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Abstract
Driven by global carbon neutrality goals and resource cycling demands, sustainable carbon

materials  have  emerged  as  strategic  solutions  for  addressing  environmental  and  energy

crises, owing to their broad raw material sources (including biomass, municipal solid waste,

and industrial  exhaust gases),  and multifunctional  properties (such as energy storage,  envi-

ronmental  remediation,  and  microwave  absorption).  This  review  systematically  compares

the  performance  differences  between  conventional  pyrolysis  (CP),  and  microwave-assisted

pyrolysis (MAP) technologies in producing carbon materials of varying dimensions, revealing

that  MAP  significantly  enhances  material  performance  and  process  efficiency  through  its

volumetric  heating  mechanism  (eliminating  temperature  gradients),  low  thermal  mass

characteristics  (response  time  of  less  than  3  min),  and  energy-selective  transfer  (activation

energy reduction of 40–150 kJ/mol). Research demonstrates that: in the 1D material domain,

MAP-synthesized carbon nanofibers reduce reaction time from hours to minutes, compared

to  traditional  chemical  vapor  deposition,  while  significantly  lowering  energy  consumption;

for  2D  graphene,  microwave  reduction  of  graphene  oxide  elevates  electrical  conductivity

from  0.07  to  104 S/m  within  2  s,  whereas  conventional  thermal  reduction  requires  tempe-

ratures exceeding 800 °C under inert atmospheres and yields products with resistivity as high

as  796 μΩ/cm2.  In  the  3D  porous  carbon  field,  MAP  exhibits  exceptional  structural  control

capabilities: biochar prepared via 15-min MAP achieves a specific surface area of 455.9 m2/g,

far  exceeding the 288.60 m2/g  of  biochar  from CP after  120 min;  for  electromagnetic  wave

absorption  applications,  MAP-derived  tremella-carbon  (a  fungus)  achieves  breakthrough

performance  with  a  minimum  reflection  loss  RLmin = –77.9  dB  and  an  effective  absorption

bandwidth  EAB  =  8.5  GHz.  Despite  MAP's  significant  advantages  in  energy  consumption

(energy recovery efficiency reaching 97.96%),  processing efficiency (heating rate exceeding

100  °C/min),  and  product  performance,  its  industrialization  still  faces  challenges  in  equip-

ment  costs  and  scaled  reactor  design.  Future  efforts  must  integrate  hydrothermal  pre-

treatment with AI-driven parameter  optimization to develop mesopore-oriented processes,

thereby advancing this technology in energy storage (target specific capacitance > 500 F/g)

and electromagnetic protection (target EAB > 8 GHz) applications.
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Highlights
•  Microwave pyrolysis offers a more environmentally friendly production than conventional methods.

•  Microwave pyrolysis reduces production time for carbon nanofibers and graphene.

•  Microwave pyrolysis produces biochars with better properties.

•  The challenges lie in large-scale production, especially in reactor design and equipment cost.
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Graphical abstract

 
 Introduction

Against  the backdrop of  the current global  scene,  facing severe envi-
ronmental  and  energy  crises,  the  urgency  of  carbon  neutrality  goals,
and the necessity of resource recycling have become an international
consensus.  Issues  such  as  intensifying  climate  change,  depletion  of
fossil fuel resources, and environmental pollution continue to drive the
search  for  sustainable  solutions.  In  this  context,  developing  environ-
mentally friendly and sustainable materials emerges as a key solution
to these challenges, with carbon materials becoming a research focus
due  to  their  unique  strategic  value[1].  The  core  advantage  of  carbon
materials lies first in their source sustainability. They can utilize biomass
(such  as  agricultural  residues,  forestry  byproducts),  municipal  solid
waste  (such  as  plastics,  rubber),  or  industrial  exhaust  gases  (such  as
CO2)  as  feedstocks.  Through  processes  like  pyrolysis  and  activation,
these  feedstocks  are  transformed  into  high-value-added  carbon
materials,  achieving  a  circular  economy  through  waste-to-resource
conversion.  Secondly,  carbon  materials  exhibit  exceptional  structural
designability.  From  1D  carbon  nanotubes  and  2D  graphene,  to  3D
porous  carbon  frameworks,  different  dimensional  structures  exhibit
distinct physicochemical properties, such as ultra-high specific surface
area  (SSA),  excellent  electrical  conductivity,  and  mechanical  strength.
This  structural  versatility  provides a  solid foundation for  diverse func-
tional  applications.  More  significantly,  carbon  materials  play  pivotal
enabling roles in several critical fields. In energy storage, they serve as
electrode  materials  for  lithium/sodium-ion  batteries  that  enhance
energy storage density[2].  In environmental remediation, their adsorp-
tion  capabilities  efficiently  remove  heavy  metals  and  organic  pollu-
tants  from  water  bodies[3].  In  microwave  absorbing  applications,
lightweight, highly conductive carbon foams provide effective adsorp-
tion of  electromagnetic  radiation pollution in the 5G era[4].  The wide-
ranging  applications  of  various  carbon  materials  are  illustrated  in
Graphic  abstract.  Owing  to  this  multi-functionality,  carbon  materials
serve  as  a  bridge  connecting  environmental  governance  and  green

energy,  holding  profound  significance  for  achieving  the  dual  carbon
goals.

Traditional carbonization methods face multiple technical bottle-
necks for preparing carbon materials. Firstly, high-temperature ther-
mal  treatment  (typically  requiring  500–1,200  °C)  results  in  persis-
tently high energy consumption. Secondly,  the pyrolysis process of
raw  materials  often  releases  pollutants  such  as  residues,  acidic
gases  (e.g.,  H2S),  and  polycyclic  aromatic  hydrocarbons,  entailing
secondary  environmental  risks.  Thirdly,  conventional  methods  lack
the  capability  to  regulate  microstructure.  This  limitation  impedes
the  precise  construction  of  hierarchical  pore  structures  or  targeted
surface  functional  groups.  These  defects  severely  constrain  the
application  efficacy  of  carbon  materials  in  high-end  fields,  such  as
the  rate  capability  of  supercapacitor  electrode  materials  and  the
selectivity  of  adsorbent  materials.  Therefore,  developing  green
processes  such  as  low-temperature  catalytic  carbonization  and
microwave-assisted  pyrolysis  (MAP),  or  employing  novel  technolo-
gies  like  molten salt  electrolysis  and plasma activation,  is  critical  to
overcoming  the  tripartite  challenge  of  energy  consumption,  pollu-
tion, and performance limitations. A comparative summary of these
pyrolysis  technologies,  highlighting  their  fundamental  characteris-
tics and limitations, is provided in Table 1. As electromagnetic waves
with wavelengths ranging from 0.001 to 1  m (frequency 300 MHz–
300 GHz)[5],  microwaves have been widely  applied in  fields  such as
radar,  microwave  ovens,  and  wireless  communication  due  to  their
characteristics  of  easy  beam  focusing,  strong  directionality,  and
linear  propagation[6,7].  The  industrial  application  of  their  heating
technology is  built  upon an in-depth understanding of the electro-
magnetic  wave-matter  interaction  mechanism.  Particularly,  studies
on the dynamic response of  polar  molecules  in  alternating electro-
magnetic  fields  have  revealed  the  core  of  electromagnetic-to-
thermal  energy  conversion,  which  is  the  energy  loss  process  in
dielectric  materials.  When  a  substance  is  exposed  to  a  microwave
field, internal charged particles exhibit three typical response mech-
anisms.  The  first  mechanism  is  dipole  polarization[8],  where  the
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inherent dipole moments of  polar  molecules repeatedly reorient in
a high-speed alternating electric field (billions of times per second),
generating  frictional  heat  due  to  intermolecular  retardation  forces.
Zhao  et  al.[9] discovered  during  their  study  of  hierarchical  porous
flower-like  biphasic  sulfides  that  interfacial  lattice  distortion  and
defects  significantly  enhanced  dipole  polarization,  enabling  micro-
wave  absorption  performance  with  a  minimum  reflection  loss
(RLmin)  of –45.8  dB  and  an  effective  bandwidth  of  3.8  GHz.  The
second  is  the  ionic  conduction  mechanism[10],  where  free  ions  in
dielectric  media  exhibit  phase  lag  under  the  rapid  polarity  reversal
of  the  microwave  field  (~4.9  GHz),  leading  to  collisions  with  sur-
rounding media and converting into thermal energy. The third is the
interfacial  polarization  mechanism[11],  where,  in  heterogeneous
systems,  heterointerfaces  form  accumulated  space  charges  due  to
differences  in  dielectric  constant  (Maxwell-Wagner  effect).  For
example,  Sun  et  al.[12] grafted  a  SiO2 coating  onto  the  surface  of
chopped  carbon  fibers.  Through  enhanced  interfacial  polarization,
the material achieved a reflection loss value of –29.3 dB at a 2 vol%
filling  rate.  Notably,  besides  the  aforementioned  thermal  effects,
non-thermal  effects  induced by quantum interactions between the
electromagnetic  field  and  molecules  also  exist  during  microwave
heating[13].  Thermal  effects  arise  from  bulk  temperature  increase
due  to  dielectric  loss,  while  non-thermal  effects  involve  direct
microwave-induced  quantum  state  modulation.  This  non-thermal
effect  primarily  enhances  molecular  collision  probability  and
reduces  activation  energy.  Specifically,  microwaves  accelerate
molecular  vibration  frequency,  promote  chemical  reactions,  and
induce  energy-level  transitions  to  excited  states,  thereby  altering
reaction  kinetics[14].  Research  indicates  that  non-thermal  effects
precede thermal  effects,  influencing intermolecular  forces  to  gene-
rate  initial  thermal  energy.  Thermal  effects  gradually  dominate  as
energy  accumulates.  The  differences  in  heating  mechanisms
between  conventional  pyrolysis  (CP)  and  MAP  are  shown  in Fig.  1.
This  unique  energy  transfer  mechanism  overcomes  the  limitations
of  traditional  heat  conduction  and  provides  a  new  paradigm  for
green chemical engineering.

Compared  with  conventional  electrical  pyrolysis,  MAP  has
attracted  significant  attention  due  to  its  unique  advantages.  One
key advantage is heating uniformity[18], which results from the direct
interaction of microwaves with polar molecules inside the material.
This  interaction  forms  volumetric  heating  that  eliminates  tempera-
ture gradients caused by surface heat conduction, making it particu-
larly  suitable  for  porous  or  bulky  materials.  Another  advantage  is
low  thermal  mass[19],  which  allows  instantaneous  system  response
that  synchronizes  with  microwave  activation/deactivation.  This
eliminates  the  need  for  preheating  or  cooling  while  achieving
instant  and  precise  temperature  control.  The  process  also  exhibits
high energy efficiency and low consumption[20], benefiting from the
selective  heating  of  polar  components  by  microwaves,  which

reduces  energy  loss  pathways.  This  is  evidenced  by  the  activation
energy for biomass MAP being reduced by 40–150 kJ/mol,  and the
pyrolysis  temperature  range  decreasing  from  the  conventional
300–500 to 250–300 °C[21].  Additionally,  high pyrolysis  efficiency[22],
originating  from  rapid  heating  rates  (>  100  °C/min)  and  the
microwave  field  promoting  chemical  bond  cleavage,  significantly
shortens  reaction  time.  Extensive  experimental  evidence  supports
these advantages.  For example,  Ellison et al.[23] reported that selec-
tive heating during MAP of low-rank coal generated local hotspots,
accelerating  pore  development.  Zhang  et  al.[24] compared  micro-
wave and CP of pepper straw, confirming that biochar prepared by
MAP exhibited 47.6% higher SSA and 55.7% higher specific  capaci-
tance.  Jankovská  et  al.[25] efficiently  converted  waste  tires  into
microporous carbon black using microwaves for xylene adsorption.
Precisely  due  to  the  significant  advantages  of  MAP  in  time,  energy
consumption, and product performance, converting waste biomass
into porous biochar via this technology has been widely recognized
as  an  environmentally  friendly  and  efficient  resource  utilization
approach[26].

This review critically analyzes recent advances in different-dimen-
sional (1D/2D/3D) carbon materials produced by both conventional
and  microwave  methods.  It  compares  the  differences  between
various  technical  pathways  and  comprehensively  evaluates  the
advantages  and  disadvantages  of  the  two  methods  in  terms  of
energy  efficiency,  product  characteristics,  etc.  It  focuses  on  analyz-
ing  the  regulatory  mechanisms  of  microwave  process  parameters
on  carbon  material  performance.  By  reviewing  the  role  of  micro-
wave technology in the preparation of sustainable carbon materials,
it  provides  a  theoretical  basis  and  practical  guidance  for  selecting
green  carbon  material  preparation  technologies  targeting  carbon
neutrality goals.

 1D carbon materials

1D carbon materials refer to carbon-based substances with nanostruc-
tures featuring macroscopic lengths and nanoscale diameters. Among
them, carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are two
of  the  most  prominent  examples[27,28].  CNTs  are  formed  by  rolling
single  or  multiple  layers  of  graphene  into  hollow  tubular  structures
with diameters of  2–20 nm and lengths of  0.1–10 μm. Depending on
the  number  of  layers,  they  are  classified  as  single-walled  (SWCNT)
or  multi-walled  (MWCNT),  possessing  excellent  tensile  strength[29],
electrical conductivity[30],  optical properties[31],  and room-temperature
thermal  conductivity[32].  SWCNTs  can  exhibit  metallic  or  semicon-
ducting  behavior  due  to  their  unique  electronic  structure,  which
depends  on  their  chiral  indices,  making  them  highly  promising  for
nano-electronic  devices.  In  contrast,  MWCNTs  exhibit  higher
mechanical  strength  and  thermal  stability  due  to  their  multi-layered
structure,  making  them  outstanding  for  composite  reinforcement.

 

Table 1  Comparison of different pyrolysis technologies for sustainable carbon material production

Technology Heating mechanism Key advantage Inherent limitation

Conventional pyrolysis External conduction/
convection

Mature technology, simple setup High energy consumption, slow heating

Microwave-assisted pyrolysis Volumetric heating via
dielectric loss

Rapid and selective heating, high energy
efficiency, superior product performance,
excellent microstructure control

Potential hotspots, specialized equipment
needed, scalability challenges

Low-temperature catalytic
carbonization

Catalytic lowering of activation
energy

Lower operating temperature, potential for
targeted reactions

Catalyst cost and deactivation, limited
feedstock adaptability

Molten salt electrolysis Electrochemical reduction in
molten salt

Utilize CO2 or wastes as feedstock, direct
conversion

High energy input, corrosive environment,
complex operation

Plasma activation Ultra-high temperature from
ionized gas

Extremely fast reactions, can handle
refractory materials

Very high energy consumption, expensive
equipment

Microwave-assisted pyrolysis for advanced sustainable carbon materials
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Comparatively,  CNFs  (diameter  10–500  nm),  as  solid  quasi-1D  nano-
structures,  possess  abundant  edge  defects  and  functional  groups  on
their  surfaces,  resulting in  significantly  higher  active  site  density  than
CNTs.  This  structural  characteristic  enables  CNFs  to  demonstrate
superior performance in electrochemical  applications,  such as achiev-
ing higher specific capacitance in supercapacitors. Their unique charac-
teristics,  such  as  lightweight  nature,  high  electrical  conductivity,  and
chemical stability[33,34], make applications possible in energy storage[35],
catalysis[36],  biomedicine[37],  and  environmental  remediation[38].
Particularly  in  biomedicine,  the  large  SSA  and  surface  functional
groups  of  CNFs  enable  effective  drug  molecule  loading  for  targeted
drug delivery.  Similarly,  in environmental remediation, the adsorption
capacity  of  CNFs  for  heavy  metal  ions  is  significantly  superior  to
traditional activated carbon materials.

Traditional  CNT  synthesis  techniques  primarily  include  arc
discharge,  laser  ablation,  and  chemical  vapor  deposition  (CVD)
(Fig.  2a)[39,40].  These  methods  employ  high-energy  sources  (high-
voltage  arcs/laser  beams/plasma)  to  disassociate  carbon  sources,
forming  nanoclusters  that  drive  growth  on  catalyst  surfaces.  Arc
discharge  is  the  earliest  technique  enabling  mass  CNT  production,
but its products suffer from low purity and require complex purifica-
tion  processes.  Laser  ablation  can  produce  high-quality  SWCNTs,
but entails high equipment costs and limited yield. CVD has become
the primary method for industrial production due to its strong con-
trollability and relatively low cost. Controlling reaction temperature,

gas  flow  rate,  and  catalyst  type  enables  directional  CNT  growth.
Despite  their  advantages,  these  methods  share  significant  limita-
tions,  including  the  requirement  for  extremely  high  temperatures
(>  600  °C)  to  ensure  crystallinity[41],  reliance  on  inert  gases  to  pre-
vent  oxidation,  safety  risks  from  using  flammable/explosive  gases
(acetylene/hydrogen)  in  CVD,  and  bulk  heating  mechanisms  lead-
ing  to  high  energy  consumption  and  difficulty  in  localized  growth
control.  Particularly,  the  high-temperature  requirement  restricts
direct  growth  on  flexible  polymer  substrates,  and  the  reliance  on
inert gas protection substantially increases production costs. Collec-
tively,  these  limitations  hinder  the in-situ construction  of  nano-
devices on low-melting-point substrates[42,43].

Microwave methods overcome these limitations (Fig. 2b)[44], utiliz-
ing differential microwave absorption between substrates and cata-
lysts  to  achieve  selective  localized  heating[45].  This  heating  mode
offers significant energy-saving advantages, reducing reaction times
to  below  1/10  of  those  of  traditional  methods.  Catalyst  particles
are  rapidly  heated  to  reaction  temperatures  within  seconds  to
3  min[46,47],  while  transparent  substrates  remain  at  low  tempera-
tures,  creating  reaction  conditions  without  requiring  hazardous
gases.  The  microwave  method  is  particularly  suitable  for  growing
CNTs  on temperature-sensitive  substrates,  enabling the  direct  con-
struction  of  flexible  electronic  devices  on  paper  or  polymer  films.
Regarding  products,  traditional  CVD  can  produce  long  SWCNTs
(length  of  0.1–100  mm,  diameter  of  0.6–4.0  nm)[48,49],  suitable  for

 

Fig.  1  Schematic  diagram  of  temperature  distribution,  heat  transfer,  and  mass  transfer  for  conventional  electrical  heating  and  microwave-assisted
heating[15−17].
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polymer  composites.  These  ultra-long  CNTs  uniquely  benefit  the
preparation of high-strength fibers with tensile strengths exceeding
50  GPa.  Conversely,  microwave  synthesis  primarily  yields  short
MWCNTs  (length  of  1–20 μm,  diameter  of  10–200  nm)  (Fig.  2c)[50].
Its  localized  heating  characteristic  is  particularly  conducive  to  the
in-situ growth  of  brush-like  structures  on  conductive/porous  subs-
trates.  CNT  arrays  with  this  unique  morphology  exhibit  excellent
performance in applications like field emission displays and superca-
pacitor  electrodes.  Notably,  microwave-grown  CNTs  often  possess
more  structural  defects,  which,  rather  than  being  a  detriment,
become  advantageous  in  certain  catalytic  applications  as  defect
sites  can  serve  as  active  centers  enhancing  catalytic  efficiency.
Beyond this, the rapid temperature ramping inherent to microwave
synthesis facilitates the formation of unique branched structures or
heterojunctions,  which  may  possess  novel  functional  properties  in
optoelectronic devices.

Traditional  CNF  production  primarily  focuses  on  electrospinning
(Fig.  3a)[51] and  CVD.  Electrospinning  utilizes  electrostatic  fields  to
stretch  polymer  solutions,  combined  with  pre-oxidation  and
carbonization post-treatment,  to obtain continuous structures with
diameters  ranging  from  10  nm  to  10 μm,  achieving  random,  core-
shell, and aligned morphologies. Aboagye et al.[52] obtained smooth
CNFs with an average diameter of 250 nm by electrospinning poly-
acrylonitrile  nanofibers  followed  by  carbonization.  After  loading
platinum  nanoparticles  via  redox  reactions,  these  CNFs  exhibited
conversion efficiencies of 7%–8% as counter electrodes in dye-sensi-
tized solar cells. Notably, this performance approaches that of tradi-
tional  platinum  counter  electrodes  while  significantly  reducing
costs,  offering  new  possibilities  for  the  large-scale  commercializa-
tion  of  solar  cells.  Li  et  al.[53] fabricated  3D  porous  interconnected
CNFs  with  diameters  of  100–200  nm  using  electrospinning  com-
bined with an Ar/air mixed-atmosphere carbonization process. Their
unique  micro/mesoporous  structure  endowed  them  with  a  high
specific  capacity  of  1,780  mA·h/g,  demonstrating  potential  to
replace  graphite  in  flexible  lithium  battery  anodes.  This  3D  porous
structure  not  only  provides  more  lithium-ion  storage  sites  but  also
significantly  improves  ion  transport  kinetics,  enabling  excellent
cycle  stability  even  at  high  current  densities.  Furthermore,  this

flexible  electrode material  can be directly  integrated into wearable
electronics,  opening  new  avenues  for  the  development  of  next-
generation flexible energy storage devices.

The  CVD  method  uses  hydrocarbons  as  carbon  sources
(500–1,500  °C)  to  produce  CNFs  with  high  aspect  ratios  and  high
conductivity,  albeit  at  higher  costs.  For  example,  Simon  et  al.[54]

employed CVD using methane as the carbon source and palladium
as  the  catalyst  to  grow  CNTs  and  CNFs  on  single-channel  porous
ceramic  Al2O3 substrates  at  different  temperatures.  At  a  synthesis
temperature of 800 °C, a mixture of two types of bamboo-like CNFs
was  obtained.  This  unique  bamboo-joint  structure  imparts  distinc-
tive  mechanical  properties  and  electron  transport  characteristics,
holding  significant  application  value  in  composite  reinforcement
and  conductive  fillers.  Additionally,  Xing  et  al.[55] utilized  a  dual-
template strategy employing porous anodic aluminum oxide (AAO)
membranes  and  colloidal  silica  to  prepare  mesoporous  carbon
nanofibers  (MCNFs).  The  resulting  MCNFs  possessed  not  only  high
SSA  and  mesopore  volume  but  also  a  hierarchical  nanostructure
comprising hollow macro-channels derived from the AAO template,
large mesopores (~22 nm) formed by removing silica particles,  and
micropores formed by phenolic resin carbonization. This multi-level
pore  structure  maximizes  mass  transfer  efficiency,  exhibiting  out-
standing  performance  in  energy  storage  systems  like  supercapaci-
tors  and  lithium-sulfur  batteries.  Ren  et  al.[56] demonstrated  that
efficient  solar  and  conventional  energy  can  electrolytically  convert
atmospheric CO2 dissolved in molten carbonate into CNFs on inex-
pensive steel or nickel electrodes. This breakthrough technology not
only  realizes  the  resource  utilization  of  greenhouse  gases  but  also
significantly  reduces  CNF  production  costs.  A  cheaper  source  of
CNFs  will  promote  their  adoption  as  a  societal  resource,  and  using
CO2 as  a  reactant  to  produce  value-added  products  like  CNFs
provides  an  incentive  to  consume  this  greenhouse  gas  to  mitigate
climate change. Scaling up this process promises to achieve carbon-
negative  production,  making  significant  contributions  to  global
carbon neutrality goals.

Combining  microwave  technology  with  traditional  methods  can
significantly improve efficiency. Microwave-assisted CVD (Fig. 3b)[57]

and  microwave  hydrothermal  methods  have  emerged  as  novel

 

Fig.  2  Production  of  CNTs  by  (a)  chemical  vapor  deposition[39],  and  (b)  microwave  irradiation[44].  (c)  SEM  images  of  CNTs[50] prepared  by  microwave
irradiation.
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approaches.  For  instance,  Bigdeli  &  Fatemi[58] utilized  a  900  W
microwave-assisted  CVD  to  prepare  morphologically  uniform  car-
bon nanofibers on ordinary activated carbon surfaces. Compared to
conventional CVD, this method reduced reaction time from hours to
minutes,  while  significantly  lowering energy consumption,  demon-
strating  substantial  energy-saving  advantages.  Gupta  et  al.[59]

employed  a  simple  and  feasible  microwave-assisted  hydrothermal
method, synthesizing CNFs at 400 W after a 2-h hydrothermal reac-
tion  at  400  °C  for  use  as  rapid  adsorbents  for  methamphetamine.
This  approach  enables  CNFs  grown  on  substrates  like  activated
carbon  and  fibers  to  exhibit  unique  morphologies  (Fig.  3c)[60].  A
notable  feature  of  microwave-assisted  synthesis  is  its  ability  to
achieve  uniform  heating  at  the  molecular  level,  facilitating  the
formation of more uniform nanostructures while avoiding tempera-
ture  gradient  issues  inherent  in  conventional  heating.  Although
electrospinning  and  CVD  (including  microwave  variants)  remain
mainstream,  developing  economical,  green,  and  scalable  techni-
ques  capable  of  precise  structural  control  (porosity/orientation)
remains a crucial goal.  In recent years,  emerging technologies such
as  plasma-enhanced  CVD,  supercritical  fluid  technology,  and  bio-
templating  methods  have  also  begun  to  show  promise  in  CNF
preparation.  These  methods  exhibit  unique  advantages  in  control-
ling  fiber  diameter,  orientation,  and  surface  chemistry,  providing
new  tools  for  tailoring  CNF  properties.  Particularly  noteworthy  is
the  introduction  of  artificial  intelligence  into  the  CNF  preparation
process.  Optimizing  process  parameters  through  machine  learning
algorithms  holds  promise  for  the  precise  design  and  performance
prediction  of  CNF  structures,  which  will  significantly  accelerate
the  development  of  novel  CNF  materials.  Furthermore,  developing
green  synthesis  routes  based  on  sustainable  feedstocks  (e.g.,  bio-
mass,  plastic  waste)  and  exploring  low-cost,  large-scale  production
technologies  for  CNFs  remain  key  future  research  directions.  With
continuous breakthroughs in these technologies, CNFs are poised to
play  important  roles  in  more  fields  such  as  energy,  environment,
and healthcare,  driving the rapid development of  the nanotechno-
logy industry.

In  summary,  the  synthesis  of  1D  carbon  nanomaterials  via  MAP
demonstrates  revolutionary  advantages  in  reaction  efficiency  and

process  mildness,  compared  to  conventional  CVD.  Traditional  CVD
requires  high  temperatures  (> 600  °C),  inert  gas  protection,  and
reaction  times  on  the  order  of  hours,  suffering  from  high  energy
consumption and difficulty  in  localized growth control  due to  bulk
heating mechanisms.  In  contrast,  MAP leverages  differential  micro-
wave absorption between substrates and catalysts to achieve selec-
tive  localized  heating.  This  reduces  reaction  times  from  hours  to
minutes  or  even  seconds  (response  time  <  3  min),  with  catalyst
particles  being  heated  to  reaction  temperatures  within  seconds
while  microwave-transparent  substrates  remain  cool.  This  unique
heating mode not only offers significant energy-saving benefits but
also enables the direct construction of flexible electronic devices on
temperature-sensitive substrates like paper or polymer films.

 2D carbon materials

Graphene is a 2D atomic crystalline material composed of a single layer
of  carbon  atoms  tightly  packed  via  sp2 hybridization  into  a  perfect
hexagonal  honeycomb  lattice[61,62],  with  a  thickness  of  only  one-
millionth of  the diameter  of  a  human hair.  As  the first  experimentally
confirmed 2D material,  it  is  not  only  a  pivotal  member  of  the carbon
allotrope  family  but  its  single-atomic-layer  structure  imparts  extra-
ordinary  properties,  such  as  exceptional  strength  (far  exceeding
steel)[63,64], excellent flexibility, superior electrical/thermal conductivity,
and  outstanding  optical  transparency  (~97.7%)[65−68],  along  with  gas
impermeability  and  chemical  functionality.  This  unique  structural
characteristic  originates  from  the  strong  covalent  bonding  between
carbon  atoms.  Simultaneously,  graphene  exhibits  electron  mobility
at  room temperature far  surpassing that of  traditional  semiconductor
materials,  granting it  unparalleled advantages for  high-speed electro-
nic devices. Endowed with these unmatched characteristics, graphene
has rapidly become a focal point of research and is hailed as one of the
most  revolutionary materials  of  the 21st century.  With the maturation
of  production  techniques  and  cost  reduction  (e.g.,  micromechanical
exfoliation, CVD, chemical oxidation-reduction methods[69]),  graphene
is  progressively  moving  towards  widespread  application.  Particularly,
the  development  of  CVD  has  enabled  the  preparation  of  large-area,

 

Fig.  3  Production  of  CNFs  by  (a)  chemical  vapor  deposition[51],  and  (b)  microwave  irradiation[57].  (c)  SEM  images  of  CNFs[60] prepared  by  microwave
irradiation.
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high-quality  graphene  films,  laying  the  foundation  for  industrial
applications. The oxidation-reduction method, due to its simplicity and
low  cost,  has  become  the  primary  laboratory  method  for  graphene
preparation. Although the product quality is slightly inferior to CVD, it
holds significant advantages for large-scale production.

In  electronics  and  optoelectronics,  its  superior  electrical  proper-
ties  make  it  an  ideal  material  for  developing  ultra-high-frequency
transistors,  flexible  displays,  and  efficient  photodetectors.  The  cut-
off frequency of graphene transistors far exceeds that of traditional
silicon-based  devices,  promising  to  advance  terahertz  communica-
tion  technology.  In  flexible  electronics,  graphene's  excellent
mechanical  properties  and conductivity  make it  an ideal  choice for
the backplanes of foldable displays. In composites and coatings, the
incorporation  of  graphene  can  significantly  enhance  the  mechani-
cal  strength,  corrosion  resistance,  self-healing  efficiency,  and  flame
retardancy of matrix materials like epoxy resins, finding applications
in  aerospace,  construction,  and  protective  coatings[70].  In  energy
storage and conversion, graphene serves as an ideal electrode mate-
rial  for  supercapacitors  and  batteries  which  possess  a  high  theo-
retical  specific  capacitance,  greatly  improving  energy  storage
efficiency[71].  The  energy  density  of  graphene-based  supercapaci-
tors has exceeded 50 W·h/kg,  with charge-discharge cycle lifetimes
exceeding  100,000  cycles,  showing  immense  potential  in  electric
vehicles  and  smart  grids.  Furthermore,  it  can  enhance  the  perfor-
mance  of  dye-sensitized  solar  cells  or  function  as  a  high-thermal-
conductivity filler, significantly improving the thermal management
of  heat  storage  systems  (thermal  conductivity  enhanced  by  up  to
220%)[72].  In  environmental  protection,  graphene filters  show great
promise and have been successfully applied for highly efficient CO2

capture (high permeability and selectivity)[73], and purifying severely
polluted  water  sources  (e.g.,  Graph-Air  technology)[74].  The  CO2/N2

selectivity  of  graphene membranes far  surpasses that  of  traditional
polymeric  membrane  materials.  In  biomedicine,  graphene  and  its
derivatives  (e.g.,  graphene  oxide  (GO),  graphene  quantum  dots)
exhibit  broad  applicability,  including  antibacterial  effects  (against
Gram-positive  and  Gram-negative  bacteria),  targeted  drug  delivery
(pH-responsive  carriers),  orthopedic  implants  (promoting  angioge-
nesis  and  bone  regeneration),  and  biosensors[75].  GO,  owing  to  its
abundant  oxygen-containing  functional  groups  and  good  biocom-
patibility, has become a research hotspot for drug carriers, enabling
pH-responsive controlled release and improving targeting for tumor
therapy.  Additionally,  its  applications  extend  to  catalysis,  self-heal-
ing  smart  coatings,  high-performance  sensors  (e.g.,  strain  sensing),
desalination,  cryptography,  lightweight  electric  vehicles,  and  even
space  technology.  In  catalysis,  nitrogen-doped  graphene  has
demonstrated  oxygen  reduction  reaction  activity  comparable  to
precious  metals,  substantially  reducing  fuel  cell  costs.  Importantly,
graphene  serves  as  the  fundamental  building  block  of  the  carbon
material  family  (CNTs  can  be  viewed  as  rolled-up  graphene,  and
fullerenes as wrapped graphene)[76,77],  and its continuously demon-
strated  versatility  and  research  breakthroughs  indicate  it  will  pro-
foundly  transform  numerous  industries  and  deliver  revolutionary
solutions[78]. In recent years, significant progress has also been made
in  research  on  heterostructures  of  graphene  with  other  2D  mate-
rials.  Bandgap  engineering  enables  the  design  of  material  systems
with  entirely  new  functionalities,  providing  novel  approaches  for
next-generation  optoelectronic  devices  and  quantum  computing
technologies.  With  continuous  breakthroughs  in  preparation  tech-
niques  and  in-depth  application  research,  graphene  will  undoub-
tedly demonstrate its unique value and broad application prospects
in even more fields.

Synthesis of graphene-based materials primarily relies on bottom-
up  methods  (e.g.,  CVD[79])  and  top-down  methods  (e.g.,  reduced

graphene oxide [rGO]).  Among them, reduction of GO presents the
most scalable pathway due to its low raw material cost and solution
hydrophilicity[80]. Although CVD can produce high-quality graphene
films,  its  significant  equipment  investment  and  complex  process
limit  large-scale  application.  In  contrast,  the  GO  reduction  method
is  simple  to  operate  and  utilizes  readily  available  raw  materials,
making it more suitable for industrial production. Traditional reduc-
tion primarily relies on chemical reduction methods[81−84], which use
reductants  such  as  hydrazine,  sodium  borohydride  as  shown  in
Fig. 4a or thermal reduction methods[85−87], as shown in Fig. 4b, but
both  possess  significant  limitations.  Chemical  reduction  requires
highly  toxic  reagents,  and  the  products  are  prone  to  aggregation
with  relatively  low  electrical  conductivity.  Hydrazine-based  reduc-
tants are not only harmful to humans but also cause environmental
pollution,  while  sodium  borohydride  (NaBH4),  although  less  toxic,
exhibits  poor  reduction  efficiency.  Simultaneously,  thermal  reduc-
tion  requires  an  inert  atmosphere  and  high-temperature  environ-
ment  (>  800  °C),  which  introduces  lattice  defects  and  consumes
excessive energy[88].

High-temperature treatment not only has high energy consump-
tion but can also damage the layered structure of graphene, affect-
ing  its  conductive  properties.  These  drawbacks  have  prompted
researchers to explore greener alternatives. Under potential control,
electrochemical reduction (as shown in Fig. 5a) produces rGO (C/O ≈
6)  within  3  min[89−91],  but  suffers  from  non-uniform  electrode
contact[92,93].  This  issue  arises  because  the  limited  contact  area
between  the  electrode  and  the  GO  solution  makes  uniform  reduc-
tion  difficult,  leading  to  inconsistent  product  performance.  Reduc-
tion using solar  irradiation (as  shown in Fig.  5b)  is  environmentally
friendly but requires 16–30 h of irradiation, with the C/O ratio gene-
rally  below  4[94−96].  Although  photoreduction  avoids  chemical
reagents, its long reaction time and limited reduction degree make
it  difficult  to  meet  practical  application  demands.  In  contrast,
microwave  reduction  technology  stands  out  due  to  its  efficiency,
energy-saving  nature,  and  environmental  friendliness,  becoming  a
core breakthrough development in  recent years.  Microwave reduc-
tion  utilizes  molecular  polarization  and  dielectric  loss  effects,
enabling completion of the reduction process within minutes with-
out  requiring  toxic  reagents  or  high-temperature  conditions.  This
method is  not  only  simple  to  operate  but  also  preserves  the  intact
structure  of  graphene,  yielding  reduced  products  with  excellent
electrical  conductivity.  Furthermore,  microwave  reduction  enables
selective heating, facilitating control over the reduction degree and
product morphology, thereby offering new possibilities for the func-
tional applications of graphene.

The  unique  advantages  of  microwave  reduction  stem  from  its
energy  transfer  mechanism.  Microwaves  excite  dipole  rotation  and
ion  migration  within  GO,  generating  volumetric  heating  that
induces localized ultrahigh temperatures (> 400 °C) within seconds,
thereby  enabling effective  cleavage of  oxygen groups  and restora-
tion  of  the  carbon  skeleton[97].  This  distinct  heating  mechanism
fundamentally  differs  from  conventional  thermal  conduction  heat-
ing;  that  is,  it  achieves  selective  heating  at  the  molecular  level,
avoiding  thermal  gradient  issues  inherent  in  conventional  heating
methods.  The  rapid  movement  of  polar  molecules  and  ions  in
the  microwave  field  not  only  provides  efficient  heating  but  also
promotes  the  directed  cleavage  and  reorganization  of  functional
groups  on  the  GO  surface.  This  technology  has  achieved  break-
throughs  in  three  key  areas.  Regarding  revolutionizing  reaction
speed, Li et al.[98] first achieved microwave thermal reduction of GO.
Under  500  W  irradiation  for  2  s,  the  electrical  conductivity  of  GO
increased from 0.07 to 104 S/m, and the ID/IG ratio decreased from 1
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to  0.3.  This  ultrafast  reaction  speed  enables  continuous  industrial
production,  significantly  enhancing  efficiency.  Voiry  et  al.[99] deve-
loped  a  gradient  reduction  strategy  involving  pre-reduction  via
annealing at  300  °C  followed by  1,000  W microwave irradiation for
1–2  s,  obtaining  graphene  structures  similar  to  CVD  with  only  4%
oxygen content, and a prominent Raman 2D band.

This step-wise approach ingeniously combines the advantages of
conventional thermal reduction and microwave reduction, ensuring
high  product  quality  while  improving  reaction  efficiency.  Conven-
tional  thermal  reduction  requires  continuous  inert  gas  protection,

whereas the microwave method can operate in air, greatly simplify-
ing the process conditions. This feature significantly reduces equip-
ment  requirements  and  operational  difficulty,  removing  barriers  to
industrial  production. For example, Jiang et al.[100] employed a trig-
gering-reduction  method,  placing  pre-reduced  rGO  fragments  on
the GO surface. Irradiation at 800 W for 2–5 s achieved deep deoxy-
genation  via  arc  discharge,  with  XPS  analysis  confirming  the
complete  disappearance  of  C–O  bonds.  The  instantaneous  high
temperature generated by this  localized arc discharge enables pre-
cise  control  over  the  reduction  degree,  avoiding  increased  defects

 

Fig. 4  Synthesis of rGO by (a) chemical reduction[84], and (b) thermal reduction[87].
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due to  over-reduction.  Wan et  al.[101] used a  copper  wire  to  trigger
microwave  arcing,  obtaining  highly  crystalline  rGO  within  2  s.  This
metal-assisted  microwave  reduction  method  further  enhances
energy utilization efficiency, making the reaction more controllable.
Figure  6 illustrates  the  microwave-assisted  thermal  reduction
process  of  GO[102].  Concerning  breakthrough  optimization  of  pro-
duct  quality,  microwave-induced  instantaneous  high  temperatures
promote  carbon  atom  rearrangement,  significantly  repairing  struc-
tural  defects.  Han  et  al.[103] treated  GO  films  with  low-temperature
microwave at 42 W for 5 min,  reducing the ID/IG ratio from 2.89 to
1.56,  and  increasing  the  C/O  ratio  from  7.8  to  17.5.  These  gentle
microwave  conditions  are  particularly  suitable  for  preparing  ther-
mally  sensitive  graphene  derivatives.  Jiang  et  al.[100] found  that
arc-discharge-reduced  GO  exhibited  a  sheet  resistance  as  low  as
40 μΩ/cm2, representing a 20-fold improvement over samples ther-
mally  reduced  at  800  °C  (796 μΩ/cm2).  This  excellent  electrical

conductivity gives microwave-reduced graphene a unique competi-
tive edge in electronic devices.

Microwave  synergistic  strategies  further  enhance  the  reduction
effect.  In  chemical-microwave  combinations,  Zedan  et  al.[104]

achieved  a  higher  degree  of  reduction  using  2  min  of  microwave
irradiation in  DMSO solvent  compared to 7  h  of  conventional  ther-
mal treatment. This approach, leveraging chemical-physical synergy,
fully  utilizes  the  dual  advantages  of  solvent  effects  and  microwave
heating  for  a  more  thorough  reduction  process.  Kumar  et  al.[105]

demonstrated  that  HI/CH3COOH  reductants  achieved  deoxygena-
tion  equivalent  to  48  h  of  conventional  reaction  after  just  4  h  of
microwave treatment. This significant efficiency boost highlights the
immense  potential  of  microwave-assisted  chemical  reduction.
Figure 7 shows the microwave-assisted chemical  reduction process
of  GO[106].  Regarding  pretreatment  optimization,  Voiry  et  al.[99]

constructed  a  conductive  network  through  CaCl2 crosslinking  and

 

Fig. 5  Synthesis of rGO by (a) electrochemical reduction[89], and (b) sunlight reduction[94].
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gentle annealing significantly enhancing the microwave absorption
capacity  of  GO  at  2.45  GHz.  This  pretreatment  method  cleverly
addresses  the  low  microwave  absorption  efficiency  caused  by  the
low  dielectric  loss  of  GO.  Concurrently,  the  intense  degassing  and
high  pressure  generated  during  microwave  reduction  simultane-
ously  promote  the  exfoliation  of  GO,  yielding  thinner  rGO  flakes.
This self-exfoliation effect facilitates the preparation of monolayer or
few-layer  graphene,  providing  a  novel  approach  for  high-quality
graphene production. The industrialization potential of this techno-
logy is already evident in multiple fields. For instance, in energy stor-
age,  microwave-reduced  GO  electrodes,  leveraging  high  electrical
conductivity  (1,490  S/m)[107],  enable  supercapacitors  to  achieve  a
specific  capacitance  of  265.9  F/g[108].  This  superior  electrochemical
performance is  primarily  attributed to the porous structure formed
during  microwave  reduction  and  the  retained  oxygen-containing
functional  groups,  which collectively  provide more active  sites  and
fast  ion  transport  channels.  In  flexible  electronics,  microwave-
reduced graphene films exhibit  excellent  mechanical  flexibility  and
conductive  stability,  making  them  ideal  materials  for  wearable
devices.  In  composites,  stronger  interfacial  interactions  form
between  microwave-reduced  GO  and  polymer  matrices,

significantly  enhancing  the  mechanical  properties  and  functional
characteristics of the composites.

The  parameters  of  microwave  reduction  starkly  contrast  with
those  of  conventional  methods,  highlighting  its  superior  process
efficiency.  Traditional  thermal  reduction  necessitates  an  inert
atmosphere  and  prolonged  treatment  at  extreme  temperatures
(> 800  °C),  yielding  products  with  a  high  sheet  resistance  of
796 μΩ/cm2. Chemical reduction employs highly toxic reagents and
results  in relatively low conductivity.  Conversely,  microwave reduc-
tion  is  typically  performed  in  air  without  an  inert  gas  blanket,
completing  the  deoxygenation  process  within  seconds  (2–5  s)  at
moderate  power  levels  (500–1,000  W).  This  ultrafast  process  yields
reduced  graphene  oxide  with  a  spectacular  increase  in  electrical
conductivity from 0.07 to 104 S/m and a remarkably low sheet resis-
tance  of  40 μΩ/cm2,  representing  a  20-fold  performance  enhance-
ment  over  conventional  thermal  reduction  and  underscoring  the
dual  breakthrough of  MAP in  speed and product  quality.  Although
challenges  remain  regarding  process  standardization  (e.g.,
matching power intensity to sample volume), microwave reduction,
with  its  core  advantages  of  secondary  reaction  times,  elimination
of  inert  atmosphere  requirements,  and  high  product  quality,  has

 

Fig. 6  Synthesis of rGO by microwave-assisted thermal reduction[102].

 

Fig. 7  Synthesis of rGO by microwave-assisted chemical reduction[106].
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become  a  key  technology  driving  the  large-scale  production  of
graphene.  With  continuous  advancements  in  microwave  engineer-
ing  and  optimization  of  process  parameters,  microwave  reduction
technology  is  poised  for  breakthrough  applications  in  even  more
fields, providing strong technical support for the industrialization of
graphene.  Future  research  should  focus  on  key  issues  such  as  the
scale-up design of microwave reactors, intelligent control of process
parameters, and online monitoring of product quality to propel this
technology from the laboratory to industrial production.

 3D carbon materials

As detailed in the preceding sections, MAP is a versatile technique for
producing  carbon  materials  across  various  dimensions.  This  section
concentrates specifically on 3D carbon architectures, and is organized
around  their  primary  application  domains.  It  aims  to  present  a
coherent narrative from material design and controlled MAP synthesis
to  final  functional  performance.  While  the  application  landscape
for  MAP-derived  3D  carbons  is  broad,  as  previewed  in  Graphic
abstract—encompassing  promising  uses  in  composites,  construc-
tion, and catalysis—this section will maintain a focused and in-depth
discussion  by  examining  four  of  the  most  representative  and  high-
impact  areas:  their  use  as  solid  fuels,  for  environmental  remediation,
as microwave absorbers, and in energy storage.

 Carbon materials with high heating value (HHV)
With  the  advancement  of  the  dual  carbon  goals,  biomass  energy,  as
the largest component of clean energy (with a capacity equivalent to
twice  that  of  hydropower  and  3.5  times  that  of  wind  power),  holds
strategic  significance  for  adjusting  the  energy  structure  through
efficient  conversion.  Agricultural  and forestry  residues,  as  the primary
biomass resource (annual production of 740 million tons in China with
a calorific value equivalent to 460 million tons of standard coal), can be
converted  into  high-calorific-value  biochar  through  thermochemical
conversion,  serving  as  a  low-carbon  solid  fuel  alternative  to  fossil
fuels[109,110].  This  material  is  characterized  by  a  low  H/C  ratio  (0.2–1.6)
and  O/C  ratio  (0.2–0.8).  Their  coal-like  properties  originate  from  the
significant reduction of oxygen-containing functional groups (such as
O–H  and  C–O–C  bonds)  caused  by  deoxygenation  and  dehydration
reactions  during  pyrolysis,  thereby  enhancing  hydrophobicity  and
energy density[111].  The preparation process of biochar directly affects
its  physicochemical  properties  and  application  performance,  among
which pyrolysis temperature, heating rate, and residence time are key
parameters  determining  the  pore  structure,  surface  functional  group
distribution,  and  stability  of  biochar.  Studies  show  that  appropriate
pyrolysis conditions can promote the formation of a highly developed
pore  structure  in  biochar.  This  not  only  improves  its  combustion
efficiency  as  a  fuel  but  also  enables  it  to  demonstrate  multiple  appli-
cation  values  in  areas  such  as  soil  improvement  and  pollutant
adsorption. Furthermore, the carbon sequestration capacity of biochar
makes  it  an  important  technical  pathway  for  achieving  negative
carbon  emissions.  Each  ton  of  biochar  can  sequester  approximately
2–3 tons of CO2 equivalent, which is of great significance for achieving
carbon neutrality goals.

Traditional pyrolysis technologies like torrefaction and hydrother-
mal  carbonization  exhibit  significant  limitations[112].  Torrefaction
primarily  reduces  the  content  of  O–H  functional  groups  through
dehydration  reactions  in  an  inert  atmosphere  at  200–300  °C.
However,  its  thermodynamic  behavior  is  complex  as  it  exhibits
endothermic  characteristics  below  230  °C  while  transitioning  to
exothermic  above  230  °C,  which  creates  challenges  for  effective
energy  consumption  control[113,114].  Hydrothermal  carbonization

occurs  in  subcritical  water  at  180–260  °C,  relying  on  high-pressure
conditions  (2–20  MPa)  to  promote  cellulose  hydrolysis  and  lignin
repolymerization[115,116].  However,  the  long  residence  time  (hours
to  days),  and  high-pressure  requirements  substantially  increase
process  costs[117,118].  Additionally,  both  methods  rely  on  external
heat  conduction,  generating  inward  temperature  gradients  that
oppose volatile diffusion, leading to low thermal efficiency and poor
product  uniformity.  These  traditional  methods  also  face  difficulties
in precisely regulating product performance,  making it  challenging
to  control  the  pore  structure  and  surface  chemistry  of  biochar
according to different application needs. For example, biochar pro-
duced  by  traditional  pyrolysis  methods  often  suffers  from  uneven
pore size distribution and insufficient active sites, limiting its perfor-
mance  in  advanced  applications.  Simultaneously,  traditional  pro-
cesses  have  poor  adaptability  to  feedstocks,  struggling  to  handle
agricultural  and  forestry  residues  with  high  moisture  content  or
strong heterogeneity,  which is  also  a  major  factor  constraining the
large-scale  production  of  biochar.  MAP  overcomes  these  bottle-
necks  through  an  endogenous  heating  mechanism.  Microwaves
(300  MHz  to  300  GHz)  generate  heat  through  polar  molecule  colli-
sions,  establishing  an  inward-to-outward  temperature  gradient
aligned  with  the  direction  of  volatile  migration,  enabling  rapid
(heating  rates  3–5  times  higher  than  conventional  methods[119]),
uniform  (temperature  fluctuation  <  5%[120]),  and  selective  heating.
Their  penetration  capability  ensures  processing  ability  for  various
material forms[121]. Feedstocks with weak microwave absorption can
be  enhanced  by  adding  absorbers  like  silicon  carbide  or  activated
carbon[122].  Once  effective  coupling  is  achieved,  products  are  typi-
cally  optimized  by  regulating  power,  temperature,  and  duration  in
an  inert  atmosphere[123,124].  As  shown  in Fig.  8,  compared  to  con-
ventional  methods,  microwave biochar exhibits  significantly higher
yield  and  calorific  value[133],  with  lignocellulosic-derived  biochar
being more suitable as a solid fuel[111].

Another advantage of  MAP lies  in its  excellent process controlla-
bility. By adjusting parameters such as microwave frequency, power,
and  time,  the  pyrolysis  depth  and  product  characteristics  can  be
precisely controlled. This controllability allows MAP to be optimized
for  different  feedstock  characteristics  (e.g.,  moisture  content,  parti-
cle size, and chemical composition) to obtain biochar products with
specific functionalities. For instance, by regulating microwave treat-
ment  conditions,  activated  carbon  materials  with  ultra-high  SSA  or
functionalized  biochar  rich  in  specific  functional  groups  can  be
prepared.  Furthermore,  microwave systems feature rapid start-stop
capability, enabling batch production, which significantly enhances
production flexibility and energy utilization efficiency. From an engi-
neering  application  perspective,  MAP  equipment  has  a  small  foot-
print,  is  easy  to  automate,  and  facilitates  the  establishment  of
distributed biochar production systems. This is of great importance
for the in-situ conversion and utilization of agricultural and forestry
residues.  With  advancements  in  microwave  generator  technology
and  reduced  costs  for  scaled-up  production,  MAP  technology  is
poised  to  become  the  mainstream  process  route  for  the  industrial
production of biochar.

Critically, pyrolysis temperature is the core parameter controlling
biochar  properties.  As  shown  in Table  2,  biochar  yield  typically
decreases within the 350–550 °C range[151−153], which is attributed to
the  enhanced  secondary  cracking  of  volatiles  and  cleavage  of
C–H/C–O bonds at high temperatures. This cracking process follows
a  free  radical  reaction  mechanism.  As  temperature  increases,  the
weaker  chemical  bonds  in  biomass  macromolecular  structures
preferentially  break,  generating small-molecule  volatiles  and active
free  radicals.  These  radicals  further  participate  in  recombination
reactions  to  form  more  stable  aromatic  structures.  Conversely,  the

Microwave-assisted pyrolysis for advanced sustainable carbon materials

Sustainable Carbon Materials  |  Volume 1  |  2025  |  e011 page 11 of 36



HHV of  biochar increases significantly  with rising temperature.  This
phenomenon stems from carbon fixation, where high temperatures
drive  the  release  of  H  and  O  in  the  form  of  H2O  and  CO2,  thereby
enriching  the  carbon  content[123].  Notably,  the  temperature  gra-
dient  also  influences  the  development  of  biochar  pore  structure.
The  medium-temperature  zone  (400–500  °C)  favors  micropore
formation, while the high-temperature zone (> 600 °C) promotes the
development of mesopores and macropores. This evolution of pore
structure  directly  impacts  the  performance  of  biochar  as  an  adsor-
bent  or  catalyst  support.  Furthermore,  pyrolysis  temperature  regu-
lates the distribution of  surface functional  groups on biochar.  Low-
temperature  biochar  retains  more  oxygen-containing  functional
groups  (such  as  carboxyl  and  phenolic  hydroxyl  groups),  whereas
high-temperature  biochar  is  dominated  by  aromatic  carbon  struc-
tures.  This  difference  in  surface  chemistry  determines  its  varied
performance  in  applications  like  soil  remediation  and  pollutant
removal.

Microwave  power  significantly  regulates  product  distribution.
Increasing  power  generally  reduces  yield,  but  exhibits  feedstock-
dependent  fluctuations,  as  the  cellulose-to-lignin  ratio  affects
microwave  energy  conversion  efficiency[154].  Cellulose,  due  to  its
higher dielectric loss factor, is more easily heated in the microwave
field, while lignin requires a higher field strength for effective energy
coupling.  This  difference  leads  to  significant  variations  in  the  res-
ponse of different feedstocks to microwave power. Pine wood yield
shows  a  trend  of  first  decreasing  and  then  increasing  during  600–
1,500  W[155],  which  may  be  related  to  localized  high-temperature
zones  (hotspots)[156].  Microwave  power  exerts  a  positive  influence
on HHV[144,157].  The inhomogeneous distribution of  hotspots within
the  microwave  field  may  affect  the  HHV  trend.  For  instance,  loca-
lized  overheating  at  high  power  might  compromise  the  stability
of  the  carbon  skeleton[158].  Energy  utilization  efficiency  requires
balancing power and yield. For example, peanut shells reach an ERE
of 97.96% at 350 W (with maximum yield of 86 wt%)[123], whereas at
900 W, despite the increased HHV, yield drops to 45.37%, leading to
a  significant  decline  in  ERE.  High  power  may  also  promote  H2

production  (with  selectivity  up  to  50.22  vol%)  at  the  expense  of
liquid  products.  Therefore,  power  optimization  is  necessary  based

on  feedstock  properties  and  target  products.  Studies  further  indi-
cate  that  microwave  density  and  specific  energy  input  (microwave
power and total  energy per  unit  mass)  are  key parameters  regulat-
ing pyrolysis efficiency[159], but the interaction mechanism between
the  two  requires  in-depth  investigation.  Spatiotemporal  control  of
microwave power is  also crucial.  Employing pulsed microwave irra-
diation  or  gradient  power  adjustment  can  avoid  localized  over-
heating  while  improving  energy  utilization  efficiency.  Additionally,
the  addition  of  microwave  absorbers  (such  as  activated  carbon  or
silicon  carbide)  can  enhance  the  energy  coupling  efficiency  of
feedstocks  with  low  dielectric  loss.  This  auxiliary  strategy  holds
significant application value in industrial scale-up processes.

Notably,  residence  time  control  exhibits  feedstock  specificity.
Residence  time  effects  are  feedstock-specific[145,160],  influencing
yield,  carbon  content,  and  HHV,  as  detailed  in Table  2.  This  diffe-
rence primarily  stems from the distinct  pyrolysis  behaviors  of  feed-
stock  components.  Cellulose-rich  materials  preferentially  undergo
carbonization  reactions  during  prolonged  pyrolysis,  with  their
degradation  following  first-order  reaction  kinetics  and  extending
residence  time  facilitates  more  complete  reaction  progression.
Conversely,  ash-rich feedstocks (such as sewage sludge) may expe-
rience  rapid  pyrolysis  due  to  catalytic  effects  from  mineral  com-
ponents.  Furthermore,  excessively  long  residence  time  conversely
exacerbates  degradation  of  the  carbon  framework.  The  common
pattern  is  that  extending  residence  time  significantly  increases
carbon  content  (69.4–77.4  wt%)  and  HHV  (27.17–31.02  MJ/kg),
which  results  from  continuous  devolatilization  and  aromatization.
However,  energy  efficiency  exhibits  a  decreasing  trend[161].  When
the residence time for peanut shells is extended from 10 to 30 min,
HHV  increases  from  23.48  to  31.02  MJ/kg,  but  the  decline  in  yield
reduces  the  total  energy  output,  causing ERE  to  drop from 96.45%

 

Fig.  8  Comparison  of  high  heating  value  of  biochar  produced  from
feedstocks under different pyrolysis temperatures. The red symbols are
data  obtained  from  microwave  pyrolysis,  and  blue  symbols  are  from
conventional  pyrolysis.  Data  has  been  surveyed  from  previous
studies[125−132].

 

Table  2  Yields  and  HHVs  of  biochars  obtained  under  different  microwave
pyrolysis conditions

Feedstock Pyrolysis
condition Yield (wt%) HHV

(MJ/kg) Ref.

Algae 400–600 °C 10.8–13.4 18.6–21.7 [134]
Canola straw 300–500 °C 29.8–41.9 22.3–24.5 [135]
Corn stalk 400–600 °C 24.8–36.4 18.3–22.1 [134]
Corn stover 500–900 °C 28.0–40.0 18.1–29.8 [136]
Manure pellet 300–500 °C 66.7–76.4 4.1–4.7 [135]
Palm kernel shell 500–700 °C 33.0–38.0 23.0–26.0 [137]
Pigeonpea stalk 500 °C 31.0 30.7 [138]
Pinewood 400–600 °C 19.3–33.1 23.2–27.3 [134]
Saccharum bagasse and
Waste cooking oil

200–300 °C 59.6–86.7 16.1–24.5 [139]

Sawdust 300–500 °C 24.7–45.3 25.9–32.3 [135]
Sewage sludge 450–600 °C 33.0–62.3 6.5–8.7 [140]
Waste oily sludge 250–650 °C 70.0–70.4 15.4–16.2 [141]
Wheat straw 300–500 °C 31.0–43.3 25.6–26.9 [135]
Cassava stem 550–750 W 70.0–77.0 19.2–20.6 [142]
Corn stalk 900–1,500 W 30.9–41.1 23.0–31.7 [143]
Indian coal 420–560 W 61.9–69.6 15.3–16.8 [144]
Indian coal and rice husk 420–560 W 45.7–61.2 12.0–14.6 [144]
Palm kernel shell 500–700 W 79.0–86.0 23.5–28.4 [145]
Rice husk 420–560 W 34.8–38.3 12.1–12.6 [144]
Wood pellets 2,000–3,000 W 26.2–32.4 30.6–31.8 [146]
Chlorella sp. 15–60 min 50.1–66.7 25.4–27.3 [147]
Chlorella vulgaris 15–25 min 35.4–44.8 23.1–26.2 [148]
Nannochloropsis oceanica 15–60 min 49.6–75.1 23.8–26.4 [147]
Sewage sludge 5–15 min 70.0–87.0 27.2–28.4 [145]
Sewage sludge 30–60 min 30.2–56.5 13.6–16.8 [149]
Sugarcane bagasse 20–30 min 30.1–60.4 19.9–24.7 [150]
Waste oily sludge 60–120 min 68.6–70.8 15.3–16.0 [141]
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to  79.49%[123].  The rise  in  the C/H ratio  (palm kernel  shells  increase
from  1.25  to  1.43[160])  further  corroborates  the  positive  correlation
between  the  degree  of  aromatization  and  energy  density.  Resi-
dence time also affects the electrical conductivity of biochar. Appro-
priately extending the treatment duration facilitates the growth and
oriented arrangement of graphitic microcrystals, which is significant
for  preparing  electrode  materials.  In  practical  operation,  determin-
ing  the  optimal  residence  time  requires  careful  consideration  of
feedstock  characteristics,  equipment  energy  consumption,  and
product  quality  requirements.  For  continuous  microwave  systems,
precise control  of  residence time can be achieved by adjusting the
material conveying speed. Such process optimization is a key factor
in enhancing the economic efficiency of industrialized production.

 Carbon materials for environmental remediation
Biochar  with  abundant  porous  structures  has  emerged  as  a  multi-
disciplinary  scientific  and  engineering  research  focus,  owing  to  its
multifunctional  capabilities  in  carbon  sequestration  and  emission
reduction (CO2 adsorption, Fig. 9a[162]), air purification (Volatile Organic
Compounds  (VOCs)  adsorption, Fig.  9b[163]),  pollution  remediation
(heavy  metal  ion  removal  in  wastewater, Fig.  10a[164]),  agricultural
enhancement (soil  fertility  improvement, Fig.  10b[165]),  industrial  cata-
lysis  (catalyst  support, Fig.  11a[166]),  and  construction  applications
(carbon  sequestration  implementation, Fig.  11b[167]).  The  pore

structure  of  biochar  exhibits  significant  correlations  with  its
environmental functionalities. This correlation manifests through three
key  aspects:  (1)  microporous  structure  (<  2  nm)  enhances  gas
adsorption  via  quantum  confinement;  (2)  mesopores  (2–50  nm)
facilitate pollutant diffusion as transport channels; and (3) macropores
(> 50 nm) provide microbial/catalytic reaction spaces.  For instance,  in
CO2 adsorption  processes,  strong  van  der  Waals  forces  generated  by
micropores  enable  efficient  capture  at  low  temperatures,  while
mesopores  ensure  rapid  gas  mass  transfer.  Similarly,  heavy  metal  ion
removal  relies  on  complexation  with  oxygen-containing  functional
groups on mesopore surfaces, whereas VOCs adsorption benefits from
physical  entrapment  effects  in  hydrophobic  macroporous  structures.
This  hierarchical  pore  synergy  makes  biochar  an  ideal  material  for
environmental  remediation,  though  CP  techniques  struggle  to
precisely control pore hierarchical structures.

Pore structure constitutes a fundamental basis for its environmen-
tal  functionalities.  Among  various  biochar  preparation  methods,
MAP  is  regarded  as  an  exceptionally  promising  technology  due  to
its  unique advantage in constructing high SSA and well-developed
pore structures. Compared to CP, MAP utilizes interactions between
electromagnetic  fields  and  material  dipoles  to  achieve  rapid  and
uniform  volumetric  heating.  This  heating  mechanism  generates
internal  heat  sources  through  dipole  rotation  of  polar  molecules
(e.g., water, lignin), avoiding temperature gradient issues caused by
traditional external heating.

 

Fig. 9  (a) Schematic diagram of bamboo biochar modification for capturing CO2 by lignin impregnation method and microwave irradiation method[162].
(b) Schematic diagram of the preparation of wheat straw-based microwave biochar catalyzed by granular activated carbon for adsorbing volatile organic
compounds[163].
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Dynamic  coupling  between  electromagnetic  fields  and  biomass
components also induces dielectric loss and space charge polariza-
tion,  collectively  promoting  directional  pore  development.  As
shown  in Fig.  12,  specifically,  cellulose  undergoes  selective
depolymerization in microwave fields, forming regular microporous
arrays.  The thermoplastic  behavior  of  lignin under alternating elec-
tric  fields  produces  mesoporous  templates  while  electromagnetic
induction  heating  of  ash  minerals  catalyzes  macroporous  structure

formation.  This  not  only  significantly  reduces  energy  consumption
and  shortens  reaction  time  (e.g.,  from  several  hours  to  tens  of
minutes),  but  also  provides  more  flexible  pore  regulation
capabilities.

Studies  demonstrate  that  biochar  produced  via  MAP  generally
exhibits higher SSA and larger pore volume (PV), as shown in Fig. 13.
For  example,  Huang  et  al.[177] prepared  biochar  through  MAP  of
rice  straw,  achieving  uniform  pore  size  distribution  and  high  SSA,

 

Fig. 10  (a) Mechanism of biochar adsorbing daptomycin[164].  (b) Mechanisms of persulfate system activation by the ZnFe2O4/phosphoric acid-modified
architectural biochar/persulfate system[165].

Microwave-assisted pyrolysis for advanced sustainable carbon materials

page 14 of 36 Sustainable Carbon Materials  |  Volume 1  |  2025  |  e011



attributed  to  microwave-induced  directional  cleavage  of  cellulose
crystals  and  lignin  melt  reorganization.  Its  CO2 adsorption  capacity
(80  mg/g)  significantly  outperformed  conventional  products,
because microwave-specific hotspot effects promote the formation
of  ultra-micropore  networks  (<  0.7  nm)  within  biomass,  perfectly
matching  the  kinetic  diameter  of  CO2 (0.33  nm).  Lin  et  al.[178]

employed microwave-ferric chloride chemical  activation to prepare
hydrophobic  porous  biochar,  discovering  that  ferric  chloride  forms
nanoscale  iron  oxide  clusters  in  microwave  fields,  acting  as  poro-
gens  to  etch  three-dimensional  interconnected  channels.  With  a
heating  time  of  merely  15  min  (vs  120  min  for  conventional
methods),  SSA  reached  455.90  m2/g  (vs  288.60  m2/g  for  traditional

method).  This  efficiency  enhancement  stems  from  non-thermal
effects  of  microwaves  on  chemical  activators,  that  is,  electromag-
netic oscillations accelerate Fe3+ to Fe2+ reduction, intensifying etch-
ing reaction kinetics. Adsorption capacities for benzene and toluene
reached  136.60  and  94.60  mg/g,  respectively,  directly  correlating
with  the  volumetric  proportion  of  1–3  nm  mesopores  in  the
material.  Microwave-specific  selective  heating  enables  lignin-
derived  carbon  to  form π-π conjugated  structures,  significantly
enhancing affinity for aromatic compounds.

The advantages of MAP are also reflected in product characteris-
tics.  Brickler et al.[179] comparatively demonstrated that microwave-
pyrolyzed biochars from switchgrass, biosolids, and water oak leaves

 

Fig.  11  (a)  Schematic  diagram  of  the  catalytic  mechanism  of  metal-biochar  composites[166].  (b)  Environmental  and  technical  advantages  of  biochar
composites: humidity regulation and urban microclimate[167].

 

Fig. 12  Schematic diagram of biochar pore-forming mechanism[168].

Microwave-assisted pyrolysis for advanced sustainable carbon materials

Sustainable Carbon Materials  |  Volume 1  |  2025  |  e011 page 15 of 36



exhibit  higher  thermal  stability,  greater  yield,  and  more  diverse
surface  functional  groups  than  conventional  slow  pyrolysis  pro-
ducts.  This  discrepancy  originates  from  non-thermal  effects  of
microwave fields,  where alternating electromagnetic forces directly
act  on  molecular  bonds,  which  induce  selective  cleavage  of  C=O
and C–O–C bonds while simultaneously preserving thermally stable
aromatic  ring  structures.  Their  nitrate-nitrogen  (NO3–N)  adsorption
capacity  (13.30 mg/g)  substantially  exceeded that  of  slow-pyrolysis
char  (3.10  mg/g),  attributable  to  microwave-induced  nitrogen
doping  effects  generating  pyridinic-N  and  pyrrolic-N  active  sites
within  the  carbon  matrix.  Furthermore,  interfacial  polarization
effects  generated  during  MAP  facilitate  the  formation  of  abundant
active  sites  within  the  material.  This  polarization  induces  localized
charge  separation  at  carbon  layer  edges,  exposing  coordinatively
unsaturated carbon atoms. These sites significantly enhance adsorp-
tion performance by  forming strong chemical  bonds  through elec-
tron  cloud  overlap  with  heavy  metal  ions.  For  instance,  the  Cr(VI)
adsorption  capacity  (9.92  mg/g)  of  modified  reed  residue  biochar
prepared by Song et al.[180] was ascribed to Fenton-like reactive sites
generated  at  microwave-activated  Fe3O4/carbon  interfaces.  Wheat
straw biochar pyrolyzed by Qi et al.[181] at  500 W microwave power
exhibited  Pb2+,  Cd2+,  and  Cu2+ adsorption  capacities  of  139.44,
52.92, and 31.25 mg/g, respectively. This selective adsorption corre-
lates with microwave-regulated sulfur doping levels—higher power
promotes  conversion  of  sulfur-containing  groups  in  biomass  into
thiophenic-S,  which  demonstrates  particular  affinity  for  soft  acid
metals  (Pb2+).  These  results  comprehensively  illustrate  that  MAP
constitutes  an  efficient  and  energy-saving  advanced  preparation
method,  with  its  core  advantage  residing  in  non-thermal  interac-
tions  between  electromagnetic  fields  and  biomass  components.
These  interactions  effectively  regulate  biochar's  pore  structure  and
surface  properties,  thereby  enhancing  environmental  application
performance.  Tailoring  and  optimizing  pyrolysis  operating
conditions  (such  as  pyrolysis  temperature,  microwave  power,  and
residence time) according to specific biochar application scenarios is
crucial  for  improving product  quality  and yield.  For  gas  adsorption
applications,  a  stepwise  heating  strategy  should  be  employed
where initial  low temperatures  (200–300 °C)  help preserve oxygen-
containing  functional  groups  while  subsequent  high  temperatures

(600–700  °C)  are  crucial  for  developing  microporous  structures.
Conversely,  biochar  intended  for  water  treatment  requires  control-
ling  microwave  power  within  the  400–600  W  range  to  balance
meso-porosity  with  surface  functional  group  density.  Next,  we  will
analyze  the  influences  of  pyrolysis  temperature,  microwave power,
and residence time on biochar pore structure,  with particular focus
on  structure-activity  relationships  between  electromagnetic  para-
meters and pore evolution.

It is worth emphasizing that the high SSA and PV values achieved
via  MAP,  as  compiled  in Table  3,  often  surpass  those  attainable  by
CP or are achieved in a fraction of the time. For instance, achieving a
comparable SSA to the pepper straw biochar (SSA > 2,000 m2/g)[174]

via  CP  would  typically  require  much  longer  processing  times  and
higher  cumulative  energy  input.  This  direct  comparison  under-
scores  MAP's  superior  efficiency  in  pore  structure  development.
The pivotal role of pyrolysis temperature in pore structure evolution
is evident from the data compiled in Table 3, which shows a marked
increase  in  SSA  and  PV  with  temperature  across  various
feedstocks[201−203].  During the low-temperature phase (200–400 °C),
cellulose undergoes dehydration to form reactive intermediates that
subsequently  act  as  seeds  for  pore  formation  as  temperatures  rise,
while hemicellulose undergoes rapid decomposition, with its degra-
dation  products  forming  initial  pore  networks  within  the  material.
When  temperatures  exceed  500  °C,  lignin  initiates  complex  mole-
cular  rearrangement  and  aromatization  reactions.  This  process
involves  the  conversion  of  sp3-hybridized  carbon  to  sp2-hybridized
carbon, generating a highly cross-linked porous carbon skeleton[204].

Continuous volatiles  release and carbon structure reorganization
collectively  promote  pore  formation,  particularly  within  the  500–
700 °C range where aliphatic compounds and partial aromatic struc-
tures  in  biomass  undergo  cleavage,  generating  abundant  micro-
pores. Crucially, high-temperature treatment (> 700 °C) significantly
alters  biochar's  microstructural  characteristics  through  dual  effects.
First,  disordered  structures  between  carbon  layers  gradually  trans-
form into ordered microcrystalline arrangements, generating nume-
rous uniform micropores through graphitization. Second, decompo-
sition and gasification reactions of mineral components (e.g.,  K, Ca)
(C + CO2 → 2CO) not only further enlarge pore dimensions but also
leave unique mineral-templated pores within the carbon matrix[204].
These mineral-templated pores typically exhibit specific geometries
and surface chemistries, providing additional adsorption active sites.
Notably,  MAP  ensures  more  uniform  temperature  distribution  due
to  its  unique  volumetric  heating  characteristics[205].  This  uniformity
enables synchronous pyrolysis throughout the biomass bulk, avoid-
ing  common  issues  in  CP  such  as  localized  overheating  and  pore
collapse. Simultaneously, the rapid heating feature of microwaves[25]

effectively reduces tar deposition by shortening the residence time
of tar precursors in intermediate temperature ranges, thereby better
preserving  pore  structural  integrity.  Notably,  exceptional  pore
performance (SSA > 2,000 m2/g) can be achieved, as demonstrated
by  pepper  straw  biochar  at  900  °C.  This  exceptional  performance
stems  from  sufficient  graphitization of  the  carbon  skeleton  under
high  temperatures  combined  with  microwave-induced  uniform
pore  development.  These  results  confirm  the  synergistic  effect
between  high-temperature  treatment  and  microwave  technology,
where high temperatures promote comprehensive carbon skeleton
development  and  microwave  heating  simultaneously  optimizes
pore structure uniformity  and accessibility  through its  unique non-
thermal  effects.  The  spatiotemporal  distribution  characteristics  of
temperature during MAP contribute distinctively to final pore struc-
ture formation.

Unlike  conventional  external  heating,  microwave  heating
achieves  energy  transfer  through  direct  coupling  between

 

Fig. 13  Comparison of SSA of biochar produced from feedstocks under
different  pyrolysis  temperatures.  The  red  symbols  are  data  obtained
from  microwave  pyrolysis,  and  blue  symbols  are  from  conventional
pyrolysis. Data has been surveyed from previous research[153,169−176].
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electromagnetic fields and polar molecules in biomass. This unique
inside-out  thermal  gradient  (as  opposed  to  conventional  heating),
previously  discussed,  effectively  prevents  pore  blockage  and  facili-
tates  volatile  escape.  During  heating,  the  differential  coupling
effects  between  microwave  fields  and  biomass  components  (cellu-
lose,  hemicellulose,  lignin)  induce selective  heating where  strongly
polar  components  (e.g.,  water,  certain  oxygen-containing  func-
tional  groups)  preferentially  absorb  microwave  energy,  which

creates  localized  superheated  regions  that  subsequently  become
pore-forming  hotspots.  When  temperatures  reach  a  critical  point
(~300 °C), biomass undergoes a fundamental transition in dielectric
properties  from  insulator  to  semiconductor,  significantly  enhanc-
ing  microwave  absorption  efficiency  and  accelerating  pore
development[205].  Particularly  noteworthy  is  the  microwave  regula-
tion of free radical reactions during carbonization where alternating
electromagnetic fields promote directional movement and ordered
recombination  of  free  radicals,  which  ultimately  lead  to  the  for-
mation of more regular pore structures. At high-temperature stages
(>  700  °C),  microwave penetration  depth  decreases,  but  the  estab-
lished  conductive  carbon  network  maintains  high  temperatures
through  resistive  heating,  ensuring  final  pore  structure  formation.
Compared  to  CP,  another  advantage  of  MAP  lies  in  its  unique
influence  on  mineral  component  behavior.  That  is,  under  alternat-
ing  electromagnetic  fields,  metal  mineral  particles  (e.g.,  K,  Ca  com-
pounds) generate eddy currents, and their local heating accelerates
the  decomposition  and  volatilization  of  minerals,  leaving  more
uniformly  distributed  mineral-templated  pores  in  the  carbon
matrix[204].  Furthermore,  plasma  effects  generated  during  MAP
(especially  at  high  temperatures)  can  further  activate  carbon  sur-
faces,  creating  additional  surface  defects  and  edge  sites  that  serve
as  both  potential  adsorption  centers  and  anchor  points  for  subse-
quent  chemical  modifications.  Collectively,  these  characteristics
endow microwave-pyrolyzed biochar with not only higher SSA and
PV  but  also  optimized  pore  size  distribution  and  superior  pore
connectivity.  These  structural  features  directly  determine  perfor-
mance  in  environmental  applications.  Therefore,  precise  control  of
pyrolysis temperature coupled with microwave heating advantages
enables  accurate  regulation  of  biochar  pore  structure  to  meet
specific  material  performance  requirements  across  diverse  applica-
tion scenarios.

Microwave  power  plays  a  key  regulatory  role  in  the  formation
of  biochar  pore  structure  during  MAP.  Research  has  demonstrated
that  with  variations  in  microwave  power,  the  SSA  and  PV  of  bio-
char  typically  follow  two  distinct  trends,  either  showing  a  mono-
tonic  decrease  or  exhibiting  an  initial  increase  followed  by  a
decrease[159,206].  This  difference  primarily  stems  from  the  direct
influence  of  microwave  power  on  heating  rate,  which  determines
the  efficiency  of  electromagnetic  energy  conversion  into  thermal
energy  by  biomass  and  microwave  absorbers[207,208].  Under  lower
power  conditions,  the  interaction  between  microwaves  and  the
material  is  weak,  making  it  difficult  to  initiate  significant  molecular
dissociation.  When  power  is  increased,  enhanced  electromagnetic
energy  input  accelerates  the  dipole  polarization  rate  of  polar
molecules within the biomass (such as water molecules and oxygen-
containing  functional  groups),  achieving  a  rapid  temperature  rise
(up to 500 °C/min). This sharp temperature increase may skip certain
low-temperature  carbonization  stages  (such  as  the  progressive
deoxygenation process of lignin), forcing components like cellulose
and  hemicellulose  to  decompose  violently  within  a  shorter  time.
This  promotes  rapid  escape  of  volatiles,  reduces  the  formation  of
intermediate  products  like  macromolecular  tar,  thereby  avoiding
pore  clogging  and  facilitating  direct  micropore  formation.  Increas-
ing  microwave  power  also  intensifies  the  endothermic  differences
among  various  components  within  the  biomass,  leading  to  loca-
lized  thermal  stress  concentration.  This  stress  prompts  the  carbon
matrix to develop microcracks, forming an additional pore network.
Notably,  polar  components  in  biomass,  such  as  moisture  and  ash
(containing  metal  salts),  exhibit  stronger  microwave  absorption
capabilities.  Under  high-power  conditions,  these  components  are
preferentially  heated  to  high  temperatures,  triggering  actions

 

Table 3  SSAs and PVs of biochars obtained under different microwave pyrolysis
conditions

Feedstock Pyrolysis
condition

SSA (m2/g) PV (cm3/g) Ref.

Biosolids 400–800 °C 54.60–148.71 0.119–0.150 [182]
Corn stalk 700–900 °C 26.52–323.33 0.041–0.196 [168]
Green cypress
leaves

500–800 °C 1.30–452.10 0.060–0.338 [173]

Green pine needle 500–800 °C 3.10–805.90 0.181–0.475 [173]
Horse manure 350–550 °C 48.30–698.40 0.047–0.302 [153]
Peanut shell 700–950 °C 10.76–67.29 0.011–0.084 [168]
Pepper straw 400–900 °C 1,162.68–2,038.61 0.470–0.870 [174]
Poplar sawdust 400–600 °C 9.10–385.00 0.040–0.200 [175]
Poplar wood chip 450–650 °C 47.43–71.30 [183]
Rice husk 700–900 °C 21.67–237.81 0.025–0.168 [168]
Sawdust 500–800 °C 276.30–729.20 0.126–0.361 [176]
Sludge 400–600 °C 12.58–99.07 0.037–0.182 [184]
Sludge + cotton
stalk

400–600 °C 8.19–57.40 0.024–0.103 [184]

Solid digestate 300–500 °C 37.50–207.50 0.082–0.224 [185]
Sugar cane bagasse 350–550 °C 3.11–25.14 0.003–0.020 [186]
Waste crustaceous
shell

400–800 °C 164.00–258.00 0.076–0.119 [187]

Activated sludge 400–1,000 W 167.00–323.00 [188]
Corn stalk 100–600 W 0.68–325.23 0.012–0.127 [111]
Corn stalk 400–600 W 97.22–296.76 0.096–0.202 [168]
Corn stover 500–1,800 W 0.59–43.18 0.003–0.017 [189]
Cow dung 300–1,000 W 50.58–126.99 0.045–0.119 [190]
Cow dung 300–1,000 W 18.13–113.81 0.000–0.082 [190]
Hemp stem 500–1,800 W 1.15–69.38 0.003–0.019 [189]
Palm kernel shell 550–750 W 100.00–270.00 0.030–0.110 [191]
Peanut shell 400–600 W 11.37–35.66 0.011–0.041 [168]
Rice husk 300–1,000 W 1.36–172.04 0.003–0.123 [192]
Rice husk 400–600 W 52.33–182.80 0.054–0.122 [168]
Rice straw 150–250 W 31.60–122.20 0.034–0.083 [177]
Waste bamboo
chopsticks

200–450 W 166.00–414.00 0.008–0.120 [193]

Wheat straw 100–600 W 1.22–312.62 0.020–0.162 [163]
Wheat straw 100–600 W 13.47–190.35 0.002–0.131 [194]
Young durian fruit 450–800 W 6.66–19.33 0.017–0.038 [195]
Activated sludge 3–10 min 176.00–310.00 [188]
Biosolids 10–30 min 39.67–148.81 0.102–0.169 [182]
Canola seed 4–10 min 8.00–97.00 [196]
Corn stalk 60–180 min 28.31–268.78 0.070–0.188 [168]
Cow dung 5–20 min 2.22–50.58 0.000–0.045 [190]
Cow dung 5–20 min 71.51–113.81 0.067–0.082 [190]
Cow dung 5–20 min 74.10–95.50 0.065–0.081 [190]
Enteromorpha 10–30 min 473.44–693.65 [197]
Enteromorpha 10–30 min 995.69–1,403.83 [197]
Municipal sewage
sludge

90–150 min 47.99–51.70 [160]

Peanut shell 60–180 min 4.68–26.70 0.008–0.030 [168]
Pulp and paper mill
sludge

60–120 min 398.00–570.00 [198]

Reed canary grass 7–28 min 457.00–517.00 [199]
Rice husk 5–15 min 63.43–172.04 0.052–0.123 [192]
Rice husk 60–180 min 22.32–190.47 0.024–0.160 [168]
Spent brewery grain 20–30 min 1,011.00–1,072.00 [200]
Wheat straw 3–15 min 254.00–312.62 [163]
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such  as  steam  activation  and  mineral-catalyzed  gasification.  Rapid
vaporization of  moisture  generates  high-pressure  steam,  physically
stripping  carbon  layers  to  form  meso/macroporous  structures.
Meanwhile, metals like K and Ca in the ash catalyze the gasification
reaction of the carbon skeleton with CO2 or steam (C + H2O → CO +
H2)  at  high  temperatures,  further  enlarging  pore  size  and  generat-
ing  new  micropores[156].  Unlike  conventional  external  heating
methods,  microwaves  enable  volumetric  heating  of  materials.  The
enhanced  microwave  penetration  capability  under  high  power
(related to frequency and material dielectric constant) allows larger
volumes of  biomass to be heated simultaneously,  reducing tempe-
rature  gradients.  This  avoids  premature  formation  of  an  external
carbonization  layer  that  impedes  internal  volatile  release,  thereby
significantly  improving  the  uniformity  of  pore  distribution.  How-
ever, when microwave power exceeds a specific threshold (typically
positively  correlated  with  material  dielectric  loss),  it  may  cause
hotspot  effects  (localized  overheating)[156,158].  On  one  hand,  if  the
pyrolysis zone temperature reaches conditions for secondary crack-
ing of tar (> 500 °C), residual tar is cracked into small-molecule gases
(e.g.,  CH4 and  H2),  reducing  pore  blockage  and  further  increasing
SSA.  On  the  other  hand,  excessive  graphitization  or  melting  may
cause  partial  micropore  merging  or  pore  structure  collapse,  conse-
quently reducing SSA. Therefore, preparing porous biochar via MAP
requires  optimization  of  power  parameters.  For  the  production  of
3D  porous  carbon  materials,  MAP's  efficiency  and  efficacy  in  pore
structure development far surpass those of CP. Conventional pyroly-
sis  requires  up  to  120  min  to  produce  biochar  with  a  specific  sur-
face  area  of  288.60  m2/g,  whereas  MAP  achieves  a  superior  SSA  of
455.90  m2/g  in  a  mere  15  min—an  eightfold  increase  in  efficiency
accompanied by a nearly 60% larger surface area. In terms of energy
consumption,  MAP's  volumetric  heating  and  selective  interaction
with  polar  molecules  lower  the  pyrolysis  temperature  range  from
the  conventional  300–500  °C  to  250–300  °C,  increase  heating  rates
to  >  100  °C/min  (3–5  times  faster),  and  reduce  activation  energy
by  40–150  kJ/mol.  This  faster,  better,  and  cheaper  characteristic,
combined  with  its  precise  pore-tuning  capability,  solidifies  MAP's
significant  advantage  for  the  scaled-up  production  of  high-
performance porous carbons. For instance, Nazari et al.[189] reported
optimal  powers  of  1,500  W  for  hemp  stalks  and  corn  stalks,  while
Minaei  et  al.[188] and  Kuo  et  al.[192] determined  optimal  powers  of
700 and 800 W, respectively, for activated sludge.

Residence  time  significantly  influences  the  evolution  of  biochar
pore  structure,  an  effect  that  persists  throughout  all  pyrolysis
stages and is  closely  related to the thermochemical  transformation
behavior  of  biomass  components.  Research  demonstrates  that
appropriately extending residence time facilitates complete pyroly-
sis of biomass components (cellulose, hemicellulose, and lignin)[196],
attributable  to  significant  kinetic  differences  in  pyrolysis  reactions
among  components,  which  require  sufficient  time  to  complete
their  respective  transformation  pathways.  During  the  initial  stage,
short-term  processing  primarily  releases  low-boiling-point  volatiles
(e.g.,  moisture  and  light  organic  acids),  whose  escape  leaves  initial
pore  channels  within  the  carbon  matrix.  As  residence  time
extends, high-molecular-weight  components  (e.g.,  lignin-derived
aromatic  compounds)  gradually  undergo  cracking.  This  cleavage
process  involves  complex  free  radical  reactions  and  molecular
rearrangements,  generating additional gases (CO, CH4,  etc.)  and tar
precursors.  Continuous  release  of  these  volatiles  not  only  enlarges
existing micropores through physical etching but also promotes the
formation of new micropores by facilitating carbon skeleton reorga-
nization, thereby significantly increasing SSA[168].  Within microwave
fields,  prolonged  residence  time  enables  secondary  cracking  of
formed tar (requiring high-temperature conditions).  This secondary

reaction converts large-molecule tar into small-molecule gases (e.g.,
H2 and  CO),  reducing  pore  blockage  risks  while  promoting  further
pore development through additional volatile generation. This mini-
mizes  condensate  deposition  within  pores,  effectively  enhancing
pore utilization efficiency[198],  particularly improving connectivity in
the  mesoporous  range.  Notably,  despite  rapid  heating  in  MAP,
differences  in  dielectric  properties  among  biomass  components
(e.g.,  moisture-rich  vs  dry  zones)  may  cause  localized  thermal
hysteresis.  This  non-uniform  heating  creates  spatial  variations  in
pyrolysis  extent,  affecting  pore  structure  homogeneity.  Approp-
riately extending residence time allows the material to reach global
thermal  equilibrium,  ensuring  all  regions  complete  corresponding
pyrolysis  stages  while  avoiding  uneven  pore  development  due  to
localized incomplete pyrolysis, which is particularly critical for large-
sized  feedstocks  or  high-bulk-density  reaction  systems.  However,
excessively  prolonged  residence  time  leads  to  carbon  skeleton
sintering or thermal shrinkage. This sintering originates from fusion
of  carbon  microcrystals  and  graphitization,  causing  pore  structure
collapse  and  SSA  reduction[163,188].  Microwave-selective  heating
intensifies  this  process by enhancing localized thermal  effects,  that
is,  prolonging the residence time in  the microwave fields  increases
the  thermal  stress  on  the  carbon  skeleton.  This  stress  arises  from
non-uniform  expansion  due  to  dielectric  heterogeneity  across  the
carbon  matrix,  accelerating  pore  closure.  Furthermore,  prolonged
high-temperature  exposure  promotes  the  transformation  of  amor-
phous  carbon  into  ordered  graphitic  microcrystals.  Though  this
structural  ordering  enhances  electrical  conductivity  and  thermal
stability,  it  reduces  surface  defects  and  pore  quantity[190,192,199],
particularly  micropores  and  mesopores  contributed  by  amorphous
carbon  regions.  Compared  to  conventional  electric  heating,  micro-
wave heating offers  more precise  residence time control  due to  its
rapid  heating  characteristics.  This  precision  stems  from  direct
coupling  between  electromagnetic  parameters  (e.g.,  power,  fre-
quency) and material dielectric properties, facilitating easier regula-
tion of  pyrolysis  kinetics.  To achieve optimal  pore  structure  preser-
vation,  residence  time  must  be  confined  to  the  range  where  posi-
tive  effects  dominate.  This  optimal  window  depends  on  balancing
feedstock  type,  microwave  parameters,  and  desired  pore  characte-
ristics.  In  practical  applications,  residence  time  should  be  dynami-
cally  adjusted  according  to  feedstock  properties  and  process  para-
meters.  Such  dynamic  control  requires  consideration  of  factors
including  moisture  content,  ash  composition,  and  target  pore  cha-
racteristics  to  balance  charring  degree  and  pore  development  for
optimized  pore  structure  design.  Particularly  in  continuous  micro-
wave  systems,  precise  regulation  of  material  conveying  speed
enables real-time adjustment of effective residence time, providing
critical  flexibility  for  pore structure control  in  industrial  production.
Simultaneously,  complex interactions exist between residence time
and  other  process  parameters  (e.g.,  temperature,  microwave
power),  necessitating  multi-parameter  synergistic  optimization
strategies  to  fully  leverage  the  unique  advantages  of  MAP  in  pore
structure regulation.

 Carbon material used as a wave absorber
With  the  rapid  advancement  of  electronic  technology,  issues
stemming from excessive electromagnetic radiation in the microwave
band  have  become  increasingly  severe,  rendering  electromagnetic
pollution  a  global  threat,  such  as  electromagnetic  interference  (EMI),
information  leakage,  and  potential  health  risks  (Fig.  14)[209−211].
Electromagnetic  wave-absorbing  materials  play  a  crucial  role  in  dissi-
pating  incident  microwave  energy,  thereby  suppressing  electromag-
netic  noise,  ensuring  communication  stability,  protecting  precision
instruments,  and  enhancing  military  stealth  capabilities[212,213].
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Traditional  absorbing  materials,  such  as  ferrites,  metals,  and  their
alloys,  while  possessing  strong  magnetic  loss  capabilities,  suffer  from
disadvantages  including  high  density,  narrow  absorption  bandwidth,
poor  impedance  matching,  and  insufficient  environmental
stability[214−216].  Consequently,  the  exploration  of  novel  high-perfor-
mance microwave absorbing materials is of paramount importance.

Biochar  has  emerged  as  a  promising  high-performance  micro-
wave absorbing material, distinguished by its renewability, low cost,
lightweight nature, and unique structural tunability. Biomass precur-
sors  (e.g.,  agricultural  waste)  can  be  converted  into  porous  carbon
through  carbonization,  during  which  their  inherent  hierarchical
pore  structure  is  preserved  and  optimized,  forming  a  high-surface-
area mesoporous/microporous network[217−219].  This porous charac-
teristic  not  only  significantly  reduces  material  density  but  also
enhances  electromagnetic  wave  energy  dissipation  through  multi-
ple scattering/reflection mechanisms, while simultaneously improv-
ing  impedance  matching  and  facilitating  microwave  penetration
into the material interior[220]. As illustrated in Fig. 15, the microwave
absorption  performance  of  biochar  primarily  originates  from  its
dielectric  loss  characteristics,  including  polarization
relaxation[222−224],  interfacial  polarization[225−227],  and  conductive/
resistive loss[220].

The  interfacial  polarization  effect  in  these  composites  not  only
intensifies dielectric loss but also provides additional energy dissipa-
tion  pathways  through  magnetic  loss  mechanisms  (e.g.,  natural
resonance, exchange resonance, and eddy current loss), achieving a

wider  effective  absorption  bandwidth  (EAB)  and  stronger  absorp-
tion  intensity.  The  lightweight  nature  and  structural  tunability  of
biochar-based microwave absorbing materials confer broad applica-
tion  prospects  in  aerospace,  electronic  equipment,  and  military
stealth fields. Compared to traditional microwave absorbers, biochar
materials  not  only  address  weight  issues  but  also  achieve  superior
impedance  matching  and  a  wider  EAB  through  porous  structures
and  surface  modifications[220].  Future  research  should  further
explore  the  structure-activity  relationship  between  the  microstruc-
tural  regulation  of  biochar  and  its  microwave  absorption  perfor-
mance,  develop  more  efficient  and  environmentally  friendly  pre-
paration  processes,  and  promote  the  practical  application  of
biochar-based microwave absorbing materials.

The porous structure serves as the foundation for the microwave
absorption  performance  of  biochar.  Carbon  materials  utilized  for
electromagnetic  wave  absorption  and  their  corresponding  perfor-
mance  parameters  are  listed  in Table  4.  A  critical  analysis  of  this
survey  reveals  that  materials  derived  from  MAP,  though  fewer  in
number, frequently achieve top-tier performance. A prime example
is the tremella-derived carbon[246] prepared via MAP, which exhibits
an exceptional  minimum reflection loss (RLmin)  of –77.9 dB,  outper-
forming many of the high-performing CP-derived absorbers listed in
the  same  table,  such  as  walnut  shell  biochar  (RLmin = –67.6  dB)[247]

and coconut shell biochar (RLmin = –48.9 dB)[233].  This demonstrates
MAP's unique capability to create highly defective and porous struc-
tures  that  are  paramount  for  superior  microwave  absorption.

 

Fig. 14  Electromagnetic radiation hazards and application of electromagnetic-wave absorption materials around daily life[209].

 

Fig. 15  Schematic diagram of electromagnetic wave absorption mechanisms[221].
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Biochar  preparation  leverages  a  wide  range  of  feedstock  sources,
including plant-derived, bacteria-derived, and animal-derived mate-
rials.  Plant-derived  biochar  holds  unique  advantages  in  producing
porous  carbon  by  utilizing  the  natural  water  transport  channels
inherent  in  plant  stems and leaves.  For  instance,  Wu et  al.  success-
fully  fabricated  spinach-derived  carbon-based  materials  with  a
porous layered structure via a one-step carbonization route, demon-
strating  excellent  microwave  absorption  performance[255].  The
orderly-channeled  wood-derived  biochar  designed  by  Xi  et  al.
confirmed  that  the  parallel  structure  optimizes  impedance
matching[256]. Pore structure modulation is crucial for optimizing the
microwave  absorption  performance  of  carbon  materials,  where
micropores act as polarization centers, inducing dipole polarization,
mesopores increase the SSA,  triggering interfacial  polarization,  and
macropores  form conductive networks  enhancing resistive loss[257].
For  example,  KOH-activated  rice  husk  porous  carbon  achieved  an
RLmin of –47.46  dB  and  an  EAB  of  3.40  GHz.  After  loading  nickel
particles,  the  RLmin was  further  improved  to –58.50  dB  (EAB  =
3.51  GHz)[258].  Furthermore,  the  rice  husk-derived  RPC@MoS2

composite material developed by Yao et al. (Fig. 16a) formed a litchi-
like  porous  structure  through  high-temperature  carbonization  and
hydrothermal  reaction.  The  three-dimensional  carbon  skeleton
provided support for MoS2 growth, achieving an RLmin of –50.69 dB
at a thickness of  2.0 mm[259].  Aerogel structures,  such as the wood-
derived  aerogel  illustrated  in Fig.  16b[260],  prolong  the  microwave
propagation  path  due  to  high  porosity  but  require  balancing
mechanical  strength  and  pore  retention.  Bacteria-derived  biochar
utilizes high-purity bacterial  cellulose (BC) as the feedstock, charac-
terized  by  high  crystallinity,  high  hydrophilicity,  and  high  SSA,
making  it  suitable  for  designing  carbon-based  microwave  absor-
bers.  For  instance,  MXene/BC  aerogels  form  multiple  scattering
interfaces  through  hydrogen  bond  cross-linking[261].  The  ternary
core-shell structure embedding Fe7S8 in BC (SdC@Fe/CBC) achieved
strong attenuation through interfacial polarization[262]. Producers of
animal-derived  biochar  recycle  resources  like  livestock  and  poultry
farming  waste,  relying  on  hollow  pore  structure  design  to  obtain
carbon-based  microwave  absorbers  with  exceptional  electromag-
netic  protection  performance.  Examples  include  fish  skin-derived
co-doped 3D carbon foam (Fig. 17a) exhibiting high SSA and syner-
gistic  conductive/polarization/scattering  effects[263],  and  gelatin-
based  hybrid  carbon  nanospheres  (Fig.  17b)  achieving  RLmin =
–50.9  dB  and  EAB  =  3.5  GHz  via  tunable  porosity[238].  The  porous
structure of biochar not only provides abundant interfacial polariza-
tion  sites  but  also  realizes  multiple  scattering  and  absorption  of
electromagnetic waves by constructing a hierarchical pore network.
The  special  advantage  of  plant-derived  biochar  lies  in  its  naturally
occurring  vascular  bundle  structure,  which  transforms  into  an
ordered  pore  channel  network  during  pyrolysis,  offering  an  ideal
scattering path for electromagnetic wave propagation. For example,
corn  stalk-derived  hierarchical  porous  carbon  materials  exhibit
excellent  microwave  absorption  performance,  attributed  to  their
unique  honeycomb-like  pore  channel  structure[255].  Similarly,
bamboo-derived  biochar  demonstrates  superior  dielectric  proper-
ties  due  to  its  natural  layered  structure,  which  forms  an  intercon-
nected conductive network after carbonization[256].

Precise  regulation  of  the  pore  structure  is  vital  for  optimizing
microwave absorption performance.  Controlling pyrolysis  tempera-
ture and activation conditions can modulate the pore size distribu-
tion and pore connectivity, thereby achieving fine-tuning of dielec-
tric  properties  and  impedance  matching[257].  Introducing  transition
metal  nanoparticles  (e.g.,  Ni,  Co)  into  biochar  can  significantly
enhance  its  microwave  absorption  performance.  These  metal

particles  not  only  provide  an  additional  magnetic  loss  mechanism
but also strengthen the interfacial polarization effect through inter-
actions with the carbon matrix[258]. The development of composites
provides  novel  design  strategies  for  biochar-based  microwave
absorbers. Combining biochar with two-dimensional materials (e.g.,
MoS2,  MXene)  enables  the  construction  of  multi-component
systems with synergistic effects, achieving a wider EAB and stronger
absorption intensity[259]. Aerogel structures attract significant atten-
tion due to their ultra-high porosity and low density, but balancing
the  maintenance  of  high  porosity  with  improved  mechanical
strength remains a challenge[260]. Bacterial cellulose-derived biochar
possesses  unique  advantages  owing  to  its  high  purity  and  well-
defined  nanofiber  structure.  These  nanofibers  form  a  continuous
conductive  network  after  carbonization,  facilitating  rapid  dissipa-
tion  of  electromagnetic  waves[261].  Incorporating  magnetic  compo-
nents (e.g., Fe7S8) into bacterial cellulose-derived biochar can estab-
lish  a  magneto-dielectric  synergistic  loss  mechanism.  This  ternary
core-shell structure achieves superior microwave absorption perfor-
mance through the combined action of  interfacial  polarization and
magnetic  loss[262].  The  development  of  animal-derived  biochar
offers a new pathway for the resource utilization of waste biomass.
These materials typically feature unique hollow pore structures and
abundant heteroatom doping, characteristics beneficial for improv-
ing impedance matching and enhancing dielectric loss[263].  Gelatin-
derived  hybrid  carbon  nanospheres  exhibit  excellent  microwave
absorption  performance  due  to  their  tunable  pore  structure  and
surface chemistry, offering novel concepts for designing lightweight
and  efficient  microwave  absorbing  materials.  Research  on  biochar-
based microwave absorbing materials  not only advances the deve-
lopment of high-performance electromagnetic protection materials
but  also  provides  new  avenues  for  the  resource  utilization  of
biomass waste.

 

Table  4  Comparative  study  of  biocarbon-based  microwave  absorption
materials

Material Pyrolysis condition RLmin (dB) EAB (GHz) Ref.

Apple 600–900 °C, 2 h –72.6 5.3 [228]
Bacterial cellulose 800 °C, 2 h –53.3 4.2 [229]
Bamboo fiber 900 °C, 2 h –75.2 4.6 [230]
Cellulose 640–700 °C, 2 h –49.2 8.2 [231]
Cellulose dispersion 600–900 °C –55.4 2.4 [232]
Coconut shell 450–650 °C –48.9 7.9 [233]
Coconut shell 1,100 °C, 4 h –54.2 4.2 [234]
Coffee grounds 650–800 °C, 1–4 h –52.7 6.4 [235]
Cotton fiber 800 °C, 1 h –60.9 6.1 [236]
Dried teak wood 800 °C, 2 h –64.7 5.3 [237]
Gelatin 600–800 °C, 2 h –50.9 3.5 [238]
Kelp 700 °C, 1 h –75.0 4.8 [239]
Loofah sponges 600–900 °C, 2 h –66.8 5.5 [240]
Peanut shell 1,100 °C, 2 h –66.4 3.5 [241]
Pine needle 700–900 °C, 2 h –56.3 3.4 [242]
Pine nut shell 170 °C, 14 h –57.4 6.4 [243]
Rice husk 800 °C, 2 h –68.1 5.0 [244]
Rose 1,000 °C, 1 h –47.9 4.1 [245]
Tremella 600 °C, 1 h –77.9 8.5 [246]
Walnut shell 750 °C, 2 h –67.6 5.4 [247]
Water chestnut 600 °C, 2 h –60.8 6.0 [248]
Wheat straw 800 °C, 1.5 h –54.0 6.0 [249]
Almond wood shell 1,000 °C, 2 h –37.9 7.0 [250]
Dried ballonflower 900 °C, 4 h –47.0 5.5 [251]
Laver 650 °C, 2 h –35.7 12.3 [252]
Soybean dregs 900 °C, 1 h –18.5 4.8 [253]
Tremella 650 °C, 1 h –34.6 8.8 [254]
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Currently,  CP  methods  are  predominantly  employed  for  biochar
preparation  but  suffer  from  limitations  such  as  high  energy  con-
sumption  and  prolonged  processing  times.  For  plant-derived
sources,  rice  husk  carbonization  requires  thermal  treatment  at
650  °C[257],  while  wood-derived  MOF  composites  necessitate  car-
bonization  at  900  °C[260].  Animal-derived  gelatin  carbonization
demands  precise  temperature  control  to  regulate  crystallinity[238].
Although  such  processes  can  form  a  porous  structure,  pore
development  is  constrained  by  heating  uniformity.  MAP,  as  an
emerging  technology,  demonstrates  significant  potential  for  bio-
char  preparation.  MAP  offers  advantages  including  rapid  heating,
uniformity,  and  low  energy  consumption,  enabling  the  production
of  biochar  with  more  developed  pore  structures[264,265].  When  acti-
vating  waste  textiles  with  ferric  chloride,  MAP  achieved  rapid  and
uniform  heating  while  reducing  energy  consumption,  resulting

in  more  developed  pore  structures.  Its  self-activation  mechanism
utilizes pyrolysis gases (CO2/H2O) to simultaneously activate carbon,
enhancing  the  SSA[200].  They  further  noted  that,  compared  to  CP,
MAP  yields  solid  products  with  higher  PV  values.  Additionally,  the
presence  of  water  induces  significant  microwave  absorption,  acce-
lerating  the  heating  rate  and  reaction  kinetics  of  moist  materials,
thereby  facilitating  porous  structure  formation[266−268].  Moreover,
MAP can reduce harmful gas emissions, increase product yield, and
lower  energy  consumption.  Consequently,  MAP-produced  biochar
holds broad application prospects in microwave absorbing material
fabrication.  Pore  development  enhances  multiple  scattering  and
interfacial polarization in composites. For instance, conventional rice
husk  porous  carbon  exhibits  an  EAB  of  only  3.4  GHz[257],  whereas
microwave-activated  textile-derived  porous  carbon  demonstrates
superior dynamic adsorption characteristics, indicating potential for

 

Fig.  16  (a)  Schematic  diagram  of  the  synthesis  process  of  RPC@MoS2  composite[261].  (b)  Schematic  diagram  of  the  synthesis  process  of  CoFe-
MOF@Ti3C2TxMXene@SA@WPC[260].
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extended  EAB.  Furthermore,  microwave's  unique  volumetric  heat-
ing effect  facilitates  uniform heteroatom doping (e.g.,  phosphorus-
doped  lignin  carbon  achieved  an  RLmin improved  to –59.8  dB[269])
and  increases  defect  concentration  (e.g.,  popcorn-derived  biochar
exhibited  the  highest  ID/IG  value  at  800  °C[270]).  Future  research
should  delve  into  the  pore  structure-electromagnetic  response
correlation  of  microwave-pyrolyzed  biochar,  aiming  to  develop
lightweight  broadband  absorbing  materials  while  realizing  the
concept of green manufacturing[271]. The core advantage of MAP lies
in  its  unique  heating  mechanism.  This  inside-out  volumetric  heat-
ing  effectively  overcomes  temperature  gradient  issues  inherent  in
CP,  enabling  more  uniform  pyrolysis  of  biomass  feedstock[264].
Compared  to  traditional  pyrolysis,  the  direct  interaction  between
the  electromagnetic  field  and  the  material  during  MAP  not  only
enhances energy utilization efficiency but also promotes the forma-
tion of more complex pore structures. This pore structure optimiza-
tion manifests  primarily  in  three aspects.  Firstly,  microwave's  selec-
tive  heating  preferentially  targets  polar  components  in  biomass
(e.g., lignin and hemicellulose), enabling effective pyrolysis and pore

formation  at  lower  temperatures[266].  Secondly,  plasma  effects
generated within the microwave field can promote carbon skeleton
reorganization, leading to more developed microporous and meso-
porous  structures.  Thirdly,  rapid  heating  during  MAP  effectively
suppresses  tar  formation,  reducing  the  risk  of  pore  blockage[268].
These  characteristics  endow  MAP-produced  biochar  with  superior
dielectric properties and impedance matching characteristics, offer-
ing  new  possibilities  for  developing  high-performance  microwave
absorbing materials. Regarding microwave absorption performance,
MAP-prepared  biochar  exhibits  notable  advantages.  Compared  to
conventionally  pyrolyzed  counterparts,  MAP  can  generate  biochar
with  higher  concentrations  of  structural  defects  and  heteroatom
doping.  These  features  not  only  enhance  the  material's  polariza-
tion  relaxation  loss  but  also  improve  its  impedance  matching
characteristics[269].  For  example,  the  unique  electronic  structure
formed  in  phosphorus-doped  lignin  carbon  under  MAP  conditions
significantly  boosts  its  dielectric  loss  capability[269].  Additionally,
the  distinct  carbon  microcrystalline  structures  formed  during  MAP
facilitate  the  construction  of  three-dimensional  conductive

 

Fig.  17  (a)  Synthesis  of  heteroatom  doped  biochar  from  fish  skin[263].  (b)  Schematic  illustration  of  the  preparation  process  of  gelatin-based  carbon
nanospheres[238].
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networks.  These  network  structures  effectively  dissipate  electro-
magnetic  wave  energy  through  resistive  loss  mechanisms[270].
Notably,  MAP-produced  biochar  often  possesses  more  uniform
elemental  distribution  and  more  controllable  surface  chemistry,
features crucial for regulating the material's permittivity and perme-
ability[271].  In  practical  applications,  MAP-derived  biochar-based
composites  have  demonstrated  excellent  microwave  absorption
performance,  with  both  EAB  and  RLmin outperforming  materials
prepared via CP[257,269].  Future research should prioritize optimizing
MAP process parameters,  particularly  investigating the influence of
microwave  power,  frequency,  and  treatment  time  on  biochar  pore
structure and electromagnetic properties. This will provide theoreti-
cal guidance and technical support for developing the next genera-
tion of lightweight broadband microwave absorbing materials[271].

 Carbon material used as energy storage and
electrode materials
With  the  continuous  growth  of  global  energy  demand  and  the
increasingly  severe  issues  of  traditional  fossil  energy  depletion  and
environmental pollution, the development of efficient and sustainable
energy  storage  technologies  has  become  an  urgent  priority[272,273].
Batteries  and  supercapacitors,  as  the  core  components  of  electro-
chemical  energy  storage  systems,  play  an  indispensable  role  in  the
effective  utilization  of  renewable  energy  due  to  their  excellent
performance  in  energy  density,  power  density,  cycle  life,  and  other
aspects[274−276].  They not only balance the intermittency of renewable
energy but also provide reliable power support for various application
scenarios  such  as  electronic  products  and  electric  vehicles.  However,
the  performance  bottlenecks  of  existing  electrode  materials  severely
constrain the development potential of batteries and supercapacitors.
Therefore,  exploring  novel  electrode  materials  has  become  a  key
breakthrough  for  enhancing  the  performance  of  energy  storage
devices.

Biochar,  as  a  renewable  material  derived  from  biomass,  has
demonstrated great potential  as an electrode material  for  batteries
and  supercapacitors  after  pyrolysis  and  activation  treatments
(Fig.  18)[277−279].  Its  unique  pore  structure,  high  SSA,  and  tunable
surface chemistry provide ideal conditions for rapid charge storage
and  release.  Compared  to  traditional  electrode  materials  like  gra-
phite  and  activated  carbon,  biochar  can  be  prepared  from  various
biomass  resources,  including  agricultural  and  forestry  waste[280].
This  not  only  significantly  reduces  material  costs  but  also  enables
resource  recycling.  Simultaneously,  its  preparation  process  is  rela-
tively  simple,  environmentally  friendly,  and effectively  reduces  CO2

equivalent emissions,  fully aligning with the strategic requirements
of  sustainable  development[281].  More  importantly,  biochar  elec-
trodes  exhibit  excellent  cycle  stability  and  rate  capability  during
charge-discharge  processes,  maintaining  stable  electrochemical
performance  even  under  high  power  output,  which  is  decisive  for
improving  the  overall  efficiency  of  energy  storage  systems.  The
performance  advantages  of  biochar  electrode  materials  are  mainly
reflected in their unique microstructural characteristics. Their hierar-
chical  porous  structure  not  only  provides  abundant  ion  transport
channels but also enables efficient adsorption and rapid desorption
of  electrolyte  ions  through  the  regulation  of  surface  functional
groups.  This  structural  characteristic  allows  biochar  electrodes  to
demonstrate  excellent  rate  performance  in  supercapacitor  applica-
tions,  maintaining  high  specific  capacitance  even  under  rapid
charge-discharge conditions.

For  battery  applications,  the  three-dimensional  conductive  net-
work  structure  of  biochar  provides  continuous  pathways  for  elec-
tron transport, while its rich surface defects and heteroatom doping

significantly  enhance  the  material's  electrochemical  activity[278].
These  characteristics  work  synergistically,  endowing  biochar-based
electrode materials with broad application prospects in energy stor-
age systems such as lithium-ion batteries and sodium-ion batteries.
Particularly  noteworthy  is  that  the  surface  chemical  properties  of
biochar can be precisely regulated through precursor selection and
pyrolysis conditions, providing an important means to optimize the
reaction kinetics at the electrode/electrolyte interface[279]. For exam-
ple, adjusting the pyrolysis temperature can alter the graphitization
degree of biochar, thereby balancing the material's conductivity and
the  number  of  active  sites.  Introducing  heteroatoms  such  as  nitro-
gen and phosphorus can enhance the pseudocapacitive characteris-
tics  of  the  material.  Physical  or  chemical  activation  can  further
expand the SSA and pore volume of the material[280]. These tunable
properties  enable  biochar  to  adapt  to  the  demands  of  different
energy  storage  systems,  providing  new  material  choices  for  deve-
loping high-performance, low-cost energy storage devices.

From  the  perspective  of  sustainable  development,  the  prepara-
tion  process  of  biochar  electrode  materials  offers  significant  envi-
ronmental  advantages.  Traditional  electrode materials  like graphite
often  require  high-temperature  treatment  and  strong  acid  activa-
tion  for  production,  resulting  in  high  energy  consumption  and
substantial  pollutant  generation.  In  contrast,  biochar  can  be
obtained  under  relatively  mild  pyrolysis  conditions,  and  its  raw
materials  are  widely  available,  including  renewable  resources  such
as  crop  straws,  fruit  shells,  and  wood  processing  waste[281].  This
'turning  waste  into  treasure'  production  model  not  only  achieves
high-value  utilization  of  biomass  resources  but  also  reduces  the
environmental  pressure associated with the disposal  of  agricultural
and  forestry  waste.  Furthermore,  by-products  generated  during
biochar  preparation,  such  as  bio-oil  and  syngas,  can  be  utilized  as
energy  or  chemical  feedstocks,  further  improving  the  resource
utilization  efficiency  of  the  entire  production  process.  From  a  life
cycle  assessment perspective,  the carbon footprint  of  biochar  elec-
trode  materials  are  significantly  lower  than  that  of  traditional  elec-
trode  materials,  which  are  crucial  for  achieving  carbon  neutrality
goals.  In  practical  applications,  biochar-based  electrode  materials
have  demonstrated  excellent  performance  in  various  energy  stor-
age systems. In the field of supercapacitors,  the high SSA and well-
developed  pore  structure  of  biochar  enables  the  storage  of  large
amounts  of  charge,  while  its  good  electrical  conductivity  ensures
rapid  charge  transfer.  In  the  field  of  lithium-ion  batteries,  biochar
can  serve  as  an  anode  material,  its  porous  structure  effectively
alleviating  volume  changes  during  charge-discharge  cycles  and
enhancing  cycling  stability.  In  emerging  energy  storage  systems
such as sodium-ion batteries and potassium-ion batteries, the inter-
layer spacing and surface chemistry of biochar can be tuned to opti-
mize  ion  storage  performance,  offering  new  solutions  to  electrode
material challenges in these systems. Particularly noteworthy is that
biochar  materials  can  also  be  composited  with  other  functional
materials.  For  example,  compositing  with  transition  metal  oxides
can  combine  the  advantages  of  electric  double-layer  capacitance
(EDLC) and pseudo capacitance, while compositing with conductive
polymers  can  improve  the  flexibility  and  processability  of  the
material[278,279].  These  composite  material  design  strategies  further
expand the application scope of biochar in the energy storage field.
Future research should focus on the structure-performance relation-
ship  between  the  microstructure  and  electrochemical  properties
of  biochar,  developing  more  precise  preparation  methods,  and
promoting  its  practical  application  in  large-scale  energy  storage
systems.

Biochar's  performance  as  an  electrode  material  hinges  on  the
regulation  of  its  pore  structure  and  surface  chemistry.  A  survey  of
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representative materials, their preparation conditions, and key elec-
trochemical  parameters  is  presented  in Table  5.  Biochar  electrodes
derived from diverse  precursors,  such as  aloe  vera,  crab shells,  and
lotus  leaves,  can  achieve  high  SSA  (up  to  3,557  m2/g)  and  remark-
able specific capacitance (exceeding 500 F/g in some cases)[307−310].
It  should  be  noted  that  the  exceptionally  high  capacitance  of
1,214  F/g  originates  from  a  Ni-Al  layered  double  hydroxide/carbon
fiber composite[293],  rather than a pure porous carbon, highlighting
the  performance  gain  achievable  through  strategic  material  hybri-
dization.  The  working  mechanism  of  biochar  electrodes  combines
EDLC  with  pseudocapacitive  effects  (Fig.  19)[311,312],  where  EDLC
relies  on  ion  adsorption  at  electrode/electrolyte  interfaces  while
pseudo  capacitance  arises  from  surface  redox  reactions  or  hete-
roatom  doping.  Magnetic  biochar-polyaniline  composites  using
durian peel precursors exhibit an SSA of 835 m2/g after pyrolysis at
800  °C,  with  the  final  composite  achieving  an  ultra-high  specific
capacitance of 615 F/g[313]. Electrochemical performance is co-regu-
lated by pore structure and surface chemistry.  Micropores (< 2 nm)
provide charge storage sites  but limit  ion diffusion,  whereas meso-
pores  (2–50  nm)  significantly  enhance  transport  kinetics.  For
instance,  cotton-based  porous  carbon  with  an  SSA  of  1,508  m2/g
and  mesoporous  structure  (9.18  nm)  delivers  specific  capacitances
of  278  and  208  F/g  at  current  densities  of  1  and  100  A/g,  respec-
tively[314].  Surface  heteroatom doping (N/O/S)  enhances  wettability
and  introduces  pseudo  capacitance,  though  excessive  doping
increases  leakage  currents  and  accelerates  self-discharge[315].  This
reflects  the  synergistic  balance  between  pore  structure  optimiza-
tion and surface chemical modification in electrode material design.
Performance  optimization  of  biochar  electrodes  requires  not  only
rational pore design but also precise regulation of surface chemistry.

The latter, in particular, is governed by preparation parameters such
as  pyrolysis  temperature,  activator  type,  and  doping  methods,
which  significantly  influence  the  final  performance.  For  example,
biochar  pyrolyzed  at  lower  temperatures  typically  retains  more
oxygen-containing  functional  groups,  enhancing  material  wettabi-
lity  and  pseudocapacitive  contributions,  while  high-temperature
treatment  facilitates  more  developed  graphitic  structures  and
conductive  networks[307].  The  activation  process  critically  impacts
electrode  performance.  KOH  activation  is  widely  adopted  for  its
exceptional  pore-forming  efficacy,  though  its  negative  effects  on
mechanical  strength  must  be  considered[310].  Furthermore,  precur-
sor  selection  directly  determines  microstructural  and  surface  prop-
erties, with lignocellulosic feedstocks tending to form more ordered
pore  channels  while  protein-rich  materials  readily  generate  abun-
dant  nitrogen-doped  sites[308].  In  practical  applications,  electrolyte
systems  substantially  influence  biochar  electrode  performance.
Aqueous  electrolytes  are  widely  used  in  supercapacitors  for  their
safety  and  low  cost,  but  organic  electrolytes  enable  wider  electro-
chemical windows for higher energy density[311]. Though expensive,
ionic  liquid  electrolytes  offer  unique  advantages  in  high-perfor-
mance  systems  due  to  their  exceptional  electrochemical  stability
and  wide  voltage  windows[312].  Electrode/electrolyte  interfacial
interaction  mechanisms  also  critically  affect  performance,  where
appropriate  interfacial  wettability  ensures  full  contact  between
electrolyte  ions  and  active  sites,  while  excessive  interactions  may
cause irreversible  side  reactions[313].  At  the device  level,  optimizing
biochar-based supercapacitors require coordinated consideration of
multiple  components,  including  electrode  materials,  electrolytes,
separators,  and current  collectors.  For  instance,  developing flexible
supercapacitors  demand  biochar  electrodes  with  excellent

 

Fig. 18  Various self-doped biomass-derived carbon materials as a supercapacitor electrode[277].
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mechanical  flexibility  and  structural  stability  to  meet  requirements
in  wearable  electronics[308].  Design  strategies  differ  between
symmetric supercapacitors (typically using identical biochar for both
electrodes)  and  asymmetric  configurations  (requiring  electrodes
with matched potential windows)[314]. Additionally, scalable fabrica-
tion processes and cost control significantly impact practical imple-
mentation,  necessitating  balanced  consideration  of  performance
and  economic  feasibility[315].  Future  research  should  emphasize
deeper  understanding  of  structure-performance  relationships,

employing  advanced  characterization  combined  with  theoretical
computations  to  elucidate  connections  between  microstructural
features and macroscopic electrochemical properties. Concurrently,
developing  greener  and  more  efficient  preparation  processes  to
advance biochar electrodes from laboratory research toward indus-
trial  applications  represents  a  crucial  direction.  Through  interdisci-
plinary integration, biochar electrode materials hold promise to play
increasingly  important  roles  in  next-generation  energy  storage
systems, offering innovative solutions to energy and environmental
challenges.

Traditional  pyrolysis  methods  face  bottlenecks  such  as  high
energy  consumption  and  limited  structural  control  in  preparing
biochar electrodes. For instance, walnut shell carbonization requires
high-temperature  activation  at  800  °C  to  achieve  a  high  SSA  of
3,577 m2/g, yet excessive micropore proportion severely restricts ion
transport efficiency[315]. The dual-stage activation process for cotton
stalks  relies  on  strong  oxidizing  agents  like  KMnO4/KOH,  compli-
cating  preparation  and  increasing  environmental  burdens[316].  In
contrast,  MAP  demonstrates  significant  advantages  in  energy  effi-
ciency,  high productivity,  and environmental  friendliness due to its
unique  energy  conversion  mechanism  (as  shown  in Fig.  20a and
b)[317,319],  enabling effective optimization of pore structure distribu-
tion.  Studies  reveal  that  under  700  W  microwave  power,  bagasse
pyrolysis  yields  an  optimal  structure  with  an  SSA  of  764  m2/g  and
a  mesopore  proportion  of  64%.  Electrodes  fabricated  from  this
material  exhibit  an  electro-sorption  capacity  of  11.4  mg/g  at  1.2  V
potential[320].  After  HCl/HF  acid  pretreatment,  microwave-induced
carbonization  of  cumin  waste  produces  activated  carbon  with  a
specific  capacitance  increase  from  117  to  155  F/g.  This  improve-
ment stems from the porous microstructure formed after acid-wash
impurity  removal,  facilitating  rapid  ion  diffusion  and  double-layer
reorganization[321].  Microwave-treated  biochar  electrodes  show
broad  prospects  in  energy  and  environmental  fields.  Liu  et  al.[322]

prepared  porous  carbon  spheres  via  microwave-assisted  reactions,
achieving  an  SSA  of  1,321  m2/g,  PV  of  0.59  cm3/g,  specific
capacitance  of  243.13  F/g,  and  electro-sorption  capacity  of
5.81  mg/g.  Adorna  et  al.[323] composited  manganese  dioxide  with
activated  biochar  from  waste  coconut  shells.  The  nanocomposite
prepared  by  indirect  co-precipitation  combines  high  SSA  with
mesoporous  structure,  demonstrating  a  specific  capacitance  of
410–523  F/g  at  5  mV/s,  and  electro-sorption  capacity  of  33.9–
68.4 mg/g.  Notably,  porous carbon derived from the MAP of  waste
palm  not  only  features  hierarchical  meso/microporous  structures

 

Table  5  Preparation  methods  of  biochar,  electrolyte,  and  application  in
supercapacitors

Raw material Preparation
condition

SSA
(m2/g)

Current
density

(A/g)

Capacitance
(F/g) Ref.

Aloe vera 700 °C, 1 h 1,890 0.5 410 [282]
Anthracite 900 °C, 2 h 2,814 0.5 325 [283]
Castor shell 800 °C, 4 h 1,527 1 365 [284]
Cellulose 650 °C, 2.5 h 1,588 0.5 288 [285]
Chili straw 800 °C, 1 h 2,768.5 1 352 [24]
Crab shells/
rice husks

700 °C, 3 h 3,557 0.5 474 [286]

Crop straw 800 °C, 1 h 1,058.4 1 317 [287]
Corn gluten
meal

500 °C 3,353 0.5 488 [288]

Corn stalk 800 °C, 2 h 2,054 0.5 461 [289]
Corn stover 820 °C, 1 h 1,432.9 0.1 246 [290]
Cotton seed
husk

700 °C, 1 h 1,694.1 0.5 238 [291]

Cotton stalk 800 °C, 2 h 1,964.5 0.2 254 [292]
Cotton stalk 1,000 °C 327 1 1,214 [293]
Kapok wood 700 °C, 1 h 2,909.8 0.2 380 [294]
Moringa leaves 800 °C, 2 h 1,327 50 234 [295]
Peanut shell 800 °C, 1 h 1,138 0.2 447 [296]
Rice husk 800 °C, 2 h 3,263 0.5 315 [297]
Rice straw 700 °C, 1 h 3,333 0.1 400 [298]
Rice straw 850 °C, 2 h 2,537 0.5 324 [299]
Sargassum 800 °C, 20 min 1,367.6 1.0 531 [26]
Shaddock
endotheliums

750 °C, 1 h 1,265 0.2 550 [300]

Sisal 750 °C 2,289 0.5 415 [301]
Bagasse 700 °C, 1 h 2,296 0.5 180 [302]
Rice husk 600 °C, 1 h 454.6 0.5 130.3 [303]
Sword bean
shell

700 °C, 2 h 2,282 1.0 264 [304]

Tea leaves 1,200 °C 911.9 1 167 [305]
Withered rose 800 °C, 1.5 h 1,911 0.5 208 [306]

 

Fig. 19  Types of supercapacitors - EDLC, pseudo capacitor, hybrid[311].
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promoting  ion  diffusion  but  also  exhibits  surface  oxygen  hetero-
atoms  that  significantly  enhance  wettability.  This  enables  the  elec-
trode  to  maintain  a  specific  capacitance  of  164.8  F/g  at  0.5  A/g,
while  achieving  over  92%  capacity  retention  after  2,000  cycles[324].
Future  research  priorities  are  as  follows:  (1)  integrating  hydrother-
mal  pretreatment  to  decompose  biomass  cross-linked  structures
(e.g.,  achieving  299.3  F/g  at  0.5  A/g  via  KOH  activation  after
hydrothermal  carbonization  of  tremella[325]);  (2)  developing
mesopore-oriented  processes  to  balance  SSA  utilization  with  ion
diffusion  rates;  and  (3)  designing  composite  electrodes  such  as
MnO2-intercalated  nitrogen-doped  carbon  (e.g.,  the  MnO2@N-APC
system reaching 28 W·h/kg energy density[326]) to enhance capacity
and cycling stability through synergistic effects. With the increasing
standardization of microwave processes,  this approach will  provide
crucial  technical  support  for  the  green  manufacturing  of  energy
storage  devices  under  dual  carbon  goals.  The  core  advantage  of

MAP  technology  lies  in  its  unique  heating  mechanism.  This  inside-
out  volumetric  heating  approach  effectively  overcomes  tempera-
ture gradient issues in CP,  enabling more uniform biomass decom-
position[318]. Compared with traditional pyrolysis, direct electromag-
netic  interaction  with  materials,  during  MAP,  not  only  improves
energy utilization efficiency but  also promotes  more complex pore
structure  formation.  This  pore  structure  optimization  manifests  in
three  aspects.  First,  microwave's  selective  heating  preferentially
targets  polar  components  (e.g.,  lignin  and  hemicellulose)  in
biomass,  achieving  effective  pyrolysis  and  pore  formation  at  lower
temperatures[320].  Second,  plasma  effects  generated  in  microwave
fields  facilitate  carbon  skeleton  reorganization,  forming  more
developed  micro/mesoporous  structures[321].  Third,  rapid  heating
during  MAP  effectively  suppresses  tar  formation,  reducing  pore-
clogging  risks[324].  These  characteristics  endow  microwave-pyro-
lyzed  biochar  with  superior  dielectric  properties  and  impedance

 

Fig.  20  (a)  Schematic  diagram  of  the  preparation  of  biochar  electrodes  modified  by  sulfur/CoO  nanoparticles[318].  (b)  Schematic  illustration  of  the
asymmetric CDI setup, and the Cr(VI) reduction mechanism using AB/V2AlC-OHx electrodes[319].
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matching,  offering  new  possibilities  for  high-performance
microwave  absorption  materials.  Regarding  microwave  absorption
performance,  microwave-pyrolyzed  biochar  demonstrates  signifi-
cant  advantages.  Compared  to  CP,  MAP  generates  higher  concen-
trations  of  structural  defects  and  heteroatom  doping,  which  not
only  enhance  polarization  relaxation  losses,  but  also  improves
impedance  matching[322].  For  example,  phosphorus-doped  lignin
carbon  formed  under  MAP  conditions  exhibits  significantly
improved  dielectric  loss  capabilities  due  to  its  unique  electronic
structure[323].  Furthermore,  the  distinct  carbon  microcrystalline
structures  formed  during  MAP  facilitate  the  construction  of  three-
dimensional  conductive  networks  that  effectively  dissipate  electro-
magnetic wave energy through resistive loss mechanisms[324].

Notably,  microwave-pyrolyzed  biochar  often  features  more
uniform element distribution and tunable surface chemistry, charac-
teristics  crucial  for  regulating  dielectric  constant  and  magnetic
permeability[325].  In  practical  applications,  biochar-based  compo-
sites  prepared  via  MAP  already  demonstrate  excellent  microwave
absorption  performance,  outperforming  traditionally  pyrolyzed
materials  in  EAB  and  RLmin

[316,326].  Future  research  should  prioritize
optimizing  MAP  parameters  (particularly  microwave  power,  fre-
quency, and processing time) to understand their effects on biochar
pore structures and electromagnetic properties, providing theoreti-
cal  guidance and technical support for developing next-generation
lightweight broadband microwave absorbers.

 Conclusions and outlook

This  comprehensive  review highlights  the  transformative  potential  of
MAP as a sustainable, efficient, and highly controllable technology for
producing  advanced  carbon  materials  from  diverse  waste  feedstocks
such  as  biomass,  municipal  solid  waste,  and  industrial  exhaust  gases.
A  critical  analysis  of  multidimensional  carbon  materials,  including  1D
nanotubes  and  nanofibers,  2D  graphene,  and  3D  porous  carbons
demonstrates that MAP consistently surpasses CP in energy efficiency,
reaction  kinetics,  product  performance,  and  environmental  impact,
making it  a key technology for achieving carbon neutrality goals.  The
inherent advantages of microwave heating, such as volumetric energy
transfer,  selective  molecular  activation,  rapid  heating  rates  exceeding
100  °C/min,  and  the  elimination  of  thermal  gradients,  provide
unmatched control over material microstructure and functionality.

In the realm of 1D carbon nanomaterials, microwave CVD drama-
tically  shortens  synthesis  time  by  over  90%  and  favors  the  forma-
tion  of  defect-rich,  brush-like  multi-walled  CNTs,  which  are  parti-
cularly suitable for applications like field emission and supercapaci-
tors,  despite  conventional  CVD  producing  longer  SWCNTs.  For
2D  graphene,  microwave  reduction  achieves  rapid  deoxygenation
within  seconds,  bypassing  the  lengthy  processes  of  traditional
methods.  The  core  advantage  lies  in  the  restoration  of  the  sp2

carbon network with minimal defects, leading to exceptionally high
electrical  conductivity  and  excellent  performance  in  flexible  elec-
tronics and energy storage devices. Regarding 3D carbon materials,
MAP  consistently  outperforms  CP  in  enhancing  fuel  properties
(HHV),  developing sophisticated porous architectures (SSA and PV),
and tailoring functional performance for applications in adsorption,
wave  absorption,  and  energy  storage.  As  electromagnetic  wave
absorbers,  microwave-pyrolyzed biochar  leverages its  tunable pore
hierarchy and defect density to achieve exceptional performance. In
energy  storage,  MAP-synthesized  electrodes  deliver  superior  elec-
trochemical  metrics  due  to  enhanced  ion  diffusion  and  pseudo-
capacitance. Acid-pretreated cumin waste activated via MAP attains
a  specific  capacitance  of  155  F/g,  which  is  33%  higher  than

conventional equivalents. KOH-activated lotus leaf biochar achieves
an ultrahigh SSA of 2,350.8 m2/g and PV of 1.37 cm3/g, yielding 478
F/g  at  1  A/g  with  89.1%  retention  after  5,000  cycles.  These  results
starkly  contrast  with  CP  electrodes,  where  excessive  micropores  or
complex activation limit performance and scalability.

This  review  clearly  demonstrates  that  microwave  technology
surpasses  conventional  pyrolysis  by  enabling  precise  microstruc-
ture  control,  reducing  energy  consumption  by  30%–50%,  shorten-
ing  processing  times  by  60%–90%,  and  enhancing  key  functional
properties  including  SSA  by  40–60%,  adsorption  capacity  by
30%–50%,  electrochemical  capacitance  by  20%–40%,  and  micro-
wave absorption intensity  by 20–30 dB.  These advances stem from
microwave-specific  mechanisms  such  as  volumetric  heating,  non-
thermal  molecular  activation,  and  dielectric-loss-driven  pore  engi-
neering,  confirming  MAP  as  the  leading  green  technology  for
scalable, high-performance carbon material production that directly
contributes to sustainable energy and environmental solutions.

However,  despite  these  promising  advancements,  several  chal-
lenges  and  limitations  remain  in  the  microwave  preparation  of
sustainable  carbon  materials.  Firstly,  the  cost  of  microwave  equip-
ment and the need for specialized knowledge for its operation may
hinder  widespread  adoption,  particularly  in  developing  countries.
Secondly,  the  optimization of  microwave process  parameters,  such
as  power,  temperature,  and  residence  time,  requires  further  in-
depth study to achieve consistent and reproducible material proper-
ties.  Additionally,  the  scalability  of  MAP  for  large-scale  industrial
production remains an area of concern, as scaling up may introduce
new  challenges  related  to  heat  distribution  and  material  handling.
Future  research  should  focus  on  addressing  these  challenges.
Cost-effective  and  user-friendly  microwave  systems  need  to  be
developed  to  broaden  their  applicability.  Furthermore,  advanced
computational  models  and  artificial  intelligence  techniques  can  be
employed  to  optimize  microwave  process  parameters,  ensuring
precise  control  over  material  properties.  Exploring  hybrid
microwave-conventional  methods  may  also  provide  a  balanced
approach,  combining the efficiency of  microwave heating with the
scalability of conventional techniques. Lastly, the integration of MAP
with other sustainable technologies, such as circular economy prac-
tices  and  waste-to-energy  systems,  holds  potential  for  realizing  a
truly sustainable future. By addressing these challenges and explor-
ing  new  opportunities,  the  microwave  preparation  of  sustainable
carbon  materials  stands  to  play  a  pivotal  role  in  achieving  global
carbon neutrality goals.

Beyond process parameter optimization, the design of the micro-
wave  reactor  itself  is  a  critical  factor  governing  the  scalability  and
commercialization  of  MAP  technology.  Laboratory-scale  systems
predominantly employ single-mode cavities,  which provide precise
field  control  and  high  efficiency  for  fundamental  studies  but  are
limited  by  small  processing  volumes.  For  industrial  translation,
continuous or large-scale multi-mode reactors are essential, yet they
face  challenges  in  maintaining  field  uniformity,  which  can  lead  to
uneven heating and product  inconsistency (e.g.,  localized hotspots
causing pore structure heterogeneity).  Future reactor designs must
integrate multi-physics modeling (coupling electromagnetism, heat
transfer, and reaction kinetics) with intelligent systems. This includes
implementing  dynamic  impedance  matching,  incorporating  fiber-
optic temperature sensors for real-time monitoring, and developing
modular,  scalable  cavity  geometries  that  can  process  diverse  feed-
stock  forms  (e.g.,  powders,  pellets,  slurries)  efficiently.  Overcoming
these  engineering  hurdles  is  paramount  to  achieving  the  repro-
ducible,  large-volume  production  of  high-quality  carbon  materials
required  for  industrial  applications.  Furthermore,  a  thorough
techno-economic  analysis  is  imperative  to  assess  the  real-world
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viability  of  MAP.  While  the  operational  benefits—such  as  reduced
energy  consumption  (30%–50%),  shorter  processing  times  (60%–
90%), and higher product value—are clear from laboratory data, the
initial  capital  investment  for  industrial-scale  microwave  systems
remains  substantially  higher  than  for  conventional  pyrolysis  fur-
naces. The economic calculus must also account for the cost of raw
material  pretreatment,  such  as  drying  to  an  optimal  moisture
content and the potential need for microwave susceptors (e.g., acti-
vated  carbon,  SiC)  to  process  low-dielectric  feedstocks.  Future  life-
cycle assessment and techno-economic studies are needed to quan-
tify  the  trade-offs  between  the  superior  product  performance,
potential revenue from high-value carbon materials, and the associ-
ated  capital  and  operational  expenditures.  Government  policies
supporting  carbon-neutral  technologies  could  provide  a  decisive
economic incentive,  improving the return on investment and acce-
lerating  the  adoption  of  MAP  for  sustainable  carbon  material
production.
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