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The interaction of microwave radiation with carbon-based materials induces rapid, instantaneous heating.
When combined with the plasma excitation capabilities of microwaves, this property presents novel
avenues for synthesizing carbon-based materials that require high temperatures and catalytic activity.
This review investigates the response of carbon-based materials to microwave radiation, analyzes the
dielectric loss mechanism responsible for heat generation, and details the microwave plasma excitation
mechanisms employed in the synthesis and processing of carbon-based materials. Furthermore, the
structure of microwave reactors is discussed, followed by a discussion of their diverse applications in
both laboratory and industrial settings. Lastly, the review addresses the challenges associated with the
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1. Introduction

Carbon-based materials, such as graphene, carbon nanotubes,
and graphdiyne, consist of carbon atoms arranged in special-
ized structures and play a crucial role in various domains,
including electronic devices," energy storage,> catalysis,®
biomedicine,* and environmental protection,® due to their
exceptional electrical conductivity, mechanical strength, and
thermal properties.® High-temperature reactions are commonly
employed in the production of carbon-based materials, typically
involving complex processes with low energy conversion effi-
ciency. These methods require a significant amount of elec-
tricity or fuel, leading to increased carbon emissions and energy
consumption. To tackle the challenges of energy constraints
and greenhouse gas emissions, the concept of carbon neutrality
has gained considerable attention in scientific research and
technological innovation.” Consequently, the development of
rapid, eco-friendly, and cost-effective heat treatment processes
has emerged as a major research focus in recent years.
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a particular focus on the application of microwaves in carbon-based material synthesis.

Microwaves in the electromagnetic spectrum, ranging from
0.3 GHz (wavelength: 1 meter) to 300 GHz (wavelength: 1
millimeter), can be divided into ultra-high frequency (300 MHz
to 3 GHz), super high frequency (3-30 GHz), and extremely high
frequency (30-300 GHz).®? The discovery of the thermal effects of
microwaves by the U.S. Raytheon Company in 1945, which led
to the introduction of the world's first commercial microwave
oven, the Radarange, paved the way for the application of
microwave technology in various fields.®

As shown in Fig. 1, most carbon-based materials can
undergo various interactions in the presence of microwaves due
to their unique electronic structure (closely linked or over-
lapping conduction and valence bands) and delocalized -
electrons. This characteristic makes them effective as heating
media, precursors, and reaction hotspots for composite
materials.’®®® In order to adapt to the different reaction
conditions, various types of microwave reactors have been
developed. For example, minor modifications to domestic
microwave ovens allow for the synthesis of catalytic carbon-
based materials. Microwaves can be utilized in the prepara-
tion of carbon nanostructures from rice husks,” and
microwave-excited plasma can be employed for the one-step
synthesis of carbon nanomaterials.”> Additionally, microwave
reactors are being developed and improved for industrial
production,'® effectively reducing energy consumption and
carbon emissions compared to traditional high-temperature
furnaces.”'® Microwave reactions have the advantages of
rapid instantaneous heating, which reduces processing time,"
facilitates catalytic reactions,* reduces side reactions,” and
enables new reaction pathways.”> The number of publications
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Fig. 1 Scheme of microwave reaction mechanisms in the production of carbon-based materials, microwave reactors and preparation.

on carbon-based materials and microwaves has continuously
increased over the past 20 years (Fig. 2), demonstrating the
rapid development and application of microwave technology in
the field of carbon-based materials preparation.

This review aims to describe the reaction mechanisms
between microwaves and carbon-based materials, thoroughly
examine the microwave reactor, and introduce the application
of microwave technology in the preparation of carbon-based
materials. Section 1 discusses the main principles and factors
affecting the microwave preparation process, while Section 2
describes the microwave reactor and compares experimental
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Fig. 2 Topic carbon and microwave occurrences from 2004 to 2023
in the Web of Science.
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and industrial reactors. Given the diverse experimental
processes available for microwave preparation, modification,
and the creation of composite materials, as well as the
impressive research results published to date, Section 3 high-
lights some typical articles to illustrate the wide applicability of
microwaves. Finally, we review the challenges and prospects of
microwave applications in this field, aiming to broaden the
development and application of microwave technology and
reactors in the preparation of carbon-based materials. By
analyzing the current research results and looking forward to
future challenges, this review provides a strong reference and
guidance for the further development of microwave technology
and reactors in the field of carbon-based materials.

2. Mechanisms of microwave
interaction

Electromagnetic waves interact with materials in three different
modes: refraction, reflection, and absorption.”*?* The same
applies to microwave reactions, and these modes can occur
individually or in combination. In the heating of carbon-based
materials, absorption is the primary mechanism of microwave
radiation interaction. However, reflected and unabsorbed waves
can cause irreversible damage to the magnetron that generates
microwaves.>

Microwave absorption in carbon-based materials is known
as microwave loss, in which the electric and magnetic fields of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microwaves force dipoles, free electrons, or magnetic domains
to align with the oscillating field. Due to the rapid changes in
the field, dipoles cannot fully synchronize, leading to molecular
friction and collisions, which convert microwave energy into
heat. Similarly, free electrons are agitated by the oscillating
electric field, resulting in resistive heating, while magnetic
domains experience losses due to the reorientation of magnetic
moments under the influence of the magnetic field. These
effects raise the material's temperature.””*® Microwave losses
are classified into dielectric and magnetic losses, such as dipole
losses, conduction losses, hysteresis losses, eddy current losses,
etc.?** Unlike traditional thermal radiation methods, micro-
wave heating generates heat directly within the material,
bypassing any interaction with the surrounding environment,
resulting in direct heating and achieving a more uniform heat
treatment effect (Fig. 3).

2.1 Microwave heating mechanism

When the microwave interacts with the absorbing material,
dipole molecules and ions are driven to friction, collision, and
movement by the alternating electric field. This interaction
gives rise to dipole polarization and interface polarization, both
of which correspond to rearranged motion. The polarization
time of both types coincides with the microwave frequency
range of 10~° to 10 '* seconds, ultimately resulting in the
dissipation of energy from collisions and motion as heat.** In an
electric field, the polarization of carbon-based materials mani-
fests as a loss of current density to the electric field, measured
using the complex dielectric constant &*:

e*=¢ — je" ®

where j is the imaginary unit, ¢ is the relative dielectric constant,
which is related to the ability of molecules to polarize in an
electric field and indicating the material's capacity to store elec-
trical energy, and ¢” is the relative dielectric loss factor, indicating
the material's ability to dissipate electrical energy as heat.***

The dielectric loss tangent angle (tan(¢)) allows for compar-
ison of the rate of warming of materials with similar chemical or
physical properties when heated by an electric field:

"

tan(0) = Z— (2)

Traditional heating

—_—
Heat
source
—_—
Heat
cold

» radiation

WD hot cold

View Article Online

Nanoscale Advances

Using the Debye model,**-** it is also possible to compute the
complex permittivity of a dielectric material with a single
relaxation time constant as a function of microwave frequency:

s —€w 3)

e*¥=¢, + -
1+ jwt

where w is the angular frequency, 7 is the relaxation time, which
indicates the time (usually a few nanoseconds) when the
molecular orientation remains unchanged after the microwave
stops excitation, & is the static permittivity, and ¢, is the high-
frequency permittivity, which corresponds to the frequencies
<1 ' and =1}, respectively. It is also possible to separately
derive the expressions for the frequency dependence of the
permittivity and dissipation factor:

(¢-¢) n

Fa=Ext 1 + w?1?
¢ fe/w)wr

oo (i or 5)
(1 + w?t?)

When the dielectric loss reaches its maximum value, the
dielectric loss factor in the Debye equation and the relaxation
time become independent of the high frequency:

) (8/5 — e/w) (6)

€ max = 5

Conduction loss also occurs in electrically conductive
carbon-based materials.*> When exposed to microwave radia-
tion, internal free charge carriers move back and forth along the
direction of the applied microwave electric field, generating
current. Due to the induced magnetic field, the movement of
electrons is influenced by inertia, elastic collisions and molec-
ular interactions, resulting in friction and uniform heating of
the material.** Conduction loss accounts for the effect of the
individual conducting regions within the material, and its
complex dielectric constant can be expressed as:

(8,5 B 8"”) Jjo 7)
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Fig. 3 Different heating models for conventional and microwave heating.
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where ¢, is the permittivity of free space, valued at 8.85 x 10~ *?
Fm™".

The dielectric constant follows the same expression as that
in the Debye equation, but the dielectric loss factor exhibits
a relaxation response due to the induced current. In composites
with higher conductivity, the conduction loss generated by
microwaves may surpass the dipole loss.

Once the microwave field strength, frequency, and complex
dielectric constant of the material are determined, the average
absorbed power of the material, expressed in terms of the Debye
parameter, can be calculated as:

! ! 2
P 80(85 ew)w T\E\Z (8)
1 + w’?
where E is the electric field strength of the microwave. In reality,
the local field strength of the microwave is determined by the
input power, the shape and size of the waveguide cavity, and the
complex dielectric properties of the material itself.>>**>
Hysteresis and eddy current losses are primarily associated
with microwave magnetic fields and typically occur in magnetic
conductors or semiconductors. During the microwave reaction
process, rapid changes in the external magnetic field cause
magnetic domain resonance and hysteresis within the material.
Additionally, changes in the magnetic field generate closed-loop
eddy currents that resist these changes, both of which generate
heat. These effects are represented by complex permeability:

o= —ju ©)

Similar to dielectric loss, y’ is the relative magnetic constant,
measuring a material's ability to store magnetic energy, while u”
is the relative magnetic loss, measuring a material's ability to
convert magnetic field energy into heat.

Carbon-based materials are not inherently magnetic, but
doping or synthesizing carbon based materials can introduce
magnetic losses.**** For example, compositing carbon with
a ferromagnetic material can result in higher hysteresis losses.*
The effective magnetic loss (' .¢) of a carbon matrix composite
consists of hysteresis losses, eddy current losses, and other
magnetic losses:

"

" " "
Moo = 1 hysteresis + I eddycurrent + M residual (10)

The effect of penetration depth must also be considered in
microwave reactions. Penetration depth refers to the depth at
which the microwave intensity decreases to 1/e (approximately
37%) of its original intensity."® For carbon-based materials with
high dielectric loss and low magnetic loss characteristics, the
penetration depth using the Debye parameter can be expressed as:

V2C

a){ (em + ﬁ) ( 1 + (tan2(8))* — 1)}

where D, is the penetration depth and C is the speed of light.
Within a certain frequency range, the polarization behavior of
materials and dielectric loss together determine the variation in

D, =

=

(11)
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penetration depth.*” As the frequency w and the dielectric loss
tand increase, the polarization capability of the material is
significantly enhanced. This change improves the absorption of
electromagnetic waves, thereby leading to a reduction in pene-
tration depth. Moreover, under high-frequency conditions, the
polarization effect of the material is further enhanced, resulting
in increased energy loss.*® It should be noted that if the pene-
tration depth is much smaller than the size of the material, only
the surface of the incident wave will absorb the energy, leading
to non-uniform heating.

2.2 Other effects of microwave

Microwaves can easily excite and produce plasma. Plasma
consists of a large number of charged particles, forming
a macroscopically neutral system in space. Like solids, liquids,
and gases, plasma is a state of matter that exists at higher
energy levels.*

When the root-mean-square value of the microwave electric
field reaches the strength of the breakdown electric field, it
causes the gas medium to undergo a breakdown process,
leading to particle ionization and plasma excitation.”® The
functional expression for the breakdown electric field Ej, is

E, = E(U,L,Z,) (12)
where U is the ionization potential of the gas molecules, L is the
electron mean free path, Z is the characteristic diffusion length
of the vessel, and A is the wavelength of the microwave electric
field.

At a fixed microwave frequency, the breakdown electric field
of commonly used working gases, in descending order, is as
follows: H,O > CO, > N, > O, > Ar > Ne.” Inert gases are usually
chosen as discharge gases to enhance plasma stability.>> Since
the theoretical breakdown electric field value of argon under
standard atmospheric pressure is much lower than the strength
of the atmospheric breakdown electric field, argon, which is
also cost-effective, is often used as the working gas without
considering other reaction conditions. Under low-pressure
conditions, electrons and molecules have higher kinetic
energy, making it easier to excite plasma.> In this case, the
electron temperature (T¢) is lower than the gas temperature (Ty),
indicating non-thermal equilibrium plasma. Specifically, when
microwaves interact with carbon-based materials, the kinetic
energy of certain small regions of m electrons extending outside
the usual conjugated region can increase, transforming them
into high-energy electrons. These high-energy electrons move
rapidly across the surface of the carbon material, ionizing the
surrounding reactive gas and creating high-temperature, arc-
like micro-plasma hotspots. These hotspots help sustain and
excite the chain reaction, resulting in strong plasma.

Plasma formed by ionizing gas using microwaves as an
excitation source can result in a highly ionized and dissociated
gas, yielding active particles. This plasma possesses a unique
activation ability, enabling the growth of nanostructures
without catalysts and creating favorable conditions for nucle-
ation and growth processes. The energy density of a microwave
plasma reactor is exceptionally high. By appropriately designing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the reactor and adjusting parameters such as microwave input
power and gas pressure, the plasma can be used to dope and
compound carbon-based materials through synergistic
methods.>**

3. Microwave reactor

Microwave reactions are widely utilized in both laboratory and
industrial settings, leading to the development of various types
of microwave reactors tailored to different applications and
scales.>**%” Whether for scientific research in laboratories or
large-scale industrial production, all microwave reactors rely on
a microwave energy transmission and control center. Despite
their differences, these systems share many common features
in their basic structure:

1. The use of the magnetron as a microwave generator: the
magnetron is the core component of a microwave reactor,
converting electrical energy into microwave energy through the
interaction of electrons and a high-frequency electromagnetic
field. Magnetrons can be categorized based on their operating
state into pulse magnetrons and continuous-wave magnetrons;
according to their structural characteristics, they can be divided
into ordinary magnetrons, coaxial magnetrons, and anti-coaxial
magnetrons; and based on whether the frequency is adjustable,
they can be classified as fixed-frequency magnetrons or
frequency-adjustable magnetrons.

2. Using a three-pin tuner for impedance matching: the
equivalent circuit is modified by adjusting the length of the
tuner's three pins inside the waveguide. This adjustment
ensures that the combined impedance of the three-pin tuner
and the load equals the characteristic impedance of the main
transmission line, thereby minimizing microwave reflections
and losses.

3. The reaction zone is a resonant cavity of specific size and
shape. It ensures that transmission of microwaves is amplified
and stabilized inside the cavity, based on the resonance
phenomenon. The size and shape of the cavity are typically
designed in conjunction with electric field simulations to ach-
ieve optimal field distribution.*®

Based on these basic components, one can create single-
mode microwave devices that excite a single electromagnetic
mode, ensuring uniform heating and efficient energy transfer,
which 1is suitable for precise laboratory experiments.*
Conversely, multi-mode microwave devices excite multiple
electromagnetic modes to cover a larger heating area, making
them ideal for large-scale industrial production.®

3.1 Laboratory microwave reactor

The laboratory microwave reactor plays a crucial role in scien-
tific research, providing researchers with an efficient and
precise tool. Its application in chemical synthesis, material
preparation, and material processing can significantly improve
experimental efficiency, shorten the experimental cycle, and
reduce costs.

The domestic microwave oven is the most commonly used
experimental microwave reactor, primarily for preparation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experiments that do not produce large quantities of gas. This is
because such experiments typically either do not generate large
quantities of gas or do not involve material expansion that could
lead to pressure changes. The microwave power in these devices
is operated by a magnetron that starts and stops periodically at
specific time intervals, and the electrical structure is very
simple. Bajpai et al.®* achieved a 26% yield in the growth of
carbon nanotubes (CNTs) within 5 minutes using a mixture of
graphite, ferrocene, and carbon fiber precursors at 1800 W
microwave power in a microwave oven at ambient temperature.
This method does not require complex reactors or pretreatment
processes, simplifying the CNT growth process and reducing
production costs. Voiry et al.®* used 1-2 second microwave
pulses to rapidly reduce graphene oxide (Fig. 4a). The Raman
spectrum of microwave-reduced graphene oxide exhibits char-
acteristics similar to those of defect-free graphene, with sharp G
and 2D peaks and almost no D peak, and most of the oxygen
functional groups have been removed.

In addition, for mobile-phase continuous chemistry experi-
ments or those with special requirements for pressure and
atmosphere, the microwave reactor can be adapted.®*** This
flexibility also allows for additional monitoring of temperature
and auxiliary modules, meeting the needs of a variety of
complex experiments.®® The use of silicon carbide reaction
vessels and fiber optic probes allows accurate monitoring of
lower temperature ranges and helps control the progress of the
reaction.”® Gunnewiek et al.®” used high microwave power
combined with stirrer assistance to achieve rapid and uniform
carbothermal reduction, preparing well-crystallized equiaxed
boron carbide and a small amount of elongated nanoparticles
with diameters of about 50 nm from reduced boric acid in 20
minutes (Fig. 4b).

Microwave Plasma Chemical Vapor Deposition (MPCVD) is
another type of reactor widely used at the laboratory level for the
synthesis and processing of carbon-based materials using
microwave-excited plasma.®®7° This reactor uses microwaves to
create plasma and a highly reactive environment, which facili-
tates the decomposition of precursor gases and the deposition
of materials. The MPCVD reactor essentially consists of
a microwave generator, a circulating water load to absorb excess
microwave power, a tuner for impedance matching, a wave-
guide for microwave transmission, a short-circuit piston to
adjust the standing wave pattern, and an excitation cavity which
can be either a rectangular waveguide with integrated quartz or
ceramic tubes or a cylindrical metal resonant cavity (Fig. 4-
¢).Using a rectangular waveguide with an integrated quartz tube
as the excitation chamber in MPCVD allows plasma to be
excited over a wide pressure range, from low pressure to
atmospheric pressure. Microwave plasma promotes the efficient
decomposition of carbon and other doped precursors,
providing gas temperatures up to 3000 K and producing a range
of molecular and atomic species that can be assembled into
graphene or other modified carbon-based materials.”»”> Sun
et al.”® developed a “pulse-etched” microwave plasma process
for scalable, high-purity graphene production, yielding small
(=180 nm), high-quality graphene with low oxygen content and

a gas-solid conversion efficiency of =10.46%. Using

Nanoscale Adv., 2025, 7, 419-432 | 423
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Fig. 4 Schematic diagram of various types of microwave reactors. (a) The domestic microwave oven. (b) Adapted domestic microwave oven. (c)
Typical composition diagram of a MPCVD reactor. (d) MPCVD for large area reaction zone type. (e) Continuous microwave plasma reactor
systems for the production of fibres. (f) Systems of a roll-to-roll microwave plasma reactor.

a cylindrical metal resonant cavity microwave in MPCVD to
increase strong electric field coupling generates a spherical
plasma (Fig. 4d). This type of plasma provides a low-
temperature, large-area reaction zone during material prepara-
tion, which can be used to prepare diamonds™ and graphene
films,” as well as to perform large-area surface modification
and cleaning of materials.”®””

Additionally, some systems combine conventional equip-
ment with microwave reactors to achieve continuous material
processing. Gao et al.,”® for example, combined a carbon fiber
winder with single-mode microwaves to achieve fast and effi-
cient graphitization of carbon fibers, overcoming the drawbacks
of conventional heat treatment processes (Fig. 4e). Yamada
et al.”® used a system combining roll-to-roll equipment and
microwave surface wave plasma to deposit graphene films up to
294 mm wide on copper foil at temperatures below 400 °C,
forming 3-4 layers of graphene in less than 100 seconds

(Fig. 4f).

3.2 Industrial microwave reactor

Compared to laboratory microwave reactors, industrial micro-
wave reactors are characterized by their ability to handle large-
scale continuous material processing.®® These systems typically
have larger sizes, more complex combinations of components,
and higher total output power.**

Mitsui Chemicals, Inc. and Microwave Chemical Co, Ltd.*
established an innovative and environmentally friendly basic
technology for carbon fiber recycling and production using
microwave heating (Fig. 5a). This technology has been fully
applied to the oxidation and carbonization processes, which are
the most energy-intensive steps in carbon fiber production.®
The use of microwaves reduces the size of the reactor, cuts

424 | Nanoscale Adv,, 2025, 7, 419-432

energy consumption by about 50%, and dramatically reduces
process times compared to conventional preparation methods.
6K Inc.** in the USA has developed the UniMelt system, which
features an atmospheric pressure microwave plasma generator
as its core (Fig. 5b). This system allows for large-area production
with uniform temperature distribution and achieves prepara-
tion results that surpass those obtained with arc electrodes or
inductively coupled plasma. Furthermore, it enables the
simultaneous preparation of nano- and micron-sized powders
with improved control over particle size, purity, and
morphology. The versatility of this microwave platform enables
the production of various high-performance materials, such as
lithium-ion battery materials, advanced coatings, and specialty
ceramics. The high power microwave continuous processing
system manufactured by AMTek®® combines two sets of 915
MHz high-power microwave systems with a conveyor system of
a push-plate furnace (Fig. 5¢). Controlled by a PLC (Program-
mable Logic Controller), this system enables the continuous
processing of materials such as the production of reduced
graphene oxide, the sintering of ceramics, and the sterilization
of pigments.

Industrial microwave reactors offer outstanding advantages
in material preparation. Their large processing capacity and
efficient energy management significantly improve production
efficiency and environmental benefits, providing strong support
for sustainable production across various industries.

4. Microwave-assisted synthesis of
carbon-based materials

Based on the characteristics of microwaves, such as high effi-
ciency, energy saving, flexibility, and strong adaptability,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Inc. and its applied products. (c) The microwave continuous processing reactor of AMTek and its applied products.

microwave reactions are applied to the synthesis and modifi-
cation of carbon-based materials, including zero-dimensional
carbon quantum dots, one-dimensional carbon nanotubes,
two-dimensional graphene, three-dimensional porous carbon,
and other carbon-based materials. This section will discuss the
application of microwave reactions in the preparation of
carbon-based materials for gaseous,***” liquid,***’ and solid*>**
systems separately.

4.1 Microwaves in gaseous reactions

In chemical vapor synthesis reactions, microwaves have been
utilized as an efficient enhancement method. Microwave
chemical vapor synthesis effectively cracks the carbon source
and synthesizes carbon-based nanomaterials by adjusting the
gas source ratio, microwave processing power and time to
control the process.

The importance of biomass as a renewable and clean energy
source is multifaceted, as its utilization can reduce dependence
on fossil fuels. Plasma technology offers an efficient method for
biomass pyrolysis, with microwave plasma capable of
producing carbon-based gas products with lower tar content
and higher calorific value at lower temperatures compared to
conventional biomass pyrolysis processes (Fig. 6a).”

At atmospheric pressure, microwaves can create a plasma
region in the reactor that reaches temperatures of up to 4000 K,
enabling rapid synthesis of self-supporting graphene sheets by
introducing carbon sources such as methane or ethanol

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 6b). Tatarova et al.®® selectively synthesized high quality
graphene flakes, achieving yields of up to 2 mg min™ ", by tuning
a high energy density plasma environment and using a combi-
nation of in situ infrared and ultraviolet radiation. The authors
proposed a unique reaction mechanism using microwave
plasma, in which carbon precursors are decomposed in the
microwave plasma region to produce reactive species such as
carbon atoms and C, radicals. These species are then trans-
ported out of the reactor to assemble and grow in a subsequent
“mild” plasma region, enabling the sequential large-scale
fabrication of self-supported graphene and N-doped graphene
flakes (Fig. 6¢).

Frenklach et al.** used an atmospheric pressure microwave
plasma reactor for the gas-phase synthesis of graphene,
synthesizing monolayer or bilayer graphene flakes without the
need for three-dimensional materials or substrates by intro-
ducing droplets of liquid ethanol into an argon plasma. Raman
spectroscopy and electron energy-loss spectroscopy (EELS)
results confirmed the formation of graphene. This report
demonstrates the feasibility of producing graphene sheets at
the atomic scale in an atmospheric pressure microwave plasma
reactor and suggests a potential route for the large-scale
production of graphene. Zhang et al.”® reported a “pulse
etching” microwave-induced “snowfall” (PEMIS) process for the
continuous and scalable preparation of high-quality, high-
purity graphene directly in the gas phase. As shown in Fig. 6a,
the graphene prepared by this method exhibits good thermal

Nanoscale Adv., 2025, 7, 419-432 | 425
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(a) Plasma column with biomass particles. (b) The generated plasma torch. (c) Mechanism of growing graphene in atmospheric plasma. (d)

HRTEM image of the interface of graphene and tungsten tip, (e) the TEM image of Ni-Pd-CNT and (f) Co@carbon microsphere.

conductivity and low defect density (Ip/Ig = 0.27). Gao et al.*
utilized this process to prepare graphene with excellent
mechanical properties for reinforcing the mechanical strength
of meso-aramids.

Graphene composited with metals in gas-phase preparation
by MPCVD can impart metal materials with excellent optical
transparency, electromagnetic properties and catalytic proper-
ties, thereby expanding the application areas of traditional
materials. Tang et al®® prepared graphene STM probes by
growing graphene directly on tungsten needles using MPCVD.
Atomic resolution TEM images revealed that the graphene
flakes had good crystallinity with AB stacking (Fig. 6d). Test
results showed that the graphene STM tip is structurally stable,
free of an oxide layer, and has 4000 times higher electrical
conductivity than tungsten oxide tips, along with a longer life-
span. Hu et al.”” used a Ni-based bimetallic catalyst to catalyti-
cally decompose acetylene under microwave irradiation at 400 °©

426 | Nanoscale Adv., 2025, 7, 419-432

C, producing hydrogen-rich gas products and forming CNTs.
TEM analysis showed that the CNTs grown on the Ni-Pd-CNT
catalyst exhibited good crystallinity and structural integrity
(Fig. 6e).

Yi et al.®® deposited graphitized carbon microspheres on
cobalt nanosheets. The high aspect ratio improved the dielec-
tric properties and enhanced electromagnetic wave absorption
at low filler content. The composites achieved a minimum
reflection loss of —65.7 dB and a reduction in radar cross-
sectional area of 22.3 dB m” (Fig. 6f).

4.2 Microwaves in liquid reactions

Microwaves provide substantial benefits in liquid-phase reac-
tions, such as rapid heating, shorter reaction times, higher
yields and purity, and reduced solvent use, resulting in greener
and more efficient processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ma et al.” reported a facile, green, and novel method for the
preparation of epoxy/graphene nanocomposites. In this
method, epoxy resin was mixed with 4 wt% of graphite inter-
calation compound (GIC) particles (Fig. 7a). The mixture was
then irradiated using a household microwave oven for 10
seconds, with the process repeated several times to maximize
the expansion of the GIC, resulting in a total irradiation time of
30 minutes. Finally, the expanded GIC was exfoliated using the
shear force of the mixer. In this method, the epoxy resin serves
as both the exfoliation medium and the nanocomposite matrix.
The resulting monolayer graphene was observed by TEM, and
AFM measurements revealed that these graphene platelets have
a thickness of 4.17 &+ 0.63 nm and lateral dimensions of 1.00-
4.77 um (Fig. 7c). Additionally, a thin graphene film exhibited
an electrical conductivity of 889 + 141 S ecm ™.

Zhang et al.*® utilized microwave-assisted synthesis to create
Cu;N/graphdiyne (GDY) catalysts (Fig. 7b). In this process, black
graphene nanosheets were prepared via the Eglinton coupling
reaction by mixing a hexaethynylbenzene monomer (HEB) with
a previously prepared solution containing copper acetate. After
that, the mixture was then processed in a household microwave
oven for 2 minutes at 200 W of power. Transmission electron
microscopy (Fig. 7d) and atomic force microscopy (Fig. 7e)
images revealed the nanosheet structure of GDY, with a diam-
eter of 15 um and a thickness of 4.73 nm.

GIC + Epoxy

In-situ microwaved
expansion/exfoliation of

Fig. 7
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Chen et al.* used a microwave-assisted hydrothermal reac-
tion to significantly improve reaction efficiency, producing
reduced graphene oxide with a three-dimensional inter-
connected porous structure at 220 °C without a reducing agent
in only 5 minutes. Compared to traditional chemical and
thermal reduction methods, the microwave-reduced graphene
oxide (MW-rGO) exhibits higher specific capacitance (298 Fg 1),
better multiplicative performance and cycling stability, and an
excellent energy storage performance of 25.0 W h kg ' at
a power density of 0.5 kW kg™ '. Wang et al.*? obtained Fe and
Ni bimetallic monatomic catalysts by dissolving FeCl;-6H,0O
and Ni(NOj3),-6H,0 in an ethylene glycol dispersion containing
PNCH, treating them with 800 W microwaves for 20 minutes
and then roasting them. These catalysts, used as air positive
electrodes in zinc-air batteries, exhibited higher open circuit
voltages and specific capacities than Pt/C cells.

Chen et al.'®® achieved the rapid and mild thermal reduction
of graphene oxide (GO) to graphene using microwaves in
a mixture of N,N-dimethylacetamide and water (DMAc/H,0).
They subjected both an aqueous suspension of GO (yellow-
brown) and a mixture of GO and DMAc/H,O to microwave
treatment (800 W, 60 s). The aqueous GO solution showed no
significant color change, while the GO/DMAc/H,0O mixture
changed from yellow-brown to black, indicating reduction to
graphene. The resulting graphene could be well dispersed in
DMACc to form a stable organic suspension (Fig. 7f).

Mechanical
Shear
exfoliation

In-situ microwaved

mixture

(a) Schematic for preparation of epoxy/graphene nanocomposites. (b) Schematic illustration of the synthesis of CusN/GDY. (c) TEM

images of graphene platelets. (d) TEM and (e) AFM images of GDY. (f) Typical AFM height images of MW-rGO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition to thermal effects, microwave plasma can
transfer high-energy electrons and active radicals to the liquid
through injection and diffusion during the reaction, facilitating
the decomposition and reduction of catalysts in the liquid
phase and enabling the preparation of composite carbon fibers,
carbon nanomembranes, and other materials.***'%

Ferreira et al.** used microwave hydrothermal synthesis of
carbon quantum dot transparent layers for UV protection.
Microwave-assisted hydrothermal synthesis of carbon quantum
dots took only 1 minute and yielded up to 55%. The coatings
prepared by the microwave method showed more uniform
absorbance and color compared to the oven-generated coatings,
achieving superior UV absorbance and color gain. Studies have
shown that the best coatings require more than 15 minutes of
microwave treatment to filter 92% of UV light.

4.3 Microwaves in solid reactions

In solid-state reactions, microwaves act directly on the reac-
tants, concentrating energy specifically on them. Solid materials
generally have a high dielectric loss factor, which enables them
to absorb microwave energy more efficiently and convert it into
heat. This characteristic facilitates the attainment of high

View Article Online

Review

temperatures, making microwaves particularly advantageous
for solid-state applications.

Zhou et al.*” used active metal nanoparticles and microwave
combustion to rapidly synthesize porous graphene with
controllable pore sizes (Fig. 8a). They mixed 10 mL of a 3 mg
mL ™! GO solution with varying amounts of silver acetate (0.2,
0.3, and 0.4 g), and the products obtained after ultrasonication
and dehydration were treated with microwave radiation for 10
seconds. In this manner, porous graphene with pore sizes of
approximately 5 nm, 30 nm, and 100 nm can be synthesized,
while the specific surface area of the porous graphene with
a pore size of 30 nm is as high as 965.64 m* g '. This method
exploits the catalytic carbon oxidation mechanism of metal
nanoparticles during rapid microwave heating and cooling to
form the porous structure. The ion-selective membranes
prepared from this porous graphene exhibit excellent perfor-
mance, achieving a power density of about 1.15 W m™? in
salinity gradient power generation applications.

Zhang et al® reported an efficient method for the
microwave-assisted regeneration of single-walled carbon nano-
tubes (SWNTs) on Si/SO, substrates using carbon fragments.
This method employs microwave irradiation to rapidly heat and

1. Microwave activation

=

2. Regeneration in CVD

Fig. 8

(a) Schematic of the fabrication process for porous graphene. (b) Schematic showing the microwave-assisted regeneration of SWNTs. (c)

HRTEM of MW-rGO showing a highly ordered structure. (d) Microwave-initiated catalytic deconstruction of plastic waste MWCNTSs. (e) SEM
image of the carbon product of plasma on Fe/activated carbon (AC) —400 for 8 minutes.
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remove oxygen-containing groups from the carbon nanotubes,
thereby reducing the spontaneous closure of their open ends.
The surviving SWNTs and the attached carbon fragments, after
plasma treatment, were simply microwaved and served as
a template for regeneration. The schematic of this process is
shown in Fig. 8b. The regenerated SWNTs were confirmed to
retain the same chirality as the original SWNTSs.

Voiry et al.®® reported a method for the rapid reduction of
graphene oxide (GO) to MW-rGO. This method is fast and effi-
cient and significantly reduces energy loss compared to
conventional thermal reduction methods. TEM images show
that the structure of MW-rGO prepared using this method is
highly ordered (Fig. 8c).

Using microwaves, waste can be processed in an environ-
mentally friendly and pollution-free manner, transforming it
into high-quality, value-added materials. Kim et al.'*® synthe-
sized porous carbon with a graphite structure and high specific
surface area from pretreated waste paper fibers in a single step
using a 700 W microwave. The process simultaneously achieved
carbonization and activation, producing porous carbon with
a maximum specific capacitance of 237.7 F g~ " and a significant
removal efficiency for various fuels, including a 95.0% removal
efficiency for methylene blue. Edwards et al.** utilized a single-
step microwave-initiated catalytic process to convert plastic
waste mixed with an iron-based catalyst, rapidly heating the
catalyst under microwave irradiation to initiate plastic catalytic
decomposition, yielding a hydrogen-rich stream (up to 90 vol%)
and primarily multiwalled carbon nanotubes (MWCNTSs) as
a carbonaceous residue (Fig. 8d). Zhang et al.'** used an iron-
based catalyst as a microwave inducer and employed metal
tip-induced plasma discharge to significantly enhance
hydrogen yield, achieving over 85% conversion efficiency and
producing 300 mmol g~ ' hydrogen, six times higher than that
achieved by methods without plasma, while continuously
producing high-value carbon nanotubes as a byproduct
(Fig. 8e).

Besides well-known materials such as graphene and porous
carbon, microwave-assisted synthesis has also been applied to
other carbon-based materials. In recent years, fluorescent
carbon nanoparticles (FCNPs) have been intensively studied
and widely used due to their excellent optical properties,
chemical stability and biocompatibility. Yang et al.'"* proposed
a green and fast microwave-assisted solid-phase synthesis
(solvent-free) method to prepare N-doped FCNPs using citric
acid and aniline hydrochloride as carbon and nitrogen sources,
respectively, without any solvent. The reaction took only 4
minutes, and the prepared FCNPs exhibited bright fluorescence
in both aqueous and solid states with a quantum yield as high
as 63.2%. The photoluminescence intensity of the FCNPs
showed a sensitive pH response in the range of 3.47 to 5.10, and
their potential for biological applications was verified by cell
imaging experiments.

5. Conclusions and outlook

In this review, we summarize the mechanism of microwave
action in the preparation of carbon-based materials and discuss

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in detail typical microwave reactors and preparation methods.
The key conclusions can be summarized as follows:

(1) Microwave heating dynamics: microwave heating is
characterized by its rapid temperature rise and selective heating
properties. The temperature elevation of carbon-based mate-
rials involves converting microwave energy into thermal energy,
primarily through dipole and dielectric losses. The intrinsic
dielectric parameters of the material determine the efficiency of
thermal conversion, the rate of temperature rise, and the
uniformity of temperature distribution.

(2) Diversity in microwave reactors: the development of
microwave reactors has become diversified. This ranges from
simple modifications of domestic microwave ovens to sophis-
ticated systems such as MPCVD and industrial microwave
heating systems. These systems utilize various microwave
excitation sources, resonance cavities, and auxiliary reactors,
making them suitable for a wide range of material preparation
applications.

(3) Applications in carbon-based materials: carbon-based
materials can be used as microwave heating media, hotspots/
arc plasma generators, and precursors for microwave-driven/
assisted reactions, enabling rapid and efficient material
fabrication.

Microwave technology, an emerging field, has experienced
rapid advancements, offering advantages such as energy
savings and operational efficiency. However, despite these
advantages, significant technical bottlenecks still exist in prac-
tical applications. These limitations continue to hinder its
further development and application in large-scale
manufacturing. Future research efforts should focus on over-
coming these challenges to fully exploit the potential of
microwave technology:

(1) In practical reactions, the microwave absorption proper-
ties of carbon-based materials are influenced by various factors,
including their composition, structure, and morphology, which
can affect the electric field distribution and cause fluctuations
in microwave intensity during the reaction. Given that these
parameters are temperature-dependent and considering the
black-box nature of microwave reactions, it is challenging for
researchers to accurately assess energy consumption and
intrinsic changes in reactants and products. This complexity
makes it difficult to deduce the reaction mechanisms of
microwave synthesis.

(2) Direct temperature measurement during microwave
preparation remains a challenge due to hotspots caused by the
absorption of carbon-based materials, the super-thermal effect
of microwave-excited plasma, and the requirements for safe
containment of the microwave reactor. For precise monitoring
and control of microwave processes, specialized linear infrared
thermometers or fiber-optic sensors can be used to measure
macroscopic reaction temperatures with relative accuracy.
Optical emission spectroscopy can be employed to collect
optical signals that accompany the temperature rise in the
reaction. By analyzing these signals, the electron temperature in
the reaction can be calculated. Combining these measurements
with theoretical calculations can help address this issue.
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(3) The design of a microwave reactor, whether as a whole
unit or as a modular component of a process plant, is crucial.
Microwave processing often necessitates large-scale production,
but scaling up experimental reactors is not straightforward.
Sharp changes in microwave modes, field distributions, and
electromagnetic field strength can significantly affect the
quality and reproducibility of carbon material preparation.

(4) Due to the rapid response of microwave experiments,
microwave radiation leaks are not as easily detected by experi-
menters as conventional hazards. High-power microwave radi-
ation poses a serious health risk, necessitating the
implementation of radiation protection measures in microwave
experiments. Strict safety precautions must be followed when
using microwave reactors to ensure both the safety and effec-
tiveness of experiments.

We expect that this review will serve as a valuable resource
for emerging researchers in the interdisciplinary field of
microwave applications in carbon-based material preparation,
providing critical insights and foundational knowledge.
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