected samples at a flame position of Z =
12 mm are illustrated in Figs. 18e-f. Resulted structures consist of well-defined polygonal
nanocrystals (green arrows) accompanied by smaller discrete shapeless particles as pointed
out by the blue arrows in Fig. 18e. Further inspection shows that the synthesized structures
have a well-defined polygonal shape as depicted by the HR-TEM image in Fig. 18f. The
atomic resolution image of the circled area in Fig. 18f reveals that they are highly
organized, crystalline, and free of defects, Fig. 18f-insert.

TEM analysis of the samples collected at a closer distance from the edge of the fuel
nozzle, Z = 11 mm, revealed the formation of large aspect ratio structures with lengths in
the order of several microns and well-defined shapes, Fig. 18g. The morphology of the
synthesized elongated structures resembles well-defined polygonal nanocrystals bounded
with multiple lateral faces, Fig. 18h. The application of atomic resolution imaging analysis
on a typical rod-like structure, circled area in Fig. 18h, clearly shows the high degree of
crystallinity present in the synthesized structure, Fig. 18h-insert. However, it is important
to mention that the synthesized structures at Z = 11 mm are surrounded by a carbon layer

as pointed out by the blue arrows on the wall of the structure, in Fig. 18h. This may be the
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result of the partially exposure of the 3 mm TEM grid to the yellow/blue zone interface.

Evidently, the ultra-small discrete shapeless crystal particles present at the lower part of

the flame clearly represent the building blocks for the larger well-faceted polygonal

crystals formed in the upper flame zone as the vapors and structures travel toward the

stagnation plane.
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Fig. 18. Gas-phase synthesis of octahedral and elongated polygonal nanocrystals: (a)
flame positions and respective temperature within the flame media; (b) schematic of
the formed structures evolution from tungsten-oxide vapors to well-defined elongated
polygonal nanocrystals as structures flow toward the stagnation plane; (c-d) LR- and
HR-TEM imaging of the high density discrete shapeless particles collected at Z = 13
mm, where the probe and TEM grid are at placed at the same position in the flame, (e-
f) LR- and HR-TEM images of polygonal structures accompanied by smaller discrete
shapeless particles collected at the Z= 12 mm; (g-h) LR- and HR-TEM images of high
density of nanocrystals of large aspect ratios collected at Z= 11 mm.

Atomic resolution TEM imaging on the octahedral and elongated polygonal

structures formed at Z = 12 and 11 mm, respectively, shows the highly ordered crystalline

lattice of the structures. It is interesting to note that the lattice spacing for the structures
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obtained at all three flame positions was measured to be ~0.38 nm closely corresponding
to the (002) plane of monoclinic WO3. Therefore, it can be inferred that the elemental
composition of the formed structures does not vary with the position in the flame medium,
along with the lattice spacing of the gas-phase synthesized structures resembling that of the

1D W-oxygen based nanowires [257] grown on the solid support in Chapter 3.

6.2 Growth Mechanism of the TMO Octahedron Nanoplatelets

The quick and continuous evolution of irregular and discrete particles in the lower
part of the flame to well-faceted octahedron nanoplatelets and elongated rod-like
nanocrystals in the upper part of the flame can be attributed to the strong temperature and
chemical species gradients present in the counter-flow flame environment. For instance, at
a flame location of Z = 13 mm the metallic oxide vapors are exposed to a combustion
environment with 1.5 mol% of O and 10 mol% of Oz and a flame temperature of 2450°C;
while at flame location of Z = 11 mm the vapors are exposed to only 0.2 mol% of Oz with
a flame temperature of 2100°C. Therefore, O and Oz concentration gradients between the
specified flame positions correspond to 0.75 mol%/mm and 4.9 mol%/mm, respectively,
with a temperature gradient of 175 °C/mm.

The proposed mechanism (Fig. 18b) consists of: (i) the solid W wire probe
interaction with the oxygen-rich environment, containing O and OH radicals [258], leads
to the quick oxidation of the solid precursor with the formation of highly oxidized metal
layers in strong oxidation states; (ii) The tungsten-oxide’s outermost layer is first vaporized
and transported by the gas flow and exposed to the flame medium which rapidly varies in

temperature and chemical species concentrations as the gas flows towards stagnation plane;
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(ii1)) The evaporation or sublimation from the probe surface of the metal oxide layers
resulted in the formation of the precursor gas, which polymerizes or nucleates to form
shapeless or irregular discrete particles which will later form polygonal structures or
octahedron nanoplatelets and later well-defined elongated polygonal rod-like
nanostructures. The continuous thermophoretic collection of micron size samples of
synthesized materials at flame locations in the axial direction suggests the transfer of
Tungsten-oxides by the gas-phase from the side of the wire exposed to the high temperature
oxidizing environment and their further crystallization and shape evolution as they travel
away from the probe towards a region of lower temperature and oxidation states, Fig. 18b.
It is important to mention that the structures will be transported by the gas flow towards
the stagnation plane, where carbon-rich components are present; therefore, the interaction
of the formed structures with hydrocarbon-rich species in the upper part of the flame can
be expected. TEM grids of 3 mm in diameter inserted at flame zones of Z = 11 mm cover
flame zone range from Z = 9.5 (hydrocarbon-rich zone) to 12.5 mm (oxygen-rich zone),
thereby, the production of hybrid tungsten-oxide rod-like polygonal structures covered
with carbon-shells is also attained, Fig. 18h, with the metal-oxide structure serving as the
catalytic surface that favors hydrocarbon decomposition and crystallization similar to the

structures described in Section 3.1.3.
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7. CHAPTER 7—FLAME SYNTHESIS OF HYDRID AND

COMPLEX TMOs HETEROSTRCUTURES ON SOLID MULTI-

METALS SUPPORT

Despite several methodologies being typically applied for the synthesis of nano-
and micron-scaled materials, they can be classified in two different approaches: “top-
down” and “bottom-up” (Fig. 19). The “top-down” approaches are based on miniaturizing
larger-sized materials into smaller components through etching and/or ion-beam milling.
Focused electron beam and/or focused ion beam are employed in the “top-down” approach
for reducing the size of the materials. Highly patterned and aligned nanostructures can be
produced via the “top-down” method. However, this technique is considered expensive
since it is composed of multistep processes resulting in the need of extensive preparation
time. Another drawback of this method is the inability to produce high quality (single
crystalline) structures. The “bottom-up” method is based on the assembly of molecules
through evaporation and deposition on a surface through vapor-phase transport or chemical
reactions such as electrochemical deposition and solution-based techniques. Through this
method, highly pure nanocrystalline and complex objects (physically and/or chemically)
can be produced. This approach is considered a low cost procedure compared to the “top-
down” process. Also, doped and mixed materials can be easily synthesized. However,
material integration (e.g. the combination of oxygen with a metal to form a metal oxide)
on the surface of substrates might be troublesome and also, production of well-arranged

and patterned structures is often very challenging to produce employing this method [259].
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Fig. 19. The synthesis of nanomaterials via top-down and bottom-up approaches.

Adopted from [260)].

Common synthesis methods of TMO nanostructures such as CVD, sol-gel, and
flames, are all categorized under the “bottom-up” methods. A variety of “bottom-up”
related techniques have been proposed and developed for the synthesis of TMOs including
aqueous chemistry [261,262,263], chemical vapor deposition [264,265,266], pulsed laser
deposition [267, 268, 269], high temperature heating process in a restricted vacuum
chamber [270], and metalorganic vapor phase epitaxy [271], flames [221], etc.

In recent years nanotechnology research focus has shifted to increasingly complex

nanostructures, especially those of a hybrid nature, which offer sensational opportunities
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for tailoring materials with end-functionality based on the chemical composition,
morphology, and size of the initial precursors at the nanoscale [272,273]. This allows for
gaining significant performance optimization on the end-structure as a result of
counterbalancing the disadvantages and optimizing the advantages of the individual
components. Mixed metal oxide nanomaterials (or heterometal oxides nanomaterials)
represent an interesting group of hybrid materials that can play an important role in many
areas of chemistry and physics as a result of their exclusive electronic and magnetic
properties obtained when synthesizing structures with multiple metals in an oxide matrix
[274,275].

The level of structural excellence needed for the fabrication of heterostructures
made of MTMOs have led the development and evolution of multiple synthesis methods.
Different research efforts have shown that fabricating a large number of MTMO
heterostructures of different architectures can be achieved by combining different
precursor materials [211,276]. CVD is a well-developed technique for the synthesis of
multiple heterostructures consisting of four key phases performed in the spam of multiple
hours and different temperatures: (i) pyrolytic decomposition of the metallic precursors;
(i1) transport of the volatile precursor via the vapor phase to the reaction chamber, (iii)
decomposition of the formed materials on the substrate, (iv) annealing to improve
absorption of the precursor materials (Fig. 20a). The Sol-gel technique also consists of a
multi-step process to achieve synthesis of MTMOs including (i) hydrolysis or
polymerization which results in metal alkoxide precursor monomers (i.e. sol); (ii) reaction
assisted via aging and/or ultrasonic energy to form the solution (i.e. gel); (ii1) deposition

via insertion of substrate into the ‘gel’; (iv) annealing to improve absorption of the
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precursor materials (Fig. 20b). Some the key limitations of CVD and sol-gel techniques
consists of the complexity of multi-step processes, scalability, selectivity of its products,
longer synthesis periods (i.e. various hours), and in most cases the limited flexibility of the
tailored morphologies that can be synthesized. As a result, flames have emerged as simple
and one-step synthesis technique of MTMO heterostructures where the simple introduction
of two metal precursor in the flame medium can result in high purity mixed metal oxides
of complex architecture in the order of few minutes or even seconds [211,221], Fig. 20c.
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Fig. 20. Schematic representations comparing the essential steps needed for the
preparation of MTMOs employing: (a) CVD; (b) Sol-Gel, and (c) flame methodologies.
Flame synthesis is shown to be a scalable single step process, with high growth
rates, optimum control over the morphology, flexibility (gas-phase and/or solid support),
and an economical technology [277,278] for producing controlled single and mixed metal-

oxide nanoscale heterostructures [279,280,281,282]. In this chapter, we present the flame
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synthesis of multi-dimensional complex tungsten/molybdenum-oxide heterostructures (i.e.
polyhedral, tree, flower, grass, and forest-like) on solid supports employing Mo and W
probes as the material precursors and surfaces for deposition; along with the proposed

growing mechanism of the fabricated structures.

7.1 Classes of Heterostructures

Typically, at least three main types of mixing patterns can be observed when
combining multiple materials: (i) core-shell segregated materials, consisting of a core of
one component surrounded by a shell of a different one; (ii) subclusters segregated
materials with at least two clusters sharing an interface or a small number of bonds at the
interface. It should be noted that at the microscopic scale the physical interface between
two different materials is known as the heterojunction [288]; and (iii) mixed or intermixed
materials, homogenous mixtures of at least two components with clear bonds among them
with new Bragg reflections when compared to the individual components [283].
Furthermore, these MTMOs or complex heterostructures can also be classified in six
typical configurations:

(1) Mixed compounds: a simple mixture of materials without a specific distribution,
where the processing path does influence the materials’ dispersion which ultimately
tends to control the end structure’s performance [284], Fig. 21a.

(i1) Bi/multi-layered films: 2D films with well-defined interfaces. However, these
materials are not extremely popular due to the small surface to volume ratios which

limits their applications [285] Fig. 21b.
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(i11)) Decorated structures: where the host structures are decorated with nanoparticles of
a secondary material. Interestingly, the degree of decoration and the presence of
metal oxide to metal oxide contact can aid multiple applications, such as sensing
mechanisms. The effectiveness of these structures consists of the secondary
material not covering the entire structure and rather used in smaller quantities [276]
Fig. 21c.

(iv) Core shell structures: this configuration consists of wire-like arrangement where
the host structure is completely covered with a secondary phase maximizing the
interfacial area and limiting the exposure of the host material to the surrounding
environment [276] Fig. 21d.

(v) Branch-like structures: this configuration is formed by the combination of 1D
secondary nanorod from a single 1D nanorod host. This heterostructures present
similar properties as the decorated structures with much larger surface areas. The

fabrication of these structures often requires a multi-step approach [286] Fig. 21e.

(a) (b) (c) (d) ()

) I

Mixed Compound Bi-Layer Decorated Core-Shell Branch-Like

Fig. 21. Schematic of multiple configurations of MTMOs or complex heterostructures:
(a) mixed compounds, (b) bi-layer films, (c) decorated; (d) core-shell; and (e) branch-
like heterostructures. Adapted from [221].
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Heterostructure and/or complex nanomaterials are a unique class of nanostructures
that offer significant performance enhancements in the end-product by balancing the
drawbacks and optimizing the benefits of the individual components. Multifunctionality
becomes possible since each main component of the structure with complex
chemical/physical morphology plays a complementary role [287]; thus, their combined
properties, along with their complex nature make them excellent building materials for
many applications including photocatalyst, hydrogen production, energy conversion and
storage [287], gas sensors [288,289,290], solar cells [291], smart windows [292,293],
among others. Wang et al. [294] reported the construction of 3D transition metal oxide
core/shell heterostructure (CuO/CoO) to be used as binder and conductive agent-free
anodes for lithium batteries yielding optimum electrochromic performance (1,364 mAhg!
at 100 mAg™! after 50 cycles and keeping 1,140 mAhg! after 1000 cycles). Datta et al.
[295] fabricated nanostructures composed of branched Te nanotubes on SnO2 “backbone”
structures. Such complex heterostructure yielded high specific surface areas, offering
ample active sites for gas sensing purposes, thus, yielding a quick change in resistance.
Rao et al. [296] synthesized a WO3/BiVOa4 core/shell 1D-structure photoanode using the
BiVO4 as the primary light absorber and WO3 as the electron conductor; achieving
simultaneous light absorption and charge separation producing a photocurrent of 3.1

mA/cm? which enhanced photoelectrochemical (PEC) water splitting efficiency.

7.2 Flame Synthesis W/Mo-heterostructures of Hybrid and Complex Morphology
The counter-flow burner and flame configuration described in Chapter 4 is also

employed for the synthesis of the W/Mo hybrid and complex heterostructures reported in
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this chapter. The fuel (96%CH4 + 4%C2H2) and oxidizer (50%02 + 50%N2) were

introduced from the top and bottom nozzles, respectively, both at a constant strain rate of

20 s! and atmospheric pressure, Fig. 22al. The distance between the nozzles was kept

constant throughout all experiments at 25.4-mm. The 1-mm in diameter (W) tungsten and

(Mo) molybdenum probes both with purity of ~99.95% are always introduced into the

oxygen-rich zone of the flame at axial positions (Z) of 13- and 11-mm, respectively,

employing a ceramic sample holder with two concentric orifices 2-mm apart (Fig. 22a2).

It is noteworthy to mention that the probes’ position ‘Z’ is selected based on the flame

temperature and chemical gradients suitable for each transition metal to have access to

oxygen species that favor the formation of metal oxides (Fig. 22b-c).
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Fig. 22. (al) Photograph of the flame formed by the counter-flow reactor (T1 and T2
are temperatures in the carbon- and oxygen-rich sections of the flame, respectively).
(a2) schematic of the ceramic sample holder. (b) numerical predictions on temperature
profile and major chemical species in the diffusion opposed-flow flame [227]. (c)
sketch of the insertion of the metallic probes and the deposition behavior. (d) graphical
representation of the deposition locations and nomenclature defined for discussion
thereof. (e) Schematic of the morphology of the synthesized structures.

High axial temperature gradients (up to 2000K/cm) and chemical composition
gradients are characteristic features of the counter-flow diffusion flame employed herein
[227], Fig. 22b. Thereby, the position and the exposure time of the precursor wires within
the flame environment can strongly affect the synthesis process. To investigate the
synthesis of tungsten/molybdenum-oxide heterostructures with complex morphology by
introducing the W and Mo substrates into the flame oxidizer zone, rich in O, OH, and O2
species. The probes’ surface-to-surface separation was approximately 1.0 mm (Fig. 22¢),
with most of the crystallization taking place around the Mo-probe located downstream
towards the stagnation plane as a result of the greater oxidation and edging rates of
tungsten-oxide vapors when compared to those of molybdenum. It is inferred that nano-
sized structures with a variety of morphologies (i.e. polyhedron, tree, flowers, grass, and
forest-like structures, Fig. 22e) can be synthesized by simply controlling the rate of
formation of the metal oxide precursors in one region of the flame and their deposition to
form the crystals in cooler regions of the flame. It is noteworthy to mention that the time
and mode of insertion of the probes plays a key role on the type of structure formed. For
further discussion purposes, the specific synthesis or deposit’s crystallization sites will be

based on the probe’s surface location angle ‘p’ measured counter-clockwise, i.e. for the

‘oxidizer side’ or the lower side of the probe, ¢ =270°; for the ‘fuel side’ or the top section
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of the wire, ¢ = 90°; and for the ‘sides of the probe’, ¢ = 0° and ¢ = 180° of the metal
wire(s) (Fig. 22d).

To gain insight into the fabrication mechanism of the multiple morphologies
described in Fig. 22e, W and Mo probes were introduced into the flame using two
experimental mechanisms: (i) simultaneous dual metal flame insertions, and (ii) variable
dual metal flame insertion.

The simultaneous insertion exposed the metal substrates to residence times ranging
from 30 to 150 sec. Whereas the variable time insertion mechanism consisted of
introducing the metal probes into the flame at different times with the Mo probe exposed
to an initial constant residence time of 90 sec, followed by increased exposure to the flame
environment after the insertion of the W probe during residence times ranging from 30 to

60 sec.

7.3 Simultaneous Dual-Metal Flame Insertion at Different Flame Zones to Fabricate
Nanostructures with Complex Morphologies

This experimental mechanism consists of both W and Mo probes being introduced

into the flame medium simultaneously employing residence times ranging from 30 to 150

sec that resulted in the synthesis of nanomaterials with complex morphologies resembling

polyhedral-, trees-, and flower-like structures.

7.3.1 Synthesis of complex nano and micron scaled structures with 30 sec of flame
residence time
It is reported that that the oxidation rate molybdenum does not significantly change

with varying temperature and pressures; conversely tungsten oxidation rate increases with
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increasing temperature and pressure [297]. Experimental data reported by Gulbransen et
al. [297] indicates that the rate of oxidation of tungsten is over twice that of molybdenum
and it tends to increase with increasing temperature and pressure. This suggests that after
some time the W-probe releases tungsten-oxide vapors at higher concentrations to
overwhelm the deposition and crystallization of structures taking place on the surfaces of
the Mo probe. To further support this hypothesis SEM images collected from the bottom
of the Mo and W probe when inserted by themselves into the flame media indicates no
structural growth and rather a higher erosion of materials in the oxidizer side of the W
probe when compared to that of Mo, Figs. 23(al-a3).

Fig. 23(b1) depicts the schematic of the dual insertion of Mo and W probes along
with the location of the crystallization sites. Results obtained from the Mo probe after
simultaneous exposure of both probes for 30 seconds indicated that deposits at the 90°
crystallization site resulted in 1D nanorods or the “backbone” structures, Figs. 23(b2-b3).
As the evaluated location nears the 45° range (i.e., arc length from 0°), it is evident that the
deposition rate tends to augment forming a larger density of 1D structures (Fig. 23(c1)),
which in some cases commence to coalesce to form larger 3D agglomerates composed of
1D rod-like nanostructures Fig. 23(¢c2). As crystallization sites at 0° and 300° are evaluated,
higher aspect ratios and increased density of 1D nanorods are fabricated, Figs. 23(d-e). It
is evident that the geometrical location of the crystallization sites at 0° (i.e. sides of the
probe) favors the larger deposition rates based on the flow of oxide gases around the metal
substrate. Fig. 23f confirms the presence of larger 3D structures at the 285° site, however,
the presence of 1D rod structures is always confirmed at all crystallization sites, see arrows

in Fig. 23(f). The structures formed at the 270° crystallization site primarily depicts
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irregular polyhedral-like morphologies of sizes ranging from 3.2 to 9.5 um structures and
up to twenty facets, Fig. 23g. Interestingly, rod like ‘backbone' structures extruding from

the 3D polyhedral structures are also present, see arrows in Figs. 23(g2-g4).

Single Metal Flame Insertion I Simultaneous Dual Metal Flame Insertion (t =30 sec)
90° 45°

(a1) ' 96%CH, + 4%C,H,

Fuel | L]

—10pm = lpm

Fig. 23. 1D rod-like ‘backbone’ structures and polyhedral complex nanostructures

fabricated after both probes being exposed to a flame residence time of 30sec. The Mo

and W probes are introduced in the flame media at Z=11mm and Z=13mm, respectively.

The metal probes are introduced into the flame simultaneously for a residence time of
30 seconds. (al) schematic of a single metal probe inserted into the flame media; images

collected on the oxidizer side of the Mo (a2) and W (a3) probes when exposed to the
flame medium with no additional probe insertion; (bl) schematic of the dual insertion

of Mo and W probes into the flame medium at flame positions of Z=11mm and Z=13mm,

respectively, along with the location of the crystallization sites; (b-c) imaging of the 1D
structures deposited at 90°; and 45° crystallization sites on the Mo probe; (d-e) high
density of “backbone” structures deposited at 0° and 300° sites; (f-g) imaging of
structures synthesized at crystallization sited located at 285° and 270°.

7.3.2 Synthesis of complex nano and micron scaled structures with 60 sec of flame
residence time
Further increasing the residence time of both metal probes into the flame volume
to 60 sec resulted in the synthesis of tree-like structures. Fig. 24 depicts SEM images from
the cyclization sites located at 45°, 0°, and 315° on the Mo probe surface. The Mo and W
probes were introduced simultaneously to the oxygen rich portion of the counter-flow
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diffusion flame at Z = 11 mm and Z = 13 mm, respectively, for a duration of 60 sec, Fig.
24a. The deposits crystalized at the 45° site, are composed mostly of high aspect ratio
nanorods extruding from the surface of the Mo probe, Fig. 24(b1). Higher resolution SEM
depicts some of the structures resembling nanotrees that are composed of cylindrical or
rod-like ‘trunks’ and ‘branches’, Fig. 24(b2). Each branch consisted of 1D structures with
diameters ranging from 100 to 450 nm and extruded nearly perpendicularly from the parent
branch, Fig. 24(b3). The trunks or “backbone” structures have diameters ranging from 600
nm to more than 1.1 um and the average height of the nanotrees was approximately 89.5
um; thus, indicating that the nanotrees are, indeed, 3D hierarchical structure composed of
1D rod-like branches with 3D micro-trunks (backbone structures). Additional SEM
imaging collected at the 45° site suggest that the tips of the branches and trunks contain
metal oxide deposits resembling elongated cubical-like deposits, Fig. 24(b4-b5). Further
analysis of the formed structures indicates that their shape is highly dependent on the
location of the crystallization sites on the surface of the Mo probe. The structures deposited
at the 0° site are composed of nanorods with larger 3D deposits containing various facets,
Figs. 24(c1-c2). SEM imaging of the deposits at the 315° crystallization site of the Mo
probe reveal that only highly dense nanorods with uniform surfaces and no sign of 3D
objects/deposits are attained, Fig. 24d. It is evident that the presence of nanorods or
“backbone” structures is always attained on the surface of the Mo probe despite the location
of the crystallization sites. The morphology of the deposits on the “backbone” structures
tend to differ depending on the crystallization site being analyzed, consequently, it can be
inferred that the gas flow around the probe and the probes geometry are responsible for the

morphology evolutions. The variation of the crystal growth direction or physical
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morphology as depicted on the final structures in the SEM images can only be possible by
the introduction of the two probes. In this configuration, if both probes are introduced
simultaneously, one of the probes (W) serves as the source of material while the second
probe (in this case, Mo) serves as a substrate for crystallization and growth of the tungsten-
oxide vapors. It is important to note the melting point of the probes and the flame location.
The flame temperature where the Mo is introduced in the flame is ~2,100°C while for the
W probe the flame temperature is ~2,410°C and the melting point of Mo and W is 2,623°C
and 3,422°C, respectively. The variation of flame temperature and oxygen species at
evaluated flame locations are ideal for generating metal oxide vapors at various rates.
Thereby, it is anticipated that the W probe exposed to the high flame temperature and
oxygen species (Z = 13 mm) zone will result in the rapid release of tungsten-oxide vapors
in higher concentrations. Consequently, the creation of high concentration tungsten-oxide
vapors overwhelms the formation of molybdenum-oxide vapors, also favored by the higher
oxidation rates of W when compared to Mo [297]. To further confirm this behavior,
thermophoretic sampling was conducted in between the W and Mo probes at the flame
position Z = 12 mm, Fig. 24a. TEM imaging shows that the tungsten-oxide vapors are
composed of well-developed platelets, Fig. 24(el1-e3). Remarkably, the gas-phase formed
platelets resemble the tips of the deposits on the surface of the rods, Fig. 24(b4-b5). To aid
on the identification of the chemical composition of the formed structures, EDX analysis
of the deposits in Fig. 24(f2) confirmed they are composed of mostly of W and O, since
both C and Cu readings are a result of the TEM grid being made of copper with a carbon

film, Fig. 24(f1).
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Fig. 24. Nanotrees-like structures synthesized after both probes being exposed to a
flame residence time of 60 sec. (a) schematic of the dual insertion of Mo and W probes
into the flame medium at flame positions of Z=11mm and Z=13mm, respectively, along
with the location of the crystallization sites and location of collected samples of the
gas-phase formed crystals; (b1-b5) SEM images illustrating the randomly distributed
nanotrees; (cl-c2) randomly oriented tree-like structures with 3D deposits with
various facets, (d) high dense nanorod-like structures; (el-e3) TEM images of
tungsten-oxide structures generated in the gas-phase a location (1) depicted in (a); (f1)
EDX of deposits at the tips (f2) of the end of the tree-like structures.
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7.3.3 Synthesis of complex nano and micron scaled structures with 150 sec of flame

residence time

The increase of the residence time of the Mo and W probes simultaneously
introduced into the flame volume resulted in the formation of structures with morphologies
of higher complexity. The Mo and W probes were introduced at the flame positions Z =
I1mm and 13 mm, respectively, during a total flame residence time 150 sec. Evidently,
the increased probe-flame interaction time resulted in larger layer of deposits on the Mo
probe surface, particularly at the crystallization sites located at the 25° and 335° sites, see
schematic in Fig. 25a. SEM images of the deposits located at the 90° crystallization site
reveal the presence of highly dense polyhedral-like structures, Fig. 25(b1). The increased
crystallization of metal oxide vapors on the sides of the Mo probe (i.e. 25° site) prevents
further deposition of material on the top surface of the wire (i.e. at the 90° site). As a result,
the structures deposited on the fuel side of the Mo-probe evolved into micro-polyhedrons
of 6 to 30 um and up to 20 facets (Fig. 3b2). Interestingly, a few rod-like structures are
still observed within the polyhedral structures, however, indicating that the 1D nanorods
are synthesized along the polyhedral structures and don’t appear to serve as the “backbone”
materials for the fabrication of polyhedral structures when both probes are introduced into
the flame media simultaneously for 150 sec (arrows in Fig. 25(b3)).

Well-defined flower-like structures were deposited at 25° crystallization site on the
Mo probe. Figs. 25(c1-c4) depicts representative SEM images of the flower-like structures
)with average flower size of 1.2 p and flat petals with characteristic dimensions in the order
of 755 nm and average thicknesses of 40 nm, Fig. 25(c3). Interestingly, this type of

structures is only observed at crystallization sites containing the largest deposition rates.
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The arrows in Figs. 25(c1-c4) depict the individual 1D structures serving as the “backbone”
structures that allows further oxide vapors to crystallize along the high aspect ratio 1D
nanorod at multiple locations, which then favors the growth of the multiple layers of petal-
like structures or nanosheets, Fig. 25(c4). The nanoflowers represent a high density of
nanosheets distributed in multiple directions (12 to 15 petals per 1 pm? of surface area);
thus, highly increasing the structures’ surface to volume ratio.

Further SEM imaging of the Mo probe surface at the lower crystallization sites at
the 335° location shows morphologies resembling the early “nanotree-like” structures
attained during the probe-flame interaction time of 60 seconds, Fig. 25(b1-bS5).
Nevertheless, the “nanotree-like” structures formed after the prolonged flame exposure
time closely resembles forest-like structures, Fig. 25(d1-d4). SEM imaging “nanotree-
like” structure reveals that the branches have deposits resembling platelet-like structures at
the tip of the branches, Fig. 25(d1-d2). Further analysis indicates that the forest structures
consist of trees with trunks of lengths ranging up to 190 um and branches and trunks with
diameters up to 200 nm.

Various studies address the synthesis and applications of polyhedron-like nano-
and micro-materials. Zhao et al. [298] reported the synthesis of 26-facet Fe2O3 nanocrystals
by directly combusting solutions of metal-organic compounds. With this technique,
uniformity is attained at the expense of production rate when compared to other flame
methods such as spray flame synthesis. Other methods involve solution routes that include
multiple steps and can require numerous hours [299,300]. It should be noted that flowers-
and forest-like engineered structures are synthesized in highly dense arrays and thus their

morphologies can have advantages in bulk heterojunction systems [301].
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Fig. 25. Synthesis of polyhedron and forest-like structures after both probes being
introduced into the flame volume for a residence time of 150 sec. (a) schematic of the
dual insertion of Mo and W probes into the flame medium at flame positions of
Z=I11mm and Z=13mm, respectively, along with the location of the crystallization
sites; (b1-b3) SEM images of the polyhedral structures synthesized on the fuel side of
the Mo-probe at the 90° site; (cl-c4) SEM images of flower-like complex structures
deposited at the 25° crystallization site; (d1-d4) SEM images of the tree- and forest-
like complex structures crystallized at the 335° site.
7.4 Variable Dual-Metal Flame Insertion at Different Flame Zones to Fabricate Nano
and Micron Scaled Heterostructures
The metal probes insertion and flame residence times were varied and tailored to
gain further insight into the synthesis mechanism of the multiplicity of morphologies
formed. The Mo probe was introduced in the flame medium at Z = 11 mm by itself for 90

sec. Immediately after, a W probe was introduced in the flame at Z = 13 mm for times

ranging from 30 to 60 sec, while retaining the Mo probe inside the flame volume (Fig. 26).
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A schematic depicting the variable dual-metal insertion setup along with the graphical
representation of the crystallization sites evaluated on the surface of the Mo probe is
displayed in Fig. 26a. SEM imaging conducted on the surface of the Mo probe reveals the
variation of the formed structures with increasing flame residence time and the location of
the crystallization sites on surface of the Mo probe. The introduction of the Mo probe by
itself for 90 sec allowed for 1D rod-like structures to be initially formed on the upper
surface of the probe. Subsequent insertion of the W probe into the flame media while
keeping the Mo wire in the flame media during additional 30 sec, results in the formation
of 1D rod-like structures with deposits in the form of foxtail-like plumes predominately
towards the tips of the 1D nanorods resembling grass-like morphologies. The nanograss
structures have an average length of 50 um and diameter of 180 nm, Figs. 26(b1-b2).
Higher resolutions SEM analysis of the deposits indicate that they are formed of randomly
oriented and truncated 1D nanorods with diameters and lengths ranging 14 to 66 nm and
155 to 560 nm, respectively, Fig. 26(b3). The average diameter of the foxtail-like plumes
is approximately 1.35 pm with lengths of 3 um, Fig. 26(b2).

Additional increase of the residence time after exposure of the W probe to 60 sec
resulted in a multiplicity of morphologies deposited at different crystallization sites on the
surface of the Mo probes. SEM imaging of the deposits at the 90° site suggest that the
formation of large polyhedral structure is always connected to a nanorod as pointed out by
the blue arrows in Fig. 26(c1). At this location the polyhedral structures are composed of
well-defined edges and flat surfaces Fig. 26(c2). The “backbone” or nanorod structure
attached to the polyhedral visibly resembles a “lollipop” morphology. Interestingly, having

the polyhedral structures suspended by a rod indicates that the 1D nanorods are grown prior
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to the polyhedral structure, specifically during the first 90 sec when solely the Mo probe
was exposed to the flame. During the sole insertion of the Mo wire into the flame medium,
a Mo oxide layer is formed around the metal probe due to quick interaction with the oxygen
rich chemical species of the counter-flow flame. The oxide layer was rapidly sublimated
or evaporated, creating molybdenum-oxide vapors carried by the gas flow in the direction
of the stagnation plane to crystallize in the form of 1D nanorods on the upper side of the
probe exposed to lower temperatures that favored crystallization of the oxide vapors. It
should be noted that the temperature gradients along the probe surface (i.e., bottom to top
surface of the probes) could not be measured considering the spatial resolution of the
pyrometers employed is in the order of 1 to 2 mm. Interestingly, the “lollipop”-like
structures with polyhedral tips contrast to the polyhedral structures presented in Section
7.3, when the probes were introduced simultaneously into the flame volume, since imaging
results thereof revealed that the polyhedrons are not grown on the nanorod, Fig. 25(b1-b3).
However, evaluation of the deposits at the 45° crystallization site illustrates similar
polyhedral structures with “lollipop”’-like morphology with the not well defined edges, and
rather irregular surfaces of the polyhedrons primarily due to the excess of tungsten-oxide
vapors tending to crystallize at higher rates as the sites closer to the side of the probes
favored by the gas flow around the cylindrical probe, Fig. 26(d1-d2). Remarkably, the 1D
nanorods are confirmed to support the irregular polyhedral structures, Fig. 26(d2). SEM
imaging of the deposits at the 0° crystallization site on the surface of the Mo probe shows
the presence of “nanotree-like” structures decorated with a large number of small well-
developed cubical structures, Fig. 26(el-e4). The tree-like structures are composed of the

trunk with multiple branches decorated with the cubical structures, Fig. 26(e2). The
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branches are mainly 1D rod-like structures (blue arrows in Fig. 26(e2-e4)) decorated with
well-defined cubical structures characteristic of tungsten-oxide deposits carried by the gas-
phase, yellow arrows in Fig. 26(e2-e4). Further imaging analysis of the deposits crystalized
at the 300° site reveal the structures are composed of highly dense “nanotree-like”
structures, Fig. 26(f1). Higher resolution imaging of the boxed area in Fig. 26(f1) shows
that the formed “nanotree-like” structures’ branches are less densely adorned with cubical
structures, Fig. 26(f2-f3). It is noteworthy to note that imaging analysis of the deposits
located that 285° crystallization site are composed of highly irregular defined polyhedrons
suspended on nanorods, Fig. 26(g). It is anticipated that the structures formed on the
surface of the Mo probe facing the oxide side are purely made of tungsten-oxide. As the
Mo probe is inserted first into the flame medium rich in oxygen species, a molybdenum-
oxide layer immediately forms, then as a result of the high temperature gradients, the oxide
layer evaporates and sublimates from the bottom surface of the probe and crystalizes
downstream a lower temperature sites in the form of nanorods. The evaporation of the
oxide layer from the oxidizer side of the probe results in high material erosion, thus,
confirming there is no formation of structural species on the oxidizer side of the Mo probe,
Fig. 23(a2). However, once the W probe is introduced, the material evaporated/sublimated
from the W probe will be carried by the gas flow and crystallize on the Mo probe in the
form of the 1D nanorods with polyhedral-like tips on the lower side of the Mo probe.
Low resolution TEM images of the samples collected from the deposits resulted
from experiments varying the insertion of the two metal probes into the flame media are
show in Fig. 26 (h1-h2). TEM-EDX elemental mapping performed on the collected

samples indicated that the formed nanostructures have uniform and major contributions of
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W and O, Fig. 26(h3-h4). Interestingly, the Mo content is present in lower levels; however,
its greater magnitude is observed at the 1D nanorod host or “backbone” structures (see
arrows in Fig. 26(h5)), which further supports the hypothesis that the “backbone” or host
1D structures are formed during the first 90 seconds of exposure to the flame environment

and appear to be primarily composed of molybdenum-oxide.
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Fig. 26. Synthesis of heterostructures after varying the insertion and residence time of

the metal probes. a) schematic of the variable insertion of Mo and W probes into the

flame medium at flame positions of Z

13mm, respectively, along with

11mm and Z

the location of the crystallization sites;, (b1-b3) SEM imaging of the grass-like
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heterostructures with the Mo probe inserted first in the flame (Z= 11mm) for 90 sec by
itself, followed by the introduction of the W probe (Z = 13 mmy) for 30 sec while the Mo
probe was maintained inside flame region;, SEM imaging of the heterostructures
formed when the Mo probe inserted first in the flame (Z= 11mm) for 90 sec by itself,
followed by the introduction of the W probe (Z = 13 mm) for 60 sec while the Mo probe
was maintained inside flame region (cl-c2) SEM imaging of polyhedron structures
synthesized at 90° site; (d1-d2) polyhedral heterostructures deposited at the 45°
crystallization site; imaging of tree-like structures with high (el-e4) and low (f1-f3)
density of cubical deposits on their 1D rod-like branches; (g) SEM imaging of
deformed or irregular polyhedrons suspended on nanorods; and (h1-h5) TEM imaging
and EDX elemental mapping of the collected materials.
7.5 Simultaneous Dual-Metal Flame Insertion at the Same Flame Zone to Fabricate
Nano and Micron Scaled Heterostructures
In an attempt to further understand the formation of the structures with complex
morphologies, both the Mo and the W probe were introduced into the flame environment
at the same flame location (Z = 13 mm), with the Mo probe position concentrically with
the vertical symmetry plane of the counter-flow diffusion flame, Figs. 27(b1-b2). Initially,
the first phase of the assessment process consisted of evaluating the structures formed
based on the single introduction of the Mo probe at flame location of Z = 13 mm within a
flame environment rich in oxygen species and a temperature of 2410°C, Fig. 27(al). The
single Mo probe insertion in the flame media resulted in the synthesis of high dense 3D
solid and hollow rectangular structures with wall thicknesses ranging from 250 nm to 3.5
um, cross sectional areas ranging from 2.8 to 18.1 um?, along with sharp edges, Fig. 27(a2-
a3). These morphological attributes make these structures particularly suitable for medical
and biological applications [174]. The second phase of the assessment process involved the
introduction of both metal wires into the flame medium at the same flame location (Z =13

mm), which resulted in the formation structures of different morphologies driven by

geometric position of the probes in the flame volume, Figs. 27(c1-c2, d1-d2). The
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introduction of the Mo probe aligning with the vertical symmetry plane of the flame
suggests the transport of molybdenum-oxide vapors towards the W probe and minimizes
the transport of tungsten-oxide vapors towards the Mo wire as a result of the gas flow
direction characteristic of the 1D counter-flow diffusion flame employed. This makes the
location and orientation of the probes highly critical factors to the end morphology and
chemical composition of the formed structures. Fig. 27(¢c1-c2) depicts the formation of 3D
structures on the Mo probe surface (i.e. 90° crystallization site) with full and hollowed
rectangular structures similar to those attained from the single insertion of the Mo probe in
the flame volume. The rectangular structures were accompanied by dendritic structures
with lengths of 38 pum, multiple facets with pointy tip morphology, Fig. 27(cl1-c2).
Localized SEM-EDX analysis on both formed structures (i.e. rectangular- and dendritic-
shaped) revealed the synthesized materials are made primarily of molybdenum-oxide with
traces of W (Fig. 27(c3-c4)), which further supports the fact that the tungsten-oxide vapors
reaching the Mo probe are minimax as they would be going against the gas flow based on
the geometrical positioning of the Mo probe concentric to the vertical symmetry plane of
the flame, Fig. 27(b1). Further analysis of the structures formed on the W probe surface
(i.e. 90° crystallization site) as a result of the dual metal insertion at the same flame position
indicated the formation of highly dense flower or rose-like structures assembled from thin
nanosheets or nanopetals with thickness and lengths ranging from 50 to 100 nm and 86 nm
to 1.2 um, Fig. 27(d1-d2). Localized SEM-EDX on the formed rose-like structures
confirms the structures are hybrid in nature with chemical composition being composed of
both tungsten and molybdenum-oxides, Fig. 27(d3-d4). The EDX results confirmed that

W drives the chemical composition of the formed structures as a result of its higher
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oxidation rates despite Mo and Mo oxides having lower melting and evaporation points
and being exposed to the same flame temperatures. The results attained from the dual metal
insertion at the same flame location further confirms the deposits forming the
heterostructures and materials with complex morphologies are composed primarily of

tungsten-oxide due their higher oxidation and erosion rates.

Mo Probe - 90°

96%CH, + 4%C,H,

0um - 300mm
1 (c4)

90° 90°
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Mo | W,
7 4 T
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50%0, + 50%0,

Fig. 27. Synthesis of the complex and hybrid structures resulted from the single Mo and
dual Mo/W probes insertion in the flame at Z = 13 mm.(a) Schematic of the single
insertion of the Mo probe in the flame at Z = 13 mm, (a2-a3) SEM images of the
rectangular molybdenum-oxide nanostructures resulted from the single insertion of the
Mo probe in the flame medium; (bl) photograph of the counter-flow diffusion flame
and the location of the Mo and W probes both inserted at Z = 13 mm; (b2) schematic
of the dual metal probe insertion in the flame medium at the same location; (cl-c2)
SEM images of the formed structures on the Mo probe surface resulted from the dual
probe insertion in the flame; and (c3-c4) localized SEM-EDX results thereof; (dI1-d2)
SEM images of the formed structures on the W probe surface resulted from the dual
probe insertion in the flame; and (d3-d4) localized SEM-EDX results thereof. Adapted
from [217]. Note boxed area is not drawn to scale.
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7.6 Characterization of the Formed Structures with Complex Morphologies

HR-TEM analyses were employed to characterize the internal morphology and
composition of the deposits formed at the various crystallization sites. TEM imaging of the
tree-like structures is shown in Fig. 28(al-a3) after the simultaneous exposure of the Mo
and W probes to the flame media for 30 sec. These images further suggest that 1D nanorod
structures are formed during the early fabrication stages and serve as the host structures,
followed by additional crystallization of oxide species at multiple locations along the 1D
“backbone” structure to form multiple branches (Fig. 28(al-a2)). The evident discontinuity
between the host core or trunk material and the branches (Fig. 28(a2)) further confirms
that the structures are not simultaneously synthesized and thus the branches occurred as a
result of continued exposure to the flame environment. HR-TEM imaging of the branches
indicates the characteristic morphology of the tip of the structures is cylindrical in nature,
Fig. 28(a3). HR-TEM imaging and evaluation of the lattice d-spacing of the trunk or 1D
“backbone” structure and the branches are made of materials of similar crystal structures
or lattice patterns, both resulting in d-spacings of 0.38 nm, which closely corresponds to
the (002) plane of monoclinic WO3, measurements in Fig. 28(a2-a3) inserts.

The increase of the residence time of the metal probes to 60 sec resulted in the
formation tree-like structures with nearly 90° branches formed from the core trunks, Fig.
28(b1). Further inspection of the tip of the rod-like branches indicates the presence of
branches (blue arrows in Fig. 28(b2)) and cubical-like deposits (Fig. 28(b2)-insert)
characteristic of the tungsten-oxide cubical structures formed in the gas-phase, further
confirming the structures are made of tungsten-oxide Fig. 26(e3). The blue arrows in Fig.

28(b3) depict how additional material is deposited on the 1D structures to form the branch-
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like materials taking place after initial formation of rod-like structures. Interestingly,
additional examination of the synthesized structures present well-defined lattice structures
with d-spacing of 0.38 nm, characteristic of WO3, Fig. 28(b3)-insert.

Increasing the exposure time of both probes simultaneously inserted into the flame
to 150 sec results in flower-, polygonal-, and clear core and shell-like configurations, Fig.
28(c1-c4). The flower-like structures are composed of core 1D nanorods with aggregates
forming micron-sized cubical petals truncated at different angles to form flower-like
morphology, Fig. 28(c1). Whereas the polygonal structures do not seem to present the
precursor 1D nanorods however, indicating that the 1D structures are synthesized along the
polyhedral structures and don’t appear to serve as the “backbone” materials for the
fabrication of the nano- and micro-polyhedrals when both probes are introduced into the
flame media simultaneously, Fig. 28(c2). Furthermore, the core/shell configurations are
representative of the forest structures, Fig. 28(¢3), with the core presenting dual lattice
configurations distributed orthogonally; whereas the edges present a single lattice
configuration extended in a single direction, Fig. 28(c4). The core/shell structures and the
complexity of the lattice configuration within a single structure further supports the degree
of complexity of the formed materials. The clear physical interface between the two
apparent dissimilar structures is also known as a heterojunction [302]. The HR-TEM image
of these samples clearly reveals the heterostructure junction along the axial direction of the
rod, Fig. 28(c4).

Even greater degrees of morphological complexity of the structures formed are
attained by varying the time and duration at which the metallic probes are inserted into the

flame environment are attained based on the resulted morphologies (i.e. grass-like, trees
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decorated with cubical structures and “lollipops” with polyhedrons heads), Fig. 28(d1-e5).
Maintaining the Mo probe inside the flame volume by itself for 90 sec allows for the
formation of the 1D "backbone” structures, Fig. 28(d1). This is then followed by the
continuous deposition of tungsten-oxide on the surface of the 1D precursor structures
forming core/shell configurations with deposits of randomly oriented and truncated 1D
nanorods forming the grass-like structures, Fig. 28(d1-d2). Higher resolution TEM
imaging depicts the core/shell configuration along with the early 1D deposits randomly
extruding from the core plane Fig. 28(d2). HR-TEM analysis of the boxed area in the Fig.
28(d2) reveals that the deposits present well-defined lattice structure with d-spacing of
0.38 nm, characteristic of WO3 (Fig. 28(d2)) with a high degree of crystallinity confirmed
by the SAED pattern shown in Fig. 28(d4). Further increasing the W probe residence time
inside the flame medium after the single insertion of the Mo wire, results in tree-like
structures with highly dense cubical deposits employing the 1D nanorods as “backbone”
structures, see Fig. 28(el) with schematic depicting the shape of the cubical structures.
Higher resolution TEM imaging of the structures in Fig. 28(e2) further confirmed that the
1D “backbone” structures are first formed and then served as precursors for the cubical
deposits, Fig. 28(e3). Additionally, “lollipop”-like structures with polyhedral shaped tips
(Fig. 28(e4)) were evaluated utilizing HR-TEM imaging. The resulting structures support
the hypothesis that the 1D nanorods form the “backbone” of the complex structures, see
blue arrows in Fig. 28(e5). Moreover, additional complexity on the lattice configuration of
the formed structures is also apparent with a clear boundary between structures with

different lattice patterns (Fig. 28(e5)). The heterojunction is visible by following the
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distinct patterns of the crystal nanostructure of the rod and polyhedral structure, Fig.

28(e5).
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Fig. 28. TEM images of structures resulted from simultaneously inserted Mo and W
probes into the flame media for a duration of 30 (al-a3), 60 (b1-b3), and 150 sec (cl-
c4). And TEM images of structures resulted from Mo and W probes inserted at different
times/durations into the flame environment (dI-e5).
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7.7 Growth Mechanism

The fabrication of the heterostructures is driven by various factors including (i) the

residence time of the metal probes in the flame medium, (ii) the probe position, and (iii)

the sequence in which the probes are inserted into the flame volume (Fig. 28). The overall

fundamental stages of the growth mechanics consist of three phases:

i)

Single metal flame insertion (Fig. 28(al-a2)): when the Mo or W probe is inserted
by itself in the flame volume, the high flame temperature along with a region rich
in oxygen radicals (oxidative environment) results in the formation of oxide layers
coating the surface of the metal probe facing the oxidizer side. The experimental
plan executed consisted of introducing the Mo and W probe at the flame positions
of Z=11 and 13 mm, respectively. It should be noted that the melting temperature
of molybdenum-oxides is typically lower than that of tungsten-oxides, therefore the
W-wire placed at flame position with a gas temperature of ~2,480°C; whereas the
Mo-wire was subjected to a lower temperature of ~2,150°C. The actual probe
temperatures measured with an optical pyrometer for the W and Mo probes are of
lower magnitudes due to heat losses from radiation and axial conduction through
the probe, with W and Mo measuring 1,260°C and 1,200°C, respectively.

Simultaneous dual metal flame insertion: when both probes are inserted
simultaneously in the flame volume the Mo probe mostly acts as a substrate for
deposition and crystallization of the tungsten-oxide vapors, Fig. 28(b1-e4). In this
case, the tungsten-oxide layer coating the W probe commences to
evaporate/sublimate and subsequently form the tungsten-oxide vapors, which are

carried by the gas flow [303] downstream towards the Mo probe where they
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iii)

crystallize to form the “backbone” structures, Figs. 28(b1-b2,c1-c2,d1-d2,e1-e2).
Results proved that complex structures can be formed within seconds, Figs. 28(b1-
e4). The concentration rate of oxide vapors tends to increase with decreasing probe
diameter as it is exposed to longer residence times within the flame environment.
Thereby, structures with even higher morphological complexity are formed, Figs.
28(b3-b4,c3-c4,d3-d4,e3-e4). Previous reports indicate that when both a Mo and a
W probe are exposed to an identical temperature and pressure environment (i.e.
high temperature and oxygen rich flames), the W-based material yields a higher
rate of oxidation [297]. Interestingly in this work, the W-wire is inserted at the
higher temperature and oxygen concentration zone of the flame compared to that
of Mo. As the W probe remains in the flame for longer periods of time, it results in
higher saturation levels of tungsten-oxide vapors superimposing those of
molybdenum-oxide.

Varying dual metal flame insertion: when the Mo probe is inserted by itself for an
elapsed time, followed by the W probe insertion. The pure metal probe reacts with
the oxygen rich species in the flame environment forming a molybdenum-oxide
layer, which starts to evaporate/sublimate yielding oxide vapors that are carried by
the gas flow traveling in the direction of the stagnation plane. Those vapors will
start to cool down and nucleate on the fuel side of the probe at lower temperatures.
This first stage enables the formation of the 1D host or “backbone” structures on
the lower temperature crystallization sites of the probe (Figs. 28(f1,g1,h1)). Once
the W probe is introduced a tungsten-oxide layer will be formed and

evaporated/sublimated and carried by the gas flow in the direction of the Mo probe
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to form the complex heterostructures, Figs. 28(f1-h4). The results indicate that the
time of the introduction of the second probe (t2 in Figs. 28 - varying probe dual
metal flame insertion schematic) plays vital role for determining the type of
structure formed. Nanograss like heterostructures are formed when solely the Mo
probe is inserted within the flame for 90 sec, followed by the insertion of the W
probe into the flame for 30 sec while maintaining the Mo probe inside the flame
volume, Fig. 28(f1-f4). Increasing the W probe residence time to 60 sec while yet
maintaining the Mo probe inside the oxygen-rich zone of the flame results in
nanoforest (Fig. 28(gl-g4)) and nanotrees decorated with cubical deposits (Fig.
28(h1-h4)). Remarkably, increasing the residence time of the W probe inside the
flame medium results in structures with higher morphological complexity, which
is in alignment with the proposed synthesis mechanism. As shown in the results,
the deposits crystallization site (i.e. 0° to 359° sites) on the probe surface is also
important. It is noteworthy to state that regardless of the process the consistent
factor is the presence of the “backbone” or 1D nanorods that serve as the host of
oxide vapors for recrystallization on their surfaces forming the highly complex
structures with a multiplicity of morphologies. However, the increased deposition
of materials typically takes place on the lateral sides of the probes (i.e. 0° and 180°
crystallization sites), hence, preventing further deposition of metal vapors
downstream. Ultimately, allowing for polyhedral structures to be observed on the

fuel side of the Mo probe surface even after prolonged residence times.
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Fig. 28. Proposed growth mechanism of the various structures using the “solid support”
single step method. (al-a2) Mo probe inserted by itself in the flame medium; (b1-e3) Mo
and W probes introduced simultaneously in the flame medium; (f1-h4) Mo and W probes

are introduced in the flame volume at different times.
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8. CHAPTER 8—CONCLUSIONS

There is a wide range of research on metal oxide nanostructures as a result of
their remarkable properties resulted from tailored structures with unique morphologies
and chemical compositions. However, the rise of potential applications in this field has
resulted in the need of suitable synthesis methods that are inexpensive and rapid
compared to traditional and current fabrication techniques.

Consequently, a holistic approach to understand how these structures are formed is
necessary, along with the need to facilitate and optimize their production rates. Thereby,
in this research we focused on gaining a comprehensive understanding of how these
complex structures with unique morphologies are synthesized employing a single step and
rapid fabrication technique. This technique consisted of employing a 1D counter-flow
diffusion flame formed by the oxygen enriched oxidizer and methane seeded with 4% of
acetylene as the fuel. The flame medium yielded temperature gradients up to 2000 K/cm
and chemical species ranging from oxygen- to carbon-rich chemical species with the ability
to form complex structures within less than 150 sec using highly pure transition metal
probes as the precursor source.

The formed structures evolved from single oxide nanostructures with 1D, 2D, 3D
and hybrid configurations (i.e. tungsten-oxide nanorods with carbon shells) to more
complex structures with unique morphologies (i.e. polyhedron-, tree-, grass-, forest-,
flower-like structures) resulted from dual simultaneous and variable insertion times of the

W and Mo probes into the flame volume.

129



8.1 Conclusions

The single insertion of a 99.9% pure W probe into the oxygen enriched counterflow

diffusion flame resulted in the synthesis of 1D, 2D, 3D and hybrid nanostructures on the

solid support, along with octahedron nanoplatelets and rod-like nanocrystals in the gas-

phase.

e Varying the diameter of the probe inserted into the counter-flow diffusion flame with

a fuel consisting of 96% CH4 doped with 4% C2H:2 and an oxidizer composed of 50%

02+ 50% N2, resulted in the formation of 1D and 3D structures on the probe surface.

The insertion of a 1 mm diameter W probe in the flame medium at a flame
location of Z = 12 mm resulted in the formation of 1D nanowires on the top
surface of the probe. The 1D tungsten-oxide elongated structures presented
needle-like shapes. The morphological characteristics of the grown structures
included lengths up to 50 um and diameters ranging from 10 to 100 nm. The
nanowires contained a composite or hybrid configuration consisting of an
inner core crystalline metal oxide material covered by an outer sheath formed
of well-ordered carbon shells. The measured lattice spacing of the tungsten-
oxide was 0.38 nm, which corresponds to the (002) plane of monoclinic WOs3;
whereas that of the outer shells was 0.34 nm, which corresponds to graphite.
Varying the physical size of the shield resulted in various thickness of the
carbon layer coating the metal oxide rods.

The reduction of the probe diameter to 0.5 mm inserted at Z = 11 mm within

the flame with an oxidizer ratio of 50% O2+ 50% N2, triangular, rectangular,
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and cylindrical 3D WOs structures with hollow and semi-hollow
configurations were formed on the upper surface of the probe.
Increasing the oxygen content of the diffusion flame oxidizer resulted in the
formation of 2D structures.

- The use of a I mm diameter W probe and an oxidizer of 100% O: resulted in
the growth of very thin, ribbon-like, micron-sized structures at a flame
location of Z = 9 mm. The structures were synthesized on the sides of the
probe rather than the upper surface. These WOs3 structures were about 80 nm
thick.

The different structure’s morphologies observed from the various experimental
conditions are explained by the variations of probe diameter and flame parameters.
The smaller probe diameter presented higher surface temperatures because of lower
heat losses, and a pure oxygen oxidizer provided a much more energetic and higher
temperature flame medium. Thus, it is suggested that the tungsten-oxide structures
are formed by the gas flow transfer of the tungsten-oxides species from the lower
probe surface exposed to high temperatures and their further crystallization on the
upper probe surfaces located downstream at lower temperature zones.

It is believed that the polygonal- and cylindrical-shaped 3D and 2D ribbon-like
structures are grown by the lateral coalescence of tungsten-oxide 1D structures into
tubular structures of multiple shapes, along with flat ribbon-like morphologies.
Additional experiments were performed in order to attain further insight on
controlling the thickness of the carbon sheath of the hybrid tungsten-oxide/carbon

nanostructures.
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Experimental analysis indicated that the hybrid tungsten-oxide carbon
nanowires resulted from the rapid growth of carbon shells on tungsten-oxide
nanorods induced by the transport of hydrocarbon species from the fuel-rich
zone of the flame during the probe removal process.

The thickness of the carbon sheath was controlled by simply varying the
removal procedure, i.e. diameter of the probe shield. Results indicated that
the amount of the formed carbon cylinders surrounding the metal oxide
nanorods decreased with reducing the shield diameter. Moreover, it was
confirmed that metal oxide nanorods with no carbon shells were formed when

lacking the utilization of the external shield.

e The ability to synthesize the structures directly in the gas-phase makes flames

continuous single step methodologies ideal for volumetric or mass production, with

the growth process requiring only few seconds.

tungsten-oxide elongated nanocrystals were grown in the flame gas-phase by
introducing a solid precursor source in an opposed-flow methane/oxygen-rich
flame with strong chemical and thermal gradients.

A solid high purity W wire of 1 mm in diameter was introduced in the high
temperature oxygen-rich area of the flame and served as the metal oxide
source.

A thermophoretic sampling technique was employed to directly collect
samples of crystalized materials composed of nano and micron size structures
at several flame positions. Samples collected at flame locations equal to that

of the solid W wire probe showed the presence of early formed polygonal-
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shaped structures along with ultra-small particles with irregular shapes.
Whereas sample material collected further away from the surface of the W
probe resulted in the presence of larger/elongated crystals with rod-like
shapes.

The structures of the synthesized nanoscale crystals have polygonal cross-
sectional areas with lengths of several microns.

The direct growth process of the nanocrystals in the flame gas-phase involved
(1) the oxidation of the solid wire to form oxide layers on the surface of the
probe exposed to the high temperature oxygen-rich environment. (ii)
Evaporation of the outermost oxide layer, and the further decomposition and
transfer of the metal oxide precursor from the side of the probe exposed to the
high temperature oxygen-rich environment to zones with lower temperatures
and reduced oxidant states on the fuel side, hence, creating ideal media for
gas-phase synthesis. (iii) As the vaporized precursor travels in the gas flow
towards the stagnation plane of the flame, tungsten-oxide structures are
crystallized in the form of nanorods that can evolve into 3D structures with
polygonal cross-sectional areas.

EDX analysis revealed that the grown structures consist exclusively of
tungsten and oxygen indicating that the materials are, indeed, composed of
tungsten-oxide. HR- TEM analyses showed that the synthesized structures
have a lattice d-spacing of ~0.38 nm closely corresponding to the (002) plane

of a monoclinic WOs3 cell.
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The dual simultaneous and varied insertion of both W and Mo probes into the

oxygen enriched counterflow diffusion flame resulted in the synthesis of micron- and nano-

scaled tungsten/molybdenum-oxide controllable hierarchical structures.

The gas flame synthesis of the structures consists of four critical phases: (i) the
introduction of high purity metals (i.e. bulk source) in the form of 1 mm diameter
wires into the oxygen-rich region of the flame. The resulting chemical reactions at
the surface of the probes result in the formation of oxide layers. (ii) The thermal
decomposition of the oxide layers via evaporation/sublimation results in oxide vapors
or precursors. (iii) The process is followed by the nucleation and synthesis of host
nanorods or “backbone” structures on the surface of uppermost probe. (iv) Vapors or
precursors from the lower regions of the probes reach the fuel side surface of the
probe to nucleate and grow new structures on the firstly fabricated “backbone”
nanorods to form complex structures.

Tunning the insertion and exposure time of the metal probes into the flame media
resulted in heterogeneity of the formed structures.

- The simultaneous insertion of both probes (Mo and W) resulted in the
formation of single phase structures with a multiplicity of complex
morphologies consisting of nanopolyhedrals, nanotrees, and nanoflowers.

- HR-TEM analysis confirmed the structures were made of WO3 by measuring
the well-defined lattice structures with a d-spacing of 0.38 nm. The formation
of WOs structures was favored by the higher oxidation rates of W when
compared to Mo; thus, the formed tungsten-oxides controlled the formation

of precursors and drove the crystallization process.
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- The variation of the insertion of the Mo and W probe in the flame medium
resulted in dual phase heterostructures consisting of molybdenum-oxide 1D
host nanorods with tungsten-oxide multi-morphological deposits forming
grass-, forest-, and trees with cubical deposits-like heterostructures. SEM,
TEM, EDX, and SAED results confirmed the morphological and chemical

characteristics of the structures.

8.2 Recommendations for Future Work

Among the numerous TMOs, tungsten- and molybdenum-oxides are of special
interest and of great importance due to their superconducting, photochromic,
electrochromic, optochromic, and gaschromic properties. This broad number of properties
makes them materials of increasing interest for the scientific and technological world.
Nanoscale tungsten/molybdenum-oxide structures have a wide number of applications
such as smart windows, field emission, fuel cells, catalysts, optical devices, gas sensors,
batteries, solar panels, etc. This research can be further extended by evaluating the
applicability of the different fabricated structures in some of the applications mentioned
above. Primarily, with sustainability playing a key role in today’s world dynamics, solar
panels and batteries are the two initially suggested applications of interest. Specifically:

1.  Evaluating the electrochemical properties of Mo/W nanoscale
heterostructures to understand their behavior as electrode materials in Li-
ion batteries. Techniques such as cyclic voltammetry, galvanostatic charge-
discharge cycling, and electrochemical impedance spectroscopy can be
used to investigate their specific capacitance, charge/discharge rate

capability, and cycling stability.
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ii.  Employing techniques such as electrical conductivity measurements,
electrochemical impedance spectroscopy, and optical spectroscopy to
investigate the charge transport and light absorption properties of the
heterostructures for solar panel applications.

Moreover, modeling the mathematical framework to synthesize the multiplicity of
morphologies synthesized in this research is of great importance to further tailor and
control the formed structures. Among the models that can be evaluated: (i) nucleation
model-accounting for the concentration, precursor saturation and growth mechanisms;
and/or rection-diffusion model—considering the evolution of concentration, nucleation, and
morphology based on space and time. This models will also allow for assessing the and the
yield rates of each characteristic structural morphology and what factors contribute to
increase their production rates.

Another complementary extension to this research consists of developing a method
to produce and collect large quantities of the tailored heterostructures in the flame gas-
phase and solid support. Considering the historically high potential of flames as a
nanoscale structure synthesis method for mass production, it is critical to enhance the

material collection techniques.
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APPENDIX
Appendix A — Structural and Chemical Characterization of Synthesized

Nanostructures by Various Techniques

A.1 Electron Microscopy

Electron microscopy is a crucial tool in nanotechnology research. Light
microscopes are limited to 2000x magnification; but on the other hand, electronic
microscopes can achieve magnifications of up to 2,000,000x. The electron microscopes
employ a particle beam of electrons to illuminate the specimen and create a magnified
image of it. Electron microscopes have greater resolution than optical microscopes owing
to the fact that it utilizes electrons with wavelengths about 100,000 times shorter than
photons (visible light), which is why the electron microscopes can achieve much higher
magnifications. Table 9 shows a comparison between the light and electron microscopes

Apart from the difference in image producing techniques, the concepts remain the
same for both microscope types. Whereas light microscopes use optical lenses to focus the
photonic light, electron microscopes employ electro-magnetic lenses to manipulate the
electron beam. There are two types of electron microscopes that provide different imaging

analyses, TEM and SEM.
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Table 9. Comparison of light vs. electron microscopes. Adopted from [232]

Light Meraseope TEM SEM
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A.2 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique that operates on the same basis as light microscopes
but employs electrons rather than light. The fact that TEM employs electrons which have
much lower wavelength than light makes possible to get resolutions with light microscopes.
The possibility of high magnification imaging has made of this microscopy technique a
valuable tool in various scientific research areas such as medical, biological, materials and
nanotechnology.

In a TEM a source of electron at the top of the microscope emits the electron that
travels through the column of the scopes under vacuum conditions. As it can be observed
from Table 9, TEM employs electro-magnetic lenses in order to focus the electrons into
very narrow beam. The electron beam passes through the specimen that is studied.
Depending upon the material density of the specimen, some electrons are scattered and
disappear from the beam. A fluorescent screen is positioned at the bottom of the
microscope, which is hit by the remaining or unscattered electrons in the beam. This
generates a shadow 2-D image of the specimen with all its parts shown in different darkness
agreeing with their density [232].

The detailed structural characteristics of the synthesized nanostructures in this
investigation were studied employing HR-TEM techniques with a JEOL TEM-3010
electron microscope. The magnification ranges from 50 to 1.5 x 106 times. Images were
collected on a Gatan digital imaging system and processed by Digital Micrograph software.

In order to gain further insight in the structural and elemental composition of the
grown structures, EDX and SAED analyses were performed. It is important to mention

that TEM has the potential to perform these analyses. SAED patterns are of excellent
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indicators of the crystallographic state of the structures, giving detailed information about
the crystalline or amorphous nature of the synthesized materials.

Another remarkable technique that can be applied using TEM is EDX, an analytical
method employed to study the elemental or chemical composition of a sample. EDX
detector can be attached to both TEM and SEM but in this investigation all the EDX
analyses were performed by a TEM. The detectors capture the X-rays emitted from the
specimen due to the high energy interaction between the electron beam and the sample.
Individual elements in the periodic table have unique atomic structures and generate X-
rays particularly of that unique material.

As it was mentioned above, EDX is an analytical technique therefore it has some
limitations. Though this technique can provide information of the elements present in the
specimen, it cannot precise the specimen’s exact chemical composition. Consequently, it
is recommended to use this technique in combination with others such as HR-TEM, XRD,

XPS, etc. to fully characterize the chemical composition of the formed nanostructures.
A.3 Scanning Electron Microscopy (SEM)

Similar to TEM, SEM employs electrons rather than light to produce an image. SEM
generates 3-D appearances that are useful to study the surface structure of any specimen.
It has a large depth of field, which allows a large amount of sample to be focus. These
electronic microscopes yield high resolution images allowing the examination of closely
spaced features at high magnifications. Combination of characteristics such as higher
magnifications, large depth of focus, greater resolution, and ease of sample observation
make this technique one of the most heavily utilized instruments in today remarkable areas.

This microscopy technique provides important information regarding the actual synthesis
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of structures on the probe surface exposed to the opposed-flow flame described herein. In
this research, SEM essentially indicates whether or not the structures were formed on the
surface of the metal probes and also provides information about the nature and morphology

of the synthesized materials.

A.4 X-ray Photo-Electron Spectroscopy (XPS)

In order to characterize the elemental composition of the large cylindrical and
polygonal 3-D structures in section 3.2, XPS techniques were employed. TEM analyses
were not used considering the large micron-size of these structures.

XPS is a quantitative spectroscopic tool that provides detailed information about
the elemental composition, empirical formula, chemical state, and electronic state of the
elements that the sample possesses. X-rays irradiates the sample in order to obtain the XPS
spectra, the kinetic energy and the number of electrons that scape from the top 1 — 10 nm
of the specimen being analyzed are simultaneously measured. Ultrahigh vacuum is

required in order to perform this analysis.

A.5 Selected Area Electron Diffraction (SAED)

SAED is a crystallographic technique performed in employing a TEM device to
evaluate crystals orientation, assess the lattices constants, and also important the
assessment of atomic defects. This technique is widely employed in material science
research since the interpretation of the attained diffraction pattern serves as a source for
identifying crystal structures, along with crystal’s orientations and defects. In cases where
the SAED is taken from a few or a single crystal, the pattern depicted consist of regularly

distributed bright spots in a 2D projection of reciprocal crystal lattice, hence allowing the
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pattern to be used to determine lattice constants (i.e. angles and distance between
crystallographic planes). In other cases where the area selected for evaluation involves
many crystallinities of different orientations (i.e. polycrystalline specimens), this results in
multiple diffractions patterns being superimposed yielding an image of concentric rings.
The diameter of each ring can be used to provide statistical information regarding the

overall crystallinity.
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