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Abstract: As Solution Combustion Synthesis (SCS) becomes a universal route to metal oxide
nanomaterials, so does it pave way for mixed fuel combustion synthesis as an advance approach to
the synthesis of materials of desirable properties for diverse applications. Major significance is
attached to the rates of decomposition and combustion temperatures of the fuel as determinant
factors of the morphology and physicochemical properties of the materials obtained. This has
promoted the use of mixed fuel systems characterized by lower decomposition temperatures of
organic fuels and higher rates of combustion. The review work presented herein provides a
comprehensive analysis of the applications of mixed fuel SCS in ceramics, recycling of lithium battery
materials, fuel cells and nanocomposite materials, while taking into consideration the effects of the
mixed fuel system on the physicochemical and morphological properties of those materials. as
compared to their analogues prepared via single fuel SCS.

Keywords: solution combustion synthesis; decomposition rate, mixed fuels; nanomaterial;
morphology; physicochemical

1. Introduction

Part of the attractiveness of green chemistry is that it is based on a set of principles that reduces
or eliminates the use or generation of hazardous substances in the design, manufacture, and
application of chemical products [1]. The combined use of such chemical principles led to rapid
development of the green chemistry framework that takes into consideration economically viable
processes and environmentally benign products. The solution combustion synthesis (SCS) is a
versatile method for the production of material powders for diverse applications [2]. It is a green
chemistry approach that is gaining wide acceptance as a viable and cost effective substitute for the
initial approaches to the bulk production of metal oxide nanostructured materials, and is now a
workhorse technique in materials science [3-6]. The ease of implementation, high-throughput, the
versatility of chemistries, and capacity for the production of high-surface area powders are among
the success recorded with the SCS approach and make it an outstanding technique among it
contemporaries [7]. The technique is relatively novel in its content and various modes of applications.
The design and preparation methods play a prime role in determining the structural, surface
characteristics and unique properties for the desired application of the final products [8].

The redox reaction between suitable oxidizer (usually metal nitrates), and an appropriate
organic fuel (i.e. sucrose, urea, citric acid, glycine or hydrazide) is highly favoured towards the
formation of desired products in SCS. Deganello et al. summarized the process of SCS into three steps
i.e. formation of the combustion mixture, formation of the gel and then the combustion of the gel [6].
These steps are achieved at a gradient temperature range of 80 °C to >200 °C (Figure 1), and are
characterized by solvent evaporation to combustible gases, self-ignition and combustion.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. [llustration of three main steps in solution combustion synthesis.

Most products of SCS are fabricated metal oxides that are of great technological importance in
advanced materials for energy generation [9], catalysis [10,11], ceramics [12,13], fuel and solar cells
[5,14], batteries, super capacitors, optics [4,15], metal recycling, and photocatalytic [16] and
environmental applications [6,17]. So far, the SCS route has been employed to produce a large variety
of solid materials such as metals, sulphides, carbides, nitrides and single or complex metal oxides,
metal-doped materials and alloys [18-22]. Despite all these advantages, the SCS is not free of
shortcomings that can somewhat limit its applications.

A recent review by Novistkaya et al.[3] has shed light on such issues arising from the use of the
SCS technique, like powder agglomeration, less control on powder morphologies, and the presence
of leftover organic impurities from the associated incomplete combustion. A variety of factors
including the type of fuel, fuel-to-oxidizer ratio, mixture of fuels, amount of water, oH and
combustion temperature, as well as the presence of additives are identified as responsible for such
deviations in morphological and physicochemical properties of the resultant material [11,23]. The
nature, quantity and/or mixture of the fuel used in any SCS plays a central role in the optimization of
the material properties. This is because the fuel plays the central roles of a reducer during the
combustion of the mixture/formation of the gel substance, a chelating agent and a microstructural
template [5,6,24]. It is then typical of a fuel for SCS to comprise of chelating functionalities can that
prevent precipitation of metal ions and help preserve the compositional homogeneity of all the
constituents via the formation of strong coordinate bonds [6,18].

There is a wealth of literature and reviews on the use of single fuels for various applications
[18,21,25]. Several studies suggest that the combination of various fuels can potentially be more
effective than using a single fuel in terms of good control of adiabatic combustion temperature of the
reaction mixture, the type and number of gaseous products released and other related factors [5,6,25].
However, there is no published review that comprehensively discusses the usage of the mixed fuel
approach. This review, hence, intends to provide a holistic perspective of the use of mixed fuel
solution combustion synthetic approach in various applications. The study provides a
comprehensive discussion on the positive influence of the mixed fuel on the morphological and
physicochemical parameters of the product materials. Consequently, this work provides prospects in
the fine adjustment of the mixed fuel SCS approach for the development of more efficient materials
for energy and environmental applications.

2. The Mixed Fuel Solution Combustion Synthesis Approach

The role of fuel in influencing the final powder properties with regards to the microstructure
and morphology has been extensively studied [18,26-29]. Based on these studies, fuels are classified
with reference to the prevailing functional group on the chemical structure of the compound. Thus,
amino, carboxylic, hydroxyl, and multifunctional are the four recognized categories of fuels [6,30].
Some common organic molecules which fall within the categories of fuels in SCS are citric acid
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(CeHs0Oy), dextrose (CsHi120k), glycine (C2HsNO2), sucrose (Ci2H2011), urea (CH4N20) and hydrazine
hydrate (N2Hs. H20).

In this regard, the use of mixed fuel SCS has shown unique control over the physicochemical
properties of the synthesized materials [6,26,27]. This is due to the influence of mixed fuel system in
improving the performance of the combustion and hence the nature of the products, which cannot
be obtained via the single fuel SCS [31]. Material properties such as surface area, particle size
distribution, and agglomeration are easily and conveniently fine-tuned by the mixed fuel system.
Typically, the solution combustion reaction occurs by an exothermic reaction of flammable gases
(such as NOx, NHs, CO, etc.) that originate from the decomposition of the starting materials (i.e.
oxidisers and fuels) [32]. Hence, the combustion behaviour is dependent on the amount and nature
of these gases, which can then be tuned by fuel type [23,26,33]. Various fuel mixtures can be used
based on factors such as the fuel's chemical structure and chelating ability of the fuel. Other key
factors include the ability of the fuel to act as a microstructural template, and the role of a fuel's
reducing valency in regulating the maximum temperature and heating rate of a reaction [23]. Notable
examples of such mixed fuel systems employed in SCS for a specific target material are presented in
Table 1.

Table 1. Common mixed fuels systems and target materials in SCS.

d0i:10.20944/preprints202502.2330.v1

Entry Fuel mixture Material Reference
1 Urea+ -alanine CasAl20s powders [34]
2 Urea and glycine SrALOs powders [35]
3 Urea and glycine ZnAlL:Os powders [4]
4 Urea and glycine
5 Urea, glycine and starch MgAlLOspowders [36]
6 Citric and oxalic acid LaAlOs powders [37]
7 Urea and ammonium acetate Al2O0s-ZrOz2 nanocomposite [38]
8 Urea and glycine FesOs powders [39]
9 CTAB and citric acid FesOspowders [40]
10 Glycine and citric acid ZnO powders [41]
11 CTAB and glycine ZnO powders [16]
12 Urea and glycine CeO2—CeAlOs nanocomposites [42]
13 Succinic and citric acid Bio-ceramic calcium phosphates [43]
14 Urea and sucrose Sr-doped lanthanum manganite [26]
15 Citric acid, cellulose, sucrose Srand Fe- doped barium cobaltite [5]
polyethylene glycol
16 Urea and glycine NiosZnosFe20s nanoparticles [44]
17 Glycine and CTAB BiFeOspowders [31]
18 Urea and glycine v- Alumina [27]
19 CTAB and glycine CoFe204 [45]
20 Urea and glycine GdsAl:GasO12:Ce?-Cr? [28]

CTAB = Cetyltrimethylammonium bromide

On this basis, a higher specific surface area and smaller particles size in a SrFeOs-d catalysts for

the reduction of nitrobenzene was achieved by Naveenkumar et al.[46] through the use of mixed

citric acid, glycine and oxalic acid fuels (Table 1, entry 2). Similarly, (a, 3)-SrAl:Os powders were
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reported to be directly formed by using a mixture of urea and glycine fuels in work by Ianos et al.[35].
This contrasts with their failed initial attempt in the use of single fuel (urea or glycine) to synthesize
the SrAL:Ou. The failure due to the use of single fuel in the combustion synthesis is attributed to the
low amount of energy released during the combustion process [8]. On the other hand, the direct
formation of («, B)-SrAl:Os powders in the mixed fuel approach was ascribed to the enhanced
combustion performance of mixed fuel via a very substantial increase of released gases, resulting in
the spontaneous ignition to a flaming combustion reaction [6,8].

Research findings have shown that glycerine combined with urea, or any other amino mixed
fuelis best suited for the synthesis of bimetallic materials (Table 1, entries 1 - 5). Combustion reactions
that result in the synthesis of metallic oxide materials are usually carried out with mixed fuels based
on citric acid with Cetyltrimethylammonium bromide (CTAB) or glycine or a mixture of the latter
two fuels (Table 1). This might be due to the combustion rate of CTAB or glycine which is beneficial
for anisotropic growth of the products [16,47]. Where a heavy metal doped material is targeted in the
SCS; a poly mixed fuel system, as reported for Sr and Fe- doped barium cobaltite, is applied [5]. These
approaches have been successfully employed in the synthesis of materials for various applications,
including optics, the battery industry, ceramics, nanocomposites, fuel cells and pigments.

3. Application of Mixed Fuels SCS in the Preparation of Desirable
Nanomaterials

3.1. Ceramics

It is essential to understand that the fine-tuning of crystallite and particle sizes via combustion
parameters contributes to desired material characteristics, thereby making mixed fuel SCS a versatile
method for modifying ceramics to meet specific application requirements [12,43]. The control over
the crystal structure of the ceramic material mitigates agglomeration and ensures uniform particle
distribution during formation, thereby expediting the standardization of the mechanical and thermal
properties of the ceramic materials [21]. A study conducted by Lin et al. on the fabrication and
evaluation of y-LiAlO:2 ceramic materials; identified a highly promising material for use in tritium-
breeding applications [48]. The mechanical strength of these breeding blanket ceramics assumes a
vital role in maintaining material stability [49] which is significant, particularly, in relation to the rate
efficiency at which tritium is released and recovered. In this vein, comprehensive evaluation of the
morphology, mechanical properties, and electrical characteristics of y-LiAlO: ceramics under a
variety of conditions was done using the mixed fuel SCS approach.

In another development, the preparation of y-LiAlO2 involved the use of a glycine/urea/leucine—
nitrate combinations [50]. An aqueous solution comprising glycine and urea, or glycine and leucine
in conjunction with metal nitrates, served as the components (mixed fuel and metal precursor
respectively) for the synthesis of the ceramic. The simultaneous thermal analysis (STA) of precursors
obtained under conditions of fuel and oxidizer stoichiometry, showed the presence of impurities
attributed to incomplete decomposition of initial salts containing carbon fragments of fuel and nitrate
groups. An exception was the precursor from the dual-fuel SCS reaction, ¢ (glycine : urea)=1: 3, in
which pure y-LiAlO2 powder was formed. Particle morphology, phase analysis, and particle size
analysis confirmed that a highly reactive pure y- LiAlO:2 with characteristic fine crystalline texture
was successfully synthesized. However, the replacement of lithium nitrate with lithium carbonate
was found to allow one to reduce the process temperature and the relative amount of organic fuel.
As a result, the content of carbon fragments in the product significantly decreased after synthesis.
Under these specific conditions, the y-LiAlO: ceramics displayed a consistent microstructure,
increased conductivity of the lithium metal, and superior bending strength in comparison to
synthesized materials from other fuel mixtures/ratios. These properties aligned with the intended
outcomes of the mixed fuel approach [27]. Remarkably, both the lithium-rich ceramics and those with
lithium-deficient phases demonstrated improved ionic conductivities, although it is probable that the
mechanisms driving these enhancements are different [48,51].
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3.2. Lithium Batteries

The mixed fuel approach in the SCS of battery materials is pivotal for achieving high specific
discharge capacity and excellent capacity retention [52]. The control offered by SCS on the
physicochemical properties of the material allows for optimize ion transport, enhanced reactivity,
and ensures uniform distribution in the battery materials, with exceptional electrochemical
performance for efficient energy storage [9,53].

The phase evolution occurring in the mixed CTAB and glycine fuel during SCS of hierarchical
porous LiFePOs powders was found to be dependent on the nature of the intermediate phases [54].
Thus, the combustion synthesis using an appropriate amount of the mixed fuels followed by
calcination of the precursors at 700 °C (Scheme 1), led to the production of highly crystalline single-
phase LiFePOs electrode materials with a high specific discharge capacity and capacity retention [54].
The structural and microstructural properties of the powders, including crystallinity, specific surface
area, and particle size, were found to be crucial factors in determining their electrochemical
performance [55]. The hierarchical porous microstructure and small particle size of the powders are
beneficial for the electrode kinetics [56,57], leading to improved desired properties in terms of
charge/discharge capabilities. Additionally, the porous microstructure and small particle size were
found to benefit the electrode kinetics, as indicated by electrochemical spectroscopy [58].

LiNO,,
Fe(NO;),, [(Cy6H23)N(CH,),]Br,
NH,H,PO, C,HsNO, b, e
[";l Stirring and heating Gelation ' Combustion % .'-i,-"'_ '?
Mixture of Gelation Mixture Gel Porous single-phase
Precursors

LiFePO, material
Scheme 1. Preparation of single-phase LiFePOs electrode materials by mixed fuel SCS [54].

In a recent and sustainable development, the use of mixed fuel SCS as a recycling approach for
spent Lithium-ion Batteries (LIBs) has become a subject of interest to material scientists. The approach
has eased the high cost of materials, low yield due to degradation of materials, risk of environmental
contamination and other challenges posed with the use of either the open-loop [59] or the chemical
synthetic[7,60] recycling approaches of the cathode material from the leachate of spent LiBs. This
recycling approach, which is based on a self- propagating high-temperature process; offers a simple,
flexible, low-cost, and high-yielding method for the preparation of the cathode materials of LIBs.
Suitable organic fuels for regenerating cathode materials in the SCS include urea, citric acid, and
glycine. The pretreatment and recovery process involves the dissolution into the leachate of spent
cathode material, after which the precursor solution is gelled and ignited by increasing the prevailing
temperature [61]. While burning the organic fuel; the heat and gaseous products are liberated during
the combustion reaction, providing the required thermal energy for crystallization of the final
products with spongy and foamy microstructure [62].

Mahanipour et al. regenerated a cathode material with high specific surface area and porous
morphology (Scheme 2) from mixed fuel SCS of spent LiBs [9]. At the beginning, the spent cells were
soaked in 10% (w/v) brine solution for the removal of residual electric charge, and then manually
disassembled to allows physical separation of the cathode electrodes. These are then pulverized into
particulate forms and treated with aqueous NaOH solution (2.5 M, pulp density of 100 g/L) at
ambient temperature for 2 h to remove the Al current collector and electrolyte. Burning of the
pretreated materials at 650 °C for 4 h allowed for the successive removal of organic solvent and binder.
The recovery of the lithium content in the cathode material was selectively achieved by leaching with
oxalic acid. Separation of the leached mixture gave a lithium oxalate solution (C2HLiO4+.H20) as the
filtrate, while the residue consisted of the dihydrate triplex nickel-cobalt-manganese oxalate
(NiosC002Mno2)C204.2H20). The removal of all volatiles by heating the filtrate at 600 °C for 5 h
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crystallized out the lithium carbonate, while the other residual triplex metal oxalate was oxidized to
the corresponding oxide by calcination at 650 °C for 4 h under aerobic conditions [51]. Both recovered
materials were then transformed to the nitrate precursors by dissolving in 2 M HNOs with vigorous
stirring at high temperature. The resulting solution was then used in the SCS approach by treatment
with citric acid, CTAB, polyvinylpyrrolidone (PVP), and a mixture of CTAB and PVP fuels, in a fuel
to metal precursor molar ratio of 4:1. The combustion reaction by the various organic fuels was
monitored and the ignition behaviour of the respective gel formed from each set of the fuel mixture
was observed (Scheme 2). The afforded combusted products were successively crushed and calcined
at 480 °C for 5 h in air atmosphere and then heat-treated at 750 °C for 15 h under oxygen atmosphere
to yield the regenerated LiNiosCo002Mno20: cathode powders from the spent LiBs.

[: Pretreatment J [ Recovery of precursors } [ Regeneration }

o - . - - —————

¢ S\ #" Spent cathode 3 /” .
K \ Osalicacid X 4 Li,CO, o, :
' 1 RS R TEA
| - : 1 / 1 1(NigsCogaMng,),0, :
' N ] = y I 1
: » 1 : ‘ » ! : r 9 !

| ' \ 1
| ithium-i Disassemble : : ! : !
T | | Selectiveleaching  Filrationand | Leaching |
! ! of Lithium crystallization ! -
' A | L4 : 4 |
! | 1 '

? 1 1
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| N cathode o 1 v
: [ aOH l_ : 1 (NigsCog Ming;)C,0,.2H,0 : 1 1 :
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Scheme 2. Descriptive illustration of steps involved in the regeneration of cathode materials from spent LiBs.

Reprinted with permission from Mahanipour et al.[9].

The structural, microstructural, and electrochemical properties of the regenerated
LiNiosCo002Mno202 cathode powders are assumed to be influenced by the fuel type or mixture
involved in the SC recycling. The slow combustion reaction rate of mixed CTAB-PVP fuels led to the
better layered crystal structure of the regenerated cathode materials. Furthermore, the liberation of a
large amount of gaseous products is attributed for the porous structure with high specific surface
area in the synthesized material by using a mixture of CTAB and PVP fuels. The CTAB-PVP as-
synthesized powders were found to have higher electro-chemical performance, including a high
discharge specific capacity of 155.9 mAh g1 at 0.1 C and a high-capacity retention rate of 94 %
following 100 charging/discharging cycles at a current rate of 0.5 C [9]. The outcomes showed that
the mixed fuel SCS method is a facile and simple route for regenerating the cathode materials from
the spent LIBs with high crystal quality and good electrochemical properties.

3.3. Pigments

Precise control of stoichiometry is essential for a pigment spinel material as it forms its cubic
Fd-3m crystal structure. In this context, Chamyani et al. employed various fuel mixtures for the SCS
to evaluate the characteristic structural and physicochemical impact on CoCr20s ceramic pigment
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nanoparticles [63]. Mixtures of the fuels including ethylenediamine/oxalic acid (En/Ox),
ethylenediamine/citric acid (En/Cit), oxalic acid/citric acid (Ox/Cit), and a triplex mixture of
ethylenediamine, oxalic acid, and citric acid (En/Ox/Cit); resulted in the production of greenish-blue
cobalt chromite ceramic pigments. However, the synthesized materials from En/Cit and En/Ox/Cit
mixed fuels exhibited higher purity, smaller crystallite size and lower degree agglomeration when
compared to those from other fuel mixtures.

The synthetic route for the CoCr20s4 ceramic pigment nanoparticles followed a general pattern
where the mixture of the aqueous solutions of the stoichiometric amounts of metal nitrates and fuel
were first made in the reaction vessel [64]. The resulting mixture was homogenized by vigorous
stirring at 90 °C for 2 h. Subsequent increase in the heating temperature to 300 °C resulted in the self-
ignition of the solution in the reaction vessel. The ignition reaction occurred spontaneously with
characteristic release of a significant amount of gases and formation of a fluffy foamy sample. The
reaction temperature was maintained at 300 °C to allow for complete combustion. The final
synthesized material was then obtained after calcination at 600 °C for 3 h.

Analysis of the morphological properties of the synthesized pigment materials showed that the
utilization of Cit, Ox/Cit, En/Cit, and En/Ox/Cit fuels leads to the formation of CoCr20s spinel
nanoparticles (Table 2, entries 4 — 7). In contrast, the use of both non-stoichiometric and stoichiometric
En/Ox mixed fuels fails to produce pure CoCr20s spinel (Table 2, entries 1 - 3). It is then worth noting
that the choice of fuel types significantly influences both the enthalpy of combustion and the resulting
adiabatic flame temperature. The highest adiabatic temperatures were recorded for as-synthesized
samples from entries 6 and 7 in Table 2. The calculated adiabatic temperatures reveal that the Ox/Cit
and En/Ox/Cit fuel combinations yield the lowest and highest adiabatic temperatures, respectively.
Furthermore, summarized data in Table 2 on the Field-Emission Scanning Electron Microscopy
(FESEM) and Energy Dispersive X-ray (EDX) analyses of the as-synthesized samples from entries 1
and 2 show the broadest particle size distribution and hence, the highest degree of agglomeration
[63]. On the other hand, the as-synthesized samples from entries 6 and 7 displayed the narrowest
particle size distribution and, of course, the lowest degree of agglomeration [65]. Additionally, the
EDX data revealed that the molar ratio of Cr to Co is approximately 2 for entries 4 — 7; signifying the
presence of a pure CoCr20: spinel phase. Further analyses of the synthesized materials’ colour
properties with the CIELab colourimetric system, and comparison with values obtained with the
reference standard CoCr:0s revealed that the parameter attribute a* of the as-synthesized samples
from entries 6 and 7 (in Table 2), are significantly more negative than what has been previously
reported for analogous as-synthesized pigment from single fuel SCS [66,67]. This suggests that the
intensity of the green color in the as-synthesized samples 6 and 7 is notably higher. Moreover, the L*
values for as-synthesized samples 6 and 7 are lower, suggesting that these samples possess a deeper
and darker green hue. In general, the as-synthesized CoCr204 pigment materials (Table 2; entries 6
and 7) have the smallest particle size distribution, and offer better dark green color applications when
compared to their previously reported analogues [67]. The analyzed properties further reinforce that
the En/Cit and En/Ox/Cit mixed fuels SCS produce spinel nanoparticles that exhibit the desired
properties which are only attainable via the mixed fuel approach.

Table 2. Effect of mixed fuel SCS approach on the morphology of as-synthesized CoCr204 ceramic pigment

nanoparticles [63].

. Particle size Agglomeratio Atomicratio Adiabati
Entry Mixed fuel Morphology
(nm) n (Cr: Co) ¢ temp/°C
En/Ox 50-350 Rod shaped  Very high 0.004 -
2 En/Ox(exces  50-150 Rod shaped  Very high 0.14 -
s)
3 En(excess)/O 10-30 Rod shaped  Low 1.78 -

X
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4 Cit 10-30 Cubic Low 2.13 1262.65
5 Ox /Cit 35-80 Cubic Low 2.3 1141.47
6 En/Cit 10-25 Cubic Very low 2.26 1411.83
7 En/Ox Cit 10-25 Cubic Very low 2.26 1839.93

The mixed fuel SCS approach in pigment preparation profoundly influences critical properties
in the material product. Precise stoichiometry control forms the cubic Fd-3m crystal structure,
essential for spinel materials. The combustion process mitigates agglomeration, ensuring uniform
dispersion and optimal colour, while fine-tuning crystallite and particle size customizes the optical
attributes of the material. This approach enables high-purity, and tailored compositions for diverse
colour applications. In this intricate interplay, solution combustion synthesis with the mixed fuel
approach crafts pigments that meet specific colour and optical criteria.

3.4. Fuel Cells

To improve the performance of Solid Oxide Fuel Cell (SOFC) cathodes, it is crucial to design the
final microstructure in a way that promotes efficient gas flow and maximizes the availability of
reactive sites [68,69]. In this regard, novel fuel mixtures comprising of urea and sucrose at different
ratios were investigated for the synthesis of Lanthanum Strontium Manganite (LSM) perovskite, with
particular emphasis on the powder's morphology [26]. The fuel systems featuring both urea and
sucrose were mixed in the precursor solution, in a reducers-to-oxidizers stoichiometric ratio of 1:2 for
the fuel urea and 1:1 for the fuel sucrose. Both fuel systems resulted in the formation of LSM
orthorhombic perovskite, which after calcination at 750 °C yielded the corresponding rhombohedral
perovskite LaosSro1MnOs powder (Scheme 3). The comparisons of the characterization results from
the synthesized samples with those from the CS of either single fuel indicate that the incorporation
of sucrose in the precursor solution in conjunction with urea, ensued in an increase in the specific
surface area on the synthesized rhombohedral perovskite [26]. The mixed fuel system modified the
agglomerates microstructure which tend to form a wide interconnected sub micrometric porous
structure, while the single use of sucrose led to the formation of very sparse agglomerate with
extremely thin microstructure [26]. This facilitates gas flow and enhances the reactivity of the cathode
materials in the former [14,70].

La(NO,);.6H,0 + Mn(NO,),.4H,0 + Sr(NO,),
D in distilled water

X
L’ [ Adding of fuels in stoichometric ratios (nitrates:fuel) ]

H (NH,),CO ratio 1:2
Cy;H;,0,, ratio 1:1
b [Soluuon kept in a isomantle at 120°C until complexation ol]

lons (for of a gel)

A 2
Temperature raised to 320°C promoting
the auto-ignition and burning

Calcination at 750°C
Characterization
for 3 hours

Scheme 3. Isolated flow chart for the mixed fuel SCS of Lanthanum Strontium Manganite (LSM) perovskite [26].

3.5. Nanocomposites

Low oxidation state metal compounds, such as metal nitrates and chlorides, are chosen for their
solubility and reduction capabilities in the formation of nanoparticles for various applications [71].
The phases that emerge during the synthesis determine the eventual structure; often consisting of
nanoparticles or nanocrystals embedded within a matrix material. The mixed fuel SCS approach,
which is characterized by the combination of two or more fuels and an oxidizer, provides fine-tuned
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control over the synthesis, influencing nanoparticle formation and, of course the matrix material's
composition and structure [33]. In a related study conducted by Aruna et al.[72] stable low oxidation
state nano-composites of CeO2-CeAlOs powders were produced using the solution combustion
method. The study utilized two distinct fuel combinations viz: (a) solely urea and (b) a combination
of urea and glycine, in conjunction with the respective metal nitrates as precursors. When urea was
used as the only fuel, the resultant product comprised of a nano-crystalline CeO2 phase, while Al.O3
was present in an amorphous state. On the other hand, when the mixture of the fuels was employed,
a combination of nano-sized CeO:and CeAlOs phases was obtained.

The use of a mixture of fuels thus favoured the formation of CeAlOs and gave in smaller
crystallites, leading to enhanced sintering capabilities as compared to the products obtained from the
combustion of a single fuel (urea). Characterization of the samples from either fuel systems using
images from Transmission Electron Microscopy (TEM) revealed that particles of the sample prepared
with the mixed fuel displayed a well-packed microstructure composing of a narrow size distribution,
with an average size of approximately 10 nanometers (Figure 2; b). In contrast, the particles of the
sample obtained from using solely urea as fuel exhibited a connected but porous network of larger
grains (Figure 2; a). Similarly, the Selected Area Electron Diffraction (SAED) pattern obtained from
the solely urea synthesized sample is consistent with its X-ray diffraction result and all the observed
diffraction rings index to the CeO: phase (Figure 2; a). However, the corresponding SAED pattern
due to the sample synthesized from a combination of urea and glycine (Figure 2; b) showed rings due
to both CeAlOs and CeQO:. All the observed rings are easily indexed to either of the phases. Though
there exists overlap of the two phases, the appearance of some rings exclusive to each of the phases
(i.e. rings shown for CeOz2at (1 11)and (024 ), while for CeAlOs at (1 1 1)) [72], confirmed that the
synthesized sample from the mixed fuel approach is indeed a nano-composite of CeAlOs and CeO:s.

>(141)
(222)
(022)(220)
/—>(1|2)(121)
002)(020;
/ it

/—>(l]l)

(a)

Figure 2. TEM images (top) and SAED rings patterns (bottom) for (a) the synthesized sample prepared from
solely urea, and (b) the synthesized sample prepared from mixed fuel of urea and glycine. Reprinted with

permission [72].

The smaller crystallite sizes achieved in the mixed fuel synthesized sample contribute to
improved sintering compared to the solely urea sample, which has relatively larger particles. This
difference in microstructure of the sintered pellets directly explains the observed variation in the
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densities of the sintered materials. The combustion synthesis method using a mixture of fuels is,
hence suggested as a viable route to stabilize low oxidation state compounds, such as CeAlOs, which
are highly desirable for the development of nanocomposites. This approach can enhance the sintering
process and lead to the formation of materials with improved properties and characteristics.

3.6. Dielectrics

Lanthanum aluminate (LaAlOs), known for its perovskite-type structure [73], has gained
significant attention due to its diverse range of applications, including its utility in dielectric
resonators [74,75]. The traditional solid-state reaction process for the synthesis of the LaAlOs
perovskite presents inherent challenges, such as the need for high reaction temperatures, the
formation of large crystallite sizes, limited chemical uniformity, and poor sintering properties [76—
78]. To address these issues, a new approach that employs the use of a mixed fuel system of citric
acid and oxalic acid as fuel source along with the corresponding metal nitrates was used to
successfully produced nanosized LaAlOs powders [37]. The synthesis involved the initial mixing of
a 1:1 molar ratio of aqueous solutions of the metal precursors. The mix for the fuel systems is to have
a total fuel concentration of 0.01 M. This allows for the synthesized samples to be described based on
the molar ratios of the mixed fuel. Hence, lanthanum aluminate samples; LaAlOs-1, LaAlOs-2 and
LaAlOs-3 were prepared using mixtures of citric acid and oxalic acid in the molar ratios of 1:3, 1:1
and 3:1 respectively. In each instance, the mixed fuels were added to a La—Al (1:1 molar) aqueous
solution and stirred vigorously, while keeping the initial fuel/oxidant molar ratio in the reaction
mixture at unity. The resultant sol was continuously stirred for several hours at constant temperature
of 60 °C until it turned into a yellowish sol, after which the temperature is rapidly raised to 80 °C
(Scheme 4). This led to visible changes in the viscosity and colour of the sol as it turns into a
transparent thick gel. Further heating at elevated temperature of 200 °C for 2 h turned the gel into a
fluffy, polymeric citrate precursor, which was then ground into powder, and calcined at varying
furnace temperatures for 2 h to yield the corresponding lanthanum aluminate samples.

-
{

@ ; i  Stir vigorously,
-
|

1
--66-°€; overnight === pooeeees = | LaAlO;-1
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(Mixed Fuel) @ raised to 80 °C 1
+ iii: "~ Gelheated t6™~ """~~~ g > LaAlO; - 2
200 °C }
i

La(NO3); - 6H,0,q)

----------------------- > LaAlO; - 3

i
|
]
1
i
@ {iv: Grounding to powder,
——— ;
e
|
|

Metal Precursors

(1: 1 Molar Ratio) Fuel Molar Ratio T Lanthanum aluminate
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Scheme 4. Preparation of the Lanthanum aluminate perovskites by the mixed fuel SCS at varying molar ratios

of citric acid and oxalic acid fuels [37].

The rate of crystallization of the aluminate samples is influenced by the prevailing temperature
and the heating schedule. The X-ray diffraction (XRD) results highlight the significant influence of
the fuel mixture ratio on the crystallite size of the synthesized powders. Samples calcined at 700 °C
gave a broad continuum XRD pattern (Figure 3; i) characteristic of an amorphous sample. Those
calcined at 750 °C or 800 °C, gave XRD patterns (Figure 3; ii, iii) confirming the presence of
rhombohedral LaAlOs with a perovskite structure [37]. Specifically, the calculated crystallite sizes for
LaAlOs-1, LaAlOs-2, and LaAlOs-3 were 23.6, 32.2, and 26.8 nm, respectively. These measurements
were made for samples calcined at 750 °C, and are quite significant when compared to those reported
using single fuel systems of citric acid, oxalic acid or tartaric acid [24]. In a related development, a
suite of pure LaAlOs nanoparticles prepared from a citrate precursor was reported to have an average
range of crystallite sizes of 29 — 35 nm [79].
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Figure 3. XRD patterns of lanthanum aluminate as-synthesized powders prepared from the molar ratios of
mixed citric acid/oxalic fuel mixtures: (a) LaAlOs-1; (b) LaAlOs3-2; (c) LaAlOs-3 and calcined at respective
temperatures of: i- 700 °C; ii- 750 °C; iii- 800 °C. Reprinted with permission [37].

It's worth noting that the choice of a mixture of fuels (citric acid and oxalic acid) facilitated a
reduction in crystallite size when compared to the product obtained with a single fuel system.
Furthermore, the ratio of the fuel mixture significantly influenced the morphology and size of the
resulting powders. LaAlOs-1, prepared using a citric acid : oxalic acid (1 : 3 molar ratio), exhibits the
smallest crystallite size of 23.6 nm. This correlates with the average particle size of approximately 41
nm for LaAlOs-1, as determined by Transmission Electron Microscopy (TEM). In contrast, the
particles of both LaAlOs-2 and LaAlOs-3 displayed considerable aggregation [37]. Thus, it can be
concluded that the utilization of a mixture of fuels not only reduces the exothermicity of the
combustion reaction but can also significantly reduce the crystallite size [3,80].

3.7. Optics

The specific material phases generated through mixed fuel solution combustion synthesis exert
a profound influence on the resultant material's band gap and emissions, thus bearing direct
relevance to its optical properties [81]. These multifaceted influences stem from the interplay of
various factors such as crystal structure, phase purity, dopants and defects, quantum confinement
effects, and the composition of the synthesized material [15]. Studies on zinc aluminate spinel
(ZnAl20s), have garnered significant attention due to its wide range of applications in sensors,
ultraviolet (UV) photo electronic devices, and as catalyst support [4,82,83]. This interest is driven by
the unique characteristics of the nanostructured ZnAlL:Ospowders, which consist of a broad band gap
of approximately 3.8 eV, high fluorescence efficiency, strong chemical and thermal stability, and low
surface acidity [84]. In this vein, the mixed fuel SCS offers the best route to producing zinc aluminate
spinel with optimum desirable properties for the various optical applications. The recent work by
Mirbagheri et al. utilized a set of molar ratios of urea-glycine mixed fuels for the combustion synthesis
of Zinc aluminate spinel [4]. The resulting powders were subjected to morphological characterization,
specific surface area measurement, and optical property determination. The findings from the
analyses revealed that nearly single-phase ZnAl:O: powders are obtainable after calcination at 700 °C
for the synthesized sample procured in a closed system, whereas intermediate phases are still
detectable in some open and closed systems calcined at 600 °C (Figure 4) [4].
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Figure 4. (i) XRD patterns of the calcined powders at 600 °C in open (A) and closed (B) systems at various fuel
contents (M: ZnO and V: ZnAl20s). (ii) XRD patterns and Rietveld refinement results of the calcined powders
after calcination at 700 °C and prepared by open (A) and closed (B) system at ¢ value of 2. Reprinted with
permission [4].

The properties of the synthesized zinc aluminate powder are also influenced by the mixed fuel
to oxidant ratio (¢). Notably, ZnAl:Os+ powders synthesized at a ¢ value of 0.5 contained both
ZnAlOs and ZnO phases (Figure 4). The presence of ZnO in the sample via the open system
decreased with an increase in the @ value to 2 and resulted in nearly single-phase ZnAl:Os powders
similar to those obtained using the closed system approach (Figure 4; i). The reflections due to the
ZnO phase in the open system are easily removed with calcination at 700 °C, while powders prepared
by the closed system need a lower calcination temperature for complete formation of the spinel phase
(Figure 4). The higher calcination temperature required by powders prepared via the open system
approach is attributed to the segregation of intermediate phases formed during the combustion
reaction [85]. Furthermore, the existence of the ZnAl:0Osas combustion product prior to calcination in
the open system, gave rise to larger crystallite size ZnAl:20s powders when compared to those
produced from the closed system. The ZnAl:=Ospowders synthesized via the closed system displayed
a nearly normal spinel structure, where Zn?" cations predominantly occupied tetrahedral sites and
A3+ cations were situated in octahedral sites [86]. This normal spinel structure resulted in the absence
of blue emissions in the range of 400-500 nm [4,87]. In contrast, the powders prepared in the open
system exhibited a smaller band gap energy, measuring 3.52 eV, in comparison to the closed system,
which had a band gap energy of 3.90 eV [4].

3.8. Catalyst Supports

The mixed urea and glycine fuel SCS of y-alumina has proven to be a versatile method for
engineering superior catalytic materials [27]. Nanocrystalline y-alumina - a polymorph of alumina
characterized by small crystalline size has major applications in catalysis and as a support material
due to its remarkable attributes like a high surface area and porosity [88,89]. Sherikar et al. initiated
research that involved altering the exothermic redox reaction between aluminum nitrate nonahydrate
[AI(NOs)3-9H20] and urea [CO(NH2)2] by using a fuel mixture in the combustion synthesis [27]. In
this setup, CO(NHz)2 served as the stoichiometric fuel, and glycine (C2HsNO:z) was added as excess
fuel. The composition of the fuel mixture was designed so that the amount of urea remained constant
under stoichiometric conditions, while glycine was added in multiples of 10 weight percentages,
ranging from 0 to 40w% of the urea content to afford five sample compositions that were made with
notation U00G, U10G, U20G, U30G, and U40G accordingly (Scheme 5).
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2AI(NO3); .9H,0 + 5NH,CONH, + WNH,CH,CO,H + 2250,

Al{O3 + (8 + 0.5W)N, + (5 + 2)CO, + (28 + 2.5)H,0

Scheme 5. Mixed (urea/glycerine) fuel SCS of y-alumina, with varying number of moles of glycine (V) [27].

X-ray diffraction (XRD) analysis of the synthesized y-alumina powders revealed interesting
phase changes. For instance, with the gradient increase of the glycine content in the fuel, there is a
corresponding phase transition from pure a-alumina to a mixture of a- and y-alumina (Figure 5) [27].
This shift in phases, from the high-temperature alpha phase to the low-temperature gamma phase is
consistent even at theoretically high temperatures and enthalpy, and was attributed to incomplete
combustion resulting from the high carbon content in glycine [90]. Furthermore, the TEM
micrographs displayed the largest aggregate of crystallites with dimensions of 300 nm and crystallite
size of 81 nm (Figure 6) at W = 0 (corresponding to stoichiometric conditions). This is due to sintering
of fine particles at elevated local temperatures [57,72]. However, the crystallite size decreases with
the gradient additions of glycine into the fuel composition (i.e. W =0.4, 0.8, 1.2, 1.6) [27], which lowers
the prevailing reaction temperature and consequently prevents particle sintering. The mixed fuel
approach offers a custom-tailored y-alumina structure with optimized morphology, uniformity, and
specific surface characteristics, making it ideally suited for catalytic applications where these
properties play a crucial role in achieving high catalytic activity and selectivity [91-93].
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Figure 5. XRD patterns of the synthesized alumina samples showing phase transitioned from pure alpha alumina
to a mixture of alpha and gamma alumina with a corresponding gradient increase of the glycine content in the

mixed fuel composition. Reprinted with permission [27].

Figure 6. TEM images of synthesized alumina samples: (a) U00G, (b) U00G, and (c) U20G. Reprinted with
permission [27].
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4. Effect of Mixed Fuels on Combustion of Precursors, Physicochemical and
Morphological Properties of the Synthesized Materials

This section discusses the effect of mixed fuels on the combustion reaction of precursors in SCS,
and how the approach influences different physical and chemical properties, such as particle size,
surface area, thermal decomposition temperature and rate, morphology and phase formation in the
synthesized materials.

4.1. Adiabatic Flame Temperature of Combustion Reaction

As discussed earlier in this review, the three prevailing thermodynamic processes that occur
during combustion synthesis are heat generation due to the exothermic reaction, gas evolution and
powder crystallization. The overall effect of these afore-mentioned processes is on the size of the
resulting powders. For instance, high combustion temperatures can result in the formation of
relatively large crystallites due to crystal growth, while in some instances low temperature can
prevent particle agglomeration and sintering [46,91]. This analogy is based on the ability of the fuel
to increases the combustion temperature and enhance the sample crystallinity [35].

The studies on mixed fuel combustion synthesis of diverse materials for different applications
have demonstrated the effect of mixing fuels on reaction parameters such as adiabatic flame
temperatures, maximum temperature reached and the type of flame formed [27,94,95]. Sherikar and
Umarji [27] prepared nano crystalline y-alumina powders using a mixture of urea and glycine fuel
as reducers. The result for theoretically calculated variation in adiabatic flame temperature as
correlated with the measured flame temperatures demonstrated a direct proportionate relationship
between the theoretical adiabatic temperature and the gradient addition of glycine to a maximum of
2020 K (at W = 1.6). In contrast, an inverse relation is observed with the measured flame
temperature.[27] The difference in temperature is thus attributed to more moles of gases formed
during combustion, which consequently lead to reduced exothermicity of the reaction and
incomplete combustion. Similarly, Gotoh et al. demonstrated that different phases of persistent
phosphor GdsAl:GasO12:Ce3*-Cr¥ (GAGG:Ce*-Cr?*) material are formed when single glycine fuel or
mixed fuels of glycine and urea at 773 K are used in a solution combustion synthesis [28]. In those
reactions’ conditions, a pure phase of GAGG: Ce3+*-Cr3*is obtained with the mixed glycine and urea
fuel, while the use of either single fuel (glycine or urea) lead to incomplete combustion and
amorphous products.

Sharma et al. also prepared alumina powders using similar nitrate metal precursor and mixed
urea-glycine fuel SCS approach [96]. Their study highlighted a continuous change in the various
characterisations of the powders with corresponding change in percentage combination of the two
fuels. When the percentage of urea was higher than glycine, the reaction took place with high
exothermicity and gave high crystallinity to the product phase, while amorphous character was
observed in the cases when higher amounts of glycine were used. The high rate of combustion of
urea fuel promotes agglomeration of particles, while the low combustion of glycine fuel promotes
the formation of a small range of particles sizes [27]. Several other authors reported on the effect of
exothermicity in the SCS reaction when the glycine was used in a fuel mixture [41,46,90]. In all these
studies, the ability of glycine to provide lower rate of combustion was clearly demonstrated. Such
systems are prone to incomplete combustion or combustion with residual carbon content in product
phase. In contrast, systems that are based on increasing urea in mix fuel approach increases the extent
of exothermicity in solution combustion [96].

In relation to the effect of mixed fuel on the adiabatic condition for solution combustion
synthesis, Khaliullin et al. compiled a list of the temperature effect due the urea/glycine mixture as
presented in Table 3 [97]. It follows that some nitrate metal precursors cannot undergo redox reaction
with any fuel. For instance, a mixture of calcium nitrate with urea might not be ignited altogether,
while an explosive reaction could be established with (3-alanine [98].
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Table 3. Temperature effect ATad for adiabatic SCS reactions involving glycine and urea as adopted from
Khaliullin et al. [97].

AT ATad, AT
Product Product Product
K (glyc/urea) K (glyc/urea) K (glyc/urea)
Li2O 2148/1763 LiOH 2511/2106 Li2CO:s 2885/2436

Na20 1502/1199 NaOH 2063/1722 Na2COs 2596/2169

K0 1123/857 KOH 1830/1519 KoCOs 2435/2051
Rb20 1019/762 RbOH 1703/1410 Rb2COs 2321/1952
Cs20 885/643 CsOH 1673/1381 Cs2C0Os 2255/1898

BeO 3910/3292 Be(OH):  4043/3422 BeCO:  3969/3349
MgO  2977/2484 Mg(OH): 3219/2710 MgCOs  3358/2825
CaO 2488/2053 Ca(OH): 2779/2331 CaCOs  3121/2627
SrO 2165/1766 Sr(OH):  2636/2182 SrCOs 3052/2561
BaO 1954/1561 Ba(OH):  2401/2004 BaCOs  2928/2456
ALOs  3048/2526 Al(OH):  3273/2731 AL(COs)s  3377/2819
Ga:0s  3632/3055 Ga(OH)s  3897/3292 Gax(COs)s  3849/3249
05 3364/2816 In(OH)s  3603/3029 In2(COs)s  3533/2967
Sc:0s  3083/2563 Sc(OH)s  3238/2702 Scx(COs)s  3308/2763
Y:0s  2740/2265 Y(OH):  3041/2534 Y2(COs)s  3241/2713
La:Os  2804/2326 La(OH)s  3162/2651 Lax(COs)s  3405/2863
TiO: 3043/2571 Ti(OH):  1696/1358 Ti(COs):  2155/1703
ZrO: 26362205 Zr(OH):  1372/1059 Zr(COs):  1821/1415
HfO:  2546/2130 Hf(OH):  1173/891 Hf(COs)2  1629/1252
MnO  2679/2226 Mn(OH): 2963/2481 MnCOs  3110/2614
FeO 2690/2245 Fe(OH):  2942/2467 FeCOs  3069/2578
CoO  2816/2367 Co(OH):  3036/2565 CoCOs  3106/2628
NiO 2955/2474 Ni(OH):  3135/2636 NiCOs  3315/2797
Fex0s  3084/2574 Fe(OH)s  3215/2694 Fex(COs)s  3236/2709

4.2. Thermal Decomposition Rate and Temperature

Fuels such as CTAB have higher decomposition temperatures and slower combustion rates than
glycine and citric acid [99]. However, the combination of CTAB with other fuels such as citric acid
and glycine can decrease the decomposition temperature while increasing the combustion reaction
rate [13]. The fast combustion reaction rate observed when glycine is used as a second fuel is ascribed
to the exothermic reaction of hypergolic gases such as NOx, NHs, CO, etc. formed during the
decomposition of the metal nitrate and the fuel [16].

In a related work by Hamedani et al.; the use of glycine as a mixed fuel with CTAB to synthesize
CoFe20s powders gave higher combustibility due to its lower decomposition temperature as
compared to that of CTAB fuel [45]. The mixed fuel showed higher weight loss and exothermic
temperature than those of single fuels, indicating a slower decomposition rate. Other studies
corroborated the afore mentioned and revealed that rates of combustion reaction are higher in the
samples via mixed urea and glycine fuel when compared to those from the respective single fuels
[35].

4.3. Particle Size
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Some fuel systems in combustion synthesis serve as structure-directing templates and give
tuneable surface properties in metal oxide nanomaterials for potential applications in catalysis,
optoelectronics, and gas sensors [30,100,101]. The use of the mixed fuel combustion synthesis
facilitates the reduction in particle size, when compared to the analogous product formed using a
single fuel. This is achieved through control of flame temperature and the type and amount of
released gaseous products [26,46]. Asefi et al. noted that BiFeOs powders prepared from a mixture
glycine and urea had lower crystallite sizes when compared to the powders prepared using the single
fuels [31]. This is been made in similar reported studies, and is attributed to the lowering of the
combustion temperature, the evolution of a large volumes of gas (CO2 and H20) and a less violent
reaction caused by the addition of glycine [27,31,46,72,96].

It was observed in a study on the preparation of hierarchical porous LiFePOs powders for
lithium-ion batteries by Karami et al. [54] that a combination with a fuel such as glycine, with a high
heat content is expected to increase the combustion rate. Morphological analysis of the LiFePOs as-
synthesized powders obtained showed that the crystallite size increased with the content of CTAB in
the fuel, while the opposite is observed for the mixed CTAB-glycine. On the other hand, Lazarova et
al. used a mixture of glycine-glycerol to prepare nano-sized spinel manganese ferrites [MnFe2O4] at
different reducing power ratios [102]. Thus far, this is the only reported study whose findings oppose
the generalized pattern, especially when glycine is used in a mixed fuel combustion synthesis. The
report showed that the synthesized sample from the highest amount of glycine in the fuel has five
times larger crystallite sizes than synthesized samples obtained from other fuel mixtures (Figure 7).
Their argument is the only outlier in the literature that suggests glycine decreases the exothermicity
of a reaction thereby preventing agglomeration and sintering of the synthesized material [46,91].

Figure 7. TEM images of synthesized nano-sized MnFe:04 using a mixture of fuels: (a) sucrose-urea (3:1), (b)
sucrose-urea (1:3), both at 500 °C; and (c) glycine-glycerol (3:1) at 400 and (d) glycine-glycerol (1:3) at 500 °C under

inert conditions. Reprinted with permission [102].

4.4. Surface Area

It is generally accepted that the liberation of a large amount of gaseous products such H0, CO,
N2, Hz, and CO during the combustion reaction leads to the formation of a spongy and porous
structure [21,25,103]. A recent study has showed that mixed fuels made up of urea and glycine for
the synthesis of FesOs powders produced foamy and sponge-like material, due to the release of large
amount of gases, within shorter combustion time [39]. These characteristic favours the synthesis of
porous powders and inhibits particle agglomeration [28,39,54]. However, work by Meza-Trujillo et
al.[104,105] refuted the generally acceptable norm as their use of a mixture of urea and {3-alanine
could not produce a porous material, likely due to the high temperature attained during the
combustion reaction which prompted sintering of the grains. The textural properties were only
improved by the addition of oxalic acid which acted as a heterogeneous and combustion retarding
agent [105].

The use of activated carbon as a secondary fuel at different fuel-oxidant ratios in the combustion
synthesis of ZnO produced porous material with excellent morphological property for photocatalytic
dye removal [106]. Morphological analysis of the synthesized ZnO revealed that the presence of the
secondary fuel had a profound effect on reducing crystallite size and enhancement of specific surface
area. The crystallite size of the synthesized ZnO powders varied from 46 to 26 nm, with the powder
prepared at a fuel-oxidant ratio of 1.8, which gave possessing the lowest crystallite size and high
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specific surface area of 69 m?/g [106]. The excellent absorption and photocatalytic ability of the
powder when applied as dye remover is attributed to the synergistic interaction and interplay of
enhanced surface area and catalytic ability of the material [101].

4.5. Material Phases

Alumina powders via combustion synthesis of glycine and urea mixed fuels exist in both the
amorphous and crystalline material phases depending on the ratio of the fuel mixture [96]. Powders
prepared with a higher content of urea displayed increased crystallinity, while samples with a higher
content of glycine are generally amorphous. These observations reveal that the ratio of the constituent
fuels influences phase changes in the material product. In the case of the alumina powders, urea
promotes crystallinity, and glycine promotes amorphous character in the product phase. The
formation of amorphous phases is attributed to the lack of sufficient temperature to promote alumina
crystallisation [96]. Similarly, an increase in the glycine content led to a phase change to amorphous
in the case of the mixed (urea and glycine) fuel combustion synthesis of alumina [27]. The change in
phases from the high temperature a-corundum phase to the low temperature y-phase and
amorphous phase was reported to be due to incomplete combustion taking place as a result of high
number of carbon atoms present in glycine [27,94].

Studies on single and mixed fuel combustion syntheses of FeCr20s powders for application in
pigments revealed that phase changes are also influenced by the constituent mixed fuels used
[29,107,108]. In this vein, the use of mixed citric acid and ethylene glycol fuels yield amorphous
phases, while the synthesized powders prepared using the glycine fuel resulted in narrower and
higher peak intensities in the XRD patterns of the products due to stronger combustion than the urea
[107,108]. Subsequent addition of glycine to urea, citric acid, or ethylene glycol ensured higher
reactivity in all the corresponding fuel mixtures, and results in the formation of corresponding highly
crystalline FeCr204 samples. The arrangement of common organic fuels in order of reactivity follows
glycine > urea > citric acid > ethylene glycol. Based on this, it is deducible that the mixed fuel
constituents and the fuel mixing ratio affect surface phases as evident from the associated XRD
patterns and FTIR spectra of the synthesized samples [29]. The synthesis of powders with glycine-
containing fuel mixture led to the strongest combustion reaction resulting in the highest crystallinity
and the lowest lattice parameters.

5. Summary, Conclusion and Future Directions

This paper reviewed the uniqueness of the mixed fuel approach in the Solution Combustion
Synthesis of nanomaterials for various applications. The consideration of the triplex function of the
fuel, and innovative advantages of SCS over its contemporaries led to the growing interest in mixed
fuel combustion synthesis.

Diverse applications of the nanomaterials obtained from mixed fuel SCS in catalysis, dielectric,
recycling and recoveries of spent LiBs, energy cells, and optics, are highlighted in this review.
Whereas the corresponding effect of the mixed fuel system on the combustion and decomposition
rates of the precursors as well as on the materials’ physicochemical and morphological properties are
discussed in earnest. The synthetic routes and data from the various characterization techniques like
TEM and XRD, are used in analyzing and comparing these properties with those reported for
analogous as-synthesized materials from single fuel SCS.

The characteristics of fuels used in SCS such as molecular structure, functional groups,
decomposition temperature, etc., influence their prevailed combustion features such as combustion
reaction rate, combustion temperature, etc. The use of glycine as a fuel in combustion synthesis is
promoted by its high combustion rate and temperature, low chelating ability and, hence, results in
the low agglomeration and smaller crystallite sizes in the corresponding as-synthesized materials.
High molecular weight fuels such as CTAB have slow combustion rates and, hence, mixing with
glycine, for instance, increases the combustion rate. Polyfunctional fuels in mixtures have greater
tendency to increase the amount of gases evolved during combustion. Thus, the higher
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decomposition temperature and a slow decomposition rate in CTAB made it comparatively
unsuitable for combination with citric acid, which is characterized as having high adiabatic
temperature due to low rate of decomposition. In relation to this, common organic fuels follow the
order of reactivity viz; glycine > urea > citric acid > ethylene glycol. The synthesis of powders using
glycine as fuel led to the strongest reaction resulting in the highest crystallinity and the lowest lattice
parameters. It is then deducible that the nature of the mixed fuel constituents and the fuel mixing
ratio affect XRD patterns, FTIR spectra and other characterization spectra of the resultant samples.
Hence, with the current emphasis on more environmentally sustainable and benign synthetic routes
to chemicals and materials for diverse applications, the prospects are infinite for the usage of mixed
fuel SCS.
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Abbreviations

The following abbreviations are used in this manuscript:

Cit Citric acid

CS Combustion Synthesis

CTAB Cetyltrimethylammonium bromide

EDX Energy Dispersive X-ray

En Ethylenediamine

En/Cit  Ethylenediamine/Citric acid

En/Ox  Ethylenediamine/Oxalic acid

En/Ox/Cit Ethylenediamine, Oxalic acid, and Citric acid
FESEM  Field-Emission Scanning Electron Microscopy

FTIR Fourier Transform Infrared

LIBs Lithium-ion Batteries

LSM Lanthanum Strontium Manganite
Ox/Cit  Oxalic acid/Citric acid

Ox Oxalic acid

PVP polyvinylpyrrolidone
SAED Selected Area Electron Diffraction

SCS Solution Combustion Synthesis
SOFC Solid Oxide Fuel Cell

STA Simultaneous Thermal Analysis
TEM Transmission Electron Microscopy
uv Ultraviolet

XRD X-ray Diffraction
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