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ABSTRACT 

            Synthesis of Gallium Zinc Oxynitride Solid Solution by 

Flame Spray Pyrolysis 

By 

Ewa Richard Chukwu 

Master of Science 

In 

     Chemical and Biomolecular Engineering 

University of California, Irvine, 2020 

   Assistant Professor Erdem Sasmaz, Chair 

Photocatalytic water splitting is seen as a viable alternative to steam reforming for hydrogen 

fuel generation. One of the major keys to exploiting photocatalytic technologies as a 

commercial energy source lies in the development of catalytic materials that can drive 

photocatalytic reactions using the largest portion of the solar energy spectrum – the visible light 

region. Gallium zinc oxynitride solid solution has been recommended as a promising candidate 

for photocatalytic water splitting, however, the current synthesis methods are largely multi-

steps and batch wet chemistry techniques that are not easily amenable to scale up. Flame spray 

pyrolysis (FSP) is a continuous, single step, fast, relatively cheaper and easily scalable 

nanomaterial synthesis method. This work reports the deployment of flame spray pyrolysis to 

the synthesis of gallium zinc oxynitride solid solutions. The solid solutions were prepared using 

two different precursor compositions expressed as urea to total metal ratio, solvent mixtures 

and synthesis conditions, and X-ray diffraction and UV-Vis spectra were employed for 

preliminary characterizations. Based on solvent screening results, no single solvent satisfied 

the solubility, boiling point and combustion enthalpy requirements. The XRD data shows that 

solvents of weak combustion enthalpy resulted in either amorphous or very low crystalline, 
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bimodal and inhomogeneous phase solid solution. However, solvent mixtures of adequate 

combustion enthalpy yielded single phase and highly crystalline solid solutions with all peaks 

indexed to the hexagonal wurtzite ZnO structure irrespective of synthesis conditions. The 

absence of extra peaks coupled with the slight lattice contraction relative to pristine ZnO 

satisfied the necessary conditions to qualify the as-prepared samples as solid solutions of GaN 

and ZnO. Lattice contraction was favored as urea to total metal ratio decreased while peak 

broadening occurred as the urea to total metal ratio in the precursor solution increased while 

the crystallinity lowered. This could be possibly  due to increased dopant concentration in the 

ZnO lattice. Samples made with DI H2O + butanol solvent mixture were more crystalline and 

of larger crystallite size than those made from methanol + butanol mixture which is attributed 

to the fact that the solvent mixture supplied higher rate of energy  (1.17 kJ/s) than the methanol-

butanol  (1.12 kJ/s) to the flame.  

Tauc’s plots were used to estimate the direct bandgaps of the samples. With DI H2O + butanol 

mixture, the bandgaps are 3.08 and 3.12 eV with smaller bandgap belonging to the sample with 

higher urea to total metal ratio in the precursor solution. Comparing with the XRD data, the 

smaller bandgap corresponds with lattice contraction. But for the methanol-butanol mixture, 

the bandgaps are 3.07 eV and 3.16 eV with the smaller bandgap belonging to the sample with 

lower urea to total metal ratio. This perhaps, support the claims as reported in Literatures that 

bandgap is not solely defined by dopant content. Overall, based on bandgaps, the synthesized 

samples can drive photocatalytic activity in the UV region. Hence, optimization of the synthesis 

technique is necessary to further narrow the bandgap to the visible light range.   
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CHAPTER ONE: INTRODUCTION 

Given the rising  imbalance between  global energy demand and supply coupled with the 

already well known environmental and allied challenges such as climate effects, limited supply, 

cost, inefficiency etc associated with the conventional energy mix currently in vogue, a search 

for not only renewable, eco-compatible but also affordable alternative energy sources has been 

the hub of modern researches[1], [2]. Among the explored alternative sustainable fuels, 

hydrogen presents itself as the most viable replacement for the present fossil-based fuels; 

besides its eco-friendliness and higher energy yield relative to the popular gasoline, hydrogen 

can be readily found in common energy sources and offers the advantage of multiple storage 

options[2]. Unfortunately, the current commercial supply of hydrogen comes mainly from the 

steam reforming of methane and fossil allied fuels - leading us back to the undesirable 

environmental challenges inherent in the utilization of fossil fuels[3]. On this backdrop, Liao 

et al.[2] argues that unless its production is untied from fossil fuels, it is perhaps, misleading, 

to describe hydrogen as an eco-friendly energy carrier. Hence, major efforts are being directed 

towards the development and scale up of renewable sources for hydrogen fuel production. 

Of all alternative sustainable energy sources, solar energy stands out as one of the most 

preferred choices. It is universally abundant, unreckoned with direct carbon footprints, 

renewable and most economically viable[4]. But the intensity and geographical distribution of 

solar energy supply are unsteady and ununiform. For optimal utilization and compensation for 

the above set-backs, the development of cost-effective techniques for its conversion into a more 

convenient usable forms and storage media for energy derived from the sun have become 

increasingly important[2]. Thermochemical water splitting[5], photobiological water 

splitting[6] and photocatalytic water splitting[7] are the major solar-energy-based technologies 

for the generation of hydrogen. Among these, Liao et al. [2], states that photocatalytic water 
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splitting is the most viable and scalable in terms of cost and efficiency; hence, it has attracted 

the most attention.     

From the foregoing, harnessing solar energy for water splitting is the main key towards 

unlocking the sustainable energy of the future and this has engendered the ongoing global 

search for best techno-economic strategies for its full-scale development, optimization and 

applications. The focal point of this research is the development of efficient photocatalysts. To 

maximize photocatalytic energy production, attention is given to photocatalysts that allow for 

the utilization of the visible light spectrum which accounts for half of the solar energy. Gallium 

zinc oxynitride has gained acceptance as one of the high-performing visible-light-responsive 

photocatalysts. So far, the research in this direction is largely driven by wet chemistry synthetic 

methods[8]–[12]. Being batchwise processes, among other challenges, these synthetic methods 

are not amenable to scale up. Therefore, the development of synthesis methods that would meet 

such requirement in addition to other synthesis conditions have become necessary.   

Liquid-feed flame spray pyrolysis, a modification of the relatively well-known traditional 

flame synthesis method is a continuous single step technique for the production of 

nanoparticles of high purity and stability. It involves the dissolution of precursors in a suitable 

solvent, injection of the solution into the flame, followed by the evaporation of solvent, 

decomposition, nucleation, aggregation and/or agglomeration of particles and subsequent 

collection on a relatively cold surface. For about two decades now, this elegant approach has 

been adopted for the synthesis of many catalytic materials[13]–[17].   

The purpose of this work is to deploy LF-FSP for the synthesis of gallium zinc oxynitride with 

potentials for photocatalytic water splitting. It not only seeks to contribute to the search for 

flexible and scalable methods for the development of photocatalysts towards the realization of 

sustainable energy but also to the projection of (LF-FSP) as an attractive technique for the 

synthesis of catalysts and viable alternative to the traditional synthesis routes. In furtherance of 
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the work, flame spray pyrolysis is proposed for the synthesis of ceria-based solutions for energy 

and environmental applications. Preliminary data on flame stability tests and characterization 

are reported herein. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Flame Aerosol Technologies and Classifications 

In general, flame aerosol synthesis is grouped into liquid-fed aerosol synthesis (LAFS) and 

vapor-fed aerosol synthesis (VAFS). In LAFS, the precursors are usually in the liquid or 

aqueous states and subsequently nebulized or atomized while in VAFS, precursors are gaseous 

reactants from the onset. Although the states of the precursors differ, each of this involves self-

propagating reactions in gas phase during the synthesis and therefore are lumped as gas-phase 

combustion technologies [18], [19].   

2.1.1 Vapor-fed aerosol synthesis (VAFS) 

 The volatile gaseous precursor system when injected into a pilot flame, are heated, combusted 

and decomposed. The decomposed species through a series of interactions, collisions, 

nucleation, agglomeration and/or aggregation give rise to particles via the gas-to-particle 

conversion route.  This sequence of actions generates energy enough to drive the process to 

completion such that VAFS does not require external energy input.  This process gives birth to 

well crystalline, homogeneous products of high purity. Although, this technology has been 

successfully employed even on industrial scale, the limited availability of gaseous precursors 

and the high cost of available ones are discouraging factors [18]. 

2.1.2  Liquid-fed aerosol synthesis (LAFS) 

Following the identified challenges of VAFs, Sokolowaski et al.[20] proposed and applied an 

elegant strategy for the utilization of cheap and readily available aqueous precursors as 

alternatives to the high cost gaseous precursors as used in VAFS. This approach was adopted 

and extended by the Laine’s group at the University of Michigan for the synthesis of various 

catalytic materials and became known as flame spray pyrolysis (FSP)[21]–[23]. In this strategy, 

low volatile aqueous or solid phase precursors are dissolved in a suitable solvent or mixture of 

solvents, injected and simultaneously atomized and dispersed in flame using combustible gases 
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such as oxygen, air or hydrogen etc. The atomization or dispersion of dissolved precursor is 

achieved either by using ultrasonic nozzle[20] or applying pressure as currently seen[24]–[30].  

Unlike the VAFS process, the particle formation route in LAFS is a competition between (or 

combination of) gas-to-particle and droplet-to-particle conversion routes[18]. Depending on 

the enthalpy content of the precursor solution, the LAFS process could be majorly driven by 

the energy produced by the combustion of the precursor solution or augmented or solely driven 

by an external energy source as the flame or external heating source etc. When the combustion 

of the precursor generates at least half of the total energy of the LAFS process, it is referred to 

as flame spray pyrolysis (FSP), otherwise, it is called flame-assisted flame spray pyrolysis 

(FASP). Consequently, FSP is more favorable for precursors of high volatility and high 

enthalpy of combustion while FASP can be adapted for precursors of low volatility and low 

enthalpy of combustion[18].  

Unlike wet chemistry synthetic processes, flame aerosol technologies are cheap, scalable, one-

step, continuous synthesis tools for manufacturing nanomaterials of high purity and 

crystallinity with minimal waste[31]. As shown in Fig. 1, flame synthesis reduces the steps 

involved in classical wet chemistry techniques to essentially two. 

 

 

Fig. 1. Flame synthesis versus wet chemistry[32] 
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2.2 Particle Formation Mechanism in LAFS 

The possible particle formation routes in flame synthesis are summarized in Fig. 2. In VAFS, 

the precursors are already in gas phases and the product formation occurs only by gas-to-

particle via nucleation, coagulation and agglomeration/aggregation.  When the vapor precursor 

is introduced into the high temperature environment, evaporation and decomposition occurs 

simultaneously. The species from the high temperature decomposition move upwards the flame 

corresponding with decrease in temperature. Due to this drop in temperature as the species 

move away from the combustion zone, the flame become supersaturated which induces 

nucleation that leads to formation of small particles. The nucleation step decreases the 

supersaturation and the nucleation rate continuously fall as the particles move to the lower 

temperature region of the flame. Then, coagulation sets in. The particles coalesce through 

interparticle collisions and result in increase in particle sizes. As the temperature progressively 

drops and particle size increases, coalescence by coagulation is overtaken by agglomeration 

and/or aggregation. The particles collide and bind either chemically or physically with one 

another to yield aggregates or agglomerates, respectively. The gas-to-particle route usually 

yield homogeneous particle properties.[31], [33].  For FSP, the particle formation route can 

proceed by either gas-to-particle or droplet-to-particle. Regardless of the  particle formation 

routes, evaporation of solvent is seen as  the underlying step for all LAFS [18], [34]. Solvent 

properties such as boiling point, specific combustion enthalpy and precursor’s decomposition 

temperature are critical factors that drastically contribute to defining particle formation routes 

in LAFS. When the solvent has enough energy (combustion enthalpy) to ensure uniform and 

complete vaporization and decomposition of the precursor, the particle formation route follows 

the gas-to-particle as discussed in VAFS. In a case where the energy of the solvent is 

insufficient for complete, uniform, vaporization and decomposition of the precursor, droplet-

to-particle route or a competition between (or combination of) droplet-to-particle and gas-to-
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particle formation dynamics occurs with each giving rise to inhomogeneous particle 

distribution and morphology. A very quick criterion supported by a couple of experimental 

evidences as discussed by Li and co-workers correlates the solvent boiling point(𝑇𝑏𝑝) with 

precursor decomposition or melting (𝑇𝑑 𝑚𝑝⁄ )  temperature to give at least, a qualitative 

snapshot of the highly possible particle formation routes. This criterion suggests that when   

𝑇𝑏𝑝

𝑇𝑑 𝑚𝑝⁄
 > 1.05, the precursor solution are uniformly and completely vaporized resulting in dense 

and homogeneous nanoparticles formation via gas-to-particle route. For a precursor solution 

system with 
𝑇𝑏𝑝

𝑇𝑑 𝑚𝑝⁄
 < 1.05, heterogeneities in both morphology and distribution due to droplet-

to-particle or combination of both routes. The criterion suggests that in the case where the 

melting point or decomposition temperature exceeds the boiling point of the solvent, the 

solvent vaporizes faster and earlier before the complete decomposition of precursors and leave 

with some precursor vapors to form particles via gas-to-particle route while leaving behind 

some droplets of the precursor in the flame which then undergo mere drying and solid 

densification to form particles via droplet-to-particle route. Usually, the non-uniformity during 

the evaporation step causes partial evaporation of solvent and precipitation of precursor 

droplets which subsequently go through final vaporization by the remaining solvent and  slow 

drying process to yield  hollow nanoparticles [18], [34], [35] or  very fast drying process leading 

to explosion of particles to form smaller fragments[36]. To avoid this scenario, external energy 

input may be supplied to drive the system into complete vaporization and decomposition as 

seen in the case of FASP[36]. FSP and FASP processes are essentially the same but are 

distinguished based on the source of combustion energy. While FSP is driven by the energy of 

the precursor solution, FASP relies on external energy[34]. Although, Fig. 2 suggests that 

FASP product route is mainly by droplet-to-particle route but since the energy of combustion 
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does not depend on the precursor solution, FASP can either go through gas-to-particle or 

droplet-to-particle depending on the amount of energy supplied by the external source[34].    

Overall, particle formation mechanism depends on solvent-precursor system, thermodynamics 

and overall flame condition,  it is therefore very important to point out that the above criterion 

is just a conceptual necessary condition and not sufficient to predict particle formation 

routes[31].  

 
Fig. 2. Different particle formation routes and mechanisms for flame aerosol synthesis[36] 

2.3     Factors that affect FSP-made nanomaterials 

2.3.1     Effects of precursor type 

One of the key decisions towards bottom-up rational design of nanomaterials via FSP is the 

choice of precursors. In addition to the specific enthalpy of combustion, solubility in the chosen 

solvent, the decomposition or melting temperature of precursors are considerable factors in 

ensuring that the desired quality of the final products is achieved.  Although nitrate and 

acetylacetonate-based precursors were previously common on the basis of their low cost and 

commercial availability, their intrinsic properties such as high decomposition temperature, low 

volatility  and low specific combustion enthalpy do not allow for the production of 
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homogeneous products as they do not favor gas-to-particle conversion route [31], [32], [37]. 

However, based on the criterion discussed in section 2.3, some of the identified drawbacks can 

be compensated utilizing appropriate solvent and external energy source as seen in the case of 

FASP[31]. The above argument suggests that in the case of multiple precursors, the highlighted 

properties should be very similar to favor homogeneous particle formation. 

To overcome the challenges posed by the nitrates and acetylacetonates precursors, 

organometallic precursors are preferred given their low decomposition temperature, low cost 

and high enthalpy of combustion which show high probability for homogeneity of 

products[31]. 

2.3.2     Solvent selection 

Since the energy of combustion in FSP comes from solvent, proper choice of solvent becomes 

very critical. Besides the solubility and miscibility of precursor in the desired solvent, the 

physical properties of the solvent such as boiling point/volatility, specific enthalpy of 

combustion and viscosity are determining factors for choosing a solvent[31]. Although, the 

boiling point should be high enough compared to the decomposition temperature to satisfy the 

aforementioned conceptual criterion, it is also desired that given the short time residence in 

FSP, the solvent volatility should be within the range that allows for complete its vaporization 

within the milliseconds of FSP operation. More so, the solvent should have a very high energy 

of combustion to drive the FSP process through the gas-to-particle conversion route to ensure 

that the desired properties such as homogeneity and morphology of particles are achieved[29], 

[35]. Solvent properties are often exploited to compensate for any drawback in precursor 

properties such as low enthalpy of combustion and high decomposition temperature[31]. 

A common practice is the combination of at least two miscible solvents when it is difficult or 

impossible to meet the criteria of solvent-precursor system using a single solvent. For example, 

the high enthalpy of combustion, high boiling point, low cost, availability and solubility make 
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2-ethylhexanoic acid (EHA) a very good solvent for most organometallic precursors. However, 

EHA is a highly viscous solvent which affects the efficiency of its dispersion by commonly 

used gases such oxygen and air. To beat this drawback, EHA is used along with one or two 

miscible solvents of very low viscosity such as toluene and xylene [31], [38].    

2.3.3 Precursor and dispersion gas flowrates 

 Apart from the solvent and precursor effects, the overall flame condition has predominant 

effects on the particle’s characteristics. Increase in precursor flowrate with other conditions 

fixed, results in increase in temperature of the combustion zone and flame height due to 

increase in energy density caused by the increased fuel amount delivered per unit time for 

combustion. This results in longer residence time of particles in the flame and high temperature 

exposures with overall effect on the physico-chemical characteristics of the  nanoparticles[32], 

[39].  

The precursor solution is usually dispersed or atomized into the flame through a nozzle system 

using combustible gases with air and oxygen being the commonly used. The spray sizes and 

uniformity are majorly defined by the dispersion gas flowrate. Dispersion is achieved by the 

applied pressure drop between the precursor solution entry point and the spray outlet at the 

nozzle tip. The pressure drop is determined by the dispersion gas flowrate as well as the area 

of the nozzle tip. At constant nozzle tip area, the pressure drop has a direct correlation with the 

dispersion gas flowrate. Invariably, the spray characteristics such as sizes, angle, length and 

velocity are defined by pressure drop. The higher the pressure drop (high flowrate), the higher 

the velocity and the finer the spray (smaller particles of higher specific surface area). This leads 

to fast, uniform and complete combustion with shorter residence for the particles yielding 

homogeneous fine particles. It has been reported that lower pressure drops could result in low 

spray velocity, longer residence time, bigger spray (particle) sizes with smaller specific surface 

area [28], [39]. These observations show that precursor-to-dispersion gas ratio is a very critical 
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factor in not just defining the flame condition but also the overall property of the synthesized 

nanomaterials. It is also agreed that the final product characteristics is highly impacted by the 

quenching rate[40]. One of the parameters for influencing the quenching is pressure drop. The 

higher the pressure drop, the higher the quenching rate. At high quenching rate, the particles 

have very limited residence time in the flame and quickly leave the flame as either 

metastable[41] or amorphous materials[42].  

For simplicity, the effect of the precursor rate and dispersion gas rates is unified in a single 

parameter called the equivalence ratio, Φ. In the above definition, the oxidant is the dispersion 

gas while the precursor solution[28] 

Φ =  
(

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑛𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙
)𝑠𝑡𝑜𝑖𝑐ℎ

(
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑛𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙
)𝑎𝑐𝑡𝑢𝑎𝑙

     …………………………………………………………….    (1) 

2.4     Solar Energy for Hydrogen Production: Photocatalysis 

Photocatalysis is a direct mimicry of the well-known natural phenomena of photosynthesis in 

green plants. Photocatalytic water splitting involves the utilization of solar energy for splitting 

of water into hydrogen and oxygen in the presence of a catalyst-called photocatalyst. In 1972, 

using TiO2, Fujishima and Honda successfully achieved water splitting using mainly energy 

derived from the sun. Since then, there has been an increasing interest in photocatalytic water 

splitting for hydrogen production[7]. The beauty of photocatalytic water splitting is that it 

seems to satisfy almost all the criteria of what are considered to be the ideal energy source for 

the future. It makes use of inexhaustible , readily available and free energy source (sun) to 

produce the desired safe, comparatively high efficient, eco-friendly fuel (hydrogen) using 

universally available material(water)[1], [43]. There are several sources of hydrogen. A concise 

summary of these sources and production routes are presented in Fig.3. 

 



12 
 

 
Fig. 3. Different H2 production routes 

(extracted from https://hydrogeneurope.eu/hydrogen-production-0) 

2.4.1      Principle of photocatalytic water splitting 

The key reaction sequence for photocatalytic water splitting is photoirradiation of the 

photocatalyst with light of higher energy, valence-band-to-conduction-band electron transfer, 

water oxidation to give O2 and H+ and reduction of the H+ to H2 [1],[7]. Hydrogen production 

via photocatalytic water splitting can be achieved by either photochemical or 

photoelectrochemical cell reactions. While photochemical reaction is a light-only-induced 

chemical reaction, photoelectrochemical reaction makes use of light and catalyst[2]. 

Photocatalytic water splitting is achieved by two complementary reactions occur: reduction of 

the generated protons into H2 (forward reaction) by the conduction band (CB) and oxidation of 

the electron donor to give electron acceptor (backward reaction) by the valence band (VB) 

except in case where recombination occurs-leading to no net reaction. It is also not uncommon 

to see this reaction facilitated using two photocatalysts [2], [44]. This is called the Z-scheme 

as displayed in Fig.4 [44].  

                      2H2𝑂 →  2𝐻2  +  𝑂2  ……………………………….………………………….2 

The complementary half-cell reactions of the above overall water splitting reaction can be 

written as: 

https://hydrogeneurope.eu/hydrogen-production-0
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Reduction:    4𝐻+ +  4 𝑒− →  2𝐻2…………………………………………………………... 3 

Oxidation:     2𝐻2𝑂 + 4 ℎ+  →  𝑂2 +   4 𝐻+……………………………..…………….…….4                                

From the above, it clear that the electrons drive the reduction reaction while the holes are 

responsible for the oxidation reaction. Therefore, suppression of recombination of the electrons 

and holes is a critical parameter to ensure efficient photocatalytic water splitting. 

 
Fig 4: Diagram showing the Z-system for photocatalytic water splitting[44] 

N.B: CB = conduction band, VB = valence band, D = electron donor, A = electron acceptor. 

Although there is yet to be a generally accepted technique for the measurement of the actual 

performance of a photocatalyst, Quantum Efficiency (QE) and Applied Bias photo-to-Current 

Efficiency (ABPE) are among the popular expressions for representing the efficiency of solar 

energy conversion. None of these methods accounts for any loss of incident photons in a 

photocatalytic system and hence could be regarded as theoretical efficiencies. However, QE 

could be more accurate as it does not involve external voltage unlike ABPE. Quantum 

Efficiency is the percentage ratio of  the number of electrons generated to the incident photon 

of known wavelength  applied on the photocatalyst film[45],[46]. 

ἠ𝑄𝐸 =
𝑁𝑒𝑓𝑓

𝑁𝑡𝑜𝑡𝑎𝑙
∗ 100………………………………………………………..……………………5 

𝑁𝑒𝑓𝑓 = number of electrons-holes pair per given light irradiation, 𝑁𝑡𝑜𝑡𝑎𝑙= total number of 

incident photons. 

To accurately evaluate the photocatalytic efficiency of solar-energy-driven water splitting, 

energy loss due to solar irradiance and chemical conversion efficiency are important. 

Unfortunately, ἠ𝑄𝐸does not include these terms[2]. A more encompassing formula for 
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estimating the true efficiency of solar-energy-based water splitting called solar-to-hydrogen 

conversion efficiency (STH) and simply defined as energy output (chemical)  per energy input 

(solar) [46] is given below: 

𝑆𝑇𝐻 = [
𝑚𝑚𝑜𝑙

𝐻2
𝑠

 × 237
𝑘𝐽

𝑚𝑜𝑙

𝑃𝑡𝑜𝑡𝑎𝑙(
𝑚𝑊

𝑐𝑚2)×𝐴((𝑐𝑚2)
] AM1:5 …………………………………………………………………………………………6 

G (237 kJ/mol) is the change in standard Gibbs free energy per mole of H2, produced from 

water splitting, 𝑃𝑡𝑜𝑡𝑎𝑙 is the input solar power density equivalent to the ASTM’s Air mass 1.5 

Global (AM 1.5 G) G173 standard. A is irradiated area. The STH formula above is useful and 

valid only when the stoichiometric H2 and O2 produced without a sacrificial electrons or 

acceptor are known. This could be achieved using gas chromatography or mass spectrometry 

or any other reliable quantitative analytical technique. STH is considered the common and most 

important efficiency parameter for water splitting[46].  

In some occasions, such as during the diagnostic measurements of photoelectrochemical cell, 

external bias is supplied between the working and a reference electrode. This applied bias 

(voltage) is usually less than the required thermodynamic potential for water splitting (1.23 

V)[46]. Therefore, the total photocurrent generated is not attributed just to water splitting as 

the current due to the applied voltage is accounted for and therefore not regarded as a true or 

direct measurement of the efficiency of the water splitting process. The quantum efficiency 

(QE) obtained via this approach is called applied bias photon-to-current efficiency 

(ABPE)[46], [47]. 

 𝐴𝐵𝑃𝐸 =  
𝐽𝑝ℎ( 𝑉𝑟𝑒𝑑𝑜𝑥−𝑉𝑏)

𝑃𝑡𝑜𝑡𝑎𝑙
 ..........................................................................................................7    

Where  𝐽𝑝ℎ(
𝑚𝐴

𝑐𝑚2) is the photocurrent density generated alongside with the applied bias, 𝑉𝑟𝑒𝑑𝑜𝑥 

is the thermodynamic redox potential for water splitting = 1.23 V, 𝑉𝑏is the applied voltage bias 

and 𝑃𝑡𝑜𝑡𝑎𝑙 is the light intensity in (
𝑚𝑊

𝑐𝑚2
).   
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Another way of measuring the efficiency of PEC is by quantifying the number of the 

photogenerated currents per incident photon as a function of the wavelength of the incident 

light[46], [47]. Again, this measure of efficiency is used majorly as a diagnostic tool for 

evaluating the performance of the photoelectrode for water splitting. This measure of efficiency 

is called incident-photon-to-current efficiency (IPCE). The highest possible solar-to-hydrogen 

conversion (STH) achievable in a PEC can be estimated by integrating the IPCE measurements 

over the solar spectrum. However, the measured STH from IPCE is only true if done without 

applied bias. IPCE can be evaluated with the following formula[47]:  

 IPCE (λ) = 
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑  𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
………………………………...……..8 

                 =   

𝐽𝑝ℎ𝑜𝑡𝑜 (λ)

𝑒
 ×

 ℎ×𝑐

λ
 

𝑃(λ)
………………………………………………………………….8.1 

  Where 𝐽𝑝ℎ𝑜𝑡𝑜 (λ) is the photocurrent density (
𝑚𝐴

𝑐𝑚2)  ,  λ (nm) is the wavelength of the incident 

photon, h is the Planck’s constant (6.63 × 10-34 J s), c = the speed of light = 3  ×1017 nm/s and 

P(λ) is the incident light power intensity at λ (
𝑚𝑊

𝑐𝑚2).  

In IPCE, the losses due to transmission and reflection are neglected which affects the accuracy 

of IPCE. To account for these loses, quantum efficiency based on the amount of photon 

absorbed is utilized. This is called the absorbed photon-to-current conversion efficiency and 

shortened as APCE[47]. 

IPCE (λ) = 
𝐼𝑃𝐶𝐸 (λ)

𝐴(λ)
 = 

𝐼𝑃𝐶𝐸 (λ)

1−𝑅−𝑇
 × 100 

Where A is the optical absorption, R is the fraction reflected and T is the fraction transmitted. 

Of all the various methods, STH is the most important, accurate and is used as benchmark for 

estimating the efficiency of water splitting[46].  

2.4.2     Requirements for photocatalytic overall water splitting 

Following the demonstration of photo-electrochemical cell water splitting by Fujishima and 

Honda in 1972 using TiO2, several photocatalysts have been developed and tested for the same 
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purpose with the goal of enhancing the process for scalability. However, majority of these 

photocatalysts just like TiO2 drive overall water splitting only in the UV region of the solar 

energy spectrum. But the UV light is less than 5% of the solar energy spectrum while the visible 

light accounts for about 50%. Therefore, photocatalytic water splitting reaction utilizing the 

UV light is significantly low and considered a major setback towards the successful 

commercialization of this technology. Consequently, key research efforts are directed towards 

the realization of visible-light-responsive photocatalyst for overall water splitting[2]. In 

general, common requirements for an ideal photocatalyst for solar-based overall water splitting 

have been identified:  

(a). Visible light region has wavelength between approximately 400 nm to 700 nm which 

corresponds to a bandgap of at most 3.0 eV. Bandgap engineering is therefore, the first step 

towards the design and development of visible-light-driven photocatalyst.  

(b).  The photocatalyst must have its band edge located at a position that can drive effectively 

photocatalytic water splitting. 

(c). The catalyst should possess suitable morphological properties such as high crystallinity 

and particle size/distribution to suppress the potential recombination tendencies of the 

photogenerated VB holes and CB electrons[48], [49]. Particle sizes of catalyst have been shown 

to have effects on photocatalytic performance. The rate of transport of these charge carriers, 

adsorption of reactants and recombination of the charge carriers have been reported to depend 

on the sizes and morphology of the catalyst[50]–[52].   It is important to understand the 

compromise between the desired small particle size and excessively small particle size. In the 

study of photocatalytic reduction of CO2 using pristine TiO2, it is shown that higher yields were 

obtained as the particle sizes decreased with the optimum yield achieved with 14 nm 

nanoparticles. Below 14 nm size, the yield decreased. In addition to increase in surface area as 

particle size dropped, it was reported that particle size affected the electronic properties of the 
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catalyst as seen in the variation of bandgap with particle sizes[52]. However, in another study 

involving photocatalytic mineralization of acetic acid using TiO2, photocatalytic activity 

increased as SSA increased with crystallite size. The catalyst with the smallest SSA showed 

the highest activity. This observation was attributed to the crystallinity. The catalysts with 

higher crystallinity showed higher activity[53]. It is also suggested that either case, improved 

activity could be a combined effect of morphological and optoelectronic properties[52]. 

Furthermore, Amano, F. et al.[54] evaluated the effect of particle sizes of WO3 for 

photocatalytic water splitting. Their work stated that for water splitting, optimum activity was 

reached with 200 nm nanoparticles. Above 200 nm, the activity plateaued while below it, 

activity decreased. The drop in activity was claimed to be due to fast recombination of electrons 

and holes which competed against oxygen and hydrogen molecules release.  

Therefore, from the above, it could be said that the effect of particle size on photocatalytic 

reactions will vary from one reaction to another reaction. More so, an optimum particle size is 

one that is not too big to promote efficient transport of charges by diffusion of the 

photogenerated electrons to reaction sites and not too small to absorb enough sunlight 

necessary to achieve photocatalytic water splitting[52], [55].   

2.5    Visible-Light-Driven Overall Photocatalytic Water splitting 

Photocatalytic water splitting has been realized using pristine metal oxides such as TiO2[7], 

ZnO, WO3 , Fe2O3[1]  etc. However, due to the high band gaps of metal oxides (> 3 eV), these 

materials can only drive photocatalytic reactions in the UV region of the sunlight spectrum 

(wavelength < 400 nm). The UV region makes up only about 5 % of the solar energy while the 

visible region accounts for almost 50 %.  To optimize photocatalysis, it is necessary that the 

catalysts must be able to drive the reactions using the visible light region which falls in the 

wavelength range of 400 – 700 nm. For water splitting to occur, the photocatalysts must have 

a band structure with enough potential relative to the normal hydrogen electrode (NHE). To 
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meet this thermodynamic requirement for stoichiometric water splitting, the valence band 

maximum must be located at +1.23V relative to NHE while the conduction band minimum 

must be at negative potential (zero relative NHE). This difference in potential shows that a 

minimum bandgap of 1.23 eV is required[43], [56]. Metal oxide structure satisfies the band 

structure described above but its wide bandgap limits their choice for photocatalytic water 

splitting since they cannot utilize the major component of the solar spectrum. Therefore, 

photocatalysts that meet the minimum bandgap and utilize the visible region are the desired 

candidates for water splitting. A common strategy is to develop catalytic materials that have 

similar band structure as the metal oxide but with band less than 3 eV. Therefore, bandgap 

engineering is employed to photocatalysts with bandgap less than 3.0 eV which can drive 

overall water splitting in the visible light region (wavelength > 400 nm) [57].     

Doping the primitive metal oxide with some other metallic or non-metallic oxides have been 

useful for tuning of bandgaps. Most explored photocatalysts to meet the requirements discussed 

above are based on oxides or nitrides of the d0 or d10 transition elements(semi-conductors). 

Some of the reported visible light photocatalyst derived from d0 transition metals include 

TaON[58], Ta3N5[58], LaTiO2N[59],CaTa2ON[14], Ln2Ti2S2O5 (Ln = Pr, Ho, Nd, Sm, Gd, Tb, 

Dy, Er)[60] while  some d10-based photocatalysts are (Zn1+xGe)(N2Ox)[61], MSnO3 (M = Sr, 

Ca, Br)[62], (Ga1-xZnx)(N1-xOx)[63] etc .The strategy relies on partial or complete substitution 

of the oxygen atoms in the metal oxides with elements of higher negative electrode potential 

than the oxygen atom. This principle aims at introducing an orbital above the O2p orbital to 

realize a negative shift of the valence band maximum without affecting the conduction band 

minimum. While the metal oxides have unsuitable bandgaps and prone to recombination 

effects, the bandgaps of the photocatalysts from the oxygen atoms substitution with anionic 

materials were successfully tuned to the desired visible light range; unfortunately, the later 

class of photocatalysts suffers photodissociation. Zhu and Zach[56] synthesized CdS with 
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bandgap of 2.6 eV for photocatalytic water splitting. Despite its photocatalytic activity in the 

visible light region, it is reported that the sulfur ion in the photocatalysts got oxidized by the 

photogenerated holes with the Cd2+ washed into the solution. Similar effect occurred with 

ZnS[56]. 

 However, with oxynitride or purely metallic nitrides obtained by partial or complete 

replacement of the oxygen atoms with nitrogen, photodissociation-resistant photocatalysts with 

favorable bandgaps have been reported [1], [49], [64], [65]. 

2.6      Gallium Zinc Oxynitride (GaN:ZnO) as Photocatalyst for Overall Water Splitting 

Overall water splitting has been achieved utilizing oxynitrides-based photocatalysts but in the 

UV-region. Since the  d10- (oxy)nitrides electronic structure show enhanced mobility of the 

photogenerated in the CB resulting in higher in photocatalytic efficiency than d0 (oxy)nitrides, 

the former has become subject of research[66]. GaN is well-known d10 semi-conductor that has 

been explored for various electronic and electrical applications[67]. Even though it shows 

promise for photocatalytic water splitting, its high bandgap (3.4 eV) limits it to the UV-region 

application-undesirable. However, by bandgap engineering, its bandgap is tunable to the visible 

light range. By doping with ZnO (3.2-3.4 eV), it was observed that it is possible to tune the 

bandgap of primitive GaN without affecting the conduction band minimum. Interestingly, the 

obtained photocatalyst has a bandgap less than either of the combined two semi-conductors. 

This indicates that the as-synthesized photocatalyst was a solid solution and not just a mere 

mixture of two oxides and the formation is enhanced by the wurzite structure of both ZnO and 

GaN [68].  

2.6.1       Synthesis methods for GaN:ZnO 

Maeda et al.[68] reported for the very first time, the synthesis and evaluation of the 

photocatalytic overall water splitting performance of a solid solution of GaN:ZnO. Although 

the photocatalytic efficiency of the prepared photocatalyst was substantially low, a significant 
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improvement was observed in the presence of suitable co-catalyst (RuO2). The reported 

photocatalytic efficiency with the co-catalyst was claimed to be the highest as available in open 

literatures. This stimulated interest in this new material as a candidate for overall photocatalytic 

water splitting with special reference to the development of cost-effective methods for its 

synthesis. Adeli and Taghipour [48] classified the available methods for the synthesis of 

gallium zinc oxynitride into three on the basis of temperature requirements: High temperature 

solid state reaction, medium temperature and micro-wave methods.  

(a).     High temperature synthesis (HTS) 

This is the traditional method for the synthesis of very high crystalline solid/powder materials 

by heating a system of other solid materials  in the presence of reducing agents usually gases 

such as ammonia at temperatures greater than 1000 K. Maeda et al. [68] utilized the technique 

for the synthesis of high crystalline gallium zinc oxynitride at 1123 K by heating a mixture of 

ZnO and Ga2O3 in the ratio 2:1 using ammonia as the nitridating (reducing) agent. The 

synthesized yellow solid solution had a bandgap favorable for the visible light range 

photocatalytic activity. Because of the high temperature reducing condition, a significant loss 

of Zn atoms through volatilization to metallic Zn and high density of crystal defects, a 

negligible quantum efficiency was noted and even a very low quantum efficiency was observed 

using RuO2 as the co-catalyst. To improve the photocatalytic quality of the gallium zinc 

oxynitride produced via HTSS, several strategies have been employed such as modification of 

co-catalysts, introduction of excess Zn and oxygen  to compensate for the drastic Zn loss, 

reduction of nitridating time, use of alternative nitridating agents and use of special types of 

precursors and incorporation of additional synthesis step(s) etc.[4], [69]–[72]. Despite all 

current efforts, there is yet to be a significant improvement in the photocatalytic efficiency of 

gallium zinc oxynitride derived from this technique as well as the efficiency of the method.   

 (b).     Medium temperature synthesis (MT) (823 K ≤ T ≤ 1000 K) 
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Since the band gap and to an extent, the photocatalytic performance of gallium zinc oxynitride 

are determined by the amount of Zn present in it, a strategy  to suppress  the huge loss of zinc 

and reducing the operating temperature in the HTS (>1000 K) technique, is seen as one of the 

effective ways for achieving zinc-rich gallium oxynitride. More so, this method lay claim to 

reduced synthesis time. Yan et al. [73] was able to synthesize visible-light-range gallium zinc 

oxynitride via ammonia-based nitridation of ZnGa2O4 at 953 K.. Even though this method 

achieves the desired band gap and more Zn-rich as-synthesized materials, there is an obvious 

decrease in the crystallinity of the product. The photocatalytic performance of the gallium zinc 

oxynitride by this technique was not reported.  

            (c).     Microwave synthesis technique 

         Yang et. al [74] is the first to synthesize gallium zinc oxynitride by the indirect heating of a 

mixture of gallium oxide, zinc oxide, zinc powder and urea as the nitrogen source in a micro-

wave oven for 10 mins. The estimated bandgap of the prepared material falls within the visible-

light region (2.47-2.64 eV) as the Zn volatilization was greatly suppressed. Although, the 

prepared material has not been tested for photocatalytic water splitting, it showed high 

photocatalytic activity for the decomposition of isopropyl alcohol. This high activity was 

attributed to the high porosity induced by the foam-structure template generated by the release 

of release of volatile gases enhanced by urea presence. From the XRD pattern, it is crystal clear 

that the as-synthesized photocatalyst has the lowest crystallinity compared to the traditional 

methods. Furthermore, with the low temperature and very short synthesis, there is high 

probability that other phases resulting from poor nitridation and incomplete combustion of urea 

could form.       

(d).     Combustion synthesis 

This technique was recently reported for the synthesis of gallium zinc oxynitride and was 

therefore not included in the review cited above. Kennedy and Meekins [75] prepared gallium 
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zinc oxynitride via combustion synthesis method. This involved the direct heating of a mixture 

of gallium nitrate, zinc nitrate and urea in water for about 30 minutes at 773 K.  The 

comparatively low temperature and reduced synthesis time compared to the above methods 

could have been responsible for the reportedly reduced loss of zinc atoms via volatilization   

and therefore, presents this method as a relatively promising technique. However, the X-ray 

diffraction pattern shows a reduced crystallinity when compared with the other techniques 

previously discussed. The synthesized photocatalyst, with bandgaps 2.22-2.8ev demonstrated 

photocatalytic activity under visible light region but showed no improvement even in the 

presence of co-catalyst. In most cases, photocatalytic surface reactions are slow, accumulation 

of charges on the surface of the catalyst will lead to recombination and decreased in activity. 

To avoid this, secondary catalysts are added to facilitate consumption of any deposited 

electrons. These secondary catalysts are called co-catalyst. These co-catalysts can help to 

provide more suitable active sites for reactions to occur and hinder the recombination of 

electrons, thereby favoring the formation of molecular hydrogen. Therefore, co-catalysts can 

be used to improve the efficiency of photocatalysts[55].  This synthesis technique is prone to 

the inadequacies inherent in a typical batch process. Overall, more work is required for the 

optimization of this technique. 

2.7 Flame Spray Pyrolysis for Synthesis of Photocatalysts 

Despite the efforts discussed so far, the current synthesis techniques for gallium zinc oxynitride 

with visible light photocatalytic activities are still laden with inadequacies. Although the 

traditional method of nitridation (HT) produces very high crystalline stable photocatalyst, high 

volatilization of zinc, safety concerns of ammonia and synthesis duration are some of its 

drawbacks. While other techniques suffer less from Zn loss, their as-prepared photocatalysts 

are less crystalline and prone to additional phases and impurities[48]. More so, majority of the 

synthesis methods currently explored are wet-chemistry-based and mostly multi-step batch 
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processes. Furthermore, as noted earlier, the morphological properties such as particle 

structures and sizes of photocatalysts are of critical importance to their efficiency and 

performance. None of these discussed methods has demonstrated the capacity to control or 

systematically control the morphological properties of their prepared materials. Therefore, to 

harness the potentials of gallium zinc oxynitride as the recommended candidate for large scale 

visible-light-driven photocatalytic overall water splitting, a best techno-economic synthesis 

strategy must be devised.  FSP as a very high temperature (above 2000 K) technique is expected 

to give highly pure, homogeneous single phase crystalline and stable nanocatalysts. FSP occurs 

at a temperature almost twice that of the HTS technique. However, because FSP reaction 

happens in milliseconds[31], it is expected that zinc losses could be significantly minimized.  

More so, unlike the wet chemistry methods, FSP enjoys the reputation of being a single-step 

technique. This will not only reduce the reaction time but also minimize the potential of 

introducing impurities as often witnessed in a multi-step process. Furthermore, except for the 

HTS (with capacity for continuous operation), current approaches for the development of 

gallium zinc oxynitrides are basically batch processes, hence, not ideal for large scale 

production. But FSP enjoys the beauty of having several approaches utilized in the tuning and 

control of the physico-chemical properties of its products such as solvent-precursor system, 

precursor and dispersion gas loadings, quenching rates and air entrainments etc. [25]. 

Therefore, FSP is a continuous, single-step, multi-parametric tuning high temperature synthesis 

technique that has been utilized for the design and development of various catalysts 

Besides the use of FSP for the synthesis of various traditional catalytic materials, it is also being 

deployed for the development of photocatalysts. Ranging from simple to mixed metal oxides, 

FSP-made photocatalysts have been reported [37], [76]–[78]. Teoh [57] presents a very concise 

but excellent review on FSP-made photocatalysts, highlighting the progress, challenges and 

prospects. Since TiO2 is usually set as a benchmark for the characterization of photocatalysts, 
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this section presents an overview of some of the FSP-made TiO2 for photocatalytic 

applications. 

The work by Teoh et al.[79] compared the photocatalytic efficiencies of FSP-made TiO2 and 

commercial flame-made Degussa P25 of comparable structural and morphological features for 

the degradation of various organic compounds. The FSP-made photocatalyst showed 

superiority in the mineralization of saccharides while the conventional P25 for phenol and 

methanol. This therefore implies that the photocatalytic activity of titania for organic 

compounds degradation is a function of the type of compound and other experimental 

conditions. 

In an enclosed FSP configuration, Kho and his group shows that the polymorphic composition 

of TiO2 nanocatalyst can be tuned by controlling the flame condition through the manipulating 

the equivalence ratio. They observe that at stoichiometric flame condition, the anatase phase 

was more favored while at slightly fuel rich condition, the rutile phase dominated. The works 

also suggests that besides the basic parameters such as precursor and dispersion feed rates, the 

geometry of the enclosure for the flame impacts on the structural properties of the as-prepared 

materials. This is not surprising as the enclosure would determine air entrainment rate which 

in turn impact on the quenching rate.  Overall, the enclosure has a direct consequence on the 

temperature profile of the flame. This work further portrays FSP as a tool for rational design 

of nanomaterials. In general, FSP-made TiO2 is often reckoned with being compositionally 

homogenized, exhibition of efficient charge transfer and surface area that contributes to 

improved photocatalytic activity[25], [80]. 

In furtherance of the characterization of FSP-made TiO2 for photocatalytic and photochemical 

applications, Tsekouras and co evaluated the charge mobility of FSP-made TiO2 for dye-

sensitized solar cells. The charge transport properties of the prepared materials agreed with that 

commercially available Degussa P25. Utilizing the parameters such as feed rates variations and 
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air entrainment (quenching rates), the worked shows that FSP could be used to precisely control 

the physico-chemical and charge transport behaviors of TiO2 unlike available wet chemistry 

synthesis methods[78].   

Using FSP, Amal et al.[81] doped TiO2 with 2% Cu and 50% F and compared their 

performance against pristine TiO2 (P25) for photocatalytic oxidation of acetaldehyde in the UV 

region. While the non-metal doped TiO2 demonstrated slightly improved photocatalytic 

activity than the P25, the Cu-doped sample showed declined activity-which is attributed to the 

increased generation of the terminal hydroxyl functional group. A quick inspection of the XRD 

pattern showed that both doped samples showed high crystallinity and contained both the rutile 

and anaphase of TiO2 like the P25.  

By doping titania with ceria, Chaisuk et al.[24] was able to engineer the bandgap of TiO2 into 

the visible light region. The work reported that the absorbance of pristine TiO2 shifted from 

388 to 467 nm as the dopant concentration increased from 10 to 30 % ceria. It also shows that 

the surface area and anatase: rutile varies with the amount of ceria incorporated into the lattice 

of TiO2.  Although the photocatalytic activity of the catalyst synthesized in this work is not 

known as there was no actual photocatalytic application besides the UV-vis measurements, but, 

relying on the UV-vis spectra, it is expected that the photocatalyst should be active in the visible 

light region unlike pristine TiO2 and CeO2. 

2.7.1 Mixed oxides for photocatalysis and challenges 

Formation of mixed oxides and solid solution catalysts is seen as one of the viable strategies 

for extending the stability and activity of catalyst. This has made it possible to access catalytic 

properties that are usually difficult, if not impossible to achieve with single oxide 

materials[82]–[88]. Although this has been deployed for many conventional catalysts, as 

already seen above, it is also being utilized for Flame-made photocatalysts. Despite the beauties 

of FSP for the synthesis of conventional catalysts, its utilization for photocatalysts development 
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is limited by some inherent setbacks. Although the high temperature environment during FSP 

often results in the formation highly crystalline and low defects concentration catalysts[26]–

[30], the very short residence and high quenching rates of particles in the flame give rise to 

metastable[41] and even amorphous nanomaterials[42]. Poorly crystallized materials are 

reckoned with unwanted charge trap defects that act as recombination centers for electron and 

hole pairs which reduces the efficiency of the photocatalytic process[57]. To compensate for 

the short residence enclosed flame configuration is adopted during FSP but this has drastic 

effects on the surface area and compositions of the final products[42]. More so, lack of suitable 

precursors for some class of metals and uncertainty or difficulty in controlling the desired 

oxidation states and compositions of dopants in the host remain a challenge in the preparation 

of mixed oxides or solid solution photocatalysts[57]. 
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CHAPTER 3: EXPERIMENTATION 

A customized flame spray pyrolysis system was designed and built. The system consists of 

essentially the flame reactor, feed injection system and particulate collection unit. 

3.1         Flame reactor system 

  The flame reactor is a standard water-cooled 316 stainless steel Mckenna burner with a center 

tube purchased from Holthius and Associates. To reduce non-uniformity and variation of 

temperature in the radial direction of the premixed flat flame (flamelets), the burner contains a 

bronze-made porous sintered plug (6 cm in diameter) equipped with a spiral circuit for the 

passage of cooling water. The sintered plug is the mixing point for the methane and burner air 

for the generation of the flamelets. More so, the flat flame burner is fitted with a coaxial sintered 

shroud ring made of bronze with a 0.25inch compression fitting for the delivery of air. The 

shroud air protects the premixed flamelets (pilot flame) from outside air interferences and 

therefore helps to maintain flame stability. The center tube is for the insertion of the atomization 

nozzle. 

With this, the flat burner offers a steady temperature profile across the flame which is assumed 

to be 1-D especially within the lean to stoichiometric regimes[89]. This is the primary reason 

for the choice of this burner system so as to help in maintaining uniform temperature and 

stability of the pilot flame.  

The figure below shows the inhouse fabricated FSP system (a) and (b) shows the burner with 

premixed flamelets. As part of safety measures, a flame arrestor is installed on the methane 

line. 
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Fig. 5: (a) Customized FSP set-up (b) set-up with the premixed flamelets 

3.2         Nozzle system 

 This is a Schlick full cone, two-fluid pneumatic atomizer obtained through Orthos Liquid 

System. The two-fluid system has a pipe of circular cross-section serving as the route for the 

precursor and an air cap (dispersion gas – oxygen- route) ending with a conical geometry. The 

end of the liquid route is fitted with nozzle tip of 0.5 mm while the gas route ends with a 

diameter of 2 mm. The nozzle tip edges out with the air cap with an adjustable annular gap area 

between the tip and the air cap. With spacers, the annular gap is adjusted by changing the height 

of the nozzle tip from the end of the air cap. Although, it is difficult to quantify annular gap 

area, the pressure drop across the nozzle tip is utilized to have a sense of it. The nozzle is 

inserted through the center tube of the burner and suspended using a retort stand. 

 The inlet to the precursor and the dispersion gas routes are connected to 0.125 mm and 0.25 

mm tubing respectively. The precursor is delivered to the nozzle by NE-300 infusion syringe 

pump acquired from New Era Pump Systems Inc. Methane, burner air and oxygen gas 

flowrates are metered and controlled using Brooks mass flow controllers while the shroud air 

is controlled by rotameter obtained from Cole Parmer.  

3.3      Particles collection unit 

 Particles collection in flame spray pyrolysis is based on thermophoretic effect. The synthesized 

nanoparticles are collected on a 15 cm Whatman Glass fiber filter paper (grade B) attached to 
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a stainless-steel filter holder. To keep the filter holder cold, cooling water flows through a 0.25 

mm channel in the filter holder. The water cooling is to ensure that the collected particles are 

not exposed to temperature high enough to cause further reactions of the particles via 

agglomeration and aggregation. The filter holder is suspended at 15.5 inches above the burner 

surface and particle collection was facilitated using Varian SD-200 mechanical pump supplied 

by Duniway stockroom corporation. 

A schematic representation of the FSP set-up is presented in fig. 6. In the figure, Rot = 

rotameter; MFC = mass flow controllers; FBA = flashback arrester; PG = pressure gauge. 

 

 
                                         Fig. 6: Schematic diagram of the FSP system  
 

 

3.4.      Solvent screening 

Due to multiple precursors involved, it was necessary to figure out a common solvent for them. 

For solubility tests, the three precursors were dissolved in methanol, ethanol, methanol-ethanol, 

methanol-acetonitrile, ethanol-water, methanol-acetic acid, butanol-water, butanol-methanol 

respectively. For each case, the precursors were dissolved, stirred and further sonicated to 

improve solubilities of the precursors. 
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Using methanol, a solution containing the three precursors (Ga: Zn: U) in the molar ratio of 

1:1:10 was prepared, stirred and sonicated for 1 hr. Similar solutions were prepared (unless 

otherwise stated) using ethanol, ethanol-deionized water (10 ml of DI H2O), methanol-ethanol, 

methanol-acetonitrile (40 ml).  For the Nitrogen-doped samples (ZN), 75ml of total 

concentration of 0.4 M was used while 75 ml of 0.2 M was used for the synthesis of Zinc oxide 

(Z). Subsequently, Ga, Zn and U are represented with G, Z and N (urea as the source of 

nitrogen). For example, gallium zinc oxynitride samples are represented as GZN1 with 

subscript denoting sample’s identification number, Z1 would mean Zinc oxide sample 1 while 

ZN1 means nitrogen-doped Zinc oxide with Zn: N = 1 etc.  

Table 1: Sample compositions and solvents 

Sample Ga: Zn: N  Solvent 

GZN1 1:1:10 Methanol 

GZN2 1:1:10 10 ml DI H2O + Ethanol 

GZN3 1:3:10 40ml Methanol + Butanol 

GZN4 1:3:20 40ml Methanol + Butanol 

GZN5 1:3:25 20 ml DI H2O + Butanol 

GZN6 1:6:25 20 ml DI H2O + Butanol 

ZN1 0:1:1 40ml Methanol + acetonitrile 

ZN2 0:1:1 40ml Methanol + acetonitrile 

ZN5 0:1:5 40ml Methanol + acetonitrile 

Z1 0:1:0 Ethanol 

Z2 0:1:0 40ml Methanol + acetonitrile 

Z3 0:1:0 40ml Methanol + acetonitrile 

 

 The choice of suitable solvents and precursors is the first step towards achieving 

homogeneously distributed ultrafine products in flame spray pyrolysis. Since gas-to-particle 

formation route leads to those desirable product’s qualities, the simple strategy is to employ 

precursors and solvents with desirable properties (as discussed in sections 2.4.1 and 2.4.2) that 

favor gas-to-particle conversion over droplet-to-particle mechanism[90]. Therefore, the initial 

step was geared towards choosing a common solvent for the ternary system. Nitrates are usually 
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soluble in readily available alcohols[90] and with urea showing some solubility in lower 

molecular weight alcohols too, the initial trials started with methanol and ethanol. 

(a). Methanol (GZN1)   

0.01 moles of Gallium nitrate and zinc nitrate with 0.1 mole of urea dissolved in   100 ml of 

solution to yield GZN1 (1:1:10). Although, the precursors seemed well dissolved, urea is 

known to exhibit limited solubility in alcohols[91] and with nitrate having fair solubility 

methanol, the prepared solution was stirred and further sonicated to aid homogenization.   

(b). DI H2O + Ethanol and DI + Butanol systems (GZN2 to GZN4) 

Urea is much less soluble in ethanol than methanol[91]. Also, it was observed that gallium 

nitrate solubility decreased across the alcohol series leading to the formation of precipitate. The 

formation of precipitation could also be due to the upset of the fair solubility of urea in the 

alcohol.  However, ethanol and butanol have slightly higher boiling point and enthalpy of 

combustion than methanol while butanol has higher combustion enthalpy and boiling point 

than ethanol. Water is a very excellent solvent for all the precursors. Therefore, 10 ml of DI 

was used to dissolve the three precursors and made up to 100 ml with ethanol while 20 ml of 

DI was used in the case of butanol since solubility of the precursors was observed to decrease 

in butanol. Both of which gave colorless solutions after stirring and sonicating for 1 hr. 

(c) . Methanol + Butanol (GZN5 and GZN6):  

 With the low enthalpy of combustion of ethanol and boiling point relative to the poor volatility 

and decomposition temperature of the precursors, introduction of water into the system is likely 

to drastically discourage gas-to-particle conversion mechanism by further lowering the flame 

energy [37], [90]. Therefore, there was a need to eliminate water regardless of the amount. 

Based on the findings with methanol, GZN5 and GZN6 samples were prepared using 40 ml of 

methanol and made up with butanol. Methanol primarily served as the base solvent while 

butanol that has very boiling  point and heat of combustion is employed to favor gas-to-particle 
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[31], [90]. The solution was unclear due to precipitation. After sonication, no precipitate was 

observed, and the solution appeared clear. The challenge with the methanol-butanol system, is 

that the slight solubilities of the nitrates and urea especially the Gallium nitrate in methanol 

only allowed for the complete dissolution of a very small amount of the precursors.  

(d) Methanol, Ethanol and Methanol-Acetonitrile systems 

Zinc nitrate is comparatively highly soluble in ethanol and methanol respectively and so did 

not present any solubility issues. Urea are relatively soluble in methanol and acetonitrile 

respectively and the energy of combustion of acetonitrile is almost twice that of methanol. Just 

as discussed above, acetonitrile was therefore added to boost the enthalpy of combustion of the 

system in addition to its higher boiling point. Therefore, 40 ml of methanol was initially used 

to dissolve the precursor(s) and made up to the desired volume with acetonitrile for the 

preparation of Z1 to Z3, ZN1, ZN2 and ZN5. 

3.5   Nanomaterial synthesis 

 Samples of solid solutions of gallium zinc oxynitride, zinc oxide and nitrogen-doped zinc 

oxide were prepared via liquid-fed flame spray pyrolysis at various compositions and synthesis 

conditions. Stable premixed methane-air flamelets was achieved at stoichiometric equivalence 

ratio with a total gas flowrate of 12 L/min (methane = 1 L/min, air = 10 L/min and shroud air 

= 1 L/min) and used for all nanomaterials synthesis. In the case of precursor flame, the 

equivalence ratio (molar basis) was computed by taking the solvents and urea (where present) 

as fuel and oxygen as oxidant and was used together with pressure drop as the basis for the 

result analysis. Prior to the actual materials synthesis, the performance of the FSP system in 

terms of particle collection efficiency and flame stability with respect to possible synthesis 

conditions such as feed rates and dispersion gas pressure drop was carried by synthesizing 

zirconia using 0.1 M zirconium (iv) oxynitrate. The precursors for gallium zinc oxynitride are 

Gallium (III) Nitrate, Zinc Nitrate and urea purchased from Alfar Aesar. Urea served as the 
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nitrogen source for solid solution. The choice for these precursors was based on commercial 

availability and cost. The gases used in the experiment were obtained from Airgas.  

As-prepared nanomaterials scrapped from glass fiber filter paper (grade B). The table 2 below 

gives the summary of the samples’ identification including synthesis conditions for the samples 

while the nominal flowrates are presented in Appendix A. However, due to the various 

synthesis conditions involved, for clarity purposes, samples would be discussed alongside their 

respective synthesis conditions.  Note that the equivalence ratios in table 2 refers to that of the 

precursor flame as that of the flamelets was held constant. 

Table 2: Samples and their synthesis parameters 

Sample Ga: Zn: N  Pressure  

drop(bar) 

Equivalence  

ratio   

GZN1 1:1:10 1 0.51 

GZN2 1:1:10 1 0.95 

GZN3 1:3:10 1.5 2.34 

GZN4 1:3:20 1.5 3.16 

GZN5 1:3:25 1 1.84 

GZN6 1:6:25 1.5 2.04 

ZN1 0:1:1 1.5 0.81 

ZN2 0:1:1 1 0.81 

ZN5 0:1:5 1 1.55 

Z1 0:1:0 1 0.65 

Z2 0:1:0 1 0.55 

Z3 0:1:0 1 0.65 

 

3.6      Characterization of synthesized nanomaterials   

Preliminary physical characterizations of the as-prepared nanocatalysts were carried out 

using powder x-ray diffraction, Ultraviolet-visible spectroscopy.  X-ray diffraction 

patterns of the samples were collected using a Rigaku II desktop diffractometer with 

CuK𝛼 (𝛼 = 1.5406) source radiation in the 2𝜃 range of 10-80° with a step rate of 2°/min. 

UV-vis spectra were collected using Shimadzu UV-2600 in the diffuse reflectance mode 

and absorbance data conversions were computed with the aid of UV probe software. 

Tauc’s plots were constructed and were used to estimate the direct bandgaps. 
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CHAPTER 4: RESULTS AND DISCUSSION  

4.1      Physical characterization 

X-ray diffraction patterns were collected to examine the crystal structure of the as- synthesized 

samples. GZN1 (1:1:10) synthesized at 1 bar and equivalence ratio of 0.51 using methanol was 

a colorless amorphous material which did not occur as powder but rather as waxy chunks and 

was not subjected to x-ray diffraction. As we shall see later in this section, the inability to 

prepare crystalline nanoparticle with this composition is highly likely not due to the synthesis 

conditions (equivalence ratio and pressure drop) but could be explained in terms of precursor-

solvent effect. The boiling point of methanol and combustion enthalpy are 63℃ and 763 kJ/mol 

respectively (https://webbook.nist.gov). Urea decomposition temperature[92], [93] ranges 

from 130℃ to over 250℃, gallium nitrate decomposes at 110℃ 

(https://pubchem.ncbi.nlm.nih.gov) while zinc nitrate[94] decomposition occurs from 300 to 

550℃. Without overlooking the impact of the wide differences in the decomposition 

temperatures of the precursor themselves, but, comparing the boiling point of methanol to even 

the smallest decomposition temperature (gallium nitrate), it is far less than unity and by the 

experimentally supported conceptual criterion previously discussed, it is reasonable to infer  

that the solvent evaporated long before the precursors decomposed. Therefore, precursors 

droplets did not get enough energy to be properly combusted. Compositionally similar solution 

prepared and left to evaporate overnight yielded similar material-which supports the above 

claim. In addition to the short time residence of FSP, the poor volatility coupled with low 

combustion enthalpy of nitrates strongly contributed to the creation of the amorphous material 

[37], [90].  Despite the poor characteristics of the precursors, a solvent of high boiling point or 

combustion enthalpy would have yielded at least inhomogeneous crystalline materials via 

droplet-to-particle route[31]. 

https://webbook.nist.gov/
https://pubchem.ncbi.nlm.nih.gov)/
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 Fig. 7 shows the diffractogram for GZN2 (1:1:10) synthesized at 1 bar and equivalence ratio 

of 0.95 using the mixture of DI H2O + ethanol. The XRD spectra shows very low crystalline 

peaks assigned to ZnO and ZnGa2O4 respectively which indicates the formation of mixed 

oxides since a single-phase gallium zinc oxynitride shows only ZnO structure[75], [95]. There 

are possible explanations for the mixed oxides formation in GZN2. In terms of compositional 

effect, it could mean that either nitrogen is not incorporated, or the amount incorporated is 

small to lead to formation of a single-phase gallium zinc oxynitride. Using the same precursors 

ratio (1:1:10), Kennedy and Meekins[75] reported to have achieved a single phase of gallium 

zinc oxynitride via combustion synthesis technique. However, regardless of the Zn/Ga ratios 

tested in their work, deviation from urea to total metal molar ratio of 5 yielded mixed oxide 

phases as obtained in GNZ2. The authors, using uv-vis absorption spectra claims that nitrogen 

was present in the mixed oxide but more likely to exist in the form of ZnOxN1-x. This result 

suggests that there could be a favorable precursor ratio necessary for the formation of a single-

phase gallium zinc oxynitride.  On the other hand, it is possible that nitrogen was incorporated, 

but the gallium was either not incorporated into the ZnO lattice or not all gallium was 

incorporated. In doping ZnO with only gallium via modified Pechini synthesis method (wet 

chemistry), Goncalves et al.[96] stated that while Zn/Ga ratio less than  or equal to 2% yielded 

a single phase of ZnO structure, Zn/Ga molar ratio greater than 2% showed mixed ZnO and 

ZnGa2O4 phases. The authors states that there could be solubility limit for gallium in the ZnO 

lattice. This work[96] seems to support the argument by Kennedy and Meekins that there could 

be an optimum precursor ratio[75].  

Without overruling, the above possibility, even in the absence of the first possibility, the non-

uniform decomposition rates of the precursors due to wide difference in their decomposition 

temperatures (urea = 130 - 250°C, gallium nitrate = 110°C, zinc nitrate = 300 - 550°C) is prone 

to  generation of volatile materials or segregation or poor interaction of the materials in 
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flame[29]. More so, in addition to dampening the flame temperature and inhibiting adequate 

gas-phase mixing, the water in the system can hydrolyze the precursors to yield products of 

different decomposition temperatures [35]. The occurrence of one or both of these possibilities 

is less likely to yield a homogeneous or single-phase product in FSP[29].  

 A quick look at the pronounced peak of the ZnGa2O4 phase (311) of the spectrum at  2𝜃 =

 36°,  the peak shows a sharp tip but broadens towards the base. This is an indication of bimodal 

particle size distribution. This heterogeneity is a consequence of the possibilities  already 

discussed and is very common with nitrates[37], [90]. In addition to the aforementioned factors, 

another probable contribution to the heterogeneity of the synthesized nanomaterial is poor 

mixing of the precursors due to their limited solubilities in the screened solvent. Even though 

there was no observable precipitation as in the case of GZN2, but it is also possible that the 

varying degrees of solubilities in the solvent mixture could have inhibited perfect mixing. By 

this, the materials might have undergone different evaporation rates and particle formation 

routes, the precursors that adequately dissolved will likely follow gas-to-particle route while 

the precursor with less solubility will go through the droplet-to-particles route due to non-

uniform evaporation thereby resulting in heterogeneous particle size distribution[35]. Overall, 

insufficient combustion energy might have led to inhomogeneous and low crystalline 

nanomaterials. 

 Comparing GZN1 with GZN2, unlike the case of GZN1 (with methanol as solvent), using a 

mixture of H2O + ethanol (GZN2), a solution of similar precursor composition dispersed at the 

same pressure drop as GZN1, produced relatively crystalline nanomaterial. While we might 

not neglect the possible effect of the equivalence ratio, but we shall subsequently see that 

various crystalline materials were synthesized at comparable equivalence ratio of GZN1 

utilizing a different solvent as well. Therefore, it is arguable that solvent effect could have 

contributed more to the synthesis of crystalline material of GZN2. Despite the presence of H2O, 
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it is assumed that  in addition to the somewhat higher boiling point (78°C), the enthalpy of 

combustion of ethanol (1360 kJ/mol) provided higher energy than   methanol (B.pt = 63°C and 

combustion enthalpy = 763 kJ/mol).  

Furthermore, the poor volatility and low combustion enthalpy of the majority of the precursors 

coupled with the ratio 
𝑇𝑏𝑝

𝑇𝑑 𝑚𝑝⁄
 <<  1 might have outweighed any anticipated positive effect due 

to enthalpy of combustion of ethanol[31].     

 
Fig 7: XRD pattern of GZN2 

Fig. 8 shows that it is possible to suppress the unfavorable effects of the precursors by choice 

of solvent with better characteristics such as high boiling point and/or high enthalpy of 

combustion[31]. Exploiting the high combustion enthalpy of ethanol (1360 kJ/mol) compared 

to methanol (726.56 kJ/mol), highly crystalline ZnO nanoparticles (Z1) was synthesized at 

pressure drop of 1 bar and equivalence ratio of 0.65. Like claimed earlier in this section, the 

failure of GZN1 to yield crystalline material is likely not attributable to the synthesis condition. 

A mixture of methanol-acetonitrile was used to synthesize highly crystalline and pure ZnO 
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nanoparticles (Z2 and Z3) at pressured drop of 1 bar and equivalence ratios of 0.65 and 0.55, 

respectively. Since acetonitrile has a higher combustion energy (1256 kJ/mol) than methanol 

(763 kJ/mol), it was added to boost the energy of combustion of the solution. The fact that Z3 

was synthesized at conditions comparatively similar with those of GZN1 suggests that solvent 

properties and not necessarily synthesis conditions define particles characteristics[35]. Also, 

by augmenting methanol with a second solvent of better enthalpy of combustion, crystalline 

materials were made unlike the case where methanol only was used. The use of solvents of 

even low boiling points but high enthalpy of combustion to override unfavorable properties of 

precursors is a common strategy in FSP [31], [90]. The lattice parameters and crystallite sizes 

of the synthesized ZnO nanoparticles are presented in table 3 and table 4, respectively. 

 
Fig. 8: Diffraction pattern of as-prepared Zinc Oxide. 

Table 3: Lattice parameters of the synthesized ZnO 

 

 

 

Table 3 above contains the lattice parameters of the ZnO oxide samples which were calculated 

using peaks (102) and (110). The average lattice parameter of the synthesized ZnO is: a (nm) 

= 0.3224 ± 0.00017, c (nm) = 0.5213 ± 0.00052. Both the individual and average lattice 

Sample a (nm) c (nm) 

Z1 0.3226 0.5220 

Z2 0.3224 0.5215 

Z3  0.3221 0.5203 
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parameters are comparable to that of a typical hexagonal wurtzite ZnO (PDF No. 36-1451) 

which is 0.32498 nm and 0.52066 nm for the a-axis and c-axis respectively[10]. 

Table 4: Estimated crystallite sizes of ZnO samples  

 

 

The Scherrer’s equation, 𝐷 (𝑛𝑚) =  
𝐾 × 𝜆

 𝛽 ×cos 𝜃
 , where K is the Scherrer constant = 0.9, 𝜆  is the 

wavelength of the x-ray source = 0.15406 nm, 𝛽  is the FWHM in radian nm and 𝜃 is the peak 

position (radian) was used to calculate the crystal sizes using peaks (100), (102) and (110). 

From the XRD spectra in Fig. 8, There are no observable differences in the peaks of Z2 and Z3 

which were synthesized using the same solvent (methanol and acetonitrile) despite a slight 

variation in the synthesis condition, specifically the equivalence ratio (0.65 and 0.55 

respectively) which agrees with the equal crystallites sizes as shown in table 4. Comparing the 

Z1 and Z2, Z3, the peaks of Z1 are sharper than those of Z2 and Z3 which is indicative of 

higher crystallinity which corresponds with Z1 having the largest crystallite size out of the 

three samples. More so, comparing Z1 and Z3 which were synthesized at the same condition, 

the peaks of Z3 are broader than those of Z1 which reflected in the crystallite size of Z1 being 

bigger. The difference in the crystallinity and crystallite sizes could be attributed to differences 

in the enthalpy of combustion of the solvents since the boiling point of ethanol (78℃) is almost 

the same with that acetonitrile (81℃).  The enthalpy of combustion of ethanol (1360 kJ/mol) 

is higher than those of methanol (763 kJ/mol) and acetonitrile (1256 kJ/mol) respectively. By 

implication, the nanoparticles of Z1 were exposed to higher temperature regime than those Z2 

and Z3 which favored sintering and yielded larger crystallite size. This observation lends 

support to the assertion that precursor-solvent effect dominates over synthesis condition in 

defining particles morphology[35]. 

Sample crystallite size (nm) 

Z1 11 ± 0.109  

Z2 9 ± 0.533 

Z3  9 ± 0.392 
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From the solubility tests, out of the three precursors, gallium nitrate was visually observed to 

be the least soluble and easily precipitated in all the tested solvents. As earlier discussed, 

inhomogeneity of precursor solution could result in different evaporation and decomposition 

rates which affect product formation. To evaluate possible effect of the poor solubility of 

gallium nitrate, ZN samples were synthesized under the conditions stated in table 2. Fig. 9 

shows the XRD spectra of ZN1, ZN2 and ZN5.  

 
Fig. 9. XRD patterns of samples made from urea and zinc nitrate solution only. The numbers 

after the letters stand for U/Zn molar ratio 

Table 5: Lattice parameters of ZN samples 

 

 

 

Table 6: Estimated crystallite sizes of ZN samples  
 

 

 

Sample a (nm) c (nm) 

ZN1 0.3219 0.5219 

ZN2 0.3217 0.5203 

ZN5 0.3220 0.5200 

Sample Crystallite size (nm) 

ZN1 11 ± 0.109  

ZN2 9 ± 0.533 

ZN5 9 ± 0.392 
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From Fig. 9, all the samples synthesized using zinc nitrate and urea only are highly crystalline 

materials with all the peaks indexed to the hexagonal wurtzite structure of ZnO. The absence 

of any other peaks except those indexed to ZnO shows that the synthesized samples are pure 

and single-phase[97]. From table 5, the lattice parameters of the synthesized Zn samples are 

presented. Comparing these unit cells dimensions with the average unit cell dimensions of the 

pristine ZnO shown in table 3 ( a (nm) = 0.3224 ± 0.0017, c (nm) = 0.5213 ± 0.0052), ZN1 

gives a lattice contraction of 0.16 % (a-axis) and while the c-axis slightly increased by 0.11% 

, ZN2 gives 0.21 % (a-axis), 0.19% c-axis) while ZN5 gives 0.12 % (a-axis) and 0.25 % (c-

axis). Regardless of the minor differences among the ZN samples, all their unit cell dimensions 

lie within the error margin of that of ZnO which indicates that there are essentially the same 

with the lattice parameters of ZnO. This could mean that no nitrogen was incorporated or that 

if incorporated, it is not in the lattice of ZnO or even if present, it is not in substantial amount 

to cause any significant change in the lattice parameters of the ZnO.  Gopinath and Mapa[98] 

using combustion synthesis claimed to have prepared nitrogen-doped ZnO with urea and zinc 

nitrate precursors. The authors claimed that with urea/zinc molar ratio =1, the sample showed 

ZnO lattice contraction from 0.3250 to 0.3232 nm (0.54 %) in the a-axis and 0.5205 to 0.51984 

nm (0.5 % ) in the c-axis while sample made with urea/zinc molar ratio = 5 yielded 0.24 % 

decrease in both axes. The authors ascribed the lattice contraction to 15 % bulk nitrogen 

concentration incorporated in the sample with urea/zinc molar ratio = 1 and 9 % in the urea/zinc 

= 5. Their results show that the amount of nitrogen incorporated decreased as the urea content 

increased. According to the authors, the increase in carbonate species due to urea 

decomposition as the urea amount increased led to segregation which possibly hindered 

successful incorporation of nitrogen in the lattice of ZnO.  

However, to validate combustion synthesis as a simple technique for doping ZnO with nitrogen, 

Söllradl  et.al[98] repeated the work of Gopinath and Mapa[98] using urea/zinc molar ratio = 
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1 which gave the highest dopant concentration as claimed by Gopinath and Mapa. The authors 

reported that although nitrogen was present in the sample (urea/zinc = 1) but only a maximum 

of 0.48 % bulk nitrogen concentration was achievable and also reported that the lattice 

parameter of the sample was essentially the same with that of the pristine ZnO. From this result, 

it could be possible that nitrogen was incorporated in the ZN samples of this present work but 

in small amount. 

 Also, inspecting the peaks shows that the FWHM increased as the ratio of urea to zinc 

increased which reflected in the decrease in the crystallite sizes as shown in table 6. All samples 

were made with methanol-acetonitrile solvent and synthesis conditions are presented in tables 

1 and 2. Since the same solvent was used, any observed characteristic differences can only be 

described in terms of other parameters such as synthesis conditions and ratio of precursors. A 

quick observation of the peaks implies a slight decrease in crystallinity as the ratio of urea to 

zinc amount increased. ZN1 and ZN2 were prepared at the same equivalence ratio of 0.81 but 

pressure drops of 1.5 bar and 1 bar, respectively. While the ZN1 has an estimated crystallite 

size of 11 ± 0.109 nm, ZN2 and ZN5 have equal crystallite sizes of 9 ± 0.533 nm and 9 ± 0.392 

nm, respectively. This suggests that the presence of impurities might inhibit crystal growth and 

decrease crystallinity. Even though higher dispersion pressure could mean finer spray[39] but 

in this case, it cannot be said that the effect of pressure was observed or perhaps, obvious. 

Perhaps, similarity in equivalence ratio and precursor-solvent effects had more influence.  

From the preceding discussions, in addition to the need for solvent of high combustion 

enthalpy, it is also very likely that the poor solubility of gallium nitrate could inhibit the 

formation of single-phase, homogeneous solid solution. Based on this, the amount of gallium 

precursor was significantly reduced by dropping the molarity to 0.03 M in the subsequent 

synthesis of gallium zinc oxynitride discussed below. Due to the solubility issues, DI H2O + 
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butanol and methanol + butanol systems were adopted for synthesis and at limited gallium 

content to suppress precipitation. 

 
Fig. 10. XRD patterns of gallium zinc oxynitride solid solutions made with methanol + 

butanol as solvents compared with pristine ZnO (GZN 3 (top) and GZN4 (middle) to Z3 

(bottom) 

Table 7: Lattice parameters of GZN samples 

 

 

 

 

 

Table 8: Estimated crystallite sizes of GZN samples 

 

 

 

 

 

Fig. 10 presents the diffraction pattern of GZN3 and GZN4 compared with that of pristine ZnO 

(bottom). The lattice parameters and the crystallite sizes are shown in table 6 and table 7, 

respectively. From the XRD spectra, all the peaks are indexed to hexagonal wurtzite structure 

of ZnO. The non-existence of any other extra peak on the XRD suggests that the as-prepared 

samples are pure and single-phase metal oxides[75]. This observation could be attributed to 

Sample a (nm) c (nm) 

GZN3  0.3197 0.5189 

GZN4 0.3218 0.5219 

GZN5  0.3212 0.5213 

GZN6  0.3199 0.5191 

Sample Crystallite sizes (nm) 

GZN3  7 ± 1.243 

GZN4 7 ± 0.495 

GZN5  11 ± 1.08 

GZN6  9 ± 0.798 
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two major possibilities. It is either the gallium is highly dispersed such that it is below the 

detectable limit of the XRD or are incorporated into the crystal lattice of the host as dopants[8]. 

However, as shown by the insert, the peaks of the GZN samples slightly shifted to higher angles 

of 2𝜃. From table 6, the shifts correspond with the contraction of the lattice of the synthesized 

ZnO (a (nm) = 0.3224 ± 0.0017, c (nm) = 0.5213 ± 0.0052). For GZN3, the a-axis contracted 

to 0.3197 nm (0.84 %) and c-axis to 0.5189 (0.46 %) while GZN4, the a-axis contracted to 

0.3218 nm (0.19 %) and the c-axis slightly increased to (0.12 %). The result shows that the a-

axis is more contracted while the c-axis is less affected. The c-axis has been reported to show 

less affected by changes in the ZnO crystal lattice[99], [100]. The lattice parameters are still 

within the calculated error margin of the lattice parameters of the pristine ZnO and therefore 

means, that there is no significant change in the unit cell dimensions. However, it is unlikely 

that all the gallium atoms completely vaporized from the flame given the very short residence 

time in FSP (milliseconds) and again, that peaks related to gallium were observed in GNZ2. 

More so, the contractions observed in GZN3 and GZN4 are also somewhat higher than those 

of ZN samples.  The contraction of the ZnO is  due to the differences in the ionic radii of Ga3+ 

(0.047 nm )) and Zn2+ (0.074 nm)[95], [97], [101].  This result suggests that the gallium and 

nitrogen are possibly in the crystal lattice of ZnO as dopants and that the metal oxide are not 

mere mixtures of GaN and ZnO[75], [101]. Gallium zinc oxynitride solid solutions prepared 

via nitridation at 850℃ showed lattice contraction by 1.67 % in the a-axis and 0.26 % in c-axis 

and was reported to contain 91 % GaN and 9 % ZnO while another sample that showed lattice 

contraction of 1.5 % (a-axis) and 0.26 % in the c-axis contained 77% GaN and 23 % ZnO. The 

reported bandgaps are 2.7 and 2.64 eV respectively – which are substantially less than 3 eV 

[102]. This result implies that lattice contraction is strongly dependent on the amount of GaN 

incorporated and that bandgaps were strongly tied to the zinc content as discussed below. As 

previously discussed, all lattice contractions for the GZN samples are less than 1%  and being 
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slight contractions, suggests that dopants if present in the lattice, would be of small 

concentrations and that GZN3 possibly has more dopant concentration than GZN4 as indicated 

by the extent of contractions. Also, another observation is that the sample (GZN3) with the 

smaller urea to total metal ratio (2.5) in the precursor solution had a relatively more contraction 

than GZN4 which urea to total metal ratio of 5. Similar observation was made in the case of 

ZN samples where contraction decreased as the urea to metal ratio increased. The same trend 

has been reported in the synthesis of nitrogen-doped ZnO and was attributed to the increased 

in the formation of carbonate species which promoted segregation and inhibited doping[103] 

or the increase in temperature as due to exothermicity of urea combustion possibly led to less 

incorporation of nitrogen[104] and fast decomposition of urea relative to other precursors[105]. 

However, the work by Kennedy and Meekins[75] claims that  it is Zn/Ga ratio not the urea to 

total metal content that had higher role in the contraction of the lattice. Currently, it is not clear 

whether it is nitrogen or gallium content that is playing the significant role in the lattice 

contraction or a combination of them but, it might be the presence of the dopants that caused 

the minor lattice contractions. 

A look at the peaks shows that the  intensities of the peaks of undoped ZnO was slightly higher 

than those samples of GZN with comparable urea to total metal ratio ( ZN1 versus GZN3 and 

ZN5 vs GZN4)  which suggests that crystallinity might decrease due to the  presence of foreign 

materials in GZN sample[97]. Table 8 shows the crystallite sizes of the GZN samples. GZN3 

and GZN4 have crystallite sizes of 7 ± 1.243 nm and 7 ± 0.496 nm, respectively and are smaller 

than the average crystallite size of the ZnO. The similarity in crystallite size of GZN3 and 

GZN4 might be due to the fact both were made using the same solvent. [75], [97], [106] .  
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Fig. 11. XRD patterns of gallium zinc oxynitride solid solutions made with DI   

H2O   + butanol compared with ZnO (GZN5 (middle), GZN6 (top) and Z3 (bottom). 

From Fig. 11, the XRD spectra peaks of GZN5 and GZN6 are indexed to the hexagonal wurtzite 

structure of zinc oxide. The prepared samples are single-phase oxides of high crystallinity and 

purity as implied by the absence of extra peaks[107]. As shown in table 6, sample GZN6 with 

smaller urea to metal ratio (3.57) in the precursor solution showed more lattice contraction than 

GZN5 (6.25). For GZN6, when compared with the pristine ZnO, the a-axis contracted from 

0.3224 nm to 0.3212 nm (0.78 %) and the c-axis from0.5224 to 0.5191 nm (0.42 %) while that 

of GZN5 contracted to 0.3212 nm (0.37 %) with no change in the c-axis. Also earlier discussed, 

the more contraction shown by GZN6 suggests than it might contain more dopants than GZN5.  

The more contraction obtained with smaller urea to total metal content was also observed in 

the case of GZN3 versus GZN4 as well regardless of solvent and synthesis conditions. As 

earlier explained in the case of ZN samples above, it is possible that as urea increased, more 

decomposition products such as carbonate increased which promoted segregation and perhaps, 

inhibited doping[103]. 

The peaks broadened as the urea to total metal content increased with the crystallite sizes GZN5 

and GZN6 as 11 ± 1.077 nm and 9 ± 0.798 nm respectively as shown in table 8. Although, urea 
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is very combustible fuel that can increase the temperature of the flame and lead to higher 

crystallinity of samples[75]. But, generally, from the standpoint of equivalence ratio, it could 

mean that there is excess fuel in the flame caused by the urea  which contributes to the 

quenching of the flame or dampening the temperature of the flame, hence, the reduction in 

crystallinity. Another interesting observation is that samples involving water (GZN5and 

GZN6) are more crystalline and of larger crystallite sizes than those made without water 

(GZN3 and GZN4)  and might be because the DI H2O + butanol mixture supplied higher rate 

of energy  (1.17 kJ/s) to the flame than methanol-butanol system (1.12 kJ/s). 

In general, comparing all the GZN samples, there is no distinct trend in their physical properties 

as reflected in the crystallite. At this point, it cannot be said with certainty, the factors that are 

responsible for the observed particles characteristics inferred from the XRD since the possible 

effect of the interplay of dopant, solvent effect as well as synthesis conditions are not yet known  

4.3       Determination of Bandgaps 

Bandgap tuning is the first strategy in the  design   and development of photocatalysts[49]. The 

direct bandgaps of the synthesized gallium zinc oxynitride were estimated from the Tauc’s 

plots shown in Figs. 12 and 13 and summarized in table 3 below. 
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Fig. 12. Tauc’s plots showing direct bandgaps (a). GZN3 (3.16 eV) and (b). GZN4 (3.07 eV) 
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Fig. 13. Tauc’s plot showing the direct bandgaps (a). GZN 5 (3.12 eV) 

and (b). GZN6 (3.08 eV) 

 

          Table 9: Bandgaps of GZN samples 

Sample Bandgap (eV) 

GZN3 3.16 

GZN4 3.07 

GZN5 3.12 

GZN6 3.08 

 

All estimated bandgaps for the samples as shown in table 3 range from 3.07 to 3.16 eV. The 

bandgaps of pristine ZnO and GaN are 3.2 eV and 3.4 eV respectively[95]. This shows that all 

bandgaps are significantly lower than the bandgap of GaN with GZN4 and GZN6 obviously 

lower than that of ZnO while those of GZN5 and GZN3 are slightly lower than the bandgap of 

ZnO. GZN4 with higher urea to total metal ratio than and less lattice contraction (0.19 %) than 

GZN3 (0.84 %) has lower bandgap than GZN3 that showed more lattice contraction with 

smaller urea to total metal ratio while GZN5 with higher urea to total metal ratio and less lattice 

contraction (0.37 %) shows a higher bandgap than GZN6 (contracted by 0.78 %). While the 

trend of lattice contraction with higher urea content is the same i.e. more contraction at smaller 

urea to total metal ratio, it is observed there was no correlation between bandgap and lattice 
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contraction. Also, despite that the GZN6 has Zn/Ga amount twice that of GZN4, their bandgaps 

are essentially the same - which might be supporting the claims that there are other factors 

contributing to reduction of bandgaps. The lack of correlation between lattice contraction and 

total concentration of dopants are reported in literatures. It has been reported that bandgap 

reduction in gallium zinc oxynitrides do not depend on the total dopant concentration (lattice 

contraction) but rather depends on the zinc content in the final composition. Yang et al.[102] 

synthesized gallium zinc oxynitride solutions and their result shows that 0.22 % lattice 

contraction gave a bandgap of 2.57 eV while the sample with a higher lattice contraction of 

0.45 % gave a bandgap of 2.72 eV. The authors stated that although the former sample has less 

contraction, it has more zinc content than the later and therefore attributed the smaller bandgap 

to increased repulsion between the N 2p atomic orbital, Zn 3d and O 2p of the ZnO atomic 

orbital. Maeda et. al[95] earlier observed that the bandgaps of gallium zinc oxynitrides did not 

depend on the overall amount of dopants incorporated but rather on the Zn content of the final 

products, with the samples having higher zinc content showing narrower bandgaps. The authors 

stated that the repulsion between the N 2p and Zn 3d and O 2p orbitals raises the valence band 

positions towards the conduction band (which are filled by the Ga 3d orbitals) without affecting 

the conduction band position and that the strength of the repulsion determines the final position 

of the valence band maximum. The stronger the repulsion, the more the valence band is raised 

towards the conduction which translates to smaller bandgap.  The authors further observed that 

the p-d repulsion increased as the Zn content increased and claimed that the finding agrees with 

their DFT result. Similar finding was reported in the use of combustion synthesis for the 

development of gallium zinc oxynitrides[75]. Using moisture assisted nitridation, Yang et. 

al[97] prepared a solid solutions of gallium zinc oxynitride with ZnO/GaN = 3 and GaN/ZnO 

= 3 in the precursor mixture respectively via nitridation at 850°C. The as-prepared materials 

were reported to have a band gaps of 2.31 eV and 2.48 eV, respectively. The reduction in 
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bandgaps was attributed to the Zn 3d and N 2p orbitals repulsion which the authors claimed to 

have increased as the zinc concentration increased in the final product increased. From this 

result and other preceding discussions and also considering that ZnGa2O4 has a bandgap of  4.4-

5 eV[108], it could be inferred that nitrogen might be playing greater role in bandgap reduction 

than the gallium content. Based on the presence of peaks associated with Ga in GZN2, it is also 

likely that Ga could be incorporated in GZN3 to GZN6, but the amount of nitrogen incorporated 

might be low to achieve a significant bandgap reduction. Correlating bandgaps with the only 

possible concentration of dopants incorporated into the lattice of the host as commonly done 

could be misleading. In tracing the origin of bandgap narrowing, the computational works, 

specifically DFT show that in addition to the strength of  repulsion  between the N 2p and Zn  

3d orbitals, the zinc and oxygen atoms positions in the band structure could also affect bandgap 

[95], [109]. From the foregoing, it means that to fully characterize and understand the origin 

of bandgap differences, experimental works could be complemented by computational studies. 

Computational works could assist to provide insights on the formation and positions of donor 

and acceptor levels in the band structure which affects the Zn 3d and N 2p interaction[109], 

[110]. 

Zn/Ga ≤ 2 is a common ratio that has been reportedly used to achieve bandgap of less than 3 

eV. In this present work, it was not possible to achieve single phase solid solution with Zn/Ga 

= 1 in the condition tested. Attempts to increase the gallium amount in the precursor ratio was 

limited by solubility issues already discussed while decreasing the zinc amount in the precursor 

solution impacted on the particles collection efficiency that it was not reasonable to run at this 

condition. However, even with similar ratio, different bandgaps are obtained for different 

precursors and synthesis routes and conditions [4], [63], [75], [111]. While it was possible to 

synthesize single-phase solid solutions of gallium zinc oxynitride with potentials for visible 

light region activity using Ga2O3 and ZnO precursors, it was not possible to achieve a single-
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phase and visible-light responsive bandgap with GaN and metallic Zn powder with the similar 

ratio as the former regardless of synthesis conditions tested. These observed differences have 

been attributed to atomic arrangement and interaction. Lack of  knowledge of the detailed 

formation mechanism limits the of understanding the exact origin of bandgap in gallium zinc 

oxynitride solid solution[49].  

Based on the estimated bandgap, the synthesized gallium zinc oxynitrides have potentials for 

photocatalytic applications in the UV region. In general, the use FSP for rational design of 

photocatalysts remain a very challenging tasks as it has been difficult to understand how the 

interplay of its multiple parameters influence not just the physico-structural composition but 

also the electronic properties of the final products[57].      
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATION 

5.1      Conclusion 

• Gallium zinc oxynitrides of two different precursor compositions and solvent mixtures 

have been prepared via liquid-fed flame spray pyrolysis.  

• Precursors and solvent of weak combustion enthalpy content resulted in the formation of 

amorphous and multiphase oxides with bimodal particle sizes. 

• Poor mixing of precursor could inhibit the formation of single-phase solid solutions. 

• Solvent and precursors properties outweighs synthesis conditions. Solvents of high 

enthalpy was used to override the poor combustion enthalpy of nitrates precursors and 

facilitated the formation of homogeneous phase solid solutions. 

• There was no correlation between bandgap and lattice contraction. 

• Based on bandgap measurements, the as-synthesized gallium zinc oxynitrides have 

potentials for photocatalytic application in the UV region.  

• Although, narrower bandgap agreed with more lattice contraction in the case of DI H2O 

+ butanol solvent, such correlation was not observed in the case of methanol-butanol 

solvent. This probably supports other computational and experimental works that suggest 

that bandgap is not just determined by dopant content. 

• To fully characterize flame-made photocatalysts, the precursor-solvent effects, synthesis 

conditions and the interplay of both must be accounted for. This requires very detailed 

experimentations and characterization. 
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5.2         Recommendation 

 Organometallic based precursors or liquid-based precursors and solvents with good 

combustion enthalpies should be used while paying attention to compatibility and 

solubility. More solvents screening could be done. To narrow down the bandgap into the 

visible region, it is critical to increase the dopant content in the crystal lattice of the ZnO.  
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CHAPTER SIX: FUTURE WORK 

The next phase of this research is to extend the knowledge gained from this present work 

to the synthesis of ceria-based solid solutions catalysts for various energy and 

environmental applications. For this work, similar FSP set-up has been designed and built 

with slight modifications in the nozzle design. The adjustment of the annular gap of the 

nozzle will be solely done using an in-built needle system.    

In the light of the rising climate change and health effects, there is a concerted  global 

effort to significantly cut down greenhouse emissions gases (GHG) being released to the 

environment[112]. The 2018 report on California Climate’s policies shows that of all 

GHG sources, automobiles are the largest contributor[113]. To halt this trend, strict 

environmental regulations have been put in place and more stringent regulations are 

anticipated in the nearest future. For instance, California environmental stipulation aims 

to drop GHG emissions to 40% below  1990 level by 2030[113] while working towards 

raising the number of zero emissions vehicles to 1.5 million by 2025 

(https://ww2.arb.ca.gov/). Independently, the European Union (EU) member states have 

set similar targets as California to cut GHG emissions by 40% below the 1990 level by 

2030 (http://data.europa.eu/eli/reg/2018/842/oj). 

To meet this goal while transitioning to sustainable transport systems, calls for invention 

of new technologies or modification of existing ones. This would not just involve 

improving engine designs but also a search for high performance automobile catalytic 

converter technologies (three-way catalysts). During operations, the automobile exhaust 

engines switches between fuel rich and lean regimes. To minimize the release of 

emissions without introducing extra cost in terms of incorporating technologies for fuel-

air ratio control during this cycle requires that the three-way converter have the capability 

to adjust its oxygen content accordingly[112]. Ceria and ceria-based catalysts that have 

https://ww2.arb.ca.gov/
http://data.europa.eu/eli/reg/2018/842/oj
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been noted to show the above desired property coupled with its excellent activity in the 

degradation of automobile emissions and currently serves as automobile catalytic 

converter[112], [114], [115]. However, during these fuel regimes, the operating 

temperatures ranges from 950-1100℃.  At this high temperature conditions, pure ceria 

and ceria-supported materials undergo sintering leading to drastic reduction in their 

catalytic performance. This limits their candidatures as self-regulating oxygen storage 

capacity catalysts for three-way catalysis (emissions degradation) in automobiles in order 

to meet current and emerging environmental regulations[112][115].   

Doping pristine ceria with some other metal oxides to form homogeneous stable solid 

solutions is seen as one of the best techno-economic strategies towards improving the 

activity and thermal/hydrothermal stability of ceria-based catalysts-so as to be used as 

TWCs[112], [114]–[120].  

A significant part of the efforts to achieve the above objectives has been largely driven 

by the classical wet chemistry techniques. These synthetic methods are usually multi-

step batch processes, less amenable to automation and waste prone. More so, these 

methods have little or no control over their products’ properties and their as-prepared 

solid solutions are thermally unstable and segregate when exposed to high temperatures 

like those obtainable in the engines of vehicles during operations[118]. These challenges 

call for the ongoing search for more viable and efficient synthesis approaches. 

6.1 Why Flame Spray Pyrolysis for the Synthesis Ceria-based Solid Solution 

Catalysts  

In addition to the Hume-Rothery rules, thermodynamic considerations suggest high 

temperature requirement for the synthesis of homogeneously phase-stable solid solution. 

The thermodynamic-based phase-stability prediction is done by utilizing the Gibbs free 

energy of mixing-which provides a correlation between the heat of mixing and entropy 
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of mixing. Out of the three main entropic contributions (electronic, vibrational and 

configurational) to solid solution, vibrational and configurational entropies are usually 

the most important[121]. However, configurational entropy dominates over vibrational 

contribution[122], [123]. Although the definition for configurational entropy (entropy 

due to mixing) is valid for only ideal or regular solid solutions (random atomic 

configurations). In ideal and regular solutions, the atoms are randomly distributed and 

the regular configurational entropy models are applied to them[123]. Although still a 

subject of ongoing debate, Yeh J. et l.[121]  claims that atoms in solid solutions are 

randomly distributed so that the ideal configurational entropy model applies. Lee, T. et 

al.[124] reports that mixing in the solid solution of ceria zirconia was not ideal but also 

agrees that the ideal or regular configurational entropy model of the can be used the 

entropic analysis. Therefore, the Boltzmann’s equation is used to estimate the total 

entropic contribution for this analysis. Conventionally, positive heat of mixing indicates 

unstable solid i.e. tendency to demix while negative heat of mixing suggests phase 

stability. The Gibbs free energy has similar connotations[121], [125].  

The first stage of this work is to dope ceria with zirconia and build upon the knowledge 

to extrapolate it to other oxides. To demonstrate the ideal temperature requirement for 

the synthesis of a typical homogenous phase-stable solid solution, the compositionally 

maximized configurational entropy (equimolar) is chosen for a binary solid solution of 

ceria zirconia. Due to dearth of calorimetric data at desired composition, estimates of the 

heats of mixing and formation were obtained by comparing information from 

theoretical[126] and experimental[124] works. Utilizing the approximated free Gibbs 

energy of mixing equation, it is shown that more than 1600 K is needed to obtain at least, 

a thermodynamically stable ceria zirconia solid solution (negative Gibbs free energy).  

Furthermore, since alloy is a typical solid solution, some of the design criteria could give 
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more insights into the temperature requirement for the synthesis of the catalytic solid 

solution. To ensure a single-phase formation in alloy, the minimum annealing 

temperature (sometimes called critical temperature) is often conventionally fixed as a 

fraction of the average of the melting points (Tm) of the constituents. Following 

experimental instances cited by Wu et al, a typical minimum critical temperature is ca. 

half the Tm[127]. By extension, based on their oxides, the minimum critical temperature 

for ceria zirconia solid solution is at least 1400 K. This is comparable to the value 

obtained from the thermodynamic calculations as presented in Appendix C. 

More so, it has been  reported that high temperature could be employed to increase the 

allowable amount of dopant into the lattice of ceria from 15% to 40% by increasing the 

temperature from 1273 K to 1773 K[128]. This evidence further supports that flame spray 

pyrolysis could be more viable for the synthesis of stable ceria-based solid solution. In 

fact, at lower entropic contributions (compositions away from equimolar), higher 

temperature is needed. And entropic contributions could be maximized by increasing the 

number of constituent oxides[125]. 

From the above analyses, it is difficult for a traditional wet chemistry synthetic method 

to provide such a high temperature required for thermodynamically phase-stable solid 

solutions in one step[129]–[135]. Interestingly, LF-FSP as a one-step technique 

conveniently provides even more than such a high temperature requirement. It is 

expected that catalysts made from such harsh temperature will withstand the high 

temperature regimes of automobile engines (900 -1100°C). It has been reported that LF-

FSP-made ceria-zirconia solid solutions withstand thermal sintering compared to co-

precipitated samples[27], [41]. Also, Sutorik and Baliat[136] reported that FSP-made 

ceria zirconia did not show any structural change when calcined up to 1100°C but 

increased in particle size due to sintering.    
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6.2 Literature Review on LF-FSP-made Ceria Zirconia Solid Solution 

A range of compositionally homogeneous high surface area LF-FSP-made ceria zirconia 

exhibit higher degree of resistance to sintering but lower oxygen storage capacity (OSC) in the 

presence of CO and H2 compared to co-precipitated samples. The low OSC of the as-prepared 

flame-made materials is attributed to the high degree of crystallinity and reduced defects 

concentration due to the high temperature synthesis environment[27].  Pratsinis group did not 

only highlight the OSC or catalytic ability of the LF-FSP-made ceria zirconia but also reported 

that it shows well-defined crystalline property and conserved ca. 60 % of its surface area after 

calcination[29].  Similarly, Stark et al. shows that the choice of solvent is critical to obtaining 

a single-phase ceria zirconia solid solution but did not provide any information on the 

reducibility or catalytic performance of the as-prepared materials[45]. Sutorik and Baliat[136] 

and Kim et.al[88]  respectively were able to synthesize homogeneous (over certain 

compositions), sintering-resistant but low surface area ceria zirconia solid solutions. 

Additionally, none of the two works tested for the OSC or any catalytic applications. 

Furthermore, the Laine group[137] utilizing high throughput experimentation, presents LFSP-

made ceria zirconia as candidates for both C3 Hydrocarbons oxidation and NOx reduction. 

Unfortunately, the performance of the as-prepared catalysts at temperatures typical of the 

automobile exhaust was not reported. Recently, Zhang et.al[138]  synthesized a series of 

metastable ceria zirconia solid solutions that show better performance both in terms of activity 

(CO oxidation) due to increased oxygen vacancies and sintering resistance than the co-

precipitated samples. While this recent work agrees with other earlier works on the superior 

sintering-resistant ability of LF-FSP-made ceria zirconia, its claim of better catalytic activity 

than co-precipitated samples is in opposite direction. This interesting discrepancy suggests at 

least two things: (1) there is still an opportunity for optimization of the LF-FSP for pristine 
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ceria zirconia solution (2) a more systematic investigation of the LFSP with integration of the 

synthesis conditions for better characterization and comparisons.  

More so, the catalytic tests of the potentials of the LF-FSP-made ceria zirconia for TWC 

applications have not been properly reported-or at least, in explicit catalyst performance terms 

such as conversion or turnover frequency. This has made it difficult to compare the works of 

the different groups. Another point is the absence of reports on the performance of the ceria 

zirconia in the presence of the three pollutants. Most importantly, oxidation of hydrocarbons 

usually give rise to water vapor. Therefore, a TWC must not just be effective in degrading the 

pollutants but also maintain its high activity in the presence of  water vapor in addition to high 

temperature[139],[112]. Hence, the use of resistance to thermal sintering only as a measure of 

phase stability of LF-FSP-made ceria zirconia as seen in the previous works is not a true 

representation of the real conditions.  Hydrothermal stability of LF-FSP-made ceria zirconia is 

a crucial aspect of this research. This has become more important as ceria zirconia finds 

increasing applications involving different harsh environments.  

Furthermore, despite the available works on the deployment of LF-FSP to the synthesis of ceria 

zirconia solid solution, no attempt has been made to correlate the effects of particle or crystallite 

sizes to the phase stability of the as-prepared catalysts. However, particle or crystallite sizes 

play important roles in defining phase boundary, phase stabilization and catalytic properties of 

ceria zirconia solid solution and zirconia[140]. Similar experimental evidences regarding such 

roles of nanoscale particle sizes  in solid solutions have been  confirmed by other  

researchers[140]–[142]. This work will also investigate the influence of particles sizes on phase 

formation, phase stability and catalytic abilities of LF-FSP-made solid solution. 
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 6.3     Preliminary Data on the Effects of Synthesis Parameters on Flame Characteristics 

In addition to precursor-solvent effect, the flame conditions contribute to determining the 

overall properties of FSP-made materials. Flame characteristics such as geometry and 

temperature are majorly defined by precursor flowrates, type of dispersion gas and flowrates 

and pressure drop[143]. Usually, the precursor and dispersion gas feed rates are lumped into 

the single parameter -equivalence ratio. 

The effects of precursor rate, dispersion gas (oxygen) rate and pressure drops on flame 

geometry were investigated and discussed herein.  

For this proposed work, the precursors to be used are Cerium(III) 2-ethylhexanoate, 49% in 2-

ethylhexanoic acid, Ce 12%, zirconium(IV) oxide 2-ethylhexanoate, in mineral spirits (≈6% 

Zr), Manganese(II) 2-ethylhexanoate, 40% w/w in mineral spirits, 6% Mn. Ethyl hexanoic acid 

(EHA) is a common solvent for all the precursors and the best solvent candidate based on its 

high boiling point and enthalpy of combustion. However, due to its high viscosity, a compatible 

secondary solvent is used to added to lower the viscosity of EHA. Therefore, the solution will 

be prepared such that the total ratio of EHA: toluene in the precursor solution is 1:1. Hence, 

the flame tests were carried out using EHA: toluene (1:1) mixture.  

It is also important to note that the equivalence ratio (stoichiometric) of the premixed flame 

and the shroud air flowrate (1 L/min) were held constant. Therefore, the equivalence ratio under 

investigation is that of the precursor or center flame where the solvent is the fuel and dispersion 

oxygen gas is the oxidant. 
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6.4 Effect of Equivalence Ratio Flowrate on the Flame 

 Since equivalence ratio depends on precursor and dispersion gas flowrates, to probe the effect 

of the equivalence ratio, one of the flowrates and pressure drop were fixed while the flowrate 

of interest was varied. 

Prior to evaluation of other parameters, attempt was made to ascertain the dispersion gas 

pressure drop to operate at. Pressure drop can be tuned either by changing the dispersion gas 

flowrate at constant annular gap area of the nozzle or changing the annular gas (by adjusting 

the needle) while keeping the dispersion gas constant. In this case, the annular gap area was 

kept constant while flowrates were varied. Based on visual observation of the flame behavior 

and stability, the operating pressure drop was fixed 1.5 bar. 

(a). Precursor flowrate versus flame properties 

Fig.14 (a and b) displayed below show the variation of the flame height with precursor flowrate 

at constant dispersion gas (oxygen) flowrate and equivalence ratio. The flame heights were 

generated from pictures of the precursor flames beginning from the tip of the nozzle to the end 

of the combustion luminous region (appendix C, Fig. C1). The precursor flowrates (ml/min) 

used are 2, 3, 4 and 5 respectively at constant 6 L/min Oxygen flowrate. The corresponding 

equivalence ratios were computed and correlated with the flame heights as shown in fig.14 (b). 

From the plots, the flame height varied linearly with precursor flame and the equivalence ratio. 

As the precursor flowrate increases, the total concentration of fuel droplets[144] and 

combustion enthalpy in the flame are increased. This in turn increases both the temperature and 

the length of time it takes to complete burn off the fuel which translates to higher flame height 

and vice versa[37], [143], [144].  
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                Fig. 14.  Variation of flame height with (a) precursor flowrate (right) 

             (b) equivalence ratio (left) at constant dispersion gas rate and pressure drop 

 
Fig. 15. Flame height versus equivalence ratio and precursor feed rate [29]. This trend was 

reported by the authors in the use of FSP to synthesize ZnO and agrees with other literatures 

including the findings in this present work. 

As the height of the flame increases, the residence time spent by the nanoparticles 

increases as it travels a longer distance to escape the combustion zone. By this, the 

particles are exposed to high temperature for long duration (however, in milliseconds) 

which affects the  physical characteristics such morphology, increase in particle size, 

surface area and homogeneity of the final product[28], [144]. 
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Fig. 16. The influence of precursor rate on the particle size of FSP-made Ceria 

nanoparticles. This shows that as precursor flowrate increases, the average particle size 

increases due to sintering and coagulation effects consequent of long exposure to high 

temperature. The open symbols are the bimodal particles size[28]. 

More so, the effect of precursor rate is very important as it is the major parameter for 

controlling the rate of production during the synthesis. It has been reported that BET 

diameter of particles by FSP (which is correlated with surface area) varies linearly with 

production rate[143]. 

(b). Dispersion gas (pure Oxygen) rate versus flame Properties 

The effect of the dispersion gas rate on the flame characteristics and possible qualitative 

inferences on products characteristics was studied at constant pressure drop of 1.5 bar and 

precursor rates. The O2 flowrates (L/min) used were 5, 6 and 7 respectively at constant 

precursor rate of 2 mL/min.  Similar experiment was repeated at constant precursor rate of 3 

mL/min. The heights of flame were measured using the same approach as earlier mentioned 

above. The pictures of the flame are found in fig. C2 of appendix C.  In all cases, it was found 

that the flame height decreased as O2 increased as shown by fig. 16. As O2 flowrate increases, 

the rate of mixing within the flame[145] increases so that the evaporation and combustion of 
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fuel droplets happen very fast leading to decrease in flame height[39], [143].  The reduction in 

flame height implies that the particles have shorter residence time in the high temperature 

combustion zone which suppresses sintering and coagulation and leads to reduction in particle 

sizes as oxygen flowrate increases[28]. 

 
Fig. 17. Variation of flame height with oxygen flowrate at constant pressure drop and 

precursor rate. 

Furthermore, in the synthesis of silica using FSP, Madler et al. noted that as oxidant flowrate 

increased, the temperature of the flame increased and then continuously decreased as the 

oxidant flowrate was increased. Similar trend was also observed for the specific surface area 

of the Silica. The work claims that for the first phase, the initial increase in the oxidant gas 

flowrate resulted in increased velocity and dispersion of the droplets such that their residence 

time in the high temperature combustion environment was reduced. More so, as more and more 

oxygen were introduced into the flame to be heated by the same amount of fuel, the energy and 

temperature of the flame dropped. The combined effect of these factors inhibited sintering and 

coagulation [39]. This drop in energy could be likened to quenching of the flame. In the second 

phase characterized by the drop in specific surface area of the silica, as oxygen rate was 

increased, the fuel combustion was highly accelerated resulting in high temperature-although 

for a shorter residence. The high temperature occasioned by the accelerated combustion gave 

birth to the reduced SSA[39]. 
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Generally, considering that oxygen and precursor flowrates are coupled into the equivalence 

ratio, the effect of one can be contradicted or complemented by the other[143].  

(c). Pressure drop effect versus flame properties 

The effect of pressure drop on the flame characteristics was probed by keeping both the 

precursor and oxygen flowrate constant while varying the pressure drop. The variation of 

pressure drop was achieved by adjusting the annular gap area of the nozzle using the in-built 

needle system.  

 
Fig. 18. Visualization of pressure drop effect on the flame at constant precursor and oxygen 

rates.  (a) & (b) are at the same precursor rates and (c) & (d) are at the same oxygen rates. 

The tested pressure drops were 1.5 and 2 bar and two different precursor and oxygen rates 

respectively as shown above in Fig. 17.  

 

 As seen in the Fig. 17, the pairs of (a) & (b) and (c) & (d) are kept at the same equivalence 

ratio defined by similarity in precursor and oxygen rates. For each comparable pair, it could be 

visualized that as the pressure drop was increased from 1.5 to 2 bar, the flame height decreased 

while an opposite trend occurred for the width of the flame. Increase in pressure drop leads to 

increase in the spray velocity, fuel droplets dispersion efficiency and finer spray (larger SSA). 

The formation of finer spray or droplets coupled with increased velocity translates to faster 
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combustion of the droplets and accelerated removal from the combustion zone - thereby 

starving the flame of fuel droplets and hence, the reduced flame height and vice versa[39], 

[143], [146], [147]. It could also be seen that for each, the dense core representing the high 

temperature combustion zone is enveloped by white-yellow parts which are more visible when 

closer to the burner. This envelope is an indication of incomplete combustion of droplets[143]. 

It is more visible towards the end of the flame due to the drastic reduction in flame energy and 

temperature along the flame height[39].  It also appears that this incomplete combustion is 

more pronounced at higher pressure. It could be interpreted that due to the high droplet velocity 

at higher pressure, the droplets are less combusted than at lower pressure. A higher dispersion 

pressure drop facilitates the quenching rate of the particles and creates metastable 

structures[41].  

Therefore, from the preceding discussions, FSP has various parameters that could be explored 

for rational tuning of catalysts. In the proposed work, ceria-based solutions will be synthesized 

at various synthesis parameters, the chemical and physical properties would be evaluated to 

provide structure-property correlation of the as-synthesized materials.   
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APPENDIX A: Synthesis Conditions for Gallium Zinc Oxynitrides 

Table A1: Solution compositions and their synthesis conditions GZN, Z1 -Z3 and ZN1 to ZN5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N.B: The synthesis conditions are (pressure (in bar), Precursor rate (mL/min), O2 rate (L/min)). 

 

 

 

 

 

 

 

 

 

Sample Ga: Zn: N Solvent Synthesis 

Conditions 

GZN1 1:1:10 Methanol (1, 1.7, 5) 

GZN2 1:1:10 10 ml DI H2O + Ethanol (1, 1.7, 5) 

GZN3 1:3:25 40ml Methanol + Butanol (1.5, 3, 3.5) 

GZN4 1:6:25 40ml Methanol + Butanol (1.5, 3, 3.5) 

GZN5 1:3:10 20 ml DI H2O + Butanol (1.5, 3, 3.5) 

GZN6 1:3:20 20 ml DI H2O + Butanol (1.5, 3, 3.5) 

ZN1 0:1:1 40ml Methanol + acetonitrile (1.5, 2, 3) 

ZN2 0:1:1 40ml Methanol + acetonitrile (1.5, 2, 3) 

ZN5 0:1:5 40ml Methanol + acetonitrile (1.5, 3, 3.5) 

Z1 0:1:0 Ethanol (1, 1.7, 3) 

Z2 0:1:0 40ml Methanol + acetonitrile (1, 1.7, 3) 

Z3 0:1:0 40ml Methanol + acetonitrile (1, 2, 3) 
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APPENDIX B: Thermodynamic calculations for ceria zirconia solid solution 

 
               Fig. B1: Heat formation as a function of the concentration of ZrO2 in Ceria[124] 

 

 
Fig. B2: Modelled heat of mixing as a function of the concentration of ZrO2 in Ceria Compared 

with experimental work [126] 

 

The goal here is to estimate the temperature required to achieve a thermodynamically stable 

solid solution of Ceria Zirconia with reference to equimolar composition, Ce0.5Zr0.5O2.  The 

main equation used is the simplified Gibb’s free energy equation. The assumptions and 

discussions are provided in Chapter 6 of this work. 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 - T ∗ ∆ 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 ……………………………………………. b1 

− ∆ 𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = 𝑅(𝑥𝑐𝐼𝑛 𝑥𝑐 + 𝑥𝑧𝐼𝑛 𝑥𝑧) ………………………………………. b2 

With equimolar composition, 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = 0.6931 ∗R ………………………………………………………... b3 
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∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 - T ∗ 0.6931 ∗ R ……………....……………………………...b4 

To estimated ∆𝐻𝑚𝑖𝑥 , figs. B1 and B2 were compared at x = 0.5, 

∆𝐻𝑓 = 𝑥 ∗ ∆𝐻𝑚   ↔   𝑐((𝑍𝑟𝑂2) + ∆𝐻𝑚𝑖𝑥  ………………………………………. b5 

 

 

By this, the minimum ∆𝐻𝑚𝑖𝑥 = 9.5 kJ/mol  ………………………………. b6 

Putting (b6) into (b4), and setting the equation to zero (equilibrium) 

𝑇 (𝐾) = 1600. 

Therefore, a more than 1600 K is required to drive the Gibb’s energy to negative 

(thermodynamically stable regime for solid solution). 

  

  ∆𝐻𝑚   ↔   𝑐 = 8.8 ± 2.2 kJ/mol 
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APPENDIX C: Pictures showing effects of synthesis conditions on flame 

 
Fig. C1: Variation of flame height with precursor flowrate at constant oxygen flowrate 

 
         Fig. C2: Variation of flame height with oxygen flowrate at constant precursor 

flowrate and pressure drop. 

 

 

 




