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ABSTRACT

The solution combustion synthesis technique is a versatile method for the production of
powders used in a variety of applications. It has been used to produce hundreds of
compounds, thus demonstrating its versatility, especially for the preparation of oxides, and is
now a workhorse technique in materials science. Its success resides in the ease of
implementation, high-throughput, the versatility of chemistries, and capacity for the
production of high-surface area powders. The main limitations of the technique include
problems with powder agglomeration, possible lack of control of powder morphologies, and
the presence of leftover organic impurities from incomplete combustion. In this contribution,
we review the influence of a variety of factors of relevance for the technique, including the
type of fuel, fuel-to-oxidizer ratio, and combustion temperature, as well as the presence of
additives and other special considerations, with a particular focus on the crystallite size and
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particle size of the resulting powders.

Introduction

The solution combustion synthesis process is a simple
and versatile methodology used to produce ceramic
powders for a variety of technologies, including solid
oxide fuel cells, catalysts, gas sensors, actuators, UV-
absorbents, and colouring agents (ceramic pigments),
among many others. The process consists of an
exothermic chemical reaction between metal nitrates
(oxidizers) and an organic fuel (e.g. carbohydrazide,
urea, glycine, citric acid) mixed in the form of an aqu-
eous (or rarely a non-aqueous) solution and subjected
to relatively mild (300-500°C) heating, usually in a pre-
heated muflle furnace. Key to the process is the atomic
level mixing that is a result of the solubility of the pre-
cursors, which usually results in homogeneous pow-
ders. In many cases, synthesis needs to be followed
by a calcination step to remove excess organic impuri-
ties from the as-synthesised powders. When necessary,
the calcination step also serves to improve the crystal-
linity of the materials, as can be seen in Figure 1 for the
synthesis of Y,03, where (a) illustrates the X-ray diffr-
action pattern of powders in the as-synthesised state
and (b) the powders after calcination at 1273 K for
12 h. The synthesis of a simple binary compound
such as Y,O; follows a reaction

Y(NO;); + organic fuel — Y,0; + gases (1)

in which the reactants are dissolved in a small amount of
water and placed in a furnace or hot-plate at a pre-set

furnace temperature. Within a few seconds, after the
water evaporates, the nitrates and organic fuel react pro-
ducing a mild or strong explosive reaction, depending
on the fuel, with the release of heat and a variety of
gases such as CO,, NO,, and CO, among others. Since
the reaction is highly exothermic, nanocrystalline pow-
ders typically result as one of the products of reaction
(see Figure 1(c)). During this type of combustion, also
known as thermal explosion, the entire sample reacts
simultaneously in a matter of seconds.

The general principles defining combustion syn-
thesis, including thermal decomposition and energetics
of the organic fuels, as well as processing parameters
such as furnace temperature, fuel-to-oxidizer ratio,
and adiabatic flame temperature, have been previously
summarised by Shea et al. [1]. In addition, Mukasyan
and Dinka [2] have discussed several different
approaches to solution combustion synthesis, including
self-propagating sol-gel combustion, conventional
volume combustion synthesis, and the impregnated
inert and impregnated active support modes. A variety
of reviews on the combustion synthesis of oxide
materials have been presented by Patil et al. [3] and
Tyagi et al. [4,5], since oxides represent the great
majority of materials prepared using this technique.
However, it has been recently shown that the technique
can also be used for the production of borides [6-10].
With respect to metals, Sharma et al. [11] have shown
that pure silver particles can be synthesised by combus-
tion synthesis using either citric acid or glycine, whereas
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Figure 1. X-ray diffraction pattern of Y,05 powders prepared
by combustion synthesis (a) in the as-synthesised condition
and (b) after calcination treatment at a temperature of
1273 K for 12 hr. (c) Transmission electron micrograph of
Y,05 powders prepared by combustion synthesis and calcined
at 1273 K for 6 h.

Zhu et al. [12] has reported the successful synthesis of
small amounts of intermetallic FeNis with citric acid.
The focus of this review is an analysis of the influ-
ence of synthesis parameters such as type and amount
of fuel, temperature of the reaction, fuel-to-oxidizer
ratio, and additives, on the final morphology of pow-
ders, with a particular emphasis on the effects of
these parameters on the crystallite size and particle
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Figure 2. (a) Complex formation between dissolved La** ions
and carbohydrazide for the synthesis of La,05, (b) complex
between dissolved A** ions and sucrose for the synthesis of
AlL,O; [14], (c) complex between dissolved AI** jons and urea
for the synthesis of Al,O5 [14], (d) complex between dissolved
La*" and Cr** ions and triethanolamine for the synthesis of
LaCrO; [15], (e) complex between dissolved La** and Cr**
ions and n-butylamine for the synthesis of LaCrOs [15], and
(f) complex between dissolved La** and Cr** ions and ethyle-
nediamine for the synthesis of LaCrO3 [15].

size. Specifically, the discussion is divided into the fol-
lowing sections: type of fuel (Section 2), fuel-to-oxidi-
zer ratio (Section 3), pre-ignition temperature
(Section 4), additives and other factors (Section 5),
and challenges and limitations (Section 6).



Type of fuel
General considerations

This section will cover the main factors that influence
powder morphology with respect to the type of fuel
used during combustion. Depending on type (chemical
composition) and amount of fuel, the actual combus-
tion velocity and temperature can vary significantly,
affecting the morphology and the size of the resultant
powders. An optimum fuel is one that results in non-
toxic gases (H,O + CO, + N,) by generating a complete
combustion reaction, as well as serving as a complexant
to the metal cations [13]. The complexation process
increases the solubility of metal cations in water and
prevents the premature precipitation of intermediate
products and/or final products. For fuels with greater
numbers of complexation sites, say sucrose (Figure 2
(b)), the possibility for homogeneous dispersal of
metal cations is improved. As an example, a combus-
tion reaction between La(NOj3); and the organic fuel
carbohydrazide, results in a complex between carbohy-
drazide and the La>" ions in solution, as illustrated in
Figure 2(a) and described by

2 La(NO3)3 + aCH6N4O —>
La203 + bH20+ CC02 + sz (2)
+ other gases and/or radicals.

An example for the synthesis of y-Al,O; [14] using
sucrose as fuel follows reaction

2 AI(N03)3 .9H20(S) + xC12H22011(s) —>

3
A1203(S) + aN, (g) + bCOz(g) + CHzo. ( )

While an example for the synthesis of a-Al,O; [14]
using urea as fuel follows reaction

2 AI(NO3);99H,0(s) + xCH4N,O(s) —

4
AL Os(s) + aNy(g) + bCO,(g) + cH,O(g). @

The complexation processes for these two latter fuels are
shown in Figure 2(b,c). The issue of solubility of reac-
tants is important and the formation of aqueous com-
plexes between the metal cations and the organic fuels
is very relevant for the success of the process. Indeed,
Ganesh et al. [14] attribute the smaller sizes of the
sucrose y-Al,O; powders (crystallite size = 16 nm, par-
ticle size = 5.66 pum), compared to the larger sizes found
for the a-Al,O5 urea powders (crystallite size = 98 nm,
particle size = 7.22 pum), precisely to this effect.

Typical fuels used for combustion synthesis are illus-
trated in Figure 3. Fuels with longer molecular chains
produce larger amounts of released gases during the
process. Gas production and release can generally result
in smaller crystallite sizes and less agglomerated pow-
ders because heat is dissipated from the system during
gas ejection, reducing temperature and hindering crys-
tal growth and agglomeration. From this perspective,
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fuels such as sorbitol, triethanolamine, and citric acid,
would result in smaller crystallite and particle sizes.
For example, Lakshmi et al. [16] showed that citric
acid is better for producing scandia-stabilised zirconia
powders of smaller crystallite sizes, while Rashad and
El-Sheikh [15] demonstrated that LaCrO; powders
can be produced using three organic fuels, namely
triethanolamine (Myy = 149.19 g/mol), n-butylamine
(Mw =73.14 g/mol), and ethylenediamine (M =
60.10 g/mol), in order of decreasing chain length. The
smallest and less agglomerated powders corresponded
to triethanolamine, and the largest and most agglomer-
ated powders corresponded to ethylenediamine. Also,
larger fuels have more sites available to promote com-
plex formation and solubility of metal cations, as seen
in Figure 2(d) for the case of triethanolamine, compared
to those for n-butylamine (Figure 2(e)) and ethylenedia-
mine (Figure 2(f)). Thus, the effect of chain length (i.e.
molecular weight) on the crystallite size and particle
size is also connected to the solubility and complexation
in fuels, not just to the release of gases.

Ghosh et al. [17,18] analysed the crystallite sizes and
particle sizes of hydroxyapatite powders during syn-
thesis using urea and glycine as fuels. Glycine has a
slightly longer molecular chain length than urea but
the calcium hydroxyapatite synthesised with glycine
did not have the smaller particle size, rather the urea
powders were smaller. As both glycine and urea are
very similar in their molecular chain length, valuing
chain length as the only parameter for crystallite size
is not a complete descriptor. By means of comparison,
Pacurariu et al. [19] showed that larger crystallite sizes
for MgAl,O, were produced for the fuel with longer
molecular chain length (p-alanine) compared to the
shorter molecular chain length (urea), whereas Deorsola
and Vallauri [20] showed that ZnO and CeO, powders
produced with citric acid (long chain) had larger crystal-
lite sizes and higher agglomeration, while glycine and
glycol (shorter chains) were the most optimised fuels
for these materials [21,22]. Thus, a definite correlation
between chain length and crystallite size cannot be
established for some material systems, although it is a
parameter that is useful as a first consideration, both
from the point of view of gas release and complex for-
mation for efficient dissolution of the reactant species.
A more fundamental parameter is the heat of reaction,
which is dependent on the number of single and double
bonds in the different fuels. The fuels containing only
single bonds between carbon atoms, such as glycine, ala-
nine, polyethylene glycol, sorbitol, and hexamethylene-
tetramine, are known as saturated fuels. Those with
double and triple bonds, such as urea, carbohydrazide,
n-butylamine, ethylenediamine, triethanolamine, citric
acid, acrylamide, and valine, are known as unsaturated
fuels and are generally more reactive.

According to propellant chemistry, the molar ratio
between fuel and oxidizer is based on the ratio between
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Figure 3. Common fuels used for combustion synthesis of nanocrystalline powders.

Table 1. Reducing valences of typical organic fuels used in

solution combustion synthesis [13].

total oxidising valences (from the metal cations) and
total reducing valences (from the fuel). The amount of
fuel for every combustion reaction is fixed based on
this ratio. The reducing valences of a variety of fuels

Fuel Chemical formula Reducing valence  \vere calculated by Shea et al. [13] and are listed in

EB’CF;;‘ZEhan E”:‘Zgzoz _ig Table 1. A calculation between 1 mol of M(NO;);
12M22014 - i .

Phenylalanine CsHqNO, -43 (M’* =metal jon) and 1mol of carbohydrazide,

Hexamethylenetetramine CoHioNg =36 resulting in the —8 value given in Table 1, is as

Arginine CgH14N40, —-34

Triethanolamine CgHq5NO; -33 follows [23]

Valine CsHq1NO, —27 T . .

n-Butylamine CHIN —37 Oxidizing valences: (from the nitrate)

Sorbitol C5H1406 —26

Glucose CeH1206 —24 M: 1x(-3)=-3

Glutamic acid CsHoNO, =21

Ascorbic acid CeHg06 -20 N:3x(0)=0

Citric acid CeHgO, -18

Ethylenediamine C,HgN, -16 0:9%x(2)=18

Alanine C3H/NO, -15

Acrylamide C3HsNO -15 Total = 15

Aspartic acid C4H;NO, -15

Tartaric acid C4HeOs -10 Reducing valences: (from the fuel

Ethylene glycol C,Hg0, -10 J - ( )

Glycine C,H5NO, -9 . T

Carbohydrazide CH6N,O -8 H:6x(=1)=-6

Urea CH4N,0 —6

Hydrazine NoH, —4 N:4x(0)=0

Oxalic acid C,H,0, -2

C:1lx(—-4)=—4



O:1x(2)=2
Total = -8

The zero oxidising valence designated for N comes
from the assumption that the product species is N,,
which may not be accurate since NO,, product species
are also possible. In this scenario, the molar fuel to oxi-
dizer ratio is then 8:15=28/15=10.53.

Heat of combustion

There are three main thermodynamic processes during
combustion synthesis, namely heat generation as a con-
sequence of the exothermic reaction, gas expulsion, and
powder crystallization. All three of these processes affect
the size of the resultant powders. In particular, a very
high combustion temperature can result in the for-
mation of relatively large crystallites of the desired pow-
ders, since the higher heat benefits crystal growth, a
process that is controlled by diffusion of the reacting
species and highly dependent on temperature via the
following general Arrhenius description

— g exp| —or (5)
§=8& XPI —pr |

where g is the growth rate, g, is a temperature-indepen-
dent constant, AE is the activation energy for crystal
growth, R is the gas constant, and T is temperature.
Gas expulsion, on the other hand, can reduce the temp-
erature of the system by heat dissipation as a conse-
quence of the escaping gases, hindering crystal growth.
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Thus, the heat of reaction and gas expulsion are compet-
ing effects. Unfortunately, the inherent reaction and for-
mation of products during combustion synthesis are
difficult to define because of the complexity of the
chemical reactions inside the reaction zone. One can
begin by defining an enthalpy of combustion, which
can be described as the net increase in heat content
when a substance in its standard state at ambient con-
ditions undergoes complete oxidation. The simplest
stoichiometric reaction follows a conversion from A to
B (A — B), where A is an explosive mixture and B rep-
resents the products of detonation. Purohit et al. [24]
described the formulation behind the estimation of the
heat of combustion during synthesis, which can be cal-
culated based on the following expression

AHcombustion = (E AI_If)products - (E AI—If)reactants’ (6)

where (2 AHr) products 18 the enthalpy of formation of the
products and (3 AHf),eactants 1S the enthalpy of formation
of the reactants. One can see from Equation (6) that the
enthalpy of combustion is described as a difference of
enthalpies of formation between products and reactants.
Thus, the amount of energy liberated during the combus-
tion process is dependent on the starting reactants and
resulting products, all of which must be determined in
order to calculate the heat of combustion. For complex
combustion reactions, products may be approximated,
but not necessarily completely known. For example, in
the simple reactions of Equations (1) and (2), the gases
produced could include CO, CO,, or both. In using

Table 2. Molar enthalpies of formation of several common fuels used in combustion synthesis.

Fuel Chemical formula

Molar enthalpy of formation (kJ/mol)

Reference

Urea CH4N,0

Glycine CH,(NH,)COOH

Alanine CH3CH(NH,)COOH
B-Alanine B-CH3CH(NH,)COOH
Valine HO,CCH(NH,)CH(CHs),
Acrylamide C3HsNO

Polyethylene glycol ConHan420041

Sorbitol CeH1406

Citric acid CgHsO,

Glycol C,H60,
Hexamethylenetetramine CeH12Ny4

-3333 £ 0.2
—3334 +£0.2
-320.2 £2.0
—333.1 £07
—333.1 £0.6
—3334 £06
—333.6 £0.6
—333.1 £07

Dorofeeva et al. [26] and sources therein

Average = —332

—530.1 +04
—537.2 £03
—528.6 +0.3
—5275 +0.5
—5285 +04
—528.1 £0.5
—524.0 £0.8
—528.1 £0.5

Dorofeeva et al. [26] and sources therein

Average = —529

—604.2 +2.0 Dorofeeva et al. [26] and sources therein
—562.7

—559.5 £ 0.6

—560.0 +1.7

—604.2 £2.0

—560.0 + 1.0

Average = —575
—558.0 [27]
—628.9 [27]
—212.08 [27]
—-3185.6 [28]
-277.8 [28]
—1543.9 [21]
—455.3 [21]
-205 [29]
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carbohydrazide, one then obtains the following global
reaction for the synthesis of Y,0;

2Y(NO3)3 + QCH6N4O ad Y203 + szO
+ ¢CO, + sz (7)

which defines the complete combustion and maximum
release of energy between the oxidizer and the carbohy-
drazide fuel. However, under many circumstances, the
following is a much better description of what transpires

2Y(NO3)3 + aCH6N4O — Y203 + szO + CCOZ
+ dN; + eCO + f NOy + gH,
+ other gases and/or radicals

(8)

resulting in an incomplete combustion that also produces
a variety of species from the dissociation of CO, and H,O,
possibly CO, H,, 0%, H*, and OH™, for example. Dis-
sociation reactions are endothermic and result in a
reduction in combustion temperature. Thus, as men-
tioned earlier, combustion reactions are complex and
may include a series of individual steps that occur at
different times during the detonation process, as well as
endothermic reactions that reduce the temperature
achieved by the system. Oxides of nitrogen can include
nitrous oxide (N,O), nitric oxide (NO) and nitrogen

Figure 4. Scanning electron micrographs of Tb-doped
Lu3Als0;, obtained using (a) glycine and (b) urea.
Reprinted with permission [25].

dioxide (NO,)—NO, is the general description for the
mixture of NO and NO,. One additional possibility is
the formation of hydrogen cyanide (HCN), which can
subsequently generate NO in the presence of oxygen.
Oxidation and reduction reactions can also occur
among products as described by

CO + Hzo —> COZ + Hz, (9)
2NO 4+ 2CO — 2C0O; + Ny, (10)

Table 2 summarises the molar enthalpies of for-
mation of several common fuels, with polyethylene gly-
col and citric acid having the highest values. The
difference in enthalpy of formation among the different
fuels is one of the main reasons for the varied perform-
ance of these fuels during the combustion process since
they produce different amounts of heat during the reac-
tion. For example, Liao et al. [25] manufactured Tb-
doped Lu3Al;0,, powders using glycine (Figure 4(a))
and urea (Figure 4(b)). These two fuels have enthalpies
of formation of —529 and —332 kJ/mol, respectively,
representing the (2 AHf) cqctants in Equation (6). Thus,
the enthalpy of combustion, AHompustion> 1S lower for
the glycine fuel, resulting in smaller crystals for the gly-
cine-produced powders, assuming all other factors can
be ignored or minimised. Figure 4 shows this effect
very clearly. The glycine-produced powders (Figure 4
(a)) exhibit crystal sizes of approximately 0.25 um,
while the urea-produced powders (Figure 4(b)) are
highly agglomerated and with crystals that have coa-
lesced into each other. Thus, the extra heat from the
urea combustion promoted sintering through enhanced

diffusion.

Adiabatic flame temperature

According to [24], the adiabatic flame temperature of
the reaction can be estimated by solving

Taa
(2 nC,) dar (12)

roducts >
T, P

AI_Icombustion = J

where T4 is the adiabatic flame temperature, T, is the
starting temperature, # is the number of moles of the
reaction product, and C; is the heat capacity of the pro-
ducts at constant pressure. From the enthalpy of for-
mation and heat capacity, this equation can be solved
for the theoretical adiabatic flame temperature of the
reaction. However, the experimental flame temperature
is usually lower than the adiabatic flame temperature
because of heat loss during the combustion reaction.
Generally, stoichiometric mixtures can approach the
adiabatic flame temperature for the system in question.
If the mixture is non-stoichiometric (either fuel-rich or
fuel-lean) the excess fuel or oxidizer can act as a diluent
for the reaction, reducing the temperature achieved by
the system. The effect of stoichiometry will be



discussed in more detail in the next section. Because
temperature change is extremely fast and high, and
because the reaction products can be difficult to pre-
dict, the calculation of flame temperature is not
straightforward. Solving for the adiabatic flame temp-
erature results in

AH?

products

— AH?

reactants

Tad = To+ (13)

( CP )products

From this expression, there are three options for increas-
ing the flame temperature: (1) increase the enthalpy of
formation, A I(J)roducts of the products, (2) reduce the
enthalpy of formation, AHY,, ... of the reactants, and
(3) reduce the heat capacity of the products. The first
option may be achieved by including additives that
increase the thermal value of the products. For example,
metal powders (particularly aluminium) are commonly
used in explosives for this purpose.

Studies have been conducted to observe the effects of
various fuels and fuel amounts on the experimental
flame temperature. As an example, Purohit et al. [30]
determined that the crystallite size of ThO, powders
grew with an increasing amount of fuel, Lenka et al. [31]
demonstrated that combustion reactions for CeO, syn-
thesis with glycine reached higher flame temperature lead-
ing to larger crystallite sizes, and Lima et al. [32] showed
that the adiabatic flame temperature was lower for the syn-
thesis of Cr,O; due to lower amounts of fuel using both
glycine and urea, resulting in smaller crystallite sizes.

Earlier, we described the synthesis of Tb-doped
Lu;Al;0,, powders using urea and glycine [25]. For
this synthesis, the enthalpy of combustion was lower
for the glycine fuel, resulting in smaller crystals. In sup-
port of this initial assessment, the flame temperature
was found to be lower for reactions with glycine, com-
pared to reactions with urea. Additionally, when
increasing the amount of urea in the fuel mix, the cor-
responding flame temperature increases, and the par-
ticle/agglomerate sizes of the resultant materials
(estimated from BET) are larger (see Figure 5). Thus,
in general, the higher the adiabatic flame temperature,
the larger the crystallite size and particle size of

40

30 &{T
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[ ]
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600 >

20] %
10 . ° 300
X

° . O\o 0
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Content of urea in the fuel

Figure 5. The influence of urea on the surface area and particle
size of Tb-doped LusAls0+,. Reprinted with permission [25].
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powders. It has also been found that glycine has the
highest amount of gases released, thus resulting in
the smallest particle sizes for Cr-doped Y;Al;01, pow-
ders, followed by carbohydrazide and urea [13,33], in
support of earlier arguments regarding gas release in
these systems.

Figure 6 summarises adiabatic flame temperatures
with respect to the enthalpy of formation for typical
organic fuels used in combustion synthesis. The reac-
tions produced from citric acid are found to have a dra-
matically higher adiabatic flame temperature
compared to the rest of the fuels, all of which are clus-
tered at the bottom left of the figure. Citric acid also has
a much higher enthalpy of formation compared to the
rest of the compounds. Thus, the use of this fuel is rec-
ommended when higher flame temperatures are
desired. Figure 7 summarises crystallite sizes versus
adiabatic flame temperature for some of the oxides
listed in Table 3. This table may serve as a guide to
the reader on expected crystallite sizes for a variety of
common oxides prepared using typical fuels. Upon
careful analysis, it is seen that the adiabatic flame temp-
erature is not a predictor of the powder crystallite size
(Figure 7(a)), as the process has additional complexities
that cannot be accounted for by theory. In contrast, the
experimental flame temperature (Figure 7(b)) is a bet-
ter predictor of crystallite size. As flame temperature
increases, crystallite size increases for most materials
due to thermodynamic particle coarsening effects but
the effect is not significant enough to control growth
from nanometre to micrometer sizes. That is, powders
are nanocrystalline and will not achieve larger sizes

4000
[ )
& N
3500 - S 3
o T 3
Y 58 p
230004 | @ &
8 e} >
£ 3| &
=)
P 25004 5|
£ ?| 8le
5 =l 3|5 e
5 Q|| gle &
0 1 SHBIE S
E 2000 'TEJ i g
o s S
< >
1500 { <
IR
A4
®
1000 , ' |
0 500 1000 1500 2000
-AHerma(ion (kJ/mo|)

Figure 6. Adiabatic flame temperatures for different organic
fuels used for the manufacture of oxide powders by combus-
tion synthesis.
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Figure 7. Crystallite sizes versus (a) adiabatic flame tempera-
ture and (b) experimental flame temperature for select oxides
prepared by combustion synthesis.

because of the extreme shortness of the process.
Figure 7(b) illustrates the change in crystallite size with
experimental flame temperature for Gd; ;Lug gEug ;03
[34], hydroxyapatite [17,18], and Cr,O3 [33], describ-
ing a linear trend that follows an increase of crystallite
size with respect to flame temperature. For example,
the Cr,0; powders increase in crystallite size from 20
to 50 nm with an increase in flame temperature
from 390°C to 590°C. For the case of the GLO:Eu
(Gd; 1LuggEuy;03) powders, there is an increase
from 11 to 23 nm with an increase in temperature
from 370°C to 580°C. An exception was found for
the case of CeO, where the crystallite size did not
vary with either adiabatic flame temperature or exper-
imental flame temperature [35], showing once again

that the process is complex and some appropriate gen-
eralities can be made but may not apply to certain
materials. In this case, the authors describe a process
in which the maximum flame temperature is
modified with respect to type of fuel (Tyspartic acia =
1375°C, Tglutamic acid = 1660°C, Ttryptophan = 1800°C,
Tphenylalanine =1515°C, Tdimethyl urea — 11700(:)’ result-
ing in no change in crystallite size (Cyspartic acia =
19 nm, Cglutamic acid = 20 nm, Ctryptophan =20 nm,
Cphenylalanine =20 nm, Cdimethyl urea = 24 nm) but some
change in particle size (Paspartic acid = 11 UM, Pglutamic
acid =D um, Ptryptophan =8 um, Pphenylalanine =10 pm,
Pdimethyl urea = 8 um). Thus, changes in the heat of com-
bustion in CeO, cause agglomeration of the powders
but not crystallite growth. One possible explanation
for this effect, albeit unverified from the results pre-
sented by Mukherjee et al. [35], may be the presence
of unreacted organics that cover the surfaces, prevent-
ing crystallite growth, but promoting agglomeration. It
is known that combustion synthesis can result in pow-
ders with residual organics, especially for fuel-rich mix-
tures, which is the reason why many powders require a
calcination step after synthesis. Thus, the presence of
organics in these powders is a possibility.

A summary of particle/agglomerate sizes can be
found in Table 4, estimated by transmission electron
microscopy (TEM), scanning electron microscopy
(SEM), dynamic light scattering (DLS), and the Bru-
nauer-Emmett-Teller (BET) method. DLS [41-59] is
by far the most reliable method to measure the par-
ticle/agglomerate sizes of powders, and in this contri-
bution, we take special care to differentiate between
the crystallite size and particle/agglomerate size.

Fuel-to-oxidizer ratio

The fuel-to-oxidizer ratio is a parameter that controls
the combustion temperature and can be estimated
according to

(b =

3,(Moles of elements in chemical formula of fuel) - (valency)

3,(Moles of elements in chemical formula of oxidizer) - (valency)
(14)

A specific calculation, described earlier for 1 mol of M
(NO3); (M>* = metal ion) and 1 mol of carbohydrazide,
results in a ratio of ¢ = 8/15 = 0.53. One can also calculate
a fuel-to-oxidizer equivalence ratio as follows

A= d)test mixture (1 5)

d)stoichiometric

such that A =1 for a stoichiometric test mixture, A > 1
for a fuel-rich test mixture, and A < 1 for a fuel-lean test
mixture. The closer the fuel-to-oxidizer ratio is to
stoichiometry (ie. A=1), the higher the heat of the
reaction. Fuel-rich mixtures adversely affect the
combustion reaction, providing the conditions suitable
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Table 3. Summary of crystallite sizes for different oxide powders prepared using various types of fuels.

Adiabatic flame

Measured flame

Material Type of fuel Crystallite size (nm) temperature (°C) temperature (°C) Reference

a-Al,05 Urea 507 - - [36]
Carbohydrazide 42°

a-Al,0; Urea 98* - - [14]
Sucrose 16°

Ce;, SM,0 Citric acid 19.72 - - [22]
Alanine 22.6°
Glycine 15.6%

CeO, Citric acid 11.16 3827 - [21]
Glycol 3.48° 1927 -
Citric acid-glycol 8.18° 2910 -

Ce0, Aspartic acid 19° - 1375 [35]
Glutaminic acid 20° - 1660
Tryptophan 207 - 1800
Phenilalanine 207 - 1515
Dimethyl urea 242 - 1170

Y,03:Bi Hexamethylenetetramine 29° - - [29]
Glycine 13°
Urea o°

Gd; ;LuggEug 103 Glycine 237 - 580 [34]
Citric acid 17° - 490
Urea 118 370

Lag7Sro3Mn0; Urea 16.0° - - [37]
Glycine 19.6 - -

HAp Stoichiometric Urea 40° - 817 [17]
Stoichiometric Glycine 447 - 888
0.6 Urea + 0.4 Glycine 34* - 830
0.4 Urea + 0.6 Glycine 39° - 847
Urea + 0.5 g Glucose 33* - 765
Urea + 1.0 g Glucose 28° - 709

HAp & =0.8) Urea 33 769 743 [18]
(& =1) Urea 422 896 815
(& =1.5) Urea 31° 1670 811
(& =2) Urea 26° 2128 760
(& =3) Urea 217 2664 715
(& =0.8) Glycine 432 847 815
@& =1) Glycine 49 1035 887
(& =1.2) Glycine 33° 1531 770
@ =1.5) Glycine 27 1531 770

LaCrOs Triethanol amine 50.1% [16]
N-butyl amine 63.3°
Ethylene diamine 83.8°

ZnAlLLO, Urea 447 [38]
Carbohydrazide 487
Aniline 40°

Ceo.0Zrp10, Glycine 86+4° [39]
Alanine 86+3°
Lysine 79+47

Sc,(WO,)5 Urea 67.2% [40]
Carbohydrazide 127°

Iny(WO,)3 Urea 125° [40]
Carbohydrazide 1217

MgAl,0,4 Urea 3452 [19]
Alanine 10.36°

Zn0 Urea 55° [20]
Glycine 33°
Citric acid 30°

Zn0 Zinc acetate 657 1008 [27]
Valine 517 1272
Alanine 40° 1215
Acrylamide 217 1385

MgO (& =0.85) PEG 11.6% 1396 [28]
(& =1) PEG 9.3° 1661
(& =1.15) PEG 7.75° 1611
(b =1.4) PEG 6.65° 1531
(& =0.85) Sorbitol 6.4° 1054
(& =1) Sorbitol 5.7° 1301
(& =1.2) Sorbitol 412 1192
(& =1.4) Sorbitol 5.9° 1090

Cr,05 4.25 g Urea + 17 g NH4NO3 35° 1700 570 [33]
4 g Urea+31.9 g NH4NOs 507 1750 590
8.5 g Urea + 34 g NH;NO; 20° 1400 390
3.75 g Glycine 402 2300 420
3.75 g Glycine + 18 g NH4NOs 32° 1750 520
7.5 g Glycine + 36 g NH4NOs 39* 1900 550
3.75 g Glycine + 36 g NH,NO; 18 1700 390

*X-ray diffraction (XRD).

PTransmission electron microscopy (TEM)
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Table 4. Summary of particle sizes for different oxide materials
prepared using various fuels.

Particle size

Material Type of fuel (nm) Method  Reference

a-Al,05 Urea 350 DLS [36]
Carbohydrazide 220
Urea 250 SEM
Carbohydrazide 200
Urea 200 TEM
Carbohydrazide 150

a-Al,05 Urea 7220 SEM [14]
Sucrose 5660

LuzAlsO15:Tb  Glycine 25-60 SEM [25]
Glycine/urea 40-900
Urea 900

Ce1,Sm,0 Citric acid 24.6 BET [22]
Alanine 17.2
Glycine 13.0

CeO, Citric acid 22.37 BET [21]
Glycol 8.51
Citric acid-glycol 19.96

Ce0, Aspartic acid 11 um BET [35]
Glutaminic acid 5um
Tryptophan 8 um
Phenylalanine 10 pm
Dimethyl urea 8 um

Zn0 Carbohydrazide 320 SEM [60]
Glycine 125

HAp Urea 178 BET [17]
Glycine 217

HAp Urea 180 BET [18]
Glycine 216

ZnAl,0,4 Urea 88.52 BET [38]
Carbohydrazide 26.66
Aniline 44.17
Glycine 49.14

Scy(WO,)3 Urea 349 DLS [40]
Carbohydrazide 71

In,(W0,)3 Urea 219 DLS [40]
Carbohydrazide 268

for premature sintering of powders and corresponding
growth of the particles [61]. Figure 8 illustrates the
dependence of flame temperature on fuel-to-oxidizer
ratio for (Y,_,,Ce,,),SiO5 [62]. The flame temperature
reaches a maximum at fuel-to-oxidizer ratios between 2
and 2.5. This plateau represents a compromise of maxi-
mum heat production from the chemical reaction and
higher gas release that effectively reduces the flame
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Figure 8. The dependence of adiabatic flame temperature on
fuel-to-oxidizer ratio, &, for (Y;_,,Ce,,),Si0s. Reprinted with per-
mission [62].
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Figure 9. Effect of fuel-to-oxidizer ratio and maximum temp-
erature of combustion for different proportions of glycine-
nitrate and urea-nitrate for the synthesis of Co30, powders
by combustion synthesis. Reprinted with permission [63].

temperature. Increasing the amount of fuel further will
not increase the flame temperature and will also result
in higher amounts of organic residues left on the pow-
ders, thus the addition of excessive fuel is not
recommended.

Figure 9 illustrates the effect of fuel-to-oxidizer ratio
on the crystallite size of Co30, for two different fuels
(glycine and urea). Crystallite sizes increase with an
increase in the fuel-to-oxidizer ratio for both fuels.
Additionally, the higher the combustion temperature,
the larger the crystallite sizes for all fuel-to-oxidizer
ratios tested [63]. Ribeiro et al. [64] concluded that
the increase of fuel-to-oxidizer ratio not only increases
the crystallite size of powders but also changes the
distribution of crystallite sizes. In particular, the
crystallite sizes of NiAl,O, were more uniform for a
fuel-to-oxidizer equivalence ratio equal to 1 (stoichio-
metric conditions), whereas there was a significant
size distribution for fuel-to-oxidizer equivalence ratios
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Figure 10. Effect of fuel-to-oxidizer ratio on crystallite sizes of
select oxide powders prepared by combustion synthesis.



equal to 1.5 and 2. Figure 10 illustrates representative
data for crystallite sizes versus fuel-to-oxidizer ratio
for a-Al,O5 [36], CuFe,O, [65], and (Y;_,,Ce,,)SiO5
[65]. An increase of crystallite size up to a certain
value of fuel-to-oxidizer ratio (close to 2) can be
noted for all materials, after which there is a decrease
in crystallite size. For the case of MgO, NiO, and
Co;304 [66-68], one also finds a decrease in crystallite
size up to the stoichiometric equivalence fuel-to-oxidi-
zer ratio (with values following the trend
d)\:().zs = 18 nm, d,\:()_s =17 nm, d,\:0‘75 = 14 nm,
and d)—; = 7 nm, where the heat of combustion is
maximum) and subsequent increase in the fuel-rich
region (dr=125 = 12 nm, dy—15 = 16 nm,
dy—175 = 18 nm, and d,—, — 16 nm). As described
earlier, crystallite growth is due to the higher flame
temperatures achieved in reactions with higher fuel-
to-oxidizer ratios, which promotes crystallite growth
up to a certain point. The subsequent smaller crystallite
sizes may be related to an increasing release of gases
that removes heat from the reaction.

Figure 11 illustrates representative TEM images of
crystallites for fuel-lean (Figure 11(a)) and stoichio-
metric fuel-to-oxidizer (Figure 11(b)) ratios for

Figure 11. Transmission electron micrographs of (a) Nd,Os
powders prepared using a fuel-to-oxidizer ratio that is lean
and (b) Nd,05; powders prepared using a stoichiometric fuel-
to-oxidizer ratio. Reprinted with permission [69].
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Nd,O; [69]. The size of the powders is clearly larger
for the stoichiometric case compared to the fuel-lean
one. In addition, Figure 12 demonstrates the change
in powder morphology for iron oxide synthesised
with different fuel-to-oxidizer ratios. The correspond-
ing morphology changes transition from a cluster of
crystallites (Figure 12(a)) for a fuel-to-oxidizer equival-
ence ratio of 0.1, through thin flakes and sponge-like
porous powders for fuel-to-oxidizer equivalence ratios
up to 1 (Figure 12(b)-(e)), and to the highly agglomer-
ated morphologies for a fuel-to-oxidizer equivalence
ratio of 1.2 (Figure 12(f)), which corresponds to the
fuel-rich case. As mentioned earlier, the competition
between the heat of the reaction and the amount of
released gases is the main reason for these morphology
variations [70].

The larger amounts of gases produced for reactions
with higher fuel-to-oxidizer ratios also affect particle/
agglomerate sizes, generally preventing agglomeration.
For example, particle sizes of SnO, powders measured
by BET gas sorption decreased with an increase in
fuel-to-oxidizer ratio—in this case citric acid-to-tin
ratio [71]. Particle sizes of a-Al,O3; measured by DLS
were found to increase (416 nm — 679 nm —
887 nm) in fuel-lean reactions, while they decreased
(628 nm — 573 nm — 494 nm — 322 nm) in fuel-rich
ones because of the large amounts of released gases
[72]. A brief summary of crystallite and particle sizes
for different fuel-to-oxidizer ratios is presented in
Tables 5 and 6, respectively.

Pre-ignition (furnace) temperature

Combustion synthesis reactions take place by placing
the reactants in a furnace or hot-plate at mild tempera-
tures. The selection of furnace temperature depends on
which fuel is selected, but is typically between about
300°C and 500°C. Below this temperature, there is no
ignition. Indeed, at room temperature and atmospheric
pressure mixtures such as those in Equations (1), (2)
and (4), will not react by themselves. When observing
a combustion reaction, nothing seems to occur below
the pre-ignition temperature, upon ignition the reac-
tion occurs almost all at once. Figure 13 illustrates a
series of images for the combustion synthesis of CaBg
on a hot-plate using carbohydrazide as fuel. The entire
experiment is recorded over an 8s time frame. The
combustion reaction begins at approximately t=5s
and lasts approximately 1-2 s. The kinetics of the pro-
cess is complex and not completely understood but
generally, it can be described by a series of both
endothermic and exothermic events, as described in
Figure 14. First, an endothermic peak is observed at
76°C due to the melting of the nitrates, followed by a
significant endothermic peak at 170°C due to the melt-
ing of the carbohydrazide and dehydration, after which
detonation and crystallization take place.
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Figure 12. Scanning electron micrographs of iron oxide powders manufactured by combustion synthesis with fuel-to-oxidizer ratios
of (@) 0.1, (b) 0.2, (c) 0.3, (d) 0.6, (e) 1, and (f) 1.2. Reprinted with permission [70].

An increasing furnace temperature, above the
threshold temperature, adds to the overall system
temperature by adding to the heat produced by the
exothermicity of the reaction, such that

o 0
products - AI_Ireactants
Teombusion = To + ( C )
P/products
+ Trurnace- (16)

Higher furnace temperature decreases the time for
initiation of detonation and improves the crystallinity
of the powders, but can also result in a significant
increase of particle size. For example, Yang et al.
[111] investigated the properties of LiMn,O, syn-
thesised at several furnace pre-set temperatures.
Depending on temperature, the waiting time for
ignition decreased and the particle size became
progressively larger, as illustrated in Figure 15(a).
LiMn,0, exhibits a pronounced linear relationship
for all four fuel-to-oxidizer ratios that were tested.
On the other hand, crystallite size (Figure 15(b)) also
shows an increasing trend with respect to pre-set temp-
erature but the effect varies (and is non-linear) from
one material to another. Again here, the complexity
of the process and the difficulty in defining fully the
reactions taking place, results in variability that cannot
be theoretically justified. Crystallite and particle sizes
for different furnace pre-set temperatures are listed in
Tables 7 and 8.

Additional considerations
Salts

It has been found that there is an increase of the surface
area and a decrease of particle and crystallite sizes with
the addition of different types of salts [78], since com-
bustion temperature decreases with the addition of the
salt (also known as diluent), according to the equation
for the enthalpy of combustion with diluents

Tad
AH ombustion = Nalt AHm ngs E (”Cp)products n salth’

17)

where ng, is the molar amount of added salt, AH,, is
the melting enthalpy of added salt, T,q is the adiabatic
flame temperature of the system, and C, is the heat
capacity of the products and salt. The adiabatic
flame temperature of the reaction without salt is
higher than with salt. Therefore, salts attenuate the
heat of reaction, lower the temperature of the reac-
tion, and alter the crystallite and particle sizes and
the degree of agglomeration of resultant materials.
The differences in melting temperatures, solubility,
and heat capacity of prospective salts can be tuned
to obtain the most optimised properties of the resul-
tant material. Figure 16 illustrates the changes in the
sizes and morphologies of the resultant powders for
NaCl/metal ratios equal to 0 and 2/3 in LaMnO;
[116]. The addition of NaCl with a simultaneous
change in the fuel/oxidizer ratio allows one to pro-
duce well-formed small cubic single crystals of
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Table 5. Summary of crystallite sizes of oxide materials for different fuels and fuel-to-oxidizer ratios.

Material Fuel-to-oxidizer ratio Crystallite size (nm) Method Reference
(Y1.mCem),Si0s (carbohydrazide) 0.875 31 (13) XRD (TEM) [62]
1.25 44 (18)

1.615 56 (36)
2.012 110 (83)
25 80 (64)
Lu,03:Eu (glycine) 1 35 XRD [73]
13 920
1.7 118
2 115
Lu,03:Eu (glycine) 0.56 40 XRD [74]
0.39 15
0.33 5
0.28 3
Y,03:Er (glycine) 1 18 XRD [75]
1.2 25
14 40
1.6 50
1.8 65
BaMgAl;40:7:Eu?* (urea) 2.36 (stoichiometric) 33 XRD [76]
7.08 39
Y,0s:Eu (glycine) 1 8 XRD [69]
1.3 40
1.7 (stoichiometric) 70
Nd,03 (glycine) 1 10 XRD [71]
1.66 35
Y,03 (glycine) 0.5 12 XRD [61]
1 8
1.66 30
2 25
25 9
3 9
CeO, (ethylene glycol) 0.75 6.9 XRD [78]
1 8.0
1.5 14.1
2.25 382
Fe,03 (glycine) 0.5 34 XRD [79]
1 35
2 38
4 50
MgO (PEG) 0.85 11.6 XRD [28]
1 9.3
1.15 7.75
14 6.65
MgO (sorbitol) 0.85 6.4 XRD [28]
1.0 5.7
1.15 4.1
14 59
Sc-Zr0O, (glycine) 0.14 15.9 XRD [80]
0.28 11.0
0.56 8.2
0.84 8.2
1.12 79
a-Al,05 (citric acid) 0.033 113 XRD [72]
0.1 63
0.167 81
0.278 64
0.333 75
0.5 66
0.667 74
MgO (starch) 0.8 55 XRD [81]
0.9 6.6
1.0 76
1.1 83
CeO, (glycine + citric acid) 0.322 446 XRD [82]
0.377 334
0.434 20.9
0.355 379
0.410 254
0.467 11.7
Ce0, (glycine) 0.30 10 XRD [24]
0.55 15
1.00 24
Co304 (urea) 0.25 16 +0.32 XRD [66]
0.5 15 0.3
0.75 13 £0.26
1 6 £0.12
1.25 11 £0.24

(Continued)
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Table 5. Continued.

Material Fuel-to-oxidizer ratio Crystallite size (nm) Method Reference
1.5 16 +0.32
1.75 17 £0.34
2 18 £0.36
MgO (urea) 0.75 30 £1.5 XRD [68]
1 18 £0.9
1.25 28 £14
1.5 47 +24
1.75 55 £2.8
2 53 +2.7
NiO (urea) 0.25 21 £043 XRD [67]
0.5 17 £0.34
0.75 15 £0.30
1 7 £0.15
1.25 21 £043
1.5 32 £0.65
1.75 38 +£0.76
2 35 +0.74
Zr0, (carbohydrazide) 1 5.42 XRD [83]
1.25 14.9(t)/8.10(m)
1.75 7.60(t)/8.83(m)
225 6.27(t)/10.60(m)
Al,0O3 (glycine) 0.37 90.3 XRD [84]
0.43 84.7
0.51 90.3
0.56 96.8
0.69 123.2
a-Fe,03/Fe30,4 (urea) Stoich 20/22 XRD [85]
—50% fuel 35
+100% fuel 62/72
+200% fuel 54/38
+300% fuel 58/36
+500% fuel 90/108
Co304 (urea) 2.51 920 XRD [63]
1.26 81.20
0.84 77.00
0.42 65.70
0.21 55.45
Co30, (glycine) 1.67 104.7 XRD [63]
0.84 35.00
0.56 24.65
0.28 22.60
0.14 37.10
Sn0O, (citric acid) 14 9.1 XRD [71]
2 11.6
3 14.2
4 18.7
6 213
8 26.7
CuO (citric acid) 0.28 228 XRD [86]
0.5 24.5
1 273
CuO (urea) 0.625 1.4 XRD [86]
0.83 1.4
1.25 121
Mgo.2Feo g0 (glycine) 1 344 XRD [87]
1.25 27.94
NaNbOs (glycine) 0.7 4451 £11.99 XRD [88]
0.8 4259 +£11.54
0.9 3731 +8.54
1.0 29.09 £5.29
1.2 2745 +5.86
14 26.29 £5.97
1.6 2440 +£4.92
1.8 23.79 £5.52
2.0 26.12 +13.69
GdFeO;s (glycine) 1.1 35 XRD [89]
1.2 42
14 50
1.66 65
CuFe,0, (glycine) 0.67 14 XRD [65]
133 39
2.00 42
267 22
Hap (urea/glycine) 0.8 33/39 XRD [18]
1.5 31/43
2 26/33
3 21/27

(Continued)
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Material Fuel-to-oxidizer ratio Crystallite size (nm) Method Reference
Zry8Ce20; (glycine) 1 7 XRD [90]
1.22 10

1.65 9
2 10
BiVO, (urea) 3 42 XRD [91]
35 40
4 54
4.5 54
5 87
LiNbO; (glycine) 1 33 XRD [92]
2 29
3 32
4 35
5 28
6 39
MgFe,0, (glycine) 03 37 XRD [93]
0.5 33
1 (stoichiometric) 28
1.5 31
2 32
LaMnOs, s (oxalyal dihydrazide) 0.75 32 XRD [94]
1.00 (stoichiometric) 36
1.25 40
1.50 44
NiAl,O,4 (urea) 1 (stoichiometric) 34 XRD [64]
15 14.2
2 16.6
CoFe,0, (glycine) 0.5 33 XRD [95]
1 (stoichiometric) 37
15 38
Mng gMgo 2Fe;04 (urea) 6.67 214 £05 XRD [96]
77 242 £0.5
9 40.6 £0.5
10 418 £05
Ba(Zro7Ceo.1Y02)029 (glycine) 0.33 8 XRD [97]
0.4 9
0.45 1
0.5 12
0.56 16
0.66 17
0.75 18
Sro.g5Ce0.15Fe05_y (citric acid) 1.2 69 XRD [98]
2 116
4 91
Lag.g25r0.18Mn0O;3 (glycine) 0.4 13 XRD [99]
0.45 17
0.5 18.5
0.55 19
0.6 19
0.65 17
0.7 12
Coq..Zn,Fe,0,4 (glycine) 0.17 6 XRD [100]
0.22 10
0.28 16
0.44 40
0.56 46
0.66 44
NasCr,(PO,)s (glycine) 033 3939 +4.12 XRD [101]
0.5 34.02 +2.68
1 31.29 £3.91
Nig.5Zno.sFe;04 (glycine) 0.25 4 XRD [102]
0.5 8
1.0 24
15 45
Al,05/Y-Zr0, (urea) 0.5 10 Al,05/10 Y-Zr0, TEM [103]
2 44 Al,05/24 Y-ZrO, XRD
Stoichiometric 60 Al,05/33 Y-ZrO, XRD
Ce0,/Y,03 (glycine) 1-2 4.5-7 XRD [104]
2-3 8-18
Zn/Co0 (glycine) 0.2 75 XRD [105]
0.4 18
0.6 40
1 35
Ce0,/Cu (glycine) Fuel-rich Large XRD [106]
Stoichiometric Large
Fuel-lean Fine
Ce0,/Zr0, (ethylene glycol) 0.5 5.04 XRD [107]

(Continued)
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Table 5. Continued.

Material Fuel-to-oxidizer ratio Crystallite size (nm) Method Reference
0.62 10.41
0.92 16.92
Zr0,/Mo0s (glycine) 0.5 7 XRD [108]
0.75 4
1 11
1.25 15
1.5 39
8YSZ (glycine) 0.756 7.10 XRD [109]
0.855 7.05
0.940 7.05
1.000 7.00
1.103 6.80
1.163 10.20
1.379 13
1.605 8.30

LaMnO;. NaCl behaves as a high-temperature solvent
during the combustion reaction resulting in well-dis-
persed smaller particles. Similar effects have been
reported by Tong et al. [117,118] and Zhang et al.
[119] for the synthesis of Er,Sn,O;, Er,Zr,0, and
CoFe,0,4, with additions of KCI. The incorporation
of KCl as a reactant minimises agglomeration, as
illustrated in Figure 17. Generally, crystallite and par-
ticle sizes are greatly reduced with the addition of
salts (see Tables 9 and 10). The effects on powders
for several different additives are summarised in
Table 11.

In regular explosive mixtures used in propellant
chemistry applications, the addition of fine metal pow-
ders, such as aluminium or magnesium, are used as
additives to increase the heat of explosion. For the
case of aluminium additions, a partial reaction is

3
21420, — AL,O; +1669 k]/mol  (18)

which can also react with explosion products such as
CO, and H,0 secondarily to obtain

2A1+ 3CO, — ALO; 4+ 3CO + 593 kJ/mol, (19)

From this point of view, combustion synthesis is an
extension of the theory of explosive mixtures contain-
ing metallic additives and, indeed, the production of
nanopowders of Al,O; by this technique is common
(see Tables 4, 5, and 7).

Influence of pH

Peng et al. [127] determined the influence of pH
(range of 2.5-10.5) for the synthesis of alumina.
They concluded that the rate of decomposition, as
well as hydrogen bonding between the fuel and
metal hydroxides, was responsible for the change in
morphology and crystallite sizes of the powders.
Unagglomerated particles resulted from a pH value
equal to 10.5. Aggregates of nanoparticles were the
result of pH equal to 6, and flaky larger particles

were the result of pH equal to 2.5. Patra et al. [128]
reported similar results for BagsSrysCoggFep,0s
prepared using citric acid. Particle sizes estimated
from BET were found to be almost three times
smaller for the solution of pH 9 compared to those
of pH 5. Since citric acid dissociates at higher pH
values, it is conjectured that the complexation sites
are more readily available to the metal cations, thus
more effectively dissolving the nitrates, separating
them, and hindering particle growth. On the other
hand, Mohebbi et al. [129] investigated the influence
of pH of the initial solution (in the range between 0.5
and 9) on the crystallite sizes for the synthesis of Ni/
NiO-YSZ composites. It was found that the crystallite
sizes became smaller with increasing pH due to faster
combustion of the solution.

Modifications of pH during combustion synthesis
can also affect other powder properties. For example,
the combustion synthesis of HAp at pH values of 4
and 6 resulted in modifications of the stoichiometry
of the resulting powders [41,130]. The powders pre-
pared at pH =4 consisted of calcium-deficient HAp,
whereas the powders prepared at pH =6 consisted
of stoichiometric HAp. A schematic representation
of the process is illustrated in Figure 18. The change
in pH also results in modifications of the particle
size. The powders prepared at pH=4 consist of
agglomerates between 160 and 170 nm, whereas the
powders prepared at pH = 6 consist of slightly smaller
agglomerates between 150 and 167 nm. A brief sum-
mary of crystallite and particle sizes for different pH
values is provided in Tables 12 and 13.

Challenges, limitations, and recent findings

The combustion synthesis process has been phenom-
enally successful for the production of a variety of
powders, such that online records (publications,
abstracts, presentations, etc.) for a ‘solution combus-
tion synthesis’ search exceeded 28,000 in the year
2019 alone, according to Google Scholar (Figure 19
(a)), for a total of 375,069 records from 1950 to
2019. The same search in INSPEC resulted in a



Table 6. Summary of particle sizes of oxide materials for
different fuels and fuel-to-oxidizer ratios.

Fuel-to-oxidizer Particle
Material ratio size (hnm)  Method Reference
LusAls0,,:Th>* 12 27 BET [25]
(glycine) 14 35
1.5 42
1.6 48
1.7 60
a-Al,0; (citric acid) 0.033 416 DLS [72]
0.1 679
0.167 887
0.278 628
0.333 573
0.5 494
0.667 322
MgO (starch) 0.8 424 BET [81]
0.9 35.2
1.0 27.7
1.1 28.6
Ce0, (glycine + citric 0322 65.20 BET [82]
acid) 0.377 46.39
0.434 21.61
0.355 63.17
0.410 4797
0.467 25.92
Ce0, (glycine) 0.30 1 BET [24]
0.55 12
1.00 22
Co304 (urea) 0.25 20+ 0.6 BET [66]
0.5 18 £0.54
0.75 13+0.39
1 8+0.24
1.25 13+0.39
1.5 17 £0.51
1.75 18 +£0.54
2 21+£0.63
MgO (urea) 0.75 28 +£0.56 BET [68]
1 12+£0.24
1.25 29+0.58
1.5 46 £0.9
1.75 62+1.2
2 55+ 1.1
NiO (urea) 0.25 20+ 05 BET [67]
0.5 15+04
0.75 14+0.36
1 7+0.18
1.25 22 +£0.55
1.5 35+0.87
1.75 39+0.99
2 36+ 091
Al,O3 (glycine) 0.2 25.7 BET [110]
0.4 30.0
0.6 75.2
0.8 741
1.0 29.8
1.2 26.0
Sn0, (citric acid) 14 36.1 BET [71]
2 338
3 31
4 283
6 22.8
8 27.8
MgO (PEG) 0.85 26.4 BET [28]
1 19.9
1.15 18.2
14 12.8
MgO (sorbitol) 0.85 6.4 BET [28]
1 5.7
1.15 41
14 59
Mgo2Fe g0 (glycine) 1 70.9 DLS [87]
1.25 70.2
Hap (urea/glycine) 0.8 140/174 BET [18]
1.5 158/212
2 132/133
3 104/126

(Continued)
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Table 6. Continued.

Fuel-to-oxidizer Particle
Material ratio size (hnm)  Method Reference
Sro.a5Ceg.15Fe03_(citric 1.2 234 BET [98]
acid) 2 200
4 209
Ce0,/Zr0, (ethylene 1/2 47.99 BET [107]
glycol) 8/13 49.00
12/13 90.10

total of 3050 publications (Figure 19(b)) from 1950 to
2019, and a total of 2193 in the last decade (Figure 19
(c)). While the origins of the technique reside in the
study of explosives in the 1950s, its use and recognition
for the manufacturing of powders occurred in the
1990s. It is now a workhorse technique in materials
science, its success residing in the ease of implemen-
tation, high-throughput, the versatility of chemistries,
and capacity for the production of high-surface area
powders. The main limitations of the technique include
problems with powder agglomeration (note Figures 4,
12, and 16), possible lack of control of powder mor-
phologies (note Figure 11), and the presence of leftover
carbonaceous and organic impurities from incomplete
combustion. Three recent reviews highlight some special
topics connected to the technique, including its use for
the synthesis of catalytic powders [131] and semicon-
ductors [132], and the utilisation of ecofriendly precur-
sors for the synthesis [133].

Our review focuses primarily on oxides, but com-
bustion synthesis can also be used for the preparation
of non-oxide materials. Earlier we mentioned the syn-
thesis of borides [6-10,134], where the relevant com-
bustion reaction is

La(NOs); + 6B 4+ aCHgN,O —>
LaB6 + bH20+ CCOz + sz (21)
+ other gases and/or radicals.

As can be seen, the reaction requires a boron precursor.
In this case, the best choice is high-surface area boron
metal [6,7], which is mixed into the solution with
La(NOs3); and carbohydrazide. This example is just one
of many that require special choices of precursors that
are not nitrates, either because nitrates are not readily avail-
able or simply do not exist. Some opportunities include
the synthesis of Sc,(WO,); with ammonium metatung-
state hydrate, (NH,)sH,W1,049exH,0, as the tungsten
source [40]; (Y1.,,Ce,,)-Si05 with fumed SiO, as the sili-
con source [62]; Lu,SiOs with fumed SiO, (350-410 m2/g)
as the silicon source [135] GdV 5P 50,4 with ammonium
metavanadate, NH,VO;, as the vanadium source and
ammonium phosphate, NH,H,PO,, as the phosphorus
source [136].

There is also the possibility of producing nitrate,
even if it is not available commercially. For example,
(UpsCey5)Oz.r powders were prepared using the
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Figure 13. Timed images of the combustion synthesis process for the preparation of CaBs.
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Figure 14. Differential scanning calorimetry of the combustion reaction between lanthanum nitrate, boron, and carbohydrazide.

Reprinted with permission [6].
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pre-set temperature for a variety of oxide powders prepared by
combustion synthesis. For data points provided as ranges of
values in Table 7, an average was determined and plotted in (b).

Table 7. Summary of crystallite sizes of oxide materials for
different furnace pre-set temperatures.

Furnace Crystallite size
Material temperature (°C) (nm) Method Reference
a-Al,03 450 754 XRD [36]
500 722
550 84.5
600 88.9
650 88.0
700 69.8
750 86.2
800 85.8
850 87.1
NiO 400 ~7 TEM [112]
600 24-50
800 125-350
400 15 XRD
600 39
800 300
Y,0,5:Yb* 3 Ert 500 10 TEM  [113]
700 20-40
900 70-110
Cay.05P207:EUg 02" 1000 63.7 XRD  [114]
1050 771
BaAl,0,Eu** Dy** 400 98 XRD  [115]
500 82
600 85

Table 8. Summary of particle sizes of oxide materials for
different furnace pre-heat temperatures.

Pre-ignition
temperature Particle

Material (°Q) size (um) Method Reference
LiMn,0, 500 1.61 Centrifugal [111]

600 2.12 particle size

700 2.67 analyzer

400 2.54

500 3.04

600 3.48

700 3.96

400 3.89

500 4.54

600 5.06

700 5.62

400 5.18

500 5.87

600 6.65
Hydroxyapatite 300 0.164  BET [18]

400 0.171

500 0.184

600 0.216

650 0.233

700 0.240
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Figure 16. Transmission electron micrographs of LaMnOs powders prepared by combustion synthesis with (a) NaCl/metal ions =0
and (b) NaCl/metal ions = 2/3 ratios. Reprinted with permission [116].

Figure 17. Transmission electron micrographs of Er,Zr,0; powders prepared by combustion synthesis (a) in the absence of KCl and

(b)-(c) in the presence of KCl. Reprinted with permission [118].

following combustion reaction [137]

UO,(NO3), + Ce(NO3); 4+ aCsHsO7 —>
2(Up.5Ce0.5)O024x + bH,O + cCO; + dN; + other gases.
(22)

However, UO,(NO3), is not a commercial product.
Instead, it was synthesised from commercial U;Og
powders that were reacted with nitric acid.

Another possibility is the existence of a highly
unstable metal nitrate, which may even be available
commercially on a limited basis. For example, titanium

Table 9. Crystallite sizes of various oxide materials with salt
additives added as a diluent.

Material Additive Crystallite size (hm) Method Reference
CeO, Without additive 14.10 XRD [78]
Nadl 7.04
Kl 5.34
CaCl, 6.84
KCI/LiCl 6.41
KCl/CaCl, 5.31
CoFe,0,4 without KCl 42 XRD [119]
with KCl 20
CdSi0;:Co** NH,4F, NaCl, NH,CI 50-140 XRD [120]
Y,Si0s:Sm3* Without flux 14 XRD [121]
NaCl-flux 41
KI-flux 32
NH,Br-flux 32
NH,Cl-flux 20

NH,F-flux 16

(IV) nitrate is a volatile compound that readily sublimes
and it is not easy to work with in a laboratory setting.
Instead, researchers have developed a variety of options
for the use of other compounds during combustion syn-
thesis. For example, for the preparation of titanate com-
pounds such as CaTiOj; [138], the titanium source used

Table 10. Particle sizes of various oxide materials with salt
additives added as a diluent.

Material Additive Particle size Method Reference
BaMgAl,00,7:Eu**  PEG 10-50 nm DLS [122]
a-Al,03 NH4NOs (urea) 200 nm DLS [36]
NaNjs (urea) 200 nm
NH,4Cl (urea) 150 nm
NH4NOs (CH) 150 nm
NaNs (CH) 175 nm
NH,4Cl (CH) 100 nm
Ce0, Without additive 59.68 nm BET [78]
NaCl 7.51 nm
KCl 537 nm
CadCl, 10.44 nm
Kcl/Licl 9.83 nm
KCl/CaCl, 5.59 nm
LaMnOs NaCl/Metal = 0 200 nm TEM [116]
NaCl/Metal =2/3 50-180 nm
Mullite NH4NO; (100%) 82 pm BET [123]
HNOs (100%) 61 um
NH4Cl (100%) 71 um
H,0, (100%) 123 pm
NH4NO; (200%) 83 um
HNOs (200) 85 um
NH4Cl (200%) 141 pm
H,0, (200%) 168 pm
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Table 11. Effect of additives on the combustion reaction and morphology of oxide materials.

Material Additive Effects Reference
Binary oxides KCl Increases the surface area [78]
NaCl Reduces crystallite and particle sizes
CaCl, Reduces the degree of agglomeration of crystallites/particles
Al, O3 Decreases the combustion temperature [36]
NH4NO;, Reduces particle size
NH,CI, Increases gas release from the system
NaN3 Reduces particle size
Ternary oxides Kcl Reduces the size and degree of agglomeration of crystallites/particles [118]
Accelerates mass transfer
NaCl Reduces the size and degree of agglomeration of crystallites/particles [116]
Accelerates combustion reaction
NH4NO3 Reduces the size and degree of agglomeration of crystallites/particles [124]
Composites NH,4NO; Behaves as an oxidant [123]
Increases the surface area [103]
Works as a combustion aid promoting phase formation without an additional calcination step
Increases the surface area
Nacl Reduces crystallite/particle sizes [78]
Luminescent materials H3BO; Promotes the formation of additional phases [125]
Increases luminescence response
Licl, LiF Slightly increases the crystallite size [126]
Li,SO, Changes the particle morphology
NH,4F Increases crystallinity
NH,4CI Increases crystallinity [120]
NaCl
1.0 Diagram calculated from Hydra-Medusa software
(@) || for calculating hydrochemical equilibrium
0.8 - constants and equilibrium diagrams.
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Figure 18. (a) Speciation diagram of Eu simulated with Hydra-Medusa software and (b) formation mechanism of Eu?* in HAp and
calcium-deficient HAp powders. Luminescence images of the powders prepared at (c) pH=6 and (d) pH =4, generated by UV

irradiation revealing the emission of red and blue light, respectively. Reprinted with permission [41].
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Table 12. Effect of pH on crystallite sizes of oxide materials.

Material pH value  Crystallite size (nm)  Method  Reference
a-Al,03 25 96 XRD [127]

6 16.9

10.5 19.8

YSZ-(NiO/Ni) 0.5 32-(33/33) XRD [129]

3 28-(28/28)

5 24-(17/23)

9 13-(8/15)

Table 13. Effect of pH on particle sizes of oxide materials.

Material pH  Particle size (hm)  Method  Reference
Bag.5Sro5Cog gFeg 203 5 149 BET [128]
7 86
9 56
HAp:Eu 4 160-170 DLS [41]
6 150-167

was titanium peroxo citrate, which was produced from
reacting TiO, H,0,, NHj, and citric acid. For the syn-
thesis of In;4,TiO,3, the titanium source was titanium
(IV) isopropoxide [139]. In general, metallorganics
can be used in combustion synthesis reactions, as long
as they do not hinder the combustion reaction by
decreasing the exothermic heat of reaction.

Compounds containing carbon are also possible.
The synthesis of CNTs/C/NiMoO, composites is poss-
ible by reacting [140]

7Ni(NO3), + (NH4)sMo;0,4 + aCgHgO;
+ xCNTs —> 7NiMoQy4 + bCO, + ¢N,
+ dH,0 + yCNTs + other gases,
(23)

where CNTs (carbon nanotubes) are mixed directly
into the reactants. While there is a definite expec-
tation that some of the nanotubes will decompose
and form graphite, some will not decompose, result-
ing in a composite that contains a mixture of CNTs
and carbon, as well as the NiMoQO,. Note in this
case that the molybdenum also requires a special
(non-nitrate) precursor.

A final and interesting example corresponds to
reactions for the formation of sulphides. Powders of
a-NiS, NiS,, Ni;S, can be produced by reacting Ni
(NO;),6H,0, CS(NH,), (thiourea), and urea or gly-
cine as fuel [141,142], whereas powders of ZnS can be
produced by reacting Zn(NO;),+6H,0 and thiourea,
which serves both as the source of sulphur and as
the fuel [143].

Summary

We describe the characteristics of powders prepared
by the technique of combustion synthesis. A control-
ling parameter is the fuel-to-oxidizer ratio, ¢. With
all else constant, ¢ determines the energy released
and therefore reaction temperature achieved during
combustion. A theoretically maximum temperature
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Figure 19. Number of publications in the area of ‘solution
combustion synthesis’ from (a) Google Scholar (excluding
patents) from 1950 to 2019, (b) INSPEC from 1950 to 2019,
and (c) INSPEC from 2010 to 2019.

is reached when ¢ is stoichiometric and the precur-
sors completely react to form solid and gaseous pro-
ducts. The combustion temperature is systematically
lowered as the mixtures become fuel-lean because of
the diluting effect of excess oxidizer precursors and
can be used to control crystal nucleation and growth.
The majority of gaseous products are produced from
burning fuel and so greater quantities of gases are
produced for fuel-rich mixtures. Thus, fuel-rich



compositions favour the production of larger quan-
tities of gas that result in smaller crystallite sizes.
Greater amounts of impurities also result from
increasingly fuel-rich compositions due to incomplete
burning of the fuel. Other important parameters
include the pre-ignition temperature and the addition
of salts and diluent precursors to the reactants.
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