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Abstract of the Dissertation 

Novel Processing of Ceramics with Polymorphic Control 

by 

Gagan Jodhani 

Doctor of Philosophy 

in 

Materials Science and Engineering 

Stony Brook University 

2016 

 

Polymorphism is an important phenomenon exhibited by many materials, includ ing 

ceramic oxides. The availability of multiple structural configurations for the same chemical 

composition opens the pathway to a large number of phases with distinct properties. The formation 

of the crystal structures can be directly correlated to the processing temperature and/or pressure as 

well as the particle size for nanomaterials. This work focuses on the tailored synthesis of the 

desired polymorphs of binary and ternary metal oxides through nanoscale processes with emphasis 

on flame spray pyrolysis.  

 Flame spray pyrolysis (FSP) is a scalable nano-manufacturing process used for the 

synthesis of oxide based ceramics. The advantage of this process lies in ease of operation and 

inexpensive processing as well as the uniformity in the particle size distribution of the products. It 

is a rapid solidification process involving the atomization of precursor using high temperature 

gradients and low residence times in the flame. Thus, metastable polymorphs have successfully 

been synthesized by FSP. Although a wide variety of studies have been conducted on the synthesis 

and applications of ceramics via FSP there has been scarce knowledge on the actual dynamics of 

crystal structure formation during the process. Various solution parameters were studied to 

understand the particle and crystal structure formation for the FSP powders. The process 

parameters were kept the same; 1.5 slm methane and 3.0 slm O2 was used as fuel for the flame, 
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5slm oxygen was used as dispersion gas and the precursor was fed at 5ml/min. MoO3 was 

synthesized using different concentrations of precursor and the particle sizes obtained were 

correlated to the materials parameters such as solution concentration and amount of organic 

precursor solvent.  

Another study was conducted on formation of WO3 polymorphs using organic precursor 

salts dissolved in organic solvent. The solution was prepared to obtain low particle sizes and to 

obtain the metastable ε-WO3, which only exists below -17ºC in bulk.  

 The study was further extended to ternary system by synthesizing VOPO4. The effect of 

solvent on the polymorphic behavior was evaluated. The use of ammonium salts in aqueous 

solutions led to lower temperatures and resulted information of intermediate compounds and 

micron sized particles. VOPO4 was easily obtained from the intermediate compounds by 

calcination. Secondary phases were obtained upon calcination and were related to the processing 

parameters.  

The result of the study showed that the precursor solution had a direct correlation with the 

formation of different polymorphs through fsp. Aqueous precursors resulted in partial 

decomposition of solute and resulted in secondary salts with large particle sizes. The addition of 

organic solvent resulted in formation of a nano-sized particles, the amount of particles formed was 

directly proportional to the % organic precursor used. Use of a combustible organic solute favors 

formation of nanoparticles by increasing the flame temperature and lowering the residence time of 

the particles in the chamber. The smaller sizes and low residence time may result in formation of 

metastable phases. This study can further be extended to other oxide ceramics and will aid in 

precursor selection for their synthesis. 
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Preface 

The work done here focuses on understanding and controlling formation of polymorphs 

through FSP. Different ceramics are evaluated by varying the precursor parameters and 

polymorphic formation and transitions are evaluated. 

Chapter 1 introduces the concept of oxide polymorphism and discusses polymorphism in 

various ceramics. Subsequently importance of polymorphic ceramics with respect to applications 

is discussed.  The factors that affect polymorphic behavior for ceramics and flame spray pyrolysis 

process are also discussed. 

Chapter 2 focuses on the experimental details and both synthesis techniques and 

characterization techniques used for flame synthesized nanomaterials. 

 Chapter 3 discussed the formation of MoO3 through FSP. The particles are processed by 

varying the concentration of metals in precursor solution and varying the organic content in the 

solvent. The phase and morphology of synthesized particles as well as particles obtained upon 

calcination are analyzed and discussed.   

 Chapter 4 focuses on novel synthesis of metastable ε-WO3 through fsp process. The effect 

of using a combustible solute on the formation of ε-WO3 is discussed. The results are compared 

with an earlier study that led to synthesis of ε-WO3 with the help of Cr as dopants. Further the 

phase stability and retention of ε-WO3 upon calcination are discussed. 

 Chapter 5 analyzes the formation of VOPO4 polymorphs through fsp. The effect of organic 

content on phase and morphology of the particles are discussed. Further phase formation and 

changes are discussed upon calcination. The study relates the type of precursor used to the size 

and polymorphic behavior of final products.  

 Chapter 6 discusses the parameter that govern the synthesis of polymorphs through FSP. 

The effect of precursor with respect to polymorph formation and particle size through fsp are 

discussed. An overview is generated on selection of precursors to monitor temperature of operation 

and control phase formation through FSP. 



 

xiii 
 

 Chapter 7 lists the concluding remarks from the study and outlines the future research 

directions.  
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Chapter 1: Introduction 

1.1 Polymorphism 

According to reported literature, the concept of polymorphism was first discovered by Klaproth 

in 1798 by showing that the composition of calcite and aragonite is same. However, it wasn’t until 

1820s when polymorphism became a widely accepted phenomena when Mitscherlich stated 

polymorphic behavior in arsenates, phosphates and sulfur. Mitscherlich’s “law of isomorphism” 

stated: Substances that crystallize in isomorphous forms (i.e. have identical crystalline forms and 

form mixed crystals) have similar chemical compositions. Since then polymorphism has widely 

been studied in bulk metal oxides. With the growing interest of nanoscience, new polymorphic 

states have been discovered for various materials; which were not feasible in bulk solids. For 

nanocrystalline ceramics, it was shown that certain compounds differ significantly from their bulk 

state phase transformation properties when they are subjected to similar conditions at nanoscale. 

The structure and polymorphs for various polymorphs are discussed in detail in the sections to 

follow.  

 

1.2 Polymorphism in MoO3 

MoO3 exhibits two polymorphic states in bulk, these two polymorphs are an orthorhombic α-

MoO3 and a monoclinic β-MoO3. α-MoO3 is the thermodynamically stable form for MoO3 at room 

temperature while β-MoO3 is kinetically stable form. For nanocrystalline solids, additiona l 

polymorphic states have been discovered for nanocrystalline MoO3. A hexagonal MoO3 was 

reported by low temperature hydrothermal method[1]. Table 1.1 lists the particle sizes & 

morphology, synthesis methods and conditions for formations of MoO3 polymorphs.   

The structure of MoO3, comprises of MoO6 octahedra. α-MoO3 exhibits a layered structure, in 

which each layer is built up with MoO6 octahedron at two levels. The octahedrons are connected 

together in y-direction, which result in zigzag rows[2]. For each MoO6 octahedra there is only one 

O atom doubly bonded to Mo, all others oxygen atoms are shared by the different MoO6 

octahedrons. For β-MoO3 the structure is similar to WO3 and is related to the three-dimensiona l 

ReO3 structure[3], which consists in corner-connected octahedral network. The β-MoO3 
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exothermically transforms into α-phase at temperature above 400ºC and moderate heating rates. 

However, it has been shown that MoO3 can be stabilized into ReO3 structure by partial substitut ion 

with tungsten[4].  

Table 1-1: MoO3 Polymorphs 

Phase Synthesis 

Technique 

Morphology Particle size Conditions 

P & T 

Reference 

α-MoO3 Acidification & 

Hydrothermal 

Synthesis 

nanorods 50nm dia. 

150-300nm 

length 

170-180ºC [5] 

Thermal 

Evaporation 

Nano sheets 1.4nm 

thickness 

400ºC [6] 

Topochemical 

synthesis 

nanoplates 1-2 µm 

length 

nm thickness 

550ºC [7] 

Electrospinning Single crystal 

nanorods 

10-50nm dia. 500ºC [8, 9] 

β-MoO3 Low temperature 

deposition 

Thin films 100-200nm 200ºC [10] 

Atmospheric 

microplasma 

Nanosheets 1-2 µm 

length 

 

RT [11] 

Vacuum drying - - 250ºC [12] 

Sol gel Nanoparticles 50nm <450ºC [13, 14] 



 

3 

 

h-MoO3 Solvothermal 

process 

rods 500-800nm 

dia. 

60-100ºC [15] 

Acidic reaction Nanorods 40nm 

diameter 

190ºC [16] 

Hydrothermal 

treatment 

Rods 6-7µm 

diameter 

100ºC [17] 

Hydrothermal 

route 

Nanobelts 20-30nm 

thick 

150ºC [18] 

Sonochemical 

method 

Nanorods .2-1.2µm 

width 

50ºC [19] 

 

1.3 Polymorphism in WO3 

In bulk, WO3 exhibits a monoclinic ε-phase between the temperature ranges of -273°C to -40°C; 

a triclinic δ-phase is found between -40°C to 17°C. The stable phase for WO3 at room temperature 

is the monoclinic γ-phase that exists between the temperature ranges of 17-330°C. Over the 

temperature range of 330 WO3 exhibits two more crystalline states which are an orthorhombic β-

phase (330-740°C) and a tetragonal α-phase (740-900°C)[20]. However, the transition in 

nanocrystalline materials is different from bulk. The synthesis methods and conditions used greatly 

affect the phase of the materials. Two metastable phases have been reported for WO3 which are a 

hexagonal phase[21] and a cubic phase[22], which didn’t exist in bulk compounds. The 

nanocrystalline polymorphs of WO3 are described in table 1.2.   

Table 1-2: WO3 polymorphs 

Phase Synthesis 

Technique 

Morphology conditions Particle size Reference 

γ-WO3 Flame Spray 

pyrolysis 

Nanoparticles  RT 5-10nm [23] 
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Microwave 

assisted 

hydrothermal 

method 

Nanoparticles 50-100nm 500-700ºC [24] 

E-beam Nanowires 20-30nm 

dia. 

RT [25] 

Sol gel Nanoparticles 10-20nm 400ºC [26] 

h-WO3 Microwave 

assisted 

hydrothermal 

method 

Nanoparticles 20-50nm 250ºC [24] 

Sol gel Nanowires 40 nm dia. 400ºC [21] 

Sol gel and 

hydrothermal 

synthesis 

Nanorods 100-200nm 

dia. 

180ºC  [27] 

Cubic-WO3 Sol gel Nanoparticles 30-40nm 350ºC [25] 

Sol gel Petal shaped 

nanoparticles 

200nm 250ºC [28] 

δ-WO3 Pulsed laser 

deposition 

Thin film 200nm  400ºC 

150-200mTorr 

[29] 

Sol gel Nanoparticles 30-50nm 400-600ºC [30] 

Sol gel Nanoplates 50-80 250-500ºC [31] 

ε-WO3 Flame spray 

pyrolysis 

Nanoparticles 10-20nm RT [32] 
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Magnetron 

sputtering 

Nanoparticles 10-20nm 100-400ºC [33] 

 

1.4 Polymorphism in VOPO4 

There are seven reported polymorphs for VOPO4. Among these polymorphs, four exhibit 

tetragonal structure (α1, α2, δ and ω), two exhibit orthorhombic structure (β and γ) and one 

monoclinic structure (ε) [34]. Among these polymorphs, β-VOPO4 is of the lowest energy 

configuration. However, these polymorphs have been synthesized using various routes, although, 

due to close relation in the structures of all the polymorphs and their low energy difference, 

obtaining a single phase is almost impossible[34].   

The structure of VOPO4, comprised of VO6 octahedron connected by PO4 tetrahedron. 

However, due to long length of V---O bond, it is sometimes reported as a VO5 pyramid, with a 

short O=V bond and a long V---O bond. The governing factor in formation of VOPO4 polymorphs 

is caused by the bond length of V---O bonds, all other bonds exhibit similar lengths. The bond 

lengths for different polymorphs are shown in table 1.3. 

Table 1-3: Average bond lengths (angstroms) in VOPO4 polymorphs[35] 

Polymorph V=O V---O V-O P-O 

αI-VOPO4 1.57 2.67 1.85 1.55 

αII-VOPO4 1.57 2.97 1.83 1.54 

β-VOPO4 1.57 2.57 1.85 1.55 

ε-VOPO4 1.57 2.63 1.84 1.54 

δ-VOPO4 1.56 3.14 1.84 1.54 
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1.5 Polymorphism in other oxide ceramics 

Tin Oxide (SnO2) exhibits five different polymorphs, the observed phases are a rutile type 

(tetragonal), CaCl2 type (orthorhombic), α-PbO2 type (orthorhombic), pyrite-type (cubic), ZrO2 

type (orthorhombic), contunnite-type (orthorhombic)[36]. The rutile-type phase and CaCl2-type 

orthorhombic phase are the two most common and important polymorphs of SnO2.  

Titanium dioxide (TiO2) occurs naturally in three different polymorphs, all of which exhibit TiO6  

octahedra, the coupling between the octahedral is slightly different among different 

octahedras[37]. The polymorphs of TiO2 are anatase (tetragonal), rutile (tetragonal) and brookite 

(orthorhombic). Rutile is the thermodynamically stable form of TiO2 at all temperatures and 

pressures, while anatase and brookite are kinetic products[38].  

Vanadium Oxides (VO2 and V2O5) exist in 2 forms due to the valency of V atoms. The +4 

valency gives rise to VO2, which exhibits two polymorphs. The polymorphs for VO2 are a 

monoclinic phase and a tetragonal rutile type structure[39]. V2O5 on the other hand, exhibits 

multiple polymorphs, such as, α-V2O5 (monoclinic), β-V2O5 (monoclinic or tetragonal)[40] and γ-

V2O5 (orthorhombic)[41]. Many metastable phases have also been reported from deintercala t ion 

of metal atoms from MxV2O5 [42]. 

Manganese Oxide (MnO2) exhibits two different polymorphs, namely, α-MnO2 (tetragonal)[43] 

and β-MnO2 (rutile type structure)[44]. Another reported structure for MnO2 is the γ-MnO2 which 

has a mixed ramsdellite and pyrolusite domains, upon heating the ramsdellite phase converts to 

pyrolusite[45].  
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Iron Oxide (Fe2O3) exists in four different polymorphs, namely, α- Fe2O3 (hexagonal), β- Fe2O3 

(BCC), γ- Fe2O3 (BCC), and ε- Fe2O3 (orthorhombic)[46]. The β and ε phases are metastable and 

only exist in nanocrystalline solids. While both α and γ polymorphs exist naturally. 

Zinc Oxide (ZnO) is reported to exhibit three polymorph, wurtzite (hexagonal B4), zinc-blende 

(hexagonal B3) and rock-salt (hexagonal B1)[47]. Wurtzite is the stable structure for ZnO, it 

transforms into B1 structure at high pressure.  

1.6 Applications of polymorphic materials 

Nanocrystalline ceramics have properties much different from their bulk counterparts. For e.g. 

the ε-phase for WO3 is very important for gas sensing applications as it acts as a selective sensor 

for acetone detection[32]. Many other examples exist where nanocrystalline materials offer better 

results and are key towards the applications. These materials are discussed in more detail below 

and are categorized according to their applications. 

I. Gas Sensing 

 The behavior of nanocrystalline metal oxides for gas sensing has been outlined by 

Gouma[48], gas selectivity is achieved with the help of specific crystallographic phase of a pure 

metal oxide. Conductimetric sensors based on semi-conducting oxide, offer low cost detection for 

reducing gases. The operation principles are associated with adsorption of gas molecules on the 

surface of the materials. The adsorption induces electric charge transport in the materials due to 

which the resistance of oxide changes[49]. The operating temperature for these sensors vary from 

100-500ºC, the selectivity of gas at a particular temperature has been related to the crystal structure 

of the materials. Table 1.4 lists different materials and their polymorphs that have been applied as 

gas sensors.  

Table 1-4: Polymorphic metal oxide sensors 

Material Polymorph Gas selectivity Operation temperature Ref. 

MoO3 α-MoO3 Ammonia 450ºC [9, 13, 14] 
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 NO/NO2 450ºC [13, 14] 

 H2S 375ºC [50] 

α + β Methanol 400ºC [51] 

 Isoprene 420ºC [51] 

WO3 ε-WO3 Acetone 400ºC [32] 

γ-WO3 NO 400ºC [26, 52] 

h-WO3 Ammonia 300ºC [53, 54] 

In2O3 Cubic H2 240ºC [55] 

Cubic NO2 150ºC [56] 

 

II. Photocatalysis 

Photocatalysis refers to the increase in the rate of a photoreaction in the presence of a 

catalyst. The photocatalytic activity (PCA) depends on the ability of a catalyst to create electron–

hole pairs. These electron-hole pairs result in generation of free radicals like hydroxyl groups 

which are able to undergo secondary reactions. Titania is a widely used photocatalyst, its ability 

for water catalysis was discovered in 1970s[57]. Titania has two primary phases, rutile and anatase, 

both having different band gaps. Rutile exhibiting a lower band gap (3.0 eV) in comparison to 

anatase (3.2 eV) which can cause it to be excited by irradiation at longer wavelengths whereas 

anatase generally exhibits superior photocatalytic activity to rutile as a result of a significantly 

higher surface area and thus higher levels of adsorbed radicals[58, 59]. A recent study in our group 

resulted in nanofibers containing rutile and anatase phase[60]. The content of anatase/rutile was 

dependent on the calcination temperature. The results observed showed that the TiO2  

nanostructures containing a 90/10 anatase/rutile percentage, offered best photocatalytic properties. 

This material was active in visible light region, which was attributed to the growth of small rutile 

lathes on anatase grains. The photocatalytic activity dropped with the increase in rutile content. 

Similarly, J.Y. Ying et al.[61] have earlier reported that grain size plays an important role 

in photocatalytic property of a material. .  In their study, Ying et al., found the photocatalyt ic 
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activity of nanocrystalline titania was dependent on particle size. They reported that the maximum 

photocatalytic efficiency was obtained for a particle size of 10nm, a higher or lower particle size 

reduced the photocatalytic efficiency of titania nanocrystals. Our study is in accordance with the 

literature where the sample with smallest particle size (TiO2 450, ~7nm) exhibited lower 

photocatalytic activity compared to the sample with a slightly bigger particle size (TiO2 500, 

~15nm). The photocatalytic activity further degraded as the particle size increased. 

 
III. Li-ion batteries 

Rechargeable batteries have always been a good power source for a wide variety of 

applications due to the fact that they are light weight, rechargeable and cost effective. Currently 

almost all electronic portable devices depend on Li-ion batteries for power.   

A typical Li-ion battery consists of a cathode, an anode and an electrolyte for charge 

transport. A lot of research is being carried on to increase the capacity and recharging rates of these 

batteries. This is where metal oxides come in handy. It has been shown that transition metal oxides 

as negative electrodes are better than the conventional graphite electrodes used in Li-ion batteries 

as they demonstrate higher electrochemical capacity [62]. Oxides of transition metals such as Fe, 

Ni, Co, Mn, Sb, Sn etc.  Nanostructured metal oxides are good choice for the anodes as they 

provide large surface area, also their porous nature enhances the diffusion of Li+ ions which in turn 

yields in higher charge capacity. 

Polymorphic metal oxides have also been used as a dopant on the cathode in Li- ion 

batteries. These electrodes are made as nanostructured Lithium Transition metal oxides and are 

low in cost, have high energy density and excellent cycle life than Lithium electrodes. Some of the 

examples of such materials are LiCoO2[63], LixNiO2[64], LiMn2O4[65]etc. 

The polymorphic behavior of materials is an important phenomena w.r.t. batteries, as 

different polymorphs act differently to Li-ion insertion/extraction. For e.g. lithium vanadium 

phosphate,  Li3V2(PO4)3 (LVP), has emerged as promising new cathode material due to the  

abundance of the transition metals, high thermal stability, and intrinsically high capacity (197 

mAh/g) and high working potential (~ 4V)  [66]. Apart from high capacity, the operating voltage 

which in turn gives the battery high specific energy, is suitable for electric vehicle use[67]. There 
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are two known polymorphs of LVP, the rhombohedral[68] and monoclinic phase[66]. The 

monoclinic phase of LVP is more thermodynamically stable and more appealing for lithium ion 

diffusion pathway with 3 Li+ being (de) intercalated, whereas rhombohedral LVP, allows de-

intercalation of 2 Li+, with the electrochemical reinsertion only feasible for 1.3 Li+.   

 

1.7 Factors affecting polymorphism and metastability 

I. Particle size 

Particle size plays an important role in formation of a polymorphs. Low particles/grain size is 

beneficial for formation and stabilization of metastable polymorphs. Such was the case for 

formation of ε-WO3 at room temperature[32]. The particles produced by fsp showed that smaller 

sized particles contained ε phase, whereas, larger sized particles formed a stable γ-polymorph. 

Upon annealing the content of ε-phase lowered as the particle sizes increased. Similarly, a study 

conducted on formation of titania at different annealing temperatures, resulted in formation of 

anatase for small grain sizes and low annealing temperature[60]. Increase in annealing temperature 

led to increase in grain size and thereby formation of rutile phase. Vast literature exist on the 

polymorphic transitions based on critical particle sizes.  

A study conducted by our group resulted in formula for calculation/prediction of the critical 

size for a phase transformation[69]. The critical particle size is calculated by following equation: 

rc
β→α(T)= {[M.(γα/ρα- γβ/ρβ+2.fsβ/ρβ-2.fsα/ρα)/(Δ∞Hf

α(T)- Δ∞Hf
β(T))]}-α/2 

Where, 

rc
β→α(T) is the critical particle size required for β to α transformation at temperature T 

M is the molar mass  

γ is the interfacial energy 

fs is the surface stress due to excess internal pressure 

ρ is the density of the phase 
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Δ∞Hf
α(T)- Δ∞Hf

β(T) is the difference of enthalpy of formation between α & β at temperature T 

 Based on the above equation, the critical particle size can be calculated and predicted for a 

phase transformation.  

II. Processing parameters 

For bulk solids, high temperatures and pressures are required for formation of metastable 

compounds. However, the same metastable components can be formed in nano-size at RT and 

1atm pressure. The formation of metastable compounds has been related to Gibb’s free energy; a 

material, during nucleation, will exhibit a polymorph that has lowest free energy at a particular 

temperature and pressure. At a given thermodynamic condition, both metastable and stable phases 

may coexist, but only one of the two phases is stable, with minimal free energy, and the other must 

be metastable and may transform into a stable state[70]. The free energy of a polymorph is 

governed by size, temperature and pressure. A slight change in either one of the condition may 

affect the formation of a polymorph.  

To achieve a metastable form at room temperature, rapid solidification/quenching of these 

materials[71, 72]. Number of studies exist on the formation of metastable complexes at room 

temperature by obtaining nano-crystalline solids by quenching from high temperatures. Among 

the various methods used, flame spray pyrolysis is of prime interest as the process offers high 

temperature gradient and low residence time (start of nucleation-quenching)[73]. Thus, making it 

favorable towards formation of metastable phases. The process is described in detail in the section 

to follow.  

 

1.8 Flame spray pyrolysis method 

1.8.1 Types of Flame Spray Pyrolysis 

Flame spray pyrolysis reactors have been categorized into three different categories, which 

are discussed below. The schematics of particle formation through different processes are 

shown in figure 1.1 

I. Vapor Assisted Flame Spray Pyrolysis (VAFS) 
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VAFS is a commonly used industrial process for synthesis of various ceramics, such as, fumed 

silica, alumina and pigmentary titania[74]. The process uses volatile metal precursors, which are 

evaporated and then fed into a flame. The metal particles are converted into oxides and particle 

formation occurs by nucleation from gas phase. The major drawback of the process is its need for 

volatile precursors, which limits the variety of products that can be generated through the process.  

II. Flame Aerosol Spray Pyrolysis (FASP) 

FASP used non-combustible liquid metal precursors, the precursor liquid are dispersed into 

tiny droplets and pyrolyzed by an external flame[74]. Aqueous solutions of metallic salts are 

generally used, the flame is usually generated by hydrocarbons or H2/O2. Upon evaporation, the 

particle formation is similar to VAFS. 

III. Liquid Feed Flame Spray Pyrolysis (LF-FSP) 

LF- FSP was developed by R.M Laine at University of Michigan, Ann Arbor[75]. The liquid 

fed FSP was able to overcome the drawback of FASP by fabricating more complex metal oxide 

particles. The process uses a metal oxide precursor in the form of liquid; its composition is 

generally in the form of metal chlorides, metal nitrates or metal acetates dissolved in aqueous or 

alcohol based solutions[76]. The process features short residence times (a few milliseconds) and 

results in formation of homogenous, nanosized particles. 
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Figure 1-1: Formation of particles from different types of FSP methods, redrawn from ref. #[77] 

 

1.8.2 Components of FSP 

 

I. Atomizer: The purpose of Atomizer is to create droplets, three different kinds of atomizer[78] 

exist and are described below.  

a) Ultrasonic nebulizer: Ultrasonic nebulizers form sprays using high-frequency vibrations and 

converting liquid into mist. The mist enters the flame and follows the VAFS route, giving small 

particles.  

b) Two-fluid nozzle: A two-fluid nozzle is a device that disperses liquid into spray, the breakup of 

liquid into spray occurs with the help of an atomizing gas.  

c) Electrosprayer: An electrosprayer uses high voltage to convert liquid into aerosol. It is useful 

for producing ions from macromolecules. 

 A two-fluid nozzle is the most commonly used atomizer for FSP system. 
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II. Burner: The purpose of burner is to generate a flame. Two different types of burner exist, which 

are, a premixed burner and a diffusion burner. The premixed burner mixes the fuel and oxidant[78]. 

FSP generates a self-sustaining flame so that the burner system for it is an ignition source. The 

advantage for it is that it could directly control the particle size by controlling the combustion 

enthalpy and the metal concentration of the precursor[73]. 

III. Collector: The purpose of collector is to collect the final product from FSP process. Usually a 

substrate or a filter is used for collection of particles.  

 

1.8.3 Liquid precursor selection: 

  

The selection of liquid precursor is an important step in FSP particle synthesis. The selection 

of metallic precursor and solvent should be performed with keeping various factors in mind, such 

as, melting/decomposition temperatures, miscibility and chemical stability. These factors govern 

the overall particle formation in flame. Nitrates, actetates and acetylacetonates are the natural 

choices for FSP as they were economical and readily available. However, they do not always yield 

homogeneous morphology[73].  

The low combustion enthalpies of precursors coupled with high melting points results in 

formation of in-homogenous particles[79]. However, this drawback can sometimes be remediated 

by processing parameters. Following is how the particle formation is affected by liquid precursor 

formulation. 

Hollow particles are formed when the boiling point of solvent is less than the melting point of 

solute or if the metal precursor precipitates on the surface of solvent. These parameters can be 

overcome by providing sufficient heat to the precursor. For formation of homogenous particles the 

melting point of precursor solute should be lower than the boiling point of solvent.  

 

1.8.4 Mechanism for formation of particles in FSP 

I.  One droplet to one particle (ODOP) 

 

As the name suggests, the formation of particles through this mechanism is by conversion 

of a single droplet into a single particle. The first step involves solvent evaporation and allows 
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solute to disperse in the reactor. The solute then reacts with carrier gas or one-another to form 

particles. In final step, the particles undergo sintering and densification. The resultant of ODOP 

mechanism, yields particle in the micron size range. A process usually follows ODOP when the 

melting point of solute is higher than solvent[73]. 

The particle size for ODOP[78] can be predicted and is given by: 

dp = (
CMd3

nρ
)

1
3⁄

 

Where, 

dp is the average particle size 

C is the concentration of the droplet 

d is the diameter of the droplet 

M is the molecular weight of particles 

N is the stoichiometric ratio 

ρ is the particle density 

 

II. One droplet to multiple particle (ODMP) 

 

The steps involved in this mechanism are similar to that of ODOP. The difference between 

the two mechanisms is based on the precursor. Precursors tend to follow ODMP if there is presence 

of an organic additive. The additive leads to crack down of particles during the sintering process, 

which results in formation of multiple particles. The particles obtained exhibit a wide size range 

and are usually nano-crystalline[78].  

 

III. Gas phase mechanism 

 

For this mechanism, the precursor is an organometallic compound. The precursor evaporates 

quickly once it enters the flame, producing metal vapors. The formation of particles occur in 

various steps[73] and are given as a flow chart in fig. 1.2 below: 
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Figure 1-2: Formation of particles through gas phase mechanism 

  

In the gas phase mechanism, the metal vapor could collide with the carrier gas to nucleate and 

thereby forming clusters. Alternatively, the vapor could also nucleate on the surface of formed 

clusters resulting in new particles growth. The higher the number of clusters being formed, the 

higher is the probability for them to collide with each other and form strong adhesive (physica l) 

bonds or chemical bonds. The formation of bonds result in coagulation to produce nanopartic les. 

Finally, these nanoparticles produce single particles during coalescence process. The coalescence 

process results in aggregation of particles in the high temperature zone. To control the particle size 

by not allowing them to aggregate into larger particles, the lower residence time of precursor is 

needed[78]. The lower residence time can be achieved by a higher flow-rate of the precursor 

solution or high organic content of the organic precursor solvent, which results in bigger flame 

height.  

 

1.8.5 Formation of metastable phases 

 

 Flame spray pyrolysis has resulted in formation of many metastable ceramics. The high 

temperature of operation coupled with rapid solidification and small particle sizes offer perfect 

conditions for formation of metastable polymorphs[73]. The size of particles formed through FSP 

are affected by various parameters such as composition of precursor, fuel and dispersion/oxidant 

flow rate, size of droplet and temperature of flame[80]. The parameters are inter-related as a high 

oxidant flow gives rise to low flame temperature, a non-combustible solute lowers the flame 
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temperature, and lower oxidant flow rate decreases the droplet atomization and yields larger  

droplet.  Controlling the parameters, an optimum particle size and phase distribution can be 

obtained from same precursor. The parameters also affect the formation of a polymorph. For e.g. 

a metastable tetragonal-BaTiO3 was reported using fsp[81], organic precursors of Ba and Ti were 

used in HNO3 and citric acid. Pure phase with low particle size was achieved for precursor with 

highest concentration of citric acid and was associated with lower residence time of the vapors. In 

another study by a different group, the same recipe was used except citric acid was replaced with 

water[82]. The addition of water to the precursor mixture resulted in lower flame temperatures, 

bigger particle sizes and formation of a cubic-BaTiO3 phase. The lower flame temperature due to 

addition of water, increases the residence time for the particles which in turn leads to formation of 

larger particles and stabilization of the cubic polymorph. Organic precursors (organic solute in 

organic solvent) offer the best chance at formation of metastable polymorphs as they offer a high 

temperature gradient and low residence time.  

  

1.9 Research Statement 

There is an abundance of polymorphic reactions in ceramics, due to the availability of 

numerous configurations. The availability of metastable structures offer a wider variety of possible 

configurations. Each configuration offers a specific property and is highly beneficial for an array 

of engineering applications.  

Many of the metastable polymorphs only existed in high temperature/pressure conditions in 

bulk form or were completely unknown. Nanoscale engineering has opened the pathways for 

newer polymorphs, which were recently unknown.  

The polymorphism behavior for nanocrystalline materials has been associated with the critical 

size of the grains. Traditional methods either offer less control over engineering the particle size 

or are not commercially viable. The drawbacks of traditional processes is overcome by flame spray 

pyrolysis, which offers homogenous size distribution (with control over particle sizes) and is an 

industrial process. Lot of research has been conducted on particle formation through fsp and many 

metastable materials have been reported. Literature review has indicated a close relation between 

the parameters, particle size and polymorph formation. However, no evaluation has been done, on 

formation of polymorphs that relate the effect of processing parameters to polymorphic states in 

materials.  
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Hence, this thesis aims at studying formation of polymorphs via fsp process. The effects of 

precursor concentration, precursor type, and precursor solvent are taken into consideration and 

their effect on polymorphic behavior is reported. Alternatively, this thesis also exploits formation 

of self-supported nanostructures through electrospinning process.  
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Chapter 2: Materials synthesis and characterization methods 

2.1 Materials Synthesis 

2.1.1 Sol Gel Synthesis:  

A sol-gel is a colloidal suspension of solid particles in liquid. Sol-gel processing is a soft 

chemistry route used to prepare a sol, ensure its gelation, and removal of solvent [1]. The gel thus 

obtained consists of a continuous solid phase in a continuous liquid phase. The sol can be produced 

from either an organic or inorganic precursor. A precursor is the initial compound required to 

process the gel. The precursor readily reacts with water to give metal-based sol-gels. Metal 

alkoxides are typically used as a precursor for this purpose. Alkoxides have an organic ligand 

attached to the metal atom. The organic ligand reacts with water and giver metal hydroxide and 

alcohol. The equation for this is given by: 

M-(O-R)x + xH2O → M-(O-H)x + xR-O-H 

Where R is the alkyl group attached to the precursor. 

 After the formation of the sol-gel, there are number of ways in which metal oxides can be 

derived from them in the desired form. For example, thin films can be obtained by spin coating 

and followed by calcination of the material in order to achieve a desired phase change.  

 

2.1.2 Electrospinning: Principles and Operation 

Electrospinning was first patented by Formhals in 1934 for textile weaving [2].  A typical 

electrospinning setup consists of a syringe pump, a syringe with needle, a grounded collector and 

a high voltage power supply. The solution that is to be spun is filled in the syringe; the syringe is 

then loaded on the syringe pump which pumps the solution at a very low rate. The needle of the 

syringe is connected to the high voltage power supply, either a positive or a negative potential can 

be used.  The collector is grounded, due to high potential difference developed in between the 

needle and the collector the fibers get deposited on the collector. Figure 2.1 below shows a 

traditional setup for electrospinning. 
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Figure 2-3: Electrospinning setup 

The setup for electrospinning is easy to put together (“poor man’s way to nanotechnology” 

as the process is known), but the science involved in making of the nanofibers is relative ly 

complex. There are several parameters that affect the morphology of the spun nanofibers. These 

include: potential applied across the needle, viscosity of the solution, concentration of the solution, 

distance between the needle and the collector, conductivity of the solution, feed rate, interna l 

diameter of the needle etc. Figure 2.2 below shows the different parameters that affect fiber 

diameter via electrospinning. 

With regards to process parameters, surface tension plays an important role. The charge on 

the solution should be high enough to overcome the surface tension. A high surface tension may 

lead to breakup of the solution into droplets. For a pure liquid, a droplet will acquire a shape that 

has lowest surface area to volume ratio. In case of solvent mixtures the shape changes-due to the 

difference in viscosity of the mixture and the composition at surface is different than the bulk [3]. 
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A high surface tension could also lead to formation of beads in the fiber trying to stabilize the 

drops by forming a spherical structure [4]. When the electrostatic force is large enough to 

counteract the surface tension, the solution is extended. At a critical point when the electrostatic 

forces overcome those of surface tension [5] a stream of liquid erupts from the surface. The 

extended solution is in the form of a cone, which is known as Taylor cone.  

 

 

Figure 2-4: Process maps for  electrospinning [5] 

 

Precursor parameters include the viscosity of the solution for electrospinning to occur, jet 

stabilization is required. To achieve this; a sufficiently high extensional viscosity is required [6].   

 

2.1.3 Flame Spray Pyrolysis 

Flame spray pyrolysis (FSP) is a technique that is mainly applied for synthesis of nanopartic les 

in the form of nanospheres. This process, when used for synthesizing metal oxides requires a 

precursor to be fed in form of vapor[7] or liquid[8]. However, the vapor fed FSP, also known as 

vapor assisted flame spray(VASP), has its limitations as it has only be used for synthesizing oxides 
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of SiO2, Al2O3, TiO2 and ZrO2[9]. To fabricate more complex metal oxides a liquid fed FSP was 

developed by R.M Laine at University of Michigan, Ann Arbor[10]. The liquid fed FSP was able 

to overcome the drawback of FASP by fabricating more complex metal oxide particles.  

 

Figure 2-5 Schematic diagram of Flame Spray pyrolysis (FSP) setup[11]  

 

The process uses a metal oxide precursor in the form of liquid; its composition is generally in 

the form of metal chlorides, metal nitrates or metal acetates dissolved in aqueous or alcohol based 

solutions[12]. However, during the selection of precursor solute the combustion enthalpies should 

be kept in mind. It has been found that the precursors with low enthalpies coupled with high 

melting/decomposition points yielded in non-homogenous metal oxide particles[13]. Figure 2.3 

above shows the schematic diagram for FSP flame. The precursor is fed to the flame at a constant 

rate. The flame is generated via a combustible gas, mainly methane. The combustible gas is used 

to create an elevated temperature, once the solution enters the system the flame is self-sustainab le 

as the solution fed is combustible. Once in contact with the flame the solution vaporizes. The vapor 

then reacts in the chamber with oxygen, which is used as a sheath gas, forming intermediate and 

product molecules. The formed molecules quickly grow into nanosize particles by coagulation 

and/or surface reactions, figure 2.4 shows the mechanism for formation of particles. Upon leaving 

the high temperature zone the particles slowly cool down to a low temperature for particle 
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collection. The particles are then collected on a filter and the gases formed as a result of combustion 

are vented out. 

Due to the rapid cooling of the vapors to solid, the particles formed are in the form of spheres. 

The size of the particles varies from 50-200 nm in diameter. The particles formed are porous, 

which makes them an excellent choice as materials for batteries, fuel cells, catalysts.  

Various metal oxide nanoparticles such as WO3 [14], SnO2 [15], ZnO [16], ZrO2 [17], BiO3  

[18], CeO2 [19], Y2O3 [20] etc have been successfully made using FSP process. Apart from single 

metal oxides, mixed metal oxides such as LiCoO2 [21], LiV3O8 [22], (CeOx)(x)(Al2O3)(1-x) [23],  

LiMn2O4 [24] etc have also been synthesized using FSP. The advantage of using FSP over other 

methods is that such materials can be fabricated in a single step with ease. Other than the ease of 

processing the materials produced via FSP were also found better compared to the same materials 

processed through other techniques. 

 

 

Figure 2-6: Principles of formation of particles in FSP [25] 

Particles produced through FSP are in the form of nanospheres. Core shell nanospheres [21, 

23] and hollow nanospheres[26]  have also been reported. The formation of hollow, core shell or 

solid oxide is dependent on the precursor/solvent composition used. Formation of core shell 

(CeOx)(x)(Al2O3)(1-x) [23] occurred when a higher concentration of precursor was used in the 
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solvent. Lower concentration of precursor yielded Ce3+ ions in δ-Al2O3 or CeAl11O8. Similar 

results were found for (ZrO2)x(Al2O3)1-x [27]. Formation of hollow particles have been reported 

for low combustion enthalpy densities and when the solvent boiling point is less than the 

melting/decomposition point of the precursor. FSP has also been used to synthesize nanorods for 

ZnO [28], the nanorods were formed when ZnO was doped with In and Sn dopants. Li that had a 

lower valency and same ionic radius as Zn was also used as a dopant and had no effect on the 

shape of nanoparticles formed. Hence, the formation of nanorods were attributed to the higher 

valency state and coordination of the dopants to Zn. 

FSP has also yielded in the formation of metastable phases at room temperature. The formation 

of these phases are due to the rapid quenching of particles. For e.g. the epsilon phase of WO3 that 

was found to exist at below -15°C was stabilized at room temperature using FSP.  

 

 

Figure 2-7: NPS 10 desktop FSP used in this work (P. Gouma’s lab SBU) 

 

The flame spray pyrolysis was carried in flame spray pyrolysis equipment (NPS10) 

purchased from Tethis (Italy) (Figure 2.5). The equipment is a bench top device and is to be 
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installed in a vented fume hood so the combustion gases do not pollute the lab environment. A 

custom-made fume hood was ordered from Hemco Corporation that fits the requirements of the 

bench top device. A vacuum pump is installed with the equipment to vent out the gases. A 

computer is connected to the FSP equipment that controls the operating parameters. 

  

2.2 Materials characterization techniques 

2.2.1 X-ray Diffraction (XRD) 

 XRD is a method used to identify crystalline phases in materials. It is a very useful and 

versatile non-destructive technique for characterization of samples. XRD is based on constructive 

interference of monochromatic X-rays, the X-rays are generated by a cathode ray tube. The 

interaction of the generated rays with the samples produces interference when conditions are 

satisfied for Bragg’s Law: 

    nλ = 2d sin ϴ [29] 

 Where λ is the wavelength of X-Ray and ϴ is the angle between the incident beam and the 

scattering planes. 

 A diffraction pattern is generated when the X-ray hits and interacts with the specimen. The 

X-rays diffracted are detected, processed, and counted. The intensity of diffracted X-rays at the 

detector at each angle makes up for a diffraction pattern. Each crystalline phase produces its own 

pattern, hence, the patterns are also considered as fingerprints for each phase. 

 Apart from phase identification, XRD peaks can also be used to compute the size of 

crystallinity by using Scherrer equation: 

 τ = (λκ)/(β cos ϴ) [29] 

 Where κ is the shape factor, λ is the wavelength of X-Ray, β is the line broadening at half 

the maximum intensity and ϴ is the Bragg angle. A standard value for κ is usually 0.9, but can 

vary with the shape of crystallite.  

 

2.2.2 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy (SEM) is an imaging technique to analyze the surface 

characteristics of materials with a resolution of 2nm. Discuss the specific SEMs you used in your 

research at SBU and BNLA focused high-energy electron beam is used for imaging the samples, 
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the beam interacts with the surface atoms causing energy exchange between the electron beam and 

the sample which results in reflecting the high energy electrons by elastic scattering.  Secondary 

electrons are also generated due to inelastic scattering. The electrons are collected by detectors to 

produce an image of the surface. 

Scanning Electron Microscopy (SEM) was carried out on a LEO-1550 Schottkey Field 

Emission Gun SEM to obtain the morphology of the particles. The powder samples were mounted 

on an aluminum plate with the help of carbon tape. The samples were sputter coated with gold to 

ensure conductivity. SEM images were obtained with back scattered signal of EHT 20 kV and 

7~10 mm working distance, secondary electron detector was also used for surface analysis with 

EHT 5 kV and 7~10mm working distance.  

 

2.2.3 Transmission Electron Microscope (TEM) 

Transmission Electron Microscope (TEM) is an important instrument to analyze the 

structure of the nanomaterials. It is an imaging technique, which uses a high energy electron beam 

for imaging of samples. Unlike SEM where the beam is reflected and detected from the surface; 

the electron beam in TEM is transmitted through a sample producing high-resolution images and 

electron diffraction patterns.  

The beam interacts with the components of the sample and the transmitted electrons hit a 

fluorescent screen. TEM images are formed with high resolutions and provide information on the 

internal composition of the sample. The imaging resolution of a TEM is higher compared to that 

of a SEM. Characteristic details such as particle size, shape, crystallization, stress, and morphology 

can be determined by TEM.  

Energy dispersive X-ray analysis (EDX) is a technique used to identify the elementa l 

composition of materials. When the electron beam hits the sample, X-rays are generated which 

have characteristic energies for each element. This provides a qualitative analysis of the elements 

present and with further analysis, a quantitative composition can be determined. Selected area 

electron diffraction (SAED) uses diffracted electrons to elucidate crystallographic information 

from selected regions of the sample. The spacings and the orientation of the diffraction spots can 

be interpreted in terms of planar spacings and orientations in the sample. 
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Transmission Electron Microscope (TEM) was carried on JEOL-1400 TEM. The 

nanoparticles were drop coated on a copper grid mesh (LaB6 cathode electron source) to determine 

the phase and observe the grains of nanoparticles.  

 

2.2.4 Fourier Transform Infrared Spectroscopy 

 Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 

spectrum of absorption/emission of a substance. The substance can either be in the form of solid, 

liquid or gas. The concept of FTIR relies on shining a beam containing many frequencies at once. 

It then measures the amount of beam absorbed by the sample. The process is repeated mult ip le 

times; a computer is used to collect the data points, which analyzes and infers the absorption at 

each wavelength.  

 A Thermo Scientific Nicolet 6700 FTIR with ZnSe crystal ATR detector was used for the 

experiments. 

 

2.2.5 UV-Vis Spectroscopy 

UV-VIS Spectroscopy is used to determine the optical properties of photocatalyst such as 

light absorbance. Absorbance is a measurement of the attenuation of the photons that pass through 

a sample or after reflection from a sample surface to produce excited charge carriers. Absorption 

of visible or ultraviolet radiation corresponds to the excitation of outer electrons from their ground 

state to an excited state. The absorbance (A) of a sample is, according the Lambert Beer’s law 

which states that A = ɛcl, proportional to the concentration (c), path length (l) and extinct ion 

coefficient (ɛ). UV-Vis spectroscopy is an efficient method to characterize quantitat ive 

measurements, absorption, transmission, and reflectivity of a variety of materials. Bandgap can be 

estimated from information extracted from UV-Vis spectrum.  

UV-Vis Spectroscopy experiment was carried on Lambda 950 UV-VIS spectrophotometer. 

 

2.2.6 Thermal Analysis 

  Thermal analysis generally covers three different experimental techniques: Thermo 

Gravimetric Analysis (TGA), Differential Thermal Analysis (DTA), and Differential Scanning 

Calorimetry (DSC). 
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The basic principle in TGA is to measure the mass of a sample as a function of temperature. The 

method for example can be used to determine water of crystallization, study oxidation and 

reduction. Many thermal (enthalpy) changes in materials (e.g. phase transitions) do not involve a 

change of mass. In DTA one instead measures the temperature difference between an inert 

reference and the sample as a function of temperature. When the sample undergoes a physical or 

chemical change the temperature increase differs between the inert reference and the sample, and 

a peak or a dip is detected in the DTA signal. The technique is routinely applied in a wide range  

of studies such as identification, quantitative composition analysis, phase diagrams, hydration-

dehydration, thermal stability, polymerization, purity, and reactivity. 

 TGA and DTA techniques are used in this project to study the phase stability of produced 

materials at elevated temperatures. They were accomplished on a Perkin Elmer TGA/DTA thermal 

analyzer under oxygen. The sample was heated to 550°C at a rate of 10°C/min. Aluminum was 

taken as the reference material. 
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Chapter 3: Flame Spray Synthesis and Ammonia sensing properties of pure α-MoO3 

nanosheets 

3.1 Introduction 

The orthorhombic phase of MoO3, commonly known as α-MoO3, has been used for variety 

of applications in gas sensing of ammonia[1, 2], Li-ion intercalation in batteries [3-5], pseudo-

capacitors[6-8], and hydrogen absorption[9]. Recent studies have led to development of α-MoO3-

polymer composite electrodes with a greatly improved cycling behavior for use in aqueous 

lithium[10] and sodium[11] rechargeable batteries. The layered structure of the material consists 

of MoO6 octahedra held together by Van der Waals forces. The layered structure and the ease of 

Mo(VI)/Mo(V) coupling makes MoO3 of interest in electrochemical systems and displays[12] as 

the coupling generates holes and results in electrochromism. 

 α-MoO3 was synthesized by our research group through various different routes (sol-gel 

process, sputtering, electron beam deposition, electrospinning etc.[2, 13, 14]). Also it was studied 

in diverse configurations (nanoparticles, nanowires[2, 13]). However, in order to be able to 

manufacture ammonia sensors based on nanostructured α-MoO3 in large quantities, a scalable 

nano-manufacturing process needs to be used for the materials synthesis. Flame spray pyrolysis is 

such a process, and it is explored here for the synthesis of MoO3. The methodology used to produce 

particles at a laboratory based FSP setup, can be transferred to a foundry for bulk synthesis of the 

material. Aeroxide P25 Titania, from Evonik industries, is example of commercial Titania 

nanopowder synthesized via flame aerosol technique. Apart from the commercial aspect, the 

advantage of flame spray synthesis lies in ease of fabrication, elimination for the use of expensive 

raw materials, uniform size distribution and high purity of product. Flame synthesized particles 

have small particle sizes and high surface area: volume ratios, which is desirable for gas sensing 

and electrochemical applications.  

 Earlier synthesis by other workers of MoO3 via flame spray pyrolysis relied on TiO2  

doping to stabilize the α- phase[15]. However, doping agents tend to create long term stability 

issues in sensing materials[16] and thus pure α-MoO3 is the desirable product of FSP processing.  

 In this study, pure α-MoO3 particles were successfully synthesized through FSP using an 

aqueous precursor of ammonium molybdate tetrahydrate. The particles were analyzed as ammonia 

sensors and the results were compared with the literature.  
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3.2 Experimental Method 

MoO3 particles were synthesized via Flame Spray Pyrolysis (Tethis nps10) technique. 

Ammonium molybdate tetrahydrate was selected as a precursor of its low melting point (90ºC) 

and non-volatile nature. The precursors were dissolved in water to obtain a homogenous solut ion. 

The addition of dimethylformamide to the solution was to obtain a self-sustainable process. Two 

solutions were prepared with different concentration of solute, 0.68M and .05M solutions of 

ammonium molybdate tetrahydrate (Sigma-Aldrich 277908) were prepared in a mixture of 

distilled water and dimethylformamide in a ratio of 5:1 respectively.  The solutions were 

vigorously stirred to obtain a homogenous mixture. A muddy solution was obtained for 0.68M 

concentration solution. In case of 0.05M solution, a clear solution was obtained, upon aging a top 

layer was noticed equivalent to amount of DMF in the solution. The top layer was used for FSP.  

The solutions were filled in a syringe and fed into the FSP system at a rate of 5ml/min. The flame 

comprised of 1.5 slm (standard liters per minute) methane and 3.0 slm oxygen gas. A 5slm oxygen 

gas flow was used as dispersion gas. The particles obtained after FSP process (as synthesized 

particles) were black in color, upon thermal treatment at 500⁰C for 5 hours the color of the particles 

changed to white (calcined).  

The powders were characterized using Scanning Electron Microscopy (SEM, LEO 1550), 

Transmission Electron Microscopy (TEM, JEOL 1400) and selected area electron diffraction was 

carried out on both as synthesized and calcined samples. Thermogravimetric analysis (TGA, 

Perkin Elmer Diamond) was conducted on the as synthesized samples. The particles, both as 

synthesized and calcined, were also characterized using XRD (Rigaku Miniflex II) and FTIR 

(Thermo Scientific Nicolet 6700).  

For sensing experiments, sensors were prepared by drop coating a slurry of as synthesized 

particles (.68M) in ethanol, on sensor substrates. The sensors were then thermally treated at 500⁰C 

for 5h. Sensing data was collected using a gas flow bench and multimeter. A stable baseline was 

obtained for the sensors in extra dry air; 485⁰C was used as the operating temperature. Sensing 

data was collected for ammonia in the concentration of 4, 2.5,1 and 0.5ppm. 
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3.3 Results 

3.3.1 X-Ray Diffraction 

XRD data for powders before and after thermal treatment was obtained (fig. 3.1a). The XRD 

pattern obtained for as synthesized powders (both 0.68M and 0.05M) coincides with JCPDS file 

80-0757, which is for triclinic ammonium molybdenum oxide (NH4)2(Mo4O13). In case of as-

synthesized particles from .05M solution, amorphous particles were also noticed. The formation 

of compound can be attributed to the flame degradation of precursor, ammonium molybdate 

tetrahydrate, and entrapment of ammonia and water vapors inside the powders during particle 

formation. In case of XRD for powders upon calcination the peaks observed coincide with JCPDS 

file 05-508, which is for α-MoO3. 

  

Figure 3-1: XRD spectra (a) as-synthesized and calcined .68M FSP particles (b) as-synthesized 
and calcined .05M FSP particles 

3.3.2 Fourier Transform Infrared Spectroscopy 

The FTIR analysis of the powders is shown in fig. 3.2. In case of the FTIR spectrum for as 

synthesized powders, peaks are noticed at 840,850, 980, 1400, 1640 and 3140 cm-1. The peaks at 

3140 and 1640 cm-1 can be attributed to water as per NIST database[17], the peaks at 840 and 980 

cm-1 relates to N-H bonds and inclusion of NH3 in the sample[17]. Only one peak, found at 850 
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cm-1 relates to the Mo-O-Mo[18]. For powders received upon thermal treatment, peaks were 

noticed at 818, 850 and 999 cm-1. The strong peak at 850 and the weak peak at 818 cm-1 are a result 

of Mo-O-Mo bond, with the weak peak a resultant of asymmetric molybdenum stretching[18]. The 

strong peak at 999 cm-1 is a result of Mo=O[18, 19]; which indicates a layered structure. No peaks 

were obtained for water, indicating the water molecules included in the precursor were 

decomposed during processing. 

 

Figure 3-2: FTIR spectra for assynthesized and calcined powders 

3.3.3 Thermogravimetric analysis 

 Thermogravimetric analysis was performed on the as synthesized powders from 

room temperature to 580ºC under oxygen atmosphere. Fig. 3.3 shows the effect of temperature on 

the powders. A sharp drop in the weight is noticed at 325⁰C indicating the decomposition of 

ammonium salt and formation of α-MoO3. The decomposition temperature for (NH4)2(Mo4O13) 

was found to be in accordance with the literature[20], where an endothermic reaction was reported 
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at the 317⁰C; NH3 & H2O were the decomposition products and α-MoO3 was reported as the final 

product. No change was noticed upon further increasing the temperature to 550⁰C or during the 

cooling process indicating formation of a thermally stable phase. 

 

Figure 3-3: TGA analysis of as synthesized particles 

3.3.4 Scanning Electron Microscopy 

Figure 3.4 shows the scanning electron micrographs obtained for .68M as-synthesized (3.4 

a, b), .05M as-synthesized (3.4 c,d), .68M calcined (3.4 e,f) and .05M calcined (3.4 g,h) powders.  

For as-synthesized 0.068M particles, the morphology was found to be nanorods (20-40nm 

diameter covering spheres (~1µm diameter)). In case of as-synthesized powders from 0.05M 

solution, the particles were spheres (1-4 µm diameter) covered by smaller sized particles (10-50 

nm). High resolution SEM revealed the spheres to be agglomerates of small particles as can be 

seen in fig. 3.4d. For the calcined 0.068M powders, the morphology observed was nanosheets with 

thicknesses in the range of 20-40nm, width in the range of 700-800nm and length in the range of 

1-1.5µm. No micron sized spheres where found, indicating a complete transformation of spheres 

from as- synthesized sample into nanosheets.  In case of calcined 0.05M particles, few nanosheets   
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Figure 3-4: Scanning Electron micrographs for (a,b) 0.68M as-synthesized, (c,d) 0.05M as-
synthesized, (e,f) 0.68M calcined, and (g,h) 0.05M calcined powders 
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(Width 500-600 nm, length 1-1.5 µm and thickness 20-40 nm) were noticed. However, majority 

of the particles were found to be in form of nanoplates with a size range of (80-120 nm). Few 

micron sized spheres were also noticed, these spheres were found to be agglomerates of nanoplates.    

3.3.5 Transmission Electron microscopy 

Figure 3.5 shows the transmission electron micrographs and selected area electron 

diffraction patterns for as-synthesized (0.68M (a,e) & 0.05M (b,f)) and calcined (0.68M (c,g) & 

0.05M (d,h)) particles. The micron sized particles weren’t seen in the TEM micrographs. The 

morphology of particles is illustrated in Table 3.1.For the as-synthesized 0.68M particles, nanorods 

were observed (Fig. 3.5a). The nanorods found on spherical particles of as-synthesized material 

were characterized using TEM and SAED (Fig. 3.5e).  The nanorods were found to be amorphous, 

SAED pattern picked up signals from lowly crystalline particles in the background. However, no 

evidence was found for the existence of α-MoO3 in as-synthesized samples.  

For the 0.05M as-synthesized particles, small particles in the range of 10-20nm were noticed. A 

large agglomeration of particles, comprising of 40-50nm sized nanoparticles was also noticed. The 

SAED pattern revealed the particles to be amorphous. In case of calcined 0.05M particles (fig. 3.5 

d), mixed structures in the form of nanoplates (50-100nm) and nanosheets (150nm width) were 

observed. The rings from corresponding SAED pattern (fig. 3.5h) matched with JCPDS 05-508 

for α-MoO3 (040, 111 and 210 planes).TEM on calcined 0.68M particles revealed thick structures 

in form of nanosheets with 600-700nm width, as was observed by SEM. The rings from 

corresponding SAED pattern (fig. 3.5g) matched with JCPDS 05-508 for α-MoO3 (110, 111 and 

211 planes). Thus, confirming the XRD analysis.  
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Figure 3-5: TEM images and corresponding SAED patterns for (a,e) 0.68M as-synthesized (b,f) 
0.05M as-synthesized (c,g) 0.68M calcined and (d,h) 0.05M calcined particles 
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Table 3-1: morphology and particle size for fsp powders 

Sample Morphology Particle Size 

0.68M as-synthesized spheres ~1 µm diameter 

Nanorods 20-40nm 

0.05M as-synthesized Spheres 1-4 µm diameter 

Nanoparticles 10-50nm 

0.68M calcined Nanosheets 20-40nm thickness, 700-800nm width & 1-

1.5µm length. 

0.05M calcined Nanoplates 50-100nm 

 Nanosheets 150nm width, 

 

3.3.6 Ammonia Sensing 

  

Figure 3-6: (a) Sensing data for ammonia at 485⁰C (b) Sensitivity plot for ammonia 

 

Nanosheets obtained from calcined 0.68M particles were tested for ammonia sensor 

operated at 485⁰C in extra dry air and ammonia in the concentration (denoted by C on graphs) of 

4ppm, 2.5ppm, 1ppm, and 0.5ppm. The sensors showed fast response time of 40 seconds. The 

sensing data is plotted against time, as can be seen in figure 3.6a; R (y1 axis) vs Time represents 
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the change in resistance when a signal of ammonia was introduced, C (y2 axis) vs Time represents 

the times when a 3 second pulse of ammonia was introduced. The sensors were found to show 

high sensitivity, the sensitivity of the sensors at different concentrations of ammonia is shown in 

figure 3.6b. 

3.4 Discussion 

 The particle phase and morphologies were greatly affected by the concentration of solute 

and percentage of organic solvent in the precursor. Large particle sizes were observed for solution 

with higher concentration of solute and aqueous solution. For 0.68M solution the particles formed 

were micron sized and hollow, with a shell structure, as noticed via SEM. The formation of hollow 

micron particles were due to an inhomogeneous aqueous solution. The temperature of operation 

was significantly lowered due to presence of water in the solution, the lower temperatures 

prevented complete vaporization of particles and led to the formation of an intermed iate 

ammonium molybdenum oxide phase. The particles synthesized using a 0.05M solution also 

showed inclusion of some shell like hollow particles, based on the results from 0.68M solution it 

can be said that these particles were made of ammonium molybdenum oxide. Large amount of 

nano-sized particles were noticed via SEM analysis. These particles were amorphous in nature as 

confirmed by TEM. Since there was a higher amount of organic solvent in the 0.05M precursor 

solution, nano-sized particles were formed. The formation of these nano-sized particles can be 

attributed to the organic additive decomposition during sintering process. The process map for 

formation of particles through FSP is shown in fig. 3.7. 

 Upon heat treatment at 500ᵒC, as-synthesized powders from both 0.68M and 0.05M 

solutions changed into α-MoO3. The phase was verified by XRD and SAED studies. The 

morphology of the calcined 0.68M particles were in the form of nanosheets. Such morphology was 

reported earlier for flame synthesized MoO3 in doped form[15] and by our group for MoO3 

obtained after thermal degradation of electrospun mats[2] .  The formation of the nanosheets is due 

to the low energy configuration for α-MoO3 particles. The thermodynamically stable form consists 

of  2 similar chains of MoO6 octahedra aligned in ab configuration[21]. Similar trend was observed 

upon calcination of as-synthesized particles from 0.05M solution. However, three different 

morphologies in the form of nanosheets and nanoplates were observed. The formation of 

nanosheets was a result of oxidation and rearrangement of micron sized ammonium molybdenum 
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oxide particles, as was the case for particles obtained from 0.68M solution. The formation of 

nanoplates can be attributed to the crystallization of nano-sized particles in the as-synthesized 

powders.  

 

Figure 3-7: Process map for fsp of Mo-precursors 

  For the sensing experiments, the sensors showed a fast response to ammonia, with 

a significant lowering of the resistance of the material (high sensitivity), even at low gas 

concentrations (low detection limit). Most of the earlier reported MoO3 based ammonia sensors 

have been shown to detect 10ppm or higher concentrations of ammonia. Gouma et al.[14] have 

been able to detect concentrations of ammonia down to 50ppb using spin coated MoO3 synthesized 

through sol-gel process. The current flame-synthesized sensor wasn’t tested for such low 

concentrations, however, when the two sensors are compared for their sensitivity for 1ppm of 

ammonia; the flame synthesized sensors show a slightly better sensitivity (0.2) compared to the 

spin-coated one (.14).   The sol-gel derived sensor showed a sensitivity of 0.01 at 50ppb 

concentrations; the FSP-processed sensor by extrapolation of the sensitivity graph is expected to 
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reach 0.01. The comparable performance of the FSP derived sensor to sol gel may open the path 

for the scalable synthesis of ammonia sensors for use in fields like breath-based diagnostics [14].  

In its current form, the flame synthesized sensors show a sensitivity of .005 at 500ppb range and 

can find applications in automotive industry to monitor emissions from the selective catalytic 

system in the exhaust of automobiles[22, 23]. 

3.5 Conclusion 

Our study successfully demonstrates the synthesis of pure un-doped α-MoO3 through flame spray 

pyrolysis process. The size and morphology of α-MoO3 can be controlled through the 

concentration of solute and organic solvent in the precursor solution. The sensors obtained show 

fast response and recovery times, good sensing resolution and high sensitivity at low 

concentrations of ammonia. Moreover the sensing results were found comparable to sol gel derived 

sensor developed for breath diagnostics. Hence, the synthesis method opens the pathway for 

commercial synthesis of α-MoO3 sensors for breath diagnostics.  
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Chapter 4: Effect of precursor solution on flame spray synthesis of ε-WO3 polymorphs  

 

4.1 Introduction 

 WO3 is a well-studied material due to its variety of applications and polymorphic states. In 

bulk, it exhibits a monoclinic ε-phase between the temperature ranges of -273°C to -40°C; a 

triclinic δ-phase is found between -40°C to 17°C. The stable phase for WO3 at room temperature 

is the monoclinic γ-phase that exists between the temperature ranges of 17-330°C. Over the 

temperature range of 330ºC WO3 exhibits two more crystalline states which are an orthorhombic 

β-phase (330-740°C) and a tetragonal α-phase (740-900°C)[1]. Two metastable phases also exist 

for WO3 which are a hexagonal phase[2] and a cubic phase[3].  

 Compared with the other five phases of tungsten trioxide, ε – phase has unique physical 

properties such as its ferroelectric nature[1], anisotropic electrical transport properties[4], and has 

an dipole moment [5]. These unique physical properties are derived from its structure.  

 The ε phase of WO3 has a quite different structure from any other stable phase, which is 

exactly the truth. Like other stable phases, ε-WO3 can also be treated as the distortion of an ideal 

ReO3-like structure. However, different from other phases, such distortion does not occur only 

between adjacent [WO6] units, but also inside every unit. For ε-phase the shifts in the negative z 

direction are larger than those in the positive z direction[4, 5]. Because of the inequality of shifts 

in the z direction, a net spontaneous polarization develops. This is the origin of the ferroelectric ity 

in the ε phase. The ferroelectric property and dipole moment exhibited by the ε-WO3 enable them 

to act as a selective gas sensor for acetone detection[6].  

 Various techniques have been used for the synthesis of ε-WO3. The techniques used are 

pulsed laser deposition[7], pulsed spray pyrolysis[8], facile solvothermal method[9], Reactive 

magnetron sputtering[10] and flame spray pyrolysis[6, 11]. Among the various processes used, 

FSP is the most attractive process for synthesis of ε-WO3 due to its self-sustaining and high 

temperature flame, use of less volatile precursors, large temperature gradients, and scalability.

 The current literature on ε–WO3, with high phase content and thermal stability, require 

dopants for stabilization of the polymorph, the addition of dopants might significantly hamper the 

properties of the polymorph. FSP has been used for synthesis of ε–WO3 in pure form, however, 

the resulting material had low % ε–WO3 content and transformed into γ-WO3 upon annealing. The 

transformation of gamma was associated with increase in particles size. In this study, we aim at 
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synthesizing ε-phase from fsp without doping by taking precursor dynamics and particle formation 

mechanism into account. A tungsten isopropoxide sol is used, which is a preferred compound for 

flame synthesis[12]. For comparison studies, 10% Cr-doped materials are also synthesized.   

  

4.2 Experimental Methods 

 

Two different precursor solutions were prepared for FSP synthesis of WO3. 

I. Tungsten Isopropoxide in Iso-propanol 

To prepare the precursor solution, Tungsten isopropoxide (W-iso) was dissolve in 2-propanol 

in 0.38 M concentration in N2 filled glove box. Selection of Tungsten isopropoxide was due to its 

combustible nature (455ºC) which facilitates gas phase mechanism for FSP and leads to formation 

of nanoparticles. Iso-propanol was selected as a solvent to avoid reaction between the solute and 

solvent. The solution was stirred using an ultrasonicator and aged for 24h before being fed in the 

FSP. 

 

II. Ammonium tungstate with 10% Chromium acetyl-acetonate in diethylene glycol 

monobutyl ether/ethanol 

The recipe used here has been used earlier by our group[13]. Precursor solutions are 

prepared from ammonium tungstate hydrate (H26N6O41W12, Aldrich, purity >97%) diluted (0.4 

mol/l of tungsten ions) in a 3:2 (volume ratio) mixture of diethylene glycol monbutyl ether 

(C8H18O3 Fluka, >98.5%) and ethanol (C2H6O, Fluka, >99.5%). Chromium (III) acetyl-

acetonate ((C5H7O2)3Cr) is used for Cr doping. These materials are added into the precursor 

solution with 10%molar ratios to ammonium tungstate hydrate, but keep the total concentration of 

metal ions constant at 0.4 mol/l. 

 For FSP synthesis, the solutions were filled in a syringe and fed into the FSP system at a 

rate of 5ml/min. The flame comprised of 1.5 slm (standard liters per minute) methane and 3.0 slm 

oxygen gas. A 5slm oxygen gas flow was used as dispersion gas. The particles were calcined at 

500ºC. 

 The as-synthesized Cr-doped powders were characterized using Scanning Electron 

Microscopy (SEM, LEO 1550) with EDS. Transmission Electron Microscopy (TEM, JEOL 1400) 
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and selected area electron diffraction was carried out on both as synthesized and calcined samples. 

FTIR and DSC was conducted on the as synthesized samples. The particles, both as synthesized 

and calcined, were also characterized using XRD (Rigaku Miniflex II) and UV-Vis (Lambda 950). 

 

4.3 Results 

4.3.1 X-Ray Diffraction 

 

Figure 4-1: X-ray diffraction pattern for (a) As-synthesized pure WO3 (b) calcined pure WO3 (c) 

As-synthesized Cr-doped WO3 (d) calcined Cr-doped WO3 

  

XRD on the powders resulted in a mixed γ-WO3 (JCPDS 83-950, monoclinic WO3) and ε-

WO3 phases (JCPDS 23-87-2386, monoclinic WO3). The characteristic peaks for ε-WO3 are 

labelled in Figure 4.1, the characteristic peak for γ-WO3 is denoted with a γ and is for (120) plane.  

The percentages of each phase was calculated using Reference Intensity Ratio method (RIR). 
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Scherrer’s formula was used to calculate the crystalline sizes for each phase. Table 4.1 lists the 

percentage and crystalline sizes of γ-WO3 and ε-WO3 in each sample.  

 

Table 4-1: Phase content and size of WO3 nanopowders based on the XRD data 

Sample Phase % Crystalline size (nm) 

 γ ε γ ε 

Pure WO3 assynthesized 55 45 22 11.5 

Pure WO3 calcined 58 42 31 14 

WO3 Cr-doped assynthesized 61 39 34 13 

WO3 Cr-doped calcined 61 39 40 14 

 

 

4.3.2 Scanning Electron Microscopy 
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Figure 4-2: (a) Scanning Electron Micrograph for Cr-doped WO3 (b) EDS for Cr-doped WO3 

Due to small size of the particles, SEM imaging did not yield any information on the 

morphology. Figure 4.2(a) shows the Cr-doped particles.  EDS was conducted on Cr-doped WO3 

to confirm inclusion of Cr in the FSP synthesized powders.  

 

4.3.3 Transmission Electron Microscopy 

  

 Figure 4.3 shows the transmission electron micrographs for as-synthesized (pure (a,b) and 

Cr-doped(c,d)) and calcined (pure (e,f) and Cr-doped(g,h)). All the particles were in form of 

nanospheres, however, two different size distributions were noticed. Table 4.2 lists the size 

distribution of the small and large particles.  

Table 4-2: Particle sizes of WO3 Nanopowders based on TEM images 

Sample Diameter for small spheres Diameter for large spheres 

WO3 isopropoxide assynthesized 10-20 nm 45nm 

WO3 Cr-doped assynthesized 10-20 nm 35nm 

WO3 isopropoxide calcined 10-25 nm 45nm 

WO3 Cr-doped calcined  10-20nm 35nm 
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 SAED pattern for all the samples matched the rings with JCPDS 87-2386 corresponding to 

the ε-WO3 phase (110, ̅112 and 114). A faint ring was noticed in all but calcined Cr-doped sample. 

The ring matched with JCPDS 83-950 and corresponds to γ-WO3 (̅112 plane). 
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Figure 4-3: TEM images and corresponding SAED patterns for (a,e) pure WO3 as-synthesized 
(b,f) Cr-doped WO3 as-synthesized (c,g) pure WO3 calcined and (d,h) Cr-doped WO3 calcined 

particles 

 

4.3.4 Fourier Transform Infrared Spectroscopy 

 

 

Figure 4-4: FTIR characterization of as-synthesized nanopowders 

  

Depending on the bonds present, Tungsten oxide compounds emit FTIR signal in the 780-

900 cm-1. The FTIR analysis carried out on the pure and Cr-doped particles resulted in overlapping 

of peaks in the 780-900 cm-1 region[14]. Thus no useful structural information was obtained for 

the particles from FTIR characterization. No evidence of entrapped carbon was found in the 
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samples. Both the samples showed peaks for metal hydratess in 3400-3500 cm-1 region, which are 

a common by-products during the synthesis of WO3[13]. 

    

4.3.5 Differential Scanning Calorimetry 

 

 

Figure 4-5: DSC (a) pure WO3 (b) Cr-doped WO3 

  

DSC was carried out on the as-synthesized samples in the 50-550 region. No phase 

transformation was noticed in the samples as was confirmed through XRD and SAED. Both the 

samples were held at 550ᵒC for 10mins. The absence of phase transformation at high temperature 

indicates thermal stability and opens up the potential application in the field of acetone 

breathalyzer. 

 

4.3.6 UV-Vis spectroscopy 

  

 The UV-Visible spectroscopy carried out to investigate the adsorption properties of pure 

and Cr-doped WO3 powders. The Cr-doped powders didn’t show a spike in absorbance in the UV-

Vis region. The addition of Cr in the powders results in a shift into IR region as has been reported 

earlier [15]. The pure WO3 samples showed a strong cutoff at 455nm wavelength. The bandgap 

energy was calculated using the formula (E) = h*C/λ. Where h:Planck constant = 6.63 x 10-34 J 

s, C: speed of light = 3.0 x 108m/s, λ: cutoff wavelength= 455 x 10-9m. The equation results the 
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band gap energy in joules and is divided by 1.6 x 10-19 to convert to eV ( 1eV = 1.6 x 10-19 joules).  

The calculated bandgap enegy was 2.73eV, which is within the range of reported bandgaps (2.4-

2.8eV) for WO3 compounds[16].  

Figure 4-6: UV-Vis spectra for pure and Cr-doped WO3 particles. 

 

4.4 Discussion 

 Earlier studies have reported the particle size to play an important role in formation of ε-

WO3 polymorphs[6]. Similar trend was observed for the particles here as per the crystalline sizes 

calculated from XRD patterns for ε-WO3 in as-synthesized samples (pure WO3 11.55nm and Cr-

doped 14 nm) and γ-WO3 (pure WO3 21.79 nm and Cr-doped 30.88 nm). Analysis of TEM 

micrographs also gave 2 size distributions. Based on the literature and crystalline sizes, it is safe 

to assume that the smaller particles in the size range of 10-20nm were of ε-WO3. The particles for 

γ -WO3 40-50nm in size for pure and 30-40nm in size for Cr-doped WO3. 
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 To understand the formation of ε-WO3, it is important to understand the formation 

dynamics of particles through FSP. The size of particles formed in FSP depend on ODOP (one 

droplet to one particle),ODMP (one droplet to multiple particles) or gas phase transition[17]. For 

homogenous solutions, ODOP results in formation of uniform particle sizes in submicron or 

micron range, while ODMP and gas phase result in nanosized particles.  Due to combustible nature 

of tungsten- isopropoxide, gas phase mechanism is preferred by fsp.  Both the processes follow gas 

phase mechanism as the precursors easily transform into vapor phase at higher temperatures (500-

600ºC). Tungsten isopropoxide is combustible at 500ºC, the combustion gives rise to an 

exothermic reaction and leads to formation of tungsten vapors and decomposed organic precursors. 

The vapors are readily oxidized into WO3 vapors, which then undergo nucleation and 

agglomeration. The Cr-doped powders are vaporized into W vapors at ~600ºC, the decomposition 

of the precursor is an endothermic reaction, and follow the same route as W vapors generated from 

tungsten isopropoxide solution.  Figure 4.7 shows the process map for formation of WO3 powders 

through FSP. 

 

Figure 4-7: process map for formation of WO3 particles through fsp 
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 The final size of the crystallites depend on the residence time and operating parameters, 

these are precursor composition, fuel and oxidant flow rate and size of droplet and flame[18]. A 

direct relation between oxidant flow-rate was noticed for Cr-doped particles. The particles reported 

here were slightly smaller compared to the particles reported in the literature [13]. The formation 

of ε-WO3 particles can further be explained. The precursor solutions upon entering the flame lead 

to atomization and oxidation of W atoms. The existence of large temperature gradient prefers the 

formation of ε-WO3 particles. The particles undergo nucleation, coagulation & agglomeration. The 

particle size depends on the residence time, which relates to the time the particles spend in the 

chamber upon atomization. A shorter residence time gives rise to small particle sizes and thus a 

stabilized ε-WO3 is received. The formation of γ phase occurs once the critical crystallite size for 

the particles is crossed, this critical size can be calculated using a heuristic model[19]. 

 Flame spray synthesis was used to produce WO3 compounds using WCl6 in 

tetrahydrofuran[20]. The particle sizes were in the range of 7-10nm. However, particles 

synthesized here were γ-WO3. Formation of γ-WO3 even with a small particle size can be related 

to the residence time and ODMP. The reaction between WCl6 and tetrahydrofuran (thf) leads to 

formation of WOCl4(thf) and dichloromethane[21]. The attachment of organic ligand enables the 

precursor to undergo ODMP and form small particle sizes. However, the low boiling point of 

dichloromethane (39.6ᵒC) leads to higher residence time and transformation of the particles into 

γ-phase. In this study the relative high boiling points of iso-propanol (82.6ᵒC) and ethanol 

(78.37ᵒC) ensure less residence time and hence result in formation of ε-WO3 particles. 

 The percentage of ε phase was slightly higher in pure WO3 compared to Cr-doped WO3. 

The concentration of metal ions in the isopropoxide solution was slightly lower compared to Cr-

doped solution. However, the precursor salt also played an important role in formation of higher ε 

phase content. The exothermic reaction from the combustion of tungsten isopropoxide gives rise 

to a higher temperature gradient compared to the endothermic decomposition of ammonium salt . 

The high temperature gradient favors the formation of ε-phase by delaying the nucleation and 

yielding lower residence time. 

 Heat treatment of the synthesized particles led to grain coarsening and a slight increase in 

crystallite size. The pure WO3 powders saw a drop in % ε-WO3 content. Once the crystallites for 

ε-phase cross the critical size barrier, a transformation into γ phase occurred. No drop was noticed 

in case of Cr-doped powders, as chromium controls the particle size thereby favoring the ε-phase.   
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4.5 Conclusion 

 Flame spray pyrolysis allowed us to synthesize ε-WO3 nanopowders with a controlled 

phase distribution. Use of tungsten isopropoxide precursor resulted with greater % ε-WO3 content 

compared to the Cr-doped WO3 nanopowders. The pure WO3 particles showed a greater phase 

stability upon calcination compared to those reported in the literature. The results discussed here 

provides the possibility that the material obtained may be used to develop the next generation of 

hand-held breathalyzer for breath acetone monitoring. With a band gap energy of 2.73eV, the pure 

WO3 compounds can also be applied as visible light photocatalysts. 
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Chapter 5: Flame spray synthesis of VOPO4 Polymorphs 

5.1 Introduction 

  

Vanadium phosphates (VOPO4) have gained some noted interest from researchers as 

functional oxide materials due to their outstanding catalytic and electronic properties. Among their 

various applications, they have been studied as catalysts for hydrocarbons[1-4], where the +5 

valence state of Vanadium is important in extraction of hydrogen atom from alkanes[5].  Apart 

from their applications in catalysis, Vanadium Phosphates also find applications as electrode 

materials in Lithium-ion batteries [6-8] and Sodium-ion batteries [9, 10], pseudocapacitors [11, 

12] and sensors [13, 14]. The variety of applications of VOPO4 can be related to the various 

polymorphs exhibited by the compound. 

 There are seven reported polymorphs for VOPO4. Among these polymorphs, four exhibit 

tetragonal structure (α1, α2, δ and ω), two exhibit orthorhombic structure (β and γ) and one 

monoclinic structure (ε) [15]. Among these polymorphs, β-VOPO4 has the lowest energy 

configuration. However, these polymorphs have been synthesized using various routes, although, 

due to close relation in the structures of all the polymorphs and their low energy difference, 

obtaining a single phase is almost impossible[15].  The various techniques applied for synthesis of 

VOPO4 compounds are solvothermal synthesis [16, 17] solid state interactions [18, 19], and 

electrochemical synthesis[20]. However, all these methods result either in big particle size and 

aren’t commercially feasible due to their lengthy processing times.  

 In this chapter, we investigate the FSP-based synthesis of VOPO4 powders. The 

methodology used to produce particles at a laboratory based FSP setup, can be transferred to a 

foundry for the bulk synthesis of the material. Aeroxide P25 Titania, from Evonik industr ies, 

provides evidence for the scalable oxide synthesis via flame aerosol technique. Apart from the 

commercial aspect, the advantage of flame spray synthesis lies in ease of fabrication, elimina tion 

for the use of expensive raw materials, uniform size distribution and high purity of product. Flame 

synthesized particles have small particle sizes and high surface area: volume ratios, which is 

desirable for catalysis and electrochemical equations. 

For this study, aqueous solutions are used with two different organic components as 

precursors for FSP process. Ammonium vandate and ammonium dihydrogen phosphate were 

chosen as the precursor solutes due to close proximity of their melting temperatures. The solutes 

were dissolved in water to obtain homogenous mixture. Addition of sucrose/DMF is to generate a 
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self-sustainable process. The obtained powders are then characterized using XRD, TGA-DTA, 

SEM, TEM with SAED, and FTIR for their crystallographic phases, morphologies, chemical 

compositions and thermal stability.  

 

5.2 Experimental methods 

5.2.1 FSP VOPO4 using aqueous solution with sucrose 

Precursor solution was prepared using ammonium vandate (1.17g) and ammonium 

dihydrogen phosphate (1.15g). The salts were mixed in 100 ml deionized water bringing the 

concentration of the solution to 0.1M. 1.5g of sucrose was added to the solution as an organic 

component. The addition of organic component was to produce a self-sustaining flame during the 

FSP process. The solution was stirred at 600 RPM and maintained at 60ºC using a heated magnetic 

stirrer until a homogenous mixture was obtained. The solution was aged for a day and then fed 

into the FSP system (Tethis NPS 10). For fsp process, the flame was generated using methane and 

oxygen; 1.5slm methane and 3.0slm oxygen was used; 5slm oxygen was used as dispersion gas, 

the solution feed rate was 5ml. The particles were collected on a glass fiber filter.  The powders 

were calcined at 500 ºC for 8 hours. 

5.2.2 FSP VOPO4 using aqueous solution with DMF 

Precursor solution was prepared using ammonium vandate (1.17g) and ammonium 

dihydrogen phosphate (1.15g). The salts were mixed in 80 ml deionized water bringing the 

concentration of the solution to 0.1M. The solution was stirred at 600 RPM and maintained at 60ºC 

using a heated magnetic stirrer until a homogenous mixture was obtained. The solution was then 

aged for a day. Upon aging, 20ml DMF was added to the solution and it was then fed into the FSP 

system (Tethis NPS 10). For fsp process, the flame was generated using methane and oxygen; 

1.5slm methane and 3.0slm oxygen was used; 5slm oxygen was used as dispersion gas, the solution 

feed rate was 5ml. The particles were collected on a glass fiber filter.  The powders were calcined 

at 500 ºC for 8 hours. 

5.2.3 Material Characterization 

The powders were characterized using Scanning Electron Microscopy (SEM, LEO 1550), 

Transmission Electron Microscopy (TEM, JEOL 1400) and selected area electron diffraction was 

carried out on both as synthesized and calcined samples. Thermogravimetric analysis (TGA, 

Perkin Elmer Diamond) was conducted on the as-synthesized samples. The particles, both as-
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synthesized and calcined, were also characterized using XRD (Rigaku Miniflex II) and FTIR 

(Thermo Scientific Nicolet 6700).  

 

5.3 Results 

5.3.1 X-Ray Characterization 

 Figure 6.1 shows the XRD characterization of FSP synthesized powders. The as-

synthesized particles were highly amorphous in nature. Although some crystallinity was obtained. 

The powders synthesized using a sucrose based solution, matched with JCPDS 36-0054 for 

Ammonium Vanadyl Hydrogen phosphate hydrate (NH4VOVO2(HPO4)2.1.5H2O) and are denoted 

by a letter A in figure 5.1a . Figure 5.1a also shows the pattern for powders synthesized using a 

DMF based solution. The pattern showed a mixed system and matched with JCPDS 36-0054 for 

Ammonium Vanadyl Hydrogen phosphate hydrate(denoted by A) and JCPDS 34-1247 for 

tetragonal VOPO4 system(L→R denoted by α, 200 and 301 planes ). The tetragonal VOPO4 system 

was identified to be αII-VOPO4 based on the lattice parameters[21].  

 

 

Figure 5-1: Results of XRD analysis of (a) as-synthesized and (b) calcined powders (A: 

Ammonium Vanadyl Hydrogen phosphate hydrate (NH4VOVO2(HPO4)2.1.5H2O), α: α-VOPO4, 
β: β- VOPO4, δ: δ- VOPO4) 

 Figure 5.1b shows the XRD characterization of calcined FSP synthesized powders. Both 

the powders resulted in mixed phases. In case calcined powders for sucrose based solutions, the 

peaks from XRD pattern were found to be orthorhombic β-VOPO4 (JCPDS 71-0859) and 

tetragonal αII-VOPO4 (JCPDS 34-1247). The peaks for β-VOPO4 are denoted by β (L→R: 011, 
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002, 201, 221, 031, 400, and 040 planes) and the peaks for peaks for αII-VOPO4 are denoted by α 

(L→R: 101, 200, 220, and 132 planes). For calcined powders for DMF based solutions, the peaks 

from XRD pattern were found to be tetragonal δ-VOPO4 (JCPDS 47-0951) and tetragonal αII-

VOPO4 (JCPDS 34-1247). The peaks for δ-VOPO4 are denoted by δ (L→R: 002, 111, 012, 022, 

031, 214, and 106 planes) and the peaks for peaks for αII-VOPO4 are denoted by α (L→R: 101, 

111, 200, 220, 112, 301, 311, and 420 planes). 

 The relative phase content was calculated using peak intensity ratios for all the samples. 

Quantitative analysis for crystallite size determination was conducted using Scherrer’s formula. 

Table 5.1 lists the phase content and their crystallite sizes. 

Table 5-1  Phase content and crystallite sizes for FSP VOPO4 

Sample Polymorph % phase Crystallite size (nm) 

Suc- assynthesized NH4VOVO2(HPO4)2.1.5H2O 100 149.8 

DMF-assynthesized NH4VOVO2(HPO4)2.1.5H2O 52.4 32.6 

αII-VOPO4 47.6 19.9 

Suc- calcined β-VOPO4 45.7 26.3 

αII-VOPO4 54.3 24.6 

DMF- calcined δ-VOPO4 42.43 24.3 

αII-VOPO4 57.57 21.7 

 

5.3.2 Thermal Analysis 

 TGA-DTA was conducted on as-synthesized samples in the range of RT-550ᵒC under 

oxygen atmosphere. Figure 5.2 shows the plot for (a) powders synthesized using sucrose based 

solution and (b) powders synthesized using DMF based solution.  

 Powders synthesized using sucrose based solution show a drop in weight with increase in 

temperature. The weight loss can be associated with the release of ammonia and water by 
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decomposition of NH4VOVO2(HPO4)2.1.5H2O and formation of VOPO4 structures. The DTA 

signals show two exothermic changes at 260ᵒC and 540ᵒC, these changes can be associated with 

formation of β-VOPO4 and αII-VOPO4. 

 

Figure 5-2: TGA-DTA analysis for (a) FSP powders with sucrose (b) FSP powders with DMF 

 Powders synthesized using DMF based solution show a drop in weight with increase in 

temperature. Similar to the sucrose based solutions, the weight loss can be associated with the 

release of ammonia and water by decomposition of NH4VOVO2(HPO4)2.1.5H2O and formation of 

VOPO4 structures. The weight drop stops at 420ᵒC and a slight spike in weight is noticed between 

420-550ᵒC regions. The DTA signals shows an exothermic change 420ᵒC.  Since the as-

synthesized particles were a mixture of Vanadyl Hydrogen phosphate hydrate & αII-VOPO4, which 

resulted in formation αII-VOPO4 and δ-VOPO4. The exothermic reaction at 420ᵒC can be 

associated to the formation of δ-VOPO4.   

5.3.3 Fourier Transform Infrared Spectroscopy 

FTIR was conducted on all the samples in the range of 500-4000 cm-1 region. The signal 

received below 500 had too much noise. Figure 6.3 shows the FTIR spectra for (a) powders 

obtained sucrose based solution (as-synthesized and calcined) and (b) powders obtained DMF 

based solution (as-synthesized and calcined).  

For the as-synthesized particles from sucrose based solution, the peaks were obtained at 

569, 1040, 1424, 1654 and a broad peak in 3200 cm-1 region. The peak at 1424 cm-1 and the broad 

peak at 3200 cm-1 correspond to N-H bending vibrations[22]. The peak at 1654 cm-1 indicated 

inclusion of water. The strong peak at 1040 cm-1 belongs to P-O[23] vibrations and the peak at 569 
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cm-1 can be associated to V-O-V rotational vibrations[24]. Upon calcination the FTIR spectra for 

the calcined powders revealed peaks at 559, 673, 903, 949, shoulder at 1080, 1614 and a broad 

peak at 3344 cm-1. The broad peak at 3344 cm-1 and the peak at 1614 cm-1 correspond to N-H 

bending vibrations[22] and signify presence of undecomposed ammonia. The V-O-V rotational 

vibrations observed 559 cm-1 is observed at 569 cm-1 in the calcined sample. Similarly, the peak 

for P-O vibrations observed at 1040 cm-1 is observed at 1080 cm-1. New peaks were observed at 

673, 903 and 949cm-1. The peak at 673 can be associated with metaphosphate[22]. The peaks in 

903 and 949 cm-1 region belong to the V=O vibrations[25]. The different peak position signify a 

shift in the V=O bonds, the shift can be associated with the presence of two phases.  

 

Figure 5-3: FTIR images for (a) as-synthesized and calcined FSP DMF powders (b) as 
synthesized and calcined FSP sucrose powders 

For the as-synthesized particles from DMF based solution, the peaks were obtained at 566, 

676, 879, 941 1064, 1426, 1644 and a broad peak in 3200 cm-1 region. The peak at 1426 cm-1 and 

the broad peak at 3200 cm-1 correspond to N-H bending vibrations as was the as-synthesized 

particles from sucrose solution. Similarly the peak at 1644 cm-1 indicated inclusion of water. The 

peak at 1040 cm-1 belongs to P-O vibrations, the peak at 941 belongs to V=O vibrations and the 

peak at 566 cm-1 can be associated to V-O-V rotational vibrations. The peak observed at 873 cm-1 

correspond to orthovandates[22]. Upon calcination the FTIR spectra for the calcined powders 

revealed peaks at 560, 674, 939, shoulder at 1020, 1428, 1612 and a broad peak at 3254 cm-1. The 

broad peak at 3254 cm-1 and the peak at 1612 cm-1 correspond to N-H bending vibrations[22] and 

signify slight presence of undecomposed ammonia. The V-O-V rotational vibrations observed at 

566 cm-1 is observed at 560 cm-1 in the calcined sample. Similarly, the peak for P-O vibrations 
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observed at 1040 cm-1 is observed at 1020 cm-1, the peak for V=O vibrations observed at 941 cm-

1 shifts to 939 cm-1, the metaphosphate peak shifts from 676 cm-1 to 674 cm-1. A slight shift in 

peak positions and absence of new peaks indicate that no major change occurred in the structure 

upon heat treatment.  

 

5.3.4 Scanning Electron Microscopy 

 

I. As-synthesized Samples 

 

The as-synthesized particles were characterized by SEM and the particle morphology was 

analyzed. Figure 6.4 show the SEM images for as-synthesized particles. For the particles 

synthesized using sucrose based precursor (figure 6.4 a, b, and c), the particle morphology was in 

the form of sphere. Two different sizes were obtained, the large spheres were hollow and in the 

size range of 2-10μm. From high resolution imaging (figure 6.4c). The thickness of these was 

found to be in the range of 100-150nm. The smaller spheres were solid and in the size range of 

200-300nm.  For the particles synthesized using DMF based precursor (figure 6.4 d,e, and f), the 

particles were found to be spheres. Similar to the as-synthesized particles from sucrose based 

solutions, two different size range were noticed. The large spheres were found to be 2-5 μm with 

a thickness of 50-80nm. Smaller sized particles were obtained in the range of 50-200nm. 
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Figure 5-4: Scanning electron microscopy images for as-synthesized particles from (a,b,c) sucrose 
based solutions (d,e,f,) DMF based solutions 

 

 

 

 

II. Calcined Samples 

The calcined particles were characterized by SEM and the effect of heat-treatment on particle 

morphology was analyzed. Figure 5.5 show the SEM images for calcined particles. The particle 

morphology obtained for calcined particles from sucrose solution (fig.5.5 a,b,c) was similar to that 

of as-synthesized samples. The surface of hollow particles was analyzed using a higher resolution 

and revealed formation of smaller grains on the surface as opposed to an eggshell type of structure 
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for as-synthesized particles. High resolution imaging (fig. 5.5c) revealed the grain sizes to be in 

order of 80-150nm. The particle morphology obtained for calcined particles from DMF solution 

(fig.5.5 d,e,f) was similar to that of as-synthesized samples. However, the grains observed on the 

surface were found to represent a lamellar structure (fig. 5.5f).  

 

 
Figure 5-5: Scanning electron microscopy images for calcined particles from (a,b,c) sucrose 
based solutions (d,e,f,) DMF based solutions 

 

5.3.5 Transmission electron microscopy  

I. As-synthesized particles 
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 Transmission electron microscopy with selected area electron diffraction was conducted 

on all samples. The TEM imaging of as-synthesized particles from sucrose based solution showed 

thick spherical particles (fig. 5.6 a,b). The particles over the size of 1µm were hollow. SAED 

pattern didn’t result in any rings (fig. 5.6c), indicating the particles were amorphous. In case of as-

synthesized particles from DMF based solution solid spheres in the range of 100-200nm were 

noticed. No micron sized particles were noticed, however, thin walled shell structures were 

observed; indicating disintegration of hollow spheres that were noticed in SEM. SAED pattern on 

solid spheres resulted in rings that matched with JCPDS 34-1247 αII-VOPO4 (fig. 5.6f; 111 and 

220 planes). 

 

Figure 5-6: TEM images and corresponding SAED pattern for as-synthesized particles from 
(a,b,c) sucrose based solutions (d,e,f,) DMF based solutions 

 

II. Calcined particles 

 

The TEM imaging of calcined from sucrose based solution showed thin spherical disk like 

particles (fig. 5.7 a,b). The particle sizes for these disks ranged in the range of 40-300nm. SAED 

pattern on the disks resulted in rings that matched with JCPDS 34-1247 αII-VOPO4 (fig. 5.7c; 200 
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and 112 planes). No rings were found representing β-VOPO4, however, the imaging showed 

growth of lathes on the edges of the disks which might be associated to β-VOPO4. In case of 

calcined particles from DMF based solution the morphology was in form of rectangular 

nanosheets. The size of these sheets were in the range of 50-500nm in length. The particle sizes 

for these disks ranged in the range of 40-300nm. SAED pattern on the disks resulted in rings that 

matched with JCPDS 34-1247 αII-VOPO4 (fig. 5.7f; 200 and 112 planes). 

 

 

Figure 5-7: TEM images and corresponding SAED pattern for calcined particles from (a,b,c) 

sucrose based solutions (d,e,f,) DMF based solutions 

 

5.4 Discussion 

 The resultant powders from flame spray pyrolysis resulted contained a large amount of 

NH4VOVO2(HPO4)2.1.5H2O. The formation the compound can be attributed to the reaction 

between ammonium vandate and ammonium dihydrogen phosphate in aqueous medium. The 

particles formed from sucrose based solutions were in micron range and hollow, the formation of 

such particles these large particles were a result of precursors with low enthalpies coupled with 

high melting/decomposition points[26]. Moreover, due to the usage of an aqueous solution, the 
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temperature of the flame is significantly reduced for complete decomposition of particles. The 

addition of sucrose although helped as few submicron sized particles were noticed, which is the 

size range for aqueous based precursors[27]. The particle size were further reduced with the 

addition of DMF. The addition of DMF possibly resulted in formation two systems during 

atomization of precursors, one in aqueous medium and the other in organic medium. The formation 

secondary organic system led to temperature gradient high enough for the formation of αII-VOPO4. 

The process map for the formation of powders via fsp is shown in fig. 5.8. 

 

Figure 5-8: Process map for fsp synthesis of powders 

 Upon calcination of as-synthesized products, the resultant powders were a mixture of αII-

VOPO4 & β-VOPO4 and αII-VOPO4 and δ-VOPO4. According to DFT calculations, the β-VOPO4 

is the most stable configuration for VOPO4[21, 28]. However, according to DFT calculations, there 

is only a small difference in energy between VOPO4. Which suggest that temperature has little 

effect on phase transformation of VOPO4 polymorphs. Although it has been reported that a slight 

change in synthesis conditions[29]. The primary difference in VOPO4 structures occur in the form 

of V-O bond length, which in turn lead to different crystal structures and polymorphs. 
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 The mixed polymorphs obtained here can be associated with the precursor, where, the 

formation of NH4VOVO2(HPO4)2.1.5H2O leads to multiple polymorphs. The precursor salt 

contains two valence states for VO in the form of V(IV)O2- and V(V)O2
-. The Vanadium oxide 

with +5 valence state exhibits an orthovandate structure. Based on the results obtained, the 

orthovandate structure exhibits similar V-O bond length to αII-VOPO4. Hence, formation of αII-

VOPO4 was observed in all the samples. The formation of β and δ polymorphs, are a result of the 

transformation of the +4 valence state VO2- into a +5 valence state in an oxidative atmosphere. 

The oxidation leads to formation of V-O bond the length of which determines the formation of 

either β or δ polymorphs. The oxidation was noticed during the TGA analysis of particles 

synthesized with DMF precursor, where a slight increase in weight was observed at 420ᵒC.  

 In case of powders synthesized using sucrose solution, the VO2- transforms into the most 

stable state and thereby leads to the formation of β-VOPO4. The synthesis of the δ polymorph has 

been reported earlier from the thermal oxidation of a +4 valency Vanadium hydrogen phosphate 

compound[30]. The compound was held at 400ºC for 7 days for successful transformation into δ 

polymorphs. In this study, the lower particle size led to faster transformations.  

5.5 Conclusion 

 We have successfully demonstrated the formation of VOPO4 polymorphs with FSP 

process. The precursor used favors the formation of αII-VOPO4. Secondary phases are formed due 

to oxidation of lower valence state vanadium compound in the precursor. Particle size plays an 

important role in forming a polymorph upon oxidation of lower valence state compound. Smaller 

particle size favor formation of δ polymorph, whereas, large particle sizes tend to form β 

polymorph. Based on these results, other precursor compounds can be investigated towards 

formation of other polymorphs for VOPO4.  
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Chapter 6: Processing of and phase selection in oxide ceramics through FSP 

6.1 Scalable manufacturing through FSP 

 Large scale production of flame synthesized nanoparticles has been in existence for quite 

some time. Industries such as DuPont, Evonik (Degussa), Cabot, and Ishihara have been using 

flame aerosol technology to synthesize materials in millions of tons[1]. Some of the most notable 

industrial flame synthesized materials are Carbon blacks, SiO2, TiO2 and ZnO. These materials are 

then used for a variety of applications; TiO2 finds application in paint industry as a pigment, fumed 

SiO2 finds applications in cosmetics and food industries. The commercial synthesis of these 

materials uses VAFS[2], which require the need of volatile precursors for the synthesis of these 

materials. The advances in flame spray technology has negated the requirement for use of volatile 

precursors.    

6.2 Factors affecting polymorph formation 

Different polymorphs can exhibit different properties, therefore, synthesis of phase-pure materials 

often becomes a necessity. Currently, no real time techniques exist to determine the polymorphic 

formation of particle phase composition. However, the formation of polymorphs can be related to 

the high temperature synthesis and rapid quenching of the flame synthesized particles.  

 The limitation of polymorph formation lies within the thermodynamics and kinetics of 

phase formation, where, only polymorphs exhibiting lowest Gibbs free energy at high temperatures 

can be stabilized and obtained at room temperature with rapid quenching from their high 

temperature states. The rapid quenching from high temperature state has allowed formation of 

metastable polymorphs at room temperature, the examples include monoclinic BaCO3 [3], 

Tetragonal ZrO2 [4], ε-WO3 [5], etc. to name a few. The formation of these metastable phases have 

been related to high flame temperature (~3000ᵒC) and fast cooling rate, conditions that cannot be 

achieved through conventional solvothermal techniques.  

 Fast quenching can also result in formation of amorphous structures due to insuffic ient 

time for formation of crystalline structure through vapor phase. Such amorphous structures have 

been reported in case of FePO4 [6] and were witnessed in this thesis during synthesis of MoO3 

with 0.05M concentration and VOPO4. The amorphous materials then require additional treatment 

(calcination) to obtain crystalline form.  
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 The factors that govern stabilization of a polymorph through FSP are temperature, particle 

size and residence time. These factors are interrelated and depend on the precursor and process 

parameters. The effect of these parameters is discussed below.  

I. Particle size, Temperature gradient and Residence time:  

 The particles synthesized through FSP are either aggregates (sinter bonded) or 

agglomerates (physically bonded). The size of particles are affected by the synthesis temperature 

and concentration of the precursor. The temperature for synthesis can be controlled by the amount 

of fuel supplied to generate and operate the flame during synthesis. However, for FSP the precursor 

plays an important role in regulating the temperature. The combustion enthalpies of the solute and 

solvent govern the real operating temperature of the process. 

 Organic compounds are desirable for high temperature synthesis through FSP, the heat of 

combustion from organic compounds makes the process self-sustainable and leads to higher 

temperature gradient. The high temperature gradient lowers the residence time of the particles, as 

a shorter time is allowed for particles to aggregate from start of nucleation. The residence times 

can also be lowered by introducing a quenching gas, cold air o O2 are usually used as quenching 

gases to shorten the residence time and aggregation rate in FSP[7, 8].  

 

6.3 Precursor selection 

The selection of liquid precursor is an important step in FSP particle synthesis. The selection 

of metallic precursor and solvent should be performed with keeping various factors in mind, such 

as, melting/decomposition temperatures, miscibility and chemical stability. These factors govern 

the overall particle formation in flame. Nitrates, actetates and acetylacetonates are the natural 

choices for FSP as they were economical and readily available. However, they do not always yield 

homogeneous morphology[9].  

The low combustion enthalpies of precursors coupled with high melting points results in 

formation of in-homogenous particles[10]. However, this drawback can sometimes be remediated 

by processing parameters. Following is how the particle formation is affected by liquid precursor 

formulation. 
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Hollow particles are formed when the boiling point of solvent is less than the melting point of 

solute or if the metal precursor precipitates on the surface of solvent. These parameters can be 

overcome by providing sufficient heat to the precursor. For formation of homogenous particles the 

melting point of precursor solute should be lower than the boiling point of solvent.  

 

6.4 Precursor preparation and effect on polymorphic behavior 

I. MoO3 

For FSP synthesis of MoO3, Ammonium molybdate tetrahydrate was selected as a 

precursor of its low melting point (90ºC), non-volatile nature and ready availability. The precursors 

were dissolved in water to obtain a homogenous solution. Since aqueous based solution lower the 

flame temperature, due to endothermic breakdown of water at high temperatures, an organic 

solvent was added to the precursor in order to generate a self-sustainable process. For low 

concentration of solute, a differential layer was noticed relating to the amount of organic solvent 

in the total solution. Combustion of this layer generated molybdenum particles signifying reaction 

between the solute particles distributed in water and DMF.  

The particle phase and morphologies were greatly affected by the concentration of solute 

and percentage of organic solvent in the precursor. Large particle sizes were observed for solution 

with higher concentration of solute. For 0.68M solution the particles formed were micron sized 

and hollow, with a shell structure, as noticed via SEM. The formation of hollow micron particles 

were due to an inhomogeneous aqueous solution. The combustion enthalpy was significantly 

lowered due to presence of water in the solution, the lower combustion enthalpy prevented 

complete atomization of particles and led to the formation of an intermediate ammonium 

molybdenum oxide phase. The particles synthesized using a 0.05M solution also showed inclus ion 

of some shell like hollow particles, based on the results from 0.68M solution it can be said that 

these particles were made of ammonium molybdenum oxide. Large amount of nano-sized particles 

were noticed via SEM analysis. These particles were amorphous in nature as confirmed by SEM. 

Since there was a higher amount of organic solvent in the 0.05M precursor solution, nano-sized 

particles were formed. The formation of these nano-sized particles can be attributed to complete 

vaporization of the solute in flame. However, the nano particles formed were amorphous in nature, 

the formation of amorphous particles is due to rapid quenching, which in turn doesn’t allow the 
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particles to crystallize. The formation of β-MoO3 has earlier been obtained through low 

temperature synthesis[11]. The stability of α-MoO3 has been found to exist at temperatures as high 

as 800ºC[12]. The quenching of particles from a temperature higher than 800ºC is the cause for 

formation of amorphous particles.  

 The particles were stabilized in their crystalline form upon calcination at 500ᵒC, powders 

obtained from both 0.68M and 0.05M solutions changed into α-MoO3. The phase was verified by 

XRD and SAED studies. The morphology of the calcined 0.68M particles were in the form of 

nanosheets. Such morphology was reported earlier for flame synthesized MoO3 in doped form[13] 

and by our group for MoO3 obtained after thermal degradation of electrospun mats[14] .  The 

formation of the nanosheets is due to the low energy configuration for α-MoO3 particles. The 

thermodynamically stable form consists of  2 similar chains of MoO6 octahedra aligned in ab 

configuration[15]. Similar trend was observed upon calcination of as-synthesized particles from 

0.05M solution. However, three different morphologies in the form of nanosheets and nanoplates 

were observed. The formation of nanosheets was a result of oxidation and rearrangement of micron 

sized ammonium molybdenum oxide particles, as was the case for particles obtained from 0.68M 

solution. The formation of nanoplates can be attributed to the crystallization of nano-sized particles 

in the as-synthesized powders.  

 

II. ε-WO3 

Earlier studies have reported the particle size to play an important role in formation of ε-WO3 

polymorphs[5]. The selection of precursor was done in order to obtain a higher flame gradient and 

lower the residence time for the particles. Tungsten isopropoxide was used as a solute due to its 

combustible nature. The exothermic nature of the solute upon combustion aids in increasing the 

flame temperature and in turn lowers the residence time. For precursor solvent, iso-propanol was 

used. The selection of iso-propanol was done in order to prevent reaction between the isopropoxide 

chain and the solvent, as a breakdown of solute could affect the operating temperature of the 

process. 

To understand the formation of ε-WO3, it is important to understand the formation dynamics 

of particles through FSP. The size of particles formed in FSP depend on ODOP (one droplet to 
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one particle),ODMP (one droplet to multiple particles) or gas phase transition[16]. For 

homogenous solutions, ODOP results in formation of uniform particle sizes. Since two distinct 

particle sizes were obtained for the samples, the path followed by the process was likely the 

ODMP. This is due to the presence of an organic additive. The cracking of the additives during 

sintering process leads to formation of multiple particles and gives rise to a broad size distribution. 

Thus, the organic ligand attached to W atoms is responsible for the formation of multiple particles. 

For Cr-doped particles, the reaction between ammonium salts and diethylene glycol monobutyl 

ether/ethanol leads to formation of tungsten compounds attached to organic ligand from diethylene 

glycol monobutyl ether and NH4OH. The resulting organometallic compound exhibits solubility 

in ethanol. The addition of chromium acetylacetonate also plays an important role in facilita t ing 

ODMP and the formation of ε-phase[16]. 

The final size of the crystallites depend on various parameters for ODMP, these are precursor 

composition, fuel and oxidant flow rate and size of droplet and flame[17]. A direct relation 

between oxidant flow-rate was noticed for Cr-doped particles. The particles reported here were 

slightly smaller compared to the particles reported in the literature[18]. With the ODMP 

mechanism, the formation of ε-WO3 particles can further be explained. The precursor solutions 

upon entering the flame lead to vaporization and oxidation of W atoms. The existence of large 

temperature gradient prefers the formation of ε-WO3 particles. The particles undergo sintering 

process, coagulation & agglomeration. The particle size depends on the residence time, which 

relates to the time the particles spend in the chamber upon atomization. A shorter residence time 

gives rise to small particle sizes and thus a stabilized ε-WO3 is received. The formation of γ phase 

occurs once the critical crystallite size for the particles is crossed, this critical size can be calculated 

using a heuristic model[19]. 

 The percentage of ε phase was slightly higher in pure WO3 compared to Cr-doped WO3. 

The concentration of metal ions in the isopropoxide solution was slightly lower compared to Cr-

doped solution. However, the precursor salt also played an important role in formation of higher ε 

phase content. A W atom linked together with 6 iso-propoxide organic ligands, enables lower 

residence time compared to an organometallic-ammonium salt mixture; as was expected during 

the precursor selection.  
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III. VOPO4 

For synthesis of VOPO4, ammonium salts were used as precursors. Ammonium vandate 

and ammonium dihydrogen were used due to their ready availability and low melting points. The 

melting points for ammonium vandate and ammonium dihydrogen phosphate are close to each 

other which played a major role in their selection. The melting points enables reaction and mixing 

of the components and formation of mixed oxides in uniform composition. A large variation in 

melting points of the two systems can significantly impact the reaction of particles in flame and 

result in secondary compounds.  

The precursors were dissolved in water to obtain a homogenous solution. Ammonium 

dihydrogen phosphate was found to be insoluble in organic solvents at 0.1M concentrations. The 

homogeneity in solution was required in order to create homogenous droplets with equal 

concentrations of vanadium and phosphorous in order to obtain homogenous distribution in the 

processed particles. In order to make the process self-sustainable and generate a higher temperature 

gradient, organic precursors were added to the solution. The organic additives used were sucrose 

and DMF. The addition of components were to create a differential temperature gradient for the 

process and analyze their effect on the morphology and polymorphic nature of the flame 

synthesized particles.  

The resultant powders from flame spray pyrolysis resulted contained a large amount of 

NH4VOVO2(HPO4)2.1.5H2O. The formation the compound can be attributed to the reaction 

between ammonium vandate and ammonium dihydrogen phosphate in aqueous medium. The 

particles formed from sucrose based solutions were in micron range and hollow, the formation of 

such particles these large particles were a result of precursors with low enthalpies coupled with 

high melting/decomposition points[20]. Moreover, due to the usage of an aqueous solution, the 

temperature of the flame is significantly reduced for complete atomization of particles. The 

addition of sucrose although helped as few submicron sized particles were noticed, which is the 

size range for aqueous based precursors[16]. The particle size were further reduced with the 

addition of DMF. The addition of DMF possibly resulted in formation of organometa ll ic 

compounds which in turn leads to formation of nanosized particles. The formation of 

organometallics also led to atomization of the precursor and formation of αII-VOPO4.  
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 Upon calcination of as-synthesized products, the resultant powders were a mixture of αII-

VOPO4 & β-VOPO4 and αII-VOPO4 and δ-VOPO4. According to DFT calculations, the β-VOPO4 

is the most stable configuration for VOPO4 [21, 22]. However, according to DFT calculations, 

there is only a small difference in energy between VOPO4. Which suggest that temperature has 

little effect on phase transformation of VOPO4 polymorphs. Although it has been reported that a 

slight change in synthesis conditions[23]. The primary difference in VOPO4 structures occur in 

the form of V-O bond length, which in turn lead to different crystal structures and polymorphs. 

 The mixed polymorphs obtained here can be associated with the precursor, where, the 

formation of NH4VOVO2(HPO4)2.1.5H2O leads to multiple polymorphs. The precursor salt 

contains two valence states for VO in the form of V(IV)O2- and V(V)O2
-. The Vanadium oxide 

with +5 valence state exhibits an orthovandate structure. Based on the results obtained, the 

orthovandate structure exhibits similar V-O bond length to αII-VOPO4. Hence, formation of αII-

VOPO4 was observed in all the samples. The formation of β and δ polymorphs, are a result of the 

transformation of the +4 valence state VO2- into a +5 valence state in an oxidative atmosphere. 

The oxidation leads to formation of V-O bond the length of which determines the formation of 

either β or δ polymorphs. The oxidation was noticed during the TGA analysis of particles 

synthesized with DMF precursor, where a slight increase in weight was observed at 420ᵒC.  

 In case of powders synthesized using sucrose solution, the VO2- transforms into the most 

stable state and thereby leads to the formation of β-VOPO4. The synthesis of the δ polymorph has 

been reported earlier from the thermal oxidation of a +4 valency Vanadium hydrogen phosphate 

compound[24]. The compound was held at 400ᵒC for 7 days for successful transformation into δ 

polymorphs. In this study, the smaller particle sizes led to faster transformations.  

6.5 Polymorphic control through FSP 

 Based on the results obtained, it can be said that the precursor selection has a direct effect 

on the polymorphs formed through fsp. Organic precursors lead to high temperature gradients and 

ensure lower residence times. Particles stable in nanocrystalline form can be obtained at room 

temperature with quenching. The limitation of process lies in the fact that only polymorphs that 

exhibit stability at high temperatures can be quenched and stabilized at room temperature. In case 

of unavailability of any stable polymorphs at higher temperatures, quenching of the particles 

results in formation of amorphous compounds. These amorphous compounds then require a 



 

87 

 

secondary treatment, such as calcination, for formation of a stable polymorphs. The polymorphic 

formation in case of amorphous compounds, then depends on the particle sizes and thermodynamic 

conditions for formation of polymorphs at temperatures < melting point of the amorphous 

compounds. Even with secondary treatment, the particle sizes are retained (with negligible growth) 

and the calcined fsp particles are obtained with a homogenous size distribution; which is not the 

case for processing of these particles through conventional solvent based methods and calcinat ion.  

The use of aqueous based solutions and ammonium salts, lowers the operating temperature 

significantly. The lower temperature of operation results in formation of intermediate compounds 

and hollow micron sized particles. Similar to amorphous particles, these intermediate compounds 

can be converted into a stable oxide polymorphs with a secondary treatments, such as calcinat ion. 

The formation of stable polymorphs is again governed by thermodynamic conditions for formation 

of polymorphs at temperatures < melting point. In this study, the grain sizes of these intermed iate 

products were found to be in nanometers range. The smaller grain sizes resulted in breakdown of 

products upon calcination and nano-crystalline particles were obtained. The particles upon 

calcination were again found to exhibit homogenous size distribution. 

To formation of intermediate products can be eradicated with use of either organic 

precursors that increase the flame gradient and provide temperatures high enough for complete 

oxidation to occur. In case of unavailability of organic precursors, a higher fuel content for 

operation of flame will result in higher flame temperature. The higher flame temperature will assist 

with combustion, vaporization and reaction of the aqueous precursors during fsp process.    
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Chapter 7: Conclusion and future work 

  

In this thesis, it has been demonstrated that the processing parameters greatly affect the 

formation of polymorphic ceramics. Metastable polymorphs have been synthesized using FSP 

process. Self-supported structures have also been obtained through electrospinning process. 

Following key points have been made 

1. The precursor composition affects the polymorphic state of final products from the fsp. 

2. Inclusion of organic solvents/metallo-organic component to the precursor solution 

increases the temperature gradient and favors the formation of metastable polymorphs. 

This is the first effort to correlate the processing parameters and precursor dynamics with 

polymorphic states of ceramics processed through FSP. 

7.1 Conclusions 

 

I. Flame Spray Pyrolysis parameters 

 The precursor used for flame spray pyrolysis greatly affects the formations of ceramic 

polymorphs. The high temperature of operation and rapid solidification are key components that 

lead to formation of metastable polymorphs.  

a) Flame synthesized MoO3 

 For MoO3, the particles synthesized resulted in thermodynamically stable α-MoO3. The 

use of aqueous solution resulted in lowering the flame temperature and resulted in formation of 

micron sized particles. Smaller particles were obtained by lowering the concentration of solute and 

increasing the % of organic solvent in the precursor mixture. However, the nanoparticles obtained 

were amorphous in nature. The formation of small amorphous metal oxide signify that the process 

resulted in atomization of Mo atoms but the energy provided by the flame wasn’t sufficient for 

crystallization of the oxidized particles. Increasing the organic content further in the precursor 

solution may result in one step synthesis of MoO3 through fsp. 

b) Flame synthesized WO3 polymorphs 
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In case of WO3, the use of metallo-organic precursor coupled with an organic solvent resulted 

in formation of nanoparticles (10-50nm). The high temperature of operation coupled with rapid 

solidification led to the stabilization of metastable ε-polymorph. The content of ε-phase obtained 

in pure form was higher than the previously reported material synthesized via doping. The particle 

formation mechanism plays an important role in the higher content of metastable form. It has been 

shown that the ε-phase exists below a critical particle size. High amount of organic components in 

the pure WO3 precursor led to high temperature gradient and formation of particles below the 

critical particle size. The high concentration of smaller particles translated into higher ε-phase 

content in pure WO3. The loss in % phase content was minimal upon heat treatment as the smaller 

particles didn’t cross the critical particle size for ε→γ transformation. The content can further be 

increased with higher flame temperature (less dispersion/oxidant flow and/or higher fuel flow), 

inclusion of organic components with lower combustion enthalpies (results in larger flame gradient  

and lowers the residence time) and/or controlling the size by higher flow rate. 

c) VOPO4 Polymorphs 

VOPO4 polymorphs were successfully synthesized using FSP process. The use of ammonium 

salts in aqueous solutions led to lower temperatures and resulted information of intermed iate 

compounds and micron sized particles. VOPO4 was easily obtained from the intermed iate 

compounds by calcination. The precursor used favored formation of αII-VOPO4. Addition of 

organic component resulted in nanoparticles along-with small % of crystalline αII-VOPO4 

structures in as-synthesized powders. Secondary phases were formed due to oxidation of lower 

valence state vanadium compound in the as-synthesized fsp powders. Particle size played an 

important role in forming a polymorph upon oxidation of lower valence state compound. Smaller 

particle size favored formation of metastable δ polymorph, whereas, large particle sizes tend to 

form stable β polymorph. Based on these results, other precursor compounds can be investigated 

towards formation of other polymorphs for VOPO4. An organic precursor in organic solvent should 

be the route followed for one-step synthesis of VOPO4 polymorphs via FSP. 

 

III. Flame spray synthesis of polymorphs 
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From the study, it can be concluded that the precursor parameters have a direct effect on the 

formation of polymorphs through FSP. The changes in temperature of operation due to combustion 

enthalpies of the precursors govern the residence time and formation of polymorphs. Metastable 

polymorphs are achieved by use of organic solute/solvents which increase the flame temperature 

and lowers residence times. A combustible solute coupled with organic solvent offers least 

residence time and results in higher amount of metastable phase at RT. The polymorphic behavior 

can be controlled with the knowledge of high temperature phase formation and engineering of the 

fsp precursors.  

 

7.2 Future Research Directions 

 

I. Development of process map for formation of polymorphs through FSP 

  

It has been demonstrated that the precursor solute and solvent play an important role in 

formation of polymorphic ceramics through fsp. Based on the results obtained, further 

investigations need to be made in the formation of metastable polymorph by developing a 

theoretical model. The factors taken into account should include combustion enthalpies of solute, 

boiling point of solvent, residence time, flame temperature, enthalpy of combustion, and enthalpy 

of formation. The feasibility of the model should be investigated through experiments into 

formation of other metastable polymorphs. 

 

II. Investigation into self-supported structures for other ceramics 

  

Self-supported structures were obtained via electrospinning by polymer self-assembly. The 

inability of ceramics to stabilize in for of nanowires led to formation of agglomerated particles 

which mimicked the intermediate polymer foam structure. The porous foam structures were found 

to be activated in visible light region and can be applied to photocatalysis. Further investigat ions 

need to be made on the photocatalytic activity of these self-supported structures and compare them 
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with loose powders. The feasibility of formation of self-supported structures for ceramics 

exhibiting similar behavior should be investigated as well.  
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Appendix A: Novel synthesis of Cu-Fe mix metal oxides 

Introduction 

 There has been growing interest in self-supported nanostructures, such as metal oxide 

foams, where the use of dispersed nanostructures may present problems. These include 

photocatalytic, electrochemical fuel cells,  batteries, and gas sensors [1].  

CuFe2O4 finds a wide variety of applications such as gas sensing for H2 and H2S sensing[2, 3], 

catalysts[4, 5], battery electrodes[6] and visible light photocatalysts[7]. Recent studies by our 

group have resulted in synthesis of self-supported structures of CuO and CuWO4 using blend 

electrospinning and thermal oxidation of Cu grids[8, 9]. In this study, the same principle is used 

for synthesis of CuFe2O4. 

 

Experimental methods 

 The precursor for the synthesis was performed by mixing iron nitrate nonahydrate in 

ethanol in a 0.1M concentration. The solution was mixed by ultrasonication for 2 hours and then 

aged 24h. For electrospinning a 0.1M PVP solution was prepared in ethanol. The iron nitrate and 

PVP solutions were mixed in the ratio of 1:4 for the final electrospinning solution.  

 Electrospinning was performed using a lab setup with 22 gauge needle. The parameters 

used for electrospinning were 20KV voltage, 10cm needle to collector distance, 20μL/min flow 

rate. The collector used for collecting the electrospun fibers was a copper grid (200 mesh, wire 

dia. 51μm).  

Thermal oxidation of PVP deposited Cu substrate was carried out in a resistively heated 

furnace at a constant rate of 10ºC/min to the oxidation temperatures of 400 and 500ºC and held 

for 5 hours then cooled to ambient temperature. 

The morphology of synthesized grids was evaluated using SEM (Leo 1550) with EDS 

capabilities and TEM (JEOL 1400). The structural characterizations were performed using XRD 

and UV-Vis. 

Results 

X-Ray Diffraction 
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Figure A-1: XRD of self-supported CuFe2O4 grids 

 XRD characterization on the samples matched with JCPDS 72-1174 for tetragonal 

CuFe2O4. A large peak was noticed at 2ϴ values of 29 and was related to the glue used to hold the 

samples on the substrate 

UV-Vis 

 

 UV-Vis spectra was collected on both the samples and resulted in absorption in the visible 

light region. The calculated band gap for sample calcined at 400ºC is 2.07eV.  A slight shift in 

band gap is noticed for the samples calcined at 500ºC, the calculated band gap is 2.05 eV. The 

slight shift can be related to the CuFe2O4 grain sizes at different calcination temperatures. Such 

effect due to calcination temperatures has earlier been observed for TiO2 nanofibers[10].  
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Figure A-2: UV-Vis spectra of CuFe2O4 after calcination at 400 and 500ᵒC 

SEM  

 

 SEM imaging was done on electrospun fibers and the grid samples obtained after 

calcination of Cu-grids and electrospun fibers at 400 and 500ºC. The as-spun fibers were found to 

be in the range of 200-600nm diameter range. High-magnification using a backscatter detector 

(Fig. A-3(b)) showed inclusion of Fe particles inside the fibers through atomic contrast. For the 

calcined samples, the samples calcined at 400ºC show fibers with 100-150nm covered by 

nanosized particles. EDS spectra (Fig. A-3(d) inset) on the nanosized particles gave high peaks for 

Fe and O, small peaks were obtained for Cu. The samples calcined at 500ºC show fibers with 50-

100nm covered by nanosized particles. EDS spectra (Fig. A-3(f) inset) on the nanosized particles 

gave high peaks for Fe and O, small peaks were obtained for Cu. However, the Cu peaks for 

samples calcined at 500 ºC were larger compared to those obtained for samples calcined at 400ºC. 

The higher peaks could be a result of more Cu diffusion at higher temperatures.  
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Figure A-3: SEM images of (a) electrospun PVP+FeNO3 nanofibers (b) High-magnification image 

of electrospun PVP+FeNO3 nanofibers (c) CuFe2O4 grids calcined at 400ᵒC (d) High-
magnification image of CuFe2O4 grids calcined at 400ᵒC (inset EDS spectra) (e) CuFe2O4 grids 
calcined at 500ᵒC (f) High-magnification image of CuFe2O4 grids calcined at 400ᵒC (inset EDS 

spectra)  

 

TEM 

TEM analysis was done on the calcined samples. The samples were in the form of fibers covered 

with nanoparticles as was seen in SEM. For the samples calcined at 400ºC the nanoparticles were  

found to be in the size range of 10-20nm. SAED on the nanoparticles resulted in rings which 

matched with JCPDS 72-1174 for tetragonal CuFe2O4. For the samples calcined at 500ºC the 
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nanoparticles were found to be in the size range of 20-30nm. SAED on the nanoparticles resulted 

in rings which matched with JCPDS 72-1174 for tetragonal CuFe2O4. The higher particle size was 

a result of higher calcination temperature, which resulted in grain growth.  

 

 

Figure A-4: TEM images and SAED patterns for (a) samples calcined at 400ᵒC (b) high 
magnification image for samples calcined at 400ᵒC (c) SAED pattern for samples calcined at 400ᵒC 
(d) samples calcined at 400ᵒC (e) high magnification image for samples calcined at 400ᵒC (f) 

SAED pattern for samples calcined at 400ᵒC 

Discussion 

 Formation of Fe2O3 fibers has earlier been reported by electrospinning polymer+ iron 

nitrate nonahydrate sol [11, 12]. The degradation and oxidation of iron nitrate nonahydrate and 

formation into Fe2O3 has been found to occur at 300ºC[13]. The oxidation of Cu and its diffus ion 

into the polymer nanofibers have been reported to start at 200ºC[8]. The diffusion of Cu inside the 

fibers leads to formation of embedded Cu Fibers. When the temperature is raised, the diffused 

Copper and iron nitrate sol particles start to oxidize and start to form a solid solution. The formation 

of CuFe2O4 starts to occur at ~390ºC and it crystallized into cubic CuFe2O4 at higher 

temperatures[14]. The earlier reported literature contained peaks for CuO for calcinat ion 
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temperatures in the range of 300-600ºC.  However, no peaks were noticed for CuO during XRD, 

the peaks could be suppressed due to high peaks from the background. A thin film XRD is needed 

to better characterize the sample.  

 

Conclusion 

 Self-supported structures of CuFe2O4 have successfully been synthesized using blend 

electrospinning and thermal oxidation. The samples have a band gap energy of 2.05-2.07eV and 

can be used as visible light photocatalysts. 
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Appendix B. Self-Supported Nano-WO3 Foams formed by Self-Assembly of Non-Woven 

Mats 

 

B1 Introduction: 

There has been growing interest in self-supported nanostructures, such as metal oxide 

foams, where the use of dispersed nanostructures may present problems. These include 

photocatalytic, electrochemical fuel cells,  batteries, and gas sensors [1]. The reported techniques 

for synthesizing foams either require complex processing (e.g. templating [2, 3] filling with metal 

oxide sol and later calcined or subjected to combustion  to obtain foams; or by  the thermal 

treatment of pure metal blocks where the precursors are typically costly [4].  

 Wei et al. [5] produced thin-walled WO3 networks by mixing tungsten powder in 

H2O2/Methanol and poly-vinylpyrrolidone(PVP). The mixture formed a gel and foams were 

obtained following calcination. The formation of foams was due to the oxidation of tungsten 

particles inside the polymer matrix, which led to a network like structure. The formation of 

network like structure was attributed to a viscous gel formation between the tungsten powder in 

H2O2/methanol and PVP upon evaporation of excess water. Crystalline foams were obtained after 

calcination of the viscous mixture and decomposition of PVP.  The foams obtained through the 

process had a wide range of pore sizes; porosity control was not possible, as the pore formation of 

foams occurred by calcination.  

A recent study has reported formation of polymer foams through the electrospinning 

process [6]. Nanofibrous foams of Poly(3-caprolactone) were formed with relative ease by the 

electrospinning process. The polymer foams were obtained by the decomposition of polymer beads 

in the honeycomb mats. Furthermore, electrospinning-based manufacturing of metal oxides was 

reported before by our group [7-9]. Blend electrospinning involving tungsten isopropoxide 

(C18H42O6W) and Poly-Vinyl acetate, was the path followed. Earlier results showed formation of 

WO3 nanowires upon calcination. The formation of fiber structures were a result of high sol gel 

concentration in the composite nanofibers.  

In this study, a straightforward and cost effective route to produce metal oxide foams is 

explored involving the electrospinning process. Tungsten trioxide was chosen as candidate for the 

study as it finds diverse applications (as visible light photocatalyst, gas sensor, electrochromic 

material, etc.) and occurs in a variety of polymorphs. Electrospinning of self-supported metal oxide 
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nanofibrous architectures were achieved before by our group [8-10]. Blend electrospinning 

involving tungsten isopropoxide (C18H42O6W) and cellulose acetate, is explored in this work to 

make nanostructured foams of WO3.  

 

B2 Experimental Methods: 

WO3 sol was prepared using tungsten isopropoxide (All Chemie Ltd.) as a precursor to 

blend electrospinning. The sol was prepared with 0.2M concentration in butanol and was subjected 

to ultrasonic mixing and 48h aging, to allow sufficient time for butoxide substitution. A solution 

of 0.1M cellulose acetate (CA) (Aldrich 419028) in 40% acetic acid and 60% acetone was 

prepared; the aged sol was mixed with CA solution in the ratio of 1:4 respectively. The resultant 

solution was prepared for electrospinning and the resulting as-spun  mats were heat treated at 

375°C for 8h; the heating and cooling rate were set at 175°C/h.  

To study the effect of electrospinning on formation of foam structures, thin films were 

formed on glass substrate by spin coating. Formation of layer on the substrate occurred in 2 cycles, 

for the first cycle the spin coating parameters were 1000RPM for 9 seconds and for the second 

cycle the parameters were 200 RPM for 20 seconds. The thickness of the film was controlled by 

the number of layers deposited on the substrate (1-3), each previous layer was completely dried 

before the next layer was deposited on top. The spin-coated thin films were subjected to same 

thermal treatment as the electrospun samples. Scanning Electron microscopy (SEM, LEO 1550) 

was conducted on the electrospun and spin coated samples.  The electrospun samples, obtained 

upon thermal treatment, were further characterized using transmission electron microscopy (TEM, 

JEOL 1400), selected area diffraction (SAED), FTIR (Thermo Scientific Nicolet 6700) (XRD, 

Rigaku Miniflex II) and UV-Vis Spectrometer (Jasco J-815). 

 

B3 Results  

B3.1 X-Ray Diffraction 

Figure 1 below shows the XRD patterns of the WO3 foams. The peaks obtained come from 

two phases and were matched to the cubic WO3 (JCPDS 41-905) and a non-stoichiometric oxide 

of tungsten WO2.9 (JCPDS 18-1417). Formation of cubic WO3 has earlier been reported by our 

group when annealing the as-spun mats at these temperatures[11]. The formation of non-

stoichiometric phase is attributed to an oxygen deficient environment occurring during polymer 
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degradation upon heat-treatment. The relative phase distribution is 60% cubic WO3 and 40% 

tetragonal WO2.9, based on the relative peak intensities from the XRD pattern. 

  

Figure B-1: X-ray Diffraction pattern for foam structure 

 

B3.2 Fourier Transform Infrared Spectroscopy 

The FTIR analysis carried out on the samples resulted in broad peak centered at 750cm-1. 

The peak can be associated with formation of tungstate[12]. The occurrence of a broad peak can 

be attributed to a two phase system. The non-stoichiometric WO2.9 leads to multiple valence state 

of tungsten atoms, which results in a broad region during the FTIR characterization. Small peaks 

were noticed at 1080 cm-1, 1260 cm-1 and 1600 cm-1, the inclusion of these peaks indicate small 

amounts of undecomposed carbon in the sample. 
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Figure B-2: FTIR spectra of foams 

 

B3.3 Scanning electron microscopy 

I. Foam samples 

Figure B3 (a) below shows the Scanning Electron Micrographs for as spun CA-sol-gel 

nanofibers. Bead formation is seen in the fibers, the formation of beads being the result of a viscous 

gel formation of the polymer and oxide precursor. Figure B3(c) shows Scanning Electron 

Micrographs of the heat-treated samples that further reveal the foam structure. Highly porous 

foams with a large pore density were obtained by the calcination of the electrospun mats. Typical 

pore sizes were in the range of 50-70µm.  



 

105 

 

  

Figure B-3:a) SEM image of as spun fibers, highlighting the formation of honeycomb structures 

b) High magnification SEM image of fibers highlighting the sol particles in the fibers c) SEM 
image of foam structures obtained after thermal treatment at 375⁰C d) High magnification SEM 

image of foam surface showing the agglomerated sol particles and nano porosity. 

 

II. Comparison with spin coated films 

 Figure B4 shows the SEM images for the spin-coated films. As the number of layers 

increased, the distribution of particles on the surface of the substrate increased upon heat-

treatment. This corresponds to a higher amount of sol being present in the thicker films. Upon 

thermal treatment and degradation of polymer, the metal oxide film appears to have collapsed and 

the nanoparticles are now randomly distributed all over the substrate.  
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Figure B-4: SEM image of thermally treated spin coated films coated (a,b) 3 times, (c,d) 2 times 
(e,f) 1 time  

 

Whereas self-supported foams were obtained via elecrospinning process, loose powder 

networks were seen on the as-spun samples. Figure 6 compares and contrasts the morphologies of 

(a) foams obtained upon heat treatment of electrospun mats and (b) heat treated thin films. 

 

B3.4 Transmission Electron Microscopy 

Figure B-5a and B-5b  show TEM micrographs and SAED patterns for the thermally-  

threated material. Highly crystalline WO3 grains of 20-30nm could be observed inside the foam 
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matrix. A dense distribution of nano sized pores was also observed inside the matrix. The electron 

diffraction pattern (Fig. B-5b) show rings that correspond to the cubic phase of WO3(JCPDS #41-

905) and match with XRD analysis results. 

 

Figure B-5: (a, b) TEM images and SAED pattern of foam structure respectively 

 

B3.5 UV-Vis Spectroscopy 

Optical absorption spectra of the WO3 foam are shown in Fig. 4a.The light adsorption 

spectrum and the band gap energy of the samples were calculated using the formula (αhν)2 = A(hν-

Eg). This equation applies to a direct band gap material.(α:absorption coefficient, h:Planck constant 

= 6.63 x 10-34 J s, v: light frequency, Eg: band gap and A: constant with a value of 1, 

respectively[13]. The value of the band gap (Eg ) is obtained by extrapolating the slope of the 

(αhν)2 - hν plot to where it crosses the x axis (as shown in Fig 4b). Thus, the value of Eg is estimated 

to be 2.53eV for this material. The band gap is the lowest reported for WO3 nanostructures. The 

foam, thus, absorbs light with wavelengths in the visible part of the solar spectrum. 
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Figure B-6:  (a) UV-Vis absorption spectra of foam (b) the plot of band gap energy and (αhν)2 of 

WO3 foam 

Table B-0-1 Reported Band Gap values for WO3 Structures 

 

B4 Discussion 

The foam structure has likely resulted from the formation of a thick, viscous gel by the 

sol+CA solution used for electrospinning. The gel formation was the outcome of the interaction of 

the polymer with metal oxide sol. Such polymer-metal oxide interaction has been reported earlier 

Material Morphology Polymorph Band Gap, eV Reference 

Commercial  

WO3 (Sigma 

Aldrich) 

Nanoparticles Monoclinic 2.61 [14] 

WO3 flake shaped 

particles 

Monoclinic 2.6 [15] 

WO3 Nanospheres Monoclinic 2.53 [16] 

WO3 Nanoplates Orthorhombic 2.73 [16] 

WO3 Nanorods Hexagonal 3.12 [16] 

WO3 3D Nanoporous 

Films 

Orthorhombic 2.73 [17] 
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for hydrated zirconia (HZ)/alumina(HA) with PVP[18]. It was observed that the addition of PVP 

enhanced the crystallization and dehydration of HZ/HA. The interaction between the PVP and 

HZ/HA changed during the dehydration process where formation of poly-N-butyl-γ-aminobutyr ic 

acid was observed instead. Upon thermal treatment of the mixture at 500ºC, pure metal oxides 

were obtained without any carbon traces.  

In this study the polymer-sol gel interactions resulted in a non-homogenous solution. Upon 

electrospinning beaded fibers were noticed; the formation of beads were partly due to the lack of 

homogeneity in the solution. Figure 2b is a high magnification image revealing a high 

concentration of the sol-gel material within the polymer beads. Figure 2a highlights in black 

polygonal areas of porosity outlined by a high density of beads. The shape and area of these 

polygons are consistent with the shape and size of the large pores in the foam. Previous work by 

Schlatter et al. [6] has described the formation of self-assembled honeycomb structures in 

electrospun polymers. Beads or thicker fibers typically “framed” the walls in these structures.  

In the case of CA+sol electrospun mats, when subjected to thermal treatment at 375⁰C, the 

polymer component melts between 170-240⁰C and breaks down at 370⁰C to water, carbon oxides 

(CO and CO2) and methane under an oxidative atmosphere[19]. Upon the polymer decomposition, 

the sol particles agglomerate to form a dense structure while maintaining a nano structure and 

nano- sized surface porosity (fig 2d). The macroscopic porosity seen in the foams can be attributed 

to the honeycomb structures formed during the self-assembly of electrospun mats as discussed 

above.  

 

 

5.5 Conclusion: 

We have successfully demonstrated the synthesis of self-supported WO3 foams via the self-

assembly of electrospun fibers. The foams have a band gap of 2.53eV and can be used as visible 

light photocatalysts.  
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