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Abstract 

Microwave heating has a good number of advantages in the synthesis of inorganic compounds when 

opportunely exploited. A deep knowledge of the interaction of the electromagnetic waves and matter 

is necessary to optimize irradiation of the reactor vessel so that to obtain homogeneous heating for 

homogeneous nucleation and growth of particle, localized heating of starting self-sustained high 

temperature synthesis and generate superfast heating and cooling profile to get metastable crystals. 

Case studies of pure oxides, mixed oxides, composites, phosphates, zeolites, and high entropy alloys 

have been discussed in the international frame of the academic and industrial research covering the 

last 20 years of microwave chemistry where Italian researchers covered a relevant role.  

Keywords: microwave chemistry; hydrothermal microwave-assisted synthesis; microwave-assisted 

self-high temperature sustained synthesis; metastable phases; particle size homogeneity; oxides; 
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1. Microwaves Interaction with Matter 

Microwaves (300 to approximately 300,000 MHz) could be regarded as a potent energy source 

as opposed to a heat source. In order to effectively apply microwave energy to any synthetic route, it 

is essential to identify the appropriate tools and knowledge in the optics of electromagnetic waves 

[1–5]. 

Molecular rotations and ionic species movements can be activated by the low energy carried by 

microwaves. These are non-ionizing waves with an energy interval of approximately 1.2*10-6 - 1.2*10-

3 eV (2.86 *10-5 – 0.286 kcal/mole), corresponding to a frequency of 300 MHz-300 GHz (Table 1). By 

contrast, the typical covalent bond has an energy of around 2 to 5 eV (46-115 kcal/mole), and a 

hydrogen bridging bond has an energy of 0.2 eV [6]. Inducing chemical reactions by cleaving 

molecular bonds is only possible by employing higher-energy irradiation (e.g. UV or visible light, 

which is used for photochemistry). Therefore, it is clear why microwaves have been classified as 'non-

ionizing radiation'. 

In dielectric media, such as water and aqueous solutions, when microwaves couple directly with 

the molecules provoking electric dipole rotation or periodic movement of charge carriers 

(contribution known as “ionic conduction”) [10,11]. 
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Table 1. Features of microwaves at different microwave frequencies used worldwide. [adapted from Refs: 7-9]. 

Frequency range Energy Range (eV) Penetration depth in water1 

300 MHz-300 GHz 1.24*10-6 - 1.24*10-3 30 cm - 1 mm  

2450 MHz (used worldwide) 1.01*10-5 12.25 cm 

5800 MHz (used worldwide) 2.40*10-5 1.00 cm 

1 Calculation for water at 25°C. 

These are the two fundamental mechanisms by which microwaves transfer energy to a 

substance, which is then heated by "molecular friction." Similar mechanisms are active for magnetic 

media and extend to magnetic dipoles. This type of energy transfer, also known as "microwave 

absorption," leads to a rapid rise in temperature when microwaves are turned on. Thus, it can be 

described as "instant on-instant off," offering easy reaction control. When the microwaves are turned 

off, only latent heat remains in the reaction vessel, which has cold walls and a hot reactant volume 

(Figure 1). In this context, the temperature profile is inverted compared to radiant heating, which 

typically heats the reactor walls to transfer heat to the reactant volume [12]. 

 

(a)  

(b) 

Figure 1. In a cold environment, matter absorbs electromagnetic radiation. Therefore, an object heated by 

microwaves cools down due to the surrounding cold air. This results in an inverted temperature profile 

compared to hot air, oil bath, or gas heating methods as visible from the reactor vessel heated with MW 

irradiation (a) and with conventional radiant heating (b). 

To conclude the short description of general microwaves/matter interaction, we should stress 

the importance of the “penetration depth”, dp. When the electromagnetic field, EMF, is dissipated in 

the reactant volume as dipole rotation, electromagnetic energy is absorbed. Therefore, the distance 
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that the field can penetrate the body diminishes according to the absorption efficacy. The relative 

penetration depth is defined as the point in the reactant at which the EMF reaches approximately 37% 

of its output amplitude (Figure 2). The penetration depth is inversely related to the frequency of the 

excitation; higher frequencies result in lower penetration depths (Table 1).  

 

Figure 2. The absorption of electromagnetic radiation incident on the vessel wall and the reactive solution. 

Assuming that the vessel wall is perfectly transparent, the incident wave propagates without losing energy. The 

reactive solution absorbs microwave energy, as indicated by the decay of its amplitude. 

However, the absolute depth of penetration - i.e. how deep the field can penetrate into the body 

- also depends on the output field strength or amplitude of the electromagnetic field-EMF (Figure 2). 

Another relevant feature of the absorption of electromagnetic energy by matter is that the absolute 

depth of penetration is generally larger when the material does not absorb electromagnetic energy, 

i.e., when it is transparent to microwave passage, as in the case of reaction vessels (Table 2). Using 

the most transparent material to contain the reactant mixture at the proper reaction temperature 

reduces energy loss through the vessel wall. 

Table 2. Penetration depth in different media calculated for microwave irradiation at the frequency of 2450 MHz 

and at a temperature of 25°C. adapted from Ref. [1]. 

Material Penetration depth (cm) 

Metallic plate (Al, Cu, Ag, Stainless steel, ….)    

Distilled water 

Tap water 

1-8x10-4 

1.68  

1.25  

ice* 1100   

Hollow glass 

Porcelain 

Epoxy resin 

Teflon 

Quartz glass 

35 

56 

4100 

9200 

16,000   

*value measured at -12°C. 

2. Microwaves and Chemical Reactions 
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During microwave irradiation at the frequency most commonly adopted by chemical reactor 

producers, i.e. 2.45 GHz or 2450 MHz, electromagnetic waves transfer energy every 10⁻⁹ seconds per 

cycle (one cycle per second is one hertz). Kinetic molecular relaxation from this energy occurs in 

approximately 10⁻⁵ seconds. Thus, the energy transfers faster than the molecules can relax. This 

results in a non-equilibrium state with high instantaneous temperatures, which affects the system's 

kinetics. The most evident effect of these extremely fast heating processes is “solvent superheating", 

which is when the registered boiling temperature is higher than the conventionally measured one by 

2 to 6 °C. [13]. 

In addition, some chemical moieties, such as stronger dipoles, are more sensitive to the 

microwave field than others. Therefore, it is possible to preferentially heat some reactants within a 

mixture of reactants while keeping the temperature of others lower. This specific feature of 

microwave heating has been used to promote regio-, chemo-, and stereo-selectivity [14–17]. 

For many years, errors in temperature measurement during microwave irradiation, along with 

the aforementioned features, have led many scientists to believe that the non-thermal effects of 

microwave heating are responsible for the many beneficial effects observed in microwave-assisted 

chemical synthesis [18–21]. Nowadays, most researchers who apply microwave irradiation to 

chemical synthesis agree that there is little to no hard evidence of specific or non-thermal microwave 

effects. Any such effects observed in the literature are likely due to irregularities in temperature 

measurement. Therefore, we can conclude that accelerating synthetic processes involves applying 

Arrhenius's law: doubling the reaction temperature halves the reaction time (Figure 3). 

 

Figure 3. A reaction that is performed in boiling ethanol (approx. 90 °C) within 4 hours can be performed at 160 

°C in approximately 2 minutes. 

Temperature measurements remain an unsolved problem, which is further complicated by the 

endo- or exothermic effects of individual reactions. If we consider the microwave source the primary 

source of energy and the enthalpy of the reaction the secondary source of heating, then we can 

observe features that have not always been carefully investigated. Specifically, the microwave source 

can operate in continuous or intermittent scenarios. In the former, the power of the electromagnetic 

radiation is continuously modulated, typically from a few watts to 1000 or 1500 W. In the latter, the 

microwave source uses an output power equal to the maximum set value in the ON position and 

cycles off in the OFF position. The most advanced microwave reactors typically use the continuous 

regime, which results in a temperature increase in the reaction vessel proportional to the emitted 

power of the microwave radiation (Figure 4). When the reaction begins, the enthalpy sum increases 

or decreases the value perceptible by the temperature sensor depending on whether it is an 

exothermic or endothermic reaction. In the case of an exothermic reaction, the microwave emitter's 

power decreases and may even reach zero, as in highly exothermic reactions such as self-combustion 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2025 doi:10.20944/preprints202511.1382.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1382.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 28 

 

synthesis. It is inappropriate to speak of MW-assisted synthesis in these cases. However, the 

definition of MW-ignited synthesis is appropriate [22].  

 

Figure 4. Temperature, microwave emitted power and pressure recorded in a pressurized reaction vessel during 

a chemical reaction. After about 30 min from the beginning of the experiment, the exothermic reaction increases 

the temperature while microwave power is lowered with the goal to maintain a constant heating rate till the 

scheduled temperature of 140°C. [Data specifically collected for this article]. 

3. Microwave in Inorganic Chemistry 

Summarizing what described in Section 2., microwave irradiation results in energy-efficient 

internal heating through the direct coupling of microwave energy with dipoles and/or ions present 

in the reaction mixture. The faster reorientation of polar water molecules produces friction between 

them and generates internal heat. The amount of internally generated heat depends on the microwave 

power level, frequency, sample size, moisture content and the dielectric loss factor of the product. 

We should consider the penetration depth of microwaves within the reaction mixture and use the 

correct vessel geometry and (almost) microwave-transparent vessel walls to efficiently heat the 

mixture on a molecular level through direct interaction with the molecules (solvents, reagents, 

catalysts, etc.). Due to the direct 'in-core' heating (i.e. no initial heating of the vessel surface), the 

temperature gradient resulting from microwave irradiation is inverted compared to that of a 

conventionally heated system (see Figure 1). 

These features have been exploited in inorganic synthesis since Komarneni and Roy's pioneering 

study in 1985 [23,24], where classical chemical reactions often take a long time and are energy 

inefficient, especially in hydro- or solvo-thermal environments or in solid state reactions or 

crystallization processes [25]. In the pressurized vessel, developed also for analytical purposes by 

several manufacturers, the MW transparent wall of the reactor ensures efficient energy transfer from 

MW to reactant, resulting in fast heating that has never been recorded in classical conditions. In 1992, 

Komarneni coined the term “microwave-hydrothermal (M-H)” for reactions performed at 

temperatures above the boiling point of water or other solvents and pressures greater than 1 atm [26]. 

Many inorganic materials are known to strongly couple to microwaves at ordinary temperatures 

meaning that they efficiently will heat up in a microwave irradiated environment. The same is true 

for the polar solvents used in the reactant mixture [27]. As mentioned above, the energy efficiency 

and heat dissipation in microwave applications are determined by the specimen’s dielectric 

properties, while the energy conversion rate is influenced by reaction time and temperature [2]. When 

reactants do not absorb microwave energy, as with polar molecules, adding a material that can absorb 

microwave energy and transfer heat to the reactants is a solution known as a microwave hybrid 
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heating (MHH) [28]. This well-established technique is used in organic synthesis, where a solid 

absorber—typically silicon carbide (SiC) or magnetic compounds, such as susceptor powders—heats 

the reaction mixture and provides fast kinetics by reducing reaction time in non-aqueous 

environments [29]. In MHH, the most important factor is selecting materials for absorbance and 

insulation to avoid contamination [30].  

When non-conductive inorganic materials are heated by microwave-induced dielectric loss in 

solvent-free conditions, it is important to adopt a convenient experimental setup to prevent heat loss 

and homogeneize the temperature profile within the reactive solid mixture. The most common 

method involves embedding pellets of reactant powders in the same mixture and surrounding it with 

glass wool to prevent heat loss from the reaction mixture [31]. 

Over the years, researchers have achieved many advantages through the unique features of 

microwave heating: 

• rapid heating to temperature of reaction,  

• increased reaction kinetics,  

• elimination of metastable phases  

• forming of novel phases 

• high purity products 

• uniform nanosized powder 

• novel crystalline morphologies 

These advantages have resulted in extraordinary new scientific developments in processing a 

variety of inorganic materials, such as carbides, nitrides, complex oxides, silicides, zeolites, apatite, 

semiconductors, and metal nanophases, including quantum dots, nanowires, nanorods, and 

nanobelts. 

The Italian contribution to inorganic chemistry has been relevant also in the search for proofs of 

the above mentioned non-thermal effect. In particular, the observation of some of the authors of this 

article around the years 2010-2015 on the homogeneity of nanopowders production during 

hydrothermal synthesis of pure oxides was interpreted as pure thermal effect [25,32,33]. Microwave-

assisted reactions are more selective than conventionally heated reactions and produce narrower 

particle size distribution curves thanks to a narrower temperature range (Figure 5). This has also been 

confirmed for solvothermal syntheses: the homogeneity of particle size was detected only when the 

reaction vessel was twice the size (or smaller) than the penetration depth [34].  

In the following section, we present the results of Italian research groups' application of 

microwave chemistry to inorganic synthesis in liquid and solid state processes over the last 20 years. 

Our goal is to provide readers with a diverse overview of applications at the forefront of inorganic 

materials chemistry. 

We would like to inform the reader that we have intentionally left out the synthesis of 

nanoparticles, which are mostly used for catalytic applications, as their main application field might 

require a more focused review article. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2025 doi:10.20944/preprints202511.1382.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1382.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 28 

 

 

Figure 5. The cumulative temperature distribution in microwave heating (blue curve in upper plot) results in a 

much narrower range than conventional heating (red curve in upper plot) and is compared with the reaction 

profile (middle plot) and illustration of nucleation and growth rate curves (bottom plot. The overall temperature 

increase within the reaction vessel covers the conventional heating range (314-333 K), indicated in red, and the 

MW heating range (315-323 K), indicated in blue. In the MW heating case, the system temperatures and energies 

are such that only product Q is formed. In the conventional heating case, the broader temperature distribution 

leads to the formation of products Q and R. adapted from Ref. [33]. 

4. Pure Oxides 

Four main synthesis routes for metal oxide preparation are: the solid state reaction route, the 

sol-gel, the combustion route, and the precipitation route [35]. In addition, the solvothermal and 

hydrothermal methods are also used [36]. Microwave-assisted methods have emerged as a highly 

effective approach for the controlled synthesis of different metal oxides offering distinct advantages 

in terms of reaction kinetics, phase purity and morphological control. The rapid, volumetric heating 

characteristic of microwave irradiation enables homogeneous nucleation, shorter reaction times and 

greater crystallinity than can be achieved using conventional thermal treatments. Several 

contributions from Italian research groups have provided valuable insights into the versatility of 

microwave-assisted synthesis strategies for zinc oxide (ZnO), titanium oxide (TiO2), cerium oxide 

(CeO2) and derivatives (doped-CeO2), iron oxides (Fe2O3, Fe3O4), ZrO2-based oxides and others (i.e. 

CdO, SnO2, SiO2). 

4.1. ZnO 

Chemoresistive devices based on Pure-Zinc Oxide (ZnO) and doped-ZnO nanostructures 

materials were prepared by Trocino et al. by a simple and fast microwave irradiation method [37]. 

Pure ZnO and Bi-doped ZnO nanoparticles with different dopant concentration were prepared 

by Prakash et al. using a microwave irradiation method [38]. The optical and photoluminescence 

properties of obtained samples were also investigated showing a decrease of the band gap energy 

(Eg) values with Bi doping level and a modification of the photoluminescence pattern, with 

promising potential for optical applications.  
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Microwave assisted precipitation method was used by Gionco et al. for preparation of bare and 

N-doped nanostructured zinc oxide, as potential highly efficient photocatalysts for the degradation 

of phenol and 2,4-dichlorophenol under UV-A and visible light irradiation [39]. 

Uniform and highly crystalline ZnO nanoparticles were synthesized using an innovative 

microwave-assisted solvothermal synthesis by Garino et al. [40,41]. Highly-crystalline, round-shaped 

ZnO nanocrystals of 20 nm in diameter were obtained, optimized for use in biological applications. 

ZnO nanocrystals showed great biocompatibility towards pre-osteoblast cells and promising 

antimicrobial activity against E. coli and S. aureus. Compared to powders prepared by the traditional 

conventional solvothermal approach, the microwave-assisted ZnO NCs exhibited enhanced colloidal 

stability in both ethanol and water, maintaining their dispersion over extended storage times. Their 

more uniform size, shape and surface chemistry, combined with this long-term colloidal stability, 

ensures highly reproducible biocompatibility data, making the microwave-assisted process 

particularly advantageous for bio-related studies. 

Similarly, Gautier et al. compared the classical thermal decomposition route with a microwave-

assisted approach for synthesising ZnO nanoparticles, highlighting the superior efficiency and 

sustainability of the latter [42]. Microwave irradiation enabled the rapid formation of well-

crystallised ZnO particles measuring ≈37–45 nm within a few minutes. This yielded materials with a 

surface area and pore volume nearly double that of materials obtained by the conventional method. 

Using coadjutants such as melamine and wine waste extracts improved dispersion and textural 

properties further, and the microwave process promoted the formation of carbon nitride species. This 

slightly affected the ZnO band gap, suggesting enhanced photocatalytic potential. Overall, this study 

reinforces the role of microwave-assisted synthesis as a green and versatile tool for producing 

nanomaterials with tailored structural and functional properties. 

4.2. CeO2 

In two comparative studies by Natile, Glisenti and co-workers, nanostructured CeO₂ powders 

were synthesized via microwave-assisted hydrolysis and conventional precipitation methods, 

followed by thermal treatments at different temperatures [43,44]. Microwave-assisted synthesis 

produced smaller particles (3.3–4.0 nm) with a narrower size distribution, a greater surface area (72 

m2/g) and a higher concentration of acidic and basic surface sites than conventionally prepared 

samples. Moreover, CeO₂ obtained by microwave treatment exhibited higher surface reducibility and 

enhanced reactivity towards methanol oxidation, even at room temperature, producing formate and 

carboxylate species more efficiently than conventionally synthesised samples. These findings 

demonstrate that microwave irradiation enables rapid and uniform heating, which promotes 

simultaneous nucleation and reduced agglomeration, thereby enhancing both structural and surface 

catalytic properties of CeO₂. 

In the study by Bonamartini Corradi et al. [45], nanocrystalline CeO₂ powders were successfully 

synthesized using a microwave–hydrothermal method, achieving high crystallinity in just 5 minutes 

at 13.4 atm. Compared to conventional hydrothermal approaches, which typically require 4–40 hours, 

this method provides a ~50-fold reduction in reaction time while delivering comparable structural 

and morphological properties. Furthermore, the process permitted the use of more concentrated 

precursor solutions, enabling scalable synthesis (up to ~160 g/L) without compromising powder 

quality. These results clearly demonstrate the significant advantages of microwave-assisted 

hydrothermal synthesis in terms of time efficiency, scalability, and control over particle 

characteristics. 

Gondolini et al. developed a new method for synthesizing nanocrystalline gadolinia-doped ceria 

(GDC) powders using a microwave-assisted polyol process [46]. GDC powders were produced by 

heating a diethylene glycol solution of cerium and gadolinium nitrate precursors in a microwave 

oven at 170°C for 2 hours, bypassing the need for an additional calcination step, which typically 

causes severe aggregation and sintering in other chemical methods. The resulting GDC powder 
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demonstrated good sinterability and exhibited ionic conductivity comparable to commercial 

nanometric GDC, making it a promising material for IT-SOFC electrolyte applications. 

The same authors optimized a successful method for the synthesis of nanocrystalline CeO2 

particles with controlled morphology using a simple one-step microwave-assisted method [47]. By 

adjusting the reaction temperature, the authors were able to tune the crystal structure and 

morphology of the CeO2, obtaining either pure nanocrystalline CeO2 or a mixture of CeO2 and cerium 

formate phases. The microwave heating led to the rapid and homogeneous nucleation of the CeO2 

particles, allowing for the formation of complex morphologies like flowerlike and needle-like shapes. 

The CeO2 powders with the complex morphologies exhibited enhanced catalytic activity for the total 

oxidation of toluene compared to other samples, highlighting the benefits of this microwave-assisted 

synthesis approach. 

More recently, in the study by Salusso et al. [48], a highly defective CeO₂ sample synthesized via 

microwave-assisted preparation was shown to host frustrated Lewis pairs (FLPs), which played a 

key role in the activation of CO₂ and methanol toward monomethylcarbonate (MMC) formation. 

Among several CeO₂ materials with varying defect and Ce³⁺ levels, the microwave-prepared sample 

exhibited both high Ce³⁺ content (>30%) and abundant surface defects—conditions essential for FLP 

formation. The study highlights that microwave synthesis can promote the formation of defect-rich, 

Ce³⁺-enriched surfaces, enabling FLP generation and enhancing catalytic activity in CO₂ activation 

pathways that are not achievable with ceria prepared using conventional methods. 

In the work by Ballauri et al., pure and Pr-doped ceria (Ce₉₀Pr₁₀) were synthesized using three 

different methods, including a microwave-assisted route that yielded nanostructured spherical 

particles [49]. While all synthesis approaches led to high surface area supports and comparable 

catalytic performances for Pd-based methane oxidation, the microwave-assisted method stands out 

for its reduced reaction time and synthetic efficiency, offering a rapid and effective route to produce 

highly dispersed, catalytically active materials. 

4.3. TiO2 

Conciauro et al. reported the synthesis of anatase TiO₂ explored as additives for aluminosilicate 

bricks [50]. Powders having two different morphologies were obtained via microwave-assisted 

procedures, which provided fine control over particle size and shape and avoided the need for post-

calcination. The uniform heating promoted by microwave irradiation ensured the formation of highly 

homogeneous nanocrystals. When incorporated into aluminosilicate refractories (0.5–2 wt%), these 

microwave-derived nanoparticles led to improvements in both mechanical strength and thermal 

insulation. The enhanced performance was correlated with the increased porosity induced by the 

microwave-synthesized nanophases, highlighting their role in tuning the microstructural and 

functional properties of ceramic matrices.  

Microwave irradiation was employed by Zhang et al. to anchor TiO₂ nanoparticles onto carbon 

supports, such as reduced graphene oxide (RGO) and amorphous carbon [51]. The fast and uniform 

heating achieved by microwaves enhanced the interfacial coupling between TiO₂ and the carbon 

substrate, producing smaller nanoparticles with narrower size distributions and improved 

dispersion. This stronger TiO₂-carbon interaction resulted in superior photocatalytic efficiency, 

demonstrating that microwave-assisted synthesis can effectively modify the surface chemistry and 

nanostructure of TiO₂-based hybrid materials.  

Filippo et al. developed a rapid and simple method for preparing pure anatase titania 

nanoparticles using a non-aqueous, microwave-based approach [52]. The resulting nanopowders had 

a large specific surface area and an elongated morphology, with lengths of 13.8 ± 5.5 nm and 

diameters of 9.0 ± 1.2 nm. They showed excellent Rhodamine B performance compared to both 

commercial spherical nanotitania P25 and P25 loaded with platinum. 

The same authors developed a two-step, similar method for producing TiO₂-polyvinyl alcohol 

(PVA) hybrid nanoparticles that exhibit enhanced photocatalytic activity under visible light 

conditions [53]. Microwave heating facilitated the rapid nucleation and crystallisation of TiO₂, while 
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subsequent PVA coating controlled aggregation and surface coverage. The hybrid with a TiO₂:PVA 

ratio of 1:0.050 exhibited the fastest Rhodamine B degradation rate, approximately 1.4 times faster 

than unmodified TiO₂. This enhanced performance was attributed to the effective interfacial charge 

separation promoted by the microwave-enabled synthesis and optimised polymer coverage. 

Tian and Italian collaborators [54] synthesized (N,Fe)-codoped activated carbon/TiO₂ 

photocatalysts via a microwave-assisted sol–gel process. This achieved the rapid crystallization of 

mixed anatase–rutile phases (approximately 20 nm) that were uniformly dispersed on activated 

carbon. Microwave heating enabled the efficient incorporation of N and Fe dopants into the TiO₂ 

lattice, thereby narrowing the band gap to 2.58 eV and extending light absorption into the visible 

region. The resulting photocatalyst showed a high surface area (≈550 m² g⁻¹) and achieved 93% 

formaldehyde degradation under Xe-lamp irradiation, showing improved visible-light activity and 

recyclability. 

Prato et al. optimized the synthesis of phase-pure rutile TiO2 nanoparticles through a 

microwave-assisted hydrothermal approach [55]. Applying microwaves during hydrothermal 

treatment accelerated the crystallisation process and improved the structural order of rutile TiO₂. The 

resulting nanoparticles exhibited exceptional photocatalytic activity in the degradation of methyl 

orange in the presence of H₂O₂. EPR analysis revealed that microwave treatment favoured the 

generation of superoxide radicals (O₂•⁻), which are directly linked to the enhanced photoactivity. This 

highlights the influence of microwave-driven thermal processes on defect chemistry and redox 

behaviour. 

More recently, in the study by Alfano et al., a one-step microwave-assisted synthesis was 

employed to produce a graphene/TiO₂ nanocomposite  [56]. This nanocomposite was then used to 

fabricate a chemiresistive sensor for room-temperature ethanol detection. The microwave method 

allowed TiO₂ nanoparticles to be incorporated directly and efficiently onto graphene sheets, resulting 

in a material with promising sensing properties. The sensor exhibited selective and reproducible 

responses to ethanol within the 15–50 ppm range with minimal interference from water vapour. This 

work demonstrates how microwave-assisted synthesis provides a fast and effective route for 

preparing TiO₂-based composites with potential in gas sensing applications. 

Paradisi et al. developed a microwave-assisted vacuum sol–gel process for the rapid and 

straightforward synthesis of crystalline TiO₂ nanopowders with photocatalytic activity [57,58]. In this 

case, microwave heating under vacuum conditions enabled rapid solvent removal and uniform 

energy distribution, leading to high-purity nanocrystalline TiO₂ with dispersibility and 

photocatalytic activity comparable to commercial powders. These microwave-synthesized TiO₂ 

nanoparticles have also been successfully embedded in sodium alginate matrices to prepare flexible 

and homogeneous bio-composite films for packaging and life science applications [59]. 

The same authors later investigated the microwave-assisted calcination of N-doped TiO₂ 

precursors [60,61]. Their studies demonstrated that the crucible material strongly influenced the 

resulting crystalline phase: porcelain crucibles yielded mixed phases, whereas quartz fiber crucibles 

produced pure rutile at only 250 °C. Although this outcome was attributed to thermal rather than 

specific microwave effects, it nonetheless highlights the capacity of microwave-assisted heating to 

precisely modulate thermal transformations during TiO₂ processing. Efficient B-doping in TiO2 was 

also reported by Carlucci et al. where TiO2:(B) nanocrystals of anatase were prepared in a single, fast 

reaction step (with a reaction time of about 45 minutes) using a microwave-assisted method. This 

method allows one to control the doping level and improves the performance of commercial titania 

in photocatalytic tests under visible light [62]. 

4.4. Iron Oxides 

Spepi et al. [63] developed a microwave-assisted solvothermal synthesis method for producing 

superparamagnetic iron oxide nanoparticles (IONs), using a custom-made coaxial microwave 

antenna inside a pressurised reactor. This configuration enabled a homogeneous electromagnetic 

field to be distributed, thus avoiding the hot spots that are typical of conventional oven-type systems, 
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while also allowing precise control of the temperature and pressure. Uniform maghemite 

nanoparticles (approximately 6 nm in size) with a narrow size distribution and a saturation 

magnetisation of up to 68 emu g⁻¹ were obtained in just 5–15 minutes. The coaxial setup provided 

efficient, scalable and reproducible microwave heating, yielding high-quality IONs that are suitable 

for magnetic and biomedical applications. 

In the study by Muhyuddin and Italian co-workers, microwave-assisted pyrolysis (MAP) was 

used to convert scrap tires into carbonaceous char for the sustainable synthesis of Fe–N–C 

electrocatalysts [64]. Microwave irradiation enabled rapid, uniform, and energy-efficient heating, 

enhancing carbon activation and promoting the formation of a porous, graphitically disordered 

matrix. This efficient energy transfer facilitated the uniform incorporation of Fe and N species, 

leading to Fe₃O₄ nanoparticles well-dispersed within the carbon framework. The resulting catalysts 

exhibited excellent ORR activity across acidic, neutral, and alkaline media, highlighting the 

effectiveness of microwave-assisted processing in coupling waste valorization with precise structural 

and functional control. 

In their study, Porru et al. demonstrated that the microwave-assisted polyol method is a 

powerful and sustainable approach for the controlled synthesis of manganese- and zinc-doped iron 

oxide nanoparticles [65]. Microwave irradiation enabled rapid, homogeneous and energy-efficient 

heating of the polyol medium (diethylene glycol or tetraethylene glycol), resulting in excellent control 

over nucleation and crystal growth. This uniform energy distribution minimised the temperature 

gradients typically observed in conventional heating processes, resulting in highly reproducible 

nanoparticles with narrow size distributions and tunable morpho-structural features. The 

microwave-assisted process also enabled the precise incorporation of dopant ions (Mn²⁺ and Zn²⁺) 

into the spinel lattice, strongly influencing both particle size and magnetic behaviour. Notably, 

despite their reduced crystal dimensions (approximately 10–15 nm), the nanoparticles exhibited 

exceptionally high saturation magnetisation values (above 90 emu/g), which can be attributed to the 

efficient energy transfer and rapid kinetics promoted by microwave irradiation. 

Saladino et al. have developed a range of versatile, microwave-assisted strategies for 

synthesising superparamagnetic iron oxide nanoparticles (SPIONs) and nanoclusters for use in 

biomedicine and as antibacterial agents. Using hydrothermal or solvothermal microwave-assisted 

methods, SPIONs were functionalised with sugar ligands, citrate or L-lysine, yielding uniform 

nanoparticles (4–20 nm) and larger nanoclusters (up to 400 nm) with enhanced magnetic properties, 

surface charge and colloidal stability [66–68]. Selected SPIONs were further coated with fluorophore-

doped silica or assembled into biofunctional hybrid microspheres via click chemistry. This enables 

combined applications in magnetic hyperthermia, fluorescence imaging, antibacterial activity, drug 

delivery and pollutant removal while maintaining a tunable magnetic response and reusability. 

Mekseriwattana and Italian co-workers recently developed a microwave-assisted method for the 

rapid, shape-controlled synthesis of iron oxide nanocubes (IONCs), achieving iron conversion yields 

of up to 80% [69]. The efficient volumetric heating provided by microwaves enables nucleation and 

growth to occur within minutes, and benzaldehyde acts as a key shape-directing agent, enabling 

control of the size to be achieved between 13 and 30 nm (Figure 6). The resulting, highly crystalline 

superparamagnetic IONCs exhibit a saturation magnetization of over 80 emu·g⁻¹ and excellent SAR 

values of up to 400 W·gFe⁻¹ under clinical magnetic field conditions. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2025 doi:10.20944/preprints202511.1382.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1382.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 28 

 

 

Figure 6. A) Synthesis scheme and the temperature profile of the MW-assisted synthesis of the IONCs. Green 

and blue lines represent the temperature profiles of DBE and ODE protocol, respectively. B, C) BF-TEM image 

of the IONCs synthesized with DBE (framed in green) and ODE (framed in blue) protocols, respectively. D) XRD 

spectra of the corresponding IONCs samples. Black lines represent the theoretical peaks of Fe3O4 crystal (JCPDS 

card no. 98-015-8740). Adapted from Ref. [69]. 

Calsolaro et al. reported a microwave–ultrasound-assisted protocol for the rapid synthesis of 

hydrophilic and negatively charged iron oxide magnetic nanoparticles (MNPs) with tunable surface 

coatings [70]. The combined use of microwave and ultrasound irradiation enabled efficient control 

over particle size, morphology, and surface properties, yielding highly stable and dispersible MNPs. 

Among the tested coatings, an amino citrate–modified β-cyclodextrin provided amphoteric behavior, 

excellent cytocompatibility, and favorable NMR relaxometric performance, highlighting the potential 

of these MW/US-assisted MNPs for future MRI and theranostic applications. 

4.5. ZrO2-Based Oxides 

The microwave-assisted hydrothermal synthesis is a widely used method for preparing zirconia 

and doped zirconia nanoparticles. Bondioli et al. [71] first reported the production of nanosized ZrO₂ 

powders by adding NaOH to an aqueous zirconyl chloride solution under microwave-hydrothermal 

conditions at 200 °C. This process yielded tetragonal ZrO₂ with very fine particle sizes (10–20 nm), a 

narrow size distribution and good chemical homogeneity, thus demonstrating the advantages of 

rapid and uniform heating. The same group later extended this approach to praseodymium-doped 

zirconia systems (0–10 mol% Pr), demonstrating that microwave-hydrothermal treatment under 

controlled temperature and pressure (up to 8 MPa) can form highly crystalline, stabilised tetragonal 

zirconia. Structural analyses confirmed that Pr atoms substituted for Zr in the lattice, forming 

homogeneous solid solutions while minimising amorphous content due to efficient, microwave-

driven nucleation [72,73]. 

Building upon these pioneering studies, Rizzuti et al. applied the microwave-hydrothermal 

method to synthesise nanocrystalline zirconia from aqueous ZrOCl₂·8H₂O solutions [74]. The 

resulting powders consisted of primary nanoparticles measuring approximately 8 nm that 
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aggregated into stable superstructures measuring 50–130 nm and remained dispersed for up to 15 

days. The same authors subsequently investigated calcia-stabilised zirconia (CaSZ), which was 

obtained by irradiating a 0.5 M zirconyl chloride solution containing 6 mol% Ca²⁺ at 220 °C for 30 

minutes [75]. This process produced tetragonal nanoparticles (~7 nm) with a narrow size distribution. 

Subsequent microwave-assisted sintering at 1300 °C for 5 minutes yielded dense ceramics with a 

uniform nanostructure and grain sizes between 90 and 170 nm, reaching 95% of the theoretical 

density.  

More recently, Riva et al. investigated the effect of microwave hybrid heat treatment (MHH) on 

pre-sintered 3%mol yttria partially stabilized zirconia (3Y-PSZ) ceramics [76]. Treatments at 1200 °C 

for 5–15 minutes significantly reduced the monoclinic fraction in the first micrometres of the surface, 

achieving a thickness of less than 1 μm after 15 minutes. Grazing incidence X-ray diffraction enabled 

a precise mineralogical assessment to be made at different depths, confirming complete stabilisation 

in the tetragonal phase. Microwave treatment promoted densification with minimal grain growth 

and reduced open porosity to ~0.3%, demonstrating the advantage of volumetric heating in achieving 

uniform, fully stabilised 3Y-TZP microstructures in significantly less time than conventional 

sintering. 

Giordana et al. [77] reported on a microwave-assisted sol-gel approach for preparing zirconia 

and sulphated zirconia (SZ) catalysts. This involved microwave-assisted gel drying, followed by 

microwave-assisted calcination using a susceptor to achieve homogeneous tetragonal ZrO₂ 

nanoparticles. Using microwaves drastically reduced the time and energy required for calcination, 

while preserving high crystallinity. The resulting SZ materials exhibited controlled surface acidity 

and demonstrated promising catalytic activity in the hydrolysis of glucose to 5-

hydroxymethylfurfural. 

4.6. Other Metal Oxides 

Many other oxides have been prepared using microwave-assisted methods. For example, 

Corradi et al. developed a continuous-flow microwave-assisted hydrothermal process for the 

preparation of monodispersed silica nanoparticles using tetraethyl orthosilicate (TEOS) as precursor 

[78]. Varying the flow rate (43–101 mL min⁻¹) in a pressurized microwave reactor, enabled effective 

control of particle size and agglomeration, achieving spheres below 50 nm at higher flow rates. This 

approach shortened reaction times compared to conventional hydrothermal methods, highlighting 

the importance of flow control for process scalability. 

A series of studies conducted by Neri and and colleagues further demonstrated the versatility 

of microwave-assisted synthesis for producing various functional metal oxide nanostructures with 

improved sensing performance. In their early work [79], the microwave irradiation was employed to 

synthesize various oxide nanostructures, including SnO₂, ZnO, Cd(OH)₂, and CdO. These were then 

deposited onto interdigitated alumina substrates to fabricate chemoresistive sensors. This study 

demonstrated that microwave-assisted processing enables rapid crystallization and fine 

morphological control, yielding nanostructured oxides with enhanced gas-sensing responses 

compared to those produced by conventional routes. 

Building on this approach, well-defined hexagonal CdO nanosheets were also synthesized via a 

simple microwave-assisted chemical route [80]. The rapid and homogeneous heating promoted by 

microwaves facilitated the formation of crystalline CdO sheets with a controlled thickness (100–200 

nm) and edge lengths of 1–3 μm. The resulting CdO-based chemoresistive sensors exhibited high 

sensitivity, fast response and recovery times, and excellent signal-to-noise ratios toward CO. These 

properties were attributed to the reduced agglomeration and improved gas diffusion achieved 

through microwave-assisted growth.  

In a subsequent work, microwave-assisted synthesis of SnO₂ nanoparticles with controlled 

irradiation times were prepared, achieving crystalline cassiterite-type structures within only 5–15 

minutes, without any post-annealing treatment [81]. Structural analyses confirmed that varying the 

irradiation time effectively tuned the crystallinity and morphology of particles. The resulting SnO₂ 
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sensors exhibited high ethanol sensitivity at temperatures below 100 °C, along with a peculiar 

inverted sensing response—an increase in resistance upon exposure to ethanol—attributed to surface 

interactions between ethanol’s hydroxyl groups and oxygen vacancies. After annealing, conventional 

n-type behavior was restored, emphasizing the influence of surface chemistry and defect density on 

the sensing mechanism. This study further demonstrated the ability of microwave-assisted synthesis 

to tailor morphology, crystallinity, and surface states that govern gas–solid interactions in oxide-

based sensors. 

5. Mixed Oxides 

5.1. Mixed Oxides and Perovskites 

Bondioli et al. developed drying and firing microwave treatments for inorganic coprecipitated 

hydroxide gels, resulting in the successful extraction of a pink ceramic pigment belonging to the 

Al₂O₃/Cr₂O₃ oxide system [82]. Compared with pigments produced using conventional industrial 

ceramic methods, the introduction of microwave treatment can lead to a more continuous and 

efficient process that consumes a small fraction of the energy and time required for conventional 

treatment. 

Bonometti et al. demonstrated the potential of microwave-assisted solid-state synthesis for 

rapidly preparing technologically relevant mixed oxides, such as chromites, ferrites, spinels and 

garnets [83]. This method produced pure phases such as Pb₂CrO₅, Na₂WO₄, YVO₄ and Y₃Fe₅O₁₂, often 

without the need for external susceptors, except for oxides that absorb poorly. In addition to being 

faster and more energy efficient, the MW method minimises contamination from crucible walls and 

improves yields, thus establishing microwaves as a powerful yet non-conventional tool for solid-state 

oxide synthesis. 

Arbizzani et al. reported on the microwave-assisted, solid-state synthesis of Ag₂V₄O₁₁ (SVO), 

starting with V₂O₅ and Ag₂CO₃, using a single-mode microwave system featuring automated power 

control based on temperature feedback [84]. Microwave irradiation enabled SVO to be prepared 

rapidly in just 5 minutes at 250 °C, as opposed to 48 hours at 500 °C using conventional thermal 

synthesis. The resulting material exhibited structural and electrochemical properties that were fully 

comparable with those of thermally synthesised SVO.  

Barison et al. [85] demonstrated the effectiveness of the microwave-assisted sol–gel Pechini 

(MWA-SGP) method in synthesising perovskite-type BaCe0.65Zr0.20Y0.15O3-δ powders. Compared to the 

conventional Pechini method, the microwave process significantly reduced the gelation and 

combustion steps from several days to a few hours, yielding high-purity nanocrystalline powders 

(120–200 nm) with improved sinterability and densities of up to 97% at 1400 °C. Building on this 

approach, the same authors synthesized La0.80Sr0.20Ga0.83Mg0.17O3-δ electrolytes using both the 

conventional method and the MWA-SGP method [86]. This confirmed that microwave irradiation 

accelerates processing and enhances phase purity and ionic conductivity by 30–40%. These studies 

emphasise the potential of microwave-assisted Pechini routes for the rapid, cost-effective production 

of dense, single-phase perovskites with superior functional performance, making them particularly 

suitable for energy and electrochemical applications. 

Ponzoni et al. [36,87,88] systematically investigated the microwave-assisted hydrothermal 

synthesis of BiFeO₃-based perovskites. In an earlier study [87], they optimised the influence of the 

precursor ratio, mineraliser concentration and temperature on BiFeO₃ formation, revealing that pure 

multiferroic BFO could be obtained within 30 minutes at 180–200 °C under controlled KOH 

concentrations (8–10 M). Microwave irradiation provided rapid, homogeneous heating, enabling 

precise control over nucleation and morphology and yielding submicrometric particles with tunable 

shapes. Building on this, the authors later extended the method to La-doped Bi₁₋ₓLaₓFeO₃ [88], 

achieving single-phase perovskite powders at 200 °C, which is a reduction in synthesis temperature 

of ~500 °C compared with conventional routes. These studies demonstrate how microwave 
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hydrothermal processing can enable the ultrafast, low-cost fabrication of high-purity multiferroic and 

doped mixed-oxide perovskites. 

Ruffo et al. investigated how non-magnetic Ca²⁺ and Mg²⁺ dopants influence the structural and 

magnetic properties of GdFeO₃ perovskite nanoparticles synthesized via various methods, including 

a microwave-assisted sol–gel process [89]. Microwave irradiation enabled rapid and homogeneous 

heating, promoting uniform nucleation and crystallisation, and producing more consistent results 

than conventional sol–gel and polyol methods. The microwave-assisted synthesis produced 

nanometric particles (20–45 nm) with solid-solution formation and consistent lattice parameters, 

while significantly reducing reaction time. While all methods produced similar compositions, the 

microwave-assisted approach improved structural uniformity and phase purity. This demonstrates 

its effectiveness in producing doped GdFeO₃ perovskites with tunable magnetic behaviour by 

precisely controlling energy input and reaction kinetics. 

Wu and Italian colleagues [90] reported on the microwave-assisted synthesis of BiVO₄ with 

controlled morphology using surfactants such as sodium dodecyl benzene sulfonate (SDBS), 

polyvinylpyrrolidone (PVP) and ethylenediaminetetraacetic acid (EDTA). The presence of these 

surfactants directed the formation of octahedral, olive-like and hollow structures respectively, 

whereas the absence of surfactants produced irregular particles. Microwave irradiation (800 W, 100 

°C for 3 hours) enabled rapid and uniform crystallization under atmospheric pressure, yielding well-

defined morphologies. Subsequent CdS deposition via chemical bath produced BiVO₄-CdS Z-scheme 

photocatalysts with enhanced electron–hole separation. This study demonstrates that combining 

microwave-assisted routes with surfactant control enables the rapid preparation of nanostructured 

photocatalysts with tailored properties. 

Mortalò et al. investigated the microwave-assisted sintering of Na-β’-Al₂O₃ powders using 

single-mode cavities at 2450 MHz, and preliminarily at 5800 MHz [91]. The single-mode setup 

enabled precise monitoring of surface temperature and forward power, facilitating the evaluation of 

energy efficiency. At 2450 MHz, isothermal treatment at 1300 °C for 40 minutes achieved ~90% 

densification, whereas pre-milling reduced this time to 10 minutes. At 5800 MHz, 92% densification 

was achieved in 3 minutes; however, thermal runaway and arcing limited process control. Dielectric 

measurements and numerical simulations provided insights into power density distribution and 

microstructural uniformity, which will guide the future optimisation of microwave sintering. 

5.2. Composites 

Dell’Agli et al. investigated the hydrothermal crystallization of coprecipitated Y-TZP/α-Al2O3 

xerogels with 90 vol.% zirconia (3 mol% Y2O3) and 10 vol.% alumina [92]. The xerogels were treated 

under conventional (110 °C, 7 days) or microwave-assisted (250 °C, 2 h) hydrothermal conditions 

using different mineralizers. Microwave-assisted hydrothermal treatment enabled rapid 

crystallization, producing powders with low agglomeration, suitable for subsequent calcination to 

yield homogeneous t-ZrO2/α-Al2O3 composites.  

Barison et al. [93] reported on the synthesis of Ru/La₀.₇₅Sr₀.₂₅Cr₀.₅Mn₀.₅O₃₋δ composites, in which 

Ru nanoparticles were deposited on the perovskite LSCM via microwave-assisted reduction. In this 

method, LSCM powder was ultrasonically dispersed in ethylene glycol, to which 5 wt.% of 

RuCl₃·0.8H₂O was then added. This dispersion was then irradiated in a microwave oven (Ethos D, 

750 W for 1 minute) to allow the rapid and homogeneous reduction of Ru³⁺ and the nucleation of 

metallic Ru nanoparticles directly on the oxide surface. The resulting suspension was then washed 

with acetone and dried to yield a uniform distribution of 2–3 nm Ru particles. The fast, localised 

heating provided by microwaves ensured excellent metal dispersion and a strong metal–support 

interaction, thereby enhancing the catalytic activity and stability during propane reforming. 

Neri et al. prepared SnO₂/reduced graphene oxide (RGO) nanocomposites through a one-pot 

microwave-assisted, non-aqueous sol–gel process [94]. This approach involved the simultaneous 

partial reduction of graphene oxide and formation of SnO₂ nanoparticles, yielding composites with 

uniform dispersion of oxide nanoparticles and tunable surface coverage. The fabricated SnO₂-RGO 
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sensors exhibited excellent NO₂ sensitivity and selectivity, with responses that were highly 

dependent on the SnO₂/RGO ratio. This behaviour was linked to charge transfer processes at the n–

SnO₂/p–RGO heterojunctions, highlighting the effectiveness of microwave synthesis in producing 

finely engineered hybrid sensing materials. 

Tian et al. developed an efficient, microwave-assisted approach to rapidly synthesize activated 

carbon–titania (AC/TiO₂) nanocomposites with enhanced photocatalytic activity [95]. Microwave 

irradiation enabled the uniform deposition and crystallisation of anatase–rutile TiO₂ nanoparticles 

(20–50 nm) on the AC surface within 15 minutes at 700 W, resulting in a red-shifted optical 

absorption. The composite achieved 98% degradation efficiency of rhodamine B under UV light 

within 30 minutes. This superior performance was attributed to the synergistic effects of the 

mesoporous carbon support and the high TiO₂ content, which promote the formation of hydroxyl 

radicals (•OH). 

Garino et al. reported on the synthesis of reduced graphene oxide (rGO)/Fe₂O₃ nanocomposites 

using a one-pot, microwave-assisted process [96]. This method is fast, eco-friendly and reliable for 

preparing ORR catalysts. Microwave irradiation reduced and functionalised the graphene oxide 

simultaneously, while promoting the uniform nucleation and dispersion of the Fe₂O₃ nanoparticles 

within the graphene matrix. The resulting nanocomposites exhibited well-dispersed nanometric iron 

oxide crystals and nitrogen functionalisation, leading to synergistic catalytic effects for the oxygen 

reduction reaction (ORR). This method allows the catalytic performance to be fine-tuned via the 

concentration of the precursor, producing materials whose electrochemical behaviour rivals that of 

Pt-based catalysts. 

Rizzuti et al. developed microwave-assisted solvothermal strategies for the controlled synthesis 

of iron-based composite materials [97,98]. In one study, Fe–Co oxide composites were prepared using 

ethylene glycol as the solvent and polyvinylpyrrolidone (PVP) as the stabilizer. Microwave 

irradiation enabled rapid and homogeneous heating, drastically reducing the synthesis time from 12 

hours to just 15 minutes compared to conventional methods. Efficient transfer of microwave energy 

promoted precise control over nucleation and morphology, particularly in the presence of amine 

additives that directed the formation of well-defined Fe–Co microfibrillar structures. This highlights 

the tunability and speed of the MW-assisted solvothermal route [97]. Subsequently, the same authors 

synthesised Fe₃O₄/CeO₂ nanocomposites via a similar microwave-assisted solvothermal method in 

ethylene glycol. This achieved the rapid and controlled deposition of ceria nanoparticles onto 

magnetite seeds of various morphologies [98]. Compared to conventional solvothermal procedures, 

the microwave-assisted approach minimised sintering, enhanced crystallinity and eliminated the 

need for organic stabilisers. The resulting magnetic nanocomposites displayed excellent catalytic 

activity in the solvent-free oxidative coupling of benzyl alcohol and aniline to form imines. They were 

highly recyclable and outperformed commercial CeO₂. 

Semeraro et al. reported on the microwave-assisted synthesis of ZnO/γ-Fe₂O₃ nanocomposites 

for the photodegradation of tetracycline [99]. Microwaves enabled the rapid formation of well-

dispersed nanostructures with an increased surface area and porosity. This improved the 

photocatalytic efficiency by 20%, while also allowing for the catalyst to be recovered magnetically.  

González-Rivera and Italian co-workers employed microwave-assisted solvothermal synthesis 

to fabricate magnetothermally responsive iron oxide–halloysite nanocomposites using a confined 

phosphorylated nanoreactor [100]. Microwave irradiation, applied via a coaxial antenna inside the 

solvothermal reactor, enabled rapid and homogeneous thermal activation. This allowed for precise 

control over the in situ nucleation and growth of superparamagnetic iron oxide nanoparticles. This 

efficient energy coupling accelerated the urea hydrolysis catalysed by the phosphorylated halloysite 

lumen and enabled the selective deposition of iron oxide nanoparticles within the inner cavity or on 

the outer surface of the nanotubes. Compared to conventional heating, the microwave-assisted 

approach significantly reduced synthesis times, improved structural uniformity and aligned with 

green chemistry principles. The resulting composites exhibited strong superparamagnetic behaviour 

and magnetothermal responsiveness, highlighting the effectiveness of microwave-assisted 
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solvothermal processing in designing multifunctional nanocarriers for use in biomedical and catalytic 

applications. 

Castellino et al. [101] developed a N- and S-co-doped rGO/Fe2O3 nanocomposite via a fast one-

pot microwave-assisted procedure. Iron oxide nanoparticles were incorporated onto the graphene 

surface without damaging its structure, while sulfur and nitrogen atoms were integrated into the 

rGO lattice. The synthesis involved dispersing the precursors in deionized water, followed by 30 min 

of ultrasonication and 15 min of microwave irradiation at 180 °C (800 W). The resulting material 

exhibited well-dispersed Fe2O3 nanocrystals and a co-doped rGO matrix, showing excellent 

electrochemical performance for oxygen reduction reaction, comparable to commercial Pt/C catalysts. 

6. Phosphates, Zeolites, Miscellaneous 

Microwave-assisted hydrothermal synthesis has proven to be a highly efficient and versatile 

method for the preparation of Eu³⁺-doped YPO₄ (5 mol % Eu) nanophosphors, enabling precise 

control over particle morphology, size, and optical properties. Paradisi et al. reported that well-

crystallized, single-phase Eu³⁺:YPO₄ nanopowders with tetragonal Xenotime-Y structure can be 

obtained in extremely short times (5–30 minutes) at temperatures between 200 and 240 °C, without 

the need for post-synthesis calcination. By tuning the microwave reaction parameters, nanocrystals 

with rice-like or rod-shaped morphologies and narrow size distributions were produced, exhibiting 

intense red emission upon UV excitation [102]. Further studies have demonstrated the pivotal role of 

temperature in the crystallisation process, identifying a threshold between 140 and 160 °C for the 

formation of nanocrystalline material (Figure 7). Higher temperatures promote the coalescence of 

nanobundles into well-defined nanorods [103].  
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Figure 7. (a-h) TEM micrographs (at 150k magnification) of all Eu3+:YPO4 samples obtained after precipitation at 

room temperature at pH = 1 (a) and after 20 min of MW heating at 120 °C (b), 140 °C (c), 160 °C (d), 180 °C (e), 

200 °C (f), 220 °C (g) and 240 °C (h). (i) Crystal growth scheme mechanism, adapted from Ref. [103]. 

Compared with conventional hydrothermal synthesis, which requires prolonged autoclave 

treatments of at least 12 hours to achieve fully crystalline tetragonal Eu³⁺:YPO₄, the microwave-

assisted method is markedly faster and more energy-efficient. Conventional hydrothermal 

treatments also lead to time-dependent changes in particle morphology, evolving from nano-needles 

to rice-like shapes. This affects the surface-to-volume ratio and luminescence efficiency [104]. In 

contrast, microwave-assisted synthesis enables rapid, homogeneous heating that minimises 

amorphous residues and allows fine control over particle shape and size. This results in materials 

with high luminescence efficiency and uniform dopant distribution. These microwave-synthesized 

nanophosphors have been successfully formulated into water-based luminescent inks for anti-

counterfeiting and security printing applications [105]. 

Furthermore, microwave-assisted techniques have become increasingly important in the 

synthesis and functionalisation of zeolites, offering several key advantages over conventional 

methods. These include accelerated crystallisation, greater control over particle size and morphology, 

greater energy efficiency, and the ability to fine-tune chemical properties such as acidity and ion-

exchange capacity. Early studies demonstrated that pure zeolites, such as NaA (sodium 

aluminosilicate A) and LTA (Linde Type A), could be obtained within one hour under microwave 

irradiation. The strong dielectric heating effect enabled higher yields and distinct crystal 

morphologies compared to conventional syntheses [106,107]. Subsequent developments have 

explored continuous microwave-assisted processes, in which reactor geometry, microwave power 

and seeding play a critical role in determining crystal size, distribution and overall crystallinity [108]. 

Microwave heating has also been successfully used to grow zeolite coatings on metallic foams, such 

as copper and aluminium, for use in heat pumps. For example, SAPO-34 (silicoaluminophosphate 

with a chabazite framework) and SAPO-44 coatings can be deposited in situ on aluminium foams. 

Synthesis times are reduced by an order of magnitude compared to conventional hydrothermal 

methods while adsorption performance is preserved [109,110]. Additionally, microwaves facilitate 

the hydrothermal conversion of pre-exchanged zeolites into metastable phases such as paracelsian, 

demonstrating their ability to produce phases that would otherwise be difficult or impossible to 

obtain under classical conditions [111]. 

In addition to classical zeolite frameworks, microwave-assisted techniques have also been 

employed in the production of hybrid micro-mesoporous catalysts. Taghavi and Italian co-workers 

reported a CuZSM-5@HMS composite, for which microwave-assisted solid-state ion exchange was 
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employed to incorporate copper into the ZSM-5 (Zeolite Socony Mobil–5) framework [112]. The 

mesoporous silica HMS (hexagonal mesoporous silica) with a high surface area provided efficient 

mass transfer pathways for sugars, intermediates, and products during catalytic reactions. 

Microwave treatment enabled the precise adjustment of the concentration, strength and type of acidic 

sites in CuZSM-5, while maintaining crystallinity. The resulting CuZ(60%)@HMS composite 

exhibited optimised Lewis and Brønsted acidity, structural stability under reaction conditions and 

superior catalytic performance, achieving levulinic acid yields of 45% from glucose and 30% from 

cellulose. This example demonstrates how microwave-assisted methods can facilitate rapid zeolite 

crystallisation, tailored acidity and hierarchical porosity, producing catalysts with enhanced activity 

and selectivity for biomass conversion and other applications. 

Microwave-assisted methods have also been successfully employed in the production of hybrid 

organic-inorganic materials, including organoclays, which combine the ordered, layered structure of 

clays with functional organic or biological molecules. Villa et al. reviewed the use of microwaves at 

various stages of organoclay synthesis, emphasising the benefits of microwave-assisted 

hydrothermal techniques for intercalating organic molecules into clay layers. This approach enables 

rapid, controlled and energy-efficient processing while preserving the structural integrity of the 

inorganic host and organic molecules. The resulting organoclays exhibit enhanced chemical, catalytic, 

optical and electronic properties and can be incorporated into polymeric matrices to create advanced 

hybrid materials [113]. 

Microwave-assisted techniques can be combined with other innovative activation methods to 

enhance synthesis efficiency and selectivity further. Martina et al. reviewed the combined use of 

microwaves and ultrasound (or hydrodynamic cavitation) in hybrid technologies, demonstrating its 

application in both organic and inorganic synthesis. This combined approach enables faster reactions, 

improved selectivity and significant energy savings while facilitating the design of cleaner, safer 

processes. Dedicated hybrid reactors have proven particularly effective in preparing nanomaterials 

and novel green catalysts, providing a versatile platform for process intensification in modern 

chemistry [114]. 

7. Metastable Phases 

The use of microwave energy as a heating source for combustion synthesis from solid reactants, 

demonstrated by Dalton et al. was focused on the preparation of ceramic materials, mainly carbides, 

due to excellent MWs absorbing properties of carbon-based reactants [115]. Indeed, due to the well-

known inability of bulk metals to efficiently absorb microwave energy—because their high 

reflectivity and low skin depth prevent effective volumetric heating—the possibility of heating 

metallic materials was first successfully demonstrated by Roy et al. using metal powders [116]. Some 

authors have begun exploiting microwave energy to ignite the Self-propagating High-temperature 

Synthesis (SHS) of Ni and Al powder mixtures to produce a duplex intermetallic coating on Ti 

substrates as mentioned by Rosa et al. in his review [22]. Due to the high exothermic nature of the 

reaction, the newly formed NiAl is in the liquid phase and can react with the underlying Ti to form 

a tough ternary intermediate layer, belonging to the Ti–Ni–Al system, in a one step process. Despite 

the possibility to selectively heat the powders compact, it was also demonstrated that MW heating 

after the ignition of the exothermic reaction could be used to modify the microstructure of the coating 

due to a significantly reduction in the cooling rate [117]. The possibility to significantly modify the 

cooling rates by continuing to transfer microwave energy to the ignited sample was experimentally 

demonstrated by Rosa et al. for Fe–Al powder compacts by means of both optical pyrometry and a 

contact sapphire fiber at temperatures of up to 1900°C [118]. 

Starting from successfully synthesis of pure metal powders as reactants for intermetallics 

compounds Some of the authors are still working on the preparation of intermetallics [117], 

functionally graded materials [119], or as a joining technique between dissimilar materials [120]. The 

advantage of applying microwaves to combustion synthesis reactions resulted in high purity of the 
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products [121], rapid ignition of the reaction [122], possibility to control the products microstructure 

[123] and cooling rate after synthesis, especially in presence of ferromagnetic reactants [124]. 

Since 2017 the Veronesi's research group [125] has been working on synthesis of Heusler alloys 

[126] and synthesis of HEAs [127] and via powder metallurgy. More efforts have been devoted to the 

development of HEA synthesis methods, with a particular focus on various mixing routes, including 

simple blending, mechanical activation for 1 hour, and mechano-synthesis (pre-alloying) via high-

energy ball milling [127].  

In the meanwhile, authors investigate the effect of adding reactive ceramic particles as 

reinforcement in HEA to form a metal matrix composite [128]. More recently, the use of microwave-

assisted synthesis for producing HEAs from solid scrap generated by metal additive manufacturing 

has gained attention. This strategy is driven by the increasing emphasis on circular economy models 

and the pursuit of zero-waste manufacturing practices [129].   

Thus exploiting microwave irradiation as a fast heating method to activate combustion synthesis 

in metal powder offers distinct advantages over conventional methods, such as improved phase 

purity and reduced synthesis times [130]. The precise control over heating rates and the ability to 

achieve high temperatures, sometimes exceeding adiabatic combustion temperatures, are crucial for 

tailoring the microstructure and phase evolution in these systems. The efficiency of microwave 

heating also contributes to a more uniform temperature distribution throughout the precursor 

mixture, mitigating issues such as localized overheating or incomplete reactions commonly observed 

in other synthesis routes. Moreover, the localized energy deposition characteristic of microwave 

processing can significantly reduce overall energy consumption compared to traditional high-

temperature furnaces, which often require extensive heating and cooling cycles for large-scale 

production [131].  

The integration of microwave synthesis with other advanced processing techniques, such as 

mechanical alloying, can further enhance the stabilization of out-of-equilibrium phases and refine 

microstructural features, opening new avenues for material design. 

8. Conclusions and Perspectives 

This article aims to provide an overview of Italian research into the microwave-assisted 

synthesis of inorganic materials and compounds. While we cannot claim to have collected every 

single article published over the last 20 years, we believe that we have given visibility to all the 

research groups that have achieved successful results in this field. 

In the first three sections, we have attempted to provide a concise explanation of the 

material/radiation interactions behind MW-assisted syntheses, and to present the pros and cons of 

using this uncommon heating source. The specific features of microwave-assisted synthesis might 

have guided the reader through the article, enabling them to evaluate whether these features have 

been exploited on a case-by-case basis. For example, the case of combustion synthesis using 

microwave irradiation to ignite and maintain an exothermic reaction is clear evidence that 

electromagnetic energy can transfer where heat cannot. 

The results published in the literature have been here presented in a way that grouped the 

different types of compounds together, starting with simple oxides and ending with complex 

crystalline compounds such as phosphates and zeolites, mentioning last the intermetallic compounds 

of recent interest.  

The applications of compounds produced by microwave-assisted synthesis in either the liquid 

or solid state were cited for each individual compound, with researchers highlighting the respective 

advantages and disadvantages of each.  

In the perspective of new applications, we expect the special features of dielectric heating to be 

developed in the search for new, high-performance composite structures and morphologies. This will 

be achieved by integrating the results obtained over the last 20 years with the capabilities offered by 

recent developments in solid-state, microwave generator-based reactor technology. With respect to 
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magnetron, the reduced size and increased controllability of the MW radiation produced using solid 

state generator, the development of reactors fully dedicated to chemical synthesis may be expected. 

We hope that this Review paper generates new interest not only in the pursuit of additional 

experimental work in inorganic syntheses using microwaves, but also in investigating the 

mechanisms of microwave-assisted reactions. 
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