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This review critically evaluates microwave-assisted synthesis (MAS) as a sustainable approach for
nanomaterial fabrication, addressing environmental concerns associated with conventional methods.
MAS offers significant advantages through rapid, uniform heating that reduces energy consumption,
reaction times, and hazardous waste generation. By systematically comparing energy, reaction efficiency,
waste reduction, selectivity, product uniformity and scalability of MAS with conventional techniques, this
review provides a comprehensive framework for sustainable nanomaterial production. The review applies
green chemistry metrics and sustainability assessment tools to evaluate the environmental performance
and industrial viability of various MAS protocols. Moreover, the integration of MAS with eco-friendly
precursors, including plant extracts, biomolecules, and ionic liquids, for synthesising three key
nanomaterial classes, such as metal nanoparticles, carbon quantum dots (CQDs), and hybrid
nanocomposites was discussed in detail. The discussion further extends to practical applications in
catalysis, environmental remediation, energy storage, and biomedical technologies, highlighting how
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identifying current challenges and future directions for advancing MAS toward industrial-scale

DOI: 10.1039/d55u00584a implementation, emphasizing its potential to transform nanomaterial manufacturing into a more

rsc.li/rscsus environmentally responsible process aligned with circular economy principles.

Sustainability spotlight

Conventional nanomaterial synthesis methods typically involve excessive energy consumption and toxic chemicals, and generate significant waste. Our review
critically examines microwave-assisted synthesis (MAS) as a sustainable alternative that addresses these challenges through rapid, uniform heating mechanisms
that substantially reduce energy usage, processing time, and hazardous waste. This work advances sustainability by providing comprehensive green chemistry
metrics and assessment frameworks for MAS protocols, particularly for metal nanoparticles, carbon quantum dots, and hybrid nanocomposites with appli-
cations in catalysis, remediation, energy storage, and medicine. Our research aligns with UN SDGs 7 (Affordable and Clean Energy), 9 (Industry, Innovation and
Infrastructure), and 12 (Responsible Consumption and Production) by promoting energy-efficient manufacturing techniques, cleaner production pathways, and
circular economy principles in nanomaterial fabrication.

environmental remediation and energy storage.>” However, the
translation of these promising properties into practical appli-
cations has been hampered by synthesis challenges, particularly
the environmental and economic costs associated with

1 Introduction

Nanomaterials have emerged as a ground-breaking field with
the potential to revolutionize various industries ranging from

healthcare to energy production.' Due to the unique properties
exhibited by these materials at the nanoscale, the synthesis of
nanomaterials has received considerable attention these days.>
Generally, these properties differ considerably from those of
their bulk counterparts®* and hence, these nanomaterials are
extremely promising for use in a wide range of applications
including catalysis, sensing, biomedical imaging, drug delivery,
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conventional production methods. The critical question facing
the field is whether emerging synthesis techniques can deliver
on their promises of sustainability while maintaining the
precision and scalability required for industrial applications.
Conventional synthesis approaches for nanomaterials have
been extensively criticized for their environmental impact and
practical limitations.>*? These chemical routes typically require
high temperatures and pressures, utilize toxic solvents and
reducing agents, and generate hazardous by-products that pose
renowned risks to human health and ecosystems.'® A critical
examination of the literature reveals that many such
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approaches fail to provide comprehensive life-cycle assess-
ments or quantitative comparisons of environmental impact,
making it difficult to accurately assess the true magnitude of
these problems. Furthermore, the economic costs of conven-
tional methods are often inadequately reported, limiting our
understanding of the trade-offs between environmental
sustainability and commercial viability.

Sustainable and eco-friendly synthesis methods are essential to
minimize the environmental impact and promote greener
approaches in nanomaterial production, thereby addressing the
limitations of conventional synthesis techniques.'* Green and
sustainable approaches, such as microwave-assisted synthesis,
sonochemical synthesis, plant extract-mediated synthesis, and
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biomolecule-assisted synthesis, offer eco-friendly alternatives by
reducing energy usage, eliminating harmful reagents, and
enabling efficient, scalable production." These methods promote
cleaner and safer nanomaterial fabrication and enhance material
properties for applications in medicine, energy storage, catalysis,
and environmental remediation.”” The shift towards sustainable
synthesis ensures long-term resource efficiency and supports
global efforts toward greener technologies and a circular
economy.’ Microwave-assisted synthesis (MAS) as an emerging
sustainable technique, promises several advantages over conven-
tional methods.”»** MAS is a process whereby chemical reactions
are carried out using microwave irradiation to achieve uniform
and rapid heating of the reaction mixture™. There is a growing
global interest in this approach for sustainable nanomaterial
fabrication.*

Despite growing interest in MAS applications across metallic
nanoparticles,' metal oxides,'®"” quantum dots," and carbon-
based nanomaterials,” the literature exhibits significant
methodological inconsistencies that compromise the reliability
of performance comparisons. Studies frequently lack stan-
dardized characterization protocols, employ different metrics
for evaluating synthesis success, and rarely provide direct
comparisons with conventional methods under equivalent
conditions. Additionally, the claims of reduced reaction times
and higher yields are not universally supported across all
nanomaterial types, and the energy efficiency comparisons with
conventional methods often lack rigorous accounting for total
system energy consumption. The assertion that MAS enables
“milder conditions” requires contextualization, as microwave
heating can create localized hot spots and non-uniform heating
profiles that may not represent true process improvements.*
Furthermore, the environmental benefits of using “benign”
solvents in MAS are undermined when the overall process still
requires substantial energy input and specialized equipment
with limited lifecycle assessments.”*

Therefore, this review addresses these fundamental gaps by
systematically evaluating the evidence supporting MAS as
a sustainable nanomaterial synthesis approach. We critically
analyze the methodological rigor of existing studies, assess the
validity of claimed advantages through comparative analysis,
and identify where evidence is strong versus where claims may
be overstated. Our evaluation framework examines synthesis
parameters, characterization methods, and performance
metrics across different nanomaterial types while scrutinizing
the quality and comparability of reported data. We critically
assess green metrics and sustainability claims, examining both
the explicit environmental benefits and potential hidden costs
of MAS approaches. Finally, we provide a balanced evaluation of
MAS scalability challenges and realistic prospects for industrial
translation, distinguishing between demonstrated capabilities
and speculative projections to guide future research priorities
in sustainable nanomaterial synthesis.

2 Fundamental principles of MAS

The underlying principle of microwave-assisted synthesis distin-
guishes itself through electromagnetic energy delivery within the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.3-300 GHz spectrum, creating internal heat generation rather
than relying on surface-to-core thermal transfer characteristics of
traditional methodologies.”> Conventional heating strategies
necessitate sequential energy migration through conductive and
convective pathways, inherently producing thermal gradients and
extended processing durations.”® The mechanism involved in
MAS of nanomaterials is depicted in Fig. 1. Polar molecules or
ions absorb microwave radiation in the reaction mixture in
microwave-assisted synthesis. Due to this absorption, localized
heating occurs at the molecular scale and allows for breaking of
chemical bonds and chemical reactions to begin.** This selective
heating of reaction components provides a means of controlling
reaction conditions, specifically temperature, pressure, and
reaction kinetics, with a degree of precision.*

Microwave technology promotes simultaneous molecular
agitation via dipole oscillation and charged particle migration
throughout the entire reaction volume. While this internal
energy deposition theoretically achieves homogeneous
temperature profiles and accelerated kinetics, practical imple-
mentation reveals significant challenges.> The vessel configu-
ration, reaction scale, and material dielectric characteristics
introduce heterogeneous energy absorption patterns that
compromise the uniformity assumption, raising concerns
about process reproducibility and commercial scalability
potential. If uniform heating, a primary claimed advantage of
MAS, cannot be reliably achieved, then comparative advantages
over conventional methods require reconsideration.

3 Nanomaterial synthesis via MAS

Continued development of MAS techniques has led to the utility
of such methods for rapid and efficient fabrication of
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nanomaterials tailored with required properties for numerous
applications. They take advantage of the speciality of microwave
irradiation to both speed up chemical reactions and produce
nanomaterials in controlled environments. Hydrothermal**
and solvothermal®”** synthesis are among the diverse MAS
methods that use high temperature and pressure to foster the
nucleation and growth of nanoparticles in aqueous and organic
solvents, respectively. Microwave energy is utilized in various
nanomaterial synthesis approaches such as sonochemical
synthesis, combustion synthesis, solid-state synthesis, and
plasma-assisted synthesis.

Microwave irradiation and ultrasonic waves induced chem-
ical reactions in liquid media, also called
synthesis’, and provide rapid synthesis of nanomaterials with
improved yield and control over the size and shape of the
particles.”® Microwave-heated combustion synthesis (MHCS)
utilizes microwave heating to initiate exothermic reactions
between the metal precursor and fuel source to produce nano-
materials with controlled stoichiometry and phase purity at
rapid combustion rates.** However, MHCS is well-known for its
rapid reaction rates, and its scalability and control over
byproducts remain underexplored. Microwave irradiated solid
state synthesis employs microwave irradiation to trigger the
solid-state reactions between solid reactants or precursors for
synthesizing various complex nanostructures through solid-
state transformations at elevated temperatures.*® Further-
more, plasma synthesis techniques employ microwave energy to
produce and maintain plasma discharges for synthesizing
nanomaterials whose sizes, shapes and surface properties are
controlled.®* Plasma synthesis raises sustainability concerns
due to its high energy input, which contradicts the green
chemistry goals unless renewable energy is employed.
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Fig. 1 Schematic representation of the mechanism of conventional and microwave heating.
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Due to their high reaction efficiency, scalability and product
quality, these MAS techniques are promising tools for the
sustainable synthesis of nanomaterials for a variety of applica-
tions in catalysis, electronics, energy storage or biomedical
engineering. The blanket assertion that MAS methods inher-
ently ensure product quality and sustainability overlooks the
need for lifecycle assessments and standardized metrics to
substantiate these claims. Therefore, a more nuanced analysis,
considering both the technical advancements and practical
trade-offs of MAS, is essential for framing its role in sustainable
nanomaterial development.

Utilizing microwave irradiation, researchers can efficiently
synthesize a broad range of nanostructures, including metal
nanoparticles, metal oxides, carbon-based quantum dots, and
nanocomposites.'>**** A detailed discussion about MAS of three
major nanomaterials such as metal nanoparticles, carbon
quantum dots (CQDs), and nanocomposites is outlined below.
Metal and metal oxide nanoparticles are widely studied for their
unique electronic, optical, and catalytic properties,** while
CQDs have attracted growing attention due to their excellent
fluorescence, water dispersibility, and low toxicity.*® Nano-
composites, which integrate two or more nanoscale compo-
nents, offer synergistic effects that improve structural and
functional performance.*

3.1 Metal nanoparticles

In recent years, the synthesis of metal nanoparticles (MNPs) has
attracted considerable attention because of their unique phys-
icochemical properties and applications in various fields.?”
Unique techniques for the synthesis of MNPs, including
chemical reduction, sol-gel processing, and hydrothermal
methods, have several disadvantages, such as long reaction
times, high energy consumption, and the adoption of toxic
reducing agents.*® Microwave-assisted synthesis is widely
employed in the laboratory for producing metal nanoparticles
with controlled size, shape, and composition.** An existing
review article on microwave-assisted synthesis of metal nano-
particles (MNPs) discusses the advantages of this method in
obtaining high-purity matrices with near-monodispersity and
tunable properties.*

The MAS approach appreciably improves reaction kinetics,
induces effective nucleation, and reduces undesired side reac-
tions, thus rendering it highly appropriate for the manufacture
of noble and non-noble metal nanoparticles,” along with
bimetallic,* trimetallic** and metal-based nanocomposites.**
Microwave irradiation offers more control over reaction
parameters than traditional heating, cutting processing times
from hours to minutes while increasing yield and reproduc-
ibility.*> Additionally, MAS supports green chemistry tech-
niques, which frequently use ionic liquids, plant extracts, or
bio-based reducing agents to reduce their negative effects on
the environment.*®

3.1.1 Noble metal nanoparticles (Ag, Au, Pt, Pd, Rh, and Ir).
The distinctive optical, electronic, and catalytic characteristics
of noble metal nanoparticles, such as silver (Ag), gold (Au),
platinum (Pt), palladium (Pd), rhodium (Rh), and iridium (Ir),
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have led to extensive research into these materials. Compared to
traditional methods, MAS improves their size control, crystal-
linity, and monodispersity.

Silver nanoparticles (AgNPs) are synthesized using a variety
of chemical and biochemical techniques.*” Green synthesis of
AgNPs, which uses bio-based precursors for their synthesis, has
gained more attention recently as a sustainable approach.*
Catalysis, sensing, and antimicrobial applications all make
extensive use of the synthesized AgNPs.* AgNPs with specific
morphologies, including spherical particles, triangular nano-
plates, nanowires, and dendritic structures, and narrow size
distributions can be produced through microwave synthesis.*
Specific research indicates that the shape of nanoparticles and
their bioactivity are greatly influenced by reaction time,
precursor concentration® and the nature of reducing agents; for
example, stress-induced plant extract shows favourable size and
antibacterial properties compared to normal plants.*

Like AgNPs, gold nanoparticles (AuNPs) are rapidly nucle-
ated and grow when exposed to microwave radiation, producing
regulated shapes such as spheres, rods, and hexagonal plates.>
To ensure sustainable synthesis with high catalytic and plas-
monic properties, reducing agents such as ionic liquids and
biological extracts have been employed.>*>¢

Palladium (Pd) and platinum (Pt) nanoparticles (NPs) are
essential for hydrogen storage, catalysis, and fuel cells. Highly
dispersed Pt*” and Pd®**® nanoparticles with superior electro-
catalytic performance are produced by microwave-assisted
reduction of metal salts using ethylene glycol, poly-
vinylpyrrolidone (PVP), and ascorbic acid.* The synthesis of
rhodium (Rh) and iridium (Ir) nanoparticles using a microwave
enhances their efficiency in hydrogenation reactions and cata-
Iytic applications by producing well-defined nanostructures
with regulated oxidation states.*” MAS ensures sustainable
synthesis of these noble metal nanoparticles with superior
catalytic activities and may show high qualities in various
applications.

3.1.2 Non-noble metal nanoparticles (Cu, Ni, Co, Fe, Zn,
and Mn). Despite being less expensive, non-noble metal nano-
particles need to be carefully stabilized because of their high
oxidation and aggregation susceptibility. Stable nanostructures
can be created quickly and under control using MAS tech-
niques. Copper nanoparticles (CuNPs),**®* copper nanowires,
nanospheres, and core-shell structures can be effectively
produced by modifying the reaction conditions.®* Iron (Fe),*
cobalt (Co),** nickel (Ni),**** zinc oxide (ZnO)"**® and manga-
nese dioxide (MnO,) nanoparticles (NPs)® have been syn-
thesised using MAS and they exhibited a wide range of
applications. Rapid nucleation and consistent particle growth
are made possible by microwave irradiation, which also
increases these particles’ properties. By fine-tuning microwave
parameters, their crystal structure and surface morphology can
be improved.

3.1.3 Bimetallic and trimetallic nanoparticles. Compared
to their monometallic counterparts, bimetallic and trimetallic
nanoparticles have better synergistic qualities.®” MAS improves
heterojunction architectures, alloy formation, and core-shell
structures of these nanoparticles* through its regulated heating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and consistent energy distribution. In contrast to their mono-
metallic counterparts, bimetallic nanoparticles (BNPs) are
nanostructures made of two distinct metal elements that
combine the special qualities of both metals to display superior
physicochemical properties.®® Improved catalytic activity,
optical behavior, magnetic properties, and stability are the
results of the two metals working in concert, which makes BNPs
extremely valuable in a variety of applications such as energy
storage, sensing, medicine, and catalysis.*® An effective, quick,
and environmentally friendly method for creating BNPs with
exact size control, morphology, and composition tuning is
MAS.”*”* Depending on their composition, Ag-Au alloy nano-
particles have adjustable plasmonic and catalytic characteris-
tics.”” Because of their increased electrocatalytic activity, Pt-Pd”*
and Pd-Au core-shell structures are being investigated exten-
sively for fuel cell applications and catalysis. Microwave-
synthesised Cu-Ag bimetallic nanoparticles have demon-
strated encouraging improvements in electrical conductivity
and antimicrobial activity.” Ag-ZnO BNPs were fabricated via
a microwave strategy for better antibacterial activity.” Fig. 2
provides a schematic illustration of how bimetallic Ag-Cu NPs
are made from plant extract via MW irradiation.

Trimetallic nanoparticles (TNPs) have drawn a lot of interest
because, when three distinct metal elements are combined,
they produce synergistic effects that improve their physico-
chemical characteristics when compared to those of their
monometallic and bimetallic counterparts.” These nano-
particles are ideal for use in energy conversion, environmental
remediation, and the biomedical industry because of their
exceptional catalytic activity, electronic characteristics, and
thermal stability.”” In methylene blue degradation, Au-Pt-Pd
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nanofluid synthesised via microwave irradiation shows excep-
tional stability and catalytic efficiency.” TNPs such as AuPtCu,*
AgRuNi” and PtPdCu®” were also prepared via MAS strategies,
and they were applicable as an anti-bacterial agent, photo-
catalysts, and stable catalysts, respectively. Through MAS of
trimetallic nanocomposites on CQDs, La/Cu/Zr/CQDs®*® and Ag/
Ti/Zn/CQDs** have been fabricated and applied for the removal
of malachite green dye and solar cells, respectively.

3.1.4 Metal nanocomposites. Metal-based nanocomposites
improve the mechanical, thermal, and functional properties of
carbon, polymer, or ceramic matrices by integrating nano-
particles into them.® The unique properties of MAS guarantee
that the nanoparticles are uniformly distributed throughout the
matrix. High-performance catalysts, sensors, and energy storage
nanocomposites are produced when reduced graphene oxide
(rGO) is mixed with metal nanoparticles such as rGO-iron
oxide,* BiOB1/rGO,* rGO-Ag, rGO-Sn0,,** Ag-ZnFe,0,@rGO,*
and rGO-TiO,.** Microwave-assisted metal-oxide
composites, like MgFe,0,-Zn0,* chitosan-metal oxide nano-
composite,*®® CozO4-graphene sheet,** graphene-SnO,,”
LiFePO,/C,*®* cellulose/AgCl,>* graphene-ZnO,” NaFePO,-C,”
MoS,/PANL** carbon-zirconium-incorporated CeO,,” g-C3N,/
Sn0,,’* CuO/MnO,,* ZnO/MWCNT,” gadolinium/cerium
oxide,”® CdO-ZnO,” ZnO/Cu0,'® Sb,0;-Ag'* and graphene/
CoMoO, (ref. 102) exhibit remarkable photocatalytic activity
and stability, which makes them perfect for solar energy
conversion, dye degradation, antimicrobial application,
pollutant degradation, supercapacitors, gas sensors, and
lithium and sodium ion batteries. Fig. 3 depicts the antibacte-
rial activity of metal nanocomposites of silver nanoparticles
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decorated on functionalized MWCNTs synthesised via the
microwave method.**

Microwave-assisted synthesis has undeniably transformed
the landscape of metal nanoparticle fabrication by enabling
faster, more energy-efficient, and environmentally conscious
routes compared to conventional techniques. While the
advantages of MAS, such as reduced reaction time, enhanced
monodispersity, and shape control, are highlighted for noble
and non-noble metals, the sustainability implications of the
precursors used (e.g., ethylene glycol® and poly-
vinylpyrrolidone*’) and the post-synthesis processing steps are
not thoroughly assessed.

Moreover, the increasing complexity from mono- to tri-
metallic systems introduces new challenges in phase control,
alloying behavior, and surface segregation, yet these are seldom
critically discussed in the literature. Assertions regarding
“synergistic effects” in bimetallic and trimetallic nanoparticles
often lack quantitative validation or mechanistic insights.
Likewise, while metal nanocomposites are described as having
enhanced performance due to uniform dispersion, the scal-
ability of such uniformity, especially in solid supports like
graphene or cellulose, remains a significant hurdle. A more
nuanced evaluation is warranted, especially in linking synthesis
parameters (microwave power, irradiation time, and solvent
type) with property tuning and sustainability metrics. Without
standardized benchmarking across studies, the real compara-
tive advantage of MAS remains difficult to quantify, particularly
when transitioning from laboratory-scale demonstrations to
industrial-scale applications.

4916 | RSC Sustainability, 2025, 3, 4911-4935

3.2 Carbon quantum dots

Nearly spherical metal oxide particles comprising carbon atoms
known as carbon quantum dots (CQDs) have gained a notice-
able amount of attention due to their ease of functionalization
and high biocompatibility.'*® CQDs are guaranteed to reach
their goals through microwave heating as it allows for direct
contact instead of surface contact with solvents and other
precursors, turning them into dielectrics.'®* CQDs are useful for
many applications,'” summarized in Table 1, and the following
items are commonly needed for their synthesis. Carbon
precursors: they include glucose, citric acid or even agricultural
waste such as banana peels.'*® Reaction medium: solvents like
ethylene glycol, water and ionic liquids, which are capable of
soaking up energy from the microwave, are used. Reaction
conditions: the desired mixture is commonly exposed to a level
of microwave radiation between 500 and 900 W for a time span
between 2 and 15 minutes. Wrap-around doping with hetero-
atoms (like phosphorus, nitrogen and sulfur) boosts the optical
performance and photoluminescence of CQDs, ensuring
a photoluminescence quantity of 98 percent.'”” Functionaliza-
tion also enhances the binding of CQDs with target molecular
species, making their potential application better.**®

In MAS of CQDs, a bottom-up approach is followed where
small organic precursors are thermally decomposed, polymer-
ized, and carbonized to yield nanoscale carbon quantum dots,
which is depicted in Fig. 4. Polar molecules of the precursor
solution can absorb electromagnetic energy when subjected to
microwave irradiation, resulting in broad and uniform heating
through dipole rotation and ionic conduction.’® This heating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 CQDs formed via microwave irradiation and their application
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Name of CQDs Precursors/materials used Microwave specification Application Reference
Fluorescence CQDs Roasted chickpeas 350 W Detection of Fe*" ions 112
N, S co-doped CQDs Citric acid and 800 W, 5 min Fe** and hydroquinone 107
4-aminobenzenesulfonic detection
acid
Amphoteric fluorescence Sugarcane bagasse (SB) and 750 W, 135 min Chromium adsorption 113
CQDs citric acid
Fluorescence CQDs Succinic acid (SA) and tris 700 W, 5 min Multi-color fluorescence 114
(2-aminoethyl)amine (TAEA) imaging of cellular media
CQDs Hibiscus rosa-sinensis 700 W, 1 min Antibacterial, anti- 26
inflammatory, and wound
healing
CQD nanocomposite Anchoring carbon quantum — CO, photoreduction 115
dots onto TiO,
N, S doped CQDs Cyclodextrin, melamine, and 700 W, 5 min Sensor for silver(1) ions 116
thiourea
Fluorescent carbon Mexican mint extract 1200W Fe*" detection and bio- 117
quantum dots imaging
CQDs Arabica coffee grounds 3-7 min Detection of Fe*', Pb*", and 18
Cr3+
CQDs Raw cashew gum 800 W, 30-40 min — 118
Lysine-based CQDs Lysine 800 W Luminescent and 119
biocompatible
CQDs L-Cystine 800 W, 30-90 s — 120
CQDs Acidic linter waste 400 W, 5 min Fluorescence cancer 121
imaging
N-CQDs Ammonia solution of xylan 200 W, 10 min Tetracycline detection 109
CQDs Citric acid (monohydrate) 700 W, 150-300 s — 110
and urea
N-CQDs Glucose water solution with 100 W and 200 W, 60 s Catalytic 122
ammonia hydroxide
CQDs Glucose 500 W, 7-11 min Photocatalytic 123
CDs@MIPs Citric acid 750 W, 2 min 30 s Tetracycline detection 124
CQDs Lignocellulosic residues 100 °C for 120 mi