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A B S T R A C T   

TiO2-based materials have been extensively studied and explored in the field of catalysis. However, pristine TiO2 
exhibits a wide energy band gap and fast charge recombination, restricting their large-scale applications. Their 
performance can be influenced by synthesis methods, doping, and by making composite. Among them, modifying 
the synthesis techniques, as well as the variables and settings that result in the preparation of highly active 
materials, is the most crucial stage in having these materials with superior catalytic activity. In contrast to the 
conventional synthesis approaches, flame spray pyrolysis (FSP), is found particularly simple, efficient, highly 
scalable, and appropriate for online continuous production and can be considered a promising approach for the 
fabrication of TiO2-based nanomaterials having controllable morphologies and composition. This review sum
marizes for the first time the recent advancements in TiO2-based materials synthesized via the FSP and their 
wide-ranging potential catalytic applications including photocatalysis, thermocatalysis, catalysis, and organic 
transformation. After a brief introduction to the conventional synthesis methods, the fundamentals of the FSP 
method, equipment, and components were highlighted. Finally, we critically analyze the potential advantages 
and challenges associated with flame spray pyrolysis, considered as a synthesis method for nanostructured 
materials. We carefully consider the prospects and limitations of FSP and emphasize key areas for future research 
and advanced developments in this field.   

1. Introduction 

The question of how to obtain enough sustainable environment and 
clean energy solutions has become a topic of utmost importance on a 
global scale due to the expansion of the world's population and the 
relentless development of contemporary industry [1,2]. Thus, environ
mental pollution, fossil fuel depletion, and high energy consumption 
have recently emerged as three of the biggest global issues [3,4]. 
Additionally, as fossil fuels like coal, petroleum, and natural gases are 
consumed more frequently, a significant amount of CO2 is released into 
the atmosphere, contributing significantly to global warming, and 
raising the temperature of the planet [5,6]. Therefore, the need for en
ergy forces us to look for renewable and eco-friendly alternatives to 
augment and eventually diminish our reliance on fossil fuels. Solar en
ergy is considered one of the most promising ways to lessen the strain on 
the environment and the energy supply since it is affordable, abundant, 
and renewable. As a result, it is very desirable to utilize photocatalytic 
processes to gather solar energy and convert it into usable energy [7,8]. 

Currently, it is widely acknowledged that hydrogen may be the most 
viable and optimal option for addressing the triple problems of atmo
spheric pollution, exhaustion, and the effects of global warming and 
climate change [9]. The two most popular processes for producing 
hydrogen from fossil fuels are pyrolysis and hydrocarbon reforming. 
These methods, which supply almost all the hydrogen needs, are the 
most sophisticated and popular ones. As of right now, approximately 
48% of hydrogen production comes from natural gas, while 30% is 
derived from heavy oils and naphtha. Additionally, around 18% of 
hydrogen is generated from coal [10–12] (Fig. 1) [13]. The fossil fuel 
technique has a significant environmental impact and can result in 
serious air pollution owing to CO2 emissions, as opposed to the renew
able hydrogen generation pathways (Fig. 1). Thus, the researchers are 
motivated to create new and modern procedures and look for new en
ergy sources not only because of environmental concerns but also 
because of the rise in energy consumption. 

Among these developed methods, hydrogen production by photo
catalytic water splitting may be regarded as a renewable and clean 
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source of energy as it can be achieved by using water and solar light 
irradiation [14]. Moreover, recent studies have shown that photo
catalytic solar H2 production emits almost little air pollution and global 
warming [15], and it is simple to store [16]. Therefore, H2 is viewed as a 
potentially significant source of energy in the future because it is non- 
toxic and capable of producing high levels of energy from renewable 
natural resources like water and solar energy, both of which are clean 
and durable sources of energy [17]. Since the pioneering research done 
by the Japanese researchers Fujishima and Honda (1972) concerning the 
photoelectrochemical water splitting utilizing TiO2 and Pt electrodes in 
the presence of UV light illumination, then, various semiconductor 
materials including oxides such as SnO2 [18], ZrO2 [19], TiO2 [20], 
mixed metal oxides such as perovskite [21], ferrites like CuFe2O4 [22], 
CoFe2O4 [23], and g-C3N4 [24] were developed and investigated for 
photocatalytic solar hydrogen production. All these investigations and 
other studies have proven that the structure of the active material 
significantly alters the efficiency of the water-splitting process. To 
improve the catalytic efficiency of this process, there is a lot of interest in 
the development of nanostructured catalysts or nanomaterials with high 
activity, rapid reactions, and good operational stability [25,26]. For 
example, photocatalytic materials with large surface areas, high crys
tallinity, small crystallite sizes, and porous structures exhibited 
enhanced photocatalytic performance as compared to nonporous and 
low surface areas [27]. The most critical factors influencing a nano
material's structural properties, including its shape, porosity, particle 
size, and specific surface area, are the chemical synthesis methods and 
circumstances employed during its development. Recently, many com
mon synthesis routes such as the hydrothermal route [28], sol-gel 
method [29–32], precipitation method [33], solid-state reaction [34], 
template-assisted route [35], and deposition [36] (Fig. 2) [37] were 
applied to obtain diverse photocatalytic materials. These techniques 
generally allow for the design and manufacturing of nanostructures on a 
laboratory scale, but they frequently need difficult synthesis conditions, 
time-consuming operating steps, and slow reaction times, making them 
ineffective for practical mass production [38]. Comparison of different 
synthesis routes with material characteristics, equipment used, and 
limitations is provided in Table 1. Therefore, to further the commer
cialization of an improved energy conversion method, it is crucial to 
create straightforward, efficient, and economically feasible synthesis 
methodologies for the large-scale manufacturing of functional nano
structured materials. 

Flame Spray Pyrolysis (FSP) is a very promising flame-based 

synthesis technology that has the potential to fulfill these demands. This 
method can be considered as a simple, rapid, scalable, and single-step 
fabrication technique that produces nanopowders [39]. These FSP- 
made powders have high surface areas, which is a necessary quality 
for applications in the paint and catalysis industries as well as additives 
in the rubber industry. They can be precisely tuned to produce particles 
ranging in size from a few nanometers to micrometers. This high- 
temperature in-situ synthesis of generally crystalline nanomaterials 
removes the need for several traditional pre- and post-treatment pro
cedures like hydrothermal, sol-gel, and precipitation procedures and 
offers a viable platform for the scalable and affordable synthesis of 
nanomaterials with a consistent composition and distinct structural 
characteristics. In addition, FSP acts as an effective methodology for 
formation of the porous materials exhibiting high surface area and 
robust activity can be achieved using this technique owing to the quick 
evaporation of the liquid phase from the solution and breakdowns of the 
solute molecules. As the present article deals with the TiO2-based ma
terials fabricated via flame spray pyrolysis, this synthesis technology has 
been found beneficial in improving the catalytic activity of the synthe
sized materials. FSP-generated TiO2 nanoparticles possess high surface 
area and good dispersion, which provides more active sites for catalytic 
reactions and make them easy to incorporate into the catalytic supports. 
Moreover, variation in the FSP parameters leads controlled crystallinity 
of the nanoparticles which helps in optimization of nanoparticles for 
specific catalytic applications. Even with these notable benefits, FSP has 
certain disadvantages that should be mentioned, such as challenges with 
producing multicomponent materials, hazardous gas reactants as a 
byproduct, and hard agglomerate formation in the gas phase that makes 
it difficult to produce high-quality bulk materials. Nevertheless, the 
benefits of the FSP technique have prompted a thorough investigation 
into the creation of the FSP reactor, which has revealed the influence of 
precursor chemistry on the end products' morphology and structure. 
Many recent review articles have provided summaries of these findings 
[40–42]. For example, Venkatesan et al. reviewed different nano
materials and films fabricated using the FSP method and demonstrated 
their suitability for polymer electrolyte membrane fuel cells and solid 
oxide cells [43]. Chen et al. summarized transitional metal oxide films 
with designed functionalities fabricated by one-step FSP and investi
gated their suitability in electrochemical and photoelectrochemical 
water splitting [44]. 

To the best of our knowledge, no reports exist about the synthesis of 
TiO2-based materials utilizing FSP and their use in various catalytic 

Fig. 1. Renewable and nonrenewable routes of hydrogen production [13].  
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applications. In this review, the foundational elements of the flame 
spray pyrolysis technology, including the equipment components, 
different types of FSP, and mechanism of particle formation through the 
FSP synthesis method were outlined in more depth. Then, the recent 
progress in the use of this technique in the preparation of TiO2-based 
nanomaterials and their potential applications in catalysis (photo
catalysis, thermocatalysis, and electrocatalysis) was discussed for the 
first time. Finally, this review is concluded by outlining our opinions on 
critical issues and potential development paths for FSP. 

2. Flame spray pyrolysis (FSP) method 

FSP, as a form of spray pyrolysis, emerged in the past few decades 
because of its ability to produce high-performance nanoparticles with 

different morphologies and varied crystallinity without post-treatment 
[45,46]. In addition, this synthesis methodology is a flexible technol
ogy in the flame synthesis family that, in addition to providing more 
flexible in terms of material selection and design as compared to con
ventional flame processes, gives additional design options [47,48]. 
Evonik-Degussa P25 is a well-recognized compound from flame- 
generated TiO2 nanoparticles, which were employed as the primary 
component or test benchmark in various photocatalysis experiments 
[49]. According to research by Mädler et al., single-component, and 
multicomponent nanoparticles may be synthesized using the FSP tech
nology with great purity and excellent dispersion [50]. Typically, during 
a flame spray pyrolysis process, the precursor solution is consistently 
supplied into a dual-fluid atomizing nozzle at a steady rate, where it is 
broken down into tiny droplets by pure oxygen dispersion gas moving at 
a high velocity. Then, a closely positioned annular pilot flame composed 
of a premixed mixture of CH4-O2 initiates combustion of the fine mist of 
small droplets, leading to the formation of a turbulent flame of elevated 
temperatures. In the subsequent pyrolysis and oxidation process, the 
metal salts undergo a transformation into metal oxides. These metal 
oxide monomers then undergo various stages of development, including 
nucleation, coagulation, and sintering, among others, eventually form
ing nanoparticles. Aerosol flame is then subsequently cooled down to 
normal temperature conditions by a cold sheath gas due to turbulence 
entrainment. Thereafter, a filtration system composed of a glass- 
microfiber is placed above the burner, resulting in the accumulation of 
the nanoparticles as powder, as illustrated in the Fig. 3 [51]. This makes 
FSP a quick, one-step process for catalyst production that can theoreti
cally be expanded by the inclusion of more components [52]. Keep in 
mind that the formation of nanoparticles is a complex function of the 
synthesis procedure variables, including the profile of the material 
concentration distribution, the temperature distribution, and the flow 
characteristics in the high temperature environment. 

The creation of tiny particles can benefit from this method in two 
keyways. Materials are first combined in a solution, which causes them 
to be initially uniformly combined at the atomic level. Second, the for
mation of crystalline particles merely requires sub-sintering tempera
tures. It enables the production of nanoparticles having diameters 
typically between 5 and 500 nm [53]. Additionally, makes it possible to 
create nanoparticles of significantly large specific surface areas. One of 
the major shortcomings of nanostructured films was their poor me
chanical stability, despite their inexpensive production costs [54]. 
Controlling the concentration of the precursors, residence time in the 
system, and temperature near the flame are also necessary for 

Fig. 2. Different methods for the synthesis of photocatalytic materials [37].  

Table 1 
Comparison of different synthesis methods for nanoparticles.  

Synthesis 
method 

Equipment Product 
features 

Technological 
process 

Limitations 

Hydrothermal Autoclave Uniform, 
controlled size 
and 
morphology 

Simple and 
convenient 

Expensive 
equipment 

Precipitation Beaker High purity 
and 
controllable 
particle size 

Easy and 
efficient 

Long 
chemical 
reaction 

Combustion Vessel made 
up of 
graphite or 
aluminum 
plate 

High porosity 
and purity 

Rapid and 
simple 

Limited 
materials 
types 

Microwave 
assisted 
pyrolysis 

Microwave 
chemical 
reactor 

Uniform, 
pure, and 
narrow size 
distribution 

Controlled and 
complex 

Long 
reaction 
time and 
complex 
process 

Solid-state 
reaction 

Grinder, 
mixer, and 
furnace 

Pure and 
homogeneous 

Simple and 
scalable 

Slow 
reaction 
rates and 
unwanted 
by-products 

Spray 
pyrolysis 
technique 

Atomizer 
and tubular 
furnace 

Uniform and 
well-shaped 
nanoparticles 

Controlled and 
complex 

Insufficient 
smooth and 
flat film 
surface  
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monitoring the morphology [55]. Generally, a higher concentration of 
the precursors results in the formation of larger TiO2 particles with 
spherical shapes. This is because the large amount of precursors facili
tates particle growth and decrease the surface area-to-volume ratio, 
resulting in a more compact morphology. Higher flame temperatures 
typically result in the production of smaller TiO2 nanoparticles with a 
more irregular shape. This is due to the increased energy input during 
FSP, which enhances particle nucleation and reduces particle growth 
time. The rapid solidification of nanoparticles at high temperatures can 
lead to imperfections in the crystal structure, resulting in a less regular 
morphology. Higher flow rates of carrier gas promote the rapid removal 
of reaction products from the flame zone, preventing particle agglom
eration and favoring the formation of smaller TiO2 nanoparticles with a 
more uniform shape. The increased gas flow also enhances the mixing of 
precursor droplets, leading to a more homogeneous distribution of 
nanoparticles. Numerous nanostructured metal oxides can be investi
gated via flame spray pyrolysis synthesis. Tricoli et al., and Wallace and 
his team used this method to synthesize ZnO nanoparticles [54,56]. 
While Phanichphant and his colleagues synthesized Nb-doped TiO2 
nanoparticles using this technique and were employed in ethanol sen
sors [57]. By carefully controlling FSP parameters and incorporating 
dopants or composite materials, the morphology and composition of 
TiO2 nanoparticles can be tailored for specific applications. For instance, 
TiO2 nanoparticles with a high surface area and a narrow band gap are 
suitable for visible-light photocatalysis, while TiO2 nanoparticles with a 
controlled morphology and composition can be used in photo
electrochemical devices or sensors. Additionally, other metal oxides 
nanostructure like Al2O3, V2O5, Fe2O3, ZrO2, WO3, SnO2 or Mn2O3, were 
also fabricated utilizing the flame pyrolysis method [58–63]. Another 
important advantage of employing this technique of synthesis is the 
availability of cheap metal precursors that may be mixed during syn
thesis, leading to an endless variety of arrangements of metal ions and 
their stoichiometric ratios. Complex and mixed oxide synthesis is made 
possible by applying this method. Composites like WO3/ZnO and WO3/ 
TiO2 have been reported that described the use of FSP approach for the 
fabrication of nanocomposite structures [64,65]. 

2.1. Types of FSP 

Three types of flame spray pyrolysis have been identified: Liquid-fed 
aerosol flame synthesis (LAFS), Vapor-fed aerosol flame synthesis 
(VAFS), and flame-assisted spray pyrolysis (FASP) as shown in Fig. 4 
[66]. In VAFS, the volatile precursors are hydrolyzed or combusted in a 
hydrogen, hydrocarbon, or halide flame [67]. Particles are created 
during nucleation from a precursor's gaseous phase, and they grow 
through surface reactivity and/or coagulation before coalescing into 
bigger particles. For that reason, this process is frequently employed on 
an industrial scale to produce pigmentary titania, waveguide preforms, 
alumina, and fumed silica [68–70]. Nevertheless, VAFS is only appli
cable to a small number of materials, though, due to the reasonably 
priced availability of volatile precursors. Since non-volatile precursors 
can be given, liquid-fed aerosol flame synthesis is significantly more 
flexible. LAFS, often known as the “furnace process,” is used to generate 
carbon black [71]. Typically, the product is created by spraying an 
emulsion, slurry, or liquid precursor solution. When droplet evaporation 
is not fully accomplished, it leads to the formation of hollow and shell- 
like particles at the micron scale. Conversely, complete evaporation of 
the precursor results in the production of solid nanoparticles, as exem
plified in VAFS. 

The spraying process involves atomizing the solution using either air- 
assist or ultrasonic nozzles, while an external heat source facilitates the 
evaporation of the precursor. In the case of a combustible organic so
lution with a high enthalpy content nearly >50% of the total combustion 
energy, a relatively small pilot flame is employed to ignite and maintain 
the combustion of the spray. This procedure is commonly referred to as 
flame spray pyrolysis (FSP), as depicted in Fig. 4. Conversely, an 
external hydrogen or hydrocarbon flame is needed to help with the 
burning of an aqueous spray solution of inorganic precursors that 
possess a low enthalpy content (50% of the total combustion energy). 
This approach is commonly referred to as “flame-assisted spray pyrol
ysis” (FASP). Advantages and disadvantages of all these three types of 
processes are presented in Table 2 [72]. Among these pyrolysis methods, 
FSP is the youngest and the focus of this review, offering significant 
technological features like self-sustaining flames, utilization of liquid 
feeds and less volatile precursors, demonstrated scalability, generation 
of high-temperature flames, and the occurrence of substantial temper
ature gradients. Flame spray pyrolysis has therefore emerged as a 
practical technique for the efficient, rapid, and one-step synthesis of 
both single and multicomponent nanoparticles on both laboratory and 
industrial scales. These intricate and functional nanostructures created 
by the FSP approach have found use in several significant fields, 
including catalysis (as reviewed by Strobel et al.) [73], optics and 
photonics [74], sensors [75], health care [76], magnetic materials [77], 
electroceramics for fuel cells [78] and composite materials [79]. Even 
though FSP research is just getting started, the applications for such 
nanomaterials are so promising that early FSP start-ups are already up 
and running. Recent announcements from Johnson Matthey Co., a sig
nificant catalyst manufacturer, mention systematic investigation of FSP- 
synthesized catalysts at its Research Center in the UK [80]. Both in 
particle design and applications, there are still many things to learn. 
Continuing multidisciplinary information exchange across materials 
science, aerosol technology, and combustion engineering is essential. 
Every new materials system inevitably has a certain level of complexity. 

2.2. Mechanism of particle formation in FSP 

In the FSP process, two distinct pathways for particle production 
have been identified. One is the conversion of gas into particles. Ho
mogeneous particle production in FSP occurs when the precursor is fully 
vaporized within the flame, subsequently undergoing conversion in the 
gas phase [81]. The other is the conversion of droplets to particles. 
Large, dense, or hollow nanoparticles are produced when the precursor 
is not completely vaporized, precipitating, and converting within the 

Fig. 3. Sketch for flame spray pyrolysis method [51].  
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spray droplets [82] As shown in Fig. 5 [73,83]. 
For the synthesis of ceramic powders and films, either technique is 

appropriate. However, due to its greater application, most recent and 

earlier research papers advocate for the first approach for obtaining 
homogenous particles [84]. Evaporation of droplets and combustion 
processes, which influence precursor combustion and particle nucle
ation, are fundamentally important to this aim and must be understood. 
However, conducting experimental studies in flame spray pyrolysis 
poses several challenges due to various factors. These include the 

Fig. 4. Types of flame spray pyrolysis (FSP) [66].  

Table 2 
Advantages and disadvantages of Liquid-fed aerosol flame synthesis (LAFS), 
Vapor-fed aerosol flame synthesis (VAFS), and flame-assisted spray pyrolysis 
(FASP).  

Synthesis process Advantages Disadvantages 

Liquid-fed 
aerosol flame 
synthesis 
(LAFS) 

Wide range of liquid 
precursors offers versatility 
in synthesis 
Controlled particle size due 
to liquid precursor 
atomization process 
Homogeneous coating due 
to controlled precursor 
atomization 

Complexity due to precise 
control over atomization and 
combustion conditions 
Limited scalability 
Limited residence time in flame 
may affect the uniformity and 
quality of the material 

Vapor-fed aerosol 
flame synthesis 
(VAFS) 

Easier to handle and 
vaporize 
High purity of the 
synthesized material 
Higher scalability 

Limited precursor options 
Limited range of materials can 
be synthesized 
Complex vaporization in certain 
precursors can be technically 
challenging 
Achieving homogeneity in 
particle size and distribution 
might be more challenging as 
compared to LAFS 

Flame-assisted 
spray pyrolysis 
(FASP) 

Utilization of both liquid 
and vapor phase precursors 
Offers better control over 
particle morphology and 
structure 
Easier to scale up as 
compared to other methods 

Complex due to the need for 
precise control over spray 
parameters and combustion 
conditions 
Requires specialized equipment 
for precise spray and 
combustion control 
Ensuring uniformity in large- 
scale production might be 
challenging  

Fig. 5. The particle production paths in the FSP process [73,83].  
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interaction between droplets, the high temperature of the flame, sig
nificant temperature variations within the system, turbulence resulting 
from droplet dispersion, and the limited time available for observation 
due to the rapid nature of the process. Jossen and his team suggested two 
criteria in order to examine the conversion routes in FSP: (1) the ratio of 
solvent boiling temperature to the precursor decomposition temperature 
and (2) combustion enthalpy density [85]. Later, Strobel and Pratsinis 
examined the impacts of solvent composition in the gas-to-particle 
conversion process using metal nitrates as precursors. They discovered 
that the addition of liquid 2-ethylhexanoic acid (2-EHA) to the solvent 
had a significant impact on improving the conversion efficiency [158]. 
According to research by Wei et al. [86] on droplet behavior using 
various solvent compositions, the addition of 2-EHA may be able to 
convert nitrates into low-boiling 2-ethylhexanates because of the ligand 
exchange effect. Another research group used rainbow refractometry to 
observe the combustion behavior of a single 100 ml droplet, and through 
their observations, they subsequently proposed a microexplosion pro
cess for multicomponent liquid droplets [87]. Furthermore, Meierhofer 
et al. [88] employed a single droplet combustion study to analyze the 
presence of multimodal particle sizes and phase impurities resulting 
from undesirable droplet-to-particle conversion routes. Their research 
focused on the analysis of various precursor solutions for Li4Ti5O12 as 
energy storage material. It was found that flame extinction and partial 
vaporization of the precursors result in the formation of residuals during 
single droplet combustion. These residuals were found to be responsible 
for the development of inhomogeneous particles. However, they 
observed that by replacing ethanol with 2-ethylhexanoic acid (2-EHA) as 
the solvent, the incidence of residuals could be reduced, leading to 
enhanced vaporization and the production of homogeneous particles. 
Furthermore, the researchers found that the particles generated through 
FSP, and single droplet combustion exhibited identical characteristics in 
terms of crystalline size, state, and phase purity. Their finding supported 
the idea that single droplet combustion could serve as a predictive tool 
for assessing product quality, interpreting particle formation, and 
driving improvements in the generation of homogeneous nanoparticles 
through FSP. Additionally, FSP's simulation of particle formation 
recently utilized experimental data obtained from single droplet com
bustion [89]. Despite these promising findings in analyzing the mech
anisms, and applications of the obtained particles in different fields, 
investigations related to the synthesis of TiO2-based materials by the FSP 
for photocatalytic and catalytic applications are still missing, so more in- 
depth information must be learned. Thus, the goal of the current work is 
to close this gap by conducting a thorough analysis of how the FSP 
method contributes to the generation of nanoparticles for different 
photocatalytic and catalytic applications. Another specialized version of 
flame spray is flame jet pyrolysis in which the precursor solution is 
atomized into very fine droplets. These droplets are then injected into a 
high-velocity gas stream, which accelerates them into a hot flame. The 
rapid acceleration of the droplets helps to break them down into even 
smaller nanoparticles. 

3. Catalytic applications of TiO2-based materials synthesized by 
the FSP 

3.1. Photocatalysis 

3.1.1. Photocatalytic hydrogen production via water splitting 
Photocatalytic water splitting to produce hydrogen has garnered a 

lot of interest as a possible source of renewable energy with no de
pendency on fossil fuels and no emissions of carbon dioxide. As illus
trated in Fig. 6a [90], the process consists of three main steps; (i) photon 
absorption by photocatalyst which leads to the generation of negative 
electrons in the conduction band and positive holes in the valence band 
of the semiconductor, (ii) charge separation and migration to surface to 
initiate the redox reaction, and (iii) surface chemical reaction between 
the generated carriers and water to produce hydrogen and oxygen. 
Recently, several oxides and mixed metal oxides including perovskites 
and many doped oxides were tested for photocatalytic water splitting 
[90]. Nevertheless, titanium dioxide (TiO2) is still the best photocatalyst 
due to its high activity, high efficiency and stability, biocompatibility, 
appropriate band positions, chemical inertness, affordability, and non- 
toxicity [91]. The molecular orbital diagram (Fig. 6) depicts the in
teractions between Ti and O atoms in TiO2 [92]. The bonding and an
tibonding orbitals are primarily made up of the “d” orbitals of Ti and the 
“p” orbitals of O [93]. Bandgap energy (Eg) is the amount of energy that 
separates the lowest unoccupied molecular orbital i.e. (CB) from the 
highest occupied molecular orbital i.e. (VB). An energy gap of roughly 
3.2 eV is present in the TiO2 anatase. Because of its large band gap en
ergy, TiO2 can only be excited by UV light, which reduces the efficiency 
of solar to hydrogen energy (STH) conversion [94]. Numerous TiO2 
modification techniques, including anion doping, metal ion doping, 
semiconductor materials, and others, have emerged to increase solar 
absorption and increase STH efficiency [95]. Among these, the oxide 
surface modification of non-noble metals like copper or nickel combined 
with the deposition of noble metal nanoparticles (Au, Pt, Ag) has 
resulted in a notable improvement in photocatalytic activity and effi
ciency in solar light exploitation. Flame spray pyrolysis (FSP) was found 
to be a successful process for creating nanosized TiO2 and TiO2 modified 
with noble metals, producing materials with high surface areas, anatase 
contents, crystallinity, and excellent noble metal dispersion [96]. As a 
result, the obtained catalytic materials have excellent performance due 
to the enhanced charge separation efficiency and reduced charge 
recombination rate. Therefore, a combined TiO2 catalyst synthesized by 
the FSP with noble or non-noble metal modification can be considered 
an outstanding method to improve the catalytic performance. Moreover, 
it has recently been demonstrated that a TiO2 photocatalyst made using 
FSP is more effective than Degussa P25 in photomineralizing saccha
rides [97]. 

Chiarello et al. produced a variety of TiO2 and TiO2 that had been 
treated with gold using flame spray pyrolysis, and they then tested their 
photocatalytic activity both for the overall water-splitting reaction and 

Fig. 6. Schematic illustration of water splitting over photocatalyst (a) [90], and molecular orbital diagram of TiO2 (b) [92].  
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for methanol-assisted water splitting [98]. Their findings demonstrated 
that as the anatase concentration rose, so did the photocatalytic activity. 
Additionally, by modifying the FSP parameters, the solvent, photo
catalyst surface area, and crystallinity are primarily improved, resulting 
in an improvement in photocatalytic performance. Additionally, FSP- 
synthesized TiO2 from a xylene solution and containing 1% Au exhibi
ted the highest activity (8 mmol of H2/h/g of the catalyst) compared to 
P25. The same research group also synthesized TiO2 and 1%Au-TiO2 
with high surface area by FSP and the resultant product was examined 
for photocatalytic hydrogen production via steam photoreforming of 
methanol [99]. An important finding of this study is that the activity of 
the obtained photocatalytic powder is significantly influenced by the 
type of reactor used and showed that the vapor phase photoreactor 
enhanced the hydrogen production activity up to 10.2 mmol of H2/h/g 
of catalyst, conforming to a 6.3% apparent photon efficiency. Recently, 
Gao and his colleagues synthesized a batch of Pt/TiO2 catalysts via FSP 
to assess their photocatalytic hydrogen generation capability [51]. The 
most active catalysts among these ones were those with a 0.1% molar 
ratio of platinum to TiO2 (Fig. 7a&b). This enhanced activity can be 
accredited to the presence of single Pt atoms, which act as the primary 
active sites for photocatalytic hydrogen evolution. Additionally, Fig. 7c 
shows that the desorption temperature of H2 is lower for TiO2 (without 
Pt), and the hydrogen desorption peak is higher on the Pt-loaded TiO2. 
These observations indicate that the Pt atoms enhance the dissociation 
of H2 molecules and facilitate the movement of H+ species towards the 
TiO2 surface. As a result, the amount of hydrogen that can be adsorbed 
by the catalyst increases. Moreover, Pt fosters the reverse hydrogen 
overflow from TiO2 to Pt during the desorption process, which raises the 
quantity of H2 that is absorbed and lowers the desorption temperature. 
To put it another way, H+ may be transferred to the Pt atoms more easily 
and participate in the photocatalytic H2 production reaction. Upon ab
sorption of photoelectrons from TiO2 and create adsorbed H atoms. 
These H atoms subsequently bind together to form H2 molecules through 

reactions facilitated by Pt as an active site. Finally, the formed hydrogen 
molecules desorb from the catalyst surface. In conclusion, it is hypoth
esized that the presence of Pt in the TiO2 catalyst plays a dual role in 
enhancing hydrogen production activity. Firstly, Pt promotes the sepa
ration of electron-hole pairs, thus increasing the efficiency of charge 
utilization in the photocatalytic process. Secondly, Pt facilitates the 
transfer of hydrogen to its surface, leading to the formation of hydrogen 
molecules through reverse hydrogen spillover. This combined effect of 
Pt accelerates the overall hydrogen production process and contributes 
to the enhanced activity observed. 

Bernareggi et al. coupled TiO2 with transition metal Cu and noble 
metal Pt to increase its photocatalytic hydrogen production efficiency 
through photoreforming of methanol [100]. Two series of modified TiO2 
photocatalysts were prepared using one-step flame spray pyrolysis, the 
first group contains only copper with different weight ratios, whereas 
the second group contains both copper and platinum. The remarkable 
hydrogen production activity was observed with the material that has Pt 
and 0.5% wt Cu. A synergistic effect between these two metals deposited 
over TiO2 was responsible for the enhanced photocatalytic activity of 
TiO2 compared to a single metal-modified titania. Noble metals such as 
Pt and Au have a significant impact on improving TiO2's photocatalytic 
activity for producing hydrogen, but their expensive cost limits their use 
in photocatalysis and requires the researcher to look for alternatives. As 
a result, transition metal doping might be viewed as a viable method to 
increase TiO2's charge separation efficiency and produce visible light 
activity [101]. Hence, the procedure of doping, as well as the concen
tration and nature of dopant atoms, are only a few of the variables that 
affect how doping affects an activity [102]. For example, the band-gap 
energy can be decreased by doping or introducing transition metal 
ions like Fe, and Cu into TiO2, shifting the absorption spectra towards 
the visible light area [103]. Additionally, these transition metal ions also 
act as locations for shallow charge trapping, which lowers the rate of 
electron-hole recombination. Copper (Cu) has been considered as being 

Fig. 7. Photocatalytic hydrogen production activity of different Pt-loaded TiO2 catalysts (a&b), and the hydrogen temperature-programmed desorption (H2-TPD) 
profiles of 0.1Pt/TiO2 and pure TiO2 (c) [51]. 
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significant among the different elements doped into TiO2 thus far due to 
small energy bandgap of its oxides (Cu2O has 2.2 eV and CuO has 1.4 eV) 
and their strong light absorption coefficients [104]. Additionally, it has 
been demonstrated that copper surface cluster modification is an 
effective method for enhancing charge separation [105]. For instance, 
Yang and his team prepared a high-efficiency hybrid CuOx/TiO2 pho
tocatalysts via a one-step flame spray pyrolysis approach. The fabricated 
composite material was then tested for photocatalytic hydrogen gener
ation under Xe irradiations in the presence of methanol [106]. The 
hydrogen production achieved was 112.6 μmol h− 1, which is around 22 
times greater than the commercial P25. According to the authors, den
sity functional theory simulations and photoluminescence spectra pro
vide valuable insights into the mechanisms behind the enhanced 
photocatalytic properties. It is observed that there are two significant 
factors involved (1) bulk defect levels and (2) surface deposited CuOx 
nanoclusters. These defects are essential for charge separation and 
deposition of CuOx nanoclusters extend the spectrum responsiveness. 
The process of fluorination, which can involve either surface modifica
tion (adsorption of fluoride anions) or lattice fluorine doping, is 
considered one of the methods used to increase the photocatalytic effi
ciency of TiO2. Surface fluorination is simply an exchange reaction be
tween surface hydroxyl groups and fluoride anions. As a result, chemical 
properties of titanium dioxide's surface and photoactivity—which is also 
highly dependent on the reaction substrate-undergo considerable 
changes [107]. On the other hand, doping occurs when fluorine actively 
aids in the crystallization of TiO2, altering its size, shape, phase, crys
tallinity, and exposed facets as well as altering the organization of 
crystal into peculiar topologies and pore architectures [108]. Chiarello 
and his colleagues synthesized fluorinated Pt/TiO2 photocatalysts 

utilizing single-step FSP and tested for photocatalytic H2 production 
through the photoreforming of methane (Fig. 8a) [109]. Tests on pho
tocatalytic hydrogen synthesis revealed that the replacement of 5 at.% F 
atoms for O atoms in TiO2 increased the H2 and CO2 generation rates 
(Fig. 8b). However, at higher F concentrations from this level, the for
mation rate of H2 declined linearly with increase in the nominal loading 
in the material. XPS tests indicated the existence of both bulk and sur
face fluorine. According to XAS analysis, Pt was largely supported in the 
oxidized form, as the materials were created and it reduced quickly into 
the metallic form in the presence of gas-phase reaction conditions, 
where it subsequently functioned as an electron sink to draw electrons 
and improve the charge separation efficiency (Fig. 8c). Furthermore, 
due to the F-induced surface electronegativity, structural defects are 
introduced owing to the excessive fluorination that in turn serve as 
recombination sites for electron-holes and may impede interface elec
tron transport. Both effects work together to reduce photoactivity. 

3.1.2. Photocatalytic degradation of organic pollutants 
The manufacture of textiles, paint, and leather results in the release 

of several organic pollutants into water bodies. These organic effluents 
might significantly harm aquatic ecosystems and human health since 
they are extremely difficult for nature to decompose or eliminate [110]. 
The treatment of wastewater has been proposed using several standard 
techniques, including membrane filtration, chemical precipitation, 
adsorption, and biological treatments. These strategies might not, 
however, always be practical or very effective [111]. For example, in 
biological treatment, several studies have also shown that microalgae 
may be grown for use in wastewater treatment. However, while 
employing microalgae, the contaminated effluents are often required to 

Fig. 8. A sketch for the flame spray pyrolysis used for the photocatalyst synthesis (a), the hydrogen production rate (b), and the mechanism of H2 production over a 
series of F-substituted TiO2 photocatalysts (c) [51]. 
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be in much diluted state before biological treatments. Prior to intro
ducing green algae, waste effluent may be diluted up to five times with 
the synthetic media to minimize toxicity because microalgae are sensi
tive to concentrated toxicity. Additionally, biological processes are 
extremely difficult to manage due to the variable content and volume of 
wastewater. Operators need to control these changes [112]. On the other 
hand, however, some organic effluent still not impressively degrade 
through biodegradation. Although chemical precipitation is frequently 
used to remove organic pollutants from wastewater, it still has several 
drawbacks. For example, it uses a lot of chemicals, necessitates physical- 
chemical testing of the effluent, produces a lot of sludge, and occa
sionally results in secondary pollution [113]. For membrane filtration, 
most commercial membranes are not regarded as semi-permeable. Thus, 
they are not able to restrict small, non-charged, and low molecular 
weight organic solutes [114]. In addition, low flow rates or limited 
throughput caused by clogging or fouling issues may also limit some 
applications for membrane separations when pollutant concentrations 
are higher. Adsorption procedures and photocatalytic degradation re
actions are now considered to be the prime methods for decontamina
tion of polluted water and air [115]. Though, adsorption does not 
actually remove contaminants; rather, it only moves them from one 
phase to another and reduces their concentration [116]. On the other 
side, photocatalysis can be considered a promising approach to the 
degradation and conversion of different organic molecules into CO2 and 
H2O using solar energy and nontoxic, and efficient photocatalysts 
without secondary pollution [117]. The degradation process requires 
the same steps as in photocatalytic hydrogen production, the only dif
ference is instead of the generated electrons and holes initiating the 
hydrogen and oxygen production in water splitting reaction, herein, 
electrons produced in the CB reduce oxygen to superoxide radicals, and 
the holes oxidize the adsorbed hydroxyl anions to hydroxyl radicals, 
which form the main active species responsible for the degradation re
action (Fig. 9a) [118]. Currently, TiO2 photocatalyst which is 

synthesized by different routes is widely used to degrade organic pol
lutants in both liquid and gas media [119]. Thus, the capacity to modify 
its structural characteristics during the synthesis stage is essential for 
optimizing it in view of practical technological applications [120]. Due 
to various benefits including low cost, ease of operation and experi
mental setup, capability for mass production, ease of doping, repro
ducibility, and quick particle growth, the FSP is an appealing, adaptable, 
and useful approach to manufacturing TiO2 nanoparticles. As already 
mentioned, the principle of FSP procedures is the exothermic burning of 
a precursor spray of an organic liquid and can produce crystalline 
nanoparticles without the need for additional post-production heat 
treatment. Bettini and his team studied the impact of the FSP operation 
conditions on the properties and photocatalytic activity of nano
structured TiO2 [121]. Results showed that an increase in the molar ratio 
of the dispersion O2 gas and the titanium (IV) isopropoxide (TTIP), 
resulted in decreasing the particle size and enlarging the specific surface 
area, leading to enhanced photocatalytic activity of TiO2 powder in the 
decomposition of the formic acid in aqueous suspension. It is widely 
acknowledged that altering TiO2 by adding non-metal or metal/metal 
oxide cations can force its visible light photocatalytic performance 
[122]. However, there are some disadvantages to the former route, 
including poor thermal stability, increased charge carrier recombina
tion, and utilization of expensive metals and metal oxides [123]. For 
these reasons, modification of TiO2 with non-metals like S, N, or P has 
gained a lot of attention in forcing its photocatalytic properties. Among 
the various non-metal incorporated TiO2, sulfur (S) has accomplished 
significant attraction because of high thermal stability and its ability to 
decrease the band gap energy of TiO2. Boningari and his colleagues 
applied one step FSP method to fabricate visible-light S-doped TiO2 
photocatalysts [124]. The authors proposed a model of particle forma
tion through flame spray pyrolysis and illustrated in Fig. 9b. The pre
pared S-doped TiO2 photocatalysts were subjected to testing to evaluate 
their photocatalytic activity in the removal of acetaldehyde. According 

Fig. 9. Mechanism of organic pollutants degradation over TiO2 under light irradiation (a) [118], model representing the synthesis and growth of particles in FSP (b), 
the time course photocatalytic conversion of acetaldehyde (c), UV–vis DRS spectra over TiO2 and M S-TiO2 (where M is the molar concentration of H2SO4 taken as S 
source in the precursor) (d), and mechanism of photocatalytic conversion of acetaldehyde over S-TiO2 photocatalyst (e) [124]. 
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to the XPS results, sulfur has two oxidation states, S4+ and S6+. Among 
all prepared samples, 2S-TiO2 exhibited remarkable efficiency for visible 
light-induced photocatalysis (Fig. 9c). This remarkably photocatalytic 
activity was mainly attributed to the high S6+ content in the 2S-TiO2 that 
can reduce its band gap energy compared to pure TiO2 (Fig. 9d&e). 

In addition to sulfur, nitrogen (N) is also considered to be the most 
effective dopant due to its similar size to that of oxygen atom and its 
ability to create metastable defect complexes that stimulate the forma
tion of electron-hole pairs [125]. Furthermore, doping with nitrogen can 
change the crystal lattice of the pristine TiO2, and therefore decrease the 
recombination process between charge carriers, resulting in enhanced 
visible light activity compared to the undoped TiO2. Thus, the syner
gistic interactions of numerous elements, including morphology, domi
nating facets, optical response, crystal phase, defects, and N- doping into 
TiO2, are thought to be the cause of the improved photocatalytic activity 
under solar irradiation of N-doped TiO2 [126,127]. Huo et al. recently 
described how to manufacture near-surface N-doped TiO2 using the FSP 
process. However, this procedure consists of two-stages in which first 
involves the surface of TiO2 modified by ammonia water while in the 
second phase it was created using the flame spray approach [128]. Their 
research showed that nitrogen may be added to TiO2 nanocrystalline to 
lower band gap energy as well as increase the charge separation ca
pacity. Smirniotis and his co-workers successfully synthesized N-doped 
TiO2 with the help of a single-step flame aerosol method [129]. Their 
investigations showed that nitrogen was successfully incorporated into 
the TiO2 crystal lattice in the N-doped TiO2 catalysts, primarily as 
interstitial nitrogen rather than in the substitutional form. This type of 
incorporation was revealed by the shifting of (101) plane anatase 
diffraction peaks towards lower angles. The increased photocatalytic 
activity of this novel N-doped TiO2 catalyst for degradation of phenol 
under visible light irradiation was mainly ascribed to the decreased band 
gap energy and improved charge separation as compared to pristine 
TiO2. In a similar vein, metal doping, or doping TiO2 with transition 
elements like V, Fe, Co, Mo, and Cr, can be thought of as a successful 
strategy to increase TiO2's visible light activity [130]. Addition of 
transition metal ions to the TiO2 crystal lattice can change the features of 
the material's electrons, improving its capacity to absorb visible light 
[131]. Recently, several methods were applied to synthesize transition 
metal doped TiO2 like sol-gel, coprecipitation, liquid phase deposition, 
wet impregnation, and ion-implantation method. Nevertheless, these 
methods possess several disadvantages, for example, coprecipitation 
and sol-gel methods need additional heat treatments to achieve crys
tallization in the material. However, the post-treatment at high tem
peratures and the prolonged heating could cause the dopant metal ions 
to separate into their corresponding metal oxides. These metal oxides 
may serve as a site for recombination of electron-hole pairs, which 
would reduce the activity of photocatalysis [132]. For the wet impreg
nation method, it is improbable that metal ions will replace oxygen in 
bulk TiO2 crystals, it may only happen over the surface [133]. Liquid 
phase deposition often requires a lengthy aging period to achieve 
optimal results and specific volume of sample. The drawback of the ion 
implantation procedure is that it requires complex and expensive facil
ities. Thus, applying a flame spray pyrolysis (FSP) approach in synthe
sizing transition metal doped TiO2 can be a promising alternative to 
these conventional methods. Tian and his team synthesized V-doped 
TiO2 photocatalysts via FSP and tested their ability for photo
degradation of 2, 4 dichlorophenol and methylene blue dye [134]. Their 
findings demonstrated the successful incorporation of V4+ ions into the 
crystal lattice of TiO2, resulting in enhancing the photocatalytic activity 
of TiO2 in both UV and visible regions. The proper radius and energy 
level of chromium ions (Cr3+) make them a prime contender to dope 
TiO2 since the Cr3+ radius (0.755 nm) being quite near to that of the Ti4+

(0.745 nm) [135]. Additionally, the lattice of TiO2 is readily capable of 
introducing Cr3+ ions. Also, there is a band gap of approximately 2.7 eV 
between the Cr3+ level and the TiO2 conduction band [136]. This is 
advantageous due to more absorption of visible light by Cr-TiO2. Same 

research group also reported a synthesis of Cr-doped bicrystalline TiO2 
nanoparticles with rutile and anatase phases by the flame spray pyrol
ysis method and examined their photocatalytic behavior towards of 2,4 
dichlorophenol under visible light [137]. Highest degradation activity 
was exhibited by the 1% Cr-doped TiO2 (Fig. 10a). This is not only 
because of the increased visible light efficiency (Fig. 10b) but also to the 
increased rutile contents in the photocatalyst (Fig. 10c&d). XPS mea
surements show that Cr3+ may effectively help to create oxygen va
cancies, which helps to convert anatase into rutile (Fig. 10e). EPR study 
have revealed a strong correlation between the state of Cr ion in the 
material Cr-TiO2 and the concentration of Cr within the material. Lower 
Cr content i.e. below 1%, it is mostly absorbed into the crystal lattice of 
TiO2, whereas a greater content is beneficial for the production of Cr2O3 
clusters. Finally, the presence of both phases (rutile and anatase) of TiO2 
as well as the formation of both superoxide and hydroxyl radicals are 
believed to be helpful for the effective photodegradation reaction of Cr- 
doped TiO2 (Fig. 10f). Recent years have seen a quick increase in interest 
in Nb-doped TiO2 because of its potential uses in sensors, dye-sensitized 
solar cells, and transparent conductive films [138]. Furthermore, the 
ionic radius of Nb5+ is slightly larger than that of Ti4+, hence, Nb5+ can 
be easily doped into the crystal lattice of TiO2 [139]. 

In order to accommodate the higher charge of Nb5+ when 
substituting for Ti4+ in the crystal lattice of TiO2, two possible scenarios 
can occur, depending on the specific synthesis conditions. First, one Ti 
cation vacancy may be introduced for every four Nb ions incorporated. 
Second, a stoichiometric reduction of Ti4+ to Ti3+ may occur for each Nb 
ion introduced. These adjustments help to maintain charge balance 
within the crystal lattice [140]. In either case, these modifications can 
lead to the creation of donor levels located just below the conduction 
band (CB) edge of TiO2 [141]. As a result, presence of these levels en
ables electronic transitions from the VB to these donor levels upon ab
sorption of visible light, making the Nb-doped TiO2, an active visible 
light photocatalyst. The photocatalytic activity for the oxidative 
destruction of organics is reduced when TiO2 is doped with a significant 
quantity (>5 mol%) of Nb at the Ti site, according to previous research 
[142]. One possibility for the suppressed photocatalysis is that Ti va
cancies are produced to balance out the increased positive charge on 
Ti4+ replacement with Nb5+, even if the precise process is yet unclear. 
This is because emptiness typically functions as a center of charge 
recombination [143]. Saito et al. synthesized Nb-doped TiO2 utilizing 
liquid-feed flame spray pyrolysis as the synthesis technique and subse
quently subjected to NH3 annealing [144]. The catalytic efficiency of the 
fabricated photocatalyst was investigated by the oxidative degradation 
of formic acid to CO2 under simulated solar irradiations. According to 
the authors, the oxygen vacancy is produced at greater Nb concentra
tions during NH3 annealing and is what prevents Nb-doped TiO2 from 
being as photocatalytically active as pure TiO2. Jiang et al. successfully 
prepared pristine and Cu, and F-doped TiO2 using a FSP approach and 
checked their activity for photooxidation of acetaldehyde [145]. 
Although both Cu and F-doped TiO2 have the same elemental states 
according to the XPS, they showed completely different photocatalytic 
activities. This work demonstrated that the distribution of -OH groups 
over the surface of TiO2 impose a significant influence on the photo
catalytic ability and confirmed that doped photocatalysts with a low 
number of surface terminal hydroxyl groups had high photocatalytic 
activity. According to the results obtained from the high-field 1H MAS 
NMR, F-doped TiO2 exhibited the maximum photocatalytic performance 
for the complete conversion of acetaldehyde because of the lowest 
number of the terminal hydroxyl group compared to the Cu-doped TiO2. 
Acetonitrile is a highly volatile, poisonous, and stable chemical found in 
a variety of civic and industrial wastewater. Additionally, the indoor air 
is found to include acetonitrile, which is released by smoking tobacco, 
resins, and commercial fiber polymeric materials. Because it has both an 
alkyl as well as cyanide group that can go through various oxidation 
processes, acetonitrile serves as an intriguing model compound for 
photooxidation investigations [146]. Inturi and his team incorporated 

M. Ismael et al.                                                                                                                                                                                                                                  



Sustainable Materials and Technologies 40 (2024) e00826

11

various transition metals into TiO2 using one-step liquid flame aerosol 
method [147]. The obtained photocatalysts were studied for the photo- 
decomposition of acetonitrile in the gas phase. According to their 
temperature-programmed reduction studies, all the synthesized mate
rials exhibited the formation of Me-O-Ti bonds. Titania and chromium 
have higher reducibility, hence the reduction peaks in chromium-doped 
titanium dioxide were pushed to much lower temperatures. The strong 
interactions and formation of Cr-O-Ti bonds in Cr/TiO2 enable visible 
light absorption and facilitate efficient charge transfer processes. This is 

the main reson behind making it an active photocatalyst in the visible 
light range. However, the inactivity of the Mn3+-incorporated TiO2 
catalyst was caused by the meager energy needed for electrons to escape 
from Mn2+. Teoh and his colleagues employed one-step flame spray 
pyrolysis to synthesize Fe-doped TiO2 using iron naphthenate and tita
nium isopropoxide as precursors for Fe and TiO2, respectively for the 
photomineralization of oxalic acid under visible light irradiation [148]. 
They discovered a considerable enhancement in photocatalytic activity 
in comparison to the pure TiO2, which is primarily attributed to special 

Fig. 10. Photo degradation of 2,4 DCP by various Cr-doped TiO2 photocatalysts (a), UV- DRS spectra (b) of (a) undoped TiO2, (b) 0.5% Cr-TiO2, (c) 1% Cr-TiO2, (d) 
2% Cr-TiO2, and (e) 5% Cr-TiO2, XRD patterns of Cr-TiO2 (c), content evolutions of anatase and rutile phases with doping concentration (d), core level spectra of O 1 s 
for undoped TiO2, 1%, 2%, and 5% Cr-TiO2, (e), and the photodegradation mechanism of 2,4 DCP over Cr-doped TiO2 photocatalyst (f) [137]. 
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Fe-leaching and re-adsorption capabilities. This investigation also 
proved excellent Fe-TiO2 stability and repeatable mineralization rates 
even after five additional cycles. On the other hand, ferrocene possesses 
several properties that make it a favorable source of iron for iron-doping 
in titania nanoparticles including nontoxicity and solubility in liquid 
hydrocarbons [149]. In diffusion flames, silica nanoparticles and carbon 
nanotubes with controllable surfaces have been synthesized using 
ferrocene as a catalyst [150]. Carbon nanotubes (CNTs) [151], boron 
nitride/carbon nanotube composites (BN/CNTs) [152], metal oxides 
such as Al2O3 [153] and Fe2O3 [154], and thin films [155] were all 
produced using ferrocene in the flame spray pyrolysis process. In that 
sense, Ismail et al., employed a flame spray pyrolysis route to prepare 
Fe-doped TiO2 using ferrocene and titanium tetraisopropoxide as sour
ces of iron and TiO2, respectively (Fig. 11a) [273]. The synthesized 
photocatalytic materials were tested for photoremoval of RhB under 

visible light illumination and observed the sample with 10% Fe/Ti 
demonstrated the highest catalytic activity (Fig. 11b&c). The uniform 
distribution of Fe across TiO2, the diminished valence band edge 
(Fig. 11d), and the improved light absorption qualities (Fig. 11e) were 
the key causes of this high activity. Comparing these materials to 
undoped TiO2, their better magnetic characteristics are in addition to 
their improved photocatalytic activity. Enhanced thermal stability of Pt/ 
TiO2 catalysts were obtained by Bi et al. [157] using in-situ N-doping 
and a second nozzle placed above the spray pyrolysis flame. The ob
tained materials were then examined for CO catalytic oxidation. The 
formation of Pt–N bonds on the catalyst's surface are responsible for the 
in-situ synthesis of surface N-doped Pt/TiO2 and its superior thermal 
stability as compared to the pristine sample. Besides, the Pt particles 
experience less phase transition and less sintering during the calcination 
process. This study also showed that N alters the chemical environment 

Fig. 11. Flame spray pyrolysis (FSP) approach (a), RhB degradation vs. irradiation time (b) and absorption spectra of RhB over Fe-TiO2 (c), valence band for Fe- 
doped and pristine TiO2 materials, suggesting for TiO2 (A, B, and C) and for Fe (D) (d), and UV–Vis absorption spectra of pristine TiO2 and various Fe-doped 
TiO2 photocatalysts (e) [156]. 
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around the Ti atoms and the ratio of surface oxygen species, which 
lowers the amount of adsorbed oxygen. 

An efficient, low-temperature, and ecologically acceptable way to 
remove air pollutants is through photothermocatalytic oxidation. 
However, its widespread use has been severely constrained by the dearth 
of active, reasonably priced, and improved stability catalysts. The pu
rification of gas streams containing toluene (C7H8), as a representative 
volatile organic molecule (VOCs) has drawn significant interest. It is 
well known that removing toluene has always been affordable thanks to 
low-temperature catalytic combustion [158]. However, higher temper
atures are required in the thermal catalytic oxidation process, and the 
usual photocatalytic degradation mechanism has a poor degradation 
efficiency [159]. Thankfully, the photothermocatalytic combustion 
technique makes air pollution removal more effective at lower temper
atures by fusing the advantages of thermal catalysis with photocatalysis 
processes [160]. Recently, Yuan and his coworkers studied the influence 
of single- Pt atom loading on TiO2 support for enhancing the photo
thermocatalytic activity through flame spray pyrolysis towards toluene 
combustion [161]. Pt-loaded TiO2 boosts the catalytic toluene removal 
for several reasons; first Pt cations are responsible for the TiO2 phase 
transformation (anatase to rutile) and generation of surface oxygen 
vacancies. Second, is the introduction of defect energy levels that force 
the charge separation efficiency because of the presence of Pt 3d or
bitals. Recently, composite oxide nanoparticles have received a lot of 
interest for enhancing the characteristics of single-component oxide 
nanoparticles. In tests for various photocatalytic applications, a variety 
of composite materials demonstrated improved photocatalytic perfor
mance compared to a single photocatalyst, mostly because of the 
increased efficiency for charge separation [162]. Cho et al. studied effect 
of the molar ratios of the constituents in TiO2/SiO2 composite onto the 
properties of synthesized particles by FSP method [163]. They investi
gated how spraying a mixture of tetra-ethylortho-silicate and titanium- 
tetra-isopropoxide led to the creation of mixed oxide nanoparticles of 
TiO2 and SiO2 with different compositions by flame spray pyrolysis 
technique. They also demonstrated that altering the molar ratio of the 
mixture affected the particle properties and optimized the photo
catalytic activity of the TiO2/SiO2 composite towards the degradation of 
methylene blue. Cerium oxide (CeO2) is a type of rare-earth oxide uti
lized in photosensitive materials, photoluminescence, and anti-UV ra
diations. This material has drawn substantial interest in catalysis owing 
to its capacity to function as an oxygen reservoir. This property arises 
from the redox shift between the Ce4+ and Ce3+ oxidation states under 
oxidizing and reducing conditions. It has already been documented that 
adding Ce atoms to TiO2 increases photocatalytic activity [164]. Chai
suk and his team doped TiO2 with CeO2 by flame spray pyrolysis 
approach to fabricate a CeO2-doped TiO2 nanocrystalline photocatalyst 
[165]. Their study revealed that single-crystalline spherical particles 
consisting of CeO2-doped TiO2 nanopowders with particle sizes in the 
range 10–13 nm were generated at 5–50 at.% of Ce doping concentra
tions. Additionally, the absorption edge was moved to the visible area 
with Ce concentrations up to 30%. Tungsten trioxide (WO3) is also 
considered a possible candidate to combine with TiO2 to form a com
posite structure [166]. WO3 is an effective photocatalyst due to the 
narrow energy band gap, making this semiconductor active in the visible 
light [167]. Arutanti et al. synthesized composite WO3/TiO2 nano
particles by flame spray pyrolysis approach and employed ammonium 
metatungstate and titanium isopropoxide as precursors for the prepa
ration of WO3, and TiO2, respectively [168]. Importantly, this study 
investigated the effect of the precursor's composition on the particle 
morphology, surface structure, and photocatalytic performance. It was 
observed that the amount of ammonium metatungstate (specifically 0 to 
25 wt%) exhibited a great effect on the photocatalytic efficiency of the 
composite photocatalysts. The authors also postulated that the band gap 
energy and surface area are the main variables influencing variations in 
photocatalytic activity. Although Cr/TiO2 has been recognized as an 
efficient photocatalyst for organic pollutant degradation, there is a 

concern regarding the potential leaching of chromium (Cr) from the 
catalyst into the fluid solution under visible light activity. Thus, the 
photocatalyst's capacity to be reused and stabilized may be hampered by 
the likelihood of Cr(VI) being reduced to Cr(III) [169]. In addition, some 
studies reported that the leaching of Cr in the fluid solution can cause 
secondary contamination [170]. For that, the use of supported TiO2 
could stabilize and enhance the photodegradation performance as 
compared to the pristine TiO2 [171]. Silica (SiO2) was the most used 
support for titania in photocatalysis due to several advantages such as 
improved electron absorption, higher adsorption, large surface area, and 
reduced UV light scattering [172]. Inturi et al. created a set of Ti/Cr/Si 
ternary composites using the FSP approach to stop Cr leaching and 
produce a highly visible light active photocatalyst [173]. Their findings 
demonstrated that the addition of Cr may modify the TiO2 lattice's dis
order, enhance crystallinity, and increase the catalyst's ability to absorb 
visible light. On the other hand, adding higher concentrations of Cr can 
decrease the photocatalytic activity due to the transformation from CrO3 
to Cr2O3 oxide. The incorporation of silica into TiO2 can lead to 
enhanced photocatalytic performance by increasing the surface area and 
promoting the stability of the catalysts, thereby preventing the leaching 
of chromium (Cr) from the material. Among all prepared catalysts, the 
Cr/Ti/Si composites having Si/Ti atomic ratios = 75 and (Si + Ti)/Cr 
atomic ratios = 20 and 25 demonstrated an exceptional activity towards 
the visible-light-mediated degradation of phenol in aqueous solution. 
The same study team created identical photocatalysts using three 
distinct methods, such as sol-gel, coprecipitation, and flame spray py
rolysis, and assessed their efficacy in degrading 4-chlorophenol when 
exposed to visible light [174]. Of the three tested catalysts, the Cr/TiO2 
catalyst prepared by flame spray pyrolysis exhibited the highest activity 
(Fig. 12a) due to its high Cr6+ contents revealed by the temperature- 
programmed reduction profile (Fig. 12b). As presented in Fig. 12c, 
both sol-gel and coprecipitation method have only one oxidation state of 
Cr, on the other hand, the FSP Cr/TiO2 presented two different peaks 
indicated two different oxidation states of Cr. In addition, silica was also 
used as a support for this photocatalyst to induce stability and reduced 
leaching of Cr from the material. The stability and hence leaching effect 
for the Cr into the liquid phase was examined under different pH solu
tions ranges from 3 to 11, and was discovered to be quite low compared 
to other synthesis techniques (Fig. 12c). In addition, compared to the 
other two ways, the Cr/TiO2 produced by FSP had the largest surface 
area, significantly enhancing the photocatalytic efficacy (Fig. 12d). 
Finally, for the three synthesis methods, the Cr/TiO2 photocatalyst 
demonstrated increased visible light absorption compared to pure TiO2, 
which is mostly attributed to the excitation of the 3d electrons of Cr ion 
to the conduction band of TiO2 as seen in Fig. 12e. 

Similar Cr/TiO2 photocatalysts were synthesized by the FSP method 
and tested for the oxidative conversion of acetonitrile in gaseous phase 
under visible illumination [175]. Photocatalyst having Ti/Cr atomic 
ratio equal to 40 displayed the highest activity which is mainly attrib
uted to the existence of Cr6+ that strongly interacts with TiO2. Besides 
the formation of strong interaction between the support and the dopant 
(Cr − O − Ti) revealed by H2 − temperature programmed reduction 
(TPR) results are also one of the reasons responsible for the increased 
catalytic activity of the Cr/TiO2 photocatalyst. 

3.1.3. Photocatalytic CO2 reduction (mechanism and activity) 
Environmental pollution has recently gotten worse because of the 

atmosphere's rising CO2 level, which is brought on by people and in
dustry development using fossil fuels more and more [176]. As seen in 
Fig. 13a [177], the enormous consumption of fossil fuels over the past 
35 years has caused a steady increase in annual CO2 emissions [178]. 

The increase in CO2 emissions over the past 35 years has been 
accompanied by a rise in the average world surface temperature, which 
is not surprising considering the potential of CO2 accumulation to trap 
heat in the atmosphere. Finding ecologically friendly and renewable 
energy sources is now of utmost importance to improve human 
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civilization over the long run [179]. Thus, the conversion of solar energy 
into valuable solar fuels has received a lot of interest because it is 
thought of as one of the unlimited and environmentally friendly energy 
sources [180]. Hence, the production of green solar fuels including 
methane (CH4), formic acid (HCO2H), formaldehyde (CH2O), and 
methanol (CH3OH) through photocatalytic CO2 reduction has been 
hailed as one of the most promising technologies among different op
tions since it can replicate atmospheric CO2 levels while also producing 
valuable solar fuels [181]. Since the first publication by Inoue et al. in 
1979 [182], several semiconductors have been developed as 

photocatalysts for efficient CO2 reduction, including TiO2 [183], CdS 
[184], Fe2O3 [185], g-C3N4 [186], Bi2WO6 [187], and Cu2O [188]. 
Among these photocatalytic semiconductors, TiO2 has drawn a lot of 
interest as a highly promising photocatalyst for the reduction of CO2. 

Photocatalytic reduction of CO2 mimics the natural photosynthesis 
process, by turning incoming solar radiation to produce useful solar 
fuels without the requirement for extra high-energy input [189]. 
Because of this, it has become the technique for producing oxygenated 
hydrocarbons that has been most intensively studied. Photocatalytic 
CO2 reduction process is often divided into four major phases (see 

Fig. 12. Visible light photocatalytic conversion of 4-chlorophenol by Cr-TiO2 photocatalyst prepared by three methods with reused and reactivated catalyst (a), H2- 
TPR profiles of fresh, reactivated catalysts prepared by FSP TiO2, FSP Cr/TiO2, sol-gel and co-precipitation (b), Effect of medium pH on leaching of Cr in Cr/TiO2 (c), 
N2 adsorption-desorption isotherms of Cr/TiO2 catalysts (d), and UV–vis DRS of fresh, reactivated catalysts prepared by the three methods (sol-gel, coprecipitation, 
and FSP) (e) [174]. The revived catalyst was designated with the prefix RA, and the number of re-activation cycles was shown after. R stood for materials that are 
reused without activation. 
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Fig. 13b) [190]. (1) CO2 adsorption which is the rate-limiting step for 
the overall process, (2) light absorption and electron-hole pairs gener
ation, (3) charge separation and immigration, and (4) CO2 reduction 
[191]. The capacity of TiO2 to adsorb CO2 molecules is a crucial factor 
that impacts the photocatalytic CO2 reduction performance of this ma
terial. Surface modification in TiO2 can enhance its specific surface area 
and the number of surface active sites, which will improve its ability to 
bind CO2 [192]. Additionally, modifying the TiO2 surface to have an 
alkaline characteristics is another practical technique to increase its 
capacity for CO2 adsorption by CO2 chemisorption [193]. Additionally, 
a crucial method to improve the photocatalytic activity of TiO2 towards 
CO2 reduction is to decrease its bandgap by doping [194]. In addition to 
doping, surface loading by the metal plasmonic nanoparticles can be 
utilized to boost up the photocatalytic activity by infusing “hot elec
trons” into TiO2 to enhance the efficiency of the generation of electron- 
hole pairs [195]. Another method to drive TiO2's photocatalytic CO2 
reduction by reducing charge recombination rates is to add a cocatalyst 
to its surface [196]. Finally, CO2 reduction can be accomplished by using 
the charge carriers (e− and h+ pairs) that are moving towards the TiO2 
surface. But keep in mind the extraordinary stability of the CO2 mole
cules. [197]. Thus, the e− possessing a high enough reduction potential 
only, can be used in specific CO2 reduction reactions as illustrated in the 
CO2 reduction equations including standard redox potentials reviewed 
by Low et al. [190]. Only CH4 and CH3OH can be produced by TiO2 
during a photocatalytic CO2 reduction reaction because the conduction 
band potential of TiO2 is − 0.5 V vs. NHE at pH = 7 [198]. It should be 
noted that the creation of CH3OH (6 e− ) and CH4 (8 e− ) also requires 
multielectron reactions [199]. As a result, accumulating electrons on 
specific TiO2 reaction sites is highly sought to achieve multielectron 
transfer. 

It has been claimed that modifying TiO2 with transition metals like 
Cu [200], or noble metals like Pt [201], or Ag [202] is a successful way 
to increase CO2 photocatalytic reduction. This is because the metal 
atoms can boost separation of charge carriers, and increase light ab
sorption, or CO2/H2O chemical adsorption. Among the various material 
in the series, Cu-modified TiO2 has garnered the most interest of these 
because of the high performance and affordable price of Cu [203]. Ac
cording to some reports, Cu in the Cu/TiO2 photocatalyst may exist in a 
variety of forms and chemical states, including Cu0, Cu+, and Cu2+ (e.g., 
oxide deposited on a TiO2 surface or ions doped inside the TiO2 lattice) 
[204]. It offers a potential method to modify the characteristics of the 
Cu/TiO2 photocatalyst. However, it also introduces challenges to 
comprehend the specific functions of the Cu species within the catalyst. 
The coexistence of different Cu species with different oxidation states 
and/or forms and coupled with the potential for exchange between them 
during the CO2 photoreduction reaction complicates the analysis of their 
individual roles [205]. In that sense, Xiong, and his team incorporated 
Cu+ into the TiO2 lattice using a FSP synthesis route using copper nitrate 
and titanium butoxide as precursors for Cu and TiO2, respectively and 
demonstrated outstanding activity and stability in photocatalytic 

reduction of CO2 [206]. The CuTi-1 catalyst exhibited the highest yields 
of CO and CH4, reaching 43.5 and 16.7 μmol g− 1 after 4 h of light 
irradiation (Fig. 14a&b). Additionally, this photocatalyst showed good 
stability under 4 h irradiation (Fig. 14c). This high activity was mainly 
attributed to the high distribution of Cu species and existed as a dopant 
rather than as oxides like Cu2O or CuO crystals deposited on the surface 
as shown in the HRTEM (Fig. 14d). Furthermore, the enhanced photo
catalytic activity was also ascribed to the enhanced visible light ab
sorption, and improved charge separation efficiency in the CuTi-1 
sample as proved by the UV–Vis absorption and photoluminescence 
spectrums (Fig. 15a-c). The existence of Cu(I) was revealed using the 
XPS spectra and showed that the peak located at approximately 932.5 eV 
corresponds to the Cu 2p3/2 levels in the case of high activity photo
catalyst (CuTi-1) demonstrating that the Cu existed as Cu(I) in the ma
terial CuTi-1 (Fig. 14d). 

3.1.4. Photocatalytic removal of NOx 
It has been established that NOx (NO + NO2) may be a factor in 

respiratory illnesses and acid rain [207]. Photochemical oxidation 
(PCO), which uses photocatalysts, has been developed in a variety of 
systems to remove NOx from the environment. As mentioned before, 
TiO2's limited capacity to absorb visible light is a result of its large 
bandgap. Recently, most research has focused on cocatalysts that 
contain transition metals, noble metals, or non-metal elements to reduce 
their band gap energies that make them able to absorb under visible 
light illumination (Table 3). For example, noble metal co-catalysts can 
enhance the activity of this catalyst by lowering TiO2's effective 
bandgap, supplying additional active sites, and generating localized 
surface plasmon resonances. Fujiwara and his team produced Pd/TiO2 
particles by flame spray pyrolysis for NOx removal under solar light 
irradiation [208]. There is a linear relationship between percentage of 
isolated Pd atoms and the total Pd content. Originally isolated Pd atoms 
rose linearly with rise in the total Pd content, as measured by diffuse 
reflectance infrared Fourier transform spectroscopy. It eventually rea
ches a equilibrium value of 0.055% of the total Pd content when the total 
Pd content reaches 0.1 wt%. Due to the development of Pd clusters, 
further rise in the Pd concentration do not significantly result in more 
isolated Pd atoms. Despite of the limited presence of isolated Pd atoms, 
their impact on photocatalytic activity was significant. This work 
showed that 0.1 wt% and 1 wt% doping in the Pd-TiO2 co-catalyst lead 
to a linear improvement in the average NO removal capacity, corre
sponding to the proportion of isolated Pd atoms. Similar catalytic effi
ciency for Pd suggests that Pd nanoparticles, clusters, and distributed in 
bulk TiO2 only play a modest role in the catalytic process. The 
remarkable activity of single Pd atoms in the photocatalytic removal of 
NO demonstrates their ability to provide extraordinarily active sites. 
These isolated Pd atoms exhibit exceptional selectivity for converting 
NO to nitrate, and they also display remarkable resistance to nitrate 
poisoning. Other single-atom catalysts (SACs) and corresponding ap
plications in photo-electrocatalysis in the decontamination of various 

Fig. 13. The variations between in annual CO2 emissions and the average global surface temperature between 1980 and 2015 (a) [177], and the four steps for 
photocatalytic CO2 reduction (b) [190]. 
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organic pollutants such Fe single-atom catalysts (Fe-SACs), Mn single- 
atom catalysts (Mn-SACs) were also reported [209,210]. Additionally, 
Metal-organic frameworks (MOFs) have gained significant attraction 
primarily because of their unique porous structure, and open metal sites 
and showed outstanding activity in the degradation of various organic 
pollutants in wastewater [211]. Graphitic carbon nitride (g-C3N4) has 
emerged as a widely adopted and innovative metal-free photocatalyst 
with good activity, and high chemical and thermal stability, making this 
photocatalyst a suitable candidate for different photo-catalytic appli
cations [212,213]. Nevertheless, its high charge recombination rate 
reduces its large scale application. According to prior research, securing 
aromatic rings to the surfaces of CN might enhance charge pair sepa
ration, and thereafter improve its photocatalytic activity for removing 
sulfamethazine (SMZ) [214]. Further recent examples of applications of 
TiO2-based photocatalysts were also summarized in Table 3. 

3.2. Thermocatalysis 

3.2.1. CO2 methanation 
As per the provisions of 2015 Paris Climate Agreement, the goal is to 

limit the rise in global temperatures to a maximum increase of 1.5 to 
2 ◦C [215]. After that, a number of techniques have been put forth to 
reduce CO2 emissions caused by extensive use of fossil fuels including 
carbon capture and utilization. An appealing and effective solution to 
the issues is to convert CO2 into value-added fuels in a sustainable 
manner [216]. CO2 methanation i.e. conversion of CO2 into methane 
(CO2 + 4H2 → CH4 + 2H2O) as one of the several CO2 hydrogenation 
processes, is gaining interest owing to the high combustion value of CH4 
and its capability to be used directly in the present natural gas infra
structure. Nevertheless, intrinsic inertness of CO2 prevents the applica
tion of this strategy, though. It is crucial to do this by creating catalysts 
with strong selectivity for CH4 at lower temperatures of <400 ◦C. 
Different transition metals have so far been thoroughly investigated for 

CO2 methanation, including Rh, Ru, Ni, and Co [217]. Ru and Rh have 
outstanding catalytic characteristics, but their exorbitant cost prevents 
their widespread applications. TiO2 is considered one of the most effi
cient photo-or thermocatalytic catalysts for CO2 reduction. Recently, 
Yang et al. employed theoretical investigations and surface reaction 
chemistry to describe the reaction mechanism of CO2 methanation over 
Rh/TiO2 catalyst (Fig. 16) [218]. In comparison to the formate and 
direct C–O bond cleavage pathways, the Rh/TiO2 catalyst is substan
tially less thermodynamically and kinetically favorable for CO2 metha
nation than the reverse water–gas shift (RWGS) reaction followed by CO 
hydrogenation (Fig. 16). They concluded that the metal-support in
terface's periphery is a major area of charge buildup that can supply 
electrons needed for CO2 reduction to make CH4. Activation of CO2 is 
more feasible at the interface active site than at the Rh nanoparticle 
location. The most active site of CO2 adsorption and activation over Rh/ 
TiO2 catalyst is the metal-support contact. Modified TiO2 holds signifi
cant promise as a photo- or thermocatalytic catalyst, making it a valu
able candidate for CO2 thermal methanation. For example, Kolb et al. 
[219] found outstanding methanation efficiency on Ru/TiO2 {001} due 
to the positive MSI effect. Recent applications of TiO2 catalyst for 
thermal methanation are summarized in Table 3. 

3.2.2. Volatile organic compounds (VOCs) 
One type of typical volatile organic compound (VOCs) is toluene. 

Both the environment and human health are seriously harmed by its 
neurological toxicity and precursor for photochemical haze. Toluene 
concentrations of hundreds ppm can cause severe pain, and prolonged 
exposure can have fatal consequences [219]. Such a pollutant may be 
created from several types of sources, like industrial emissions, biomass 
usage, painting, and vehicle exhaust. Much consideration and recogni
tion are given to the catalytic oxidation of toluene at low temperature, as 
a potentially effective method for eradicating industrial pollution on a 
broad scale. Although noble metals showed outstanding thermal 

Fig. 14. CO (a) and CH4 yields (b) over various Cu-modified TiO2 synthesized by the FSP, three cycles stability test for CO and CH4 production over CuTi-1 
photocatalyst (c), and the HRTEM for CuTi-1(d) [206]. 
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catalytic activity on toluene removal at low temperatures, their high cost 
and scarcity reduced their large-scale utilization. Thus metals/transition 
metals can be brilliant alternatives to precious metals because of their 
less price, higher durability, and capable performance. Among these, 
TiO2 showed acceptable thermal catalytic activity for VOCs removal due 
to its excellent oxygen storage ability as well as large specific surface 
area. Meng et al., synthesized highly active CuO-TiO2 nano-catalysts 
using FSP for toluene removal at 250 ◦C [220]. The stable existence of 
highly distributed CuO, low-temperature reducibility, and large specific 
surface area are primarily accountable for the catalyst's high activity. 
Further recent examples of the applications of TiO2-based catalysts for 
VOCs removal are summarized in Table 3. 

3.3. Electrocatalysis 

Electrocatalysts are crucial components in energy conversion and 
storage systems like fuel cells [221] and water-splitting devices [222]. 
However, their use has frequently been constrained by poor 
manufacturing rates and high fabrication costs. Flame spray processing 
enables the scalable manufacture of electrocatalysts and makes it simple 
to customize the electronic structure by adjusting the processing set
tings. We thus think that this area has a lot of potential for both 
fundamental research and real-world practical applications, despite the 
fact that only a limited number of publications have documented the 
flame aerosol synthesis of electrocatalysts thus far. 

3.4. Organic transformation 

3.4.1. Hydrogenation of 3-nitrostyrene 
Functionalized anilines play a vital role as essential industrial 

intermediates in the production of various compounds, including 
pharmaceuticals, polymers, herbicides, and fine chemicals. Specifically, 
chemoselective hydrogenation of nitrostyrene into vinylaniline over Pt/ 
TiO2 catalyst is illustrated in Fig. 17 [233] is a key reaction for creating 
the intermediates needed to make pharmaceuticals, dyes, and pigments. 

However, since these molecules have two functional groups, one is a 
carbon‑carbon double bond (C––C) and another one being –NO2 group, 
it becomes very challenging to selectively reduce the nitro group spe
cifically, when many reducible groups are present within the same en
tity. In earlier investigations, for instance, cobalt and ruthenium sulfide 
catalysts were utilized to selectively hydrogenate nitro compounds into 
amines when olefinic groups were present [234]. However, the low 
yields and the formation of by-products that contain sulfur severely 
restrict the applicability of these materials. Other catalyst systems with 
practical limitations in terms of reuse included iron complexes [235] 
and doped Raney nickel [236]. Carbonyl and double bonds can all be 
activated by noble metal catalysts, as well as nitro groups, resulting in an 
unselective reduction [237]. Flame spray pyrolysis has been extensively 
explored and used in a variety of reactions, including lean-NOx storage 
reduction, methane catalytic combustion, hydrogenation, dehydroge
nation, and photocatalysis [238]. For example, Pt/Al2O3, Pd/Al2O3, and 
Pd/SiO2 composite catalysts produced by FSP exhibited greater catalytic 
efficiencies in hydrogenation as compared to the reference catalysts 
generated using the traditional impregnation approach [239]. Pt-based 
catalysts are frequently utilized in the hydrogenation of nitrostyrene due 
to their high catalytic efficiency; nevertheless, the catalytic material also 
concurrently hydrogenates both the functional groups, resulting in an 
unselective reduction. This problem may be solved in a variety of ways, 
such as by using modifiers, changing the pretreatment conditions, and 
offering catalytic support [240]. Cobalt serves as an intriguing catalyst 

Fig. 15. UV–vis DRS absorption spectra (a), Tauc plots (b), and photoluminescence (c), and the Cu2p XPS spectra of different Cu-modified TiO2 photocatalysts 
(d) [206]. 
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particularly in hydrogenation reactions. It acts as a promoter for Pt- 
based catalysts by exerting both electrical and geometric effects [241]. 
Thus, when Co was added to Pt-based catalysts, catalytic performances 
were enhanced in comparison to Pt monometallic catalysts [242]. Pis
duangdaw and his team used the flame pyrolysis via one-step approach 
for the selective hydrogenation of 3-nitrostyrene [243], they loaded Pt/ 

TiO2 catalysts with different weight ratios of Co. Infrared spectroscopic 
measurements of adsorbed CO show that the incorporation of Co 
enhanced the amount of platinum terrace atoms on the catalyst surface, 
and increased the selective formation of ethylnitrobenzene. It was found 
that addition of cobalt to Pt/TiO2 led to a significant enhancement in the 
hydrogenation activity and selectivity of vinylaniline and outperformed 
those of monometallic compound. These improvements were attributed 
to the strong forces of interactions between Pt–Co and the transfer of 
TiOx species. The same research group also reported the influence of 
preparation methods (impregnation and flame spray pyrolysis) and re
action temperatures on the physicochemical as well as the catalytic 
properties of Pt/TiO2 catalysts [244]. The F-Pt/Ti catalysts (F: catalyst 
prepared using flame spray pyrolysis route) exhibited higher dispersion 
of Pt (Fig. 18a&b) and better catalytic performance in liquid-phase hy
drogenation reaction of 3-nitrostyrene (Fig. 18c). Among all the syn
thesized materials, F-Pt/Ti-600 showed the highest activity and 
selectivity. Furthermore, the H2-TPR data showed that the F-Pt/Ti 
catalyst had lower Pt/Pt-TiOx H2 consumption ratios and demonstrated 
greater metal-support interaction as compared to the I-Pt/Ti catalyst (I: 
catalyst prepared using impregnation method) (Fig. 16 8d). 

3.4.2. Hydrogenation of 1-heptyne 
Industry, academia, and synthetic organic chemistry all benefit from 

the partial hydrogenation reaction of unsaturated organic molecules. 
This process is particularly important for the preparation of fine organic 
compounds, such as the selective hydrogenation of alkynes to their 
corresponding alkenes. The alkene compounds generated by this process 
are useful for the creation of biologically active chemicals, margarine, 
lubricants, and fundamental intermediates for the fine chemicals 
including food, pharmaceuticals, and cosmetics [245]. Catalytic hy
drogenation is commonly performed in a liquid phase using batch-type 
slurry procedures, employing a supported noble metal catalyst due to 
the relatively mild reaction conditions that are needed and the 
simplicity of the catalyst separation [246]. Alkyne to alkene semi
hydrogenation is a common process carried out in both industrial set
tings and academic research labs using Pd-based catalysts because of 
their well-known high selectivity. Pd catalysts have been supported by a 
variety of materials in the selective hydrogenation process of alkyne, 
involving silica [247], alumina [248], carbon [249], and titania [250]. 
The Pd catalysts' activity, selectivity, recycling, and repeatability can all 
be greatly enhanced by selecting effective support. Titania (TiO2) is an 
interesting support material for Pd catalysts in hydrogenation reactions. 
This is due to its strong metal-support interaction (SMSI) effect that 
makes it particularly important for Pd catalysts. It has been found that 
noble metals supported on reducible oxides, such as titania, demonstrate 
variations in catalytic activity and selectivity when subjected to high- 
temperature reductions. Additionally to supported monometallic nano
particles, supported bimetallic nanoparticles are crucial for several 
catalytic reactions. Important examples include Au–Pd catalysts, which 
are employed in procedures like the selective conversion of alkenes to 
epoxides, alcohols to ketones or aldehydes, and hydrogen to hydrogen 
peroxide [251–256]. The synergistic effects caused by both ligand ef
fects and ensemble effects of the Au–Pd alloy have frequently been 
cited as the cause of the Au promotional effects in Au–Pd catalysts. 

Table 3 
Thermal, photo, and electrocatalysts synthesized by FSP in the last 5 years.  

Material Method Chemical 
reaction 

Optimal 
efficiency 

Year Reference 

Pt/TiO2 FSP CO oxidation T100 ≈
120 ◦C, T50 
≈ 110 ◦C; CO 
reaction rate 
0.13 × 10− 7 

mol s− 1 

gcat− 1 

2018 [223] 

Pt/TiO2 FSP Methane 
consumption 

85% 
methane 
conversion 
(600 ◦C) 

2018 [224] 

Au-Pd/TiO2 DFSP Acetylene 
hydrogenation 

96% C2H4 

selectivity 
(40 ◦C) 45% 
C2H2 

conversion 

2018 [225] 

Ag/TiO2 FSP Nitrate 
reduction 

14.5% NO3−

conversion 
under 200 W 
Hg light 

2019 [226] 

N-/TiO2 FSP Phenol 
degradation 

50% phenol 
degradation 

2018 [227]  

Other catalysts 
PrBaCo2(1x) 

Fe2xO6-δ 

FSP Oxygen 
evolution 
reaction 

19.7 A g− 1 

current 
density at 
1.55 Vs. RHE 

2019 [228] 

Ru/SiO2- 
Al2O3 

FSP Fischer-Tropsch 
synthesis 

37% CO 
conversion at 
240 ◦C 

2020 [229] 

Ni-Co/ 
Al2O3- 
La2O3 

FSP Methane dry 
reforming 

80% 
methane 
conversion 

2018 [230] 

Cu/ZrO2 FSP CO2 

hydrogenation 
into methanol 

2–4% CO2 

conversion. 
2020 [231] 

SiO2-Al2O3 FSP Transformation 
of glucose to 
levulinic acid 

100% 
glucose 
conversion at 
180 ◦C 

2020 [232]  

Fig. 16. Proposed mechanisms of CO2 methanation [218].  

Fig. 17. Selective hydrogenation of nitrostyrene into vinylaniline over Pt/TiO2 
catalyst [233]. 
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Numerous investigations have shown that the modulation of the selec
tivity and catalytic activity in hydrogenation processes is attributed to 
the electron transfer occurring between Pd and Au species [257]. 
However, it appears that a few parameters, including the molar ratio of 
the constituents, the manufacturing procedure, shape or size of the 
particles in Au–Pd alloys, affect the electrical interactions between Au 
and Pd species [258]. Bimetallic Au-Pd/TiO2 nanoparticles has suc
cessfully been produced using single-step FSP, which does not require 
post-treatment processes like filtering, washing, drying, or calcination 
[259]. Pongthawornsakun and his colleagues used flame spray pyrolysis 
to create AuPd/TiO2 bimetallic catalysts. They then reduced the cata
lysts for two hours at 40 and 500 ◦C. The synthesized materials were 
then investigated for the selective hydrogenation of 1-heptyne in liquid 

phase under moderate conditions [260]. The highest yield and selec
tivity towards 1-heptene was exhibited by the material AuPd/TiO2 when 
reduced at 40 ◦C (20 min) (Fig. 19a&b). On the other hand, reduction at 
500 ◦C manages to homogenize the individual Au–Pd nanoparticles and 
no substantial changes in bulk composition and the average crystallite 
sizes were observed. Moreover, a comparable level of strong-metal 
support interaction effect was observed in the case of bimetallic 
AuPd/TiO2 during reduction at 500 ◦C same as exhibited by the 
monometallic one. In the end, the authors concluded that reduction at 
high temperatures is unwarranted for the advancement of catalyst per
formances when employing supported bimetallic AuPd catalysts. 

Fig. 18. TEM images of I-Pt/Ti (a), F-Pt/Ti (b) effect of reduction temperatures for the catalysts with the performance graph between nitrostyrene conversion and 
vinylaniline selectivity (c), and H2-TPR profiles of Pt/TiO2 obtained by impregnation (I) and flame spray pyrolysis methods (F) [244]. 

Fig. 19. Conversion and selectivity of heptyne to 1-heptene (solid line & dash line respectively) (a), and yield of 1-heptene (b) [260].  
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3.4.3. Hydrogenation of furfural 
The increasing need for energy and chemicals on a global scale, as 

well as concerns over the impacts on the environment and the depletion 
of petroleum reserves, have all led to a great deal of interest in non-fossil 
carbon resources as an alternative sustainable resource. Lignocellulose 
biomass is the most accessible, commercially feasible, and promising 
resource for a sustainable alternative feedstock for making biofuel and 
biochemicals. In particular, the development of biochemicals, as 
opposed to petroleum obtained from fine chemicals, is a more intriguing 
alternative than the creation of biofuel, to boost the economic value. The 
chemical molecule furfural, which is generated from hemicellulose 
biomass, is one of the crucial intermediary platforms for many different 
components and chemicals for biofuels. Catalytic hydrogenation of 
furfural is an important process since it yields substances like tetrahy
drofurfuryl alcohol, furfuryl alcohol, cyclopentanone, and 2-methyl
furan [261]. According to reports, 62% of the furfural produced is 
utilized to create furfuryl alcohol (FA) [262]. Lysine, vitamin C, fine 
chemicals, agrochemicals, perfumes, lubricants, dispersion agents, 
plasticizers, and the synthesis of fibers are all produced using furfuryl 
alcohol. Liquid resins for reinforcing ceramics are another application 
for furfuryl alcohol [263]. FA is created by selectively hydrogenating the 
alcohol O–H group to the aldehyde C––O functional group. In the in
dustrial setting, either the vapor or liquid phase could be used to 
perform the selective conversion of furfural to FA [264]. The most 
popular approach for industrial FA synthesis has been carried out for 
decades using copper chromite taken as the catalysts and reaction car
ried out at high temperature and pressure [265], which is also shown 
moderate activity [266]. In addition, the toxicity of chromium oxides is 
widely regarded as the greatest drawback of environmental pollutants 
[267]. As a result, there is rising interest in creating Cr-free FA synthesis 
catalysts that have high activity and selectivity as well as being envi
ronmentally responsible. Platinum-based catalysts have been identified 
as promising alternatives to traditional copper chromite catalysts for the 
hydrogenation of furfural. This is because platinum-based catalysts 
exhibit the ability to effectively reduce the carbonyl C––O group in 

furfural during hydrogenation processes [268]. Recently, Tolek et al. 
synthesized Pt/TiO2 and PtCo/TiO2 catalysts via FSP route and tested for 
hydrogenation of furfural to furfural alcohol (50 ◦C and 2 MPa H2) as 
shown in the Fig. 20a [269]. Compared to the conventional impregna
tion method, anatase phase in TiO2 dominated, and FSP showed the 
acceleration of rutile phase formation (Fig. 20b). According to the H2- 
TPR analysis (Fig. 20c), the (F: flame spray pyrolysis)) Pt/TiO2 catalyst's 
reduction peak of the Pt-TiOx interface sites changed towards a higher 
temperature and grew wider than that of the (I: impregnation methods). 
Pt/TiO2 indicated a stronger metal-support interaction effect brought 
about by the FSP approach. However, it is possible to infer that adding 
Co to the FSP-made catalyst was not required to improve the interaction 
of the metals with the support to increase the selectivity towards furfuryl 
alcohol. 

3.4.4. Catalytic oxidation of CO 
Carbon monoxide (CO) is a prominent and hazardous gas that exist in 

the environment and extensive efforts have been made to effectively 
eliminate it from the air. Incomplete oxidation of molecules containing 
carbon results in the formation of CO in the atmosphere. A small amount 
of CO can cause hypoxia, neurological and brain damage [270]. CO 
affects both people and other living things through its interference with 
plant respiration system and nitrogen fixation process. CO is an impor
tant active trace gase found within the earth's crust, and it has a sub
stantial effect on both the atmosphere's and the environment's chemistry 
[271]. The major sources of the enormous CO emissions into the at
mosphere are transportation, power plants, industry, and human habi
tation. The catalytic oxidation of CO plays a vital role due to its extensive 
utilization across various domains. It finds wide applications in house
hold settings, exhaust air purification technologies for vehicles, CO gas 
sensors, and the functioning of CO2 lasers [272]. Noble metals like Au 
[273], Pt [274], and Pd [275], as well as transition metals like Cu [276], 
are used as catalysts in the CO oxidation catalytic systems. The possible 
catalytic cycle for CO oxidation on Au/TiO2 is shown in Fig. 21 [273]. 

Although supported Au catalysts have recently received much 

Fig. 20. Flame spray pyrolysis and the mechanism of hydrogenation of furfural (a) XRD patterns of the Pt-based catalysts synthesized by flame spray pyrolysis and 
impregnation techniques (b), and H2-TPR profiles of various catalysts (c) [269]. 
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interest due to their excellent activity at low temperatures, Pt catalysts 
are equally advantageous for the same catalytic reaction, especially 
when Pt is supported on the reducible oxides like TiO2 [277] or FeOx 
[278]. As a result, supported noble metal-catalysts are commonly 
employed in the catalytic oxidation of CO as a representative hetero
geneous catalytic reaction owing to their superior catalytic activity 
[279]. The preparation process is equally important for the performance 
of supported noble metal catalysts as the design and regulation of their 
structure [280]. Nowadays, coprecipitation, sedimentation, and 
colloidal precipitation are some of the wet processes used to manufac
ture most laboratory-produced catalysts. These techniques need several 
time and energy-consuming posttreatment steps (filtration, drying, and 
calcination) to prepare the noble metal-based alloys like Ag–Pt [281], 
Au–Pt [282], and Pt–Pd [283]. On the other hand, the flame technique 
can quickly and cheaply prepare many supported catalysts since it is 
scalable, continuous, and quick. Recently, the flame spray pyrolysis 
technique has been applied for the synthesis of various supported metal 
oxide catalysts [284]. Jiang and his team loaded bimetallic Pt–Au 

nanoalloys on TiO2 using one-step flame spray pyrolysis (Fig. 22a) as an 
efficient catalyst for CO oxidation at low temperatures [285]. XRD 
patterns showed the existence of a dual phase of titania (anatase and 
rutile), in addition, diffraction peaks for Au and Pt also exist in the XRD 
patterns of PtxAuy nanocomposites (Fig. 22b). Among these prepared 
catalysts, Pt0.75Au0.25 exhibited the highest activity for CO oxidation at 
low temperatures (Fig. 22c), as well as long-term stability and no CO 
poisoning for 1000 min (Fig. 23a). XPS results showed three pairs of 
peaks for Pt that were mainly ascribed to Pt metal state and Pt2+, and 
Pt4+ oxidation states, respectively (Fig. 23b). Most likely, the oxidizing 
flame spray pyrolysis procedure at high-temperature generated the Pt 
partially oxidized species. However, the XPS spectra of Au 4f (Fig. 23c) 
shows peaks located at 83.0 and 86.7 eV, indicating the species are 
present in the metallic Au form. The NP alloy seems to be heavily 
charged negatively as compared to Pt and Au foils, which can be 
explained by the charge transfer from TiO2 to metal centers and the 
formation of metal-support interactions. 

Meanwhile, all the Pt spectra exhibited shift towards lower binding 
energies with decrease in platinum content varying from x = 1.0 to 0.25 
with the insertion of Au. These findings may point to the development of 
metallic links between Au and Pt in the Pt–Au alloy. Or to put it another 
way, the existence of metallic bonds causes the extra e− on Au atoms to 
migrate towards the nearby Pt atoms. According to the results obtained 
from in-situ DRIFTS spectra (Fig. 23d), a little shift for 2087 cm− 1 sites 
to the lower energy, may result due to the e− transfer from Au to Pt 
atoms. Finally, the strong contact of metal-support and e− shift between 
Au and Pt in the alloy, work together synergistically to reduce CO's 
poisoning impact and increase its catalytic oxidation performance at low 
temperatures. Bi et al. increased thermal stability in case of Pt/TiO2 
through an in-situ N-surface doping technique utilizing flame spray 
pyrolysis and employed for CO oxidation [286]. Their research showed 
the presence of nitrogen atoms mostly concentrated on the catalyst's 
surface due to incorporation in the interstitial sites in the Ti-O-N and/or 
Ti-N-O lattice. Additionally, N-doped Pt/TiO2 displayed greater stability 
as compared to the pure Pt/TiO2 after being calcined at a range of 
temperatures (300–600 ◦C). This phenomenon can be primarily 

Fig. 21. CO oxidation mechanism over Au/TiO2 catalyst [273].  

Fig. 22. Schematic presentation of FSP for the synthesis of Pt–Au supported TiO2 catalysts (a) XRD patterns of flame-synthesized PtxAuy nanocomposites (b) and 
catalytic activity of various PtxAuy nanocomposites for CO oxidation (c) [285]. 
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attributed to the creation of stronger Pt–N bonds, which enhances the 
resistance to sintering and minimizes phase transition during the calci
nation process. As previously stated, supported noble metal catalysts for 
catalytic combustion applications show great reaction activity and sta
bility. Thus, the creation of inexpensive, effective, and earth-abundant 
catalysts is of special importance given the few resources and high 
price of noble metals. Due to their comparatively high catalytic per
formance and low price, copper-based catalysts have emerged as 
promising candidates [287]. Nevertheless, pristine copper-based cata
lysts are less stable and active than those made of noble metals [288]. 
Hence, it is practical to increase the stability and reactivity of these 
catalysts by adding various supports to the catalyst system [289]. The 
more typical supports are CeO2, TiO2, ZrO2, and others. TiO2 stands out 
among them and exhibits a positive impact on the catalysts' activity 
owing to its exceptional oxygen storage ability [290]. Moreover, metal 
oxide supported on TiO2 can achieve improved stability as well as 
dispersion thanks to the strong metal-support interaction effect [291]. 
Chen and his team synthesized CuO-TiO2 nanoparticles utilizing the 
flame spray pyrolysis (FSP) approach with varying mass concentrations 
of CuO (2–20%) and utilized for catalytic oxidation of lean CO at 120 ◦C 
[292]. The FSP approach may significantly increase CuO loading 
compared to other standard techniques without leaving behind big 
crystalline particles of CuO on the catalyst's surface. Besides, at elevated 
flame temperatures, copper cations are incorporated into the TiO2 lat
tice and induce the transformation from anatase to rutile phase by 
generating oxygen defects. Furthermore, the interactions of CuO with 
TiO2 significantly affects the physicochemical characteristics of the 
material. Finally, the presence of loaded CuO in the composite leads 
increased proportion of the more stable rutile phase in the material, 
consequently reducing the strong metal-support interaction that affects 
both the CuO and anatase phase. This modification enhances the CO 
catalytic combustion capabilities. Besides, the monometallic copper 

catalyst, the catalyst based on both copper and manganese presents 
remarkable CO and CH4 catalytic activity, and they may eventually 
replace precious metal catalysts [293]. In heterogeneous catalysis, 
bimetallic nanocatalysts offer several advantages over their mono
metallic counterparts. The combination of two transition metals in a 
bimetallic catalyst creates unique electronic and structural properties 
that can enhance catalytic performance. The synergistic interaction 
between the two metals leads to improved catalytic activity, selectivity, 
and stability, surpassing the capabilities of individual metals [294]. 
Yuan and his colleagues supported TiO2 with varying molar proportions 
of Cu and Mn mixed oxides by flame spray pyrolysis technique (Fig. 24a) 
and applied this catalyst in catalytic oxidation of lean CH4 and CO 
(Fig. 24b) [295]. Among different bimetallic prepared catalysts, Cu −
Mn/TiO2 having 12 mol% loading showed the optimum catalytic ac
tivity for catalytic oxidation of CH4 and CO during both temperature 
stages (low and high) (Fig. 25a-d). This increased catalytic activity is 
mainly attributed to the small particle size (Fig. 26a), high dispersion of 
cation oxide species (Fig. 26b-e), the higher Mn4+ − Oads and Cu1+/Cu 
ratios of Lewis acid− base pairs (Fig. 27a), and conversion from anatase 
to rutile phase (Fig. 27b&c). 

4. Summary and outlook 

TiO2 as a catalyst and photocatalyst material has been intensively 
studied in the last decades due to its high activity, stability, availability, 
and ease of synthesis. Nevertheless, its wide-scale applications were 
greatly restricted because of its wide band gap, and more charge 
recombination rates. Numerous initiatives, such as metal and non-metal 
doping, heterostructure composites, the synthesis of nanomaterials with 
porous structures, and the development of synthesis techniques, were 
made to resolve these problems. Understanding and modifying synthesis 
techniques, as well as the variables and settings that result in the 

Fig. 23. Catalytic stability of Pt0.75Au0.25 catalysts (a) XPS spectra for PtxAuy nanocomposites: Pt 4f (b), Au 4f (c), and in situ DRIFT spectra for all materials after Ar 
purged (10 min) (d) [285]. 
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preparation of highly active photocatalyst material, is therefore crucial 
for producing a photocatalyst with superior catalytic activity for 
different variety of applications. Flame spray pyrolysis is the most 

popular method for producing nanomaterials on a large commercial 
scale and has been extensively investigated to create catalysts over the 
past 20 years. Numerous investigations have shown that flame spray 

Fig. 24. Sketch for the FSP used for the synthesis of catalysts (a) and Experimental setup for the catalytic combustion (b) [295].  

Fig. 25. Photocatalytic activity performance over Cu − Mn/TiO2 nanoparticles for oxidation of CO (a) and CH4 (b), photocatalytic evaluation curves over different 
Cu − Mn/TiO2 nanoparticles compared to MnO2, CuO, and TiO2 for catalytic oxidation of CO (c), and CH4 (d) [295]. 
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pyrolysis could offer beneficial chances to produce distinctive nano
catalysts that are inaccessible by conventional wet chemistry techniques 
such as impregnation and sol-gel methods. Among these investigations, 
doping with noble or transition metals can be considered as a promising 
route in enhancing the catalytic performance of TiO2. Although this 
technique can be achieved using conventional synthesis methods, with 

FSP, the obtained materials should have better performance and effe
ciency due to the formation of porous structure, enlarged surface area, 
and better metals distribution. This approach gives users the ability to 
tailor the catalytic characteristics by precisely controlling the process 
parameters which control allows for the systematic design of catalysts 
towards the best possible structure and function. This method's limited 

Fig. 26. TEM (a) and EDX of 12Cu − Mn/TiO2 catalyst: Cu (b), Mn (c), O (d), and Ti (e) [295].  

Fig. 27. XPS of Mn for Cu − Mn/TiO2 (a) XRD patterns of various catalysts (b), and HRTEM for 12Cu − Mn/TiO2 catalyst, representing the rutile phase [295].  

M. Ismael et al.                                                                                                                                                                                                                                  



Sustainable Materials and Technologies 40 (2024) e00826

25

number of continuous manufacturing processes enables scalable pro
duction with dependable physicochemical properties. The primary focus 
of this review article was to examine and analyze the synthesis of TiO2- 
based materials for a variety of catalytic applications including organic 
transformation (hydrogenation of 3-nitrostyrene, 1-hyptene, and 
furfural, and catalytic oxidation of CO), photocatalysis (decontamina
tion of organics, photocatalytic water splitting, CO2 photoreduction), 
thermocatalytic (CO2 methanation, and removal of VOCs) applications, 
and electrocatalysis. Nevertheless, there are still some challenges with 
this technology:  

1. The cost of manufacturing increases with the use of expensive 
organic precursor solvents, whereas the spray flame pyrolysis reactor 
utilizes less expensive water precursors, but frequently generates 
inhomogeneous particles.  

2. Its applicability is sometimes constrained by the creation of less 
crystalline and non-porous nanoparticles.  

3. To address these challenges, we shouldn't just focus on a reaction's 
final catalytic performance. It is strongly advised to do more in-depth 
in situ characterization studies in order to comprehend how catalysts 
arise during flame spray pyrolysis and to build more advanced flame 
reactors.  

4. Recently, several research have been done on the synthesis of various 
nanocatalytic materials using flame spray pyrolysis for applications 
in energy and environmental issues, most of these produced nano
materials are deposited onto silica support. Thus, many efforts were 
put into increasing the catalytic activity by doping other elements to 
have synergistic effects, increasing the surface area, or dispersing the 
catalytic activity. 

5. Most of the published papers are focused on catalytic and photo
catalytic activity of common oxide nanomaterials like ZnO, and TiO2 
that are synthesized using this technique, however, application of 
this method to synthesize other nanomaterials like g-C3N4, perov
skite, and mixed metal oxides are also recommended. 

Besides, the following points should be considered for the technology 
roadmap and perspectives of the FSP technology:  

1. The characterization of the ideal precursor-solvent combination 
should be considered including the stability at room temperature, 
obtained from low-cost and available recycled materials, high solu
bility within the solvent, and if it can be powered by renewable 
sources of energy for more sustainable nanoparticle production. 

2. It would be beneficial to create computational modeling of individ
ual precursor-solvent droplets in order to accurately forecast the 
commencement of droplet micro-explosion and, consequently, 
identify the preferred conversion pathway for a particular precursor- 
solvent mixture.  

3. Optimizing reactor design and guiding the best possible choice of 
appropriate chemicals for experimental screening studies in flame 
spray synthesis can be achieved by automatically calculating most 
likely mechanisms, reaction rate transport, and solubility properties, 
as well as by finding precursor-solvent libraries. 

4. The experimental diagnostics for flame sprays, aerosols, and nano
particles by referencing the most recent developments was evaluated 
in over 20 distinct characterization methodologies. To conduct a 
thorough FSP reactor study, a variety of techniques should prefer
ably be combined into a single setup to enable quick examinations of 
the pertinent process variables (such as reactor types, feed rates, 
precursor–solvent combinations, etc.). This makes it possible to 
quickly acquire data libraries for validating models. 

Finally, besides catalysts and photocatalysts, flame spray pyrolysis 
also finds applications in different areas like sensors [296], electrode 
materials [297], photoanode [298], and bioimaging [299]. These fields 
are also highly recommended for future research beyond catalyst and 

photocatalyst applications. We anticipate that the manufacture of cat
alytic nanoparticles will play a significant part in the growth of the 
significance of flame-made nanomaterials in the future as a key tech
nique for the scalable fabrication of sophisticated nanomaterials for use 
in a variety of fields. 
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[50] L. Mädler, H. Kammler, R. Mueller, J.E.S. Pratsinis, Aerosol. Sci. 33 (2) (2022) 

369–389. 
[51] F. Gao, Z. Xu, H. Zhao, Proc. Combust. Inst. 38 (2021) 6503–6511. 
[52] K. Itatani, R. Yasuda, F.S. Howell, A. Kishioka, J. Mater. Sci. 32 (1997) 

2977–2984. 
[53] A.S. Edelstien, R.C. Cammarata (Eds.), Nanomaterials—Synthesis, Properties and 

Applications, IOP Publishing Ltd, London, UK, 1996. 
[54] A. Tricoli, N. Nasiri, H. Chen, A.S. Wallerand, M. Righettoni, Sol. Energy 136 

(2016) 553–559. 
[55] E.K. Athanassiou, R.N. Grass, W.J. Stark, Aerosol Sci. Technol. 44 (2010) 

161–172. 
[56] R. Wallace, A.P. Brown, R. Brydson, K. Wegner, S.J. Milne, J. Mater. Sci. 48 

(2013) 6393–6403. 
[57] S. Phanichphant, C. Liewhiran, K. Wetchakun, A. Wisitsoraat, A. Tuantranont, 

Sensors. 11 (2011) 472–484. 
[58] R.M. Laine, J.C. Marchal, H.P. Sun, X.Q. Pan, Nat. Mater. 5 (2006) 710–712. 
[59] S. Rajput, L.P. Singh, C.U. Pittman Jr., D. Mohan, J. Colloid Interface Sci. 492 

(2017) 176–190. 
[60] S. Sel, O. Duygulu, U. Kadiroglu, N.E. Machin, Appl. Surf. Sci. 318 (2014) 

150–156. 
[61] A. Tricoli, M. Graf, S.E. Pratsinis, Adv. Funct. Mater. 18 (2008) 1969–1976. 
[62] Y. Liu, J. Huang, Y. Gong, X. Xu, H. Li, Ceram. Int. 43 (2017) 13185–13192. 
[63] S. Pokhrel, J. Birkenstock, M. Schowalter, A. Rosenauer, L. Mädler, Cryst. Growth 
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[110] P. Fernandez-Ibanez, M. Polo-López, S. Malato, S. Wadhwa, J. Hamilton, 

P. Dunlop, R. D’sa, E. Magee, K. O’shea, D. Dionysiou, Chem. Eng. J. 261 (2015) 
36–44. 

[111] D. Chen, Y. Cheng, N. Zhou, P. Chen, Y. Wang, K. Li, S. Huo, P. Cheng, P. Peng, 
R. Zhang, L. Wang, H. Liu, Y. Liu, R. Ruan, J. Clean. Prod. 268 (2020) 121725. 

[112] N. Morin-Crini, G. Crini, L. Roy, Eaux industrielles contaminées, J. PUFC 
Besançon. (2017) 513. 

[113] G. Crini, E. Lichtfouse, D.L. Wilson, N. Morin-Crini, J. Environ. Chem. Lett. 17 (1) 
(2019) 195–213. 

[114] Q. Gao, J. Xu, H.X. Bu, Coord. Chem. Rev. 378 (2019) 17–31. 
[115] K. Vellingiri, P. Kumar, H.K. Kim, Nano Res. 9 (2016) 3181–3208. 
[116] M. Wen, G. Li, H. Liu, J. Chen, T. An, H. Yamashita, Environ. Sci. Nano 6 (2019) 

1006–1025. 
[117] C. Chen, W. Ma, J. Zhao, Chem. Soc. Rev. 39 (2010) 4206–4219. 
[118] E.M. Samsudin, S.N. Goh, T.Y. Wu, T.T. Ling, S.B.A. Hamid, J.C. Juan, Sains 

Malaysiana 44 (7) (2015) 1011–1019. 
[119] M. Ismael, J. Environ. Chem. Eng. 10 (2022) 108640. 
[120] T. An, L. Sun, G. Li, Y. Gao, G. Ying, Appl. Catal. B 102 (2011) 140–146. 
[121] L.G. Bettini, M.V. Dozzi, F.D. Foglia, G.L. Chiarello, E. Selli, C. Lenardi, P. Piseri, 

P. Milani, Appl. Catal. B Environ. 178 (2015) 226–232. 
[122] B. Sun, A.V. Vorontsov, P.G. Smirniotis, Langmuir. 19 (2003) 3151–3156. 
[123] A.R. Wassel, M.E. El-Naggar, K. Shoueir, J. Environ. Chem. Eng. 8 (2020) 104175. 
[124] T. Boningari, S.N. Reddy, I.M. Suidan, P.G. Smirniotis, Chem, Engl. J. 339 (2018) 

249–258. 
[125] J. Wang, D.N. Tafen, J.P. Lewis, Z. Hong, A. Manivannan, M. Zhi, M. Li, N. Wu, 

J. Am. Chem. Soc. 131 (2009) 12290–12297. 
[126] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Science. 293 (2001) 

269–271. 
[127] T. Xia, Y. Zhang, J. Murowchich, X. Chen, Catal. Today 225 (2014) 2–9. 
[128] J. Huo, Y. Hu, H. Jiang, X. Hou, C. Li, Chem. Eng. J. 258 (2014) 163–170. 
[129] P.G. Smirniotis, T. Boningari, D. Damma, S.N.R. Inturi, Catal. Commun. 113 

(2018) 1–5. 
[130] F.A. Unal, S. Ok, M. Unal, S. Topal, K. Cellat, F. Şen, J. Mol. Liq. 299 (2020) 
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G. Marcì, G. Martra, L. Palmisano, J. Catal. 235 (2005) 209–220. 

[147] S.N.R. Inturi, T. Boningari, M. Suidan, P.G. Smirniotis, Appl. Catal. B Environ. 144 
(2014) 333–342. 
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