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Solution combustion synthesis: the relevant metrics for
producing advanced and nanostructured photocatalysts

Nanoscale metal oxides have shown great potential towards
photocatalytic applications to provide renewable and
sustainable energy through solar energy conversion. This
review focuses on the versatility of solution combustion
synthesis (SCS) methods in producing complex and
multicomponent photocatalysts. The illustration depicts
SCS, a powerful technique for the synthesis of various
morphologies and crystallite structures of nanomaterials for
photocatalytic applications in wastewater treatment.
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The current developments and progress in energy and environment-related areas pay special attention to
the fabrication of advanced nanomaterials via green and sustainable paths to accomplish chemical circu-
larity. The design and preparation methods of photocatalysts play a prime role in determining the struc-
tural, surface characteristics and optoelectronic properties of the final products. The solution combustion
synthesis (SCS) technique is a relatively novel, cost-effective, and efficient method for the bulk production
of nanostructured materials. SCS-fabricated metal oxides are of great technological importance in photo-
catalytic, environmental and energy applications. To date, the SCS route has been employed to produce a
large variety of solid materials such as metals, sulfides, carbides, nitrides and single or complex metal
oxides. This review intends to provide a holistic perspective of the different steps involved in the chemistry
of SCS of advanced photocatalysts, and pursues several SCS metrics that influence their photocatalytic
performances to establish a feasible approach to design advanced photocatalysts. The study highlights

Received 16th May 2022, the fundamentals of SCS and the importance of various combustion parameters in the characteristics of
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the fabricated photocatalysts. Consequently, this work deals with the design of a concise framework to
link the fine adjustment of SCS parameters for the development of efficient metal oxide photocatalysts
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1. Introduction

Over the last few decades, metal oxide nanostructures have
been extensively investigated for their potential applications in
optical, magnetic and electronic applications such as photo-
catalysis, environmental remediation, gas sensing, solar cells,
photodetectors and photoanodes for water splitting and CO,
conversion, etc. Particularly, the tunable bandgap and thus
light absorption and band edge positions of metal oxides
make them a potential candidate for photocatalytic appli-
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for energy and environmental applications.

cations. However, the synthesis and fabrication method can
significantly alter the physical and chemical features of metal
oxide semiconductors and consequently their photocatalytic
performance.

To date, various techniques for the synthesis of nano-
structured metal oxides have been explored, which are broadly
categorized as top-down and bottom-up approaches. The top-
down strategy starts with macro or micro-sized particles that
are scaled down to the nano regime. However, some major dis-
advantages associated with such techniques are the lack of
control over size, morphology and other structural properties
of the fabricated particles. On the other hand, the bottom-up
techniques start with the molecular level and provide signifi-
cant control over the shape, size and morphology of the
derived particles. Therefore, the bottom-up approaches are
more popular and widely applied owing to the subtle control
of the structural parameters of the derived products. The
growth process of nanostructures in the bottom-up approach
can also be controlled with the assistance of reagents such as
growth inhibitors, ligands and surfactants. The most popular
bottom-up techniques are the wet chemical procedures such
as the solution combustion synthesis (SCS) technique,’”” solu-
tion-based-hydrothermal and solvothermal methods, and

This journal is © The Royal Society of Chemistry 2022
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polyol synthesis methods. However, the production of metal
oxide nanostructures on a large scale through these tech-
niques is currently limited due to the difficulties in controlling
the properties of the bulky material and the utilization - in
some cases - of non-environmentally friendly chemicals.
Additionally, the high-temperature synthesis of metal oxides
makes the procedure expensive at industrial scale. Therefore,
employing an effective technique for the bulk-scale synthesis
of metal oxides is of utmost importance.

The SCS technique is a relatively new materials manufactur-
ing method, accompanied by a robust high-temperature and
self-sustained exothermic reaction that makes this technique a
highly energy-efficient process. We herein summarize the
surging popularity of the SCS technique. The SCS method
employs a homogeneous aqueous mixture of precursors fol-
lowed by condensation to form a hydrogel containing a homo-
geneous metal cation network. The combustion reaction takes
place between an inorganic reagent (generally nitrates) and
fuel upon calcination. Commonly used fuels are ammonium
nitrate, sucrose, citric acid (CA), tetra formyl triazine (TFTA),
glycine, urea, triethylamine hydrochloride and sorbitol.>® The
technique is particularly suitable for the development of multi-
component and hybrid nanostructures with desired structural
parameters. Also, the properties of the derived products can be
modified and controlled according to the application by
adjusting the process parameters of the SCS reaction.'®'!
Moreover, this technique provides a fast route to the synthesis
of nanostructures with high surface area.>'> Additionally, the
method can be deployed for the bulk production of nano-
structured metal oxides as the products obtained via the SCS
technique can be synthesized rapidly and in large quantities.

The combination of reactive fuel and oxidizer solution and
combustion lends its name to solution combustion synthesis."®
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SCS is a violent exothermic reaction which generates the
intense evolution of gases. Importantly, the energy supplied
for the synthesis of metal oxide comes from the redox reac-
tions after achieving the ignition temperature. The evolution
of NO,. and CO, gaseous products leads to a self-sustained and
self-propagating combustion reaction between intermediate
phases during combustion synthesis.'* This intense evolution
yields voluminous, loosely packed and finely divided nano
powders. Combustion takes place when the reaction tempera-
ture exceeds the autoignition temperature of the redox (i.e.,
oxidizer and fuel) solution. The process is identified by its
unique parameters, including distinctly high heating rates (up
to 10° K s7")" and typical temperatures of ~2000 K in a very
short period of time."®'® The temperature of the combustion
“T.” reaction is a critical parameter in SCS of materials. If “T,”
is the ambient “normal” temperature, generally taken as
298 K, “C,,” denotes the heat capacity at constant pressure, and
“AH,” and “AH,” represent the enthalpy of reactants and pro-
ducts, respectively, then T. can be estimated by the following
relation:”'®
Te=To + (AH;’ - AH;)/CP (1)
However, if the furnace is set at low temperature, 7. can
also be lowered. This could result in amorphous derived
product. To ensure the crystallinity of the product, the furnace
temperature is normally set in the range of 673 K-873 K for
SCS to ensure the crystallinity of the metal oxides.'>*® It
should be noted that SCS is not totally an adiabatic synthesis.
The theoretically calculated temperature 7. is always higher
than the measured temperature “T,,”. This is because of the
heat losses following gas evolution, or heat loss through radi-
ation or incomplete combustion of fuels. The high tempera-
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tures “T.” during the combustion synthesis may result in pore
shrinkage, reducing pore volume and hence lowering the
specific surface area of the derived product.

Li et al*' presented an excellent review on the SCS syn-
thesis of metal oxide nanomaterials. The authors discussed
the SCS-produced metal oxides for various energy applications
including lithium-ion batteries, supercapacitors, hydrogen and
methane production, fuel cells and solar cells. Another promi-
nent review on SCS synthesis is given by Carlos et al.?>* The
authors discussed the crucial parameters of SCS synthesis,
and particular focus was given to the SCS synthesis of multi-
component-oxide thin films for their applications in thin film
transistors. However, the present article aims to review the fun-
damentals of SCS, and SCS of metal oxides along with the
strategies for preparing an improved photocatalyst. The focus
is mainly on the enhanced photocatalytic activity and the ver-
satility of the SCS method in producing complex and multi-
component photocatalysts. In addition, we focus on the
relationship between SCS parameters and photocatalytic
activity.

Photocatalysis has attracted significant attention in the
context of developing green technologies for environmental
remediation, including air and water treatment, and for
cleaner energy production. The early research on photocataly-
sis was carried out on the wide bandgap semiconductors such
as TiO, and ZnO. However, it was observed that the perform-
ance of a photocatalytic material significantly depends upon
its structural and optical properties. The structural and optical
characteristics of the photocatalytic material are responsible
for the photoabsorption, charge carrier production and charge
transfer.

We herein summarize the fundamentals, novelty and
applications of SCS in the development of advanced photo-
catalysts. We will give a holistic perspective by including the
current understanding of the different steps involved in SCS
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chemistry and the possible challenges for the SCS method
in overcoming some environmental limitations. We also
examine the photocatalytic applications of SCS-synthesized
nanomaterials to gain insight into the relationship between
the SCS parameters and photocatalytic performance, to
establish a feasible approach to design advanced photocata-
lysts. This can be achieved by tuning (engineering) the physi-
cal properties such as structural parameters and shifting the
response towards the visible range of the electromagnetic
spectrum. Moreover, we detail the in situ modifications in
the host semiconductor during the formative stage of the
SCS process.

We initially give a brief overview of the fundamentals of
photocatalysis followed by the principles of SCS including the
different modes and approaches to ignite the energetic redox
mixture, followed by the metrics that affect the combustion
reaction. Then, we describe the SCS of nanostructured metal
oxide semiconductors and their photocatalytic applications
alongside the safety issues of the combustion process. Finally,
we integrally analyze the relationship between SCS parameters
and photocatalytic performance, with an overall conclusion
and possible outlook for this very important catalysts and
materials preparation method.

2. Photocatalysis: an overview

One of the most crucial problems generated in industrializ-
ation is the discharge of wastewater that contains several
different types of contaminants such as organics and heavy
metal ions into water systems. Several wastewater treatment
technologies have been developed including filtration, the
membrane separation technique, adsorption, and advance oxi-
dation processes (AOPs). In recent years, photocatalysis using
metal oxide-based catalysts has gained significant attention
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over the period due to its capability of total decomposition of
contaminants into green by-products.

Photocatalysis has the potential to utilize the energy of
photogenerated electrons for environmental remediation
including water purification and clean energy production. A
large number of applications have spawned a renewed scienti-
fic interest in the field of photocatalysis and the advances in
photocatalysis are rapidly growing, so far particularly in photo-
induced reactions in metal oxide semiconductors.>> However,
the conversion efficiency of solar energy into chemical energy
in photocatalysis needs maximization. Efforts have been made
to understand the fundamentals of photocatalysis as well as to
improve the efficiency of the photocatalytic reaction by synthe-
sizing novel photocatalysts that can harvest visible/solar light.
The basic principle of semiconductor metal oxide photocataly-
sis is to generate an electron-hole pair by light absorption and
to utilize it in redox reactions. It is usually the surface
phenomenon which requires the pollutants to be adsorbed
over the surface of the photocatalyst (Fig. 1).>* A greater
number of surface sites may result in higher photocatalytic
performance. The surface features of the photocatalyst include
the porosity, surface area, and surface sites. When light with
equal or higher photon energy than the band gap is irradiated
on a photocatalyst, its valence band electron excites to the con-
duction band leaving a hole behind in the valence band. In
the second step, this electron-hole pair travels to the active
sites. The schematic representation of photocatalytic degra-
dation of pollutant when the pollutant is physiosorbed over
the photocatalyst is shown in Fig. 1.

In general, it is assumed that the photogenerated electron
can be transferred to the active site if its redox potential lies
below the conduction band of the photocatalyst, whereas the
hole can be transferred to the donor site if its redox potential
lies above the valence band of the photocatalyst. However, the
ability of a semiconductor to transfer the photogenerated elec-
tron and hole to the active site also depends on the band

Muhammad Aftab Rafiq is a
Professor at the Department of
Physics and Applied
Mathematics PIEAS (Pakistan).
He obtained his PhD degree in
Physics from the Cavendish
Laboratory, University of
Cambridge (UK) in 2006. He has
worked at Imperial College
London (UK) as a visiting
researcher, and as a postdoc
research fellow at the Tokyo
Institute of Technology, Tokyo
(Japan). He is also a fellow of
the Institute of Physics, Chinese
Academy of Sciences (China).

M. A. Rafiq

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

energy position of the photocatalyst.”> The approximate band
edge positions of different metal oxides along with the redox
potentials of water-splitting half reactions at pH 7 with respect
to normal hydrogen electrode (NHE) are shown in Fig. 2.

These photogenerated electrons and holes, when trans-
ferred to the active sites, lead to redox reactions to generate reac-
tive oxygen species (ROS). It is well established that the initial
step in the photocatalytic reaction is the generation of short-lived
and highly reactive "OH radicals through hole trapping.”” The
‘OH radicals are generated on the hydroxylated metal oxide
surface through the direct oxidation of adsorbed water molecules
or surface hydroxyls, or direct oxidation of pollutant molecules
present in the aqueous solution. This process is immediately fol-
lowed by the reduction of adsorbed oxygen species to initiate the
formation of ROS such as the superoxide anion radical "O,~, and
singlet oxygen 'O,, and the production of hydrogen peroxide
H,0, during the photocatalytic process (Fig. 3).

ROS are the primary intermediates and one of the most
dominant participants in the photocatalytic process. These
ROS attack the pollutant molecules such as organic dyes and
lead to degradation products.®® The presence of these radicals
has been confirmed by spin trapping experiments with EPR
spectroscopy.>® However, the use of metal oxides for high-end
photocatalytic applications is prompted by higher photo-
absorption in the range of the visible spectrum. The schematic
mechanism of photocatalytic water depollution by semi-
conductor metal oxide is shown in Fig. 4. The other important
factor that has gained considerable attention in photocatalysis
is the inhibition of electron-hole recombination. Once the
photoexcitation takes place, there must be enough time for an
electron and hole to transfer to the active site (adsorbate site),
otherwise the electron will recombine with the hole. The
recombination rate is therefore known to retard the photo-
catalytic efficiency. There is a large body of literature dealing
with the modifications made on the semiconductor metal
oxide surface to suppress the recombination rate.
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Fig. 1 Schematic representation of (a) adsorption of pollutant in water over the photocatalyst surface, (b) photocatalytic degradation of adsorbed
pollutants. This figure has been adapted from ref. 24 with permission from IOP, copyright 2021.
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Fig. 2 Energy band diagram of different metal oxides and their redox
potentials of water splitting. This figure has been adapted from ref. 26
with permission from Wiley, copyright 2012.
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Fig. 3 Generation of ROS in photocatalytic reduction and oxidation of
oxygen and water. This figure has been adapted from ref. 28 with per-
mission from ACS, copyright 2017.

During the past decades, several classes of materials such
as metal oxides, metal sulphides, carbon and polymer-based
materials have been utilized in photocatalysis. Ever since the
pioneering work of Frank et al.*>' in photocatalytic oxidation of
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Fig. 4 Schemetic representation of the principle of photocatalysis. This
figure has been adapted from ref. 30 with permission from RSC, copy-
right 2014.

cyanide via TiO,, metal oxide semiconductors have fre-
quently been explored for photocatalysis. The unique chemi-
cal, optoelectronic, and thermal properties as well as the
stability of metal oxides make them eminently potential and
promising candidates for photocatalysis.*> Additionally, the
tunability of metal oxides provides an extra degree of
freedom in the development and design of novel photocata-
lysts. Studies show that single-component and unmodified
metal oxides such as ZnO and TiO, usually exhibit photo-
absorption in the UV region due to their large band gaps.
Since solar light offers only ~4% UV light out of its spec-
trum, researchers are keen to develop solar/visible light-
driven photocatalysts. In view of utilizing solar light, many
new compounds of semiconductor metal oxides have been
developed. These modifications include surface modifi-
cations such as creating defects and oxygen vacancies in
pristine metal oxides, doping of transition metal atoms
(cations such as Bi, Ni, etc.) at the metal site, doping of
non-metal anions (such as N and C) at the oxygen site, and
fabrication of composite and hybrid metal oxide materials.
Besides the band gap, photocatalytic efficiency is also greatly
influenced by size, morphology, surface area and porosity of
the synthesized metal oxide.

This journal is © The Royal Society of Chemistry 2022
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A variety of synthesis methods have been employed to syn-
thesize nanostructured metal oxide semiconductors. The selec-
tion of an appropriate synthesis method may lead to the suc-
cessful synthesis of nanostructured metal oxide. Moreover, the
physical properties of the fabricated products significantly
depend upon the synthesis method. Therefore, the synthesis
method has a great influence on the performance of the metal
oxide in photocatalytic applications. According to the
literature,**** researchers actively focus on the following factors
in the development of the rational design of photocatalysts:

- Availability of adsorption sites.

+ Tuning of bandgap and/or extension of excitation wavelength.

- Prevention of charge carrier recombination.

« Promotion of photoinduced charge carriers to the active
sites, and providing adequate quality of active sites on the
surface of the photocatalyst to facilitate forward reaction.

3. Fundamentals of SCS

Two main methods can be distinguished from the self-sustained
reaction synthesis (SRS) technique: (1) self-propagating high-
temperature synthesis (SHS) and (2) solution combustion syn-
thesis (SCS). These routes differ mainly based on the reactivity of
the gas phase and the physical state of the reactants and pro-
ducts. The SHS technique was first named and developed by
Russian scientists in 1967.>> Among the several methods that
have been employed for the synthesis of nanostructures, the SCS
method is a unique and well-established approach for the devel-
opment of nanomaterials. This method was developed in the
mid-1980s by Kingsley and Patil for the synthesis of a-alumina
and related binary oxide materials;***” since then, SCS has been
effectively applied for the development of metals and metal
oxides for various applications including in potassium ion bat-
teries,*® electrocatalysis,*® materials for lithium storage,*® and in
various biomedical applications such as in photodynamic
therapy,*' glucose detection,*” supported catalysts*>** etc.

3.1 Advantages of SCS

Several advantages of SCS can be identified: (1) cost-effective-
ness, (2) environmentally friendly, (3) easy to scale up to make
products in large quantity, (4) facile synthesis method without
requiring expensive equipment, (5) self-propagating fast reaction
that decreases synthesis time and allows ultra-rapid develop-
ment of novel materials, (6) high-purity products (due to high
reaction temperature during combustion, which can volatize
impurities), and (7) the possibility of obtaining new non-equili-
brium or metastable phases and consolidating inorganic
materials into a final product in one-pot synthesis.*>™*’
Moreover, varying the synthesis parameters allows fine tuning
of properties of the solid product.

The solution combustion synthesis is a process intensifica-
tion (PI) approach to synthesize metal oxides.****>' SCS-syn-
thesized metal oxides often show more advanced performance
than their calcined counterparts.”” In general, the SCS of
metal oxides is a possible combination of solid- and gas-state

This journal is © The Royal Society of Chemistry 2022
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reactions between the precursor powders. The reaction
requires effectively high temperatures to overcome the diffu-
sional barrier to enhance the mobility of the reacting species
and to bring them significantly closer to facilitate the chemical
reaction. Yet the harsh reaction conditions in this case may
preclude subtle control over the morphology, size and porosity
of the desired product. Moreover, they also preclude the possi-
bility of synthesizing thermally labile products.®® Rajeshwar
et al.®* concluded that the SCS of oxide semiconductors is
more energy efficient in contrast with the ceramic route and
some of the soft chemistry synthesis techniques.

3.2 Thermodynamic considerations

As the name depicts, SCS is accomplished in a liquid media that
is usually water. The solution contains an oxidizer (usually metal
nitrates) and an organic compound (or fuel) as reducing agent.
The oxidizer-fuel redox mixture facilitates the combustion by pro-
viding enough exothermicity to the reaction. Another important
feature of the fuel is to make stable complexes with metal ions,
thereby preventing selective precipitation of metal ions during
water evaporation. Once the redox mixture is ignited, the energy
required for the reaction is provided by the reaction itself. Hence,
the SCS process promulgates by self-sustained redox reactions
between metal nitrates and fuel and obeys all the characteristics
of combustible systems. The basis of the combustion synthesis
process comes from the thermochemical theory formulated in
the field of propellants and explosives, and its extrapolation to
the combustion synthesis of metal oxides.>®> However, simple
methods for the calculation of thermochemical parameters for
combustion synthesis are required.

The initial state of the SCS system is essentially a non-equi-
librium state due to non-minimal Gibbs free energy. Moreover,
the system can be described as a quasi-stationary state, since it
does not undergo significant changes over a fairly long time.
Therefore, the minimization of the Gibbs free energy of the
system provides the driving force for the redox reactions during
combustion by converting chemical potential into heat energy.
During ignition, extremely high temperatures can be obtained
in very short periods, for instance 2-3 seconds, providing a very
short time for heat to escape to the environment. Therefore, the
system can be safely assumed to be a thermally isolated system
for a short period of time. For a longer period (10-100 s) the
system is, however, not thermally isolated and exchanges heat
with the environment. Under the thermally isolated assump-
tion, the maximum attained temperature is typically known as
the adiabatic temperature. The enthalpy of a system is a state
function. If AC,(product) is the change in heat capacity for the
formation of the combustion product and AHy ,,, is the stan-
dard enthalpy of formation of the combustion pfoduct at 298 K,
the heat released during the reaction is given as:

Tad

AH :AHf,298+J ACp(product)dT (2)
298

For an adiabatic system AH° = 0. This implies,
—AH{ g4 = ZT;; ACp(product)dT.
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This is for the case when the adiabatic temperature T,q is
less than the melting point “Ty,,”. In the case when T,q is
equal to Ty, then a factor is added called heat of fusion of the
product “AH,,” times the fraction (i.e., stoichiometric coeffi-
cient) of the product in aqueous state “v”.

Tad

— AH{ )00 = ‘298 AC,(product)dT + vAHy, (3)

In the case when T,q is greater than Tp,,, the expression
becomes:

Tmp

— AHp yq5 = ngs ACp(product, solid)dT + AHpy

T,
+J d ACp(product, liquid)dT (4)
Timp

Thermodynamic data for most compounds are available in
the literature.>® Hence, the adiabatic temperature of the com-
bustion reaction can be calculated using these relations. So
far, due to simplifying stipulations added in the theoretical
model, the consensus between observed combustion tempera-
ture 7. and calculated adiabatic temperature T,q is lacking.

The fundamental theoretical models for combustion were
formulated in the 1950s. The other important combustion
parameters such as propagation velocity can also be deter-
mined through both empirical relations and theoretical
methods. Provided that T is the reaction temperature and 7, is
the ambient room temperature in Kelvin, @ is the density of
the precursor material, k is the thermal conductivity, C, is heat
capacity, g is the coefficient of heat loss, ¢ is the reaction time
in seconds, r is the sample radius in cm, ¢ coefficient of emis-
sivity, Q is the heat of the reaction, # is the reacted fraction,
and W is the rate of the reaction, the heat balance equation at
any point in the sample can be given as:*”>

2¢e0

dr
Cpo—==kV?T + QW (,T) — q(T — T,) —

. (' -13) 5

Propagation velocity = [conduction]
+ [chemical reaction term)] (6)

These four terms on the right-hand side of eqn (6) describe
the heat produced by conduction and chemical reactions
minus the heat losses by convection and radiation. Thereby,
the adiabatic combustion wave velocity V, can be calculated.
The function W(#,T) is given by the following relations:

Win, 1) = 3= 7.9 )
—-noen(- 1) ®

where E represents activation energy and R is the universal gas
constant. In the same way, the thermodynamics of the system
also demonstrates essential parameters for kinetics of the reac-
tion such as processing time and the rate at which the system

11812 | Nanoscale, 2022, 14, 11806-11868

View Article Online

Nanoscale

moves to equilibrium state for the minimization of Gibbs free
energy, which in turn controls the production of compounds
with desired physical and chemical characteristics.

3.3 Modes of combustion synthesis

Based on mode of ignition, the combustion synthesis tech-
nique can be classified in two modes. The first is the self-pro-
pagating high-temperature synthesis (SHS) mode, and the
other is known as volumetric combustion, also called thermal
explosion or bulk combustion mode. In SHS mode, the reac-
tant compact is typically ignited at one end. Typically, the reac-
tant is exposed to a heat source for ignition. The heat flow
during this stage of synthesis (i.e., SHS) is directed from the
environment to the reacting mixture, thereby the sample temp-
erature reaches ignition temperature. Once ignited, the
materials react exothermically, and a rapid (~0.1-10 cm s~ %),
high-temperature (~1000-3000 °C) combustion wave front pro-
pagates from one end of the mixture to the entire volume. The
combustion wave propagates in a self-sustaining manner to
convert reactants into products. In contrast, in volume com-
bustion mode the whole volume is rapidly heated to the
ignition temperature. The uniform heating allows the reaction
to initiate throughout the volume, making it difficult to
monitor the evolution of the reaction media. Moreover, the vig-
orous gas phase evolution and solid product eruption during
combustion also inhibit observation of the reaction mecha-
nism.>® Therefore, this mode of combustion reaction is usually
less controllable and is applied for the weakly exothermic com-
bustion reactions where well-nanostructured materials can be
obtained. In both the combustion modes, initially the heat
flow is directed from the environment to the reaction mixture
and during combustion it reverses (i.e. from the reaction
mixture towards the environment) due to the exothermic
nature of the reaction. Volatile impurities greatly expand pro-
ducing highly porous metal oxides and composites with low
mechanical strengths.>*°

3.3.1 Conventional combustion synthesis. Regardless of
the operation mode, all combustion synthesis requires an
external heat source to ignite the combustion (or redox) pre-
cursor mixture. Each route involves a specific method of com-
bustion synthesis. The typically adopted method is to place the
ceramic container containing the precursor solution on a hot
plate or inside the preheated furnace at 300-500 °C. Heating
will cause the solvent to evaporate from a precursor mixture
and lead to the formation of a hydrogel. The hydrogel then
decomposes and self-ignites, followed by combustion, and
then produces solid product in subsequent steps as shown in
Fig. 5.

The second route is the sol-gel combustion synthesis in
which the precursor solution is first heated on a hot plate
below the boiling point of the solvent. This allows the water to
evaporate from the precursor mixture to form a hydrogel.
Depending on the concentration, this can also be deposited
over substrates by methods such as spin coating, spray coating
or dip coating, to obtain thin films. The hydrogel formation is
usually done through condensation of sol or by the incorpor-

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Different stages of SCS of CuO/CeO, composites fueled by urea at fuel-to-oxidizer ratio of 0.8. This figure has been adapted from Cam

et al %t

ation of polymers,°*®® and produces the nanostructured

materials after a combustion step.

3.3.2 Microwave (MW)-assisted solution combustion syn-
thesis. Since the 1980s the use of MW equipment has been
progressively escalating in research laboratories and MW
equipment is widely used for heat treatment. Researchers have
proposed a facile way to ignite the combustion precursor
mixture through MW heating, thereby assisting SCS. However,
according to the literature, conventional SCS is more widely
studied and applied than MW-assisted SCS. The first MW-
induced synthesis of an organic compound was reported in
1986, and opened a whole new approach for combustion syn-
thesis.®* Later, MW-assisted combustion synthesis of ceramics
was employed by Dalton and co-workers in 1990.°>°® Since
then, MW-assisted SCS has attracted a great deal of attention
in the combustion synthesis of advanced nanostructured
materials.®” The major advantage of MW heating is the con-
siderably short reaction time that cannot be obtained by con-
ventional heating. MWs are known to penetrate deeply into the
structure and elevate the reaction temperature well above the
boiling point of the solvent, and increase the rate by a factor of
10-1000.°® Thereby, reactions are completed in minutes or
even seconds. Moreover, MW irradiation heats the sample

(a)
<
7

Fig. 6
been adapted from ref. 72 with permission from Elsevier, copyright 2016.

This journal is © The Royal Society of Chemistry 2022

nearly uniformly and ignition starts from the center so that
the combustion wave front travels radially outwards.®
Hiranmayee et al.®® observed that MWs speed up the volume
combustion even with a smaller amount of fuel. Since the
MWs are directly absorbed by the lossy material, a MW heat
source ensures the sustainability of ignition temperature
during the synthesis. Because of the aforementioned MW
heating peculiarities, along with the extremely fast reaction
rate due to direct interaction between the electromagnetic radi-
ation and the reactants, the MW technique has led to
undoubted advantages in terms of processing time, product
yield, product purity, and material properties.*®*>”%”" Fig. 6
shows schematically the difference between conventional
heating and MW heating.”>”?

Various studies reported in the literature show the signifi-
cant influence of the MW heating source on the physical and
chemical characteristics and catalytic efficiency of combustion-
synthesized metal oxides.”*”’® MW-assisted SCS is seen to
develop more fine and active metal oxide catalysts than the
metal oxides obtained from conventional combustion syn-
thesis.”” Ajamein et al.”” showed that the MW combustion
technique can synthesize smaller CuO particles with higher
surface area and improved crystallinity. The effectiveness of

Microwave Oil bath
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Y
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(a) Conventional heating, (b) MW heating, (c) comparison of temperature gradients in conventional heating and MW heating. This figure has
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MW SCS investigated by Khodaeipour et al.”® also showed high
porosity and greater surface area of the MW combustion-
derived metal oxide (Bi,,O,Br,) photocatalyst than the one
(Bi,,O,Br,) synthesized by the conventional SCS process. The
high porosity of the photocatalyst allows ease of adsorption-
desorption and diffusion of large pollutant molecules, thereby
enhanced catalytic activity could be achieved by MW-assisted
SCS-synthesized catalysts.”” %°

3.3.3 Ultrasound-assisted combustion synthesis. Process
intensification can also be done by means of ultrasonication,
as it provides a smart, cost-effective and green synthesis
approach. Ultrasound is composed of the 20 kHz to 5 MHz fre-
quency range, and travels in the form of compressions and rar-
efactions through liquid media. The propagation of these
waves produces cavitation/micro bubbles in the media that
grow to a maximum size and then collapse. This process leads
to local hotspots (~4000-10 000 K), significantly high local
pressure (~1.013 x 10® Pa), microjets and rapid heating and
cooling rates of 10"° K s~.%"%> Moreover, the periodic occur-
rence of ultrasonic compressions and rarefactions leads to tur-
bulence in the solution. Studies show that the generation of
local hot spots and pressure via ultrasonication assist and
enhance chemical reactions. The unique ultrasonic character-
istics coupled with extreme combustion reaction conditions
increase the overall reaction rates. Fig. 7 shows schematically
how ultrasonication is employed in combination with the SCS
process. Note that the cavitation and its eventual implosion
drive the combustion of the redox precursor.

There are few studies on ultrasound-assisted SCS of metal
oxides.*»®> The experimental setup requires an ultrasonic
transducer dipped in the precursor solution during furnace
heating, generating ultrasonic waves until ignition. The coup-
ling of ultrasound technology with combustion synthesis is
also useful in the production of (1) well-dispersed metal oxide
particles favored by the turbulence produced by ultra-
sonication in the precursor solution, and (2) a nano-porous
structure generated due to the ultrasonic cavitation process.
The unique reaction conditions provided by acoustic cavitation

N
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are also known to break agglomerates. Zhou et a
reported that the particle size of Li,TiO; obtained by ultra-
sound-assisted combustion synthesis was smaller than that of
particles obtained by conventional combustion synthesis and
the solid-state reaction technique. Furthermore, in this study
the ultrasound-assisted combustion-synthesized powders were
observed to have nano-sized pores that were not seen in the
conventionally combustion-synthesized powders. However,
comparatively less work has been done on ultrasound-assisted
combustion synthesis for photocatalytic applications. Wang
et al®® showed that ultrasound-assisted combustion-syn-
thesized Sr**-doped BiFeO; nanoparticles are a potential
photocatalyst owing to their surface defects.

In overview, since the combustion reaction is self-sustained
after ignition and the products are obtained through the
in situ-generated heat, the energy requirement for the SCS
process is limited to only up to the ignition stage. In addition
to the conventional method for the initiation of the combus-
tion process (or ignition of the energetic redox mixture), two
other ignition modes i.e., MW- and ultrasound-assisted SCS
are potentially capable of enhancing the greenness of the com-
bustion method. Although MW is a powerful energy transfer
tool, several peculiarities may arise from the coupling of MW
energy with SCS reactants. However, most of the theoretical
reports on MW-matter interaction deal with the losses due to
the electric field component only. Thus, approximations need
to be made for the experiments performed in a domestic mul-
timode MW cavity. Nevertheless, several reports show that
MWe-assisted SCS has potential for the development of novel
nanomaterials with improved yield of the product and shorter
synthesis time. The ultrasonication technology, on the other
hand, may be employed with the SCS process to produce well-
dispersed and mesoporous structures. Hence, it is an

advanced technique that can potentially address the agglom-
eration of SCS-derived crystallite products, a major limitation
of SCS. Ultrasonication technology coupled with the SCS tech-

nique is promising for the synthesis of binary, ternary and
89,90

doped metal oxide nanoparticles.
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Fig. 7 Schemetic diagram of ultrasonication-assisted SCS. This figure has been adapted from ref. 83 with permission from Elsevier, copyright 2017.
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4. Factors affecting SCS

The combustion reaction has a complex mechanism. The
heterogeneity of the reactant solution is of the scale of
10-100 pm; coupled with an extremely high reaction tempera-
ture and rapid reaction rates during combustion, this makes it
difficult to have precise control over the size and morphology
of the derived product. It is therefore necessary to look into
the applied parameters of the combustion reaction that have a
consequential role in production. These parameters include
the applied temperature, reaction time, type of fuel, amount of
fuel, fuel-to-oxidizer (F/O) ratio and pH of the redox solution.
The literature shows that optimization of the initial parameters
is crucial in getting subtle control not only of the character-
istics of the derived product but also for the application
standpoint.

In general, the synthesis of nanomaterials by solution com-
bustion can be divided into the following steps:

« Preparation of the redox solution through the dissolution
of the oxidizer and reducer reactants.

« Formation of energetic gel-like network (or viscous solu-
tion) upon the aging and drying step.

« Combustion process.

« Calcination process to burn off residual carbon material.

All these steps evolve through a sequence of events (e.g.,
complexation reaction, condensation, dehydration, precipi-
tation, melting of free fuel, gas and solid-state chemical reac-
tions) induced by the increase of the temperature, as illus-
trated in Fig. 8. When the redox solution is uniformly heated,
these steps take place nearly simultaneously when the sample
is under uncontrolled thermal condition at temperatures
above the ignition temperature of the metal-organic redox
network. These steps can also occur through a gradual pro-
gression to the ignition temperature and subsequent combus-

Combustion

Temperature —»

Nanomaterial

RT T<100°C

Time —

Fig. 8 Pictorial representation of the temperature and structure evol-
ution of SCS-synthesized nanomaterials from the redox solution to the
formation of a redox network and subsequent combustion reaction. The
combustion material would require an additional calcination step if
residual carbon material needed to be removed.
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tion when the redox solution is under controlled thermal con-
dition (i.e., slow heating process).

In the next sections, we will analyze in detail the most
important steps involved in the SCS method and their influ-
ences over the micro- and nanostructure, morphology and the
general physical and chemical properties of the nanomaterials.
This includes several metrics such as metal precursor, organic
fuel (or complexing agent), pH, solvent, concentration, temp-
erature of gelation, oxidizing/reducing character of the com-
bustion atmosphere and temperature of the final calcination
step.

4.1 Aqueous chemistry of the redox solution

The dissolution of an ionic salt in a solvent depends on the
balance of the ion separation process from the crystal lattice to
a weak interaction state and the process of ion solvation. The
overall energy of these two processes controls the dissolution
of ionic salts.”’ An aqueous solution of a transition metal
ionic salt, as catalyst metal precursor, takes place through the
coordination of the water molecules with the metal cation
(M*"), where z" corresponds to the metal ion charge. This
process occurs via electron transfer from the lone pair elec-
trons in the water molecule (ligand) to empty d-orbitals of M*"
to produce [M(OH,),J*", where £ is the coordination number of
the cation, being six for hexaquo-ion complexes. The aquo-
ligand complexes of transition metals with charges of usually
+2 and +3 can undergo the hydrolysis reaction as illustrated in
eqn (9) and (10). The water deprotonation is due to the weak-
ening of the O-H bond of coordinated water.

[M(OH,),[*" + H,0 = [M(OH,),_,(OH)|** + H,0* (9)

[M(OHZ)hq(OH)}(Z_lH +H,0 = [M(OHz)hfz(OH)z](z_2>+
+H;0"
(10)

The relationship between these equilibriums with the
cation charge and the solution pH is illustrated in Fig. 9,

8 ™ -
[M-OH,J* -H. [M_OH](Z-1)+ ‘H_+ [M:O](Z’z)*
7 '~ H i High charge
. 6 A -----___-~
N S ~—el [MOj@)+
o 5 1 Sem—ell
51 momer ez
S 7?\--___ [M(OH)]-)+ ==
5 31 [M(OH,)}~+ ~-~"‘~~-_
- il T
8 2 Low charge Se .
1 -
0 ——r—r—r—r—7r—r7rr

0 2 4 6 8 10 12 14
Solution pH
Fig. 9 Dependence of the hydrolysis equilibriums of cations on the
charge and pH. Inset chemical equilibriums correspond to different

degrees of hydrolysis. Figure adapted from Livage et al.°* and Cushing
et al.®*
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where the presence of aquo (OH,), hydroxo (-OH) and oxo
(=0) ligands coordinated to the metal cation is strongly
dependent on these two metrics. Over a wide range of pH,
cations with low charge give rise to aquo, aquo-hydroxo and/or
hydroxo complexes whilst high-valence cations mainly produce
oxo-hydroxo and/or oxo-complexes. For instance, the hexaquo-
ion complexes of Fe*" rapidly hydrolyze to give a yellow solu-
tion of aquo-hydroxo Fe** complex in acid medium, owing to
the strong acidic character of Fe*". The increase of the pH
causes the formation of colloidal hydroxyl-oxo-polymer that
eventually precipitates as iron(m) oxide-hydroxide.”>

The condensation reaction of hydrolyzed cations can occur
through two main pathways:*>

(1) The olation mechanism results from the release of an
aqueous ligand through a nucleophilic attack of the hydroxide
group onto the metal cation, leading to the formation of
M-OH-M bridges as given in eqn (11).

M-OH + M-H,0 — M-OH-M + H,0

(11)

(2) The oxolation mechanism takes place through the nucleo-
philic addition of hydroxo groups onto metal cations to produce
an oxo bridge (M-O-M) and a water molecule via an intra-
molecular hydrogen-transfer reaction (eqn (12)). Since these
mechanisms operate via nucleophilic substitution and nucleo-
philic addition, ligands with high nucleophilicity and good
living group are advantageous for the condensation reactions.

M-OH + M-OH — M-O-M + H,0 (12)

The synthesis of metal oxides as catalysts or catalyst precur-
sors from an aqueous-ion complex requires either drying the
aqueous solution or adjusting the pH. The drying process can
produce either the precipitation of the original metal salt or
amorphous metal oxides/hydroxides, which usually exhibit
large crystals or aggregates. On the other hand, the adjustment
of the pH may satisfactorily control the textural and morpho-
logical properties of the precipitation product. A better strategy
to regulate the dimension and morphology of the nano-
structured catalyst is combining an appropriate ligand (i.e.,
chelating agent) and the adjustment of the pH to tune the
stability of the aqueous metal complexes and structures to
resemble the sol-gel chemistry approach.®® This strategy is par-
ticularly suitable for the SCS method because the ligand can
have different roles: (1) it can function as a chelating agent in
stabilizing the metal complex and minimizing the hydrolysis
equilibria, (2) as a micro- and nano-structure-controlling agent
in the gelation and combustion processes, and (3) as a redu-
cing agent for facilitating the combustion reaction.

The formation of a transition metal complex in aqueous
solution involves the replacement or substitution of water
molecules coordinated to the metal ion by ligands (L) as illus-
trated in eqn (13).

[M(OH,),J*" +xL < [M(OH,), ,LJ*" +xH,0 (13)

The ligand incorporation takes place through a sequence or
stepwise equilibria that decrease the hydrolysis equilibria as

11816 | Nanoscale, 2022, 14, I806-11868

View Article Online

Nanoscale

the number of coordinated ligands increases. For example, the
addition of ethylenediaminetetraacetic acid (EDTA) to aqueous
iron solution can reduce the equilibrium constant of hydro-
lysis by around four orders of magnitude®® as a consequence
of the enhanced stability of the resultant metal ion complex.
Indeed, the equilibrium constants of formation (or stability) of
metal complexes strikingly increase when chelating agents (or
polydentate ligands) substitute monodentate ligands. For
instance, the addition of ammonia to an aqueous Ni solution
can produce an aqueous-ammonia Ni complex (eqn (14))
whose equilibrium constant of formation is K = 10>® whilst
the complexation of Ni** with a bidentate ligand, i.e., ethylene-
diamine (EN), to form an aqueous-ethylenediamine Ni
complex (eqn (15)) has a stability constant of K = 107°. The
increased stability, known as the chelate effect, is mainly
associated with the strong rise of the reaction entropy”

[Ni(OH,)(]*" + NH; « [Ni(NH3)(OH,).]*" + H,0  (14)

[Ni(OH,),]*" + EN « [Ni(EN)(OH,),]*" +2H,0  (15)

The strong interaction between the metal ion and the che-
lating agent can decrease the hydrolysis equilibria of metal
aqueous complexes, hence facilitating the synthesis and
control of the nanosize, morphology and composition of nano-
materials. CA, a weak triprotic acid, in water dissociates to
produce mainly three anionic species (i.e., H,Cit~, HCit*~ and
Cit*") through a sequence of deprotonation reactions led by
the increase of the pH as given in Fig. 10a. The molecular
structures of citric acid (CA) alongside other chelating agents
such as ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic
acid (NTA), glycine and glutamic acid (GA) are depicted in
Fig. 10b. These molecules clearly show their polydentate
feature and usefulness as organic fuel (i.e., reducing agent) for
the SCS method.”” The interaction of citrate-type species with
Co aqueous solution decreases the hydrolysis of the hexaaqua-
cobalt(u) complex because of the strong chelating effect of
polydentate citrate anions, particularly at high Co: citrate
ratio and pH around 5 where a water-free complex (ie.,
[Co(CitH),]*") is produced. The coordination reaction of Co>*
with citrate apparently occurs through two carboxylate groups
and the hydroxyl group, whose deprotonation can take place at
high pH to result in the [Co(Cit)(OH,);]*~ complex.”®

Previous reports in the literature about the synthesis of CA-
prepared CoMoP formulation for the hydrotreating process
show that the chelating effect of citrate on the Co®" ion pre-
vents its sulfidation at low temperatures.'® This facilitates the
interaction of Co sulfide with MoS,-like structure and hence
the synergy between Mo and Co and the catalyst performance.
Furthermore, the use of CA as chelating agent in the synthesis
of CoMo formulation can also enhance the C-S bond scission
through the direct desulfurization pathway and the hydrogen-
ation route.'” CA as a chelating agent and reducing agent
(i.e., fuel) can also affect the phase composition and the mor-
phology of perovskite-type nanopowders synthesized by the
SCS method. On one hand, low pH values are generally detri-
mental for the phase composition and the morphology whilst

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 (a) CA and cobalt speciation with pH and Co: citrate ratio, adapted from ref. 96, (b) molecular structures for EDTA, NTA, glycine, CA and

glutamic acid (GA) as complexing agents and fuels for the SCS method, (c)

high pH values cause phase segregation.'> On the other hand,
high concentrations of CA and pH above 7 are the key factors
for complexing the different metal cations in aqueous solution
and hence producing barium hexaferrite by the SCS
approach.'® These findings would indicate that the chelating
effect of CA over diverse cations plays an important role in the
SCS of mixed-metal oxides.

Glutamic acid (GA) and glycine are amino acid-type fuels
that contain carboxylic and amine functional groups (see
Fig. 10b) able to generate different species in equilibrium in
aqueous solution. For instance, the dissolution of glutamic
acid in water produces protonated glutamic acid at low pH
(below 2) as shown in Fig. 10c. At pH around 3.2 above 80% of
the speciation corresponds to zwitterions, whilst the
maximum speciation of anion and dianion species is achieved
at pH 6-8 and around 12, respectively.”® A similar stepwise
equilibrium shows glycine in water to produce three mono-
meric species (i.e., protonated glycine cation, zwitterion and
an anionic form) as displayed in Fig. 11. The stability constant
for zwitterion formation is seven orders of magnitude (ie.,
107) larger than that for the protonated glycine."**

+H" ® +H*

H,NCH,COO" H;NCH,COO" H;NCH,COOH

%

-H" :
Fig. 11 Stepwise equilibria showing glycine in water produces three
monomeric species (protonated glycine cation, zwitterion and an
anionic form).

This journal is © The Royal Society of Chemistry 2022

speciation for glutamic acid in water, adapted from ref. 99.

The formation of various polymeric associates is also poss-
ible in concentrated glycine solution.'> The bidentate charac-
ter of glycine over most metal ions at high pH would facilitate
the formation of mixed-metal oxides by the SCS method."*®
The glycine-metal ion interaction may enhance the formation
of ferrite-type mixed metal oxide when a low content of nitric
acid and high nitrate-to-glycine ratio are used in the SCS

process.***

4.2 Formation of energetic gel-like network

Hydrolysis and condensation are crucial reactions that take
place throughout the preparation of the redox solution and the
subsequent mild heating step in the SCS of nanostructured
catalysts and materials. Indeed, the redox solution needs to be
a homogeneous system where the chemical interaction
between the oxidizing precursors and the organic fuels mini-
mizes the hydrolysis equilibria. Furthermore, the fuel, also
acting as chelating agent, plays a fundamental role in the for-
mation of viscous solutions (or glassy solids) through the con-
densation reaction during the ageing (gelation) period and the
thermal treatment at mild conditions. The metal-organic
redox network formed by interconnected metal complexes is
displayed in Fig. 12a, where nitrate could act either as counter
ion or ligand directly coordinated to the metal ion. The com-
bustion fuel, usually with several and different functional
groups (see Fig. 10b), produces metal-fuel complexes that can
be linked to each other through a weak intermolecular inter-
action and even with free molecules of fuel to give rise to an

Nanoscale, 2022, 14, 11806-11868 | 11817
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tate the metal nitrate—organic redox framework.

amorphous glassy network with trapped metal ions upon the
thermal treatment, Fig. 12b, resembling the chemistry of the
Pechini method.'*”"®

The removal of water in the drying process of an aqueous
solution containing inorganic metal nitrates without complex-
ing agent produces a heterogeneous mixture of precipitates as
the metal nitrate and oxyhydroxide solids. The synthesis of a
redox solution with good homogeneity at atomic scale using
an appropriate chelating agent, acting as organic fuel as well,
can counteract the precipitation issue. The basis for the for-
mation of the metal-fuel complex is to facilitate the gel-like
formation during the water evaporation process by minimizing
the hydrolysis reactions of the metal aqueous complex and
hence the heterogeneous precipitation. For instance, the pre-
cipitation of iron oxyhydroxide from Fe(m) hexaaqueous
complex solution can take place in a very wide range of pH
and Fe®* concentrations, Fig. 13a. Herein, [Fe*"]' is related to
the concentration of free metal ion [Fe’] through Ringbom’s
side-reaction coefficient (i.e., [Fe’'] = agex[Fe’']).'* Highly
concentrated solutions can apparently occur at very low pH
regions whilst Fe ion concentrations below 10~ mol dm™ can
exist at any pH.""°

The presence of EDTA as chelating agent and fuel in
aqueous solution containing Fe*" markedly enhances the solu-
tion stability, thereby decreasing the precipitation region as
illustrated in the chemical stability diagram given in Fig. 13b.
Note that when two Fe ion solutions at 0.01 mol dm™ and pH
6 (Po) and at pH 8 (Q,) are concentrated by partial evaporation
of water, P, and Q, are shifted toward P, and Q,, respectively.

11818 | Nanoscale, 2022, 14, I806-11868

Furthermore, the pH for P; decreased relative to P, whilst Q
showed higher pH than Q,, inducing the precipitation of iron
(oxy)hydroxide when the excess of EDTA concentration is low.
Concentrations of EDTA above 10~> mol dm™ hinder the pre-
cipitation reaction and facilitate the gelation process during
the solvent evaporation step.'™® This sol-gel method based on
the utilization of organic complexing agents was also applied
to prepare ceramic superconductors.''? In fact, ethylenediami-
netetraacetic acid is a weak acid with four carboxylic acid moi-
eties (Fig. 10b) able to dissociate to produce the metal
complex, as given in Fig. 13c for fully dissociated EDTA (L*7).
Various anionic species such as monocarboxylate (HsL™"),
dicarboxylate (H,L>"), tricarboxylate (HL>") and tetracarboxy-
late (L*7) can be generated from the dissociation of EDTA in
aqueous solution by tuning of pH (Fig. 13d).""” This is particu-
larly advantageous in systems with different metals where the
formation of stable metal-EDTA species is required to prevent
precipitation.

4.3 Effect of applied temperature and reaction time

In a typical reaction procedure, the reactant solution is pre-
heated to remove water and then ignited to form a foam-like
powder. Conventional SCS is generally carried out between 673
and 873 K furnace temperature. However, the applied tempera-
ture significantly influences the physical and chemical
properties of the derived product.***'* Liu et al?** found
that the phase, morphology and structural disordering of
LiNiy sMn, 50, spinals synthesized by SCS is greatly influenced
by the preparation temperature. The crystallinity increased

This journal is © The Royal Society of Chemistry 2022
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112.

with rising temperature from 400 to 600, and 800 °C. In a
recent study Murthy et al.''® synthesized calcium aluminate
(CaAl,03) using coffee husk as a green fuel at 600, 700, 800,
900 and 1000 °C. According to XRD (X-ray diffraction) analysis,
the samples derived at 600 °C and 700 °C were completely
amorphous whilst higher synthesis temperature enhanced the
solid crystallinity.

In MW-assisted SCS, the temperature of the reaction is
directly related to the intensity of the incident MWs, controlled
by the MW power and the dielectric loss of the energetic gel-
like redox mixture. Thus, MW power influences the size, mor-
phology, surface area, porosity and performance of the syn-
thesized products. Hashemzehi et al.”® evaluated the effect of
MW power on the properties and performance of Zn/Cu alumi-
nate spinel using urea and ammonium acetate fuel. The
samples synthesized under higher MW powers showed
improved morphology and a more uniform distribution of
crystals. Increasing the MW intensity also resulted in growth of
the pore diameter of the derived product. The growth of pore
diameter facilitates the esterification reaction by providing
easy access for fatty acid molecules into the pores of the cata-
lyst and hence better binding with the surface. Therefore,
increasing MW power during combustion synthesis may
enhance the catalytic performance.

Although SCS of solid materials takes place in a relatively
short period, the reaction time (or the post-thermal treatment)
is another important parameter in determining the particle
size and morphology of the derived product in the SCS

This journal is © The Royal Society of Chemistry 2022

process. Wang et al.''” reported that a graphene/ZnO compo-

site of variable porosity can be obtained via fine tuning of SCS
processing parameters including synthesis time and tempera-
ture of combustion. The composite porosity only appeared at
400 °C and above. The resulting pore sizes after 1 min treat-
ment of the precursor mixture in a muffle furnace at 450, 500
and 550 °C were 3, 30, and 52 nm, respectively. Interestingly,
the increase in calcination time widened the average pore size
as revealed in TEM (transmission electron microscopy) images
(Fig. 14A). The evaluated average pore sizes were 3, 44, and
48 nm at combustion time of 1 min, 10 min and 20 min,
respectively, as shown in Fig. 14B. Under certain reaction con-
ditions (e.g., 450 °C for 1 min) the combustion of the redox
mixture produced ZnO nanoparticles, whilst the oxidation of
carbon generated porosity in the solid composite. Thereby, the
degree of oxidation was also observed to increase with the
increase in combustion time and temperature.

4.4 Effect of metal nitrate precursor

In general, metal salts can be used as metal precursors in SCS
including acetates, nitrates and some other precursors.'*®1?3
However, metal nitrates are the most common metal
precursors''*"'** because of their wide positive features includ-
ing (1) relatively high oxidizing character, (2) high solubility in
water (and polar organic solvents), (3) relatively low decompo-
sition temperatures, (4) highly volatile decomposition pro-
ducts, and (5) low cost. Other metal precursors such as hydrox-
ides,'*® alkoxides,'?®'?” acetates,'®'?° oxalates**"*' and
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Fig. 144 TEM images showing porous graphene with different pore size (A) prepared at different temperatures, (B) variation in pore size when pre-
pared under different synthesis time at a constant reaction temperature. This figure has been adapted from ref. 117 with permission from Elsevier,

copyright 2019.

acetylacetonates'*>'** have also been used. However, they do
have a reducing character instead of oxidizing property, and an
additional oxidant such as nitric acid or ammonium nitrate is
required to obtain a suitable redox mixture. Metal-chloride
precursors have also been investigated in the synthesis of bulk
and supported catalysts by combustion synthesis."**'3*
Unfortunately, this type of metal source does not present an
oxidizing character and a small content of residual chloride
could remain in the combusted nanomaterial.

In some cases when nitrates are not available, other metal
precursors are also utilized.>>®® Morales et al.’>" used peroxo-
tungstic acid as tungsten precursor for the SCS of very fine
WOj; particles of size 22, 16 and 12 nm by varying glycine, urea
and thiourea fuel, respectively. In another report by Chen
et al,*®* ammonium paratungstate ((NH,)sH,W;,0,4,) was
employed as metal precursor with three different fuels -
glycine, urea and CA - to synthesize various nanoscale tung-
sten oxides. The type of metal precursor employed in the SCS
also has an influence on the derived product. In a study by
Thomas et al,"” two different tungsten precursors, namely
(NH,),WO, and Na,WO,-2H,0, were used in the SCS of
Ag,WO,, CuWO, and ZnWO,. Structural analysis revealed that
Na,WO,-2H,0 resulted in the formation of almost pure mono-

aH,0

phasic product, whilst (NH,),WO, led to the formation of a
biphasic structure.

The kinetics and some mechanistic aspects of the thermal
decomposition of metal-nitrate salts have been formerly
described by various researchers;'***° however, an in-depth
understanding of this topic has been elusive because of the
different - and sometimes complex - thermal chemical pro-
perties of the metal nitrates. According to Malecki and co-
workers,"*"'*> the thermal decomposition pathway of tran-
sition metal nitrates occurs through a consecutive (or sequen-
tial) mechanism that involves three stages, as illustrated in
Fig. 15. The first route (from 25 °C to around 70 °C) involves
the melting of the metal nitrate and the release of weakly
bound water to produce a partially dehydrated metal nitrate.

The second stage proceeds at temperatures between 70 and
ca. 200 °C through further dehydration and release of nitrate
as nitric acid alongside the formation of metal hydroxynitrate
(i.e., M(OH),(NO3),—5) and even metal oxynitrate

MO(’%) (NO3),_, ). The presence of these intermediate nitrates
epends on the cation’s ability (acidity) to assist the hydrolysis
reaction, particularly when M*" (z > 2) can be further oxi-
dized."*® The formation of evaporated water (steam) together
with HNOj; could produce an azeotropic mixture (68% HNOj;

bHNO; + (n — a — b)H,0

M(NO3)..nH,0 -4 M(NO3),. (n — a)H20 -4 M(OH);(NO3).—5 (and/or MO b, (NO3).— )
® ® @

b 10(z —b) + 4x(b — z)
(3)me0+ [FE-PL 0=

®

8 0, +(z—b)NO, + MO,

Fig. 15 The mechanistic pathway of the thermal decomposition of metal nitrates through three stages: (1) partial dehydration, (2) further dehydra-
tion—partial denitration and (3) degradation of nitrate to produce metal oxide.
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and 32% H,0) with a boiling point (120 °C) higher than that
of any of its constituents.'** The last step occurs at tempera-
tures above 200 °C and involves the degradation of the nitrate
group, from the metal hydroxynitrate/oxynitrate and even
nitric acid, to produce the metal oxide followed by NO, (NO,
NO,, N,O, N,0,, etc.), oxygen and water emissions. Certainly,
the intrinsic properties of the metal (cation) markedly affect
the mechanistic pathway and hence the formation of the inter-
mediate nitrates and the distribution of the gaseous
products. 142

The identity of the metal ion primarily defines the thermo-
chemical stability (or reactivity) of the metal-nitrate precursor
because of the electronic interactions between the metal and
nitrate group, although other factors such as annealing
atmospheres,'*>'*® catalyst support,'*” vacuum heating'*® and
controlled thermal treatment'*® can also affect the thermolysis
of metal nitrates. Metal cations with high positive charges rela-
tive to the ionic radius (or charge density, CD) will decrease
the N-O bond energy through the polarization of the electronic
cloud of the nitrate ion and back donation of the n-electronic
cloud in nitrate for transition metals with accessible d-orbital
vacancies, as illustrated in Fig. 16a. Both effects promote the
nitrate dissociation and hence the thermal decomposition of
the metal-nitrate salts, as determined by Yuvaraj et al.'*° and
Cochran et al.'** for various alkali, alkaline-earth, rare-earth,
transition and post-transition metal nitrates.

They found an inverse proportional dependency between
the decomposition temperature of the metal nitrates and the
polarizing power of the metal cation or charge density (CD =
3z/anr’), where z and r correspond to atomic charge and
atomic radius (nm), respectively. A better rationalization of the
relative stability of metal nitrates can arise from considerations
of electronegativities, cation radii and polarization effects.
Interestingly, the charge density-decomposition temperature

e ———T
\
A
B

1
4
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~
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correlation can be extended to the ignition temperatures of
SCS-type redox mixtures as given in Fig. 16b, where the
decomposition temperatures of various metal-nitrate salts
follow approximately the trend of the ignition temperatures of
glycine-metal nitrate mixtures.'>* This trend indicates that the
polarizing power of the counter cation plays a major role in the
thermal stability (or instability) not only of single metal
nitrates but also - and most importantly - of SCS redox mix-
tures. Thus, the decomposition temperature of the metal
nitrates appears to be a good prior metric to describe the com-
bustibility of redox mixtures.

We have selected a broad range of metal nitrates that are
relevant for the SCS of nanomaterials and, using HSC
Chemistry 5.11 software, calculated the standard enthalpy of
combustion (AHg,,,) of the redox mixtures containing urea
(reducing agent) and metal nitrate (oxidizing agent) at equiva-
lence composition (@, = 1). It is worth remarking that whatever
the involved fuel, a similar trend can be obtained. The
decomposition temperatures (Tqe.) of the metal nitrates were
collected from a previous report'®® whilst the ionic radius of
the metal cations, for the CD calculation, were gathered and
compared from several sources'**'*° to ensure that every
figure corresponds to the proper coordination number of the
cation in the crystal structure of the considered metal nitrates.
The variation of Gibbs free energy for all the considered redox
mixtures specifies that the combustion reactions occur spon-
taneously (AG° < 0). A roughly linear correlation between
AHG,,., and Ty clearly indicates that the combustion reaction
becomes more exothermic with decreasing decomposition
temperature of the metal nitrate (Fig. 17a). Furthermore, the
exothermicity of the combustion reaction rises markedly with
increasing cation charge (M), from (=100 to —350 kJ
M-mol ™) for z = 1, to (—450 to —800 k] M-mol™") for z = 2 and
between —1000 and —1150 k] M-mol™" for z = 3, because of the

260
JE=——— Srzt (Tdec=652°C) (b)

240 +
O 1 3+
€ === Y6 (T, (NR))
g 220 -::::: Y3 (Tdec =386 oc)
£ 200 - La* (Tye =445 °C)
)]
3
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S === Cr3* (T, =155°C
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Fig. 16 Metal—nitrate interactions. (a) lllustration of high-CD metal cation attracting the electron cloud of the nitrate ion and back donation of the
n-electronic cloud in nitrate to accessible d-orbital vacancies in transition metals. (b) Correlation of the ignition temperature of glycine—metal
nitrate redox mixture at equivalence composition with decomposition temperature (T4ec) of various metal nitrates, whose values were mainly
obtained from Cochran et al.*** and Yuvaraj et al.,**° for strontium nitrate, whilst no report of decomposition temperature of ytterbium (Yb) nitrate

hydrate was found.
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Fig. 17 SCS of metal oxides from urea—metal nitrate redox mixtures at
equivalence composition (@, = 1). (a) Variation of the combustion heat
with the decomposition temperature (Ty4ec) of the metal nitrates, (b) cor-
relation between the metal cation-CD and the combustion enthalpy of
various redox mixtures.

rise of the oxidizing character (i.e., —5, —10 and —15, respect-
ively) of the metal nitrates.

We obtained a direct correlation between the cation-CD and
the standard enthalpy of combustion (Fig. 17b); obviously this
trend is opposite to the correlation between the cation-CD and
the thermal decomposition temperature of various metal
nitrates'**"*° because of the inverse relationship between
AH( v and Tge. Noticeably, low-CD cations (Ag, alkali and
alkaline-earth metals except Mg) exhibit little polarizing power
on the counter-nitrate electron cloud, and this is reflected in
relatively low combustion heats. The low polarizing ability of
these cations facilitates the formation of ionic metal nitrates
as a consequence of their poor trend to share their valence
electron cloud with the nitrate ion. On the other hand, high-
CD cations such as AI**, Ga®* and Fe®" effectively share their
valence electron cloud with the nitrate ion to form covalent
metal nitrates with weak N-O bonds, which favour the exother-
micity of the combustion reaction. Intermediate-CD cations
(transition metals and Mg>") also present intermediate values
of combustion heats. It is worth remarking that the adiabatic
temperature of the solution combustion synthesis of alkali,
alkaline-earth and transition metals oxides follows a lineal
dependence with the inverse radius of metal ions'>* due to the
different polarizing power of the metal cations.

The cation CD metric (or Tge.) can be a useful descriptor of
the exothermicity (or maximum temperature) that redox mix-
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tures can reach during the SCS of mesostructured catalysts
and materials. In this context, the synthesis of a-Al,0; from
aluminum nitrate-urea redox gel occurs at about 1500 °C
(flame temperature)®® in agreement with the high-CD AI** or
low decomposition temperature of aluminum nitrate
(~160 °C). This high exothermicity is particularly advan-
tageous for synthesizing Al-based mixed metal oxides® and
also a large variety of alumina-based materials’>® when the
other metal-nitrate precursors such as alkali and alkaline-
earth metals have low CD and hence high Tg4c.. The direct SCS
of maghemite (y-Fe,0;) using glycine as fuel led to a violent
combustion reaction, whose maximum temperature was
~1500 °C," reflecting the large exothermic character of this
redox mixture. This iron oxide phase was also synthesized by
direct thermal decomposition of an Fe(m) nitrate-urea
complex.'®® The higher-CD Fe*" compared with those for Co>*
and Mn** from their metal-nitrate precursors facilitated the
SCS of the LaFeOs-type perovskite at various @ whilst the syn-
thesis of LaCoO; and LaMnO; required a subsequent calcina-
tion step on the combusted samples.'®® Another example
corresponds to Cu®* compared with Ni**, whose glycine-based
Cu/Ni redox mixture produced a combustion temperature
(~525 °C) slightly higher than that for Ni nitrate-glycine redox
gel (~475 °C)'**7 because of higher-CD Cu>* compared with
Ni*". It is worth highlighting that metal ion-containing redox
mixtures with intermediate values of charge density show, in
general, combustion temperatures lower than those produced
by redox mixtures containing Al** and Fe®" metal nitrates.

4.5 Role and type of fuel

A large variety of polar organic molecules (compounds) such
as hydrazides, carboxylic acids, amines/amides (carbamide/
urea) compounds, amino acids, saccharides and combinations
of different functional groups in a single molecule have been
used as fuel (or reducing agent) for the SCS of nanostructured
materials.*>**®1*9 Structures of some commonly used fuels are
shown in Fig. 18. The organic fuel for the SCS is usually
soluble in polar solvents and particularly in water; the fuel can
also act as complexing agent and metal ion dispersing agent
depending on the strength of the cation-fuel-water-nitrate
interactions in aqueous solution.'®® Certainly, the fuel also
plays the role of reducing agent in the redox gel and induces a
self-propagating combustion reaction that produces a nano-
structured solid material and large amount of gases.”’ It is
worth remarking that the substitution of water molecules co-
ordinated to metal cations by molecules of fuel via stepwise
fashion will lead to the formation of a metal-fuel complex,
whose weakly connected units usually form resins or glassy
solids.”® On the other hand, if the fuel-fuel and fuel-water
interactions through hydrogen bonds, covalent and coordinate
bonds also take place, the metal precursor (and/or metal-fuel
complex) will be homogeneously dispersed into a viscous
organic network.''® Regardless of the chemical interaction
that predominates in the redox system, the microstructure of
the combusted material will be strongly affected by the chemi-
cal properties of the fuel and obviously the chemistry that

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 Chemical structures of some commonly used organic fuels.

occurs in the solid and gas phases during the combustion
process.

The precursor mixture or redox mixture in the solution
combustion synthesis process is composed of one oxidizing
component (i.e., metal nitrate) and a reducing component
“fuel”. The precursor is therefore termed as the “redox”
mixture. Various investigations focused on gaining under-
standing in combustion synthesis have been carried out. In
general, a good fuel in SCS must have the following
characteristics:"*"

+ Fuel should behave as a complexing agent for metal ions
to increase the homogeneity of the mixture.

» Fuel (and metal nitrate) is considered as a source of
essential components of combustion that lead to the release of
a large amount of hypergolic gases. Hypergolic gases when
acquiring a critical density easily, can ignite at their ignition
temperature even under ambient pressure.

« A good fuel should not produce toxic gases; however,
large emissions of CO, and NO, are produced.

The type of fuel has significant effects on the combustion
synthesis as well as the structure, phase and morphology of
the derived product. Basically, the organic fuels vary in redu-
cing powers and quantity of gases they produce during
thermal reaction. Hammami et al showed that, applying
similar operating conditions, in SCS La-Mn perovskite exhibits
only one sharp maximum with glycine, whereas with CA fuel,
two temperature maxima were observed in temperature-time
profiles. This happened due to the difference in the thermal
behaviours of the two systems. Additionally, the two maxima

This journal is © The Royal Society of Chemistry 2022

in the temperature profile with CA fuel also indicate the occur-
rence of secondary reactions.'®

Toniolo et al.'” reported a remarkable potential of glycine-
nitrate and urea-nitrate towards the production of Co and
cobalt oxide powders. They found the production of metallic
Co powder by only glycine fuel in fuel-rich reactions, whereas
the cobaltous oxide phase can be formed by both glycine and
urea fuels in fuel-rich reactions. They attributed the difference
to the chemical nature of the fuels.

Intensity of combustion, an important feature in combus-
tion synthesis, also depends upon the reducing power of the
fuel and the amount of evolved gases.'®® Therefore, varying
fuel type and its amount makes it possible to modulate the
major parameters of combustion synthesis. These parameters
in turn determine the characteristics of the synthesized pro-
ducts. The combustion can vary from moderate burning to
violent and intense burning depending upon the type of fuel.
In recent research, Gotoh et al.'® presented a study in which
they synthesized persistent phosphors Gd;Al,Gaz0,,:Ce* ~Cr**
(GAGG:Ce**-Cr*") via SCS incorporating mixed fuels urea and
glycine. According to the study, using a single fuel can lead to
an incomplete combustion reaction and amorphous products.
The study also reported the rates of the combustion reaction
during SCS. The incorporation of mixed fuel resulted in the
highest reaction rate, i.e. 47.1 K s~'. However, the samples
with only urea and only glycine resulted in reaction rates of
3.53 K s7' and 27.7 K s, respectively. The authors also
deduced that products could be amorphous if the reaction
rates are lower than 30-40 K s™'. Another study'®* compared

Nanoscale, 2022, 14, 11806-11868 | 11823
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the thermal analysis of dried gels prepared by urea (U), glycine
(G), CTAB, and mixed fuels glycine-urea (G + U) and glycine-
CTAB (G + CTAB). The schematic representation of phase evol-
ution during the SCS process is shown in Fig. 19.

The synthesis was carried out using Bi(NO;);-5H,0 and
Fe(NO;3)3-9H,0 metal precursors for the synthesis of BiFeO;
keeping the fuel to oxidant ratio constant @ = 1. Except for the
CTAB fuel sample, all samples showed a sharp exothermic
peak at 180 °C. The combustion reaction starts and leads to
the decomposition of Bi(NO3);-5H,0 and Fe(NO3);-9H,0 into
metal oxides and gaseous products such as NO,, HNO;, CO,
and H,0. The sample with glycine showed a sharp weight
reduction due to the lower decomposition temperature of
glycine. Therefore, a simultaneous decomposition of both
metal nitrates and glycine resulted in sharp weight loss at
lower temperature. In contrast, CTAB has a relatively higher
decomposition temperature, which shifted the exothermic
reaction to a higher temperature and relatively smaller weight
loss, i.e. 40%. The slower decomposition rate in the case of the
sample with urea as a fuel is attributed to the gradual
decomposition of urea leading to the release of hyperbolic
gases and delaying the reaction. Lazarova et al'®® demon-
strated that employing nitrogen-containing fuel (e.g. glycine
and urea) may lead to the formation of products with larger
crystallite size and a greater tendency to form aggregates,
whilst utilizing carbohydrate fuel (such as sucrose and glycerol
etc.) in SCS may lead to products with smaller crystallite size
and low aggregation.

4.6 Amount of fuel and the @ coefficient for the SCS method

Besides the type of fuel, quantity of fuel is also one fundamen-
tal factor in SCS, influencing the physical and chemical para-
meters of the derived product.">>'®® Fuel amount is usually
given as the fuel-to-oxidizer ratio @. A specific method based
on the oxidizing and reducing valences of the precursor
mixture is employed for thermodynamic calculations.

The reducer-to-oxidizer molar ratio for a redox mixture is
an important factor not only to control the exothermicity of

11824 | Nanoscale, 2022, 14, 11806-11868

the combustion reaction but also to prevent the precipitation
of the metal oxide, hence controlling the properties of the
nanostructured material. The SCS method usually employs an
aqueous solution of a single or mixture of metal nitrates as
oxidizing agents (or oxidizers) and a suitable organic fuel (or
mixture of fuels) used as reducing agent (or reducer). The
ignition of the redox mixture initiates a self-propagating
exothermic reaction that sustains high temperatures for a
sufficient period to decompose usually all the organic material
and metal nitrate. The ignition temperature is significantly
lower than the consequential combustion temperature that
results in the formation of a mixture of gases and the final
solid nanomaterial with specific chemical and physical
properties.

Jain et al.'®” developed a simple method of calculating the
elemental stoichiometric coefficient (@) of single or multi-
component fuel-oxidizer mixtures. This concept was then
adapted to the calculation of the proportion of oxidizer and
fuel (reducer) for the SCS method®>'*®'®® by considering
metals, carbon and hydrogen as reducing elements with the
corresponding metal valence, +4 for carbon and +1 for hydro-
gen. Oxygen as oxidizer has the valence —2 and nitrogen is
considered with valence 0.

A summarized calculation to exemplify the determination
of the valence-mole ratio (&) for the SCS of metal oxide (i.e.,
M,0;) is illustrated in Fig. 20a. It is assumed for simplicity
that H,0, CO, and N, are the gaseous products formed in the
combustion reaction. The metal(i) nitrate [M(NOs);-xH,0] has
an oxidizing valence (OV) of =15 (OV=3 +2x0 -3 x 6 + x x
1(2) — x x 2) whilst the reducing valence (RV) for glycine
(CoHsNO,) is 9 (RV=4x2+1x5+0x1—2x2). Note that
water of hydration in the metal nitrates does not contribute to
the oxidizing valence. A similar calculation can be carried out
for synthesizing single oxides (i.e., M,0, MO) and mixed-metal
oxides such as perovskites (ABOj3), spinels (AB,O,), garnets
(A3B504,), etc. Also note that a general formula for @ calcu-
lation involves the RV, the absolute value of OV and the
amounts (in moles) of the reagents (Fig. 20a). This mathemat-

This journal is © The Royal Society of Chemistry 2022
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ﬁcombustion reaction for a metal (III) nitrate (OV = —15) as oxidizer and glycine (RV = 9)

as fuel (or reducer) is given below:

15

9 1 3+n
M(NO3)3 +nC,HsNO, + (T)[(E)H_IJUZ — (E)M203 + (

2

M(NO3)s +(?)02H5an + (1715) (@®-10, — (%)le)gﬁ»(;)(?i» 1)N1 + (

A general equation for the ® calculation is below:

@ = () ()

respectively, whilst n, represent the moles of fuel (reducing agent) relative to one mole of metal nitrate
or oxidizing agent (n,). /

A fuel — to — oxidizer ratio (or valence — mole ratio) is ® = (E) n for this particular reaction, resulting

Where RV and |OV/| correspond to the reducing valence and the absolute value of the oxidizing valence
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Fig. 20 The fuel-to-oxidizer (or valence-mole) ratio (@) for the SCS method. (a) Representative calculation for an oxidizing valence of —10 and
reducing valence of 9 and general formula for @ coefficient. (b) Dependence of @ on the valence and the molar composition of the redox mixture.

ical expression is also applicable for synthesizing mixed-metal
oxides, in which different metal nitrates (or oxidizing agents)
are employed, with a single fuel or even a mixture of fuels as
reducing agents. In these cases, the overall OV (or RV) and ngx
involve the sum of stoichiometric contribution for each reac-
tant whilst ng still represents unity.

The lineal dependence of @ on the ng-to-ng ratio is strongly

affected by the reducing and oxidizing valences of the reac-
RV
oV
ratio, as depicted in Fig. 20b. For instance, redox mixtures at
optimal stoichiometric composition or equivalence ratio (i.e.,

@, = 1.0), or at any other determined & value, will have

tants involved in the combustion reaction through the

different n_R mole ratios because of the different reducer and/
0]
or oxidizer character of the reagents. Specifically, the number

of moles of fuel (reducer) will be larger than the number of
moles of oxidizer when the reducing valence is below the
absolute value of the oxidizing valence in order to balance the
reducing and oxidizing species, hence obtaining the equiva-
lence ratio. An opposite trend of the valence distribution (i.e.,
RV above |OV|) will lead to ng-to-ng ratio below one, whilst this
molar ratio corresponds to unity when RV and |OV| have the
same value. In the context of the combustion reaction, the
equivalence composition of the redox mixture is obtained
when no molecular oxygen is required (i.e., ®. = 1) as a conse-
quence of well-balanced valence and moles of oxidizing and
reducing species. When @ < 1 the redox mixture is under a fuel
(reducer)-lean regime and molecular oxygen is available
because of the excess of oxidizer relative to reducer. On the
other hand, if @ > 1 the redox mixture is under a fuel-rich con-
dition and molecular oxygen is required to fully convert the
fuel to gaseous products due to the limited oxidizer compared
with reducer molar amount.

As previously stated, the value of @ determines the “rich-
ness” and “leanness” of fuel in the combustible mixture; @
equal to 1 implies that the initial reaction mixture does not
require atmospheric oxygen, @ > 1 corresponds to a fuel-rich
system, and the value of @ < 1 means a fuel-lean system.’® The
exothermicity and temperature (experimental and theoretical)
of the combustion reaction depend on @, as illustrated in

This journal is © The Royal Society of Chemistry 2022
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Fig. 21 Combustion enthalpy and experimental and theoretical trends
of temperature as a function of @. This figure has been adapted from
ref. 170.

Fig. 21. An increased volume of evolved gases is observed with
the increase in fuel-to-oxidizer ratio ¢@.”"'”> Moreover, for a
given value of @, the system behaves differently due to the sub-
stantial difference in oxygen balance. The theory of chemical
propellants depicts the evolution of maximum energy at equiv-
alence composition (® = 1)."”>'7* Tripathi et al'’> demon-
strated the significant impact of amount of fuel on tempera-
ture and mode of synthesis. They used glycine as a fuel and
varied the fuel-to-oxidant ratio in SCS of Li,ZrOs;. The study
showed that the fuel-to-oxidant ratio (&) played a crucial role
in the morphology, mode of combustion and phase compo-
sition of Li,ZrO; powders in SCS. In this study thermodynamic
calculations showed that the amount of evolved gas and the
calculated adiabatic temperature increased with the increase
in @. However, a large amount of heat is carried away by
flowing gas from the reaction mixture during combustion syn-
thesis, therefore the actual measured temperature of the reac-
tion decreased with the increase in @. Also, the mode of com-
bustion switched to SHS-eruption from VCS for @ > 1. The
effect of fuel to oxidizer on enthalpy of reaction, temperature
and release of gases is shown in Fig. 22a-c. The average crystal-
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lite size of Li,ZrO; is reported to decrease with increase in @.
However, for @ > 1 the crystallite size is increased, which could
be the consequence of the change in mode from VCS to SHS
(Fig. 22d). In a similar way, the fuel-to-oxidizer ratio has a
direct effect on the crystallite size of the derived product
(Fig. 23)."7°

4.6.1 Phase and morphological aspects. The type and
amount of fuel is well known to influence the crystallite and
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Fig. 23 Effect of urea to Mg(NOs), ratio on the crystallite size of SCS
synthesized MgO. This figure has been adapted from ref. 176 with per-
mission from Elsevier, copyright 2020.
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particle size and morphology of the derived product.'”” Gu
et al.'’® discussed the morphological aspects of SCS-syn-
thesized MoO, nanopowders by varying fuel-to-oxidizer ratio.
The authors utilized (NH,)sM0,0,,-4H,0 as Mo source and
NH,NO; as oxidizer with different glycine/NH,NO; ratios
(0.25, 0.5, 0.75, 1, 1.25). Larger and irregular-shaped particles
were seen at a ratio of 0.25. Increasing the value of the glycine/
NH,NO; ratio to 0.5 yielded a foam-like morphology with
nanoparticle size of 20-30 nm diameter. A further ratio
increase to 0.75 resulted in the formation of more fine par-
ticles embedded in sheets, whilst the formation and aggrega-
tion of amorphous phase was observed at fuel-to-oxidizer ratio
of 1. The highest value of this ratio (i.e., 1.25) also produced
only amorphous phase. Fig. 24 illustrates the effect of @ on the
morphology of SCS-derived MoO,.

In a recent study, Yilmaz et al.'®®

compared the effect of
fuel on the morphology of V,05 powder synthesized by the SCS
method. Three different fuels i.e., CA, glycine, and starch, and
a mixture of these fuels were employed in the study to syn-
thesize V,0s5. The SEM (scanning electron microscopy) images
confirmed that the lowest particle size was obtained when
glycine was used in the synthesis reaction, however, no differ-

ence in chemical structure was observed. Yu et al'”®

syn-
thesized very fine manganese dioxide nanostructures via a
novel SCS method. The fuel-to-oxidizer ratio (i.e. C,HsNO,/(Mn
(NO3),) affected the morphology of the SCS-derived manganese
oxide. XRD analysis showed poor crystallinity of hexagonal

e-MnO, when the fuel-to-oxidizer ratio was 1: 2. Higher crystal-

This journal is © The Royal Society of Chemistry 2022
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Fig. 24 Schematic illustration of SCS of MoO, fueled by glycine and
morphological effects at different glycine/NH4NO3 ratios. This figure has

been adapted from Gu et al.}’8
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linity was observed when the ratio was increased to 2 : 1. Also,
the morphology of SCS-derived e-MnO, was influenced by the
fuel-to-oxidizer ratio. The fuel-lean e-MnO, solid showed nano-
sized particles i.e., 20-25 nm, and thick plate-like morphology,
whereas e-MnO, with fuel-to-oxidizer ratio 2 : 1 showed spheri-
cal nanoparticles with a greater surface area than the plate-like
e-MnO,. Similarly, Chen et al."*® discussed the morphological
aspects of WO, nanostructures prepared by SCS by varying
both fuel type (i.e. glycine and urea), mixed fuel (i.e., urea and
CA) and fuel-to-oxidizer ratio. The samples fueled by glycine
were prepared by setting fuel-to-oxidizer ratios of 0, 5, 10, and
20, named as G1, G2, G3, and G4, respectively. The samples
fueled by urea were prepared by setting fuel-to-oxidizer ratios
of 5,10, 15 and 20, named as U1, U2, U3 and U4, respectively.
The samples fueled by urea and CA were prepared by fixing the
CA ratio to 20 and varying the urea ratio as 5, 10, 15, and 20,
named as UC1, UC2, UC3 and UC4, respectively. The mor-
phology of all the SCS samples is shown in SEM micrographs
(Fig. 25). The SEM of sample G1 prepared without glycine
showed an urchin-like structure (Fig. 25ia). In preparing
sample G2, small amounts of gases were produced, and the
mixture did not swell up, producing agglomerated particles of
size 100-200 nm (Fig. 25ib). In the G3 sample, enormous gas
release was observed, and the mixture swelled up producing
nanoneedles of diameter ~80 nm (Fig. 25ic). Adding more
glycine to make G4 resulted in vigorous eruption combustion

Fig. 25 SEM images of SCS-synthesized tungsten oxide (i) prepared by glycine fuel (a) G1 (@ = 0), (b) G2 (& = 5), (c), G3 (& = 10), (d) G4 (® = 20), (i)
prepared by urea fuel (a) UL (® = 5), (b) U2 (& = 10), (c) U3 (& = 15), (d) U4 (& = 20), (iii) prepared by urea and CA mixed fuel (a) UC1 (& = 5), (b) UC2
(@ =10), (c) UC3 (& = 15), (d) UC4 (& = 20), (iv) TEM image of (a) G3, (b) U3. This figure has been adapted from ref. 136 with permission from RSC,

copyright 2016.
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synthesis mode, producing comparatively shorter and thicker
nanorods of diameter ~80 nm and length of ~5 pm (Fig. 25id).
The SEM of urea-synthesized samples is shown in Fig. 25(iia-d).
Samples at low fuel-to-oxidizer values (i.e. U1, U2 and U3) did
not swell to make a foam. However, U4 led to the formation of a
slightly foamy product. Noticeably, all the urea-synthesized
samples were larger and agglomerated particles. The samples
yielded from the mixture of urea and CA displayed regular vari-
ation in morphology with fuelto-oxidizer ratios. The UC1
sample consisted of rod-like particles of ~1 pm along with some
nanoparticles sized ~100 nm (Fig. 25iiia). The sample UC2 con-
sisted of nanorods of ~5 pm length and 100 nm diameter
(Fig. 25iiib). A further increase of fuel in the UC3 sample attenu-
ated rod-like structures to form nanobelts (Fig. 25iiic), whilst
UC4 comprised nanorods (Fig. 25iiid). Fig. 25iva and ivb display
the TEM images of G3 and U3 samples, respectively.
Importantly, the authors demonstrated that the G3 sample was
crystallized into W;50,0 whilst U3 crystallized into WO;.

5. Influence of SCS on optical
properties and oxygen vacancy
generation

The SCS technique is widely used to prepare porous metal
oxides."®*'® The large volume of gases (such as H,, CO,, CO,

NO, and H,0) evolving during the SCS process lead to the pro-
duction of highly porous and hence high surface area pro-

8
100 e
N ©
% 6
80
;\; | 45 wt.% 4
= 60 &
= v 2 2
240 10m% >

NI i

0 . . . " I 4
0 100 200 300 400 500

Temperature (°C)

dVp/drp (cm3/(g-nm)
~

Pore diameter (nm)

View Article Online

Nanoscale
ducts. Vasei et al.'®* reported the SCS of ZnO nanoparticles
using cetyltrimethylammonium bromide (CTAB) as a fuel. The
effect of the fuel-to-oxidizer ratio @ influence the surface area
and porosity of ZnO powders. The thermogravimetric analysis
(TGA), taken at @ = 1, clearly shows the strength of solution
combustion synthesis. The peak at 183 °C is the exothermic
peak of SCS that leads to 45% of weight loss. Weight loss here
can be divided into three regimes (Fig. 26a). Up to 150 °C,
there is only 5% weight loss, ie., due to vaporization of
absorbed water and dehydration of gel. The rapid weight loss
at 183 °C is attributed to the vigorous combustion reaction
between metal nitrate and fuel that leads to the formation of
gaseous products and ZnO powder. The 10% weight loss
between 250 °C and 400 °C is due to the continuous and slow
oxidation of organic residues. In this research, ¢ was varied
from 0.5 to 1.5. The specific surface area of the powders is
reported to increase from 21 m”> g~ to 35 m® g~ with increas-
ing &, as revealed by performing N, adsorption-desorption
isotherms (Fig. 26b), whilst the pore size distribution was
between 2 and 4 nm (Fig. 26¢). The crystallite size calculated
from XRD data showed a clear decrease from 30 nm to 20 nm
with increase in fuel content. Moreover, by increasing the fuel
content in SCS the particle size of ZnO powders is decreased
while the band gap of ZnO increased (Fig. 26d). The decrease
in particle size of ZnO powders is attributed to the rapid
cooling of the combustion products, which hinders the par-
ticle growth.

The property of fuel has a diverse effect on the SCS of
metal oxides. Zhang et al.'® reported interesting findings in
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Fig. 26 Effect of fuel-to-oxidizer ratio on SCS of ZnO nanoparticles (a) TGA/DTA curves, (b) adsorption (filled symbols)—-desorption (open symbols)
isotherms, (c) pore size distribution, (d) bandgap from UV-Vis diffuse reflectance spectra of prepared solids. This figure has been adapted from ref.

184 with permission from Elsevier, copyright 2018.
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SCS of BiOBr and Bi/BiOBr. Applying the same experimental
conditions in both reactions, BiOBr was obtained using urea
as a fuel, whereas Bi/BiOBr was produced using CA fuel.
Thereby, two different photocatalysts were obtained, BiOBr
and Bi/BiOBr, only by changing the fuel in the SCS method.
In the Bi/BiOBr sample, Bi particles were attached on the
surface of the BiOBr sheet. Besides the structural and mor-
phological differences of both photocatalysts, the Bi/BiOBr
composite also exhibited a greater number of oxygen
vacancies. Fig. 27a contains the XPS (X-ray photoelectron
spectroscopy) scans of both the BiOBr and Bi/BiOBr samples
derived from urea and CA, respectively. The major constitu-
ents of the sample are Bi, O and Br with the corresponding
binding energy peaks at 159 eV (Bi 4f), 530 eV (O 1s), and
68 eV (Br 3d).

The comparison of the core-level scan of BiOBr and Bi/
BiOBr-3 is shown in (Fig. 27b). The two intensive peaks at
164.89 eV and 159.62 eV are due to increased concentration
of oxygen vacancies in the vicinity and oxygen deficiency.
Moreover, the peak at 532.49 eV for O 1s can be assigned
to the presence of oxygen vacancies (Fig. 27c). Additionally,
XPS findings show that the ratio of O to Br in Bi/BiOBr-3
is less than 1, indicating enhanced oxygen vacancy gene-
ration in the sample. The corresponding electron paramag-
netic resonance (EPR) plot is also included in Fig. 27d, to
emphasise oxygen vacancy generation only by varying fuel
type in combustion synthesis. EPR provides further evi-
dence of oxygen vacancies in the Bi/BiOBr sample. The

View Article Online
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sharp peak at g = 2.001 that occurred in the case of the
Bi/BiOBr sample represents the oxygen vacancies. In con-
trast, this peak does not appear in the BiOBr sample that
was prepared by urea.

Table 1 includes some studies on SCS of some binary
and ternary metal oxides for anticorrosion and photo-
catalytic applications. The table clearly shows that the struc-
tural properties and hence the catalytic activity of the
derived product can be controlled by choice of appropriate
fuel and calcination temperature. In the case of CeO, and
BiFeO;, urea was the suitable fuel choice for enhanced
anticorrosion and photocatalytic activity, respectively. In a
similar way the structural control of the mixed phase of
BiOBr via conventional and MW combustion techniques
fueled by glycerol showed enhanced photocatalytic
activity, whilst in obtaining CaMoO,, the calcination temp-
erature was observed to have significant control over struc-
tural properties. Increasing calcination temperature resulted
in increasing crystallite size and a decrease in the surface
area.

Briefly, this section demonstrates the various factors of
relevance for the SCS method, including type of metal pre-
cursor, type of fuel, fuel-to-oxidizer ratio, pH and overall
chemistry of the redox solution, formation of energetic gel-
like networks, and combustion temperature. The section
clearly shows that these parameters are critical in defining
the structural properties of the derived products. Both the
combustion enthalpy and combustion temperature achieve
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Fig. 27 XPS spectra of BiOBr and Bi/BiOBr-3, high resolution spectra of (b) Bi 4f, and (c) O 1s, (d) EPR spectra of pure BiOBr and Bi/BiOBr-3. This
figure has been adapted from ref. 185 with permission from Elsevier, copyright 2019.
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Table 1 Effect of fuel on some SCS-produced metal oxides
Material (application) Synthesis conditions Remarks Ref.
CeO, (anti-corrosion) Metal source: Ce(NO3);-6H,0; metal source to fuel ~ « All fuels except urea led to cubic fluorite structure 186
molar ratio: (1:5/2, urea), (1:5/3, glycine), (1:5/8,  + CeO, synthesized from urea showed the best corrosion
glucose), (1:5/6, CA); reaction temperature: 150 °C  protection
followed by 300 °C + The lowest and highest band gap as 2.68 eV and 3.0
eV were obtained by using urea and CA, respectively
» The lowest and highest BET (Brunauer Emmett and
Teller) surface area as 8.5 and 47.7 m” g~ ' were
achieved by urea and glucose, respectively
Single-phase BiFeO; Metal source: Bi(NO;);-5H,0 and Fe(NO;);-9H,0; + 100% BiFeO; phase was achieved by using urea as fuel 164
(photocatalytic water fuels: urea, glycine, CTAB, glycine + urea, and + ~100 methylene blue (MB) removal was obtained by
treatment) glycine + CTAB; fuel to oxidant molar ratio (p) =1;  using BiFeO; prepared by urea under visible-light
reaction temperature: 80 °C followed by 250 °C irradiation
« Using urea as fuel yielded the highest purity and
crystallinity
« The band gap of photocatalysts was changed in the
range of 1.88-2.17 eV as a function of fuel type
Mixed-phase Bi,,0,Br, Metal source: Bi(NO3),-5H,0 and NH,Br; fuels: + 98.9% tetracycline photocatalytic removal was 78
(photocatalytic water ethylene glycol (EG), propylene glycol (PG) and gly-  achieved by using photocatalysts prepared by glycerol
treatment) cerol (G); reaction temperature: 300 °C as conven- and MW heating
tional combustion synthesis and also MW heating  « The lowest and highest BET as 44.0 and 121.2 m® g™*
were achieved by using PG and G(MW), respectively
« The ratio between BiOBr and Bi,,O3,Br;, were and
band gap changed by changing the fuel and heating
method
CaMoO, nanoparticles Metal source: calcium nitrate tetrahydrate and « The sample calcined at 400 °C showed the best 187
dissolved molybdenum powder in H,O,; fuels: CA;  photocatalytic activity for MB degradation
oxidizer : fuel = 1: 5; reaction temperature: 400 °C » Specific surface area was significantly reduced at high
followed by calcination at 400 °C, 500 °C and calcination temperature, while crystallinity and particle
600 °C for 2 h at ambient atmosphere size of nanoparticles increased
CuBi,0,; CuBi,0,/Cu0O; Cu(NO3),-2.5H,0, Bi(NO3)3-5H,0 The molar ratio of Cu/Bi determined the excess of one 188

CuBi,0,/Biy0;

optimal performances at equivalence ratio or @ value equal
to unity (i.e., &, = 1). We particularly analyzed the phase
and morphological characteristics, band gap and generation
of oxygen vacancies in SCS-derived powders. The gas evol-
ution during the combustion reaction is significantly influ-

The synthesis was carried out employing urea fuel
at @ value of 1 and varying Cu/Bi mole ratios as: (i)
5:1,(ii) 10: 1, (iii) 15:1, (iv) 1: 5, (v) 1: 10, (vi)
1:15, (vii) 1:2, (viii) 1:0, (ix) 0:1

Another experiment was conducted at 1: 2 Cu/Bi
mole ratio using HMT fuel at 1: 1 @ ratio

The samples were annealed at 600 °C

1830 | Nanoscale, 2022, 14, 1806-11868

binary component or the other in the composite. The
XRD showed that the product powders formed by 5:1
produced (CuO/CuBi,0,), 10 : 1 ratio produced (CuO/
CuBi,0y), 15: 1 ratio produced (CuO/CuBi,0,), 1:5
ratio produced (a-Bi;O3/CuBi,0y), 1: 10 ratio produced
(a-Bi,03/CuBi,04), 1: 15 ratio produced (a-BiOs/
CuBi,0y), 1:2 produced CuBi,Oy, 1: 0 produced CuO,
0:1 produced a-Bi,O;

Whilst the sample prepared with 1: 2 Cu/Bi ratio with
HMT fuel crystallized into CuBi,O,

The authors reported a decrease in porosity after
annealing. The BET surface area of the samples
prepared by urea at different Cu/Bi ratios was reported
as: 3.2 m* g~ for the sample prepared by Cu/Bi mole
ratio of 5: 1, 2.5 m> g~* for the sample prepared by Cu/
Bi mole ratio of 10: 1, 2.4 m> g~* for the sample pre-
pared by Cu/Bi mole ratio of 15:1, 0.7 m* g~ for the
sample prepared by Cu/Bi mole ratio of 1:5,0.8 m* g™"
for the sample prepared by Cu/Bi mole ratio of 1: 10,
and 0.6 m” g~* for the sample prepared by Cu/Bi mole
ratioof 1:15

The study showed that not only the composite but any
of the component either CuO or a-Bi,O; in excess can
be synthesized by one-pot SCS process. Importantly the
nanocomposite showed improved photoelectrochemical
activity compared with pure CuBi,O,

The sample prepared by Cu/Bi mole ratio of 15: 1 with
urea outperformed all other samples due to improved
charge carrier separation

enced by the type of fuel and its concentration. In general,
the releasing gases result in the production of smaller and
less agglomerated particles. We consider that the selection
of fuel is also critical to induce oxygen vacancies in the
powders produced by the SCS method.

This journal is © The Royal Society of Chemistry 2022
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6. SCS and applications of
photocatalysts

The SCS-synthesized metal oxides and supported metal oxide
structures are widely explored in photocatalytic applications
including photocatalytic water treatment and photocatalytic
hydrogen production via water splitting. Herein, we have
focused on SCS-developed metal oxides for photocatalytic
water purification.

6.1 SCS development of binary metal oxide photocatalysts

A lot of work has been done on metal oxides such as TiO,,
Al, O3, ZnO, CuO, CeO,, Fe,0;, MnO, and Bi,O;. Low cost,
abundance, biocompatibility, and high efficiency have made
these candidates favourable for various applications ranging
from biological applications such as drug delivery, to gas
sensing and energy storage applications. TiO, and ZnO have
been the pioneering materials in photocatalytic applications.
The properties of these metal oxides depend upon the prepa-
ration method. As discussed in the above section, SCS is a
single-step process and has the basic advantage of in situ alter-
ing the chemical and physical makeup of the derived product
by changing the reaction parameters.'®® Therefore, the method
has been widely applied to tailor the properties of binary
0Xides.4'48’190_198

ZnO is an extensively studied semiconductor with a direct
bandgap of ~3.37 eV. The optoelectronic properties of ZnO
make it a potential candidate for applications in the blue/UV

View Article Online
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range of the light spectrum. However, owing to its ~3.37 eV
bandgap, the photocatalytic activity and efficiency of ZnO is
limited in visible light. Additionally, the photocatalytic
efficiency is also subject to its shape, morphology, particle
size, surface area, surface defects etc.'®® The search for econ-
omical and eco-friendly production routes is important for its
potential industrial use.’°*?* Different fascinating shapes
and morphologies of ZnO have been synthesized so far includ-
ing nanowires, nanoparticles, nanoflowers, nanoplates, nano-
rods, highly porous honeycomb-like structures etc., via the SCS
method. 81892957299 1 3 recent study, Mane et al.>'® reported
SCS synthesized 3D flower-like ZnO nanostructures employing
m-cresol as fuel at stoichiometric ratio with zinc nitrate.
FE-SEM images of 3D flower-like nanostructures at different
magnification show that the nanostructures contain porous
petals Fig. 28(a-e). These petal-like sheets with high porosity
can provide a high surface area for photocatalytic reactions as
well as trapping and utilizing the incident and scattered light.
Fig. 28f also shows the presence of only Zn and O without any
impurity elements.

Potti et al.*"" reported an interesting study for the develop-
ment of ZnO photocatalysts using different fuels including
citric acid (CA), dextrose, glycine, oxalyl dihydrazide, oxalic
acid and urea. All the obtained samples showed a standard
hexagonal wurtzite structure with the lattice constants a =
3.25 A and ¢ = 5.21 A. However, the derived ZnO samples
showed peculiar morphologies and surface area. Among all
the ZnO samples, the ZnO prepared by oxalic acid showed
improved photocatalytic degradation of orange G compared

Fig. 28

(a—e) SEM images of SCS synthesized 3D flower-like ZnO at different magnification, (f) EDX (energy dispersive X-ray) spectra of SCS-syn-

thesized 3D flower-like ZnO. This figure has been adapted from ref. 210 with permission from Springer Nature, copyright 2021.

This journal is © The Royal Society of Chemistry 2022
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with the other ZnO samples. Azizi et al.>'* reported green MW-
assisted SCS of ZnO nanopowders for biomedical applications.
SCS was carried out using fruit, pulp extracts and seeds of the
Citrullus colocynths plant as fuel. The morphology of the ZnO
powders was changed by changing the type of fuel in the SCS
reaction. Flower-like ZnO was obtained using C. colocynths
fruit-derived fuel, hexagonal ZnO was obtained from seeds,
and block-shaped ZnO nanostructures were obtained using
pulp as a fuel. The size variation of the as-synthesized ZnO
nanostructures investigated by TEM was 85-100 nm,
20-35 nm, and 30-80 nm produced by fruit, seeds, and pulp
as fuel, respectively. The bandgap of the ZnO nanostructures
also changed with morphology. The flower-like ZnO showed a
minimum bandgap of 3.25 eV, while the measured bandgap
observed for hexagonal and block-like ZnO was 3.4 eV and 3.28
eV, respectively.

One well-known semiconductor that exists with various sto-
chiometric and crystalline structures is iron oxide. Among its
extensively studied phases, o-Fe,O; (hematite), y-Fe,O3
(maghemite), Fe;0, (magnetite) and FeO (wustite),>” a-Fe,0; is
the most stable phase under ambient atmospheric
conditions.>***' It is an n-type semiconductor with a reported
bulk bandgap of ~2.1 eV. The characteristic rust-red colour of
a-Fe,O; is due to its strong absorption of yellow to UV light
photons and transmission of orange to infrared photons.
Owing to its low cost, abundance, high thermal stability, mul-
tiple functionalities and striking physical and chemical pro-
perties, a-Fe,O3 has been widely investigated for a variety of
applications. Also, magnetite has been diversely studied for its
distinct magnetic properties. The narrow bandgap of a-Fe,O3
allows it to absorb light up to 600 nm (i.e. ~40% of the solar
light), hence making it a promising candidate for photo-
catalytic applications.>'> In view of such striking advantages,
different phases and morphologies of iron oxides have also
been produced by the SCS method."?"'73216-222 peghpande
et al.' reported the synthesis of well-crystalline a-Fe,Os3,
y-Fe,O; and Fe;0, through the SCS method. According to the
study, changing fuel (glycine, hydrazine and CA) and optimiz-
ing the fuelto-oxidizer ratio “®” resulted in the phase
changes. The iron oxidation state of SCS-derived iron oxide
products decreases by increasing the molar ratio of glycine to
ferric nitrate “@”. In other research, Wang et al.>** synthesized
pure Fe;O, nanoparticles at a glycine to ferric nitrate ratio of
0.7 with average grain size of 57 nm and high saturation mag-
netization of 89.17 emu g~

The development of materials that are economical and
abundant is of great importance. Titania (TiO,) is the naturally
occurring oxide of titanium and ~95% of titanium ore is pro-
cessed into TiO,. It has been extensively used in industry
including in paint, inks, paper, textile dying, batteries, as a UV
ray absorber in cosmetics, in food additives, sensors, capaci-
tors etc.”** In addition, TiO, has also been widely studied for
its applications in water and air remediation and for self-clean-
ing surfaces. The bandgap structure of TiO, features a valence
band constructed from O 2p orbitals and conduction band
constructed from Ti** 3d orbitals with a bandgap energy of 3.2

11832 | Nanoscale, 2022, 14, 1806-11868
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eV. Among the various methods employed for the production
of TiO, nanoparticles, the SCS method is a very successful
method.?®***>22¢ Chung et al.>*’ reported three different types
of TiO, nanopowder fabrication by the SCS technique by
varying fuels (glycine, urea, thiourea) for the dye-sensitized
solar cell (DSSC) application. The performance of SCS-syn-
thesized TiO, was compared with a DSSC prepared from
Degussa P25 TiO,. The results showed that TiO, synthesized
by SCS method worked better as a photoelectrode for DSSCs.
The optical properties of TiO, made it an attractive candidate
for photocatalysis. Among the three polymorphic structures of
TiO, (i.e. rutile, anatase and brookite), rutile and anatase have
been widely studied for photocatalysis, whereas brookite is
rarely used. The major difference between anatase and rutile is
that anatase consists of (101) as prevailing facets while the pre-
vailing facets for rutile are (110). The reported bandgap of
rutile is a little smaller than that of anatase, i.e., 3.03 eV and
3.20 eV, respectively.>*%229

Challagulla et al.>*® reported SCS of nano TiO, using
glycine, urea and oxalyldihydrazide (ODH) as fuels. The com-
bustion was also carried out by varying the fuel-to-oxidizer
ratio. XRD analysis showed that SCS carried out with glycine as
a fuel resulted in TiO, crystallizing only in the anatase phase,
whereas urea and ODH resulted in mixed anatase and rutile
polymorphs. The SCS-synthesized mixed phase showed
improved photocatalytic degradation of MB compared with the
pure phase SCS-synthesized TiO,. The morphological tuning
of SCS-synthesized nanoparticles can also be done for
enhancement of photocatalytic activity. Nagaveni et al**°
employed the SCS method to obtain nanocrystalline TiO, with
lower bandgap employing three different fuels, namely glycine,
hexamethylenetetramine (HMT), and oxalydihydrazide (ODH).
All the SCS-synthesized TiO, exhibited a lower bandgap and
higher surface area than commercial Degussa TiO,.
Importantly, the SCS-synthesized TiO, showed higher visible
light photocatalytic activity towards MB degradation than com-
mercial TiO,.

Eswar et a demonstrated that the photocatalytic
efficiency of TiO, can be further improved by conducting
modifications in SCS-synthesized TiO,. For this purpose the
authors employed the same synthesis procedure as used by
Nagaveni**° to obtain TiO, nanopowder with r-ascorbic acid
fuel. The SCS-synthesized TiO, was processed to obtain TiO,
nanobelts, which were further acid etched in a subsequent
step (Fig. 29). The acid etching tuning resulted in the for-
mation of a large volume of pores and hydroxyl radicals. The
inactivation of harmful bacteria and degradation of MB and
methyl orange (MO) were studied in the presence of TiO,
nanobelts under solar irradiation. The study revealed that the
hydroxyl radicals formed by acid etching assisted the rapid
degradation of both organic dyes and bacteria. Hence the acid-
etched TiO, nanobelts resulted an excellent candidate for
photocatalytic water purification.

Among various metal oxides, WO; is a very active and
visible-light-responsive candidate for photocatalysis, with a
reported bandgap of 2.8 eV.>****®* WO, is an n-type semi-

1 231
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Fig. 29 SEM images of (a) pristine TiO, nanobelts, (b) acid-etched nanobelts. This figure is adapted from Eswar et al.,%** with permission from RSC,

copyright 2015.
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(a) Tauc plots showing the bandgap of WO3 obtained from glycine (WOz-G), urea (WO3-U), thiourea (WOs-T) and their comparison with the

benchmark comercial (WO3-B). Inset shows UV-Vis spectra for various SCS-synthesized WOs; samples, (b) visual images of degradation of MB photo-
catalyzed by SCS-synthesized WO3-B, WO3-G, WO3-U, and WO3-T. This figure has been adapted from ref. 121 with permission from ACS, copyright

2008.

conductor with a variety of oxygen-deficient “WO;_,” (sub)stoi-
chiometric materials such as W,¢0sg, WO, 9, W15049, W50,
WO, 75, W,4063, etc. However, WO; is reported to be the most
stable and highly efficient for visible light photocatalysis com-
pared with other stoichiometries.”®” Various methods have
been deployed to synthesize WO; nanoparticles. However, the
SCS technique for the synthesis of WO; nanoparticles was first
employed in 2008 by Morales et al.'®" using three different
fuels: glycine, urea and thiourea, labelled as WO;-G, WO;-U,
and WO;-T, respectively. The SCS-synthesized WO; samples
were relatively darker in color than commercial WO;3; (WOj3-B).
Quantitative analysis carried out by UV-visible (UV-vis) spec-
troscopy showed higher absorption at wavelengths longer than
band-edge cut-off for all three SCS-synthesized WO; compared
with the commercial WO;-B powder (Fig. 30a and inset). The
SCS technique also assisted in enhancement of the light
absorption characteristics of WO; nanoparticles in the visible
light wavelength range. In Fig. 30a a clear redshift can be seen
in the bandgap of WO;-G, WO;-U, and WO,-T which comes
out between 2.53 eV-2.56 eV compared with the bandgap of
benchmarked commercial WO; (WOj3-B). Photocatalytic tests
showed that all the SCS-synthesized WO; samples showed
improved photocatalytic activity towards MB degradation com-
pared with the commercial WO;-B sample (Fig. 30b).

This journal is © The Royal Society of Chemistry 2022

Chen et al."*® detailed the photocatalytic activity of SCS-pre-
pared mesoporous W;30,9 (G3) nanoneedles synthesized by
glycine fuel, a WO; (U3) sample produced from urea fuel and
rod-like W;30,40 (UC3) tungsten oxide synthesized from the
mixture of urea and CA as fuels. Among the three samples, G3
and UC3 showed good intrinsic absorption in the UV region
(Fig. 31) due to the oxygen-deficient stoichiometry of W;30,0.
For the oxygen vacancy-rich semiconductors, the absorption of
visible light is explained based on surface plasmon resonance.
Moreover, the samples showed excellent photodegradation
over MB.

Aluminum oxide Al,O; was first synthesized via SCS by Patil
et al. in 1988 using urea as a fuel.>® Later on, SCS-synthesized,
aluminum-based oxides were prepared for photocatalytic
applications.?*® Other metal oxides such as cobalt oxide,**° tin
dioxide,>****!  cerium  oxide,®”'#"**>  and
oxide®***** have also been prepared by the novel SCS method
and have shown some potential as photocatalysts.

zirconium

6.2 Modifications in pristine metal oxide photocatalysts via
the SCS technique

It has been observed that suitable thermodynamic character-
istics (such as appropriate bandgap and position of VB and
CB) do not ensure higher photocatalytic performance. The
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Fig. 31 Optical absorption spectrum of the G3 (glycine), U3 (urea) and
UC3 (urea + CA) samples. This figure has been adapted from ref. 136
with prmission from RSC, copyright 2016.

overall photocatalytic efficiency is seen to depend on surface
reaction kinetics as well as on the complex charge carrier
dynamics. Any discrepancy in these factors may lead to low
photocatalytic efficiency. To explain the charge -carrier
dynamics and reaction kinetics, the three aforementioned
typical steps of photocatalysis can be further divided into the
following steps: (i) absorption of incident light, (ii) creation of
photoinduced electron-hole pairs, (iii) charge carrier transfer
to the active sites on the surface, (iv) charge carrier recombina-
tion on the surface of the photocatalyst, (v) charge carrier
recombination in the bulk, (vi) charge carrier trapping on the
surface through surface redox reactions and (vii) charge carrier
trapping on the surface by co-catalysts. Provided that 7, is
the light absorption efficiency, 7. is charge separation
efficiency, 7¢m is the charge migration and transport efficiency
and 7., is the charge utilization efficiency for surface redox
reactions, the overall incident photoenergy conversion
efficiency 7. can be written as:**’
Ne = Nabs * Hes * Hemt * Heu (16)

This shows that loss in the partial efficiency at any step will
lower the overall photocatalytic efficiency. Considering the
above-mentioned factors, modulation of the photocatalyst by
inducing structural defects is suggested to improve their
photocatalytic performance. The incorporation of defects
under the optimal condition is known to play in photocatalysis
the following major roles:

(1) Tune the bandgap of pristine metal oxide photocatalysis
by imparting a defect state.

(2) Trap charge -carriers and
recombination.

(3) Increase the active sites and enhance the adsorption of
reactants such as pollutant molecules, O,, CO,, etc.

inhibit charge carrier

11834 | Nanoscale, 2022, 14, 11806-11868
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6.2.1 Incorporation of defects. Recent research focus on
defect engineering for the fabrication of highly efficient metal
oxide photocatalysts has produced significant progress in this
topic. All structural defects and irregularities are classified
into four major divisions in accordance with the dimensions:
(i) the zero-dimensional or point defects (such as vacancy
generation or doping), (ii) one-dimensional defects also known
as line defects (such as screw dislocation, edge dislocation),
(iii) two-dimensional defects or planar defects (such as grain
boundaries or twin boundaries), and (iv) three-dimensional
defects (such as voids and lattice disorder). However, in this
review we will discuss only those defects that are widely
reported in SCS synthesized metal oxides.

6.2.2 Incorporation of oxygen vacancies in metal oxide
photocatalysts via the SCS technique. The SCS technique is
known to generate defects such as vacancies, dislocations and
stacking faults in the crystal structure.>*® Vacancies are the
one of the prevalent defects in metal oxide semiconductor
photocatalysts. In particular, oxygen vacancies are referred to
as the invisible friend of oxide electronics®”’ and are widely
employed for the modification of the metal oxide surface for
the rational design of photocatalysts. The introduction of
oxygen vacancies is known to employ the so-called “doping
effect”.>*®** In addition, oxygen vacancies suppress the elec-
tron-hole recombination rate and tune the conductivity of
metal oxides. Moreover, these vacancies facilitate visible light
absorption by creating an extra energy level just below the con-
duction band, thereby narrowing the bandgap of the semi-
conductor photocatalyst.'® However, oxygen vacancies higher
than the optimum value may act as charge carrier recombina-
tion centers and reduce the photocatalytic -efficiency.
Researchers have reported that heat treatment under a hydro-
gen environment is a facile way to introduce oxygen vacancies
in metal oxides. The vacancies are thus introduced by liberat-
ing oxygen from the crystal lattice under a low-oxygen environ-
ment at elevated temperature. Therefore, chemical reduction is
often preferable. In an ideal TiO, crystal, the removal of an
oxygen atom is often accompanied by neighboring atoms so
that the electrostatic balance is maintained in the material. If
the removed oxygen atom is represented by O, V" represents
the corresponding empty site (or oxygen vacancy), V' shows
the empty site formed due to the removal of an oxygen atom
with a localized single electron, [Ti**] shows the exposed
neighbouring Ti*" at the oxygen vacancy and [Ti**] shows the
exposed Ti reduced by excess electrons due to oxygen removal,
the mechanism is described by the following reactions:

. - . 2e”
2Ti*" + 0% — 2[Ti*"] + vt (o} (17)
o
[Ti*"] + e~ — [Ti*"] (18)
V'o+e — Vo (19)
[Ti*T] + Vo — [Ti*T] + V"o (20)

The mechanism shows that when oxygen is removed from
the TiO, crystal it generates V"o, which further generates V'g

This journal is © The Royal Society of Chemistry 2022
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and reduces the exposed neighbouring metals.**>**° Ever
since the first discovery by Chen et al,*® great interest has
been triggered towards the development of oxygen vacancy-
rich black TiO, owing to its IR energy absorbability. Ullattil
et al.>>*> demonstrated a one-pot SCS technique as a successful
method to obtain black anatase (TiO,_,) using titanium butox-
ide and diethylene glycol precursors. The defective anatase was
observed to constitute various oxygen vacancies and Ti*" sites,
which played a decisive role in photocatalytic degradation of
MB under solar light illumination.

Chen et al.'** demonstrated the development of amorphous
carbon-coated tungsten oxide with high defect concentration
via solution combustion synthesis. The synthesis was carried
out by using ammonium paratungstate as tungsten precursor,
ammonium nitrate as reducing agent, and glycine as fuel and
glucose was utilized as the source of carbon. The synthesized
photocatalyst was tested for MB degradation. The authors
reported that the amorphous carbon and defects on the tung-
sten oxide surface synergistically assisted in achieving total
degradation of MB in just 40 min. Karthik et al.*** showed
MWe-assisted synthesis of ZrO, for photocatalytic study of MB
and RB dyes as well as antibacterial studies. The authors
demonstrated that SCS-synthesized ZrO, exhibited dislocation-
rich defects as monitored by PL analysis. In addition, the as-
synthesized ZrO, also exhibited a PL peak at 589 nm due to
intrinsic defects such as oxygen vacancies. The literature
shows that metal and non-metal atom doping are often also
accompanied by generation of oxygen vacancies at the lattice
sites of metal oxides and induce various types of visible light
responses in the parent metal oxide. The effect of metal and
non-metal doping on photocatalytic performance is discussed
in the next section.

6.2.3 Vacancy generation in carbon-supported metal oxide
photocatalysts. Ever since carbon was found to exhibit good
reducibility at high temperatures over 600 °C, researchers have
been trying to combine metal oxides with carbon to introduce
oxygen vacancies. In addition, owing to the excellent MW
absorbability of carbon, MW combustion synthesis provides a
fast and controlled processing route to synthesize vacancy-rich
metal oxide-carbon composites and hybrids. Similarly, Wan
et al.*®* successfully developed oxygen defect-rich metal oxides
(V,05, WO3, TiO,, and Nb,O;) through the MW combustion
technique. Suresh et al.>®® described the synthesis of defect-
rich zirconium oxide supported on activated carbon by MW-
assisted combustion synthesis. The authors reported that the
oxygen vacancy sites, structural defects of ZrO,, and charge
carrier transmission capability of the SCS synthesized catalyst
resulted in enhanced photocatalytic activity towards textile dye
degradation from wastewater. The PL spectra of all activated
carbon-supported ZrO, samples showed emergence of subordi-
nate bands due to fast evaporation, partial oxidation, and
rapid crystallization during MW heating. However, these
bands were absent in the pure ZrO, sample.

6.2.4 Incorporation of pores. It is well established that
defect-induced surfaces such as hierarchical macro and meso
porous structures or core-shell structures assist in efficient

This journal is © The Royal Society of Chemistry 2022
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electron-hole separation and improved light absorption capa-
bility.>*® Such structures enhance the photocatalytic efficiency
through light scattering and multiple reflections within the
pore channels and the interior of cavities of photocatalysts.
Particularly, in photocatalysis often surface defects created
during synthesis significantly affect the photocatalytic per-
formance.*””. The SCS technique has shown an excellent capa-
bility in synthesizing foamy porous structures (Fig. 32) due to
escaping gases during the synthesis'’>?°*2°%2%% and the poss-
ible template role of the organic fuel.'®>**

In addition, the porosity can be controlled by monitoring
the synthesis parameters such as fuel ratio, type of fuel, solu-
tion pH and final calcination temperature. Hao et al.>*® suc-
cessfully employed gel combustion synthesis for the synthesis
of single-phase LaFeO; using urea as fuel. The authors
reported that a low calcination temperature in combustion syn-
thesis results in a highly porous LaFeOj; structure. Three
different samples were prepared by varying the calcination
temperature from 200 °C to 400 °C. However, the highest
porosity was obtained by the sample calcined at 200 °C. The
increase in the calcination temperature resulted in a decrease
in porosity. Moreover, the high porosity assisted in light
absorption and faster photocatalytic reduction of aqueous
chromium(vi) in visible light. Cao et al. also demonstrated the
combustion synthesis of porous hematite nanoparticles of
20 nm average size that are efficient for degradation of MB.
The authors described that the obtained porous structure dis-
played a continuous absorption band in the visible spectrum.
Combustion synthesis is also reported to produce highly
porous honeycomb-like oxide structures for improved photo-
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Fig. 32 SEM image showing incorporation of fine combustion pores in
p-CuZnO-CuO obtained by SCS along with the histogram SEM particle
size distribution. This figure has been adapted from ref. 263 with per-
mission from Elsevier, copyright 2020.
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catalytic activity.”®® Similarly, MW-assisted combustion syn-
thesis has also produced porous structures that are highly
desired in effective photocatalytic performance.”>® Another
way to employ the combustion technique to boost photo-
catalytic activity is the combustion of colloidal solution, so-
called colloidal combustion synthesis.?*® Voskanyan et al.>®’
employed this combustion technique to obtain uniform meso-
porous CeO, with tunable porosity using SiO, colloids.
Colloidal particles assist in confining the combustion reaction
in nano dynamics between the colloids, and also moderate the
combustion reaction. The content of colloidal particles can be
increased or decreased to tailor the porosity of the desired
product. Fig. 33 shows schematics of how the colloidal SCS
technique can be employed to tailor the porosity in metal
oxide semiconductors. Shang et al.>*® obtained ordered meso-
porous Ag/CeO, nanocrystals through the SCS technique and
tuned the porosity by silica template. The silica template intro-
duced many macro and mesopores in the resulting powders.
SiO, has a melting point of 1600-1700 °C, which is generally
higher than the typical SCS temperature. Hence silica resides
in the SCS-derived product which can later be removed
through NaOH solution treatment and leads to pore
formation.

Template-assisted SCS is employed to produce ultra-small
particles (i.e., size below 5 nm). Manukyan et al.>*® synthesized
ultra-small o-Fe,O3; nanoparticles through the SCS method
over a mesoporous silica (SBA-15) template as shown in
Fig. 34. The self-sustained combustion reaction propagates
along the mesoporous template which was impregnated with
iron nitrate, ammonium nitrate and glycine precursor solu-
tion. Finally, the template was removed to obtain a-Fe,O;
nanoparticles. The authors demonstrated that prolonging cal-
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cination from 2 to 6 hours promotes the growth of a-Fe,O;
nanoparticles. However, short-term combustion facilitates the
synthesis of ultra-small nanoparticles.

6.2.5 Role of defects towards inhibition of charge carrier
recombination. After the successful separation of electron-
hole pairs, the other factor reported to limit photocatalytic per-
formance is the charge carrier recombination. The charge car-
riers may recombine in the surface or bulk of the photocatalyst
and become unavailable for redox reactions or even lead to the
photocorrosion of photocatalysts. So far, reducing the prob-
ability of charge carrier recombination is one of the most
important challenges in photocatalysis. Low specific area (and
agglomeration) of catalyst particles is obviously another limit-
ing factor of photocatalytic performance. It is reported to not
only decrease the number of active surface sites but also
inhibit the photocatalytic efficiency by retarding the mass
transfer of reagents. The present literature on photocatalysis
demonstrates that surface-related factors such as surface
adsorption, kinetics of surface reactions, diffusion and charge
carrier kinetics are very important in the rational design and
development of a photocatalyst.>*>>”® The photocatalytic per-
formance of a material depends more on surface defects than
bulk defects. The surface defects serve as traps for the photo-
induced charge carriers and inhibit charge carrier
recombination.

A variety of research has been focused on the key issues
that limit photocatalytic activity. Suitable metal and non-metal
doping, and the formation of composite structures represent
major progress towards the solution of issues limiting the
photocatalytic activity.

6.2.6 Doping with metal atoms in metal oxide photocata-
lysts. Incorporation of a small amount of foreign element into

Exothermic reaction

Cooling

Fig. 33 Step-wise schemetic representation of colloidal SCS of mesoporous CeO, with tailored porosity. This figure has been adapted from ref.

267.
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Fig. 34 Template-assisted SCS of a-Fe,O3 nanoparticles. This figure has been adapted from ref. 269 with permission from ACS, copyright 2014.

the host structure is known as doping. Doping in metal oxides
is a common tool employed to boost the photocatalytic activity.
TiO,, ZnO, CeO,, SnO, and ferrites are the common host
metal oxides,””' and the most widely employed dopants are
transition metals, rare-earth, and alkaline earth metals.
Doping in metal oxides is known to cause changes in the elec-
tronic structure which may lead to modification in the optical
bandgap and electronic properties of the pristine metal
oxides.””> Importantly, structural defects such as oxygen
vacancies induce oxygen vacancy states and assist in decreas-
ing the bandgap, hence boosting visible light absorption of a
photocatalyst.””> Among several transition metals, the first row
of transition metals and d® and d° metals are typically
employed, where 3d orbitals of the dopant transition metal
induce extra electronic energy states between the original
bandgap of the metal oxide. However, a high level of doping
may lead to a decrease in photocatalytic efficiency by introdu-
cing recombination centers that decrease the number of active
charge carriers and make them wunavailable for redox
reactions.

As an example we discuss Cu, which is a first-row transition
metal known to decrease the bandgap of wide bandgap semi-
conductors and hence extend the photoabsorption from the
UV to the visible region. SnO, is known as one of the most
dependable, superior and widely studied semiconductors for
many applications; its bandgap (3.6 eV) restricts activation in
visible light for photocatalytic applications. Babu et al>”*
reported that SCS is a successful method for the fabrication of
Cu-doped SnO, quantum dots series. The bandgap of Cu-
doped SnO, quantum dots showed a gradual decrease up to
2.2 eV whilst facilitating the visible light photocatalysis with
the increase of Cu dopant content.

Mn, another first-row transition metal, is widely reported to
reduce the bandgap of the parent metal oxide. The reduction
in bandgap implies oxygen vacancy formation and the mecha-
nism of charge transfer between the Mn and metal oxide.
Babu et al.>’> showed in another study that the photocatalytic
efficiency of Mn-doped SnO, quantum dots is 17 times higher
than the photocatalytic efficiency of undoped SnO, quantum
dots. The study suggested a decrease in bandgap of SCS-syn-
thesized SnO, quantum dots compared with bulk SnO, (ie.,
3.07 eV and 3.6 €V, respectively). Since the crystallite size of
SnO, quantum dots is nearly equal to the Bohr radius of SnO,

This journal is © The Royal Society of Chemistry 2022

(2.7 nm), the bandgap of SnO, quantum dots should be
increased due to quantum confinement because of the smaller
crystallite size of SnO, quantum dots than that of the bulk
SnO,. However, the defects and higher concentration of
oxygen vacancies caused a significant decrease in the bandgap
energy of SnO, quantum dots.>’® The absorption of SnO, is
gradually red-shifted into the visible region with the addition
of Mn**, as displayed in Fig. 35. The reduction in bandgap
energy with increasing Mn** content could be due to the
charge transfer between SnO, and Mn**
the presence of sp-d exchange interactions between the sp
electrons and localized d electrons of Mn** ions due to substi-
ions. Thereby, increasing the visible light
absorption capability of Mn-doped SnO, through SCS facili-
tates the visible light photocatalysis.

6.2.7 Doping of rare-earth elements. Owing to unique
physical and chemical characteristics, rare-earths including
yttrium, scandium and fourteen elements of the lanthanide
series have attracted huge attention during the last few
decades.?””>”® The rare earths are known for their down-con-
version (i.e., converting high-energy photons into lower-energy

cations. This indicates

tution of Sn*"

(ahv)1?
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Fig. 35 Optical spectra of undoped and Mn-doped SnO, quantum

dots. This figure has been adapted from ref. 275 with permission from
Elsevier, copyright 2018.

Nanoscale, 2022, 14, 11806-11868 | 11837


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02714c

Open Access Article. Published on 15 July 2022. Downloaded on 7/14/2025 10:51:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

photons) and their up-conversion (i.e., ability to emit higher-
energy photons upon excitation by lower-energy photons). The
sharp spectral characteristics of rare earths have made them
popular phosphors. It is well established that rare-earth metal
oxide doping in binary metal oxides results in enhanced
photocatalytic activity by modifying the optical features and
delaying the deactivation time of the parent metal oxide
photocatalyst.>®°2%* Additionally, the 4f electrons of lantha-
nides are reported to configure with the parent metal oxide
and prevent electron-hole recombination.”® The rare earths
occupy the Ti sites in the crystal lattice of the parent TiO, and
lead to the formation of Ti*" and oxygen vacancies.**° The lit-
erature shows that SCS is a promising technique for the syn-
thesis of rare-earth-doped metal oxides for photocatalytic
application.”®* 2% Xiao et al. reported higher photocatalytic
performance of Sm**-doped TiO, prepared by the SCS method.
It was observed that all the Sm**-doped TiO, showed signifi-
cant visible light absorption compared with undoped TiO,.
However, 0.5 mol% Sm®" doping was the most suitable loading
in titania for efficient photocatalytic performance towards MB
due to the maximum content of surface oxygen vacancies.
With the further rise in Sm®" doping the oxygen vacancy
content was reduced, which led to a decreased photocatalytic
performance. A similar observation of enhanced photocatalytic
efficiency of Sm-doped ZnO nanoparticles compared with
undoped ZnO nanoparticles was reported by Faraz et al.>** The
authors demonstrated the SCS technique for obtaining the
undoped ZnO nanoparticles and 1%, 3% and 5% Sm-doped
ZnO nanoparticles using CA monohydrate fuel. All the Sm-
doped ZnO nanoparticles showed higher photoabsorption.
Notably, the Sm doping in ZnO nanoparticles resulted in an
absorption band in the visible region (Fig. 36a) and lower
bandgap (Fig. 36b) than undoped ZnO nanoparticles. The
photocatalytic tests towards Malachite green (MG) degradation
revealed that the optimum doping content of Sm in ZnO is 3%
(Fig. 36c¢).

Ahmad et al.*®*> have reported successful SCS of Eu-doped
ZnO, Tb-doped ZnO and Eu and Tb co-doped ZnO nano-
particles for photocatalytic applications. The photo-
luminescence (PL) characteristics of all the samples showed a
peak at 580 nm. The yellow emission depicts the exciton tran-
sition between the photoaccelerated electrons and charged O
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vacancy in the ZnO valence band. The PL spectra show that
the yellow emission of the Eu and Tb co-doped ZnO is less
than that of undoped ZnO nanoparticles (Fig. 37). This shows
a decrease in electron-hole recombination which ultimately
improves the photocatalytic efficiency.

Rare-earth-doped ternary metal oxides have also been
reported in the literature. Liang et al.>*° described the develop-
ment of a broad spectrum for Bi/BiOBr:Yb,Er/C ternary compo-
site in the photocatalytic degradation of Rhodamine B (RhB),
phenol and imidacloprid under visible, NIR or solar light
exposure. The photocatalysts were produced through one-pot
combustion synthesis utilizing CA as fuel and carbon source,
whilst pure BiOBr was obtained by using urea fuel. The study
demonstrated the successful doping effect of Er’*/Yb*" into
the BiOBr lattice and the spontaneous formation of Bi nano-
particles and carbon species during the synthesis. The UV-
visible-NIR absorption response of the synthesized samples
was observed to increase in the sequence of BiOBr < Bi/BiOBr/
C < Bi/BiOBr:Yb,Er/C. The improved broad range of absor-
bance of Bi/BiOBr:Yb,Er/C was attributed to *F5, — *F,, tran-
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Fig. 37 PL spectra of SCS-synthesized ZnO and ETZ photocatalyst. This
figure has been adapted from ref. 282 with permission from Elsevier,
copyright 2020.
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(a) UV-vis absorbance, (b) bandgap analysis, (c) photocatalytic activity of SCS-synthesized ZnO and Sm-doped ZnO nanostructures. This

figure has been adapted from ref. 283 with permission from RSC, copyright 2018.
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sition of Yb*" and *F,,, — “I;5,, transition of Er’*. Additionally,
the enhanced photocatalytic activity was also ascribed to the
combined effect of surface plasmon resonance effect of metal-
lic Bi, up-conversion transition of Er’" and formation of a
heterojunction.

6.2.8 Doping with non-metal atoms. Besides metal doping,
doping with non-metal elements such as N, C, F, B and S is
reported to reduce the bandgap energy of wide bandgap metal
oxides and thereby facilitating the visible light absorption
photocatalyst.>®*”**® The non-metal atom can exist as an inter-
stitial dopant, or it may replace the oxygen or metal sites in
the parent metal oxide. The 2p orbitals of these non-metal
dopant atoms contribute to the generation of mixed or loca-
lized energy states near the VB edge. The non-metal dopant
acting as an impurity also results in defect generation, which
contributes to modifying the optical characteristics of the
parent metal oxide. Asahi and co-workers®®® were the first to
demonstrate that nitrogen-doped TiO, exhibits visible light
photocatalytic activity towards MB and gaseous acetaldehyde.
First principles and XPS studies showed that nitrogen doping
into substantial sites narrows the bandgap of TiO,, which
allows visible light absorption in nitrogen-doped TiO,.

Typically, among non-metal elements, nitrogen is con-
sidered one of the most important p-type dopants with
additional features of non-toxicity and abundance. Nitrogen
doping replaces a portion of oxygen atoms, which imparts a
new dopant energy level between VB and CB which triggers
new excitations and red-shift in optical absorption. In some
studies, carbon doping displayed more effective photocatalytic
applications.>**?°! Carbon doping in the crystal lattice of
metal oxide is also reported to enhance the visible light activity
of the photocatalyst by imparting an extra energy level between
VB and CB. Sakthivel et al. demonstrated that carbon-doped
TiO, exhibits superior photocatalytic activity to nitrogen-doped
TiO, under visible light.>9>%3

The main technique involved in carbon doping in TiO,
requires sufficient calcination temperature for the carbon to
diffuse into lattice sites. However, in solution combustion syn-
thesis, nitrogen and carbon incorporation is straightforward
because the adopted fuels constitute these elements and the
high combustion temperatures favor the doping of the afore-
mentioned elements at the lattice sites of the metal oxide
crystal.'’> Moreover, in SCS the dopant atoms can remain
within the lattice. Mani et al.>** developed carbon-doped TiO,
using ascorbic acid and CA as fuels. The bandgap of carbon-
doped TiO, obtained by CA (2.8 eV) was less than the bandgap
of carbon-doped TiO, obtained from ascorbic acid (3 eV).
However, both the bandgap values were less than that of com-
mercial TiO,. Xiao et al.>*® investigated the effect of calcination
temperature in the SCS development of carbon-doped TiO,
photocatalysts using a mixture of ethylene glycol and CA fuels.
The study showed that the bandgap energy of the developed
carbon-doped TiO, catalysts became monotonically narrower
with increase in calcination temperature, and the smallest
bandgap was achieved by the sample heat-treated at 600 °C.
The authors deduced that the decrease in bandgap energy of

This journal is © The Royal Society of Chemistry 2022
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carbon-doped TiO, may be due to the presence of Ti** species.
The other reason for visible light photocatalytic activity could
be the presence of the Ti-O-C structure in carbon-doped TiO,
nanocrystals. The presence of Ti’* species may lead to gene-
ration of oxygen vacancy states below the conduction band in
the developed carbon-doped TiO, nanocrystals. Moreover, the
carbon-doped TiO, developed at 600 °C also resulted in gene-
ration of the highest number of "OH radicals per unit surface
area, which are highly important in achieving efficient photo-
catalytic activity. Due to the aforementioned factors the carbon-
doped TiO, developed at 600 °C exhibited the highest photo-
catalytic activity towards MB degradation. In another study, Xiao
et al.**® obtained carbon-doped TiO, by SCS using a mixture of
CA and ethylene glycol fuel. The enhanced visible light photode-
gradation of MB was attributed to the formation of Ti*" species
and oxygen vacancy states in the carbon-doped TiO,.

ZnO is an important direct wide bandgap semiconductor
and exhibits a band edge position similar to that of TiO,,
thereby ZnO is also subjected to similar non-metal doping by
the SCS method. Researchers reported that such modifications
in ZnO also lead to an increase in photocatalytic perform-
ance.”” Zheng et al.**® reported nitrogen doping in ZnO nano-
crystals utilizing urea as the main fuel and source of nitrogen
whereas CA was used to adjust the combustion process and
control the growth of crystallites. The results showed that a
small quantity of CA has excellent coordination with urea in
accelerating nitrogen doping in TiO, and in obtaining perfect
nitrogen-doped ZnO nanocrystals of 30-50 nm size with
uniform colour. In another study, Zhang et al**° reported
in situ carbon doping using urea as carbon source and zinc
acetate as zinc precursor with variable zinc acetate to urea
ratios. Carbon doping resulted in bandgap reduction from
3.19 eV to 2.72 eV. Moreover, a decrease in the electron-hole
recombination rate was observed through weaker PL peak
intensity. These collective features of carbon doping and
oxygen vacancy generation enhanced the photocatalytic per-
formance of carbon-doped ZnO nanostructures towards MB
degradation.

6.2.9 Localized surface plasmon resonance (LSPR) effect
induced via the SCS technique. Another important method to
activate the metal oxide photocatalyst under visible light is
surface plasmon resonance (SPR). SPR is the electromagnetic
quantum phenomenon that occurs when incident light inter-
acts with free electrons at the metal nanoparticle-dielectric
interface. The energy carried by incoming photons is trans-
ferred to the free (itinerant or conduction) electrons of the
metal nanoparticles causing them to collectively excite at a
specific resonance frequency.**® The plasmonic effect in metal
particles arises when their size is reduced to the nano-regime.
Heterostructures of noble metal nanoparticles with metal
oxide semiconductors (such as Ag-SiO,, Ag-TiO,, Au-
Zn0*°'%) have shown strong visible light absorption and
boost the photocatalytic activity of the metal oxide semi-
conductor. However, SPR can also be triggered in metal oxides
by carefully tuning free electron concentration such as by
doping.
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Ansari et al®**® developed pure ZnO and Ag/ZnO nano-
composites via a rapid SCS route using Zn(NOj;),-6H,O and
Ag(NO3),-6H,0 as Zn and Ag precursors and CA fuel. The
nanocomposites were prepared by 1% and 3% Ag doping.
After drying, the precursor gel underwent auto combustion at
100 °C to produce Ag/ZnO nanocomposites. DRS analysis
showed that the absorption of Ag/ZnO nanocomposites was
higher than that of pure ZnO. Additionally, a peak broadening
was observed with increasing concentration of Ag which trig-
gered photocatalytic activity of the developed nanocomposites
in visible light. The 3% Ag/ZnO nanocomposite showed the
highest photocatalytic activity for MB degradation due to the
SPR effect of Ag nanoparticles in the Ag/ZnO nanocomposites.
The effect has also been reported in other SCS-synthesized
metal oxide photocatalysts. Shang et al.>*® demonstrated this
effect over the silica-templated SCS of CeO, and ordered meso-
porous Ag/CeO, nanocrystals. The photocatalytic activity of the
synthesized nanocrystals was investigated for RhB degradation.
The RhB degradation efficiency increased with the rise of Ag
doping content. The authors stated that one of the factors
responsible for improved photocatalytic efficiency of Ag/CeO,
was the SPR effect. The photoinduced electrons are accepted
by Ag/CeO, and the lifetime of charge carriers increases due to
the SPR effect.

6.3 Synthesis of ternary and complex metal oxide
photocatalysts

Among the above-mentioned popular pristine metal oxides,
one major challenge is to improve the photocatalytic efficiency
and to harvest visible light for photodegradation due to the
wide bandgap. Even if the bandgap is in the visible range,
there is room for enhancement of the photocatalytic perform-
ance by limiting the electron-hole recombination rate which
increases in binary low bandgap metal oxides. The literature
shows that the SCS technique is capable of synthesizing
single-phase ternary oxides or complex metal oxides through a
one-pot synthesis.'®® In addition, SCS can be employed to
obtain either nanoparticles (metal nanoparticles or metal
oxide nanoparticles) or nanocomposites just by adjusting the
synthesis parameters.'3:30773%9

It is quite well established that synthesizing suitable mixed
metal oxides may address the grand challenge of harvesting
solar energy. In this view, ternary and quaternary metal oxides
form a new class of functional materials for enhanced and
efficient photocatalytic performance. Some quaternary and
complex metal oxides have also been targeted for the develop-
ment of advanced visible-light-active photocatalysts using solar
light. Studies showed that the SCS method is one of the suc-
cessful methods for producing complex oxides.*****'° Du
et al>"" demonstrated the successful combustion synthesis of
Bi;O,NO; and Ag-decorated BisO,NO; owing to the potential
of Bi-containing oxides in photocatalysis.'®> They showed that
Ag presence plays a vital role in the photocatalytic decompo-
sition of MO. The Ag content of 5% led to 1.5 times higher
photocatalytic activity than undecorated BisO;NO;. Samu
et al®"* discussed the combustion synthesis parameters for
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obtaining pyrochlore phase Bi,Ti,O;,. The authors further
described the bandgap engineering of the material by carefully
adding foreign Fe** or Mn** ions in the precursor solution to
produce M,Bi,_,Ti,O, (where x: 0.01, 0.05, 0.1, 0.25, 0.5 and M
denotes: Fe or Mn). The reactions were observed to be incom-
plete at lower fuel-to-oxidizer ratio, therefore the ratio was
adjusted to 2. A decrease in the bandgap and gradual alloying
with the inclusion of increasing metal ions were observed.
Moreover, the surface area also increased with higher concen-
tration of metal ions. The photocatalytic activity of SCS-syn-
thesized Bi,Ti,O;, was observed to outperform P25 TiO,.
However, despite higher photoabsorption, a lower photo-
catalytic activity was obtained via metal-alloyed photocatalysts.
The authors attributed the decrease in photocatalytic perform-
ance to the electronic properties of the material.

The literature shows that the SCS technique has been a suc-
cessful synthesis technique for the development of binary and
complex ferrites that are extensively explored for photocatalytic
applications."*?*"*7!” Nguyen et al.''* produced magnesium
ferrite nanoparticles via the SCS technique. The developed par-
ticles showed good photocatalytic activity towards MB degra-
dation. Meena et al.>"® demonstrated the successful SCS devel-
opment of sunlight-responsive, single-phase cubic undoped
and Cu-doped manganese ferrite MnFe,O, nanoparticles
using oxalyl dihydrazide (ODH) fuel. The synthesized ferrite
nanoparticles exhibited a spinel structure with spongy, porous
and non-uniform morphology. The DRS studies showed the
smaller bandgap of Cu-doped MnFe,0, than pure MnFe,O0,.
Rabbani et al.®® reported a simple MW SCS of pure BiFeOj
crystalline nanopowders using metal nitrates and CA precur-
sor. The derived powders showed a nearly cubic shape and a
size distribution of 50-150 nm with a bandgap of 2.08 eV.

Tungsten oxide is known as an attractive candidate for
visible light photocatalysis, and efforts have been made to
enhance the visible light absorption by modifying pristine
tungsten oxide. The literature clearly shows evidence that shift-
ing the band edge position will influence the bandgap, the
redox potential of valence and conduction bands of tungsten
oxide and hence its photocatalytic activity. This can be done
by incorporating metal cations into the WO; structure, thereby
modulating the interfacial energetics. Such a modification
may narrow the bandgap of a material without altering the
redox potential of photogenerated charge carriers. Thomas
et al.’® showed successful reaction of Zn, Cu, and Ag with
WO; to form ZnWO,, CuWO, and Ag,WO,, respectively, via the
SCS technique (Fig. 38).

WO; can be crystallized into one of the following structures
upon the addition of a heteroatom: (i) wolframite (in the case
when the divalent cation is smaller, such as Zn and Cu with
ionic radius <0.77 A), and (ii) scheelite (in the case when the
divalent cation is larger). Other possible structures could
contain monovalent cations. Cu and Zn both are likely to form
a monoclinic wolframite crystal structure. W and Zn form octa-
hedral WOg and ZnOg joined by edge sharing.*’® CuwoO,
forms the triclinic P1 crystal structure in such a way that both
W and Cu are neighbored by six oxygen atoms to form octa-

This journal is © The Royal Society of Chemistry 2022
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Fig. 38 Approximate VB and CB edge positions of SCS-synthesized
tungstates along with interfacial energies of WO3 and TiO, shown for
comparison. This figure has been adapted from ref. 137 with pemission
from Wiley, copyright 2015.

hedral WO, and CuQg.>*° The two octahedra are joined by
edge-bridging oxygen atoms. Even though the associated
structure of CuWO, is monoclinic wolframite with P2/c
symmetry,*>"**> the octahedral CuOg exhibits Jahn-Teller dis-
tortion to remove the degeneracy of Cu®" 3d orbitals. This dis-
tortion extends the octahedron which results in the reduction
of symmetry from monoclinic to triclinic.>”> Conversely,
adding Ag, a monovalent cation in the WO; structure facili-
tates a complex structure Ag,WO,. Among the three a, p and
Y-Ag,WO,, y-Ag,WO, is thermodynamically the most stable
phase (belongs to Pn2n orthorhombic symmetry).>** All tung-
sten atoms configure to form octahedral WOs, W,04, and
W30, and are joined by edge sharing. However, in a-Ag,WOy,,
all W atoms are coordinated only to six O atoms, which form
distorted [WOs] clusters with an octahedral configuration, a
symmetry group Oy, and octahedron polyhedra (6 vertices, 8
faces, and 12 edges).*** Reports show that the fabrication of
such materials has been mostly carried out by conventional
methods.?** 28 However, the SCS method turned out to be the
most efficient and convenient method for in situ incorporation
of heteroatoms into pristine tungsten oxide. Many other bi-
metallic oxides** and even Co,_Ni,WO, wolframite-type
mixed oxides®*° have been also prepared by the SCS method.

These studies clearly demonstrate that SCS-synthesized
nanopowders of complex metal oxides can be accomplished
and that they are potential candidates for advanced photo-
catalytic applications.

6.4 Synthesis of nanocomposites for photocatalytic
applications

One of the main challenges in the synthesis of nanocomposites
is the successful integration of two different materials with dis-
tinctive structures to yield unique heterostructures with diverse
functionality. In this context, several varieties of hybrid nano-
structure have been synthesized. SCS is a very successful and
low-cost method for the synthesis of nanocomposites and
hybrid nanomaterials. Furthermore, the combustion synthesis
technique can produce complex composites in one step without
pre and post-treatment steps.*®' On the other hand, besides the

This journal is © The Royal Society of Chemistry 2022
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advantages of making hybrids through combustion synthesis,
one drawback is the appearance of unexpected (or unwanted)
intermediate phases, which can be avoided by optimizing the
synthesis parameters. Making nanocomposites/heterostructures
such as metal oxide-metal oxide nanocomposites,**>** metal
oxide composites with graphene oxide (or other carbon-based
materials) and other complex composites may be very useful in
photocatalysis. Several possible reasons can be considered: (i) it
may facilitate photocatalysis by favouring the electron-hole
migration within a heterostructure by inducing an internal elec-
tric field at the interface of photocatalysts,**” (ii) heterostructure
formation by SCS can make electron-hole pair separation more
efficient, hence generating a greater number of electron-hole
pairs,***?%’ (iii) it can also reduce the electron-hole recombina-
tion rate, (iv) it can prolong the lifetime of charge carriers,**® or
(v) it may enhance the light absorption of the composite, hence
increasing the efficiency of a photocatalyst.

Facilitating charge transfer within a heterojunction is the
one prime advantage of making heterojunctions.'?®?3%33°
Bajiri et al.**® demonstrated that ZnO can be coupled with a
suitable semiconductor to fabricate a direct Z-scheme photo-
catalyst. For this purpose, a CuO/ZnO/g-C;N, heterojunction
was synthesized via the SCS route. In general, two schemes are
proposed for charge migration in a heterostructure when illu-
minated with light: (i) heterostructure approach, and (ii)
Z-scheme approach. When the light is irradiated on the CuO/
ZnO/g-C3N, heterostructure, the electrons from the valence
band of CuO, ZnO and g-C;N, are photoexcited to their con-
duction bands. According to the heterostructure scheme
(Fig. 39a), the photogenerated electrons from both CuO and
g-C3N, transfer to the conduction band of ZnO, hence their
redox potential is decreased. In contrast, the electrons in the
conduction band of ZnO have enough potential (-0.2 V) to
produce super oxides "O,~ (—0.046 V). Since the valence band
of CuO is at a more negative potential than the valence band
of ZnO and g-C3;N,, the photogenerated holes from ZnO and
g-C3N, travel to the valence band of CuO. These holes do not
have enough potential (0.4 V) to produce "OH radicals (1.99 V
vs. NHE at pH 7). On the other hand, according to the
Z-scheme, the photogenerated electrons from the ZnO conduc-
tion band combine with the holes in the valence band of both
CuO and g-C3;N,. Thus, the electrons accumulated in the con-
duction band of CuO and g-C;N, have enough redox potential
(=0.77 or —1.12 V) to generate species. Also, the holes left in
the conduction band of ZnO have adequate potential to gene-
rate "O,” radicals. Therefore, the enhanced photocatalytic
activity of CuO/ZnO/g-C3;N, is explained based on the
Z-scheme approach (Fig. 39a).

Recently, many studies have focused on coupled metal
oxide semiconductors in which two or more different metal
oxides are coupled together to form heterojunctions, owing to
their higher photocatalytic efficiency than single-metal
oxides.****! Upon photoillumination both the metal oxides
excite simultaneously and transfer the electron to the low-lying
CB of one metal oxide, whilst holes shift to the less anodic VB.
This allows efficient electron-hole separation, which plays a
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Fig. 39 Schemetic representation of the charge transfer mechanism in CuO/ZnO/g-C3N,4 (a) Z-scheme, (b) heterojunction approach. This figure
has been adapted from ref. 335 with permission from Elsevier, copyright 2019.

leading role in enhancement of photocatalytic efficiency.***
The literature shows that even if the bandgap is increased
upon making the composite, the photocatalytic performance
of the composite can still be better than that of the pristine
binary metal oxide.***> This can be explained by band bending
at the interface of photocatalysts and formation of an electric
field which can facilitate the charge separation. However, in
the case of wide-bandgap oxides (e.g., ZnO and TiO,), beside
band bending-induced enhancement, their visible light
absorption can also be enhanced when they are coupled with
lower bandgap oxides.

Abbasi et al.”®® developed ZnO and p-CuZnO-CuO via com-
bustion synthesis for photodegradation of textile effluents.
However, a more effective and efficient photodegradation by
the p-CuZnO-CuO composite than pure ZnO was observed
because of the improved photoabsorption of the composite.
The incorporation of CuO with ZnO led to the absorption of
light in the visible spectrum. Additionally, the incorporation of
copper nanoparticles led to the SPR effect (Fig. 40). The devel-
oped nanocomposite also showed a lower recombination rate,
which demonstrates the efficient electron transfer between the
p—n junction and Cu nanoparticles. All the factors collectively
favor enhanced visible light photocatalytic activity.

The increased efficiency of the nanocomposite is also attrib-
uted to the efficient separation of the photogenerated elec-
tron-hole pairs. Manimozhi et al.’>** coupled ZnO with well-
known CeO, to develop a CeO,-ZnO nanocomposite via the
SCS route. The authors proposed that electrons from CeO,
would excite first when the photocatalyst is exposed to a light
source. Since the CB edge positions of CeO, and ZnO lie
closely, this allows efficient separation of photogenerated elec-
trons from the CB of CeO, to CB of ZnO, which results in
improved photocatalytic efficiency of the developed nano-
composite. Singh et al*** suggested an optimum loading of
WO; on TiO, for higher photocatalytic degradation than SCS
synthesized WO; and commercial TiO,. The study demon-
strated the production of the WO;-TiO, composite by loading
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Fig. 40 Optical absorption spectra of p-CuZnO-CuO synthesized at
fuel-to-oxidizer ratio (FR) 1 and 2. This figure has been adapted from ref.
263 with permission from Elsevier, copyright 2020.

SCS-synthesized WO; on commercial TiO, by physical mixing.
According to the experimental findings, the photocatalytic per-
formance varied with the loading of WO; on TiO, and the
highest degradation rate was achieved with the 15 wt% WO;-
TiO, composite for anionic and cationic dyes under UV and
visible light irradiation. Other complex metal oxide-metal
oxide composites like SrFe;,0o-SrTiO;>*> have also been
developed by the SCS technique for photocatalytic
applications.

Several reports show that CeO,-TiO, heterojunctions are
efficient for photocatalytic applications. However, the visible
photocatalytic activity can be further enhanced by modifying
this heterojunction with metal or non-metal atoms by increas-
ing the electron-hole separation and by extending the energy
range of photoexcitation.**®**” Basha et al>*® reported the
influence of phosphorous doping in CeO,-TiO, during SCS. It
was observed that the absorption edge of P-CeO,-TiO, showed
a gradual red shift with increase in synthesis temperature from

This journal is © The Royal Society of Chemistry 2022
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400 to 600 °C, hence decreasing the bandgap value from 2.98
to 2.93 eV. Another study by Sha et al.**® showed a gradual
decrease in the bandgap energy of SCS-synthesized CeO,-TiO,
modified with Ni and P. The bandgap energies calculated from
Kubelka-Munk plots for CeO,-TiO,, Ni-P/TiO,, Ni-P/CeO, and
Ni-P/Ce0,-TiO, were 3.05, 2.75, 2.70 and 2.40 eV, respectively,
as shown in Fig. 41. The improved photocatalytic efficiency of
Ni-P/CeO,-TiO, compared with the other samples is also
attributed to its lowest charge transfer resistance and highest
surface area. The impedance studies showed the smallest
semicircle Ni-P/CeO,-TiO,, hence depicting the lowest charge
transfer resistance of Ni-P/CeO,-TiO, (calculated through the
arc at the low-frequency region in Nyquist plots®*).
Construction of p-n heterojunctions has also been dis-
cussed in the literature for efficient photocatalytic
activity.>****' Bhange et al.**' demonstrated TiO, heterojunc-
tion formation with p-type metal oxides such as Bi,O; via the
SCS method to form Bi,O;/TiO,. The authors found that the
type of fuel and its concentration influence the synthesis of
this heterojunction material. The study revealed that when the
SCS process was fueled by urea, only cubic Bi,O; was the crys-
talline product whilst TiO, remained amorphous. However,
the phase and composition of the final product was influenced
by varying the glycine fuel concentration. When glycine was
used in a 1:1 metal-to-fuel ratio Bi,Ti;O;, was obtained. A
mixed phase of Bi Ti;O;, and f-Bi,O; was obtained when
glycine concentration was doubled. A further increase in the
concentration of glycine suppressed the formation of the
Bi,Tiz0,, phase whilst a-Bi,Os, $-Bi,O; and TiO, were the
main phases in the final product. An enhanced photocatalytic
activity showed the mixed phase Bi,Ti;O,,-f-Bi,O; for MB
degradation as well as for H, production via water splitting.
The authors attributed the increase in the photocatalytic
activity to the formation of the Bi Ti;0;,-p-Bi,O3 p-n junction
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Fig. 41 Bandgap energies of (a) CeO,-TiO,, (b) Ni—P-decorated TiO,,
(c) Ni—P-decorated and (d) Ni—P-decorated CeO,-TiO,. This figure has

been adapted from ref. 346 with permission from Elsevier, copyright
2020.
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which resulted in lowering of the recombination rate of photo-
generated electron-hole pairs.

The band alignment in ternary metal oxide-metal oxide
nanocomposite photosystems promotes migration of electrons
by facilitating double type-Il nature excitations.**> Bhoi
et al.**® demonstrated the single-step synthesis of a ternary
Fe,TiOs/a-Fe,03/TiO, nanocomposite by the SCS process using
different fuels including urea, glycine and hexamethyl-
enetetramine at a fuel to oxidizer ratio of 1 and calcination
temperature of 700 °C. The authors demonstrated the impor-
tance and influence of the type of fuel employed during SCS.
They found that the final product was pure pseudo brookite
Fe,TiO5 for urea fuel. However, under similar operating con-
ditions, an Fe,TiOs/a-Fe,03/TiO, ternary nanocomposite was
obtained when the precursor solution was fueled by glycine or
hexamethylenetetramine. The authors suggested a double
type-II migration of charge carriers upon photoillumination.
Therefore, the Fe,TiOs/a-Fe,03/TiO, ternary nanocomposite
showed improved photocatalytic activity compared with pure
Fe,TiO5 due to enhanced visible light absorption and effective
charge transfer.

6.5. Synthesis of carbon-based metal oxide composites for
photocatalytic applications

Several studies have shown that the photocatalytic activity of
pristine metal oxides such as TiO, and ZnO can be increased
significantly when they are supported on activated
carbon.?”?33%4:355 Thijg gection briefly describes the SCS of
graphene-based MO composites and their photocatalytic
performances.

Graphene is a single sheet of graphite, and is nearly an
ideal 2D material with a remarkably high theoretical surface
area of 2630 m” g~ " and high electrical conductivity. Its highly
conductive robust structure, high porosity, and chemical stabi-
lity often facilitate charge transfer and redox
reactions.?"**3%3°% Besides, carbon-based materials generally
possess a high specific surface area which can enhance the
adsorption of contaminants on the photocatalysts. One way to
utilize the extraordinary properties of graphene is to anchor
graphene in composite materials. In graphene-based metal
oxide photocatalysts, graphene behaves as a functional com-
ponent or a substrate for immobilizing the other components.
Recently graphene-based metal oxide nanocomposites have
attracted considerable attention in the field of photocatalysis.
When a metal oxide is coupled with graphene, the photogene-
rated electrons or holes in the metal oxide can efficiently trans-
fer to the surface of grapheme, hence suppressing the prob-
ability of electron-hole recombination. These charge carriers
can directly degrade the previously adsorbed contaminants on
the graphene and/or produce reactive species such as hydroxyl
or superoxide radicals.

Wang et al''” evaluated the photocurrent transient
response and charge transfer of an SCS-synthesized graphene/
ZnO nanocomposite and ZnO nanoparticles. A higher photo-
current was obtained by the graphene/ZnO nanocomposite,
suggesting significantly improved charge separation and
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efficient migration of charge carriers through the graphene/
ZnO nanocomposite compared with pure ZnO nanoparticles.
Nyquist plots obtained by electrochemical impedance spec-
troscopy also showed the smaller semicircle of the graphene/
ZnO nanocomposite than ZnO nanoparticles. This indicates a
more efficient migration of charge carriers through the gra-
phene/ZnO nanocomposite than pure ZnO nanoparticles.
Moreover, the study also suggested the formation of pores and
defects on the surface of graphene during SCS. In addition,
the UV-vis diffuse reflectance spectra revealed the absorption
edge of the graphene/ZnO nanocomposite with significant red-
shift compared with pure ZnO nanoparticles, hence boosting
the photocatalytic performance. SCS is also used to produce
metal oxide composites with reduced graphene oxide. Many
researchers have reported graphene oxide-based metal oxide
composites for enhanced photocatalytic activity. The graphene
oxide sheet is also a potential candidate for supporting nano-
particles in liquid phase due to its hydrophilic nature in con-
junction with the oxygen-containing functional groups present
on its surface.

Gao et al.'*® employed the combination of graphene oxide
with TiO, synthesized by the SCS method in the photocatalytic
degradation of MO. The SCS technique was carried out using
urea fuel at different furnace temperatures (300, 350, 400 and
450 °C). The reaction led to the successful synthesis of TiO,
and to the partial reduction and nitridation of GO simul-
taneously by controlling combustion temperature. The sample
prepared at 350 °C showed the highest photodegradation per-
formance compared with the bare TiO,. The higher photo-
catalytic activity of the GO-TiO, hybrid was attributed to active
photogenerated charge transfer from TiO, to partially reduced
graphene oxide as confirmed by PL quenching of GO-contain-
ing TiO,. The same group later demonstrated a more facile
one-pot MW combustion synthesis of graphene oxide-TiO,
hybrids by following the same procedure for gel preparation,
however the heat source was MW irradiation.”®> The MW-
assisted combustion synthesis of GO-TiO, hybrids was faster
than conventional combustion synthesis. The precursor gel
was irradiated for 20 min under 700 W power MWs which
resulted in partial reduction of GO, and at the same time nitro-
gen doping of TiO, and graphene was achieved. Moreover, the
MW-assisted combustion-synthesized GO-TiO, hybrid also
showed higher photocatalytic activity towards MO degradation
in comparison with bare TiO,. The PL analysis showed signifi-
cant quenching with increasing GO content, suggesting
efficient transfer of photoinduced electrons to GO and
effective inhibition of charge carrier recombination, leading to
more efficient photocatalytic activity of GO-TiO, as compared
with bare TiO,.

Kalantari Bolaghi et al.**® reported that if the zinc nitrate,
graphene oxide, glycine and CA mixture is combusted in a
closed system, this would result in in situ reduction of gra-
phene to produce a ZnO/RGO composite. The bandgap energy
of as-synthesized ZnO/RGO was smaller than that of pristine
ZnO nanoparticles, resulting in enhancement in photocatalytic
performance for MB degradation. SCS-synthesized graphene
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composites with metal oxides such as TiO,,'**> NiFe,0, **° and
other complex composites such as graphene-CuFe,0,~Zn0**°
are also reported in the literature for photocatalytic
applications.

This section has highlighted the fascinating strategies and
possibilities for modifying metal oxides through SCS, includ-
ing the development of porous structures, utilization of
dopants, and synthesis of ternary, complex and composite
structures to improve their photocatalytic performances. A par-
ticular focus was given to the charge carrier separation and
enhancement of optical properties of metal oxides produced
by the SCS technique to gain further insight into the different
approaches employed for efficient harvesting of solar light.

7. Safety considerations for the SCS
technique

We have previously discussed that the SCS process involves a
sequence of steps that can be combined in two major stages:
(i) the solution mixing process (including the gelation process)
and (ii) the combustion reaction. The solution mixing and the
gel formation processes are relatively safe and do not require a
high supply of energy. The second step, on the other hand,
needs a small input of energy to achieve the ignition tempera-
ture of the redox mixture followed by the combustion reaction
that may be highly intense, resulting in self-sustained high
flame which rapidly propagates through the reactants. Fig. 42
shows the extent of exothermicity of the combustion reaction,

Average exothermic reaction

Highly exothermic reaction

Fig. 42 Flame generation upon SCS inside a furnace. This figure has
been adapted from ref. 361 with permission from Springer Nature, copy-
right 2014.
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and the uncontrolled combustion reaction yields serious con-
tamination issues by spreading the powdered and gaseous pro-
ducts from the reaction vessel into the environment. Moreover,
besides the energetic reaction and potential environmental
consequences, the sudden intensity of the experiment may
also be dangerous for the experimenter, especially when
material production is in large quantities. In this regard,
special care must be taken for the identification of risk factors
in the SCS process and essential safety measures that must be
taken to prevent unfavorable and unforeseen circumstances.

(i) Type of fuel: It should be kept in mind that fuel plays a
prime role in combustion synthesis. The nature of the fuel
determines the intensity of the process. A variety of fuels have
been investigated in the SCS technique, including glycine,

Fig. 43

View Article Online

Review

hydrazine, urea/thiourea, CA, furfuryl alcohol, and carbo-
hydrates among many other fuels. These fuels differ in heat of
combustion, for example the heat of combustion of glycine is
—975 kJ mol™, and for urea it is —632 kJ mol™";*** the com-
bustion flame also depends upon the nature of the fuel.
However, the nitrogen-containing fuels produce harmful gases
during the SCS process. Moreover, nitrogen-containing fuels
result in a more vigorous combustion reaction than carbo-
hydrate fuels'®® owing to the higher exothermicity of nitrogen-
containing fuel. Among nitrogen-containing fuels hydrazine,
for instance, is toxic and results in a relatively violent reaction.
Fig. 43(a-1) show the timed images of the violent SCS process
carried out over a hot plate and fueled by carbohydrazide. The
reaction was recorded for a period of 8 s; the ignition started

(a) Timed images of SCS preparation of CaBg fueled by carbohydrazide; (a), (b) and (c) show ignition of the SCS mixture, (d), (e), (f) and (g)

show the propagation of combustion, and (h), (i), (j), (k) and () show the cooling down process after intense combustion. This figure has been
adapted from ref. 363 with permission from Taylor & Francis, copyright 2020.

This journal is © The Royal Society of Chemistry 2022
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at 5 s and lasted for approximately 2 s. Hence, safety precau-
tions must be taken while employing carbohydrazide and
nitrogen-containing fuels in general in SCS.

(if) Fuel-to-oxidizer ratio: The oxidizer and the fuel are
essential components of the redox mixture, which produces a
complete combustion reaction, i.e. without requiring oxygen,
when both the valences and the moles of the fuel and oxidizer
are properly balanced.””*®’ Hence, the combination of stoi-
chiometry and valence values to have a fuel-to-oxidizer ratio of
the unit (ie., equivalence) is recommended for a complete
combustion reaction. The principles of propulsion chemistry
state that the maximum temperature during the combustion
reaction can be obtained at @ ratio of 1. However, for a vigor-
ous combustion reaction at @ = 1, mixed fuel is sometimes rec-
ommended to lower the intensity of combustion and hence
the risk of a potential violent combustion reaction. The adia-
batic temperature of the flame and duration of flame emitted
upon ignition during SCS increase with the rise in fuel
concentration.'®*%” In addition, extreme fuel excess synthesis
is usually not recommended owing to the excess release of CO
and NO, content.'”%?%** The combustion temperature can be
decreased by employing fuel-lean conditions due to dilution of
fuel content in excess oxidizer.**> Driving the combustion reac-
tion under fuel-lean conditions also favors lowering of CO and
NO, emission, hence enhancing the greenness of the SCS
technique.

(iif) pH of the precursor mixture: Several studies have
clearly shown that the combustion intensity depends upon the
pH of the precursor mixture.'>?%® The pH values close to 7
and below help to drive a safe and controlled combustion
process, whereas higher pH of the precursor solution can
influence not only the rate of combustion but also the poten-
tial fuel-metal interaction and precipitation of the metal pre-
cursors. In fact, the higher pH value results in rapid decompo-
sition of the metal precursor and the formation of desegre-
gated powders.”®” Therefore, the pH is also an important
metric that needs to be considered to minimize the risk of
energetic redox mixture during the combustion process.

(iv) Material of the combustion reactor: Interestingly, the
material of the combustion reactor also significantly influ-
ences the combustion intensity. Combustion beakers having
higher heat capacity are recommended for safe reaction.
Deganello et al.'®® compared the SCS in three different com-
bustion reactors made of Pyrex glass, sintered alumina and
stainless steel. The results and observations showed that the
reaction taking place in the stainless steel reactor displayed
the lowest intensity of combustion, whereas the alumina
reactor showed the highest intensity of combustion reaction.
The authors demonstrated that this trend is due to different
heat capacity and heat loss of the three materials. Therefore,
the choice of an appropriate combustion reactor/beaker for
SCS should be kept in mind for safety purposes.

(v) Design of the equipment: Most of the SCS of nanopow-
ders uses relatively simple equipment and does not require
special equipment. However, special equipment can also be
used for the SCS technique.>*®*% In general, while employing

11846 | Nanoscale, 2022, 14, 1806-11868

View Article Online

Nanoscale

the SCS technique special attention should be paid to the
design of the combustion reactor, such that it contains a
sufficiently wide opening for safe ventilation of the gaseous
products that evolve during the combustion reaction. SCS
should be carried out in a large-volume beaker which can
provide enough space to accommodate the large-volume
product that usually accompanies. Larger volume of product
should be expected in a fuel-rich condition which leads to the
formation of a spongy and porous network due to the evol-
ution of a large volume of gases. Studies showed that even
with a very calm combustion reaction taking place at low fuel-
to-oxidizer ratio, only 80% of the product is obtained and the
rest is lost to the environment with evolving gases. Powder loss
can be minimized by placing a protective mesh over the reac-
tion vessel, or by using special combustion equipment.'*¢7°
For a violent combustion reaction, the loss of the product is
inevitable; however, in general a violent combustion synthesis
is not recommended.

The basic purpose of this section is to make the reader fam-
iliar with the safety protocols of the SCS of nanostructured
materials. The experimenter must consider the safety guide-
lines particularly during the combustion stage in which a large
amount of heat - sometimes reflected in the generation of a
flame - is produced when a large amount of nanopowder is to
be synthesized. For this purpose, synthesis parameters and
choice of equipment are important. The combustion vessel
(beaker) should be large enough to accommodate a large
volume of spongy products. The combustion reaction could be
robust with a large amount of evolving gases, hence wide
opening of the chamber is recommended to ensure proper
ventilation. In general, low pH values and fuel-lean conditions

g ® Ratio
' 7 @nd pH
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Temperature,
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Fig. 44 Influence of SCS parameters on derived photocatalysts.
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Table 2 Effect of SCS metrics on structural parameters of metal oxide photocatalysts and their photocatalytic activity

Photocatalytic conditions (light source and

Material Synthesis conditions pollutant) Remarks Ref.
Bi,O; Bi(NO;);-5H,0 + urea (or hydrazine) UV light source. 0.1 g of product was added to  Urea produced Bi,O3 with 0.14-10 pm particle 192
50 mL 5 ppm of RhB size, 13 m* g~ ' surface area and 2.73 eV

bandgap whilst hydrazine synthesized Bi,O;
with 0.5-37.5 pm, 9 m* g~ " and 2.74 eV

Urea and hydrazine produced monoclinic The photocatalytic degradation of RhB on urea
o-Bi, 03 synthesized Bi,O; was 12% higher than that
from Bi,O; synthesized with hydrazine
CaMoO, Ca(NO3),-4H,0, molybdenum metal powder UV light source. An aqueous suspension The SCS product showed crystallite size 16 nm 187
and CA (fuel) to oxidizer ratio 1:5. The (100 mL) containing 10 ppm methylene blue (particle size 15-30 nm) and 45.4 m* g~" at
samples were prepared at three different temp- and 0.15 g of product. 400 °C. Surface area strongly decreased with
eratures (i.e., 400 °C, 500 °C and 600 °C) increasing calcination temperature

Crystallinity improved with increase in
calcination temperature

Highest degradation was achieved by sample
calcined at 400 °C, the degradation efficiency
decreased with the increase in calcination

temperature
ZnO Zn(NO;),-6H,0, the samples were prepared at UV light source (8 W). 100 ml of 15 mg 1™ dye  All the synthesized samples showed single- 184
different CTAB to oxidizer ratios (®): 0.5, 0.75, solution was photodegraded in the presence of phase ZnO with no impurity peaks
1,15 0.1 g of ZnO product The samples prepared at @ = 0.5 showed

crystallite size of 31 + 2 nm, 21 m* g~ " surface
area, 2.99 eV bandgap; @ = 0.75 leads to 23 +

1 nm crystallite size, 28 + 1 m> g™* surface area,
and 3.06 eV bandgap; @ =1 leads to 23 + 1 nm
crystallite size, 35 m* g~" surface area, and 3.11
eV bandgap; whilst the sample synthesized at @
=1.5 produced 20 + 1 nm crystallite size, 33 +

2 m? g~ surface area, and 3.13 eV bandgap
Highest photocatalytic activity for MB
degradation was achieved by sample prepared
at @ = 1.5, the activity decreased with decrease

in @ value
ZnO Zn(NO;),-6H,0 with urea fuel at four different UV source (850 W). Catalyst dosage: 2 g L™"; Keeping the calcination temperature at 400 °C, 204
@ values: 0.6, 1, 1.8, 5.4; the samples were pre- orange-G dye solution: (500 mL) of 50 mg L™"  the intensity of XRD peaks decreased with the
pared at three different temperatures (i.e., increase in @ value. Moreover, no structural
400 °C, 500 °C and 600 °C) peaks observed for the sample with @ = 5.4

calcined at 400 °C indicating that the provided
temperature is not sufficient for combustion
With @ = 5.4 and & = 0.6, the increase in
calcination temperature improved crystallinity
of the ZnO nanopowder

The study demonstrate that the sample
synthesized at @ = 1.8 at 400 °C showed highest
photocatalytic activity towards orange-G
degradation

For the samples prepared with excess fuel (® =
5.4) and fuel-lean (@ = 0.6) conditions, 500 °C
was suitable calcination temperature in order
to get improved photocatalytic activity

Bi,03/TiO,, Bi(NOj3);-5H,0, Ti[OCH(CHj;),], with two Visible light mercury vapor lamp (400 W). For ~ The samples prepared by urea showed Bi,O5 351
Bi,Ti;0,, different fuels (urea and glycine) at three photocatalytic water splitting: 0.1 g catalyst was with cubic structure and TiO, remains as an
different Bi:Ti: fuel ratios i.e. 1:1:2,1:1:4  dispersed in 100 mL aqueous solution amorphous phase. Whilst employing glycine
and 1:1:6. All the samples were calcined at  containing 25 mL methanol. For photocatalytic fuel with the ratio 1: 1:2 indicates the for-
450 °C degradation test: 50 mg of photocatalyst mation of Bi,TizO;, type oxide phase
sample was dispersed in 200 mL of 10 ppm By increasing glycine concentration to 1:1:4,
aqueous MB dye solution Bi,Tiz;0,, phase decreased whilst -Bi,O;

appeared. With further increase in glycine con-
centration to 1:1: 6 Bi,Ti;O, phase dis-
appeared and peaks of $-Bi,0;, a-Bi,O3, and
TiO, appeared

SEM showed well-distributed particles with an
average size of 0.2-0.5 pm for all samples

The samples prepared with urea at Bi: Ti : fuel
ratios 1:1:2,1:1:4,1:1:6 showed a bandgap
of 2.98 eV, 2.99 eV and 2.96 eV, respectively
Whilst the samples fuelled by glycine at
Bi:Ti:fuelratio1:1:2,1:1:4and 1:1:6
revealed bandgap of 2.9 eV, 2.4 eV and 2.75 eV,
respectively

The sample prepared via glycine fuel at a ratio
of 1:1:4 showed higher photocatalytic activity
for both photocatalytic H, production and for
MB degradation
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Material Synthesis conditions

Photocatalytic conditions (light source and
pollutant)

Remarks Ref.

BiFeO,

urea); (v) GCTAB (glycine + CTAB). All the
samples were calcined at 600 °C

ZnO

the samples were calcined at 250 °C

BivO, Two vanadium precursors were used in

combination with a bismuth precursor: (i) Bi
(NO,);-5H,0 + VCI, or (ii) Bi(NO,)y5H,0 +

VOSO, and also with three different fuels

(urea, glycine, and CA) at @ = 1. The experi-
ments were performed by setting the furnace

Bi(NO;);-5H,0; Fe(NO,);-9H,0 with the follow-
ing fuels and their combinations at & = 1. (i)
Urea; (ii) glycine; (iii) CTAB; (iv) GU (glycine +

Zn(NO;), with mixture of CA and DTAB fuels
at four different @ values: 0.5, 0.75, 1, 1.5. All

Photodegradation of MB was evaluated in the
presence of the as-calcined BFO powders under
visible light radiation (two 100 W xenon lamps
with a cutoff ultraviolet filter (A = 420 nm)).

100 mL of MB solution (15 mg L™") was
degraded by 0.1 g of BFO catalyst in the pres-
ence of 0.1 mL H,0, (30%)

UV source (8 W). MB concentration: 15 ppm
catalyst dosage: 0.1 g per 100 ml

Tungsten-halogen lamp (450 W). The
photocatalytic assessment was made such that
the UV portion of the lamp output was filtered
out. An aqueous suspension of 250 ml of 50 pM
methyl orange solution and the photocatalyst
(dose: 2 g L") was prepared for photocatalytic

temperature at 150 °C for combustion followed test

by annealing at 600 °C

11848 | Nanoscale, 2022, 14, 11806-11868

Sample combusted with urea fuel was 164
amorphous because of lower decomposition
temperature of urea. However, after calcination
100% BiFeO; phase was obtained. Mixed
phases of BiFeO; and Biy,Fe,034 were obtained
though combustion of CTAB and GCTAB fuels.
The as-combusted powders obtained by glycine
and GU fuels contained mixed phases of
BiFeO; and Bi,Fe,O,. The post calcination of all
the samples resulted in BiFeO; as a major
phase

The average crystallite size of the samples
prepared by urea, glycine, CTAB, glycine + urea,
glycine + CTAB were 62 nm, 54 nm, 46 nm,

39 nm, 41 nm respectively whilst their
bandgaps were calculated as 1.93 eV, 1.88 eV,
2.06 eV, 2.12 €V, 2.17 eV, respectively

The highest photodegradation rate of MB
under visible light irradiation was achieved in
the presence of BiFeO; powders prepared by
urea fuel alone in 100 min. This is attributed to
their highest purity and crystallinity. The
samples obtained by CTAB and GCTAB showed
equivalent photocatalytic activity. However, the
sample prepared by glycine fuel showed
minimum photocatalytic activity

XRD analysis revealed the formation of high- 379
purity ZnO samples at all fuel-to-oxidizer ratios
with no additional peaks

The average crystallite size, surface area and
bandgap of the sample prepared at @ = 1 was
15 nm, 205 m* g%, 3.16 eV, whilst for the
sample synthesized at @ = 1.5 was 9 nm,

371 m> g™, 3.17 eV, respectively. This last
sample showed maximum adsorption capacity
for MB however, the maximum photodegrada-
tion was obtained by & = 1. This was attributed
to larger bandgap and low light absorption
capacity of sample with @ = 1.5

All the SCS produced samples were well 380
matched with the reference sample. Some
traces of V,05 were observed employing VCl,
precursor

All the SCS-synthesized sample size ranges were
in nano regime with the average crystallite size
of ~34 nm whereas average particle size was
~94 nm. The specific surface area of samples
obtained by precursor combination VCl,
showed lower surface area employed by all the
three fuels than precursor combination with
VOSO,. The range of surface area was given
from 0.3 m? g~* to 1.35 m? g~* whilst for the
commercial BivO, was 0.45 m” g~*

The bandgaps of BiVO, obtained by VCl; pre-
cursor with urea, glycine, and CA were reported
as 2.17 eV, 2.22 eV and 2.23 eV, respectively,
whilst the bandgaps of BiVO, obtained by
employing VOSO, precursor were calculated as
2.34 eV, 2.39 eV and 2.44 eV, respectively. The
authors reported the bandgap of commercial
BiVO, as 2.36 eV, which is higher than the
bandgaps of BiVO, obtained by VCI; precursor
at all fuel conditions

Higher photocatalytic activity for MO
degradation was observed by all the samples
obtained by precursor combination (i) than the
samples obtained by precursor combination
(ii). The samples prepared by CA fuel showed
highest photocatalytic activity in both precursor
combinations

All the SCS-synthesized samples showed higher
photocatalytic activity than commercial sample

This journal is © The Royal Society of Chemistry 2022
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Material Synthesis conditions

Photocatalytic conditions (light source and
pollutant)

Remarks Ref.

TiO,
urea, and oxalydihydrazide (ODH). All the

experiments were performed at three different

fuel concentrations, i.e. fuel-lean, 1:1 and

fuel-rich conditions. The furnace temperature

was maintained at 450 °C

MoO,

ratios 0.25, 0.5, 0.75, 1 and 1.25

Ultra-
porous
a-MoO;

The synthesis was carried out using two
different molybdenum precursors. (i)

[TiO(NO3),] with three different fuels glycine,

(NH,4)sMo0,0,, with NH,NO; as oxidizer and
glycine fuel at five different fuel to oxidizer

Molybdenum metal powder; (ii) AHM. The

Mercury vapor lamp UV source (125 W).

100 mL of 10 ppm of MB solution was prepared
with 25 mg of the catalyst. The H, production
from methanol was carried out with 50 mg of
the catalysts

300 W Xe lamp light source. The suspension
was illuminated with a cut off filter (<420 nm)
and an irradiation intensity of 100 mW ecm™2.
MO, MB, RhB and phenol. Catalyst loading:
0.1 g. Dye concentration: 50 mL of 40 mg L™".

Phenol concentration: 20 mg L™"

UV light (120 W high-pressure mercury lamp).
250 mL of a 75 mg L' MB solution and
100 mg of product dosage was used for photo-

sucrose was employed as fuel with a @ value of catalytic tests

1:1 for both routes. The synthesis was carried

out at 470 °C in air

This journal is © The Royal Society of Chemistry 2022

TiO, fueled by glycine during SCS crystallized 228
in almost pure anatase phase in all the three
conditions ie., fuel-lean, rich and stoichio-
metric ratios. The samples synthesized by urea
fuel crystallized in mixed phase (anatase and
rutile). The ratio of anatase and rutile phase
was not affected by urea concentration. The
samples synthesized by ODH also crystallized
into mixed phase (anatase and rutile).
Importantly, varying ODH concentration pro-
duced range of anatase to rutile mixture

The TiO, fuelled by glycine showed smaller par-
ticle size at all fuel conditions. The reported
bandgap of TiO, fuelled by glycine at fuel-lean,
1:1 and fuel-rich condition was 3.46 eV, 3.53
eV and 3.47 eV, respectively

The type of the fuel was critical in controlling
the photocatalytic performance towards MB
degradation and H, production

The TiO, prepared by urea and ODH fuel out-
performed the TiO, prepared by glycine. This
was attributed to the formation of mixed phase
by urea and ODH fuels. However, for H, pro-
duction, the pure TiO, synthesized by glycine
fuel outperformed the mixed-phase TiO,
powders

The different @ values lead to different 178
products. Diammonium tetramolybdate
(NH,4);M0,0;3 was produced at & = 0.25, ¢ =
0.5 produced monoclinic MoO,, @ = 0.75
showed poorly crystalline MoO, whilst @ values
of 1 and 1.25 produced amorphous structures
@ =0.25 lead to larger and irregular-shaped
particles of (NH,),M04043, @ = 0.5 produced
MoO, with foam-like morphology consisting of
20-30 nm particles, with large surface area of
122.68 m> ¢~ and mesopores of 3.5 to 5.5 nm
range. The bandgap of as-synthesized MoO,
was calculated as 2 eV

@ = 0.75 produced foam-like structure
consisting of more fine particles embedded in
amorphous sheets

Increasing @ value to 1 lead to the formation of
only foam-like amorphous phase with no
significant particles

Whilst @ = 1.25 lead to the formation of only
foam-like amorphous phase with no significant
particles

The as-synthesized MoO, showed excellent
visible light activity towards several typical
organic pollutants (MB, MO, RhB) from water
The samples synthesized by both routes 381
showed highly crystalline a-MoO3. The PXRD
showed peak broadening in sample prepared
by molybdenum metal powder indicates
smaller crystallite size

The sample prepared by molybdenum metal
powder consist of macropores with fine
particles of average size 6 nm

Whereas the sample AHM was quite
agglomerated with average particle size of
50-100 nm

The sample prepared by molybdenum metal
powder outperformed the sample AHM towards
photocatalytic degradation of MB owing to its
smaller size distribution

Nanoscale, 2022, 14, 1806-11868 | 11849
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Photocatalytic conditions (light source and
Material Synthesis conditions pollutant) Remarks Ref.
TiO, TiO(NO3),; the sample was prepared employ- UV light and solar light conditions. 100 ppm All the samples crystallized into TiO, anatase 230

ing three different fuels (i) glycine (ii) HMT
(iii) ODH. The @ value was adjusted to 1: 1 in
all experiments

loading

and the utilization of eco-friendly carbohydrate fuels lead to a
weak and safe reaction.

8. Relationship between SCS
parameters and photocatalytic
performance

The kinetics of the SCS process is complex and not completely
understood, with the major challenges of agglomeration, the
presence of carbonaceous impurities and difficult control over
the morphology of the solid product. However, to obtain the
optimum materials for a specific application, one can deal
with the synthesis parameters of the SCS process. A good
guideline to modulate the properties of the SCS-synthesized
product is given in this comprehensive review. Our study
demonstrates that the SCS technique is an excellent synthesis
method to overcome major challenges in the development of
advanced binary, ternary and complex solid materials. It is a
promising technique for the synthesis of highly crystalline pro-
ducts with suitable phases, nanoparticle range, large surface
area and highly modulated bandgap for photocatalytic appli-
cations. In addition, the SCS technique is a promising tech-
nique for producing porous materials with and without any
template. By varying the synthesis conditions, the SCS tech-
nique may also be advantageous to produce mesoporous nano-
structures for optimum photocatalytic applications. Fig. 44 dis-
plays a schematic representation of a one-pot combustion tech-
nique for the synthesis of binary, doped and complex metal
oxides as well as heterostructures by fine adjustment of the
synthesis parameters.

1850 | Nanoscale, 2022, 14, 1806-11868

MB with 1 kg m™ (100 mg per 100 mL) catalyst

phase
The crystallite size, particle size, surface area
and bandgap of TiO, prepared by glycine fuel

were reported as = 6 nm, 6-8 nm, 246 m”> g~ ",

and 2.85 eV, respectively

The crystallite size, particle size, surface area
and bandgap of TiO, prepared by HMT fuel

were reported as 9 nm, 7-9, 164 m* g™*, and
2.98 eV, respectively

The crystallite size, particle size, surface area
and bandgap of TiO, prepared by HMT fuel

were reported as 7 nm. 11-13 nm, 143 m?> g !

and 2.85 eV, respectively
The authors also reported the crystallite size,

particle size and surface area of Degussa P25 to
2 —1

be 32 nm, 100-150 nm and 50 m” g,
respectively

All the SCS-synthesized TiO, photocatalysts
showed higher activity towards MB degradation
than Degussa P25

The TiO, synthesized by glycine fuel showed
higher photocatalytic activity than TiO, syn-
thesized by HMT and ODH fuels

Fuel plays a key role in the SCS process alongside the final
calcination temperature and other synthesis parameters. A
major critical step of the SCS approach is the selection of the
fuel and pH of the redox solution; both factors are strongly
related to the metal (nitrate) precursor and particularly the
characteristics of the produced nanostructured photocatalyst.
The choice of a suitable fuel or combination of fuels can also
be effective for synthesizing advanced catalysts."®*>”*”> Both
fuel-lean and fuel-rich conditions are suitable for obtaining
optimal photocatalytic activity.”** In most studies fuel-rich
conditions have been more suitable for achieving higher
photocatalytic activity."***”>~7® On the other hand, the mode
of combustion (i.e. voluminous or smoldering) had an influ-
ence on desired phase formation,**® whilst a post-combustion
temperature between 300 and 600 °C is recommended for
improved crystallinity of the product and burning the residual
organics from the product.'®”:2°4377
the residual carbon may improve the photocatalytic activity.
The photocatalytic efficiency strongly depends upon surface
area. Higher calcination temperature may result in particle
growth, which lowers the surface area of the product, whilst
lower calcination temperature may lead to the formation of
amorphous products. Additionally, higher heating rates, par-
ticularly in fuel-rich conditions, facilitate rapid decomposition
of the precursors, hence leading to the formation of small-
sized crystals. The higher heating rate leads to growth of an
increased number of precursor nuclei and shorter time avail-
able for those nuclei to merge with each other.’”®?”® The
excess fuel may leave some carbonaceous impurity content in
the final product. Furthermore, the bandgap of the nano-
structured photocatalyst can be modulated by tuning the
amount and type of fuel in the energetic redox mixture.

However, in some cases
332
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The surface area of the fabricated products is also modulated by
the release of the excess of gaseous content during SCS. Moreover,
the products obtained from different fuels have different surface
areas owing to different content of gas evolution®* and exothermi-
city of the combustion reaction. Table 2 summarizes the effect of
various SCS parameters on the structural properties of the product
and its photocatalytic activity. The table highlights that the simple
tuning of SCS process parameters such as fuel type, precursor, pre-
cursor composition, fuel concentration, and calcination tempera-
ture can boost the photocatalytic performance.

9. Conclusion and outlook

There are many synthesis approaches for fabricating nano-
structured materials; however, the SCS technique stands out as
an effective synthesis technique for the preparation of
advanced binary as well as complex and hybrid oxides which
are difficult to produce from other methods. Besides being a
fast and energy-efficient synthesis route, SCS also provides
additional morphological benefits. The nanostructures
obtained from the SCS technique are suitable for a wide range
of photocatalytic applications such as dye removal, removal of
organic compounds (i.e., wastewater treatment), water split-
ting, and CO, conversion among others. There is a plethora of
literature for the synthesis of metal oxide photocatalysts.
However, non-oxide compounds can also be produced through
the SCS process. Most importantly, the SCS parameters play a
crucial role in the phase composition and physical character-
istics of the nanostructured materials and their photocatalytic
applications. Detailed knowledge of the SCS parameters is
required to determine the structural properties of the derived
product.

Several advantages and drawbacks of SCS are given below.

Advantages:

1. SCS is a green synthesis approach that is highly energy
efficient, and it does not require the utilization of toxic sol-
vents since metal precursors (metal nitrates) are generally
soluble in water.

2. Post-combustion temperature (or calcination) at mild
conditions (between 300 and 600 °C) can enhance solid crystal-
linity and decrease the content of residual organic material.

3. Fuel-rich conditions facilitate the rapid decomposition of
the metal precursors, hence leading to the formation of small-
sized particles.

4. The ignition mode assisted by microwave and ultrasound
energy enhances the sustainable character of the SCS approach
as a consequence of the reduction of the thermal treatment
period and hence the energy consumption.

Drawbacks:

1. It is difficult to control the production of nanoparticles
owing to the local high temperature upon the combustion
reaction.

2. The high-temperatures generated during synthesis also
lead to problems with energy dissipation and suitable reaction
vessels.

This journal is © The Royal Society of Chemistry 2022
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3. Post-combustion (or calcination) at high temperatures
(above 600 °C) may result in particle growth, thereby decreas-
ing the surface area and the performance of the photocatalyst.

4. Emissions of CO, and NO, during the combustion reac-
tion of the fuel-oxidizer redox mixture can be minimised
through carbon capture and NO, abatement and even neutral-
ized via the utilization of sustainable organic fuels.

Avariety of experimental evidence clearly indicates that the
employed fuel, fuel concentration (and fuel-to-oxidizer ratio),
calcination time and temperature play paramount roles in the
structure, morphology, purity and metastability of single and
complex solid compounds. The selection of type of fuel and
fuel to oxidizer ratio have been the main strategies in the SCS
technique to incorporate oxygen vacancies within the crystal-
lite structure of metal oxides. These two factors are the most
critical parameters to induce surface modifications in pristine
semiconductors; indeed, by varying the type of fuel and its
concentration a variety of ternary or quaternary metal oxides,
or a heterojunction can be produced in a one-pot synthesis.
However, more studies are required for the better understand-
ing of phase evolution and the mechanism of formation of
various morphologies of SCS-produced powders.

SCS is a potential technique for the development of
advanced materials for energy and environmental remediation
applications. Appropriate surface modifications in pristine
metal oxides may overcome the drawbacks for efficient utiliz-
ation of solar energy. The modifications in pristine metal
oxide semiconductors employed through the SCS technique
are addition of heteroatoms, metal and non-metal doping,
defect generation and oxygen vacancy generation, construction
of heterojunctions (i.e. p-n heterojunctions and metal oxide-
metal oxide heterojunction), production of carbon-based
metal oxide composites and synthesis of complex metal
oxides. Owing to the advanced photocatalytic performance,
synthesis of porous materials has been in demand with the
assistance of templates. Interestingly, the evolving gases
during the combustion reaction in SCS sometime result in
porous structures without the assistance of templates, hence
decreasing the overall processing cost and time. The most
promising aspects of SCS for the development of efficient
photocatalysts are the relatively high porosity and the bandgap
modulation of the semiconducting material to make it more
visible light responsive.

Although the progress achieved in the SCS of advanced
photocatalysts, and in general nanomaterials, has been
remarkable, as described in this review, there are still some
challenges particularly in the development of methodology to
control the size and shapes of various geometries for nano-
materials, particularly in the advance of greener approaches.
Control of the exothermicity of the combustion reaction and
in situ advanced analytical techniques to monitor the combus-
tion reaction under real operational time may be useful strat-
egies to control and understand the influence of SCS metrics
over the morphology, crystallinity, and nanoparticle size of the
SCS-prepared nanomaterials. On the other hand, the develop-
ment of greener methods of SCS focused on the utilization of
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MWs, ultrasound, less hazardous chemicals, and eco-friendly
microstructure-controlling agents (i.e., fuels and soft/hard tem-
plates) from natural resources alongside the capture (and util-
ization) of CO, and NO, emissions are viable approaches to
enhance the sustainability of the SCS technique.

We envisage that the SCS method will pave the way for
developing advanced nanomaterials whilst meeting the stan-
dards of quality, greenness, circularity and social wellness for
a sustainable future. Obviously, the utilization of a sustainable
source of energy for initiating the combustion reaction along-
side the utilization of eco-friendly raw materials will boost its
implementation as a unique and efficient sustainable syn-
thesis method.
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