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Abstract
In this dissertation, the synthesis and growth mechanisms of various transition metal oxide (TMO) nanostructures inside a counter-flow flame medium were investigated. Transition metal oxide nanostructures with distinctive properties have broad applications in microelectronic devices, gas sensors, lithium-ion batteries, and catalysts. A flame is an exothermic chemical reaction that provides required energy for inexpensive synthesis of TMO nanostructures. The counter-flow flame is characterized by high temperature and chemical species gradients, one-dimensional axial temperature variation, and an oxygen-rich zone suitable for growth of metal oxide nanomaterials. Transition metal oxide nanostructures can be grown and collected through both solid-support and gas-phase synthesis methods inside a counter-flow flame. 
Herein, grown TMO nanostructures include Nb2O5, ZnO, W-doped MoO3, and WOx nanostructures. The insertion of a high purity Nb probe in the flame resulted in an instantaneous formation of a material layer coating the surface of the probe. The results show that the material layer is composed of Nb2O5 nanorods. Size and growth rate of the Nb2O5 nanorods depend on the insertion positions of the Nb probe (source) inside the flame volume. Content of oxygen in the oxidizer stream plays an important role in the growth rate of Nb2O5 nanorods; higher oxygen content leads to higher growth rates. Low electron mobility of Nb leads to the basal growth mechanism for the synthesis of Nb2O5 inside the flame. On the other hand, transition metals with high electron mobility (such as Mo, W, and Zn) mainly form through the vapor-phase growth mechanism inside the flame. The vapor-phase growth mechanism was observed during the growth of ZnO nanostructures through the solid-support synthesis. It was found that the morphology of the grown ZnO nanocrystals strongly depends on the insertion position inside the flame. Structural variations of the synthesized ZnO nanostructures include nanorods and microprisms with a large number of facets, and microprisms with a protruding nanorod. Grown nanorods are less than 100 nm in diameter and less than 1µm in length.
W-doped MoO3 nanocubes were synthesized through the gas-phase synthesis by introducing high purity Mo and W probes inside the counter-flow flame volume. Energy dispersive X-ray spectroscopy elemental mapping shows evenly distributed W, Mo, and O2 in the nanocubes. The measured lattice spacing of the nanocubes showed expanded lattice spacing which was attributed to an intercalation of tungsten atoms in the MoO3 layers. Collected samples of fully grown W-doped MoO3 nanocubes in the upper region of the flame volume show that the nanocubes have widths of less than 100 nm and well-defined edges like their base structures of MoO3. 
By inserting a high purity W probe inside the flame volume, fragments of tungsten oxide material formed over the oxidizer side of the W probe. We found that this material can be converted to 1-D tungsten oxide nanorods with lower oxidation state (WOx) as exposed to the electron beam (EB) of a TEM.  In this process, tungsten oxide nanorods reached ~90% of their final length within approximately one second of EB irradiation. The EB irradiation led to evaporation of a part of the fragment and subsequent growth of lower state tungsten oxide (WOx) nanorods in the vicinity of the irradiation spot. It revealed that grown WOx nanorods follow the vapor-phase growth mechanism. The evaporated material particles coalesced and deposited on the TEM grid to form seeds for further growth. These early seeds were the building blocks for the formation of fully grown structures. Further influx of tungsten particle deposition on the surface of the seeds caused growth of the seeds in the preferred direction and formation of the nanorods. The smooth surface was evidence of total diffusion of deposited particles into the surface of the early formed nanorods. The length of WOx nanorods was an exponential function of their distance to the irradiated spot. Longer nanorods were observed closer to the irradiated spot. This finding gives another unique characteristic of the flame to synthesize TMOs.



Much of the material in chapters 3, 4, and 6 of this dissertation is verbatim from published journal papers. Co-authors have granted full authority for the reproduction of the material.
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[bookmark: _Toc385420293]Motivation 
Transition metal oxide (TMO) nanostructures can be produced using different synthesis methods such as chemical vapor deposition, laser deposition, plasma, sol-gel, etc. However, in all the above-mentioned methods, TMO nano/microstructures are produced through a batch-to-batch production process which might require pre-processing and/or post-processing and often vacuum equipment to provide a suitable environment for growth of nanostructures. Also, low growth rate of materials produced through some methods prevent them from being suitable for industry. Consequently, these methods cannot be considered for an inexpensive production of TMO nanostructures on a large scale. In contrast, flame synthesis runs in the atmospheric pressure, does not requires post-processing or pre-processing, provides the required energy for synthesis directly from the combustion reactions, and as a result, is an inexpensive method compared to other common methods. In addition, flame synthesis is an efficient method since it provides high temperature and chemical species, high growth rate of materials, controllability (by adjusting flame fuel/oxidizer ratio, geometry of source, and source insertion position), and continuous production (maintaining a constant flow process as opposed to batch-to-batch processes). As a result, flame synthesis is considered a cost effective and continuous method for TMO nanostructure production.
The one-dimensional counter-flow flame, established by oppositely impinging oxidizer and fuel flows, is only characterized by high temperature and chemical species gradient in the axial direction (in this dissertation Z height represents the distance from the edge of fuel nozzle to a certain point in the flame medium). In other words, a radially inserted probe (source material) is surrounded by local flame conditions such as temperature and oxygen concentration. Therefore, the counter-flow flame offers a simple and well-defined flame geometry facilitating control of nanostructures growth. The counter-flow flame provides an elevated temperature to evaporate metals (sources), the required oxygen and oxygen radicals to transfer metals to metal oxides, and suitable temperature gradient for vapor-phase growth of TMO nanostructures. For further details about the counter-flow flame reactor employed in this study, please refer to sections 2-1 and 2-2.
[bookmark: _Toc385420294]Why transition metal oxides?
Nowadays, researchers working in nanotechnology are discovering and producing unique functional materials/structures such as carbon nanotubes, one-dimensional to three-dimensional metal oxides, and nano-porous materials. Particularly, TMOs are favorable and advantageous materials covering a wide range from semiconductors and insulators to superconductors. With reduction in size to nanometer, unique chemical, electrical, and mechanical properties appear. Nanowires are ideal structures for investigating the transport phenomena in one-dimensional materials, this is beneficial both for understanding the fundamental phenomena in low-dimensional materials and developing a new generation of high performance nano-sized devices [1].
For instance, it is 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 oxide materials cause changes in electrical conductivity of the materials as a result of molecular adsorption. Consequently to the adsorption of some molecules, such as NO2 or O2 at the vacancy sites, conductivity is reduced. But the conductivity increases when molecules, such as CO and H2, are adsorbed at the vacancy sites on the surface. Most metal-oxide gas sensors operate based on this principle [2].
[bookmark: _Toc385420295]Fabrication of nanostructures
Two different approaches are used to produce nano/micro-structures: top-down and bottom-up methods.
The top-down methods are based on reducing the size/dimensions of micron-sized materials to nano-size materials through etching and/or ion-beam milling. Commonly, techniques such as focused electron beam and focused ion beam are employed for reducing the size/dimensions of materials. Highly patterned and aligned nanostructures can be produced via the top-down method. However, this method is an expensive method which requires a long preparation time and also sometimes single-crystalline structures cannot be produced. Thus, at the moment, the top-down method cannot satisfy and meet the industrial limitations and requirements for an inexpensive production of a great amount of 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. In this method, highly pure nanocrystalline materials with small dimensions can be produced in a low cost experimental procedure. Also, doped and mixed materials can be synthesized easily. 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 in this method [2]. Common synthesis methods of TMO nanostructures such as CVD, sol-gel, and flame, are all categorized under the bottom-up methods.
[bookmark: _Toc385420296]Synthesis and growth mechanism of transition metal oxide nanostructures
Transition metal oxide nano/microstructures are grown by different synthesis methods. Based on the synthesis environment, synthesis methods can be categorized into three main groups: vapor-phase growth, solution (liquid) phase growth, and basal growth. The majority of the TMO nanostructures are synthesized through the vapor-phase growth. The base of vapor-phase growth is reactions between metal and oxygen in the gas phase. Either one of the two growth mechanisms, vapor-liquid-solid (VLS) or vapor-solid (VS), appears through vapor-phase growth. Solution-phase growth is an alternative method with flexibility. Basal growth (in flame synthesis) is only observed during the growth of elements with low electron mobility such as niobium oxide and tantalum oxide. Thus, this mechanism is rarely observed and investigated. This section briefly discusses the above-mentioned growth mechanisms for the synthesis of metal oxides.
[bookmark: _Toc385420297]Vapor-phase growth mechanism
In the vapor-phase growth mechanism, metal (source) is heated up and evaporates (vapor formation) by a thermal means. The chemical reaction between oxygen O2 (or oxygen radicals O) and vapor metal controls the morphology and crystallinity of grown nanostructures. This growth mechanism can be observed in synthesis methods such as CVD, laser deposition, plasma, etc. The vapor-phase growth mechanism is divided into two mechanisms: vapor-liquid-solid (VLS) and vapor-solid (VS) [3-5].
Essentially, VLS is a catalyst-assisted growth mechanism in which metal nanoparticles or nanoclusters play the role of nucleation seeds. The seeds govern the growth direction and dimension of nanostructures. Thus, appropriate selection of catalyst is crucial [6]. 
The vapor-solid mechanism occurs in catalyst-free synthesis processes [7-9]. Through the VS mechanism, metal (source) in a solid phase is heated into a vapor phase. The vapor is transported by carrier gases to a downstream region of lower temperature then directly condensed on the substrate surface or growing structures. The initially condensed vapors play the roles of seeds for further growth [10]. The growth rate and morphology of structures depend on supersaturation of the condensing vapors [11]. This mechanism depends on several thermodynamic parameters and requires quantitative modeling to support fundamental understanding.
[bookmark: _Toc385420298]Solution-phase growth mechanism 
The solution-phase growth mechanism is based on a chemical reaction that occurs in a solution. The chemical reaction can be initiated by different means such as thermal and electron current. Researchers have used many methods to synthesize nanostructures via the solution phase growth mechanism. Some of these methods are electrochemical deposition [12], sol-gel deposition [13, 14], and hydrothermal deposition [15-17].
[bookmark: _Toc385420299]Basal growth mechanism
In the basal growth mechanism a metal source combines with oxygen and forms a metal oxide without detaching from the source. In this process a layer of metal oxide appears at first and structures grow with the base attached to the source. Since grown structures are always attached to the base (source), diffusion of oxygen to reach and combine with source plays an important role in growth rate and morphology of the structures. In the flame synthesis method, the basal growth mechanism is only observed during the growths of niobium, tantalum, and vanadium which have low electron mobility.
[bookmark: _Toc385420300]Flame synthesis methods
The vapor-fed aerosol flame synthesis is the combustion or hydrolysis (a chemical procedure in which a molecule of water is added to a matter) of volatile precursors in a hydrocarbon and/or hydrogen flame. In this method, a precursor converts from the gas phase into larger particles by surface reaction and/or coagulation and subsequently coalescence. This method is industrially employed. However, only a few volatile precursors are available at a reasonable cost. To solve the problem, the liquid-fed aerosol flame is suggested.
In the liquid-fed aerosol flame synthesis, typically a liquid precursor solution, instead of vapor, is sprayed and converted to the particle product and subsequently to solid nanoparticles similar to the vapor-fed aerosol flame synthesis. Sometimes hollow and shell-like particles are produced as a result of incomplete evaporation. Air-assist nozzles or ultrasonic nozzles are utilized to spray/atomize the solution. Also, the solution might be pre-heated to facilitate the evaporation process. The pre-heating depends on the solution composition. For high enthalpy organic solutions, small pilot flames are used to ignite and keep the combustion. This entire process is called flame spray pyrolysis. For low enthalpy organic solutions, external larger flames serve as the hot walls similar to spray pyrolysis process which is called flame-assisted spray pyrolysis [18]. Flame-made particles can be collected or deposited with the different aids/substrates. Deposition and collection of particles at different temperatures lead to growth of material with different morphologies [19].
In both above-mentioned methods a precursor is fed into the flame. However, it is possible to introduce the precursor (source) into a flame to synthesize and collect materials from the surface of the source or from inside the flame volume. This method is called flame synthesis. In this method, both co-flow and counter-flow combustion reactors, different kinds of fuel such as hydrocarbon and/or hydrogen, and different oxidizers such as oxygen and/or air can be employed to form a flame. Geometry, temperature, and oxygen content of the flame can be modified by changing different parameters to form an appropriate flame for synthesis. Depending on the collection of grown materials from the flame (sampling methods), flame synthesis can be categorized into two synthesis methods: 1) solid support synthesis method in which grown structures are collected from the solid source material inserted inside the flame, and 2) gas phase synthesis method in which grown structures are collected from the flame gas environments while they are traveling inside the flame volume. In this dissertation all the materials are grown through a counter-flow flame synthesis method, and both solid support and gas phase synthesis methods are employed.
[bookmark: _Toc385420301]Combustion synthesis method
Combustion synthesis uses extremely exothermic chemical reactions between combustor and metals (source). The “combustion” covers gas-phase flame and explosion (incineration). This synthesis method is also known as self-propagating high-temperature synthesis (SHS) [20]. In conventional SHS of nano-sized materials, initial reactants are in the solid phase. The heterogeneity of micron-sized initial reactants makes the production of nano-sized material difficult through the conventional SHS method. In the SHS method, as a requirement, high ignition temperature (thousands of Kelvins) can be attained by laser radiation, an electric arc, or by a heating coil. Researcher are trying to lower the ignition temperature and use metal oxides instead of micron-sized metal powders [21].
[bookmark: _Toc385420302]Objective
Previous experimental investigations prove the feasibility of producing metal oxide nanostructures via flame synthesis. In this work, transition metal oxide nanostructures, including niobium oxide, zinc oxide, and tungsten-doped molybdenum oxide are synthesized directly and indirectly in the flame. Also,  the growth of tungsten sub-oxide nanorods under electron beam is investigated.
The principal objective of this research study is to increase the fundamental understanding of the growth mechanisms of metal-oxide nanostructure formation through the flame synthesis. Also, it presents that flamed formed tungsten oxide fragments can be transform to tungsten oxide nanorods with lower oxidation state under an electronic beam through the vapor-phase growth mechanism. It means, in case of providing suitable source of energy and source material, the vapor-phase growth mechanism can be applied to a wide range of material growth. Secondly, this research study underscores feasibility of the counter-flow flame in producing TMO nanostructures through a simple single-step process.
The principal research components of this dissertation are:
1. Conducting experiments in a counter-flow flame to characterize the effects of flame temperature, oxygen concentration, and other controllable process parameters on nanostructure morphologies.
2. Examining the influence of the nature of the transition metal components (Zn, Nb, W, and Mo) on the growth mechanism and morphology of nanostructures. The energy source alone cannot cause vapor-phase growth, rather the source material plays an important role in the growth mechanism. In this step, a comparison is made with previous works in this field.
3. Investigating the influence of electron beam (energy source), which elevates enthalpy for transformation to vapor-phase, on the formation of nanostructure materials and the reduction to lower oxidation state.
4. Characterizing the synthesized nanostructures by means of scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), and energy dispersive X-ray spectroscopy (EDX); and proposing a growth mechanism based on characterization of the nanostructure.
[bookmark: _Toc385420303]Outline of this dissertation
Chapter one is dedicated to a general discussion on the synthesis of transition metal oxide nanostructures, advantages of the flame synthesis method over other conventional methods, and the objective of the dissertation. Chapter 2 describes the experimental setup of the counter-flow burner employed to provide a suitable environment for growth of nanomaterials. Details of the counter-flow combustion reactor are discussed. Chapter 3 focuses on the basal growth of niobium oxide nano/micro-rods after introduction into the flame. The effect of temperature and oxygen content on the growth of material is discussed. Chapter 4 presents vapor-solid growth of zinc oxide via counter-flow flame synthesis. Change in the morphology of grown structures as a result of changing probe configuration is discussed. Chapter 5 examines the gas-phase synthesis of mixed tungsten and molybdenum oxide inside the flame volume. As material traveled towards the stagnation plane, they mixed and formed mixed metals oxides. In order to investigate the vapor-phase growth mechanism in an environment different from the flame, a new chapter is introduced. Chapter 6 presents growth of tungsten sub-oxide nanorods under an electron beam in the TEM. Finally, Chapter 7 offers some concluding remarks and suggestions for future research.



[bookmark: _Toc385420304]Counter-Flow Diffusion Flame and Experimental Apparatuses for Synthesis of Nanostructures 
[bookmark: _Toc385420305]Experimental setup
In this study, various TMO nanostructures are synthesized by employing a combustion reactor which produces a counter-flow diffusion flame. In a counter-flow flame, fuel and oxidizer are introduced through nozzles in opposite directions and the flame forms between the nozzles. In these experiments, fuel and oxidizer flow from the top nozzle and bottom nozzle, respectively. The fuel used throughout all experiments is 96% methane (CH4) and 4% acetylene (C2H2) (acetylene is also known as ethyne), and the oxidizer is a mixture of 50% oxygen (O2) and 50% nitrogen (N2). Nitrogen contained in air is used for the oxidizer flow. Gas mixture chambers are used to mix methane and acetylene in the fuel flow and oxygen and nitrogen in the oxidizer flow. They are located upstream of both nozzles. All gasses pass through mass flow controllers which have the precision of 1.5% and control the mass flow rates. Both nozzles (oxidizer and fuel) have diameters of 42 mm and are separated by a distance of 25.4 mm (one inch). Also, nitrogen is introduced parallel to the fuel and oxidizer flow from an annular duct around the oxidizer nozzle. The nitrogen flow has two roles. 1) It makes a protective shield to maintain a stable flame. 2) It prevents flame dissipation into the surroundings. Additionally, a series of stainless steel screens are placed at the fuel and oxidizer nozzles and a honey comb plate is located in the duct for the nitrogen flow. They make the gasses flow more uniformly and, as a result, help the flame stability. To transfer heat from the exhaust gases, cold water continuously flows through the exhaust chamber. Figure 2-1 shows a schematic image of the counter-flow diffusion reactor and control devices. The position of the probe holder with respect to the combustion reactor is shown in figure 2-2, item number 11. The probe holder (and material source) is introduced radially into the flame.
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	[bookmark: _Toc385420366]Figure ‎2‑1- A schematic of the setup of the combustion reactor. Flow controllers and flow meters control and measure gas flow rates before entering in mixing chambers. The fuel enters the combustion zone through the top nozzle and the oxidizer through the bottom nozzle. The insert shows a photograph of a typical diffusion flame formed in the counter-flow reactor. 



[bookmark: _Toc385420306]Counter-flow flame characteristics
The counter-flow flame with its unique structure provides a suitable medium for growth of TMO nanostructures. Advantages of the counter-flow flame are explained as follows: 1) it has one-dimensional geometry which provides constant temperature and oxygen concentration at each axial position inside the flame; 2) The blue zone has high temperature and oxygen concentration which is an ideal environment for transformation of metal to metal oxide; 3) it is a higher stable flame throughout the synthesis experiments, in contrast to other flame types such as co-flow diffusion flames; 4) the thickness of the blue and yellow zones can be controlled by changing the oxygen content and strain rate (see section 2-6); 5) Carbon content of the yellow zone can easily be employed to produce hybrid carbon coated TMO nanostructures.
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	[bookmark: _Toc385420367]Figure ‎2‑2- A schematic representation of gas flow directions in the counter-flow burner. The photograph shows a typical flame formed in the counter-flow burner. The insertion of a probe for nanomaterial synthesis is shown. 



[bookmark: _Toc385420307]Positioning system
A stepper motor (UniSlide Velmex) with capability of moving in two directions was employed to change the position of the reactor. This positioning system allows obtaining a precise position of a probe inside the flame at various Z heights. The stepper motors are controlled through a computer with COSMOS V3.1.4 software. The accuracy of this system is a faction of a millimeter with error less than 1.5e-4 (0.0015"/10"). A schematic of the positioning system is shown in figure 2-3.
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	[bookmark: _Toc385420368]Figure ‎2‑3- Schematic of the positioning system including the stepper motors which moves the reactor in two directions. The stepper motors are connected to a PC for control and movement.



[bookmark: _Toc385420308]Thermophoretic sampling method
To characterize structural and chemical composition of nanostructures grown inside the flame we need to capture them directly from the flame. Since the nanostructures form and transform in a narrow zone of the flame (blue zone), a highly accurate method is required. To capture grown materials in the gas-phase synthesis of TMO nanostructures, we utilized the thermophoretic sampling technique developed for studying soot formation by Dobbins and Megaridis [22]. In this technique, a sampler is mounted on a 15˚ angled platform as shown in the figure 2-4. This particular angle limits the travel time of a TEM grid in the flame (high-temperature zone), thus it prevents the grid from burning inside the flame. The sampler has been employed in previous studies and the following description is extracted from those studies with authors’ permission [23]. The sampler consists of a 50 mm stroke compressed-air piston controlled by a pneumatic valve (ModelSY5140, SMCCorp. of America), which drives the grid in and out of the flame. Thermophoretic deposition is driven by the presence of a temperature gradient that exists between the cold surface of the grid and the flame. The exposure of the grid inside the flame should last long enough to capture samples, but be short enough to maintain a temperature gradient between the flame and the grid.  An electronic time controller sets the residence time of the grid inside the flame while the travel time is regulated by the air cylinder pressure. The cold surface of the grid freezes heterogeneous reactions of captured particles that can be analyzed later using TEM and HR-TEM. This precise technique can be operated in co-flow and counter-flow flames, making the recreation of nanomaterial synthesis evolution inside the flame volume possible, and also allowing for the characterization of its morphology. The utilized TEM grid has a substrate made of copper mesh with a thin film (~20nm) of pure carbon deposited on one side of the grid. The variable Z in our studies represents the axial distance from the edge of the burner’s nozzle to approximately the center of the TEM grid inserted within the flame volume.
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	[bookmark: _Toc385420369]Figure ‎2‑4- Schematic of TEM grid holder employed to capture formed samples from the flame directly. 
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	[bookmark: _Toc385420370]Figure ‎2‑5- H2 Finder (index) grid. Letters in each block assist the microscopist to track the position of the particles/structures.  Letters in the TEM grid allow tracking the precise position of the flame formed structures and development of the synthesized materials inside the flame volume. 



All experiments involving gas-phase flame synthesis are performed using the thermophoretic sampling method. Nanostructures, which are collected using this technique, are studied using transmission electron microscopy (TEM). The H2 Finder (index) TEM grids (SPI Supplies) are used in order to gain a better understanding about the evolution and growth of material inside the flame. Each section on H2 Finder grid has a name which can be seen even under a light microscope. Named sections help a microscopist to track the exact position of the grown structures. A schematic of the grid is shown in figure 2-5. For each experiment, the grid is shot five times inside the flame. The trajectory of the gird in and out of the flame volume is ~10 msec and residence time of the grid is ~30 msec; this gives enough time for collecting materials and preventing burnout and damage to the carbon coated grid.
[bookmark: _Toc385420309]Source material holder
A source holder device was employed to hold the source material in place when positioned in the flame throughout all experiments in this research. The source holder is an assembly of a cubic body, cylindrical tube, shield, and supports as shown in figure 2-6. The source holder is mounted on a laboratory vertical jack platform for precise positioning and control of probe insertion inside the flame. A 2.5 mm ID cylindrical tube with inner inserts is used to hold the source material. A larger tube with inner diameter of ~6 mm is used as a shield to protect the formed structures after the experiment time and when the source is taken out from inside the flame. Inside and tip support hold the source materials firm during the experiments. The source holder assembly is used for both types of gas-phase and solid-support experiments. The sample holder is used to hold the metal probe (source) firmly inside the flame. The sample holder can also be easily moved in the axial direction of the flame. 
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	[bookmark: _Toc385420371]Figure ‎2‑6- Schematic of probe holder, cubic assembly, tube, supports, and the shield.



[bookmark: _Toc385420310]Effect of oxygen and gas flow velocity on the counter-flow flame 
We can change the geometry of the flame by 1) changing the oxygen content; 2) changing the strain rate (gas velocity) to add to flexibility of the flame. Flame temperature, chemical species concentration, and thickness of the blue zone (the suitable zone for growth of TMO nanostructures) vary by changing the flame geometry. At constant strain rate of 20 s-1 for both the fuel and oxidizer streams, by variation of the oxidizer oxygen content from 21% (air-based flame) to 100% (figure 2-7a) the following can be observed: 1- the air-based flame (21% O2) has the thinnest blue zone; 2- the 100% O2 flame has the thickest blue zone; 3- by introducing higher oxygen the flame is compressed which decreases the overall flame thickness; 4- by introducing higher oxygen, the stagnation planes along with the highest temperature plane are moved towards the fuel nozzle and the distance between them decrease.
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	[bookmark: _Toc385420372]Figure ‎2‑7- Photographs of the flame with different S.R and oxygen content; effects of (a) oxygen content; (b) strain rate on the flame geometry [24].


 
In addition, the gas velocity (momentum) of the fuel and oxidizer that impinge against each other causes variations in the flame geometry and temperature. The strain rate (S.R) with unit of s-1 is an indication of velocity the flows between the two nozzles. A higher strain rate means a faster gas introducing/flowing from the nozzles. The strain rate is calculated using the following equation:

Where, S.R is strain rate, V is velocity of the gas flow, and D is the distance between the two nozzles. By maintaining the oxidizer concentration of 35% O2 and 65% N2 and changing the strain rates from 10 s-1 to 40 s-1 (figure 2-7b) (by changing the outlet flow velocities) the following can be observed: 1) by increasing the S.R, the brightness of the yellow zone decreases; 2) by increasing the S.R, the blue zone becomes thinner; 3) by increasing the S.R, the flame thickness decreases. By experimental and computational analyses, it is found that a higher strain rate renders diffusion flame thinner, and thermal thickness is inversely proportional to square root of the strain rate [25].
[bookmark: _Toc385420311]Material characterization employed in this study
To prepare samples for TEM analysis the synthesized structures were mechanically removed from the probe and mixed with methanol. The mixture was sonicated for few minutes. A droplet of the mixture was placed on a TEM grid with carbon film and allowed to dry. In order to prepare powder for XRD analysis the grown structure were scraped off the probe. Since more accurate XRD analysis requires more powder material, several experiments are required to collect enough powder for XRD analysis.
[bookmark: _Toc385420312]Scanning electron microscopy
Scanning electron microscopy (SEM) is a basic tool for present nanotechnology characterization, and is used to observe/investigate the morphologies of as-grown nanostructures, and estimate/analyze the size of those nanostructures. Zeiss NEON and JEOL JSM-880 are two major high resolution SEMs at Samuel Roberts Noble Microscopy Laboratory at the University of Oklahoma that were used for this work. 
[bookmark: _Toc385420313]Transmission electron microscopy
A transmission electron microscope (TEM) uses an electron beam instead of a light source compared to a light microscope. Since electrons have lower wavelength than light, higher resolution (1000 times higher) can be achieved. JEOL 2000-FX and JEOL 2010F are available for research at Samuel Roberts Noble Microscopy Laboratory at the University of Oklahoma and also JEOL 3010F at UIC Research Resources Center - University of Illinois at Chicago was employed to investigate flame grown structures.
[bookmark: _Toc385420314]Energy-dispersive X-ray spectroscopy
In order to understand elemental characterization of flame-grown materials Energy-dispersive X-ray spectroscopy (EDS or EDX) is used. The elemental compositions of as-prepared nanomaterials grown through the flame synthesis are analyzed using EDS. 
[bookmark: _Toc385420315]X-ray diffraction
[bookmark: _Toc335219087][bookmark: _Toc336006006]For structural characterization of materials, the powder diffraction technique is used. This technique uses X-ray electron diffraction on powder samples. The powder X-ray diffractometer that is used in this research is Rigaku Ultima IV and it is located at the physical and environmental geochemistry laboratory at the school of Geology and Geophysics.


[bookmark: _Toc385420316][bookmark: _Toc335219088][bookmark: _Toc336006007]Counter-Flow Flame Synthesis of Niobium Oxide Nanostructures[footnoteRef:1] [1:  The content of this chapter is an extension of a published paper by the author. The paper contains results of research which was solely conducted as partial fulfillment for the PhD requirement. Materials presented in the paper have not been submitted for a course or extra credit.] 

[bookmark: _Toc385420317]Introduction
Niobium (Nb), vanadium (V), and tantalum (Ta) are in group five of the periodic table. The lighter three group five elements (Nb, V, and Ta) appear naturally and have similar properties; for instance, they are used as hard refractory metals (resistant to heat). Niobium exhibits very low mobility due to its high stability and very low solubility [26]. The reactivity of these elements is not evident because of the fast appearance of a stable oxide layer that prevents further reactions [27]. This stable layer also prevents the vapor-phase growth of niobium oxide. Stoichiometric niobium oxides mostly appear in four main forms: NbO, Nb2O3, NbO2 and (α, β-) Nb2O5. NbO, Nb2O3 can be produced by melting Nb2O5 with Nb. 
In this chapter, the flame synthesis of niobium pentoxide (Nb2O5) nano/micro structures using a counter-flow flame is discussed for the first time. The growth process of Nb2O5 occurs in a few minutes. The source material in form of a one-millimeter diameter high purity (%99.99) niobium probe was inserted in the oxygen-rich zone of the flame. Individual and coalesced micro/nanorods are rapidly formed on both sides (fuel and oxygen) of the Nb wire. Grown structures on each side have different morphologies; however, they form based on the same growth mechanism. The morphology of the grown Nb oxide structures significantly depends on the insertion positions inside the flame. The characterization of strong axial gradients of both temperature and chemical species of the flame leads to the alteration in morphology. Nb2O5 structures grow through the basal growth mechanism due to the constant flow of oxygen onto the surface of niobium metal. Highly dense adjacent nanorods coalesce and form micro/nanorods. The flame temperature is sufficiently high to transform grown rods to monoclinic α-Nb2O5. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), high resolution TEM, selected area electron diffraction (SAED) pattern imaging, X-ray diffraction (XRD), and Energy-dispersive X-ray spectroscopy (EDS) are employed to analyze the grown structures.
[bookmark: _Toc335219089][bookmark: _Toc336006008][bookmark: _Toc385420318]Applications
Among TMOs, niobium-oxide micro/nanostructures have wide applications in areas such as in sensors [28], solar cells [29], ferroelectric compounds [30], capacitors [31], optic glasses [32, 33], lithium-ion batteries [34], catalysts [35], electron emitters [36] and electrochromic devices [37] (figure 3-1). The Nb2O5 compound exhibits higher chemical stability and corrosion resistance than other niobium oxides. Different applications require different morphologies and structures. For example, high length-to-width aspect ratio is favorable in polymer technology [38], larger surface area is favorable for catalysts [39], bio-applications require pattern porous structures with high aspect ratio and adjustable pore size [40], semiconductors with wider band gap such as Nb2O5 are more favorite options for electrochemic devices [41]. As noted above, the wide range of applications of Nb oxide makes the study of Nb2O5 very attractive. Robust methods need to be developed for the generation of the structures. 
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	[bookmark: _Toc385420373]Figure ‎3‑1- Typical applications of niobium oxide nano/micro structures; (a) gas sensor; (b) solar panel; (c) capacitor; (d) catalyst; (e) electrochromic device.



[bookmark: _Toc335219090][bookmark: _Toc336006009][bookmark: _Toc385420319]Current synthesis methods of niobium oxide nano/microstructures
Since niobium oxides show favorable characteristics, many research groups have employed various methods to fabricate niobium oxide nanostructures. For instance, the sol-gel method [29, 37], magnetron sputtering [33], chemical vapor deposition (CVD) [42], anodization [39, 43], plasma [44, 45], and pulse laser decomposition [46] have all been used to synthesize and control the morphologies and properties of niobium oxides. A brief discussion on current methods, including their advantages and limitations, is presented below.
[bookmark: _Toc336006010][bookmark: _Toc385420320]Chemical vapor deposition method
In the chemical vapor deposition method, thin films of material can be grown on a substrate (usually silicon) through some chemical reactions. Oxygen and/or non-reactive gases are fed into a furnace chamber (in lower pressure) 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, such as horizontal furnace (most popular), vertical furnace and plasma enhanced CVD [47]. Few research groups have used CVD methods in order to synthesize Nb2O5.
O’Neil et al. (2003) [42] reported use of atmospheric pressure chemical vapor deposition for coating Nb2O5 on SiCo-coated float glass substrates via the reaction of NbCl5 and ethyl acetate at 400-660˚C. The formed films show unexpected hydrophilicity with respect to water droplets with a contact angle of 60˚ for a pre-irradiated sample and a contact angle of 5-20˚ for irradiated samples.
Dabirian et al. (2010) [48] employed a high-vacuum CVD method with a precursor of niobium tetraethoxy-dimethyl-amino-ethoxide. The investigations of niobium oxide deposition were carried out at different substrate temperatures. The film growth rate of 220 nm/h was measured and the film was found to be homogenous all over the wafer. The XRD analysis showed that the films are polycrystalline Nb2O5. Although CVD methods have been widely used for synthesis of various TMOs, they have some limitations. For instance, the CVD processes require relatively high temperatures, thus dimensional tolerances are important restrictions and also this process requires vacuum conditions that cause low growth rate and make scaled-up production difficult. In addition, due to the use of catalyst or specific substrates, the processes might involve contamination.
[bookmark: _Toc336006011][bookmark: _Toc385420321]Sol-gel method
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 the sol-gel method, the film of material is formed from agglomeration of the particles.
Avellaneda et al. (1998) [37] used two alkoxy methods to prepare a transparent and stable niobium alkoxide solution. Sol one was prepared by a sonocatalytic procedure and allowed coatings with decent optical and electrochromic properties to be obtained. The solution was NbCl5 powder in C4H9OH and C2H4O2. This solution was ultrasonically irradiated for a few minutes. In the second method they did not use ultrasonic irradiation. Sol two was prepared by synthesizing Nb pentabutoxide, Nb(OBun)5, by dissolving NbCl5 in butanol, to which sodium butoxide was added under reflux. The process led to the formation of Nb(OBun)5 and NaCl. NaCl was separated by centrifugation. The ultimate sol was formed by mixing the precursor with C2H4O2 resulting in a stable sol at 20 ˚C. In this work they reported that sol one was easier and quicker in preparing sols than the other methods and this method avoided the possibility of Na residue. Also, they studied the electrochemical and microscopic characterization and electrochromic properties of both Nb2O5 from sol-gel coatings and dip-coating on an indium-tin oxide (ITO-) coated glass. Results show both methods can produce electrochromic materials with lithium electrolyte.
Pawlicka et al. (1995) [49] described a novel synthesis method of Nb2O5 through a sol-gel method and reported the electrochromic properties of Nb2O5 coatings formed on an ITO-coated glass. A stable niobium solution was prepared through a sonocatalytic procedure that provided a coating with electrochromic properties. The initial solution was made by mixing powder NbCl5, C4H9OH and C2H4O2. The solution was irradiated ultrasonically for a few minutes. The coating was formed by dipping ITO-coated glass substrate into the solution in room conditions. They showed that Nb2O5 films grown by the sonocatalytic procedure exhibited excellent electrochromic properties. Coatings grown at 600 ˚C present a good, reversible and fast insertion and extraction of lithium ions. Solution phase methods, such as the sol-gel method, usually require some preparations such as cleaning, distillation, draining (drying) and sometimes annealing or post-heating. Furthermore, low growth rate and imperfect crystallinity might occur due to low growth temperature.
[bookmark: _Toc336006012][bookmark: _Toc385420322]Anodization method
An electrochemical process that converts the metal surface into a metal oxide film is called anodizing. The oxide film can be grown on certain metals such as, niobium, tantalum, and zirconium through the anodizing process. For each metal there is a specific process condition which promotes growth of the film with a uniform thickness. Several researchers have been working on anodizing niobium and producing niobium oxide film.
Sieber et al. (2005) [50] anodized niobium in mixtures of H2SO4/HF as electrolytes. They found that hydrofluoric (HF) acid concentration and anodization time play essential roles on morphology and layer thickness; and uniform porous Nb oxide layers can grow under perfect electrochemical conditions. Also, they measured diameters of approximately 25 nm for pore diameters. 
Yang et al. (2011) [51] reported the fabrication of hierarchical morphology with a super hydrophobic surface through a self-organized anodizing process. In their experiment, a niobium sheet with a purity of 99.9% and a thickness of 0.2 mm were employed to grow the film. Potential differences from 10 to 15V were applied to the sheet in mixed glycerol electrolyte at 443 K in dry nitrogen atmosphere. They showed that changing applied potential leads to different morphologies of niobium oxide microcones with different tip angles. They also found that by coating the surfaces with a fluoro alky phosphate layer, the surfaces become super hydrophobic with a contact angle of 175˚ and a contact angle hysteresis of approximately 2˚. Anodization results depend upon the nature of an electrolyte solution and its concentration, the applied voltage, and the temperature, which need several steps of preparation. Furthermore, most methods yield slow growth rates, consequently requiring a long process time.
[bookmark: _Toc336006013][bookmark: _Toc385420323]Plasma (arc discharge) methods
With 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. 
Mozetic and Cvelbar (2005 and 2007) [44, 45] have reported the use of oxygen plasma for synthesis of Nb2O5. A foil of 99.9% purity and thickness of 0.025 mm and diameter of 20 mm was employed as the source. Plasma was generated with a 27.12 MHz frequency and 150 W powers. Results show that foils are coated with crowded bundles of 10 µm long and 50 nm thick nanowires. They also mentioned that grown structures via plasma treatment are formed rapidly (90 s) in comparison with other methods. However, the plasma method requires vacuum condition and high voltage. In addition, its growth rate is not as high as flame synthesis methods.
Table 3-1 lists different methods that are employed to synthesize niobium oxides nano/micro structures.
[bookmark: _Toc384833013]Table ‎3‑1- List of different employed methods to grow niobium oxide nano/micro structures.
	Method
	Experimental configuration
	Author(s)
	Morphology of structures (schematic)

	CVD
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	O’Neil et al.[42]
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	Dabirian et al.[48]
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	Sol-gel
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	Avellaneda et al.[37]
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	Pawlicka et al.[49]
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	Anodization
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	Sieber et al. [50]
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	Yang et al. [51]
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	Plasma
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	Mozetic and Cvelbar [44, 45]
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[bookmark: _Toc336006014][bookmark: _Toc385420324]Combustion and flame methods
Compared to other currently employed methods, the flame and combustion synthesis methods are usually a single-step process with no need for catalysts resulting in a rapid and inexpensive growth of micro/nanomaterials. For more information regarding different approaches of combustion and flame methods, please refer to sections 1-5 and 1-6. More details about the flame and combustion methods for growth of niobium oxide are explained in the following:
Guenin et al. (1988) [52] reported the formation of niobium oxide crystals through a hydrogen-oxygen flame reaction. Hydrolysis or/and oxidation of NbCl5 and then condensation/deposition of vapor leads to the formation of niobium oxide particles. The reactor they employed was composed of four concentric tubes. The central and third tubes introduced metallic chloride vapor and hydrogen, respectively. The second tube introduced nitrogen as a screen to prevent the appearance of oxide on the tube. The fourth tube introduced oxygen. They produced pseudo-spherical, non-porous solid particles with a specific surface area (using BET method) of 50 m2g-1. The particles mostly showed isometric shapes and were isolated with an average diameter of ~35 nm.
Tomasi and Munir (2004) [53] used a self-propagating high-temperature synthesis (SHS) to study the effect of the reactants’ sizes on wave propagation in the mixture of metal oxide fuel (Al2Zr + Al2O3) and metal oxide (Nb2O5). The particle sizes affected the velocity of the self-propagating combustion wave. The experiments were carried out at 1 atm pressure of Ar in a stainless steel chamber. The specimens were inserted in the chamber on a graphite base and a preheating furnace around it. A uniform flame on the top of the specimens was formed. The flame affected the kinetics of the wave. Fine particles were produced as a result of steady wave propagated for all dilutions. Other researchers such as Shon et al. (2001) [54], Zanetti et al. (2003) [55], Teleki et al. (2008) [56], Nuetzel et al. (2009) [57], Phanichphant et al. (2011) [58], and Yeh and Chen (2011) [59] have produced material combined with Nb through the combustion method.
Table 3-2 lists different niobium oxides and niobium alloys that are synthesized through different combustion and flame methods.
[bookmark: _Toc384833014]Table ‎3‑2- List of different combustion/flame methods employed for the synthesis of niobium component and related structures. 
	Method
	Experimental configuration
	Author(s)
	Composition
	Morphology of structures 

	Jet flame
	[image: ]
	Nuetzel et al. [57]
	Fe/Nb composite
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Guenin et al.[52]
	L-Nb2O5
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Phanichphant et al. [58]
	Nb-doped TiO2
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Teleki et al. [56]
	Nb- and Cu-doped TiO2
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Kruefu et al. [60]
	Nb doped ZnO
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Zanetti et al [55]
	SrBi2Nb2O9
	[image: ]

	Combustion
	[image: ]
	Kachelmyer et al. [61]
	NbAl3
	[image: ]

	Combustion
	[image: ]
	Tomasi & Munir [53]
	Al2O3-ZrO2-Nb
	[image: ]

	Combustion
	[image: ]
	Shon et al. [54]
	WSi2-Nb
	[image: ]

	Combustion
	[image: ]
	Yeh & Chen [59]
	(Ti1-xNbx)2AlC
	[image: ]

	Combustion
	[image: ]
	Gedevanishvili & Munir [62]
	Nb5Si3 and NbSi2
	[image: ]



[bookmark: _Toc336006015][bookmark: _Toc385420325]Synthesis of niobium oxide nanostructures in the flame
The same counter-flow flame reactor that was described in chapter 2 was employed for the niobium oxide experiments.
Niobium wires with a purity of ~99.99% (Sigma Aldrich Corporation) and a diameter of 1 mm were used as the source material. Wires were introduced radially in the flame parallel to the nozzles’ planes. The Nb probes were inserted at two different heights of Z=12 mm and Z=13 mm. Z represents the distance between the fuel (top) nozzle and the center of the wire (figure 3-2a1). The Nb wire inside the probe holder was stabilized by two inserts, which are tip insert and inside insert. Both inserts have a hole through which the wire passes. The tip insert has a cap that prevents backward and forward movements of the wire. The inside insert keeps the wire in the center of the probe holder and prevents the wire from leaning towards the sides (see figure 3-2a2). The introduced wire in the counter-flow flame is affected by strong gradients of both temperature and chemical species (figure 3-2b). The temperature gradients reach ~2000 C/cm, and the chemical content changes rapidly from a hydrocarbon-rich zone on the fuel side to the oxygen-rich zone on the oxidizer side of the flame. Consequently, the probe position in the flame greatly impacts the synthesis processes. At Z=12 mm, the flame temperature is approximately 2500 ˚C and the oxygen content is 0.015 mole fraction. At Z=13 mm, the flame temperature is approximately 2400 ˚C and the oxygen content is 0.1 mole fraction.
Insertion time varies depending on the different stages of the experiment. However the longest insertion time was 70 seconds. A shorter insertion time assists in properly understanding the growth mechanism.
	[image: ]

	[bookmark: _Toc385420374]Figure ‎3‑2- (a1) A photograph of the counter-flow flame along with a schematic showing the direct insertion of the niobium probe inside the oxidizer side of the flame for the synthesis; (a2) a schematic of probe holder and two inserts that keep the wire stable inside the flame; (b) profile of numerical predictions of temperature and major chemical species in the diffusion counter-flow flame as a function of the distance from the fuel nozzle (Z) [63].



[bookmark: _Toc335219092][bookmark: _Toc336006016][bookmark: _Toc385420326]Results and discussion
Just after the insertion of the probe inside the flame, a volume layer of material commences growing on the surface of the probe. The layer of material has a very distinct white color. This layer initially appears on the oxidizer side where a higher oxygen concentration and oxygen free radicals are present. As the experiment continues, the layer expands to the sides and subsequently on the fuel side of the probe (figure 3-3). The layer has a higher thickness on the oxidizer side resembling a semi-oval covering the Nb probe.
	[image: ]

	[bookmark: _Toc385420375]Figure ‎3‑3- directions of growth expansion of the Nb oxide layer are shown by the dashed arrows.



[bookmark: _Toc335219093][bookmark: _Toc336006017][bookmark: _Toc385420327]Morphology of grown structures at different Z heights
The counter-flow flame is characterized by strong axial gradients of 2000 K/cm, consequently the probe position in the flame significantly affects the synthesis processes. Z represents the distance from the center of the probe to the edge of the fuel (top) nozzle.
[bookmark: _Toc335219094][bookmark: _Toc336006018][bookmark: _Toc385420328]Structures at Z height of 12 mm
Figure 3-4a depicts as-grown structures of niobium oxide formed on the fuel side surface of the probe (Z=12 mm) inserted in a flame volume for an interaction time of 70 seconds. The white solid arrow (figure 3-4b) points out an example of coalesced microrods. High-resolution SEM shows that the coalesced rods are typically of the same height. The presence of non-coalesced microrods is evident as indicated by the white dotted arrow in figure 3-4b. The coexistence of non-coalesced and coalesced microrods suggests that individual rods grow continuously and coalesce to form the larger structures. The flame temperature at Z=12 mm is ~2500˚C, which can cause the surface of the niobium oxide layer to consist of melted structures, as highlighted by the blue arrows in figure 3-4b.  Figure 3-4c shows as-grown individual nanorods formed on the oxidizer side of the Nb probe at Z=12 mm for an interaction time of 70 seconds. The nanorods have diameters of ~50-200 nm with heights of more than 2 µm. The nanorods do not have uniform diameters and grow in different directions from the surface of the probe. In figure 3-4c the dashed arrows point out a typical nanorod with variable diameters along the central rod axial axis.
It is clear that some parts on the surface of the formed Nb oxide layer are covered with what appears to be melted materials. Melting of niobium oxide can be a possible reason for the appearance of such materials (black dotted arrow in figure 3-4b and c). Besides the high flame temperature, exothermic reactions might occur over the formed rods and thus increasing the temperature over the surface of the rods. Reactions such as radical recombination and surface quenching can contribute to an increase in the rods temperature [64, 65] and consequently the appearance of melted materials. Rise in the surface temperature due to surface reaction is well accepted [65, 66]. It is important to note that the material source for growth of the nanostructures is not supplied from the gas phase unlike in the vapor-liquid-solid (VLS) or gas-solid (VS) process. Here, the possibility that the metallic probe could form vapors is eliminated due to low electron mobility and the high melting points of niobium (~2500˚C) and Nb oxides (NbO: 1940˚C, NbO2:1900˚C, and Nb2O5:1520˚C). Instead, the rods grow by means of the basal attachment to the probe.
	[image: ]

	[bookmark: _Toc385420376]Figure ‎3‑4- SEM images collected from the surface of the flame synthesized Nb oxide layer formed on the surface of Nb probes positioned at Z=12 mm. (a) Morphology of the oxide layer grown on the fuel side surface of the Nb probe inserted in the flame volume; (b) shows typical morphological details of the oxide layer from a selected area in (a); (c) mostly single nanorods are present on the oxidizer side of the Nb surface.



[bookmark: _Toc335219095][bookmark: _Toc336006019][bookmark: _Toc385420329]Structures at Z height of 13 mm
Coalesced and individual micro/nanorods grow on the surface of the probe inserted in the flame volume at Z=13 mm for an interaction time of 70 seconds (figure 3-5a and 5b).  The rods have various diameters ranging from approximately 50 nm to 1 µm. A higher magnification image (figure 3-5b) shows that microrods (solid arrows) are formed by the coalescence of individual nanorods (dashed arrows). It is noteworthy that the diameters of the individual nanorods are similar to the rods present in the microbundles. Therefore, highly dense rods can coalesce and form bundle-like microrods.
Since the flame temperature at Z=13 mm is lower (~200˚C lower than Z=12 mm), no melted appearing material can be observed on the oxidizer side of the probe. However, the flame temperature and the oxygen concentrations are high enough for the growth of highly dense structures on the oxidizer side surface of the probe. Moreover, structures grown at Z=13 mm have high aspect ratio which can be attributed to the higher oxygen concentration. On the fuel side surface of the probe, some melted-like material can still be observed. Arrows in figure 3-5c indicate melted-like structures grown at Z=13 mm (figure 3-5c). Mozetic and Cvelbar [44] found that growth of the Nb oxide depends on oxygen concentration atoms and that structures grown in low oxygen concentration are thicker in diameter. The same result, thicker rods at lower oxygen concentration, is found here in our study. Similarly, highly compact coalesced structures were previously reported by Sieber at al. in which niobium oxides formed on the metallic niobium after 10 min to 1 hour polarization [50].
	[image: ]

	[bookmark: _Toc385420377]Figure ‎3‑5- SEM image of grown structures at Z=13 mm; (a) morphology of the oxide layer formed on the oxidizer side surface of the probe; (b) high magnification of a selected area in (a); (c) structure grown on the fuel side surface of the probe.



[bookmark: _Toc335219096][bookmark: _Toc336006020][bookmark: _Toc385420330]Characterization of the grown structures
High resolution TEM, selected area electron diffraction pattern (SAED), Energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction analysis (XRD) were employed to characterize the structure and elemental composition of the flame rods. Figures 3-6a1 and 6a2 show TEM images of nanorods with diameters of ~250 nm and 120 nm, respectively. Nanorods have lengths of a few micrometers. The HR-TEM images (figures 3-6b1 and 6b2) reveal highly crystallized structures and lattice fringes of 0.37nm and 0.35nm, which closely match with {110} and {12} plane spacing, respectively. A parallel pattern is repeated across the structure (figure 3-6b2), thus crystalline structures might be a polysynthetic twins crystal. Figures 3-6b1 and 6b2 reveal that the formed rods have no irregularity in crystalline structures and consequently, they are free of dislocations and crystalline defects. SAED images in figures 3-6c1 and 6c2 confirm that the rods are crystalline and have no crystalline defects. EDS analysis collected on the sample reveals that the nanorod structures are only composed of niobium and oxygen. Carbon and copper peaks are attributed to the TEM carbon gird. The grid is composed of copper with a thin carbon film on one side of the grid. Thus, the structures must be made of niobium and oxygen. EDS analysis cannot be used for elemental ratio (Nb/O) of the nanorods. Therefore, X-Ray Diffraction analysis (Rigaku Ultima IV) was used to identify the crystalline structures and elemental ratio of the products (figure 3-6e). The grown crystal structure closely correlates with α-Nb2O5 (PDF# 00-0371-1468) that has monoclinic structure. Bansal [67] reported that Nb2O5 heated over 1000˚C irreversibly transforms into monoclinic α-Nb2O5. In the same work, it was explained that α-Nb2O5 has a white color appearance, coinciding with the color in our products. During the experiments, no gas-phase formation and change in flame color were observed, thus establishing that neither niobium nor Nb oxides are transported by the gas flow of the flame. As it was discussed previously and reported in the literature [44, 64], due to the high melting point of niobium and its oxides, the possibility of VLS or VS are eliminated. Indeed, structures are formed at their initial positions. This behavior can be ascribed to the high melting point of all common forms of the niobium oxides and the immobility of niobium at the flame temperature [44].
	[image: ]

	[bookmark: _Toc385420378]Figure ‎3‑6- (a) TEM image of a typical rod forming the Nb oxide layer synthesized in the flame; (b) and (c) HR-TEM image and SAED of section of the rod in (a) reveals the structural uniformity and highly ordered crystalline structure. The measured lattice fringes of 0.35 and 0.37 nm closely match {110} and {12} plane spacing, respectively; (d) EDS spectrum of grown niobium oxide nanorods; (e) XRD spectrum of synthesized niobium oxide layer closely corresponding to α-Nb2O5.



Based on the previous studies, melting points of the transition metal oxides play a crucial role in the positions where structures grow/aggregate. Low melting points of TMOs augment the possibility of gas-phase formation and pave the way for the gas transportation of structures; however, high melting points of TMOs and/or transition metals increase the possibility of in-place formation. MoO3 and WO3 have melting points of ~795ºC and ~1475ºC, respectively. Studies have demonstrated that MoO3 as well as WO3 can be formed both on the surface of a probe and directly in the gas phase, but MoO3 is more likely to evaporate and to be transferred by gas flow present near the surface of the probe [68-70]. However, niobium has low electron mobility which prevents the evaporation of niobium and leads to the formation of a niobium oxide layer over the surface of the source in the flame volume. Niobium oxides have high melting point temperatures that might hamper the gas-phase formation of structures.
The recorded distribution of grown materials on the surface of the probe suggests that material starts growing on the oxidizer side of the probe where gases (including O2 and oxygen radicals e.g. atomic O) with higher oxygen concentrations are present, [O]1. However, the fuel side of the probe interacts with lower oxygen concentration, [O]2 (figure 3-2b). Due to the probe’s interaction with higher oxygen content, rods on the oxidizer side grow at a higher growth rate in comparison to the fuel side. Consequently, the Nb2O5 structures form a semi-oval layer, thicker on the oxidizer side, surrounding the probe. The growth of the structures on the surface of the Nb probe was observed in all tested conditions. Morphologies of grown structures vary by the flame position (figure 3-4 and 5). Variation of TMO morphologies based on the probe flame positions and growth locations on the surface of probes were investigated by previous studies and have been confirmed [68-70]. In this study, Nb2O5 rods grown on the oxidizer side have smaller diameters and a larger growth rate (figure 3-4 and 5); structures grown in a flame region closer to the flame front (Z height) have sharper tips (figure 3-5). Furthermore, structures grown at higher temperature (Z=12) show melted-like morphology. Figure 3-7b1 and 7b2 demonstrate the difference between melted-like structures and sharp tip structures grown at different temperatures. The temperature difference at Z=12 and 13 mm is 200 ˚C.
	[image: ]

	[bookmark: _Toc385420379]Figure ‎3‑7- A schematic showing the growth characteristics of the Nb oxide layer on the surface of a Nb probe inserted in the flame volume;(b1 & b2) structures grown at Z=12 mm on the fuel side; (b3 & 4) structures grown at Z=13 mm on the oxidizer side.



Figure 3-8 shows the characteristic of the Nb-oxide layer growth around the surface of the probe. The grown structures are highly dense and connected in a way that the formed Nb2O5 layer can be easily removed from the bare niobium wire (figure 3-4a). The bulk of the structures maintain the shape of a semi-oval layer formed around the probe. Structures grown on the other side of the layer are shown in figure 3-8a2. Structures have a height of 10 µm that protrudes on the other side of the white layer.
	[image: ]

	[bookmark: _Toc385420380]Figure ‎3‑8- Represents an SEM image of the Nb-oxide layer after the Nb wire was removed (a1) structures grown on the outer surface; (a2) structures grown on the inner surface.



[bookmark: _Toc335219097][bookmark: _Toc336006021][bookmark: _Toc385420331]Growth mechanism
SEM images were collected on the surface of a niobium probe at various probe/flame interaction times in order to gain insight into the mechanism of the Nb oxide growth. The growth mechanism of the synthesis of the Nb oxide structures appears to involve several steps:  1) dissolution and diffusion of oxygen and oxygen radicals from the flame on the surface of the Nb probe forming a thin Nb oxide layer surrounding the surface of the probe; 2) nucleation of niobium oxide rods on the wire surface; 3) basal growth of nanorods; and 4) coalescence of nanorods which leads to formation of larger sized structures (bundles of nanorods). Figure 3-8 shows characteristic distributions of nanorod deposits on the surface of the Nb probe. The probe with a diameter of 1 mm is inserted in the flame near the flame front (Z =12 mm) and exposed to the strong temperature gradients and variations of the chemical composition. Here oxygen flux is supplied from the formed flame and the only supply of a metal source is the niobium probe itself.
For an almost instant probe-flame interaction, a thin amorphous Nb oxide layer is already formed on the surface of the Nb probe (figure 3-9a).   The metal oxide layer was formed by introducing a niobium probe in the oxygen-rich part of the flame for only a few seconds.  The solids forming the layer have a white appearance, which is typical of Nb oxide powders.
The dissolution of oxygen leads to supersaturation of the surface due to the continuous flux of O atoms, as a result forming the amorphous oxide layer.  As the probe/flame interaction time increases the supersaturation of the Nb surface, which causes spontaneous nucleation of niobium oxide crystals and crystallization of the amorphous layer (figure 3-9b). For this probe/flame interaction the probe remained exposed to the flame medium for ~5 seconds. A few rod-like structures protrude from the amorphous metal oxide layer. The rods have diameters of less than 100 nm and are less than a micrometer in length. Formations of an amorphous Nb oxide layer and its crystallization have been widely reported in the literature [64, 71, 72]. Consequently, the Nb oxide structures can grow due to constant flow of oxygen into the niobium metal and the surface. A significant change in the surface morphology of the grown layer is observed by increasing the probe-flame interaction time to 20 seconds (figure 3-9c). The density and size (diameter and length) of the Nb oxide structures significantly increase. The Nb oxide crystals grow at random directions by means of the basal attachment of Nb and O (basal growth) in figure 3-9c. Arrows in figure 3-9c1 indicate some early coalesced rods that are protruded from the amorphous metal oxide layer. Figure 3-8c2 shows a close-up view of two rods that began to coalesce laterally.
	[image: ]

	[bookmark: _Toc385420381]Figure ‎3‑9- Collected SEM images on the surface of Nb probes after various probe-flame interaction times reveal the gradual formation and surface morphology of the Nb oxide layer. (a) It appears that for an almost instant probe-flame interaction (~ 2 sec.) a thin amorphous Nb oxide layer is already formed by diffusion and dissolution of atomic oxygen on surface of the Nb probe; (b) nucleation of Nb2O5 on the surface of the Nb probe (~5 sec.);  (c) growth of Nb2O5 nuclei into nanorods due to base attachment of Nb and O (~20 sec.); (d) coalescence of the nanorods (~70 sec.). The probe is inserted at Z= 12 mm inside the flame.  



As the exposure time of the probe-flame interaction was allowed to progress to 70 seconds, the morphology and physical characteristics of the Nb oxide layer significantly change (figure 3-9d). The Nb oxide layer is composed of a high density of structures that are closely packed. The length of the nano/micro rods is several micrometers. Close inspection in figure 3-9c2 shows that the nanorods are initially formed, then the adjacent nanorods become stuck together and form coalesced microstructures. The synthesis of niobium oxide at the flame’s high temperature leads to transformation of all polymorphs to α-Nb2O5. A similar growth process was observed in cold plasma treatment using a high neutral oxygen flux [44]. 
[bookmark: _Toc335219098][bookmark: _Toc336006022][bookmark: _Toc385420332]Chapter conclusions
Niobium pentoxide has a variety of applications; therefore synthesis methods with a higher growth rate are required to respond to the demand. The flame synthesis method discussed in this chapter provides the fastest growth rate. A counter-flow flame is utilized for the rapid synthesis of the α-Nb2O5 nano/micro-sized structures. Niobium wires, with a diameter of 1 mm and a purity of ~99.99%, were inserted in the flame parallel to the nozzles’ planes. The introduction of a niobium probe inside the flame volume results in the formation of an oxide layer (white colored) coating the surface of the probe. The surface morphology of the oxide layer strongly depends on the flame position. At Z=12 mm the Nb oxide layer is composed of coalesced microrods with a diameter of ~1µm. At Z=13 mm metal oxide layers composed of individual and coalesced micro/nanorods with diameters ranging from 50 nm to 1µm were formed. XRD analysis shows that the structures forming the oxide layer are composed of α-Nb2O5 with the monoclinic structure. The study of the characteristics of the deposits suggests that the structures initially start growing on the oxidizer side of the wire where higher oxygen concentration is present. As the probe-flame interaction increases, the grown structures become highly dense and form a semi-oval layer around the surface of the Nb wire. The growth mechanism proposes that crystallization consists of four steps: 1) dissolution and diffusion of oxygen from oxidizer into niobium; 2) nucleation of niobium oxide on the wire surface; 3) basal growth of nanorods; and 4) coalescence of nanorods which leads to the formation of larger sized structures (bundles of nanorods).
[bookmark: _Toc385420333]
Counter-Flow Flame Synthesis of Zinc Oxide Nanostructures[footnoteRef:2] [2:  The content of this chapter is an extension of a published paper of the author. The paper contains results of research which was solely conducted as partial fulfillment for the PhD requirement. Materials presented in the paper have not been submitted for a course or extra credit.] 

[bookmark: _Toc385420334]Introduction
Because of the distinguished performance of ZnO nanostructures in electronic devices, they have received wide attention. Also, transparent conducting and piezoelectric properties of ZnO provide a unique position for ZnO among other semiconductors. These properties make it ideal for applications in flat panel displays and thin film layers in solar cells [73, 74]. Also, structures of ZnO have been considered as important components for applications of photocatalysts [75], gas sensors [76], ultraviolet (UV) light-emitting diodes (LED) and UV lasing [77, 78], field emission devices  [79], and biological probes [80]. These notable physical properties motivate researchers to synthesize, characterize and test properties of ZnO nanomaterials. ZnO nanostructures can be produced in a wide range of morphologies by a variety of synthesis methods. Various applications of ZnO nanostructure are shown in figure 4-1. Different applications require different properties. Properties of ZnO are discussed in the following.
Mechanical behavior of nanostructures cannot be measured by traditional methods. In an experiment, a special TEM  holder was prepared to hold ZnO nanobelts and their bending modulus was measured by an electric-field- resonant using TEM [81]. One-dimensional ZnO nanostructures prove to be a promising tool as a nanocantilever. A nanocantilever is simplest micro-electro-mechanical system (MEMS) that is a perfect device for detecting very small forces and masses due to sensitivity to extremely small displacements. The sensitivity is improved compared to a conventional cantilever [82].
Both thin film and bulk of ZnO are considered as one of the main materials for gas sensor, for CO [83], O2 [84], alcohol [85] and H2 [86]. Nanowires and nanorods of ZnO, have superior gas sensitivity compared to thin film ZnO [87].
It is shown that exciton binding energy can be enhanced in quantum size scale [88]. Another application of ZnO nanorods is in optoelectronic circuits, because of oxygen vacancy in ZnO, a green-yellow emission can be observed. Investigations show that with increasing surface-to-volume ratio the green-yellow emission intensity increases [89].
Electrical transport of measured 1-D ZnO nanostructures is presented in the references. It is shown that, due to zinc interstitials and oxygen vacancies, 1-D ZnO nanostructures show a n-type semiconductor characteristic [90, 91]. 
	[image: ]

	[bookmark: _Toc385420382]Figure ‎4‑1- Typical applications of ZnO nano/micro structures.


[bookmark: _Toc385420335]Current synthesis methods of zinc oxide nanostructures
Due to wide applications of ZnO at the present time, a variety of 1D and 3D nanostructured ZnO crystals have been formed such as nanorods [92, 93], nanowires [94], nanowhiskers [95], nanobelts (nanoribbons) [96], nanospings [97], nanocombs [98], nanowalls [99], nanobridges [100], nanonails [101], nanohelices [102], and hierarchical nanostructures [103]. The richest family of nanostructures, both in properties and morphology, belongs to ZnO nanostructures. Various techniques have been developed for the preparation of ZnO nanostructures, including vapor-phase transport [104], chemical vapor deposition (CVD) [105], plasma enhanced CVD [106], reactive magnetic sputtering [107], spray pyrolysis [108, 109], and sol-gel techniques [110], among others. Although these methods are capable of producing ZnO structures, they are generally limited by the complexity of the process, scalability and purity of the products. Some of these methods are composed of a multi-step process, which is time consuming and expensive.
Table 4-1 lists different methods that are employed to synthesize zinc-oxide nano/micro structures.


[bookmark: _Toc384833015]Table ‎4‑1- List of different employed methods to grow ZnO  nano/micro structures.
	Method
	Experimental configuration
	Author(s)
	Morphology of structures (schematic)

	Vapor Trapping
CVD
	[image: ]
	Chang et al. [105]
	[image: ]

	CVD
	[image: ]
	Saitoh et al. [111]
	[image: ]

	Sol-gel
	[image: ]
	Znaidi et al. [112]
	[image: ]

	Plasma Enhanced CVD
	[image: ]
	Yang et al. [106]
	[image: ]

	Heat treatment
	[image: ]
	Zhang et al. [113]
	[image: ]

	Hydro-thermal
	[image: ]
	Qiu et al. [17]
	[image: ]



[bookmark: _Toc385420336][bookmark: _Toc335812513]Combustion and flame synthesis methods
Zinc oxide nano/microstructures are also synthesized through different combustion and flame methods. Regarding different flame and combustion methods please refer to section 1-5 and 1-6 in chapter one. A summary of combustion and flame methods is tabulated in table 2-4. This section focuses on combustion and flame methods with a brief description of approaches.
Tani el al. (2002) [114] synthesized zinc oxide (ZnO) nanoparticles by FSP of zinc acrylate-methanol-acetic acid solution. They examined the effect of solution feed rate on crystalline size and particle surface area. Their results show that a higher solution feed rate leads to higher flame height, coalescence and surface growth. The synthesized particles were collected by a vacuum pump on a glass fiber filter. The grown powder has the smallest particles with highly homogeneous diameter, compared to ZnO powder produced through other methods. Also, by increasing feed rate by a factor of 4, the primary ZnO particle diameter increased from 10 to 20 nm.
Kruefu et al. (2010) [60] employed FSP to synthesize pure ZnO and Nb-doped ZnO. They sprayed precursor solutions of 2(C11H7O2)Zn (zinc naphthenate) and Nb2(OC2H5)10 (niobium ethoxide) in toluene/methanol. They were able to produce crystalline and nanostructured particles. A vacuum pump was used to collect the Nb-doped ZnO nanopowders on glass microfiber filters. The grown ZnO nanoparticles have morphology of sphere and nanorod structures. The diameters of grown ZnO hexagonal and spherical particles were 5 to 20 nm. Grown ZnO nanorods had widths of 5-20 nm and lengths of 20-40 nm.
Xu el al. (2007) [115] synthesized ZnO nanowires on zinc-plated-steel substrates at large growth rates of microns per minute without catalysts. An inverse diffusion co-flow flame was employed to carry out the synthesis. A zinc-plated-steel source was introduced radially inside the flame medium at different heights, which provide different temperatures and chemical species. They found out the morphology of the nanostructures depends on temperature and chemical species contents such as O2 and H2. They synthesized different structures of ZnO such as nanowires, short nanorods, nanoribbon, and nanocones. Nanowires with diameters larger than 100 nm with hexagonal-cross-section are produced at higher temperatures. Nanowires with diameters of 25-40 nm are grown at lower temperatures.
Kathirvel el al. (2013) [116] synthesized highly crystalline ZnO nanorods by a simple flame synthesis technique. Materials are collected 25 cm above the flame on a plate. Results shows that particles have irregular shapes in sizes of 40 to 50 μm and also grown nanorods have a hexagonal cross section in diameters of 31.7 to 53.5 nm. They produced wurtzite ZnO nanorods structures, which show interstitial vacancy of zinc in their photoluminescence spectrum. Also, grown-ZnO nanorods exhibit ferromagnetic and gas sensing characteristics because of the oxygen deficiency
Tarwal et al. (2011) [117] synthesized ZnO nanopowder by a combustion method. They used precursor and fuel of zinc nitrate and glycine, respectively. The initial precursor and fuel were prepared at room temperature. The ZnO powder was formed in a high pressure and temperature combustion within a few minutes. The results show that ZnO have a size of 25 nm and sharp ultraviolet emission at room temperature indicating a proper optical characteristic.
Table 4-2 lists different flame/combustion methods that are employed to synthesize zinc oxide nano/microstructures.
[bookmark: _Toc384833016]Table ‎4‑2- List of different combustion and flame methods to synthesize ZnO nano/micro-sized structures.
	Method
	Experimental configuration
	Authors
	Fuel/
precursor
	Morphology of structures (schematic)

	Flame spray pyrolysis
	[image: ]
	Tani el al. [114]
	Zinc acrylate-methanol-acetic acid
	[image: ]

	Flame synthesis
	[image: ]
	Kathirvel el al. [116]
	Acetylene
	[image: ]

	Flame spray pyrolysis
	[image: ]
	Kruefu et al. [60]
	2(C11H7O2)Zn & Nb2(OC2H5)10 in toluene/ methanol
	[image: ]

	Co-flow flame synthesis
	[image: ]
	Xu el al. [115]
	Methane
	[image: ]

	Combustion
	[image: ]
	Tarwal et al. [117]
	Glycine
	[image: ]


[bookmark: _Toc385420337]Synthesis of zinc oxide nanostructures in the flame
The same counter-flow flame reactor that was explained in chapter 2 is employed for zinc oxide experiment.
Zinc wires, with a purity of ~99.99% and diameter of 1 mm, were used as the source material. Due to the low melting point of Zn (~ 419°C) the probe was sequestered inside a sleeve in order to protect it from the high temperature zone of the flame (figure 4-1a). An insert containing a window opening at its center was inserted at the tip of the sleeve, which was exposed to the flame medium. The insert and sleeve were placed in the flame so that the gas flows perpendicular relative to the position of the Zn probe (figure 4-1b1). The probe and sleeve were introduced radially at various flame heights (Z). Z represents the distance from the edge of the fuel nozzle to the center diameter of the sleeve opening (figure 4-1a). An inside insert was used inside the sleeve to keep the wire in the sleeve. The wire was placed inside the sleeve in a position that the tip of the wire was 3 mm away from the tip of the sleeve (figure 4-1b2). The flame height was used in our experiments as a means to control the growth of the nanostructures. It is evident from figure 4-1c that at various Z heights, the flame temperature and chemical species vary significantly within the flame [118]. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), high resolution TEM (HR-TEM), X-ray energy dispersive spectroscopy (EDS), and selected area electron diffraction pattern (SAED) were used to characterize the chemical composition and structure of the sampled materials.
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	[bookmark: _Toc385420383]Figure ‎4‑2- (a) a schematic image of sleeve and Zn probe inside the flame volume; (b1) a schematic image  of flame penetration through the sleeve and formed structures over the zinc wire; (b2) a schematic drawing of sleeve and two insert that keep the wire stable inside the flame; (c) profile of numerical predictions of temperature and major chemical species in the diffusion counter-flow flame as a function of the distance from the fuel nozzle (Z) [63].



[bookmark: _Toc385420338]Result and discussion
Figure 4-3 represents SEM images of as-grown nanomaterials deposited on the surface of a Zn probe inserted in the flame volume at the flame height of 12 mm for 2 minutes residence time. It is evident that a high density of nanostructures can be grown on the surface of the probe. It was also observed that the bases of the structures have a larger diameter than the tips. The diameter of the rods is less than 100 nm and length of them is several microns. Grown rods have an approximate length-to-diameter aspect ratio of 10 to 30 with a growth rate of 8 to 17nm/s. Scanning of the probe with SEM showed that the entire probe is covered with 1-D nanocrystals. Figure 4-3b and c represent SEM images showing a close up view of the selected areas in figure 4-3a. The structures were synthesized using a sleeve with a window opening of 2 mm in diameter.
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	[bookmark: _Toc385420384]Figure ‎4‑3- SEM images of zinc oxide nanorods formed on the surface of the zinc probe; (a) low resolution SEM showing the high density growth of nanorods; (b-c) high resolution SEM images of selected areas in  (1) and (2) in (a). The Zn probe is inserted in the flame medium at Z= 12 mm with a 2 mm opening size sleeve.
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	[bookmark: _Toc385420385]Figure ‎4‑4- SEM images of zinc oxide nanorods formed on the surface of the zinc probe at Z=12 and 2.5 mm opening; (a) low resolution SEM showing the high density growth of nanorods; (b) high resolution SEM images of selected areas in  (a).



Figure 4-4 represents nanorods grown at Z=12 mm and size opening of 2.5 mm. It is clear that by altering the size opening 2.5 mm, the morphology of grown structures does not significantly change. Nanorods are grown in high density and possess a high length-to-diameter aspect ratio and sharper tips than the base.
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	[bookmark: _Toc385420386]Figure ‎4‑5- SEM images of structures formed on the surface of the Zn probe inserted in the flame medium at Z= 11 mm with a 2 mm sleeve opening size;  (a) Shows that a high density of crystal structures can be synthesized; (b) High resolution SEM image of a selected area in (a) shows that the larger polyhedral crystals have a protruding nanorod at their tips;  (c) a close-up view show that the larger crystals have a high number of facets with their edges well defined.



In this study we found that by altering the position of the probe, different types of structures can be grown due to the significant changes in the temperature and the content of oxygen near the surface of the probe. The repositioning of the probe to Z=11 mm (with an opening of 2 mm) resulted in larger polyhedral crystals on the surface of the probe (figure 4-5). In the literature, large ZnO polyhedral crystals similar to the ones observed here are called ZnO microprism (ZMP) [119]. The ZMPs can have a large number of facets with rectangular, pentagonal, and hexagonal cross-sectional areas, Schematics of ZMPs are shown in figure 4-6.
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	[bookmark: _Toc385420387]Figure ‎4‑6- Schematic of ZnO microprism;(a) ZMP without a nanorod at the tip; (b) ZMP with a nanorod at the tip.



High resolution SEM reveals that the ZMPs have a protruding nanorod at their tips (white arrows figure 4-5a and b) creating a needle-like structure. The protruding nanorods at the top of the ZMP crystals have diameters less than 100 nm and are several hundreds of nanometers in length. It is interesting to note that the protruding nanorods have similar morphological characteristics to the structures grown in the lower part of the flame (Z=12 mm), figure 4-4. That is, they have a nanoscale diameter and the sharp tip suggesting that these structures grow in a similar manner. Similar to the previous testing position, the protective sleeve assures that the probe is not instantly oxidized and consumed in the flame medium. The counter-flow flame has a strong axial temperature (up to 2000˚C/cm) and chemical composition gradients. At the flame position of Z=11 mm the flame temperature is predicted to be ~2100 ˚C compared to ~2500 ˚C at Z=12 mm. The flame environment at the flame height of Z= 12 mm contains higher oxygen (or oxygen radical) content compared to no oxygen (or oxygen radical) at the flame position of Z=10.5 mm (figure 4-2c). Thus, the position of the probe/sleeve can significantly affect the results of the nanomaterial synthesis. The effect of temperature and oxygen on the flame synthesis of ZnO nanostructures correlates well with other complex thermal methods where it is shown that both temperature and oxygen content can greatly affect morphology and size of ZnO structures [105, 120-123]. Grown nanorods on the tip of the ZMP crystals have length-to-diameter aspect ratios in the range of 2 to 8, and have a growth rate of 5 to 15nm/s.
For TEM studies, samples were prepared by suspending the removed synthesized structures in methanol. The solutions were sonicated until the material was well dispersed in the solvent. A drop of the suspension was then placed on a copper substrate/carbon-film of a TEM grid and dried. HR-TEM and SAED imaging of the grown structures reveal the structural uniformity and highly ordered crystalline structure as shown in figure 4-7. Figure 4-7a represents a TEM image of a nanarod in which its diameter appears to gradually taper at its tip to the shape of a pipet-like structure. Also, a very similar nanorod is shown in figure 4-7b. A TEM image of a ZMP is shown in figure 4-7c. TEM and HR-TEM reveal that the structures possess a high degree of perfection (without defect or dislocation) and grow in [001] direction. Figure 4-7c represents the atomic resolution of a typical nanorod (from the circled area in figure 4-7b). The lattice fringes from TEM studies correspond to a d-spacing of approximately 0.26 nm that closely matches the (002) plane of the hexagonal ZnO (Wurtzite) cell. The work of Li et al. showed that the [001] direction is the preferred growth direction of ZnO and it grows at much faster rates than the facet sides [124]. Once the facets appear, they do not disappear; crystal faces with this behavior cause the gradual reduction in cross-sectional area along the growth direction and hence yield the sharp tip morphology. Since no catalyst was employed in the experiments and also no condensate structures such as droplets can be observed in SEM and/or TEM images, the growth mechanism of ZnO nanostructures can be explained through the vapor-solid (VS) mechanism. As for the VS mechanism, it is very typical that the nanorods or nanowires reduce gradually in diameter during growth and possess a sharp tip [125, 126].
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	[bookmark: _Toc385420388]Figure ‎4‑7- Structural and chemical composition analysis of the Zn oxide crystals formed in the flame medium; (a) TEM image of a nanorod with its tip gradually decreasing into a pipet-like structure; (b) and (c) low resolution TEM image of a Zn oxide nanorod; (d) HR-TEM image of the same nano-rod (circled area in b) showing a well-ordered crystal structure with characteristic d-spacing corresponding to {002} planes; (e) EDS spectrum collected on the structure shows the presence of Zn and oxygen (f) SAED with diffraction spots confirming the crystallinity of the structure.



HR-TEM imaging of a typical nanorod at different points shows that they are free of dislocations and structural defects.  The HR-TEM analysis and SAED diffraction pattern with the diffraction spots confirms the crystallinity of the structure. X-ray energy dispersive spectroscopy (EDS) conducted on the synthesized structures revealed that the structures are indeed composed of zinc and oxygen (figure 4-7d). 
[bookmark: _Toc385420339]Growth mechanism
Figure 4-7 represents TEM and SEM images of grown crystals at the earlier, intermediate, and final stages. We propose that the growth mechanism is composed of two different processes: 1) the global growth mechanism is responsible for the formation of vapors by the evaporation of the base metal as it is partially exposed to the flame medium. The Zn atoms are intercalated with oxygen atoms from the flame to form ZnO nuclei. 2) Once the nuclei are formed, elongated structures start to form through the vapor-solid (VS) growth mechanism. For the first step, the mechanism involves a partial interaction of a high purity Zn probe in the form of a 1-mm diameter wire with a high temperature flame rich in oxygen and oxygen radicals. It is important to note that the temperature of the 1-mm diameter probe is much higher closer to the tip of the sleeve where the flame-probe interaction takes place. Consequently, a high rate of zinc vapor is produced due to the low melting point of Zn which is ~420˚C. As the process continues, Zn atoms combine with oxygen atoms from the flame to form ZnO. The Zn oxide is deposited on the surface of the probe and can act as a nuclei to form elongated structures. A continuous influx of ZnO vapors can be further deposited on previously formed rods to further crystallize complex 1D or 3D structures. A recent work by Li et al. [124] reports the formation of ZnO micro- and nano-structures prepared by thermal evaporation that very closely resemble our flame synthesized ZnO structures reported here. In that study, the structures are grown in a tube chamber operating at ~1000°C with varying oxygen percentages. It is proposed that at the applied temperature condition Zn vapors are mass-produced from the Zn source material and later combine with the oxygen atoms in the gas-phase to form ZnO nuclei.
In previous works on synthesis of TMO nanostructures, it was shown that metal oxides are first formed on the side of the base probe located in the higher temperature of the flame [70, 127]. These oxides are further evaporated and transported by the gas flow to the lower temperature side of the probe where they are deposited in the form of TMO nanostructures. In the Zn oxide case, the melting and boiling point temperature of ZnO is ~1975 ˚C and 2360 ˚C, respectively. Therefore, our experimental results suggest that the Zn in the vapor phase must combine with oxygen atoms and deposit along the surface of the probe to serve as nuclei and source material for the continuous growth of the ZnO structures. The density of metal and metal/oxide vapor and consequently the nuclei can be controlled by a simple relocation of the probe within the flame. A higher environment temperature results in a higher Zn vapor formation, thus higher density nuclei. Experiments conducted in vapor phase transport using Au-catalyzed Si substrates for the synthesis of ZnO nanostructures have shown that a wide variation in morphology of the synthesized structures can be obtained by a small variation of temperature [125]. The effect of variation of temperature for the growth of the Zn oxide structures is also very evident in our flame synthesis method. At Z=12 mm, the local flame temperature generated by the counter-flow reactor is higher than that at Z=11 mm by ~400 ˚C. In our experiments, we observed that the higher temperature (Z=12 mm) results in growth of ZnO nanorods. However, at the lower temperature (Z=11 mm), ZMPs with facets and a nanorod extruding from the tip grow on the surface of the probe.
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	[bookmark: _Toc385420389]Figure ‎4‑8- Proposed growth mechanism of ZnO nanostructures.



It is important to note that the temperature of the 1-mm probe used for Zn-oxide nanostructure synthesis is always lower than the local flame temperature due to the radiant and conductive heat losses.
A probe inserted in the flame volume at Z= 11 mm results in lower Zn vapor supersaturation, which leads to the formation of ZnO microprism (ZMP) crystals with high numbers of facets and sharp tips. Our results show that ZMP crystals with a few micrometers in length are first formed on the surface of the Zn probes. SEM images also show that the tips of the ZMP crystals have a structural defect in the form of a nanometer sized hole (figure 4-8a1). The hole constitutes an instable site that is ideal for a second nucleation process [124]. As the growth proceeds, the probe is consumed and the diameter of the probe reduces. Consequently, the temperature of the probe increases, leading to a higher vapor supersaturation and to a level that favors the synthesis of 1D nanorods of high crystallinity extruding from the tip of the ZMP crystals. The black arrow in figure 4-8a1 points to the nanosized hole or indentation at the tip of a ZMP crystal, revealing the early stage growth of nanorods (second nucleation). TEM analysis confirms that the nanorod emerging from the indentation (as observed by SEM) is indeed a part of the larger crystal, figure 4-8a2. That is, after sonication of the crystals in methanol, the nanorod remained at the tip of the ZMP. It is not clear what activates the growth of the nanorods on the tip of the ZMPs, but it appears that the nanosized hole on the tip of the ZMP crystal serves as an auto-catalyst similar to the VLS growth model.
[bookmark: OLE_LINK3]Once the nucleation of the nanorod is initiated it continues to grow in a preferential direction away from the tip of the ZMP crystal. A close inspection of the SEM image (figure 4-8b1) reveals that the size of the ZMP crystals remained the same (black arrow) but the length of the protruding rods at the tips of the crystals significantly increased, as indicated by the white arrows. The protruding rods are of an aspect ratio resembling solid pipet-like structures. The TEM image in figure 4-8b2 clearly shows that both the base and tip form a single crystal. The pipet-like structures are modified to needle-like nanorods due to the continuous deposition on their surfaces of ZnO species, figure 4-8c. A close inspection shows that the cross-sectional area at the base of the pipet-like structures (figure 4-8b1 and c2) coincides with the base of the needle-like structures (figure 4-8c1 and c2). Further deposition of the ZnO vapors on the surface of existing structures results in the transformation of structures, figure 4-8d. The SEM image in figure 4-8d1 shows structures with larger bases and pointy tips as highlighted by black arrows. The nanorods have lengths of several microns and a gradual reduction in diameter. They also appear to be flexible, for instance, the structure in the inset in figure 4-8d1 has a “U” shape curve/bend at its tip which shows that some of the ZnO structures can have very small bending radius. The black arrows in figure 4-8d2 highlight needle-like structures and the white arrows highlight nanorods protruding from the tips of the needle-like structures. Figure 4-8d3 is a close up view of a selected area in figure 4-8d2 highlighting the transformation from needle-like to a nanarod structure.
The hypothetical growth mechanism of the ZnO structures discussed above shows that a continuous presence of ZnO vapors (source) are necessary to form and transform the shapes of the crystals. The precipitation of ZnO on the surface of the activated rods is necessary for continuing the growth of the structures. That is, the initial structures themselves (rods) play the role of support for the deposition of ZnO vapors to transform into crystals of various shapes. The rate and availability of ZnO vapors can significantly change the morphology of the structures.  
To support the above mechanism, additional experiments were conducted by increasing the residence time of the probe/sleeve inside the flame volume. By increasing the residence time of the probe (~3 minutes), the amount of ZnO vapors inside the sleeve increases and this should lead to crystal formation containing different characteristics on the surface of the Zn probe. Indeed, the formation of only well faceted large crystals or ZMPs with a short nanorod protruding from the tip was not observed in the experiment  performed at Z=11 mm with a sleeve diameter of 2 mm. Instead, other unique complex crystal structures are formed (figure 4-9). Further crystallization is formed by vapor deposition directly on the nanocrystal surfaces to form more complex structures. It can be observed (figure 4-9) that some of the elongated rods have several slender polyhedral structures attached to their surfaces as if decorating the protruding nanorod. Arrows 1 and 2 in figure 4-8a1 point to diamond and rectangular shaped structures attached to the surface of the two different nanorods, respectively. Arrow 3 points to several cubic structures attached to the surface of a single rod. Arrows 4, 5 and 6 point to ZMPs that have pentagonal, circular, and rectangular cross-sections, respectively. The hypothesis is further supported by noting that the rods are independent from the “decorative” polyhedral structures. The TEM images in figure 4-8b-c show a rod outside the polyhedral and partially embedded at its base as pointed out by the arrows. This characteristic is much more clearly observed in figure 4-9f-g where slender polyhedral structures are fused diagonally to the surface of a nanorod. The rods have a darker contrast as compared to the slender polyhedral structures.
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	[bookmark: _Toc385420390]Figure ‎4‑9- (a) SEM image collected on the surface of a Zn probe reveals the presence of high density of complex crystals. Arrows 1-6 point to several slender structures that have diamond and rectangular shapes growing on the surface of a rod, several cubic structures grown on the surface of a rod, and crystal bases that have pentagonal, circular, and rectangular cross sections, respectively; (b-e) higher magnification of selected areas in (a); (f-j) HR-SEM images showing that the larger well-faceted crystals have a protruding nanorod at their tips; (k-n) computer generated images of crystals and nanorods grown at their tips.



The direct deposition of smaller crystals on the surface of the nanorod is evident as pointed out by the arrow in figure 4-9d. The nucleation of the polyhedral structures appears to occur simultaneously at several locations on the surface of the formed nanorods due to the continuous precipitation of ZnO vapors. Figure 4-9e shows a nanorod with several decorative cubical structures with a sudden direction change of ~90 degrees. The similar bending of a rod with an earlier deposition of the decorative structures is evident in figure 4-9a (white arrows). Figure 4-9f-j shows that the ZMPs all have a nanorod protruding from the indentations (darker contrast) present at the center of their tips as pointed out by the arrows. Computer generated images of grown structures are shown in figures 4-9. Figure 4-9k represents structures shown in figure 4-9b, c, f and g, and figure 4-9l represent structure depicted in figure 4-9d and e; figure 4-9m represents structures shown in figure 4-9h and i; and figure 4-9n represent structures grown in figure 4-9j.
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	[bookmark: _Toc385420391]Figure ‎4‑10- TEM image of the nanobead-like structures with corresponding SAED and EDS spectra in selected locations rod and cubic.



Figure 4-10a-e shows TEM images, SAED, and EDS spectra of the nanorod with several cubic structures attached to its surface forming a nanobead-like structure.  It is interesting to note that even after several minutes of sonication, which is required for TEM analysis, the small cubical structures and the rod remained together, figure 4-10a. The EDS spectra in figure 4-10b and 10c are of the nanorod and of a cubical crystal, respectively. The EDS analysis over the nanorod shows the presence of Zn, O, and C. The carbon peak is coming from the film supporting the nanorod. The SAED collected from both, the rod and the polyhedral structure, show that they are nearly identical (figure 4-10b and c). This association is quite analogous to our proposed mechanism that the initial structures themselves play the role of supports for the deposition of Zn oxide vapors to transform into various solid shapes. 
[bookmark: _Toc385420340]Chapter Conclusions
ZnO offers remarkable potential in applications of electronic, optoelectronic, magneto-electronic devices. In this chapter, the synthesis of ZnO nanocrystals is performed using Zn probes inserted in a counter-flow flame medium. The source material is introduced in the form of a solid wire through a sleeve. For the synthesis of the ZnO nanocrystals, the sleeve containing the zinc probe is introduced in a region of the flame that is rich in oxygen and oxygen radical. The shape and structural parameters of the grown crystals strongly depend on the flame position. The variation of insertion position from Z=12 mm (flame temperature is ~2500 ˚C) to Z=11 mm (flame temperature is ~2100 ˚C) leads to modification of crystal morphology from short thick based ZMPs with a short protruding nanorod at their tips to very elongated nanorods. The diameters of the protruding nanorods in both cases are less than 100 nanometers. However, the physical characteristics of the crystal bases remained approximately the same. The proposed growth mechanism of the nanocrystals is composed of two different processes: 1) the global growth mechanism is responsible for the formation of vapors by the evaporation of the base metal as it is partially exposed to the flame medium. The Zn atoms are intercalated with oxygen atoms from the flame to form ZnO nuclei, and 2) once the nuclei are formed, elongated structures start to form through the vapor-solid (VS) growth mechanism. This mechanism is indirectly confirmed by increasing the residence time of the wire/sleeve inside the flame volume. This strongly suggests that the initial structures themselves (rods) play the role of support for the deposition of Zn oxides vapors to transform into various solid shapes. The protruding nanorods have slender polyhedral structures that have diamond, rectangular, and cubical shapes as if decorating the nanorods.




[bookmark: _Toc385420341]Counter-Flow Flame Synthesis of Tungsten-doped Molybdenum Oxide Nanostructures in the Gas Phase
[bookmark: _Toc385420342]Introduction
Molybdenum oxide is a chemical compound that is often used as a metallic conductor. The structural and surface properties of molybdenum oxide play an important role in its applications. Molybdenum oxides occur with a wide structural variety and range of stoichiometry. MoO3 can exist in three polymorphs: 1- thermodynamically stable orthorhombic MoO3 (α-MoO3); 2- metastable monoclinic MoO3 (β-MoO3), and 3- metastable low temperature hexagonal (h-MoO3). Each phase has different properties than the others. The most common fully oxidized polymorph is α-MoO3. Also, α-MoO3 is the most interesting because of its stacked bilayered structure of MoO6 octahedrals with common edges and corners formed by Van der Waals force, which makes the surface easy to slice, figure 5-1a [128]. This intrinsic structure assists molybdenum ion in changing its oxidation state [129, 130]. It is possible to transform β to α at temperatures of 370-400˚C. The β-MoO3 has a cubic structure with Mo in center of six O atoms (shared MoO6 octahedral), figure 5-1b. The ability of MoO3 to change oxidation state, as well as its layered structure, allows it to serve in field emission [131], lithium-ion batteries [128, 132], catalysts [133], gas sensors [134], photochromic devices, and electrochromic devices [135, 136]. The electrochromic properties have led to innovative displays and smart windows that have a role in the heating and cooling conditions in buildings. The focus on the new electrochromic devices is to improve the coloration efficiency, cycle life, and coloration response time. Also, magnetic characteristic can be observed by doping magnetic elements in molybdenum oxide structures [137].
Tungsten in its natural state is a hard and brittle material that possesses outstanding thermal and mechanical properties. Tungsten oxides are among the most studied transition metal oxide nano/micro-sized structures. The WO3 has a crystal structure of the perovskite-type (oxygen in the face center) and displays different polymorphs at different synthesis temperatures. The triclinic low-temperature phase is observed at -40 ˚C, and at 17 ˚C transforms to the monoclinic phase which is stable up to 330 ˚C, and again at higher than 330 ˚C transforms into the orthorhombic phase [138]. Additional high-temperature tetragonal phases exist over 740˚C. Tungsten trioxide (WO3) has been investigated/synthesized due to its electrochromic [139-141], photochromic [142], gas, humidity and temperature sensing [143-145], and catalytic properties [146].
As some of the applications strongly depend on impurity or doping, attempts are made to synthesize mixed or doped structures. For instance, electrical conductivity of WO3 can be significantly increased two ways: (1) reduction to WO3-x, and (2) formation of tungsten bronzes MxWO3. The latter seems to be possible by replacing W with Mo in WxMo1-xO3. 
So far, grown ZnO and Nb2O5 nanostructures are synthesized though the solid-support synthesis method. One alternative approach is the gas-phase synthesis method. This method introduces continuous production and evolution of materials inside the flame volume. Since material can be collected at any position in the distance between the stagnation plane and source insertion, different morphologies can be collected in one process. The thermophoretic sampling technique is the primary collection method we used to analyze materials at different positions and track the growth of them inside the flame.
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	[bookmark: _Toc385420392]Figure ‎5‑1- Polymorphs of MoO3; (a) layered α-MoO3 with orthorhombic symmetry; (b) monoclinic β-MoO3 [147]; (c) tunnel h-MoO3 [148].



[bookmark: _Toc385420343]Properties and applications of mixed molybdenum-tungsten oxide
Molybdenum and tungsten oxides have various common properties and applications. Mixed molybdenum-tungsten oxides are employed to expand applications of molybdenum and tungsten oxides. Some potential applications of binary and single WOx and MoOx are briefly outlined below.
[bookmark: _Toc385420344]Gas sensing
Mixed Mo-W oxide is potentially useful in gas sensing. It exhibits a strong sensitivity to some gases present in low concentrations without any significant interference from changes in relative humidity. Molybdenum and tungsten oxide represent important sensor materials: MoO3 exhibits sensitivity toward NH3, H2, CO, and NO2 [149], and WO3 responds well to NOx and O3 [150]. These sensor properties can be improved through the preparation of mixed oxides; for instance, W0.9Mo0.1O3, independent of changes in the relative humidity (RH), shows strong sensitivity to gases such as O3 and NOx in low concentrations [151]. Highly selective mixed MoO3–WO3 show improved sensing towards detection of NO2 and response toward O2 as compared to pure MoO3 [150, 152]. 
[bookmark: _Toc385420345]Elechtrochromic
Both MoO3 and WO3 separately and as mixed compounds, have commonly been applied to fields relative to electrical conductance [153]. The electrochromic process of metal oxides has been enlightened by the double intercalation of an electron and a proton to form a colored metal bronze [154]. Optically transmissive devices exhibit reversible color changes from transparent to blue (WO3) or blue-purple (MoO3) with applied potentials of 3-4 V. Electrochromic properties improve as the ratio of W/Mo approaches unity. Compared to either pure WO3 or MoO3, the mixed oxides show significantly enhanced intercalation properties, with the W0.5Mo0.5O3 film exhibiting the highest intercalation properties. Other cations like H+, Li+, and Na+ reveal the same trend as K+. Six major ionic species of W6+, W5+, W4+, Mo6+, Mo5+, and Mo4+ present in the mixed oxide, which allow for increased inter- and intra-valency charge transfer [155].
[bookmark: _Toc385420346]Lithium-ion batteries
Nano-particles of molybdenum and tungsten oxides improved lithium-ion battery (LIB) technology. Graphite is mainly used in LIBs as anode electrodes and it shows the capacity of ∼350 mAh/g. However, it has been reported that nano-structured MoOx electrodes display the capacity of ∼620 mAh/g [140]. Moreover, the Li storage performance of MoO2 improves by tungsten doping and results in a high reversible capacity, better cycling and rate performance. Mesoporous W-doped MoO2 sample exhibits a reversible electrochemical lithium storage capacity as high as 700 mAh/g with good cycling and rate performance. This material can improve properties of LIBs since it shows higher capacity than a regular battery. MoO2 possesses metallic electrical and high capacity storage and is a key candidate as an anode material for LIBs [156]. Studies show that a film made of homogeneous mixed MoxW1-xO3, with Mo content ranging in 0.4<x<0.7, demonstrates moderately improved electrochromic, ion-transport (e.g. lithium-ion batteries) properties, and structural stability compared to WO3 and MoO3 during electrochemical cycling [157].
[bookmark: _Toc385420347]Photochromic
Both molybdenum and tungsten oxide nanostructures have displayed very strong photochromic effects. Photochromic is defined as the capability of a material to change reversibly color or shade when exposed to light. Change in color occurs upon going from one oxidation state to another state. It has been shown that mixed WO3 and MoO3 nanostructure color change is significantly faster than bulk MoO3 [158]. h-MoO3 shows higher photochemical efficiency than α-MoO3 under UV light. Openness in structure (tunnel structure) of h-MoO3 leads to an efficient electron-hole separation and provides larger spatial locations for ion insertion/extraction and diffusion and consequently enhances photochromic properties [159]. Schematic images of some of the aforementioned applications are shown in figure 5-2.
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	[bookmark: _Toc385420393]Figure ‎5‑2- Different applications of molybdenum and tungsten oxides.



[bookmark: _Toc385420348]Synthesis methods of mixed Mo-W Oxide nanostructures
This section outlines different methods by which MoO3, WO3, and mixed MoO3-WO3 compounds are synthesized. The experiment procedure, source materials, and results are briefly explained.
[bookmark: _Toc385420349]Chemical vapor deposition method
Gesheva et al. (2007) [160] reported a study on the structural transformation and electrochromic and optical properties of a single molybdenum oxide compared to a MoO3-WO3 mixture. Thin films of molybdenum and tungsten were deposited at 200˚C in the hexacarbonyls structure. As the compound reached 400˚C, the molybdenum oxide crystallization process was nearly complete, forming both triclinic and orthorhombic crystalline phases. The mixed oxide films formed the triclinic crystalline phase containing tungsten oxide with molybdenum atoms as substitutes. All of the films showed electrochromic effect, however the mixed MoO3-WO3 films expressed stronger electrochromic effects with higher color efficiency.
Ivanova et al. (2003) [161] prepared mixed Mo/W oxides through atmospheric-pressure CVD by having the Mo/W oxide films formed by decomposition of W(CO)6 and Mo(CO)6 in the ratio of 4 to 1 at atmospheric pressure. The decomposition time was kept constant at 40 minutes and due to the dissimilar growth rates, the film thickness of MoO3, WO3, and Mo/W mixed oxide films were 300nm, 400nm, and 120nm, respectively. The cyclic-voltammetry measurements were performed with three electrodes. The WO3 showed a bluish color, MoO3 as yellowish, and W-Mo mixed oxide as brownish. The MoO3 films crystallized into orthorhombic phase while the WO3 and W-Mo films remained amorphous. The most interesting character is the increase in the charge rate for the W-Mo films. This makes the mixed oxides suitable for electrochromic devices. After extracting Li+, the films were bleached and the most color change was obtained for the W-Mo mixed oxide film. In this study, the group found that Mo0.07W0.93O3 and MoO3 films electrodes exhibit a strong performance as a component in electrochromic devices.
[bookmark: _Toc385420350]Sol-Gel method
Sun et al. (2009) [162] synthesized mixed molybdenum-tungsten oxides with various stoichiometry through sol-gel deposition on a conductive fluorine doped tin oxide (FTO) coated glass. Also, the optical transmittances of the films were recorded with respect to air in the reference beam in an ultraviolet-visible near-infrared spectrophotometer. Finally, the cyclic voltammetry measurements were carried out to measure ion storage capacities and reversibility of the films during the coloring process of mixed metal oxide films in an electrolyte solution. Results showed electrochromic and lithium-ion transport properties of mixed molybdenum-tungsten oxides were moderately enhanced. 
Galatsis et al. (2001 and 2003) [150, 152] produced MoO3, WO3, and MoO3-WO3 compounds at different atomic percentages by sol-gel spin coating techniques and annealing at 450˚C on silicon substrates. Electrical responses were recorded as the mixtures were exposed to specific levels of CO and NO2. Results proved that gas responses, morphology, and crystalline phases for each mixture were strongly influenced by the W/Mo weight ratio. It was reported that when MoO3 single oxide annealed between 400ºC and 500ºC displayed well developed orthorhombic structures, but as the temperature was increased to roughly 600ºC, the MoO3 changed from a crystalline to an amorphous phase. WO3, on the other hand, displayed a well crystallized monoclinic form ranging through temperatures as low as 300 ºC and up to 700 ºC. When comparing these results to the mixed oxide, the Mo/W compound was annealed at 450 ºC, forming a monoclinic oriented WO3 compound in an amorphous MoO3 phase.
[bookmark: _Toc385420351]Plasma method
Plasma is a widely used technique which merges with other methods such as CVD to enhance performance of the synthesis methods. Following are examples of experiments incorporating the plasma synthesis method. 
Tracy and Benson (1986) [163] investigated the feasibility of using plasma enhanced chemical vapor deposition (PE-CVD) to produce electrochromic thin films of tungsten and molybdenum oxides. Gaseous WF6 or vapors of either W(CO)6 or Mo(CO)6 were employed as the source materials. The wavelengths and electrochromic properties were carefully measured and recorded. Optically transmissive devices exhibited reversible color changes from transparent to blue (WO3) or blue-purple (MoO3) with applied potentials of 3-4 V. Results proved that the MoO3 films offered the potential for manufacturing electrochromic devices with higher contrast ratios. Various techniques, such as emission spectroscopy and x-ray diffraction, indicated that all of these thin film deposits of various chemical mixtures were predominantly amorphous tungsten and molybdenum oxides. Results show that the contrast ratio of a PE-CVD MoO3 electrochromic device is high and its color change is more neutral. This proves that both tungsten and molybdenum oxides produced the greatest amount of electrochromic qualities. 
Cvelbar et al. (2012) [164] created sub-oxide-to-metallic crystalline nanowires with uniformly distributed nanopores by using a novel combination of plasma and re-deposition with electron-beam reduction. This process involves synthesizing single-crystalline MoO3 nanowires using the RF- (radio frequency) PECVD method. Pure Mo foil is exposed to RF plasma created in oxygen gas discharge. As the oxide layer is being created on the Mo foil, the surface temperature increases, then the molybdenum oxide evaporates from the sample. The evaporated oxide is then deposited to 20 mm distant borosilicate glass plate heated to ~500 ˚C. The interaction of evaporated molybdenum oxide with oxygen radicals localized Mo-O plasma, created between the Mo foil and the deposition plate. The MoO3 is then deposited on the substrate holder surface in dense arrays. A typical length of the NWs grown in array is 1-2 µm with a diameter of 40-80 nm. This is dependent on the plasma parameters which are typically controlled by discharge parameters. 
Table 5-1 lists frequent methods that are employed to synthesize molybdenum and tungsten oxides nano/micro structures.



[bookmark: _Toc384833017]Table ‎5‑1- List of different employed methods to grow molybdenum and tungsten oxide nano/micro structures.
	Method
	Experimental configuration
	Author(s)
	Morphology of structures

	CVD Process
	[image: ]
	Gesheva et al. [165]
	[image: ]

	Electro-deposition
	[image: ]
	McEvoy et al. [166]
	[image: ]

	Sputtering
	[image: ]
	Vomiero et al. [167]
	[image: ]

	Sol Gel
	[image: ]
	Galatsis et al. [168]
	[image: ]



[bookmark: _Toc385420352]Flame synthesis methods
It has been shown that flame synthesis offers high growth rate for scalable production of metal oxide nanostructures with unique properties and morphologies [115, 169]. This method not only can grow single crystalline nanostructures, but also dope the nanostructures to give additional functionalities to the materials. Compared to other currently employed methods, the flame synthesis is usually a single-step process with no need for post-preparation resulting in an inexpensive growth of nanomaterials. Further information regarding different approaches of the flame method is provided in sections 1-4 and 1-5. Details of the flame method in production of mixed metal oxides are explained below.
Lili Cai et al. (2011) [170] used co-flow flame synthesis to create the mixed oxides such as W-doped MoO3 and Cu3Mo2O9. By using flame vapor deposition and solid diffusion methods, three new methods were introduced: simultaneous vapor-vapor and solid-vapor growth, and sequential solid-vapor growth. In those experiments, they employed a co-flow flat premixed flame with a diameter of 6 cm. The main goal of the flat premixed flame is to get the temperature nearly constant in any plane parallel to the burner. In the simultaneous vapor-vapor growth, vapors of two different metals were combined and deposited. This can only occur when the vapor content of WOx and MoOx and growth substrate temperature are moderately low. Through this growth W-doped MoO3 nanoplates and nanoflowers were produced. Nanoflowers appeared as a result of using Au catalyst after 20 minutes. For the simultaneous solid-vapor growth, the diffusion substrate and vapor metal needed to be at positions where highest growth rate and lowest vapor concentration were respectively available. Cu3Mo2O9 nanowires were grown through this process. The last growth method used solid diffusion as seeds for further flame vapor deposition. For this, the diffusion substrate and vapor metal need to be at positions where the highest growth rate and lowest vapor concentration are respectively available. It resulted in the growth of core/shell CuO/MoO3 and MoO3-branched CuO nanowires.
Yunzhe Feng et al. (2013) [171] introduced a sol-flame method to form mixed molybdenum-tungsten oxides. The new sol-flame method was used to synthesize hybrid metal oxide NWs (nanowires) such as nanoparticle- (NP-) shell decorated NWs and NP-chain decorated NW. The processes in the sol-flame method are a combination of flame synthesis of the NWs and a sol-gel preparation. The single metal oxide NWs were grown on the surface of a substrate. A NP precursor solution was first prepared and then the NWs (on the substrate) were dipped into the solution. The dip-coated NW arrays were allowed to dry, which left a metal salt cover on the NWs. Subsequently, the NWs were heated in the premixed flame that dissociates and oxidizes the metal salt and also evaporates the rest of the solvents. The flame temperature has a direct effect on the morphology of the NPs. For example, when Zn salt was annealed at 550˚C, it formed a uniform ZnO NP shell, but when it was annealed at 1100˚C, it formed a hybrid structure fanning radially from the NW core. The annealing process of the sol-flame method can be achieved either with furnace annealing or flame annealing. Flame annealing leads to smaller diameter NPs and densely covers the NWs. The Sol-Flame method is able to synthesize three different sorts of hybrid metal oxide NWs: NP-shell@NW, NP-chain@NW, and doped NWs. 
Table 5-2 lists different flame methods that are employed to synthesize molybdenum and tungsten nano/micro structures.


[bookmark: _Toc384833018]Table ‎5‑2- List of different employed flame methods to grow mixed Mo and W oxide nano/micro structures.
	Method
	Experimental configuration
	Author(s)
	Component
	Fuel
	Morphology of structures 

	Co-flow flame
	[image: ]
	Cai et al. [170]
	MoO3
	Ch4+H2
	[image: ]

	Co-flow flame
	[image: ]
	Cai et al. [170]
	W-doped MoO3
	Ch4+H2
	[image: ]

	Co-flow flame
	[image: ]
	Cai et al. [170]
	Cu3Mo2O9
	Ch4+H2
	[image: ]

	Co-flow flame
	[image: ]
	Cai et al. [170]
	CuO/MoO3
	Ch4+H2
	[image: ]

	Sol-flame
	[image: ]
	Feng et al. [171]
	W-doped TiO2
	Ch4+H2
	[image: ]

	Sol-flame
	[image: ]
	Feng et al. [171]
	ZnO @CuO
	Ch4+H2
	[image: ]


	

[bookmark: _Toc385420353]Synthesis of W-doped molybdenum oxide nanostructures in the flame
The same counter-flow flame reactor that was explained in chapter 2 is employed for the synthesis of W-doped-MoO3 nanostructures.
Molybdenum and tungsten wires with a purity of ~%99.99 (Sigma Aldrich Corporation) and diameters of 1 mm were used as the source materials. Wires were simultaneously introduced radially in the flame medium parallel to the nozzles’ planes. The tungsten wire was inserted at Z=12 mm and the molybdenum wire was inserted at Z=14 mm. Z represents the distance between the fuel (top) nozzle to the center of the wire (figure 5-3a1). Wires are held by a ceramic tube with four holes. Two holes with a 2 mm center-to-center distance were used for the experiment (figure 5-3a2 and 3a3). The introduced wire in the counter-flow flame was affected by strong temperature and chemical species gradients (figure 5-3b). The position of the wires in the flame volume greatly influenced the synthesis processes. At Z=12 mm, the flame temperature is ~2500 ˚C and the oxygen content is 0.015 mole fraction, and at Z=14 mm, the flame temperature is ~2150 ˚C and the oxygen content is 0.25 mole fraction. Silvestrini et al. predicted the flame temperature by a numerical calculation. It was performed by considering 1160 reactions and 325 chemical species [63].
The longest insertion time period was 120 seconds and shorter insertion time periods assisted us to properly comprehend the growth mechanism. A schematic image of the grid used for the thermophoretic sampling technique is shown in figure 2-5, chapter 2.
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	[bookmark: _Toc385420394]Figure ‎5‑3- (a1) A photograph of the counter-flow flame along with a schematic showing insertion of the molybdenum and tungsten probe inside the oxidizer zone of the flame; (a2) a schematic of the ceramic tube that keeps the wires stable inside the flame; (a3) A cross section of the ceramic tube and the wires inside it; (b) profile of numerical predictions of temperature and major chemical species in the diffusion counter-flow flame as a function of the distance from the fuel nozzle (Z)[63].



[bookmark: _Toc385420354]Results and discussion
The one-dimensional counter-flow diffusion flame is characterized by strong chemical species gradients and temperature (up to 2000 K/cm). While the oxidizer side is rich in O, OH, O2, and other oxidative species, the fuel side of the flame is rich in hydrocarbon species (figure 5-3b). As a result, the insertion position of the probes in the flame plays a key role in growth and morphology of synthesized structures. 
In this study, two probes, one tungsten and the other one molybdenum, were simultaneously inserted at Z= 12 mm and Z= 14 mm (oxygen-rich zone of the flame), respectively. The thermophoretic sampling technique was employed to directly collect samples of nanomaterials from the flame volume at heights of Z= 10, 11, and 13 mm. Considering the 3 mm diameter of the TEM grids, it was possible to study the evaluation of structures in the Z height range of 9 to 14 mm. This range covered the entire oxygen-rich zone. The configuration of probes led to the growth of novel mixed metal oxide nanostructures. The gas-phase synthesis happens on the oxygen-rich zone. A TEM analysis of the samples shows the particles’ evolution as they are carried by the gas flow towards the stagnation plane. An evaluation of grown structures from early shapeless particles near the surface of the probes to intercalation of W and Mo oxide and final state of well-defined cubical nanostructures was conducted.
Particles collected at the flame height of Z= 13 mm, where the TEM grid is just above the surface of the Mo probe, show that small shapeless particles are formed (figure 5-4a). The small particles are surrounded by larger particles. Particles are indicated by arrows in figure 5-4a. The larger particles resemble spherical shape with an irregular boundary. Spherical-like particles are molybdenum oxide vapors evaporated/sublimated from the Mo probe as a result of the probe and flame interaction. The characteristic of these particles resembles structures grown in the gas-phase synthesis of molybdenum oxide alone [68]. Metal oxide vapors formed near surface of probes in the gas-phase are characterized by neither regular shapes, which means no well-defined edges, nor sharp corners [68, 172]. The particles grow larger and also they form a well-defined shape as they travel in the flame towards the stagnation plane. 
	[image: ]

	[bookmark: _Toc385420395]Figure ‎5‑4- Transformation of molybdenum oxide structures through the flame; (a) shapeless particles near surface of the Mo probe at Z=14 mm; (b) high density cubic structures of molybdenum oxides; (c) a HR-TEM image show well-organized atomic structure; (d) shapeless particles of evaporated tungsten from the W probe accompanied by developed molybdenum oxide structures; (e) link-like chain structures and a well-faceted cubic molybdenum oxide; (f) a HR-TEM image shows structures at Z=12 mm are α-MoO3.



Figure 5-4b represents transformation of shapeless molybdenum oxide particles to cubic structures. Cubic morphology is the typical shape of molybdenum oxide nanostructures synthesized in the gas phase. These structures are collected thermophoretically at Z= 12.4 mm from the flame medium. The grown molybdenum oxide structures have high density at this position. It is evident from the TEM image that the structures begin to form a well-defined morphology, which here is cubic. A careful inspection reveals that cubic structures have flat solid edges and tend to form sharp corners as it is shown by dotted lined around sample structures in figure 5-4b. In the case of synthesis of molybdenum oxide alone, structures form more well-defined morphology and evolve into elongated rod structures as they travel 2 mm away from the molybdenum surface in the flame volume [68]. However, due to impact of tungsten probe, well-defined structures are not fully formed in a short distance away from the molybdenum probe. Figure 5-4c shows a high-resolution TEM image of a typical shapeless molybdenum oxide structure collected at Z= 12 mm. As it can be seen, even shapeless particles have a well-organized atomic structure.
The tungsten probe is inserted at Z=12 mm. At this position evaporated tungsten oxide particles from the tungsten probe can be observed on TEM grids (figure 5-4d). Small discrete shapeless particles, which are tungsten oxide nuclei, (solid arrows) are accompanied by larger crystalline molybdenum oxide structures (dashed arrows). Higher resolution TEM images show that particles are agglomerated to form chain-like structures as a result of particles fusion (figure 5-4e). Molybdenum oxide structures tend to transform to cubic structures away from the probe [68]. A cubic molybdenum oxide is pointed by a solid arrow in figure 5-4e. Also, a HR-TEM image of structures collected at Z=12 mm shows that the structures have lattice spacing of 0.37 nm which is corresponding to orthorhombic MoO3 with lattice constants a=3.963, b=13.856, c=3.696 Å (PDF card # 035-0609).
Evaporation and deposition of tungsten oxide vapor on the surface of MoO3 structure lead to crystalline transformation of the structure. Samples collected at Z=11.6 mm, at higher position than the surface of the tungsten probe, show that faceted (cubic) structure are attached to and also accompanied by shapeless structures. Faceted structures are highlighted by doted rectangles and shapeless structures are indicated by solid arrows in figure 5-5a. It is the effect of deposition of tungsten oxide vapor on the surface of the previously formed MoO3. The deposition of the tungsten oxide vapor leads to irregularity and transformation in the crystalline structure of the MoO3 structure. Figure 5-5b shows a HR-TEM image of a structure at this position (Z=11.6 mm). Inconsistency and irregularity in crystal and direction of atomic layers are obvious. Also, lattice spacing at this position is increased to 0.39 nm which might be as a result of tungsten intercalation into layered structure of MoO3 [173].
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	[bookmark: _Toc385420396]Figure ‎5‑5- Evolution of structure through the flame medium; (a) collected structures at Z=11.6 mm; (b) HR-TEM image of structures shown in (a); (c) collected structures at Z=11 mm and appearance on nanorods attached to cubic structures; (d) collected structures at Z=10.6 mm; (e) HR-TEM image of structures shown in (d).



The deposition and intercalation of tungsten oxide vapor continue as structures/materials are carried by the gas flow of the flame towards the stagnation plane. Collected samples show that structures tend to transform to cubic structures. Figure 5-5c depicts cubic structures collected at Z=11 mm. As it can be seen, nanorods-like structures are attached to some other structures; arrows in figures 5-5c and 5d indicate them. Tungsten oxide structures turn to nanorods in the gas-phase synthesis [172]. Thus, appearance of nanorods is a possible effect of tungsten oxide on growth of the structures. A HR-TEM image of structures collected at Z=10.6 mm is shown in figure 5-5e. It shows that structures at this position are well crystallized and have constant lattice spacing throughout crystalline structure. Measured lattice spacing are larger than typical MoO3 which shows transformation of the material from pure MoO3 (figure 5-5f) to intermediate structures (figure 5-5b) and then well-developed structures (figure 5-5e). Intercalation of tungsten atoms in MoO3 layers is a possible reason for increase in lattice spacing of the structures [173, 174].
As grown structures are carried by the gas flow in the flame, they encounter high temperature and chemical species gradients which bring about evolution and change in morphology of structures. Collected samples at Z=10.2 and 10 mm reveal that cubic structure is still the dominate morphology throughout the process. As discussed before cubic structure is the typical observed morphology of synthesized MoO3 in the gas phase [68]. Cubic structures are shown in figures 5-6a and 6b. The lattice spacing of crystals has not changed as it is shown in figure 5-6c. Nanorods attached to the structure tend to disappear at this position (Z=10 mm). Figure 5-6d shows that thickness of attached nanorods is reduced in comparison with the figures 5-6a. Tale-like structures are indicated by solid arrows. Growth of structures continues as they travel in the flame. More fully developed structures can be observed further away from the probes. Fully-developed structures have well-defined facets as it can be seen in figures 5-6e and 6f. They show collected structures at Z=9 and Z=9.8 mm respectively. Cubic structures have widths in the range of 20 to 100 nm.
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	[bookmark: _Toc385420397]Figure ‎5‑6- Evolution of grown structure in the flame volume at distances from the probes; (a) collected sampled at Z=10.2 mm; (b) collected structures at Z=10 mm; (c) HR-TEM image of structure shown in figure (b); (d) Structures at Z= 9.8 mm; (e) collected crystal structure at Z= 9 mm; (f) the cubic structure of grown structures at Z=9.8 mm.



The TEM image in figure 5-7a shows typical accumulated grown cubic structures in the flame volume. These structures are developed under constant flux of MoOx and WOx in form of vapor. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping under TEM reveals that the nanostructures contain evenly distributed tungsten, molybdenum, and oxygen (figure 5-7b-d). The HR-TEM image (figure 5-7e) and SEAD pattern (figure 5-7f) of structures indicate rectangular diffraction pattern on the (010) surface correlated to orthorhombic configuration. The measured lattice spacing of the structures shows expanded lattices in both a and c axes which may be attributed to the incorporation of tungsten in the MoO3 structures. Thus, the synthesized structures are tungsten-doped MoO3. The synthesized structures still maintain the α-MoO3 crystal structure. These images indicate that the high temperature, even for a short travel inside the flame volume, is very effective to make the diffusion of the dopant (W) into existing crystal possible without altering the crystalline structure.
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	[bookmark: _Toc385420398]Figure ‎5‑7- TEM-EDS analysis of the tungsten-doped MoO3 nanostructures; (a) TEM image of the nanostructures. EDS mapping of (b) Tungsten, (c) Oxygen, and (d) Molybdenum in W-doped MoO3; (e) HR-TEM image of a nanostructure; (f) SAED pattern image of grown W-doped MoO3.



[bookmark: _Toc385420355]Growth mechanism
Structures are directly collected from inside the flame volume at different Z heights employing the thermophoretic sampling technique. The contour of flame temperature is shown in figure 5-8a. As the Mo and W wires are exposed to the high flame temperature, WOx and MoOx vapors nucleate near the surface of wires. At high temperature region, nuclei are suppressed by the high vapor concentration, so nuclei coagulate and form small particles. Further shape evolution and crystallization continue as structures/particles are carried away from the wires at a region of lower temperature towards the stagnation plane, figure 5-8b [175]. Temperature gradient is 550 K/mm at the blue zone. The combination of temperature and chemical species variation creates a suitable environment for a shape evolution and growth condition for cubic crystals (figure 5-8c). At the relatively low temperature region, the growth mechanism correlated with transformation of gas to solid by direct vapor deposition on previously formed nanocrystal surfaces [108]. The deposition of WOx nuclei on MoO3, the intercalation of W into MoO3 structures, and further crystallization are chemically assisted by the temperature gradient of the flame volume. Figure 5-8c clearly shows that particles near the surface of the W wire transfer to well-defined cubic crystals at the lower temperature (further away from surface of the wire).
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	[bookmark: _Toc385420399][bookmark: _GoBack]Figure ‎5‑8- (a) contour of predicted flame temperature in Celsius at the blue zone [63]; (b) particles and structures are carried by the gas flow towards the stagnation plane; (c) shape evaluation of the structures inside the flame volume. Particles and fully developed structures are carried by the gas flow towards the stagnation plane.



The Mo wire is introduced at Z=14 mm where the flame temperature is approximately 2100˚C, figure 5-8a. At the high flame temperature evaporation starts and produces Mo vapors or monomers. Simultaneously, Mo vapors combine with oxygen (from the flame volume) to form molybdenum oxide nanoparticle vapors. The MoOx particles in the form of vapor are carried by the gas flow. The continuous influx of the vapor leads to increase in the vapor concentration and consequently suppersaturation occurs. The coagulations of the vapors generate clusters or particles. The clusters/particles further grow by either coagulation with other particles or condensation of vapor [176]. Figure 5-9a shows a sample of an early-formed a particle and monomers collected at Z= 13 mm, just above the surface of the Mo wire. The monomers are indicated by arrows in figure 5-9a1. The shapeless particles at this position are building block of larger well-defined structures collected at the upper part of the flame. The growth progress depends upon oxide phase development. Figure 5-9a2 shows a HR-TEM image of an early-formed particle which has a well-organized lattice structure. Measured lattice spacing matches with α-MoO3 structures. The same result was observed by gas-phase synthesis of molybdenum oxide alone in the counter-flow flame [68]. Growth of particles/clusters continues and they transform to well-defined structures at higher positions.
Right at Z=12 mm, where W wire is introduced in the flame volume, shapeless particles are transformed to discrete cubic MoO3, figure 5-9b. At Z= 12 mm, thermophoretically collected materials are well-define and discrete MoO3 nanocubes that are shown in figure 5-9b1. A few micrometers above the W wire chain-like structures attached to MoO3 cubes are observed. Flame temperature around tungsten wire is ~2500˚C which causes evaporation and vapor formation of tungsten. Shapeless vapor of tungsten are coagulated very similar to molybdenum vapors. However, vapors form chains and deposited over previously formed MoO3 nanocubes or other tungsten chains. Figure 5-9b2 clearly shows that discrete nanocubes are surrounded by chains-like tungsten oxides. Arrows indicate chain-like tungsten structures and cubic MoO3 are indicated by rectangles in figure 5-9b2. The coherent interface (happens when two crystals have the same atomic configuration) between the mother MoO3 (mother phase) and the WOx monomers/vapors requires a low interfacial energy. This low energy favors the nucleation of the WOx on MoO3 [177]. The nucleation might be the basic reason for the topotactic reaction (a topotactic transition associates with a structural change due to loss or gain of material, so that the ultimate lattice is related to that of the mother material) and transformation in the solid state [177].
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	[bookmark: _Toc385420400]Figure ‎5‑9- Growth mechanism of W-doped MoO3 structures. (a) early formed MoO3 vapors at Z=13 mm; (b) deposition of tungsten over MoO3 nanocubes; (c) intermediate formed structures composed of tungsten and molybdenum and oxygen; (d) and (e) W-doped MoO3 nanocubes.



At upper part of the flame, Z= 11 mm, chain-like structures turn to tale-like nanorods attached to sides of primary structures. Arrows indicate tale-like nanorods in figure 5-9c1. The EDS results show that structures at this position are composed of both Mo and W, figure 5-9c2. Carbon and copper reading are related to the TEM grid which is composed of copper and carbon film. It is believed that structures at this position are not fully-developed and can be called intermediate structures. Although few cubic structures can be observed, major of collected materials have not well-defined morphology.
Materials are carried in the flame volume and exposed to temperature and chemical gradient which lead into evolution in crystalline structure and morphology. As it can be seen in figure 5-9d1 structure once again transform to nanocubes. The smooth surface of the nanorods suggests that the influx of W(g) and formed tales are totally consumed/diffused on/into the surface of the existing nanocubes. Samples of cubic structures are shown in figure 5-9d2. Structures are grown continuously with high density in a way that cause change in the flame color (observation) and can be collected effortlessly with a micro suction pump through the flame volume. At upper positions (lower Z heights), more well-defined and discrete nanocubes can be observed. Cai et al. [170] grew W-doped MoO3 at growth temperature over 350 ˚C and Baeck et al. [153] synthesized W1-xMoxO3 at 450 ˚C, the flame temperature is high enough to provide sufficient energy for formation of mixed W-Mo oxides. Also, low W concentration in mixed W-Mo oxide does not cause a change in the crystal phase (orthorhombic to monoclinic) [153]. Thus, evidences strongly suggest that grown structures are W-doped MoO3 with low W:Mo ratio less than 0.1. Figure 5-9e1 shows cubes structures that can be grown/collected at Z=9.0 mm. The HR-TEM and SAED images of collected/grown structures (figure 5-9e2 and 9e3) and EDS analysis (figure 5-7a and 9c2) closely match with W-doped MoO3. From geometrical point of view, indeed, layered orthorhombic MoO3 structures is preserved the three-dimensional structure during the course of reaction. Since the α-MoO3 is a stable phase, it can be consider as the mother phase which does not change. In the gas-phase synthesis method, dopant (W) is introduced into existing nanocube crystals (in-situ doping), and it has minimum impact on the structures and keeps the crystallinity of the starting materials.
We can hypothesize that the following processes take place: (I) high temperature flame causes instantaneous evaporation/release of elemental molybdenum and combination of Mo with oxygen (from flame). Monomers and particles are formed by continuous influx of M/O molecules evaporated and/or sublimated due to flame high temperature; (II) shapeless particles transform to nanocubes as they travel inside the flame volume; (III)  tungsten evaporated particles deposit on existing MoO3 nanocubes and form chain-like tales attached to the nanocubes. Chain-like tales almost instantaneously diffuse into the nanocubes and elemental tungsten intercalate into layers of nanocubes structures; (IV) as nanocubes are carried inside the flame, elemental W distribute evenly inside structures and increase the lattice spacing of existing nanocubes. However, nanocubes maintain crystalline structure.
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	[bookmark: _Toc385420401]Figure ‎5‑10- (a) Nanocube structures collected at Z= 9 mm and resembling computer generated images; (b) EDS analysis of the sample nanocube in (b1) indicates both elements of W and Mo.



Some samples of collected W-doped MoO3 structures are shown figure 5-10a. The structures shown in the TEM image reveal an incomplete image of the true structures. To gain better understanding of true geometry, it is needed to rotate the TEM grid a few degrees to observe another side other than the side normal to the TEM beam. Computer generated images of nanocubes are rotated at different angles to reassemble and support the true shape of the various nanostructures presented in the TEM images of figure 5-10a. Nanocubes in figure 5-10a have all one side normal to the electron beam which makes it easier to interpret the true shape. However, structures in figure 5-10b and c require rotation to find their true shape. Darker part of the images might be due to thicker part of the structures. These images clearly indicate that all structures have width less than 50 nm. The EDS analysis of the nanocube shown in figure 5-10b reveals that the nanocube contains both W and Mo. All the EDS analyses show 20:1 weight ratio of Mo to W. The lower weight ratio along with change in lattice spacing confirms that as-grown mixed Mo and W oxide is W-doped MoO3.
[bookmark: _Toc385420356] Chapter conclusions
Counter-flow flame is employed to synthesis W-doped MoO3 in gas-phase. Mixed Mo-W oxides display improved performance in gas sensing, eletrochromic device, and lithium-ion batteries. High purity molybdenum and tungsten probes, 1 mm in diameter, are introduced to the flame at Z=14 mm and Z=12 mm, respectively. Materials are collected via thermophoretic sampling technique during evolution process as they travel towards stagnation plane inside the flame volume. Instantaneous evaporation/sublimation and combination with oxygen leads to formation of shapeless particles and subsequently nanocubes of MoO3 near W probe. Tungsten particles deposit on surface of nanocubes and diffuse in layers of MoO3 since required energy is provide by the high temperature flame. Fully grown structures, collected near the stagnation plane, are nanocube with well-defined edges in width of less than 100 nm. Smooth surface of nanocubes is evidence of complete diffusion/intercalation of tungsten into MoO3 structures without destructing the morphology and crystalline structure of original material (α-MoO3). The W-doped MoO3 nanocubes can be grown through proposed single-step and inexpensively method continuously.




[bookmark: _Toc385420357]Electron Beam Induced Formation of Tungsten Sub-Oxide Nanorods from Flame-Formed Fragments[footnoteRef:3] [3:  The content of this chapter is an extension of a published paper by the author. The paper contains results of research which was solely conducted as partial fulfillment for the PhD requirement. Materials presented in the paper have not been submitted for a course or extra credit.] 

[bookmark: _Toc385420358]Introduction
Vapor-phase growth mechanism has been observed in different synthesize methods such CVD, plasma, and flame. In order to continue the study on vapor-phase growth mechanism, in this chapter, growth of tungsten sub-oxide nanorods from flame-formed fragments is discussed. Previously, tungsten oxide nanostructure was grown using the flame method. However, growth of tungsten sub-oxide (WOx, 0<x<1) nanostructure requires a further step of reduction from oxide to sub-oxide. Low pressure (vacuum) along with excitation energy of electron beam provides a suitable condition for reduction and growth of nano-size structures. Electron beam energy causes evaporation/sublimation of source materials and formation of vapor particles, subsequently nanostructures are formed by collisions of vapor particles. The growth is very similar to the growth of nanostructurs through the flame synthesis. Thus, experiment procedure and in-detail growth mechanism of tungsten sub-oxides nanorods are investigated for the last chapter of this dissertation.
By scanning a focused electron-beam over a sample in the presence of a precursor (gas or solid), the pattern is defined directly and in principle no pre- or post-processing is required. It is mostly performed in electron microscopes (SEM and TEM), thus direct in situ inspection of the fabricated structure is simple. Since electron-beams can be focused into spots with diameters varying from the micrometer to sub-angstrom level, this process is suitable for the micro- and nanometer regimes. Apart from deposition, the electron-beam can be employed to induce other effects such as heating or/and local etching. These processes are known as focused electron-beam induced processing [178]. 
Electron-beam irradiation is a promising technique to fabricate small-sized structures on substrates. Due to the easy controllability of the electron beam (EB), nanometer- or micrometer-sized 1D or 3D structures containing designed elements have been productively fabricated [179, 180]. The EB irradiation method incorporates the bombardment of highly excited electrons from a filament on the surface of deposited fragments. Through the electron beam irradiation process, electron bombardment can decompose material located on a surface into volatile and nonvolatile components. The volatile as-products are detached and pumped out the vacuum chamber, while the nonvolatile components are redeposit on a substrate. Precursor compounds, scanning parameters, beam conditions, and the pressure of the vacuum chamber influence the quality and species of deposited structures.
One-dimensional transition metal oxide micro/nanostructures have been investigated broadly due to their unique physical and chemical properties. Modeling and formation predication process of nanoparticles are presented [181, 182]. Nanostructures that have been fabricated employing EB induced deposition include tungsten, gold and platinum-containing nanotips and nanowires [183-186]. Among nanostructured TMOs, tungsten oxide (WO3 and WO2) and its suboxides (WO3-x and WOx) have wide applications such as electrochromic devices [187], electrocatalysts [188], information storage [189], and chemical sensors [190]. Because of high acidity of supported WOx on alumina, zirconia or titania are employed as catalysts for alcohol dehydrogenation, oxidative desulfurization and cracking of hydrocarbons [191, 192]. Commonly, gases such as tungsten hexafluoride (WF6) and tungsten hexacarbonyl (W(CO)6) are employed as precursors for the fabrication of tungsten and tungsten suboxide nanostructures by EB induced deposition [179, 193]. At present, various methods have been reported for fabrication of tungsten oxide nanostructures. However, methods capable of fabricating highly crystallized nanostructured tungsten sub-oxide (WOx) have not been proposed.
In this study, we show the almost instantaneous formation of tungsten sub-oxide nanorods by subjecting flame-formed tungsten-oxide fragments (WO3, WO3-x and WO2) to a convergent electron beam irradiation in a 200 keV transmission electron microscope. Individual tungsten sub-oxide nanorods are rapidly grown on the surface of the carbon film present on one side of a TEM grid as the flame-formed fragments are exposed to a focused EB. Also, the lengths of the formed nanorods can be approximately predicted as a function of the exposure time and distance between the fragments (irradiated spot) and nanorods.
[bookmark: _Toc385420359]Experimental details
The large-sized flame-formed fragments were grown on the surface of a W probe using a counter-flow combustion reactor. The formed micro-sized crystals or fragments are later exposed to an EB in order to transform them into 1D nanostructures. The burner forms a stable flame with a stagnation plane on the fuel side (figure 6-1a). Fuel (96%CH4 + 4%C2H2) is injected from the top nozzle, and the oxidizer (50%O2 + 50%N2) is introduced from the bottom nozzle.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]A 99.9% pure W probe with the diameter of 1.0 mm was inserted into the flame at 12 mm distance from the top nozzle. The probe was introduced in the oxygen rich zone (blue color) of the flame for approximately 2 minutes (figure 6-1a). 
Scanning electron microscopy analyses on the oxidizer-side-faced surface of the probe shows the presence of no deposits. However, on the fuel-side-faced surface of the probe deposits of materials are evident to the naked eye. The surface of the W probe, facing the oxidizer side, is rapidly oxidized as it is exposed to a higher concentration of both atomic and molecular oxygen and temperature gradient than the surface of the probe facing the fuel side. Strong surface erosion is present on the oxidizer side of probe, primarily because of exposure to the high temperature (figure 6-1b). Different tungsten oxides (WO3-x) continually formed and instantly evaporated from the oxidizer side of the probe. Then the W probe is withdrawn from the flame medium and a razor blade was used to scrape the surface of the probe facing the oxidizer side resulting in small fragments of materials. A suspension was formed containing methanol as a solvent and the removed fragments as the solute. The solution was sonicated for several minutes and a drop of the suspension was placed on the surface of a 3-mm lacey carbon film copper substrate TEM grid and dried. 
The large flame-formed segments were exposed to transmission electron microscope electron beam irradiation (figure 6-1c-d). More detailed descriptions of the characteristics of the flame formed nanorods and micron-sized structures can be found in the literature [172, 194, 195].
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	[bookmark: _Toc385420402]Figure ‎6‑1- Formation of nanorods by electron beam irradiation from micron-sized flame-formed fragments; (a) insertion of a W probe inside a counter-flow flame; (b) SEM image of the surface characteristic of the probe facing the oxidizer side; (c) TEM image of a typical flame-formed fragment; (d) schematic of the formation of nanorods through the electron beam irradiation; (e) TEM image of the as-grown nanorods on the carbon film of the TEM grid.



The transmission electron microscope used in the experiments was JEOL2000FX (200 keV). The flame-formed fragment precursors only reacted to a highly intense electron beam. Electron beam irradiation of the flame-formed fragments at low magnification does not result in a noticeable growth or modification. In order to produce the nanorods, the EB was focused near the crossover to a spot size of approximately 500 nm and held over the fragment for a specified amount of time. Each time-step refers to the total amount of time that the tungsten oxide fragments were held under the EB at high intensity (115 pA/cm2). Subsequently, the beam was amputated at the precursor fragments then expanded back to normal viewing intensity so images could be taken. Once the electron beam is focused on the surface of a tungsten oxide fragment, nanorods of remarkable high quality are instantaneously formed (figure 6-1e). This process was repeated until no further growth occurred. All experiments were performed at room temperature.
[bookmark: _Toc385420360]Results and discussion
It is well accepted that when a high-energy EB of an electron microscope passes through a sample, energy of electrons might partially transfer to the sample and augment the movement of atoms. If the intensity of EB passes above the threshold, the sample is usually disturbed. The beam disturbance usually causes displacement of atoms in a specimen, known as knock-on displacement. This structural modification can occur in a very short time to cause atomic defects [186]. Higher beam energy under ultrahigh vacuum in an electron microscope enhances atomic mobility in tungsten oxides, allowing rearrangement and/or improvement in crystallinity of deposited structures [179].
Figure 6-2 represents TEM images collected after a flame-formed tungsten-oxide fragment was exposed to an electron beam irradiation at various times. It can be observed that subjecting the surface of the large crystal fragment to an EB irradiation for a fraction of a second (~0.25 sec) resulted in the formation of mostly circular particles and very few short elongated structures (figures 2a1 and a2). By increasing the EB irradiation time to ~0.75 second the density and length of the produced nanocrystals significantly increased (figures 2b1 and b2).
A smaller increase in the density and growth of the nanorods is observed when the surface of the tungsten oxide fragments is exposed for an additional 2.30 seconds (figure 6-2c). The small interval of EB irradiation time on the surface of the flame-formed tungsten oxide fragments to form the precursors allowed for investigation of the growth rates of selected nanorods (figures 6-2a, b and c). Arrows 1, 2, 3, and 4 in figure 6-2a point to the early formed crystal nanorods. Arrows 1 and 2 (figure 6-2a2) point to what appears to be the beginning of elongated structures of only a few nanometers in length after the EB irradiation of ~0.25 seconds. In the same TEM image, arrows 3 and 4 point to circular particles of a few nanometers in diameter.  By increasing the EB irradiation time to ~0.75 seconds, the nanorods rapidly grew and reached lengths in the order of tens of nanometers as indicated by arrows 1 and 2 in figure 6-2b2. Furthermore, at the site where only circular particles were located (arrows 3 and 4 in figure 6-2a1), increased exposure time resulted in the formation of numerous elongated nanorods (figure 6-2b2). A further increase of the EB irradiation to ~2.30 seconds (~3 times the second EB irradiation) the lengths of the nanorods did not increase significantly but the increase in diameter of some of the structures is clearly visible (figure 6-2c2).
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	[bookmark: _Toc385420403]Figure ‎6‑2- TEM images of W nanorods after precursor fragment was exposed to a concentrated EB for approximately: (a) 0.25s (b) 0.75s (c) 2.30s; Arrows indicate same nanorods grown under the EB.



Further characterization was performed with EDS combined with HR-TEM on as-produced nanorods. Figure 6-3 shows EDS spectra of corresponding grown materials before and after electron irradiation and also a HR-TEM image of a nanorod. Figure 6-3a shows EDS spectrum of selected area (inset) of a flame formed fragment.
	[image: ]

	[bookmark: _Toc385420404]Figure ‎6‑3- (a) EDS spectrum of the tungsten oxide structure before the electron irradiation; (b) EDS spectrum of as-produced lower state tungsten oxide nanorods; (c) HRTEM of tungsten oxide nanorods and preferred growth direction. 



As it is shown in figures 6-3a and 3b, the oxygen ratio was significantly reduced in as-produced nanorods after EB irradiation, confirming the reduction of flamed formed tungsten oxide fragments to a lower oxygen state of tungsten oxide nanorods. The copper and carbon readings are attributed to the copper grid and carbon film, respectively. Figure 6-3c shows a HR-TEM image of an as-produced ordered nanorod with lattice spacing of 0.37 nm and 0.26 nm which closely corresponds to (001) and (200) of WOx, respectively. The angle between the two planes is about 90˚. The representative HR-TEM image (figure 6-3c) indicates that grown nanorods have a preferential growth direction of [001]. The crystal structure is similar to nonstoichiometric tungsten oxide nanostructures [196]. Hence, all the evidence gathered by HRTEM and EDS is consistent with tetragonal WOx.
In our experiments we observed that the length of the nanorods formed by EB irradiation greatly depends on the distance from the surface of the micro-sized fragments as evidenced in figure 6-4. Longer and thicker nanorods are present closer to the surface of the flame formed fragment. This was typical for every instance of nanorod formation. A semi-log plot of the length of nanorods (distributed logarithmically) versus distance from the surface of the source after 2.1 secs is shown in figure 6-4a. The TEM images in figure 6-4b were collected at R1≈ 500, R2≈ 1000, and R3≈ 1500 nm radial distances between the surface of fragments and nanorods. Under electron beam irradiation, it is well known that if the irradiated zone is considered to be the point source, the flux will be inversely proportional to the distance from the source [186].
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	[bookmark: _Toc385420405]figure ‎6‑4- (a) Exponential regression curve of length of nanorods as a function of distance from source after 2.1 seconds; (b) Growth rate and length of nanorods formed at different distances from the precursor.



The nanorods have average lengths decreasing from ~160, 82 and 52 nm at distances from the source of 500, 1000 and 1500 nm, respectively, verifying that lengths of the nanorods continuously decrease with increasing distance from the source of particle flux (figure 6-4a). The growth rate of nanorods at a distance of ~500 nm from the surface of a precursor fragment to the nanorods is approximately 2 and 3 times higher than that of nanorods at distances of 1000 and 1500 nm from the surface of the fragmental precursor, respectively (figure 6-4b). Larger nanorods of ~200 nm long are grown near the precursor fragment and only ultra-small particles as small as 5 nm are present 2 µm away from the surface of the precursor.
The length of the nanorods as a function of EB irradiation time of the surface of the flame formed tungsten oxide microcrystals was also studied. Figure 6-5 represents TEM images collected at 0.1, 0.6, 1.1 and 180 seconds after EB irradiation time. Figure 6-2 shows a representative progression of structural morphology and size with EB irradiation times ranging from 0.25 to 2.30 seconds which all resulted in an increase in the lengths of the nanorods. The exposure of the EB to the precursor fragment for ~0.1 sec resulted in a high density of spherical particles (figure 6-5a). The almost instant appearance of these particles shows short incubation time (the time required by the specimen to show visible nucleus) required for crystallization [197]. The increase of the EB irradiation time on the surface of same fragment to ~0.6 sec resulted in significant modification of the morphology of the grown structures in which circular particles transform into elongated structures. A significant change in density of the zero-dimensional particles (seeds) to one-dimensional nanorods after a second short EB irradiation time is very evident, figures 6-5a-b. After an EB irradiation time of ~1.1 seconds it can be observed that there is no significant change in the density of the nanorods (figure 6-5c) and the lengths of the nanorods increased only by a small fraction. Finally, a further increase in the EB irradiation time to ~180 secs did not result in a significant increase in length or density of the rods (figure 6-5d).
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	[bookmark: _Toc385420406]Figure ‎6‑5- Tracking growth of nanorods over time. TEM images of tungsten oxide nanorods after the flame formed fragment was exposed to the concentrated EB for approximately: (a) 0.1s; (b) 0.6s; (c) 1.1s; (d) 180s; (e) variation of nanorod growth rate with applied EB irradiation.  



The plot in figure 6-5e shows growth rate of the nanorods as a function of irradiation time.  The experimental results suggest that an increase in EB irradiation of less than one second generates a linear growth increase of nanorods. That is, the tungsten oxide nanorods reach ~90% of their final length within approximately one second of EB irradiation. This is due to high flux of the reduced tungsten oxide and rapid deposition after the initial irradiation. High flux of deposited tungsten oxides at this stage results in a growth rate of ~80 nm/s. However after one second, the nanorods grow at a lower rate of ~13 nm/s (figures 6-5c and 5d). As shown in figure 6-5e, the growth rate after a short amount of time (~two seconds) is negligible.  
A study conducted by Shen et al. [186] showed that W18O49 nanorods with lengths of ~80 nm were produced after a 30 second EB irradiation.  In the present work, EB irradiation (within one second) of the surface of flame-formed precursor fragments produces WOx nanorods with lengths of ~80 nm. In our experiments, the precursors were formed using a high flame temperature environment. The almost instantaneous growth of the nanorods from fragments are principally due to the considerable amount of residual stresses attained in the material as they are formed in a high flame temperature environment [197].
It is also evident that as the EB exposure time increases on the flame formed tungsten oxide fragment to produce nanorods, a significant change in the shape of the surface of the fragment occurs as highlighted by the arrows in figure 6-5a-d. The surface of the fragment is originally composed of indentations and small grains but becomes smooth and flat as the EB irradiation time is increased. The arrow in figure 6-5 points to a notch that virtually disappears as the EB time is increased. The first process involves the formation of the tungsten oxide fragments using a counter-flow flame. The micron-sized fragments, which serve as the precursors to the nanorods, were created on the surface of a cylindrical probe introduced in the oxygen zone containing strong temperature and chemical gradients.
[bookmark: _Toc385420361]Proposed growth mechanism for the nanorods
The growth mechanism of the nanorod formation through EB irradiation is discussed. To gain insights into a possible growth mechanism of the nanorods by the EB irradiation, HR-TEM images were collected after the micro-sized fragments were exposed to various EB irradiation times. 
The possible consequences of irradiation with high-energy electrons are small thermal effect, bond breaking, knock-on-collisions (atomic displacement), and creation of electron-hole pairs (for semiconductors materials). Thus, the EB might promote atomic mobility [197]. If transferred energy from the EB exceeds displacement threshold energy, displacement atomic nuclei to interstitial positions can occur. This effect is commonly observed in TEMs [198].
In the present work, the flame-formed tungsten-oxide fragments were held under the electron beam of a TEM operating at intensity of 115 pA/cm2. A short EB irradiation time of ~0.25 seconds results in the formation of a high density of small shapeless and spherical crystal nanostructures on the surface of the grid (figure 6-6a). The diameter of the spherical particles is less than a few nanometers and they are very transparent to the electron beam (figure 6-6a1). These newly generated particles coalesce and deposit on the copper grid to form seeds for further nanostructure growth. It is also very interesting to note the high density of the small particles that are present within the larger structures as highlighted by solid black arrows in figures 6-6b1 and 6b2. The presence of the shapeless small particles accompanying the larger structures is evident.  It appears that small particles are the building blocks for the formation of the elongated nanorods. The TEM images in figures 6-6b1 and 6b2 show the presence of an early formation of elongated structures surrounded by a high density of individual spherical structures (solid white arrows). A close inspection clearly shows that the elongated structures are composed of a number of individual spherical particles, dashed black arrows in figures 6-6b1 and 6b2. The presence of distinct morphologies within a single nanorod is evident. One section of the nanorod appears to have uniform and well defined  diameter (dotted black arrows) while the other section of the rod appears to be less defined composed of link-like chain particles that are fused together (dashed black arrows).
The physical characteristics of the less defined section of the nanorods resemble those of the surrounding particles suggesting that they are the basis for the formation of the nanorods. The confirmed hypothesis is that once a site is formed, a continuous influx of W/O(g) is consumed or nucleated on the surface of the seeds to grow in a preferable direction forming the nanorods. This effect is particularly evident in two of the selected structures highlighted by arrows 2 and 3, in figures 6-2b2 and 2c2. The surfaces of the structures in figures 6-2b2 and 2c2 are very smooth and no evidence of attached spherical-like particles is present after the structures grow tens of nanometers through the EB irradiation. The smooth surface of the nanorods suggests that the influx of W/O(g) is totally consumed/diffused on/into the surface of the existing nanorods. The selective growth of elongated crystals occurs through preferred materials deposition on the tips of the growing nanorods where the bonding energy is high which is typical of crystal growth. In figure 6-6b1 it can be observed that an individual spherical particle is attached to the tip of a developed nanorod as pointed out by the dotted white arrow. Other surrounding nanorods appear to have the same characteristics. Figure 6-6c2 represents a HR-TEM of a nanorod and spherical-like structure interface, arrow in figure 6-6c1. The necking effect between the particle and the rod is very evident as pointed out by the arrow in figure 6-6c2. The atomic structure of both the nanorod and attached spherical-like structure is well-organized, figure 6-6c2. It appears that the nanorod and sphere are fused together. A necking effect is also observed in some of the formed nanorods (arrows in inset figure 6-6c2). When the high-energy EB passes through the flame-formed tungsten oxide fragments, it creates electron-hole pairs which can effectively reduce the melting temperature. Consequently, a small increase in localized temperature causes the fragments to evaporate or sublime and simultaneously decompose leading to release of elemental oxygen and tungsten. Furthermore, the temperature required for melting materials in the micro- and nano-scale range is significantly less than their bulk counterparts. Great decrease (almost 60%) in melting temperatures have been stated for the nano-size particles compared to that of bulk materials [70, 199]. The decomposition of tungsten oxides and release of the elements can be further attributed to the removal of oxygen induced by core-hole Auger decay [200, 201]. Moreover, it has been reported that reductive decomposition of tungsten oxide can occur in the low oxygen pressure environment of the TEM (~10-7 Torr) at high temperature (~650˚C) [193, 202]. A substantial amount of decomposed oxygen is constantly vacuumed in the high-vacuum electron microscope column. The vacuum column brings about oxygen deprivation and, as a result, the tungsten oxide formed would have a lower oxidation state than the fragment precursors. Therefore, the nanorods synthesized are likely to be oxygen reduced.
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	[bookmark: _Toc385420407]Figure ‎6‑6- Schematics and supportive TEM images of the proposed growth mechanism of nanorods due to electron beam irradiation; (a) formation of small particle (early stage); (b) nucleation and recombination of the ultra-small particles to nanorods; (c) formation of tungsten sub-oxide nanorods; (d) fully formed tungsten oxide nanorods.


We can hypothesize that the following processes take place: (I) as the concentrated EB passes through the flame-formed fragments, elemental oxygen and tungsten are instantaneously released. Ultra-small size particles are formed by the nucleation of the W/O molecules evaporated and/or sublimated due to EB irradiation; (II) in the very high vacuum environment as the elements travel, they nucleate/recombine/aggregate to form small discrete shapeless seeds; and (III) once the seeds are formed and as the influx of WOx and/or elemental W and O continue to be supplied due to the EB irradiation, they can be completely consumed/diffused at the tip of existing solid structures resulting in longer nanorods. 
It is noteworthy that the temperature of the growing environment changes; it is higher during EB irradiation and lower as the seeds travel and deposit further away from the EB irradiated spot. The gas-to-solid conversion is evident within the formed structures. 
The effect of cooling, solidification, and crystallization process in the structures is apparent from our TEM analysis in figure 6-6 where some of the particles appear to cool, solidify, and crystallize before they were completely diffused and consumed into the surface of the existing rods. Experiments conducted at longer EB irradiation times showed that no significant change in density and length of the nanorods occurs. Furthermore, a significant amount of the fragments (source materials) remained after the longer EB irradiation. This is due to the fact that the remaining material is composed of more stable material such as WO3 since it can be relatively stable under an intense electron beam [186]. The results of stable material correlates well with our flame formed WO3 nanorods where no changes in morphology of the rods occurred during the structural and chemical characterization with low and HR-TEM.
[bookmark: _Toc385420362]Chapter conclusions
We report the electron beam induced growth of tungsten sub-oxide nanorods. Tungsten oxides precursor fragments were grown in a counter-flow flame environment on the surface of a high purity tungsten probe. The precursors were exposed to a high intensity electron beam that resulted in the growth of tungsten sub-oxide nanorods of various lengths and aspect ratios. The electron beam irradiation over the flame formed fragments lead to decomposition of the precursor and formation of tungsten oxide nanorods with lower state oxygen. Early formed ultra-small sized particles were the seed for growth of 1-D nanorods under the irradiation. The growth rate of nanorods is an exponential function of their distance to the irradiated spot i.e. the higher growth rate was achieved closer to the precursor cluster. Longer nanorods are observed closer to the irradiated spot. Electron beam irradiated growth using an in-situ flame-formed precursor offers a way to produce nanorods of a desired length locally and very rapidly by controlling the distance to the precursor and time of irradiation.


[bookmark: _Toc385420363]Recommendations for future work
Feasibility of synthesizing metal oxide nanostructures inside the flame has been fully investigated at this point. Following recommendation are made for future studies:
1- Studying the mechanical and electrical properties is proposed to be conducted. Characteristic and properties and flame grown material have not been compared with materials grown with different methods.
2- Aligned and uniform nanostructures are the most desirable form for applications. Producing aligned nanostructures are more expensive and finding a way to reduce the production cost is proposed to be investigated in the future.
3- Although experimental observation and proposed growth mechanism have been studied by several researchers, theoretical investigation on growth of metal oxide nanostructures inside the flame has not been carried out thoroughly. Numerical computer code that can predict the growth and morphology of nanostructure at different conditions (source material, environment temperature and oxygen content) reduces production cost which is desirable for industry.
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