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particle morphology evolution followed the sequence: spherical, lamellar, lamellar semi-cubic, and 
cubic. Whereas with Na2CO3 addition the evolution was as follows: lamellar semi-cubic, cubic, and 
prismatic truncated octahedron shape. The main differences of this latter microwave-assisted 
hydrothermal approach [82] with respect to those mentioned above [80,81] (constituting two of the most 
significant ones employing MW heating) for the preparation of BiFeO3 nanoparticles and 
nanostructured particles are summarized in Table 2.  

In all of the experiments carried out in [82], microwave heating allowed obtaining a perfect control 
over the heating rate and reducing the ramp to the reaction temperature to only 5 min (in comparison to 
the 15 min needed in the example in [81]). This precise and immediate transfer of energy, again, must 
be emphasized as the key step manifested in the majority of microwave-assisted synthetic inorganic 
protocols, leading to the observed advantages. Moreover, the temperature adopted in [82] was reduced 
by approximately 20 °C with respect to the majority of syntheses reported, including those exploiting 
microwave heating. 

Figure 4. Scanning electron microscopy (SEM) images and X-ray diffractometry (XRD) 
pattern of pure bismuth ferrite (BiFeO3) phase synthesized according to the  
microwave-assisted hydrothermal procedure optimized in [74], i.e., at 180 °C for 30 min 
with a KOH concentration of 10 mol/L. 

 

Table 2. Comparison of three different microwave-assisted hydrothermal synthesis 
strategies proposed for the obtainment of single BiFeO3 phase. 

Temperature (°C)  Time (min) Product Ref. 

ca. 194 120 
agglomerated 
rombohedral 

BiFeO3 particles 
[80] 

200 30 
polyhedral BiFeO3 

nano-structured 
particles  

[81] 

180 30 
nanocubic BiFeO3 

aggregates 
[82] 
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4. Microwave Energy Transfer in the Ignition of Solution Combustion Synthesis  

Combustion synthesis (CS) is a relatively new inorganic material manufacturing procedure, 
originating from the discovery of solid flame phenomena by Merzhanov and co-workers [83,84]. Very 
quickly it became the most promising method for the synthesis of high temperature ceramics, 
intermetallics and different kinds of composite materials. The main reason can be found in its intrinsic 
energy saving characteristics, since most of the energy needed for the synthesis is released by the 
reaction itself. Indeed, CS exploits exothermic reactions occurring among the reactants; after a proper 
ignition (i.e., the reaction mixture is heated up to the so-called ignition temperature), the reactants start 
reacting in a self-sustaining manner, thus requiring no further energy from an external source, since the 
harnessing of the heat produced by the reaction itself allows completion of the reaction in the whole 
reactive volume [85]. Typically, two different ignition strategies are distinguishable, leading to the 
self-propagating high-temperature synthesis (SHS) and to the thermal explosion (TE) modes of 
combustion synthesis. In the SHS type, the exothermic reaction is ignited at one end of the reactive 
volume so that the reaction self-propagates to the opposite side of the sample, while in the TE method 
of combustion the entire reactive volume is heated up homogeneously and uniformly until the reaction 
takes place almost simultaneously in the entire specimen [85].  

Although initially the performance of CS was limited among mixtures of powders, or could benefit 
from the optional use of a gaseous phase [86], nowadays CS has reached a significant level of 
versatility and diversity [87]. Particularly, combustion synthesis performed in aqueous solution is a 
relatively new method for preparation of oxide-based engineered nanomaterials [88]. In summary, 
solution combustion synthesis exploits exothermic self-sustaining reactions occurring between metal 
nitrates and different kinds of organic fuels (e.g., glycine, urea, citric acid, polyethylene glycol, etc.) in 
homogeneous solutions. The main steps involved in this synthesis strategy are schematically 
summarized in Figure 5. Also, in this case the ignition can occur locally (leading to a layer by layer 
propagation) or volumetrically (leading to a nearly instantaneous reaction). 

Most of the more conventional soft-chemistry routes, including the above-discussed hydrothermal 
synthesis, even if performed by microwave-assistance, are significantly more energy and  
time consuming.  

Moreover—although to a significantly lesser extent with respect to hydrothermal syntheses—with 
the ever-deepening research findings in the field of CS, a satisfactory control over the crystallite size 
has been achieved by opportunely modifying the ratio between the metal nitrate and the fuel, or by 
changing the fuel itself as well as the metal precursor anion [88,89].  

Being able to change the particle size distribution by simply changing the ignition strategy from a 
conventional hot plate to the direct interaction of almost the whole reaction mixture with microwave 
energy gives more desirable results. Indeed, this latter opportunity has been observed in several  
works [90–92] accompanied by the typical shorter reaction times, which, as in this case, are all direct 
consequences of the volumetric nature of microwave heating. Moreover, the fact that microwave 
ignition of solution combustion synthesis at the laboratory scale is more prone to occur volumetrically 
(i.e., referred to as Thermal Explosion in traditional solid state performed CS reactions) further assures 
a more uniform thermal history to the reactive solution. Moreover, the possibility that microwaves 
continue to furnish energy to the reaction (despite the adverse temperature gradient), even after 
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ignition and/or completion, must be mentioned. This happens based on the dielectric properties of the 
forming solid products and leads to the possibility of modifying the cooling rates as well.  

Figure 5. Schematic representation of the main steps characterizing the solution 
combustion synthesis approach to produce oxide-based engineered nanomaterials. 

 

Table 3. Summary of some of the latest modifications of combustion synthesis for the 
preparation of engineered nanomaterials. 

Synthetic 
approach 

Distinctive 
characteristics 

Main 
classes of 
materials 

obtainable 

Examples of 
synthesized 
compounds 

Ref. 

Solution 
combustion 

synthesis 

The solution of the 
metal precursor(s) 
nitrate(s) and the 

fuel is slowly 
evaporated and then 

ignited locally or 
volumetrically. The 
exothermic reaction 
occurs between fuel 

and oxygen-
containing species 
derived from the 
decomposition of 

nitrates 

- Binary and 
more 

complex 
metal oxide 

nanopowders 
- metal 

nanopowders 

- TiO2, ZnO, 
LaFeO3, BiFeO3 

 
- Ni, Cu and their 

alloys 

[88,91–93,94] 
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Table 3. Cont.  

Impregnated 
layer and 

combustion 

The reactive 
solution is 

impregnated with 
an inert porous 

oxide support or 
with a reactive 

cellulose paper also 
acting as a fuel.  

- a productivity of  
0.5-2 kg/h of 

nanoparticles has 
been reached by a 

continuous 
synthesis approach 

- binary and 
more 

complex 
oxides  

ZnO, MgO, Ce1-

xPtxO2, 
CuO/ZnO/ZrO2/Pd 

based catalysts 

[95,96] 
 

Carbon 
combustion 

synthesis 

The exothermic 
oxidation reaction 

of carbon to carbon 
dioxide generates a 
reaction wave that 
propagates through 
the solid reactant 

mixture. The 
product of the 

exothermic reaction 
is not incorporated 

into the final 
product, leading to 
several advantages 

(e.g., smaller 
particles).  

- Perovskite 
oxides 

BaTiO3, SrTiO3, 
LiNbO3, CoFe2O4 

[97,98] 

Solution combustion synthesis has recently shown several new trends, which deserve particular 
attention. Particularly, it has been noted that the nature of the fuel-oxidizer system and its ratio can also 
cause a radical change in the expected product, leading to the usually expected and desired oxide or 
eventually to metallic nanoparticles, and thereby suggesting a new synthetic methodology for metal 
and metallic alloy-based nanomaterials [93]. Moreover, a different combustion synthesis approach, 
named Carbon Combustion Synthesis, which does not occur properly in solution and which exploits 
the high exothermicity of the carbon oxidation to CO2, was recently developed to obtain nanostructured 
materials [97,98], accompanied by a continuous large-scale nanomaterial preparation procedure based on 
the principles of solution CS (the so-called impregnated layer and combustion) [95,99]. All of these latter 
novel approaches are summarized in Table 3 where they are compared to solution combustion 
synthesis itself in terms of their distinctive characteristics and materials obtainable/obtained. In all 
likelihood, coupling of these latter novelties with a significantly more energy efficient ignition 
strategy, like microwaves, is simply a matter of time. 
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5. Concluding Remarks  

This manuscript does not intend to exhaustively cover all the possible applications of microwave 
energy in the hydrothermal as well as in the solution combustion synthesis of engineered 
nanomaterials; nevertheless, it does aim to present a wide and descriptive approach of the peculiar 
characteristics of well conceived modern syntheses using microwave energy as a heating source.  

The most recent trends in microwave irradiation of chemical environments are directed toward the 
utilization of combined techniques [45]. For this reason, we have presented results for  
microwave-assisted hydrothermal and microwave-assisted solution combustion syntheses. The 
emerging interest in the production of selected engineered nanosized oxide-based materials pushed us 
toward this class of inorganic compounds.  

Both hydrothermal and solution combustion synthesis approaches significantly benefit from the 
ability of microwaves to directly generate the necessary heat (for the reaction completion or simply 
ignition) inside the reactant mixture.  

A success story of a well-crystallized single phase complex oxide compound has been described: 
the microwave-assisted hydrothermal synthesis of perovskite BiFeO3 oxide was performed in 
significantly shorter reaction times with respect to conventional hydrothermal procedures and with a 
narrower particles’ size distribution.  

Similar advantages have also been noted when comparing conventional heating and microwave 
heating for the ignition of solution combustion synthesis.  

In all cases, the ability of microwaves to directly furnish the entire reaction medium with a more 
uniform energy distribution, with a resulting almost gradient-less temperature profile, has been 
considered to be the crucial feature marking the originality of these syntheses.  

Despite the reported advantages and intrinsic characteristics, the limitations of a microwave energy 
source have not been ignored in this review paper. 

Moreover, considerations of the possible application of dielectric heating to novel aspects of both 
hydrothermal and solution combustion synthesis approaches or simply considerations of the scaling up 
of microwave technology have been made.  
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