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pplication of graphene-based
nanomaterials for gas adsorption and mitigation of
air pollution

Demilade T. Adedipe,a Ajibola A. Bayode *b and Odunayo T. Ore *c

Graphene-based materials (GBMs) have emerged as versatile and efficient candidates for gas adsorption

and air pollution mitigation, particularly targeting COx, NOx, SOx, and volatile organic compounds

(VOCs). This review highlights recent advances in the design and fabrication of GBMs, including green

synthesis, heteroatom doping, and metal oxide hybridization. Emphasis is placed on emerging fabrication

strategies that enhance porosity, surface chemistry, and gas selectivity. Notably, nitrogen-doped

graphene has been shown to improve NOx adsorption by up to 45%, while rGO–metal oxide composites

demonstrate enhanced CO2 selectivity under low humidity conditions. We analyse performance data

trends and benchmark results from recent studies, outlining the key factors influencing adsorption

efficiency. The sustainable development of GBMs using biomass and industrial waste precursors is also

explored within the context of the circular economy. Finally, the review underscores the importance of

integrating techno-economic analysis (TEA) into future research to support the scalable deployment of

GBMs in industrial gas separation technologies.
1 Introduction

Rapid industrialization and urbanization in this modern era
have been accompanied by various environmental and tech-
nological challenges. One of the notable problems is that of the
surge in air pollution, climate change, and the disruption of the
delicate balance of our ecosystem.1 Numerous health challenges
in humans and animals, particularly those related to the
respiratory system, are linked to air pollution.2 These respira-
tory diseases include Chronic Obstructive Pulmonary Disease
(COPD), asthma, and bronchiolitis, as well as conditions like
lung cancer, cardiovascular problems, and disorders of the
central nervous system.1,3,4 According to the World Health
Organization (WHO), indoor air pollution is responsible for
causing 4.3 million premature deaths, while outdoor air pollu-
tion has been identied as the cause of 3.7 million deaths
annually.5 In addition, the COVID-19 worldwide outbreak has
increased the environmental burden and human susceptibility
to prolonged exposure to indoor/outdoor air pollution, and the
demand for improved air quality cannot be overemphasized.6,7

Air quality does not only have negative effects on urban/rural
dwellers; it is a critical determinant of plant health and
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agricultural productivity. The physiological, morphological, and
biochemical responses of plants are intricately inuenced by air
quality. From altering photosynthetic rates to impacting
nutrient uptake, air pollution can profoundly inuence the
productivity and quality of agricultural produce.8,9

Air pollutants are classied based on their physicochemical
features and consist of a heterogeneous mixture of suspended
gases, liquids, and solids (Fig. 1). Combustion of fossil fuels and
biomass, whether created articially or naturally, is one source
of air pollution.10,11 Industrial processes, burning materials,
automobile emissions, and ambient tobacco smoke are exam-
ples of man-made/anthropogenic sources of air pollution.12

Volcanic ash, wildres, different gases, and spontaneous
secondary pollutants are examples of naturally occurring
sources.13,14

Clean/pristine air should not contain pollutants ranging
from suspended particulate matter to volatile organic
compounds and heavy metals. These pollutants, including
PM2.5, PM10, NO2, SO2, CO2, CO, CH4, polyaromatic hydrocar-
bons (PAHs), and heavy metals like Ni, Cd, As, and Pb, consti-
tute human health risks and pose a signicant threat to the
ecosystems.15,16 Studies conducted on animals and in vitro have
demonstrated that exposure to allergens and air pollution
together may have synergistic negative effects on allergic
respiratory diseases.17,18 Thus, the scientic world has focused
on the development of advanced nanomaterials for the capture
of hazardous materials and air cleanup in the last century.

The term “graphene” was proposed by the IUPAC commis-
sion to replace “graphite layers”, which was inadequate for
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra04635a&domain=pdf&date_stamp=2025-08-29
http://orcid.org/0000-0003-2461-6208
http://orcid.org/0000-0002-5529-1509
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04635a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015038


Fig. 1 Air pollution classification based on certain physical characteristics; PM stands for particulate matter. PM is divided by size into ultrafine,
fine and coarse particles while gaseous pollutants include volatile organic compounds, carbon monoxide, sulphur dioxide, nitrogen dioxide, and
ground-level ozone, all of which contribute to adverse health and environmental effects as well as the degradation of air quality.
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studying single carbon layer structures, as “graphite” denotes
a three-dimensional stacking structure. Graphene is now
dened as a two-dimensional monolayer of carbon atoms,
serving as the fundamental unit of graphitic materials like
fullerene, nanotube, and graphite.19–21 Despite graphite's
ancient use dating back 6000 years for pottery decoration,
research on graphene, essentially a single-atom plane of
graphite, became more prominent in the 1960s when enhanced
basal-plane conductivity was observed in graphite intercalation
compounds.22–24 This discovery sparked excitement in the
scientic community, envisioning graphene as a lighter,
cheaper alternative to metal conductors, yet uncertainty per-
sisted regarding its high conductivity and future applications.
Graphene research has progressed signicantly in the last two
decades, unveiling superior physicochemical properties in gra-
phene layers and several composite forms.25–28

Signicant advancements have been achieved in the devel-
opment of graphene-based materials (GBMs) for a wide range of
applications, particularly in gas adsorption technologies (see
Fig. 2). As the diversity of GBMs continues to expand rapidly,
there is an increasing need for a systematic and thorough
comparison of functionalized GBMs in their efficacy for gas
adsorption. This comprehensive review critically examines
emerging synthesis strategies, including innovative approaches
© 2025 The Author(s). Published by the Royal Society of Chemistry
such as chemical vapor deposition and liquid-phase exfoliation,
while also addressing the inherent limitations present in
current volatile organic compound (VOC) and carbon dioxide
(CO2) mitigation systems. Furthermore, the review identies
essential research directions aimed at overcoming these limi-
tations, such as enhancing the selectivity and capacity of GBMs
for targeted gas molecules, improving the scalability of
production methods, and exploring novel functionalization
techniques to optimize material properties for specic gas
adsorption applications.
2 Overview of synthetic approaches
for graphene-based materials

The graphene-based materials (GBMs) fabrication technique is
one of the key aspects to take into account to maximize their
architectural structure and hence boost their application,
economic, and industrial value.29 Specically, GBM's unique
characteristics, yield, micro/nanostructure, and overall quality
prole are signicantly inuenced by the technique of fabrica-
tion, and establishing the best synthesis protocol has garnered
attention from researchers from various elds.29–31 By and large,
the strategy of synthesizing GBMs is similar to that of carbon-
RSC Adv., 2025, 15, 31032–31059 | 31033
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Fig. 2 Various fields of application of graphene/graphene-based materials. The exceptional properties of graphene make it useful in the energy,
biomedical, and environmental sector as well as for heat-sink, biosensor, and sensor applications.
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based nanomaterials, and it depends on various criteria such as
the desired size of the product and nature of precursors. As
shown in Fig. 3, the synthesis route can be classied into two
categories; (1) top-down synthesis, also known as the destruc-
tive method and, (2) bottom-down synthesis, also known as the
constructive method.32 An in-depth overview of various
synthetic approaches for GBMs is presented below.
2.1 Top-down synthesis of GBMs

Various methods are classied as top-down approaches in the
synthesis of GBMs. These methods involve starting with larger
structures or bulk materials and breaking them down into
smaller components until graphene or graphene-like structures
are produced.33 Notably, the reduction of graphite oxide (–rGO),
Fig. 3 Overview of top-down and bottom-up graphene-based
material synthesis route.

31034 | RSC Adv., 2025, 15, 31032–31059
exfoliation (mechanical, electrochemical, and liquid phase),
and the arc discharge technique are the most common top-
down methods and are therefore usually employed for GBM
fabrication.29 In this sub-section, we will discuss different top-
down approaches that can be used for GBMs.

2.1.1. Mechanical exfoliation (Scotch tape method).
Mechanical exfoliation (MEX) is also known as micro-
mechanical excision or the adhesive tape method. Historically,
this Nobel prize-winning technique was the rst approach that
was developed for the fabrication of graphene as demonstrated
by Geim and Novoselov in 2004. It involves the process of
repeatedly peeling off layers of graphite using adhesive tape.34

The adhesive force between the tape and the graphite over-
comes the van der Waals force holding the layers of the gra-
phene together, resulting in the formation of thin akes of
graphene.35 In another study, tailored graphene was fabricated
using wedge-based MEX of HOPG (highly oriented pyrolytic
graphite).36 In this study, molecular dynamics simulations
demonstrated that the wedge position, cleaving rates, and
boundary conditions were the main determinants of the
shearing and folding of graphene layers (GLs). The layer folded
when the wedge was positioned beneath 1/3 of the interlayer
distance; when the wedge was positioned above these limits, the
layers separated without folding. These outcomes demon-
strated that simulations were useful in establishing the right
parameters to produce certain kinds of graphene.

Notably, quite a few groups have reported that graphite
(pristine) can be exfoliated to single-layer graphene devoid of
defects using diverse solvents like benzylamine, ionic liquid,
N,N-dimethylformamide (DMF), N-methyl pyrrolidone (NMP),
ortho-dichlorobenzene, or water-surfactant solutions.37,38 For
instance, as illustrated in Fig. 4, Hernandez et al. showed that
graphite can be dispersed and exfoliated in solvents like N-
methyl pyrrolidone, whose exterior energy is comparable to that
of graphene, allowing the graphite layers to be exfoliated
because the solvent–graphene interaction balances the energy
needed for the exfoliation.

While the mechanical exfoliation method is simple and
effective for producing high-quality GBM (HQGBM), one issue
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) SEM picture of pristine graphite, (B) SEM picture of sediment following centrifugation, (C)–(E) bright field TEM picture of single-layer
graphene flakes deposited from GBL, DMEU and NMP respectively, (F) a folded graphene sheet (bright field, deposited fromNMP), (G) multi-layer
graphene (bright field, deposited from NMP), (H) an NMP dispersions histogram showing the number of visual assessments of flakes as a function
of the total amount of monolayers for each flake.37
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with this approach is that the solvents that work well for this
purpose frequently have high boiling temperatures, making it
challenging to get rid of the solvents.39 However, O'Neill's
research team40 posited that graphene can be exfoliated at
greater concentrations with a thickness of fewer than ten layers
in low-boiling point solvents like isopropanol and chloroform.
In addition, this method suffers a major disadvantage which is
low scalability and an inability to regulate the resulting gra-
phene akes' size and form.35,41

2.1.2. Liquid phase exfoliation (LPE). Historically, LPE was
rst introduced in 2008, and it is one of the most widely
employed synthesis routes to produce graphene.37 The process
involves the dispersion of GtO or bulk graphite into a suitable
solvent and ultrasonication or shear forces are applied to
exfoliate the layers into graphene akes, and the obtained gra-
phene is puried42,43 (Fig. 5). The LPE exfoliation of graphite
depends on the mechanism of overcoming the van der Waals
forces holding the GLs together. The commonly used solvents
include water, organic solvents (e.g., N-methyl-2-pyrrolidone,
dimethylformamide), or surfactant solutions.44 The choice of
an appropriate solvent is hinged on the properties of the liquid
like Hildebrand and Hansen solubility parameters, surface
energy, and surface tension.

Yi and Shen reported that aqueous or non-aqueous solvents
with surface energies (SE) within 70–80 mJ m−2 or surface
tension within 40–50 mJ m−2 are good for graphite exfoliation
because they match graphite surface energy of 46.7 mJ m−2, due
to the similarities in their SE to graphite ensuing in lesser
mixing enthalpy, good wettability and simple exfoliation
procedure.46 The solvent should be able to overcome the van der
Waals force from the interaction between GLs, which are held
© 2025 The Author(s). Published by the Royal Society of Chemistry
within the p–p stacking distance of 3.35–3.4 Å.47 As a result,
dimethylformamide (DMF, 35.2 mJ m−2), dimethylacetamide
(DMA, 36.4 mJ m−2), and N-methyl-pyrrolidone (NMP, 41.3 mJ
m−2)44 are oen employed to exfoliate graphene. Solvents liquid
phase exfoliation offers scalability and the ability to produce
graphene dispersions, but the quality and yield of graphene can
vary depending on the solvent and process conditions. Despite
its many benets, some studies have shown that sonicationmay
result in aws in the margins and basal planes of the GBM.48

2.1.3. Electrochemical exfoliation. Electrochemical
methods involve applying electric potential to a graphite elec-
trode submerged in an electrolyte solution. The electric eld
induces exfoliation of the graphite layers, leading to the
formation of graphene in the electrolyte solution. Specically,
the idea behind the method is that species in the electrolyte
migrate into the graphite's interlayer spacings when graphite
electrodes are immersed in it and a steady voltage is applied. As
a result, the van der Waals force between the graphite layers
weakens and the graphite layers separate into distinct GLs.49 As
shown in Fig. 6, Graphite can undergo two different types of
electrochemical exfoliation (ECEX): cathodic exfoliation, in
which a −ve voltage is applied and cations from the electrolyte
migrate to the graphite cathode, and anodic exfoliation, in
which a +ve voltage is applied and anions from the electrolyte
migrate to the graphite anode.50

More specically, the ECEX of graphite is typically carried
out in aqueous media, and the following are the primary
procedures involved in this process:50,51

� Hydrolyzing water and generating O2 and OH radicals.
� The transfer of O2 and OH radicals to graphite and the

opening of its edge.
RSC Adv., 2025, 15, 31032–31059 | 31035
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Fig. 5 Depicts the process of liquid-phase exfoliation (LPE) of graphite with the inclusion of naphthalene, comprising mixing, exfoliation,
centrifugation, and vacuum filtration steps. Adapted with permission from ref. 45.
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� The creation of gas as a result of the electrolyte species
intercalating and expanding the graphite.

For instance, Parvez et al. explored the exfoliation of graphite
in an H2SO4 aqueous solution.52 To this purpose, they used
a +10 V for two minutes to investigate the impact of H2SO4

concentration on exfoliation efficiency. The results indicated
that 0.1 M H2SO4 had a higher exfoliation efficiency and yield
than 1 M and 5 M H2SO4, most likely as a result of the more
concentrated H2SO4 solutions producing bigger graphite
particle pieces. On the other hand, exfoliation efficiency was
decreased if the H2SO4 concentration was too low, most likely as
a result of fewer anions. The scientists then looked at 1 : 1
H2SO4/acetic acid mixtures and pure H2SO4; in these instances,
there was virtually little exfoliation and just a small amount of
expansion. This demonstrated the worth of water in the
electrochemical process as it may generate OH and O2 radicals,
which help with exfoliation and intercalation. The HQGBM that
was exfoliated in a 0.1 M H2SO4 solution had a single sheet with
a low sheet resistance of 4.8 kU per square, a large sheet size of
around 10 mm, and a low oxygen concentration of 7.5 wt%.52

In another experiment, a straightforward electrochemical
process for creating graphene/a-MoO3 composites was
described by ref. 53. High-purity graphite rods, PTFE, sodium
dithionite, potassium hydroxide, and sodium molybdate were
utilized. In this research, an electrolysis cell containing 40 mL
of 0.2 M sodiummolybdate as the electrolyte was lled with two
graphite rods. Aer applying a static potential of 10 V for 30
minutes, the anode graphite rod began to corrode. Subse-
quently, 0.15 grams of Na2S2O4 were introduced into the elec-
trolyte to adjust the pH level. Aer two hours, the a-MoO3 GBM
31036 | RSC Adv., 2025, 15, 31032–31059
was removed from the reactor and cleaned in ethanol and
deionized water until the pH reached neutrality. Aerward, they
were dried for twelve hours at 60 °C in an oven. The a-MoO3

GBM was subsequently annealed at 200 °C in the air for two
hours before being cooled to ambient temperature to produce
a suitable conductive material. Their ndings demonstrated
that the a-MoO3 GBM has high thermal performance and that
the a-MoO3 NPs are evenly dispersed on the surfaces of gra-
phene sheets (GSs). Fig. 7 provides a schematic representation
of the single-step ECEX and functionalization of graphene with
a-MoO3. The MoO4

2− anions migrate to the graphite anode
when the anodic voltage is applied, and in very acidic circum-
stances, MoO4

2− intercalates into the graphite underlayers and
transforms into a-MoO3. Then, graphene/a-MoO3 composites
are formed as a result of the exfoliation events.53

In another study, different amounts of zinc nitrate in an
electrolyte solution were utilized to create a variety of zinc oxide/
graphene (ZnO/Gr) nanocomposites via an electrochemical
exfoliation process. The authors found that ZnO/Gr nano-
composite produced using 7 mmol of zinc nitrate displayed
a sheet-like morphology with an even decoration of ZnO NPs
over the GSs, and was more effective in dye degradation appli-
cation.54 Similarly, Kotkin et al. exfoliated cobalt and placed it
surface of graphene utilizing the ECEX approach aided by
plasma. Combining the 0.01 M CoSO4 solution with the 1 M
Na2SO4 solution produced the utilized electrolyte. For ten
hours, an alternating +300 V (anodic) and−150 V (cathodic) was
employed Cobalt is deposited on the cathode's surface during
the anodic mode of operation. The deposited cobalt particles
are then dissolved in the cathodic type operation which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mechanistic synopsis of anodic and cathodic electrochemical exfoliation.51

Fig. 7 Plausible mechanism for the synthesis of a-MoO3 GBM by the
ECEX process.53

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produces the graphene/cobalt oxide composites.55 Motta's
research team56 employed sonication for anodic ECEX of HOPG
in an aqueous solution of sodium dodecyl sulfate and Na2SO4

electrolyte. It was discovered that the system with sonication
generated largely four-layer graphene akes, whereas the
system with sonication supplied primarily bilayer graphene
akes. Additionally, sonication-assisted graphene sheet
production yields higher-quality results than the non-
sonication approach, as demonstrated by Raman spectro-
scopic observations. This is probably because graphite may be
exfoliated more easily by ultrasonication, which shortens the
period that graphite is intercalated and oxidized. Consequently,
there may be a decrease in C–OH and C]O oxygenated func-
tional groups and defects.

In another study, Parvez and colleagues explored the exfoli-
ating effects of a range of inorganic salt aqueous electrolyte
solutions in anodic exfoliation, including (NH4)2SO4, K2SO4,
NaNO3, NH4Cl, Na2SO4, and NaClO4.57 Notably, sulfate ions
(SO4

2–) were discovered to have superior exfoliation efficiency
compared to other anions. Investigations were also conducted
on the impact of electrolyte concentration in the (NH4)2SO4

system. At concentrations below 0.01 M, less than 5 weight
RSC Adv., 2025, 15, 31032–31059 | 31037
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percent of the initial graphite was exfoliated. A yield of greater
than 75 weight percent was obtained at concentrations up to
1 M. Nevertheless, because of the low water content and
reduced graphite edge oxidation at concentrations of 3 M and
5 M, less than 50 percent yield was realized. In this study, it was
discovered by the authors that ideal settings were 0.1 molar
aqueous solution of (NH4)2SO4 with a +10 V. Under these
circumstances, over 85% of GSs exhibit three layers or less,
while over 80% exhibit a lateral dimension greater than ve mm.
About 44 mm was the biggest graphene sheet that was found
using SEM. The ID/IG ratio was found to be 0.25 via a Raman
spectroscopy investigation, which is signicantly less than
chemically reduced GO. The exfoliated graphene seemed to
have a 5.5% oxygen content, according to XPS measurements.
Additionally, the generated graphene demonstrated
outstanding hole mobility of 310 cm2 V−1 s−1.57

Similarly,58 devised a facile technique that utilized anodic
exfoliation of graphite in a mild NaOH/H2O2/H2O system.
Exfoliation in this system is mostly dependent on H2O2, with
exfoliation efficiency rising sharply between 0 and 130 mM
H2O2 concentrations. The ideal exfoliation conditions were 3 M
NaOH, 130 mM H2O2, and a working voltage of 1 V for ten
minutes at room temperature, followed by 3 V for ten minutes.
Under these circumstances, 95% of the high-quality GSs with
three to six layers were formed. The product's ID/IG, a measure-
ment of graphene aws, was 0.67 in the Raman spectra as
opposed to 0.54 for graphite. The introduction of oxygenated
functional moieties during the ECEX process, which results in
disorder at carbon edges, is what drives the rise in ID/IG.59,60 By
and large, the electrochemical exfoliation approach offers
a simple, fast, and scalable method for producing graphene, but
the quality of the obtained graphene can vary depending on the
electrolyte composition and process parameters.

2.1.4. Reduction of GtO using chemicals and phytochemi-
cals. Graphene can by synthesized by reducing GtO via a process
that selectively removes oxygenated functional groups (OFGs)
such as carbonyl (C]O) groups as a form of recovering the sp2-
hybridized carbon skeleton, to a limited extent.61 Nonetheless, it
is benecial that these OFGs are found to be present on GO, and
their tunability makes it useful in many applications, such as
gas adsorption, because it helps to increase the surface reac-
tivity and enable molecular interactions.62,63 Specically,
reductants such as sodium hydrosulte have been used to
successfully produce various GBMs at relatively low tempera-
tures in a matter of few minutes. For example, Guex's research
group published a low-cost aqueous reduction technique based
on sodium borohydride to prepare graphene. The wide-range
diminution of C–O moieties (such as epoxy and hydroxyl) in
the GtO during the early stage was accomplished by using a 300-
mM aqueous solution of borohydride at 80 °C. This gave the
graphene product good electrical conductivity, which progres-
sively increased to 1500 S m−1 during the residual reaction
time.64 Similarly, sodium hydrosulte was employed to reduce
GtO as an effectual reductant. The ndings show that sodium
hydrosulte may reduce GtO to a degree similar to that of
hydrazine in a matter of minutes. It offers a productive way to
31038 | RSC Adv., 2025, 15, 31032–31059
minimize GtO and may be applied to the creation of cutting-
edge composites.65,66

In addition, the reductive process of GO is an essential
process that is used in the restoration of the electrical
conductivities and modication of the surface chemistry for
specic usage.67 Although chemical reducers such as hydrazine
hydrate and sodium borohydride can do the same task, they are
very hazardous to the environment and to human health. On
the contrary, ascorbic acid (vitamin C) has recently become
a green non-toxic and biocompatible alternative material for the
reduction of GO. Recently, it has been shown that the reduction
of GO in mild conditions under the catalytic effect of L-ascorbic
acid can be effective and that the resultant reduced graphene
oxide (rGO) has greatly improved electrochemical properties
and an insignicant environmental burden.67,68 It should,
however, be noted that concentration that is too high may lead
to partial reoxidation of rGO. Hence, there is the need to opti-
mize reaction conditions in order to maintain the reduction
efficiency.67

In recent times, solvothermal reduction and bioreduction
methods using biogenic resources have been employed in
material synthesis.69–72 For example, as shown in Fig. 8,73

present a simple and effective method for producing highly-rGO
(P. glutinosa-HRGO) through the bio-reduction of GtO with
plant extract from Pulicaria glutinosa. In addition to reducing
GtO, the phytomolecules74–76 in the P. glutinosa extract also
functionalize the biogenic HRGO nanosheets' surface and
stabilize them in a range of solvents, reducing the need for
additional, potentially hazardous chemical reductants and
surfactants. By making biogenic HRGO with varying concen-
trations of P. glutinosa, the impact of P. glutinosa on its di-
spersibility in different solvents was examined. The
dispersibility of biogenic HRGO was then contrasted with that
of chemically rGO. The biogenic HRGO was of higher quality
than chemical RGO73 owing to the various phytochemicals
present in the biogenic extract.32,77,78 GtO reduction, like liquid
phase exfoliation, may achieve large-scale graphene fabrica-
tion;29 however, this method is somewhat constrained by intri-
cate procedures and structural aws, as well as presenting
environmental concerns.

2.1.5. Ball milling technique. The process of ball milling
involves grinding graphite or GtO in the presence of a solvent,
with the aid of a grinding agent (such as steel balls). The
mechanical forces during milling cause the layers of graphite to
exfoliate into graphene. Exfoliation of graphene occurs due to
both normal and lateral forces. The balls in the milling process
collide with the surface of GSs, leading to exfoliation induced by
normal forces. However, if the normal forces are too high, the
crystalline structure of the sheets can be damaged, leading to
fragmentation instead of exfoliation. To avoid this, a balance
needs to be struck between the normal and shear forces
applied. Reducing normal forces while ensuring that shear
forces are dominant and strong enough to overcome van der
Waals forces can achieve this balance. Generally, there are two
forms of ball milling: dry ball milling where inert water-soluble
inorganic salts are employed, and wet ball milling, which uses
solvents.32,79 For example, Zhao et al. reported on the production
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reduction of GtO utilizing an aqueous extract of the P. glutinosa.73
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of crystalline GSs by exfoliating graphite platelets in a liquid
media by wet ball milling. In this study, to establish the range of
shear stress, 0.02 grams of few-layered nano graphite sheets
were evenly spread within 80 millilitres of dry DMF at
a concentration of 0.25 milligrams per millilitre. Subsequently,
the GNs underwent exfoliation via ball milling dominated by
shear force for 30 hours using a planetary mill containing
zirconia balls and poly(tetrauoroethylene) containers, oper-
ating at a gentle pace of 300 rpm. Large particles were taken out
of the dispersion using a centrifuge. The thickness of the cross-
section was determined to be between 0.8 and 1.8 nm, which is
equivalent to the thickness of around three layers in single- and
few-layer graphene.80

In another study, Lv et al. reported dry ball milling for the
fabrication of graphene nanosheets. In this study, the authors
used the soluble salt-assisted method to manufacture graphene
nanosheet powder.81 A stainless-steel jar containing 50 g of
Na2SO4 powder, and some graphite was subjected to a 24-hour
ball milling process at 150 rpm. As the ratio of Na2SO4 was
increased, the number of layers rapidly dropped to bi-layers
from multi-layers. Similarly, Lin's research group82 employed
a ball milling technique combined with shear force to grind
elemental sulfur, which aids in exfoliation and attachment onto
GSs in a structure with 73 wt% sulfur. The research group
developed high crystalline GSs by using sulfur, a substance that
is somewhat sticky for the graphite plane, as a substitute for
Scotch tape. Ball milling is a scalable and simple method for
producing graphene, but the process parameters must be
carefully controlled to prevent contamination and damage to
GSs.

2.1.6. Arc discharge method. The arc discharge (ADC) is the
oldest of the best methods for fabricating high-quality carbon-
© 2025 The Author(s). Published by the Royal Society of Chemistry
based materials including carbon nanotubes, and graphene-
based materials.83 The ADC approach was initially employed
by Krastchmer and Hoffman. This technique uses an electric arc
oven that has two graphite electrodes and a steel chamber that
is cooled by water. As seen in Fig. 9, an additional direct current
arc voltage is delivered across the two graphite electrodes while
they are submerged in an inert atmosphere. For instance, Wu
et al. successfully produced around 2.1 g of high-quality GSs on
a wide scale using an enhanced alternating current ADC process
under nitrogen and hydrogen mixed buffer gasses, and the arc-
discharge duration was less than 5 minutes.84 With no more
than ve layers, the as-prepared GSs show a low-defect struc-
ture. It is believed that nitrogen and hydrogen gases are both
necessary for the creation of superior GSs. Additionally, based
on the research ndings, the volume ratio of nitrogen to
hydrogen may have a signicant role in minimizing the defects
and layer counts of GSs.84 In contrast to chemical techniques,
the graphene fabricated exhibited lower structural aws and
was more readily dispersible in organic solvents, which
improved its potential usage.

Similarly, Cheng et al. employed a vacuum ADC approach
integrated with a high-temperature furnace was used to
synthesize graphene on copper foils. By combining the benets
of vacuum ADC with chemical vapour deposition, SLG may be
produced at a base temperature of 600 °C using a tiny furnace.86

The substrate surface can then be quickly heated to 1100 °C
using photon radiation from the vacuum arc. Through a series
of studies on processing time, arc currents, cooling, and
ambient pressure, the ideal fabrication condition was found.
SEM, Raman spectroscopy, and optical microscopy observa-
tions revealed that the principal products were SLG, which has
a consistent thickness across the substrate. The ndings
RSC Adv., 2025, 15, 31032–31059 | 31039
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Fig. 9 Diagrammatic depiction of the arc discharge process used for fabricating graphene.85
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showed that a simple and inexpensive way to synthesize GSs for
graphene-based applications is to combine a vacuum arc with
a thermal approach that employs graphite as a carbon source.86

In another study, an ideal He ADC approach uses an 80 A
current and 550 torr of He atmospheric pressure to fabricate GSs.
The result shows that single-layer, double-layer, and few-layer GSs
were produced.87 In a similar study, Kim's team88 demonstrated
that high-quality BLG and FLG could be produced with fewer
layers of graphene by using the aqueous ADC technique; themean
lateral diameters of these products ranged from 4.4 to 28.3 mm.
The interlayer gap was preserved at around 0.34 nm for every level
of the ADC power, and the regulation of the quantity of GLs
stacked was achieved by adjusting the power of the ADC. Notably,
in contrast to earlier research, the arc-discharge approach was
used by ref. 89 to study the development processes of FLG under
real production settings including He, O–He, and H–He. The
production of a few layers GSs with lateral widths ranging from 50
to 300 nm was seen exclusively in the presence of reactive gases.
This nding may suggest that the growth process of FLG involved
the evaporation of graphite followed by the reactive gas-conning
crystallization of the evaporated carbon clusters. The major
advantage is that the ADC approach is an eco-benign and inex-
pensive technique that can effectively fabricate HQGBM in rela-
tively high yields.90,91 However, this method has the disadvantage
of carbonaceous impurities.92 Since the kinds of buffer gases and
arc parametric settings affect the quality of graphene, additional
adjustment of these factors is necessary to increase the effective-
ness of the preparation process.29 Therefore, more investigation
into the fundamental mechanics behind the synthesis of gra-
phene is needed for a more in-depth understanding of process
parameters and techniques required to obtain desired graphene
morphology and physicochemical properties.
2.2 Bottom-up approach for GBM synthesis

Bottom-up approaches in material synthesis refer to procedures
where materials are built from atomic or molecular
31040 | RSC Adv., 2025, 15, 31032–31059
components, building up to larger structures or assemblies. By
and large, this technique usually involves the self-assembly or
chemical synthesis of smaller entities at the atomic or nano-
meter scale.60,93 Specically, in bottom-up approaches, the
control over the architectural arrangement and properties of the
nal material oen arises from the interactions and properties
of the smaller components. More specically, most bottom-up
methods for manufacturing graphene depend on using hydro-
carbons as precursors.29,94 Some bottom-up methodologies for
graphene preparation are presented in this section.

2.2.1. Chemical vapour deposition (CVD). CVD is
a controllable and effective synthetic method that produces
HQGBM materials in large quantities by growing it on metal
surfaces or substrates like silica,95 Cu,96 Ni,77 Au,72 Mo,97 Ir,98 and
Pt.99 Notably, in recent years, the preparation of GBM using the
CVD route has signicantly advanced and different CVD
methods have been developed.100 In 2011, Chen et al. for the
rst time developed a generic approach for the fabrication of 3D
graphene foam (GF), by template-assisted CVD technique.101 In
this study, a template consisting of Nickel foam with a 3D
macroporous structure that is interconnected was selected, as
seen in Fig. 10. By pyrolyzing CH4 at 1000 °C and ambient
pressure, GSs were precipitated on the surface of Ni foam. The
Ni skeleton was then etched off using a hot HCl (or FeCl3)
solution. A thin coating of poly(methyl methacrylate) was put on
the graphene surface as a support to stop the graphene network
from collapsing while etching. A monolith of continuous and
linked graphene 3D network was created aer the poly(methyl
methacrylate) was removed using hot acetone. The free-
standing 3D GF is pliable, and very light, weighing just 5 mg
cm−3, with good specic surface area (SSA) of up to 850 m2 g−1.

Following the report of Chen's team,101 various
researchers102–104 have employed diverse carbon sources and or
reaction conditions to synthesize high-quality three-
dimensional GBMs using the template-assisted CVD tech-
nique. For instance, Liu's group104 produced a graphene lm
with great crystallinity by using asphalt as a carbon source. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a–f) Showing the different stages of the fabrication of a graphene fibre and integration with PDMS.101
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this research, aer one hour of immersion in the asphalt-
toluene solution, the cleaned Ni foam was dried. The Ni foam
encased in asphalt was put in the middle of the tube furnace
and given a 10-minute breakdown treatment at 940 °C and 1.5
× 103 Pa. Aer the NF was removed by etching, graphene foam
made up of two to ve layers of GSs was produced. In another
experiment, Kim's group105 employed the CVD approach to
produce graphene on commercial 3D Cu foam (CF). To preserve
the 3D structure, a poly(methyl methacrylate) layer was spin-
coated on the 3D graphene/CF. Aer chemically etching the
CF out of (NH4)2S2O8 solution (1 wt%), a 3D GBMwas produced.

Conversely, Wei's group106 fabricated a 3D graphene network
without needing a solvent. In this study, CF was rst obtained
by annealing Cu powder at 1000 °C with 200 sccm H2. Next,
using the CVD process, GLs were produced on this 3D Cu foam.
By using a high-temperature evaporation procedure to take out
the Cu template, a 3D graphene network was created without
the need for a solvent process. In another study, rapid thermal
CVD produced around 12.31% more graphene domains than
thermal CVD did.107 Another work by Liu's group108 used natu-
rally occurring scallops as the raw material to create a low-cost,
readily removable CVD template. The scallop was heated in the
air to produce a very porous CaO framework. Next, using the
CVD process, GLs are developed on the constructed framework.
Aer the CaO was nally etched in diluted HCl and freeze-dried,
a self-supporting 3D GF was produced. Also, HQGBM with
several layers was synthesized on Cu–Ag alloy powder by in situ
CVD at 900 °C by ref. 100. In another study, by allowing carbon
atoms to diffuse through the nickel template, Xu's research
team109 synthesized a centimetre-scale, extended SLG on a Ni
surface placed on a highly oriented pyrolytic graphite substrate.
Their ndings show how to optimize the temperature and
annealing time, two critical factors for graphene formation, to
produce precise control over the degree of thickness and
structure of the GLs.

In another investigation, the signicance of kinetic variables
in the CVD preparation of homogenous large-area graphene
utilizing Cu catalyst has been explored by ref. 110. It was
© 2025 The Author(s). Published by the Royal Society of Chemistry
discovered that at lowmethane concentrations (ppm), graphene
grew as a monolayer, and at higher concentrations (5–10% by
volume), it formed multilayers at atmospheric pressure.
Another research group111 shows the use of centimetre-scale Cu
substrates as a novel path for the industrial-scale fabrication of
high-quality GSs. This efficient, time- and money-saving roll-to-
roll approach yielded 30-inch GSs while also offering a large-
scale, high-quality, and productive graphene synthesis for
real-world use. Although, the CVD method is effective and
controllable as stated earlier.29,112 Nevertheless, it is extremely
difficult to precisely manage graphene's edge structure and
topology.39 Additionally, when CVD GBM is formed on catalytic
metal substrates like Pt and Ir, defects can occur.98 Hence, to
control the grade of the GBM, it is crucial to adjust preparation
parametric conditions including growth temperature, working
pressure, deposition duration, substrate type, and ow
frequency of H gases and C precursor appropriately.

2.2.2. Epitaxial growth method. The epitaxial fabrication of
graphene on SiC wafer surfaces via SiC breakdown and Si
desorption from the surface is another popular technique for
graphene production.39 In this method, through carefully
regulated sublimation, the carbon-rich surface is rebuilt and
graphitized to produce graphene islands throughout the SiC
wafer surface.113 For instance, Berger's group113 produced
ultrathin epitaxial graphite lms in 2004 that were only a few
monolayers thick. Thermal desorption of Si resulted in the
production of epitaxial graphene on the Si-terminated face of
single-crystal 6H-SiC. To remove the oxide, samples were etched
with H2 and heated in an ultrahigh vacuum under electron
bombardment. Tens of nanometer-sized few-layered EG lms,
usually consisting of three GSs, were produced. Temperature
was the primary determinant of layer thickness. Similarly,
Rollings's research team114 synthesized GLs on an n-type 6H-SiC
single-crystalline wafer's Si-terminated face. Aer the samples
were placed in an ultrahigh vacuum preparation room, surface
oxides were removed in situ by annealing them for 20 to 30
minutes at 850 °C with silicon ux. It was possible to create
RSC Adv., 2025, 15, 31032–31059 | 31041
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atomically thin EG with thicknesses as low as 1–2 GLs and a few
microns.

In a more recent study, a four-inch single-crystal monolayer
graphene wafer grew on Cu90Ni10 lm owing to the substantial
increase in catalytic activity of trace Ni, and this growth process
occurred y times more quickly than on Cu.115 Furthermore,
many research teams have created alternative EG growth
methods to produce larger and better-quality graphene.60 For
example, in place of the previously employed vacuum break-
down of SiC, Emtsev et al. described the fabrication of single-
layer GSs with greater domain sizes (3 × 50 mm2) using an ex
situ graphitization of Si-terminated SiC at argon atmosphere
under 900 mbar.116 They have improved the control rate of Si
sublimation using this novel method, which has improved the
material's surface morphology. In like manner, through the
development of an alternative growth approach, De Heer and
his colleagues117 were able to regulate the Si sublimation by
encasing the SiC crystals in graphite enclosures. They prevented
Si from escaping, resulting in a high Si vapour pressure and
excellent control over the graphitization temperatures. Conse-
quently, they were able to create homogeneous GLs of excellent
quality on both the C-facing and the Si-terminated face of the
SiC single crystal. The epitaxial growth method and the result
obtained by ref. 117 are similar to the one reported by ref. 118
but by adopting a Si ux approach that used disilane gas to
manage the Si vapour pressure, which improved graphene's
quality.

Notably, the following are the main benets of epitaxial
growth: (i) the material produced may be guided by properly
tailoring the substrate; (ii) there are no trapped contaminants
beneath the graphene, and (iv) the material does not need to be
transported from the metal to another dielectric substrate.39

Nevertheless, the primary constraints of this technique are the
high temperature employed throughout the procedure and its
non-transferability to alternative substrates. Hence, further
investigation is needed into the proper substrate choice and
how it affects the growth and crystalline quality of graphene.

2.2.3. Organic synthesis. In recent years, a technique of
producing graphene by organic synthesis has been proposed as
a special bottom-up approach, wherein discotic aromatic
hydrocarbons with certain chemical structures and functional
groups are used as precursors.119,120 For example, as shown in
Fig. 11, Yang's team121 developed a bottom-up organic synthe-
sizing method for synthesizing soluble GNRs that are very small
(about 0.5 nm) and using a nonoxidative-alkyne-
benzannulation technique supported by Brønsted acid. The
GNR precursor, poly(2,6-dialkynyl-p-phenylene) (PDAPP), with
a weight-average molecular weight of 37.6 kg mol−1, was created
by Suzuki polymerization. Brønsted acids were effectively used
to cyclize the ethynylaryl side chains on PDAPP, which resulted
in the production of GNRs.

Furthermore, a variety of nanographenes with different
architectures and thicknesses may be synthesized by adjusting
the structure of the precursor monomers.122,123 For example,122

propose a surface chemical pathway that makes it possible to
synthesize customized nanographenes from polyphenylene
precursors with atomic precision. Scanning tunnelling
31042 | RSC Adv., 2025, 15, 31032–31059
microscopy and density functional theory are used to study the
cyclodehydrogenation of a typical polyphenylene on Cu. The
research ndings provide unheard-of insight into a dehydro-
genative intramolecular aryl–aryl coupling process. The authors
discover that thermally driven cyclodehydrogenation occurs via
many intermediary stages, two of which may be stabilized on
the surface. Unfortunately, the main issue in the eld of organic
synthesis of nanographene is how to practically process large
polycyclic aromatic hydrocarbons (PAHs).

Specically, it has been discovered that strong intra-
molecular p–p interactions lead PAHs bigger than hexa-
benzocoronene to be insoluble in organic solvents or
sublimable without crumbling.124 Interestingly, it has been
accentuated that bringing the long, exible aliphatic chains to
the edge of the planar nanographene is one method of solubi-
lizing the nanographene.125,126 Nevertheless, this strategy
becomes less effective as graphene gets bigger, thus the need to
develop novel approaches to address this issue. Sun et al.
attempted to address this setback by using a metal catalyst
substrate and a temperature of 800 °C to deposit large areas of
HQGBM with controllable thickness without the use of
aromatic polymers.127 The organic synthesis technique is
a useful addition to CVD growth as it allows for relatively low-
temperature development and gets around the CVD method's
constraint on the use of gaseous ingredients. However, graph-
ene's large-scale production is limited by the comparatively
high cost of the organic synthesis route.

2.2.4. Laser-assisted method. Laser-aided processing
methods have arisen as robust tools in several applications.60,128

The manufacturing of graphene at a cheap cost and with rapid
development is possible with the use of laser-aided synthesis.
There are two main categories of laser-assisted graphene
fabrication techniques. While one approach is similar to the
CVD process, wherein a laser is used to dissolve the carbon in
the metal when the precursor is exposed to light. Graphene is
created when the carbon precipitates on the metal surface aer
cooling.129,130 The second type of laser-assisted graphene fabri-
cation technique causes photothermal and photochemical
changes on the substrate through the application of lasers to
generate the product. Also, laser-aided graphene fabrication can
be carried out in ambient air in the absence of solvents, which is
benecial for several commercial-scale applications.29

For example, Lin and colleagues employed a CO2 infrared
laser to directly scribe commercial polymer lms, yielding
porous graphene lms with intricate three-dimensional struc-
tures. They also utilized a fast and versatile laser reduction
technique on GO, enabling the direct formation of graphene on
solid surfaces with submicron dimensions, without the need for
chemicals.131 In 2020, Stanford and co-workers132 developed
laser-induced graphene (LIG) by utilizing a visible 405 nm laser,
connected to a bre with a low power of roughly 161 mW,
a diameter of about 3 mm, and a pulse duration ranging from 2
ms to 100 ms, on a polyimide (PI) surface. By positioning this
laser setup atop an SEM chamber, they observed the real-time
formation of laser-induced graphene through secondary elec-
tron imaging. A minimum uence of 83.4 J per cm2 per pulse
was necessary to generate laser-induced graphene. The process
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Synthesis of PDAPP and its benzannulation to form GNR.121
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resulted in laser-induced graphene formation within the upper
5 mm of the substrate, with a lateral resolution of approximately
12 mm, forming a pattern of around 60 mm in size as depicted in
the images. In another study, using a CO2 infrared laser
scriber,133 devised an alternative method for fabricating 3D
porous graphene on PI in ambient settings. Using this novel
method, modied PI (m-PI) was created by combining poly(-
amic acid) (PAA) with N-methyl-2-pyrrolidone additions and
then drying the mixture. When the m-PI was exposed to laser
light, different compositions of LIG were formed. The thick-
nesses of the LIG produced ranged from 20 mm to 1 cm. The
researchers then looked at how LIG formed on lignocellulose
materials such as bread, potatoes, and wood. The results were
good; when a defocused laser point of about 1 mm was
employed to laser-seed in an inert or reducing environment,
many wrinkles appeared in the LIG. Furthermore, this team
© 2025 The Author(s). Published by the Royal Society of Chemistry
investigated the feasibility of scale-up manufacturing to meet
the needs in practical applications, and they presented two
solutions for the mass production of LIG.133

Kulyk's research team also created LIG on cellulosic mate-
rials by irradiating lter paper with a CO2 laser.134 The study
explored how various factors like distance between substrates,
scanning speed, and laser intensity impacted the result.
Creating paper LIG involved two laser phases: the rst, out-of-
focus phase charred the cellulose, while the second, in-focus
phase transformed the char into LIG. To prevent cellulose
from becoming LIG prematurely, 6 × 6 mm2

lter paper pieces,
290 mm thick, were treated with a re retardant. Using a power
of 1.1 W caused signicant damage to the paper, while powers
ranging from 600 to 800 mW were effectively utilized without
harm. Different scanning speeds and defocusing distances were
tested, resulting in samples retaining their bre structure with
RSC Adv., 2025, 15, 31032–31059 | 31043
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minimal visible aws and maintaining high morphological
integrity.134 In another study,135 created micron-scale LIG by
irradiating a positive photoresist (PR), which is oen used in
commercial photolithography and is made of 15–25% Novolak
resin. The scriber utilized for this process had a spatial reso-
lution of around 10 mm and was made of a 10.6 mmCO2 infrared
laser. An acetone bath was used to dissolve the unsealed PR. To
begin with, Si wafers were spin-coated with PR at 500–3000 rpm.
Wafers were hard-baked at 120 °C for 45minutes aer spinning.
As precursors, thin PR (3–8 mm) were used. A defocused laser
beam repeatedly illuminates the same area because of the
increase in spot size. To produce LIG in one pass, a defocus of
1.78 to 2.54 mm is needed. As the frequency of laser passes
rises, the thickness of the defocused laser LIG varies. Initially,
its growth is fueled by the development of gas impurities on the
initial laser surface, yet it gradually diminishes as additional
material is vaporized and graphene is generated through
successive laser treatments. The sheet resistance uctuates
based on laser intensity, the number of treatments, and the
deviation in focus, all contingent on the specic conditions
during laser processing. Due to lm degradation in the form of
blistering or cracking, it has lower values at high power.
Moreover, doing more passes enhances the sheet resistance.135

Researchers have also tried to use pulsed laser irradiation to
ablate carbonaceous targets in liquid, vacuum, and gas envi-
ronments to fabricate GBM.136–138 For the rst time, Qian's
research group137 detailed their ndings on producing 2D gra-
phene by employing pulsed laser exfoliation of HOPG with
a pulsed neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser. They utilized a 532 nm laser with a pulse width
of 7 ns, repeating at 1 Hz, and varying laser uences from 0.8 to
20.0 J cm−2. The substrate employed was a silicon wafer. The
substrate was a silicon wafer. Different phases of carbon
nanostructures, such as thin graphite lms, few-layer graphene,
and amorphous carbon, were created. In particular, GSs with
dimensions of tens of micrometres, a thickness of a few nano-
meters, and a diameter of around 3.9 nm were produced. In like
manner, as shown in Fig. 12, Nancy's work139 served as an
example of a unique laser-induced synthesis of silver nano-
particles (Ag NPs) that are attached to the GO layers using
a single-step green approach known as pulsed laser ablation.
Colloidal Ag–GO nanohybrid materials are created by producing
Ag NPs from a bulk solid silver target ablated in an aqueous
solution of GO using the second and third harmonic wave-
lengths (532 nm and 355 nm) of a Nd:YAG pulsed laser.
Fig. 12 The setup for producing colloidal Ag–GO nanohybrid graphene

31044 | RSC Adv., 2025, 15, 31032–31059
Russo, Hu140 also reported a novel, green, scalable, and one-
pot method for synthesizing graphene quantum dots and
porous graphene by ablation of HOPG in water utilising
a pulsed laser with a wavelength of 800 nm, a repetition rate of 1
kHz, a pulse duration of 35 fs, and a uence of 20–30 J cm2. For
20 minutes, the precursor was ablated continuously at a steady
uence. Porous graphene (quantum dots) of varying layer
thicknesses, spanning from one layer to many sheets, were
observed abundantly within the product generated post-
ablation, looking like stacked layers oating atop the water–
air interface of the resultant solutions. Their typical diameters
were$100 but#200 nm, featuring a textured surfacemarked by
folds attributed to the deposition process of the silicon
substrate. Exhibiting a three-dimensional porous architecture,
the layers contained pores ranging from 10 to 20 nm in size.140

Generally, laser-induced graphene commonly has high thermal
stability greater than 900 °C, admirable conductivity between 5–
25 S cm−1, and a high SSA of up to 340 m2 g−1.141 This approach
is better than CVD since it may be carried out in conditions
where accurate regulation of pressure and the presence of ultra-
pure gases are not necessary. In addition, by using roll-to-roll
automation, it may be readily scaled up to produce graphene
on a huge scale, offering tremendous commercialization
prospects.
2.3 Applications of GBMs in gas adsorption

Air purication has become increasingly important because the
pollution of air is linked to several health problems including
respiratory diseases and premature deaths.142,143 Chief among
the pollutants that continue to be of concern are oxides of
nitrogen, sulphur and carbon, due to their participation in the
formation of smog and acid rain as well as their adverse effects
on human health.144,145 They are generally formed at high
temperatures through an endothermic reaction in the gas
phase.146 In general, these dangerous gases and particles are
released into the atmosphere from factories, automobiles,
forest res, open burning of insecticides, and even domestic
and commercial goods. Carbon-based materials such as gra-
phene have attracted signicant attention as adsorbents over
the years.147 The large surface area and unique structure of
graphene-based materials (GBMs) makes them useful as supe-
rior adsorbents for the removal of various pollutants from the
environment.148 The extreme hydrophobicity of graphene
coupled with its high specic surface area gives it excellent
.139

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties for adsorbing hydrophobic organic compounds, thus
making it an excellent choice as adsorbents in air
purication.149

2.4 Adsorption and conversion of volatile organic
compounds and PM2.5 using GBMs

2.4.1. Adsorption of VOCs using GBMs. Volatile organic
compounds (VOCs) represent toxic pollutants that emanate
from several industrial sources including cleaning processes for
silicon chips, plastic fabrication, paints, internal combustion
engines, and the petroleum industry. Exposure to this group of
compounds over a long period of time, even at very low
concentrations, can pose adverse health effects comprising
respiratory diseases, cancer, and kidney failure.150,151 Owing to
this, it becomes important to manage or remove VOCs from the
environment. Various adsorbents have been investigated for the
removal of VOCs including polymers, silica, zeolites, and acti-
vated carbon.152 The efficiency of the adsorption process is
predicated on the adsorbent's pore size distribution, specic
surface area, and the chemical affinity between the VOC
pollutants and the adsorbent.153 Graphene represents a signi-
cant upgrade over the aforementioned adsorbents in terms of
its high specic surface area and it is relatively easy to chemi-
cally modify graphene for the formation of active sites that
allows the capture and/or removal of target pollutants.154 A
summary of studies that reported the various efficiencies of
graphene-based materials in the adsorption of VOCs is pre-
sented in Table 1.

Graphene-based adsorbents were employed in a study to
remove acetaldehyde and toluene gases. The study treated gra-
phene oxide with KOH activation and microwave irradiation to
form micro sized pores. The results of the study indicated that
Table 1 Summary of studies that reported the various efficiencies of gr

GBMs Volatile organic compound

ZIF-8/GO Toluene
rGO/KOH Acetaldehyde
rGO Toluene
Graphene-PhAPTMS Toluene
Cu-BTC/GO Toluene
rGO/polypyrrole Benzene
GO/ordered mesoporous carbon
composite

Benzene

rGO MW/KOH Toluene
Acetaldehyde

Thermally expanded graphene powder Toluene
Xylene

Few layered mesoporous graphene Toluene
Graphene/metal–organic composites Benzene
rGO Benzene

Toluene
Thermally exfoliated graphene oxide Benzene, toluene, xylene
Graphene Benzene

Xylene
n-Hexane
Toluene
Carbon tetrachloride

L-GO/polypropylene masks Xylene

© 2025 The Author(s). Published by the Royal Society of Chemistry
the graphene surface expanded, and its specic surface area
increased when pristine graphene was heated to about 800 °C
under KOH activation and then exposed to microwave radia-
tion. Impressive maximum volume capacities of 3510 m3 g−1 for
toluene and 630m3 g−1 for acetaldehyde gas were demonstrated
by the material. The exceptional removal efficiency of toluene
(98%) in contrast to acetaldehyde (30%) gas was ascribed to the
strong interactions that transpired between the toluene mole-
cules and the pristine graphene surface.156 In consonance with
the literature, the adsorption of toluene on the graphene
material is largely due to the non-covalent interaction occurring
between the aromatic ring of toluene and the p electron-rich
region in the basal plane of the graphene.168,169

In addition, adjusting several factors such as surface func-
tional groups, humidity, boiling point, polarity, pore distribu-
tion, pore size, and specic surface area have been shown to
enhance the chemisorption or physical adsorption performance
of adsorbents.170,171 A study investigated the use of mesoporous
graphene powders produced by thermal expansion method as
adsorbents in the removal of toluene and xylene.162 The results
of the study showed that the thermally expanded graphene
powder (TEGP) exhibited relatively high adsorptive capability at
each tested concentration of toluene and xylene. Despite the
high specic surface area exhibited by TEGP, there were varia-
tions in its total adsorbed volume capacity of toluene and
xylene, suggesting that the adsorption of the gas molecules is
not only predicated on specic surface area. It is noteworthy to
point out that the study reported 691 cm3 g−1 and 191 cm3 g−1

total adsorbed volume capacities for toluene and xylene,
respectively. This signicant variation was attributed to the
relatively smaller molecular size of toluene which indicates
aphene-based materials (GBMs) in the adsorption of VOCs

Adsorption capacities Removal efficiency (%) Reference

116 mg g−1 — 155
630 mm3 g−1 — 156
454 mg g−1 — 157
— >95 158
183 mg g−1 — 159
15.8 mmol g−1 — 160
9.6 mmol g−1 — 161

3510 mm3 g−1 98 156
630 mm3 g−1 30
691 cm3 g−1 92.7–98.3 162
191 cm3 g−1 96.7–98
— 260 mg g−1 163
— 72 cm3 g−1 164
— 276.4 mg g−1 149
— 304.4 mg g−1

— 98 � 2 165
8.8–158 mg g−1 — 166
8.53–156 mg g−1

7.13–126 mg g−1

8.76–162 mg g−1

9.6–166 mg g−1

804 mg g−1 98.9 167

RSC Adv., 2025, 15, 31032–31059 | 31045
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more of the toluene gas would be adsorbed at any given
volume.162

It has been suggested that the specic technique adopted in
building graphene architectures is an inuential factor for its
hierarchical porosity and large specic surface area. Some of the
widely adopted techniques have included activating the gra-
phene material with various activating agents.172–174 However,
these activating agents cause the resulting activated graphene
materials to exhibit extra hydrophilic sites and random porous
architectures. To circumvent this, the chemical vapour deposi-
tion method stands out as a promising and attractive technique
in the construction of graphene materials with mesoporous
structures for the adsorption of VOCs.175–177 Wang et al. (2019)
employed a graphene material fabricated by the chemical
vapour deposition method in the adsorption of toluene. The
study showed that a three-dimensional architecture made of
graphene layers was demonstrated using the as-prepared few-
layered mesoporous graphene (FLMG). The remarkable
adsorption capabilities of FLMG were a result of its distinctive
architecture, especially when it comes to toluene at low
concentrations (120 ppm). Strong p–p interactions and a large
specic surface area (SSA) of 1990m2 g−1 were important factors
in this adsorption behaviour. Interestingly, even at a low heat-
ing temperature of 95 °C, a high desorption ratio of 92% ± 4%
was achieved owing to interconnected mesopores that promote
efficient desorption. These features allow FLMG to demonstrate
reusability. Furthermore, FLMG is endowed with inherent
thermostability and hydrophobicity via the chemical vapour
deposition technique. FLMG maintained 80.1% ± 3.4% of its
initial adsorption capability even at high humidity levels.163

Similarly, another study employed the use of the chemical
vapour deposition method in synthesizing graphene and the
activated graphene was used in the adsorption of benzene,
toluene, and xylene.178 The results of the study showed that the
activation of the graphene material increased its surface area
from 298 to 568 m2 g−1. In addition, the study reported that
a signicant quantity of benzene, toluene, and xylene was
adsorbed from a typical gasoline vapour using the synthesized
activated graphene, highlighting that hydrophobic interactions,
p–p bonds, and electrostatic interactions are the effective forces
responsible for the adsorption of these compounds.149,178

Graphene oxide has phenolic hydroxyl and epoxide groups
on its basal plane and carboxylic groups on its edges. Reduced
graphene oxide is generally produced by thermal annealing or
chemical treatment which eliminates the functional groups
present on the graphene oxide.148 The reduced graphene oxide
is preferred to graphene oxide due to its higher surface area,
higher hydrophobicity, and lower oxygen content, all of which
give it superior adsorption capability.179 A facile and cost-
effective method was adopted by Yu et al. (2018) to prepare
reduced graphene oxide, which was adopted for the adsorption
of VOCs. According to the results of the adsorption experiment,
reduced graphene oxide was able to adsorb more benzene and
toluene than graphene oxide. At room temperature and normal
pressure, reduced graphene oxide's breakthrough adsorption
capacity was 304.4 mg g−1 for toluene and 276.4 mg g−1 for
benzene, respectively.149
31046 | RSC Adv., 2025, 15, 31032–31059
Recently, extensive research has been carried out to enhance
the adsorption efficiency of carbon-based materials by modi-
cation using metal elements.180–182 A density functional calcu-
lation study was conducted by Liu et al. (2019) to understand the
adsorption mechanisms of pristine PG monolayer and Al-
modied PG (Al-PG) monolayer in the removal of VOCs. The
ndings of the study showed that PG monolayers are excellent
adsorbents for volatile organic compounds (VOCs). The
adsorption energy of carbonyl-containing VOCs (CVOCs) is
enhanced further aer Al decoration, and it is nearly twice as
high as that of CVOCs adsorption on PG monolayer. The elec-
tronic structure analysis (Mulliken charge distribution, elec-
tronic density distribution, and the density of state) revealed
that the carbonyl group can attract the Al atom with the
formation of a C–Al bond, which causes the connection of
CVOCs and Al-PG substrate in the adsorption process and also
greatly strengthens the adsorption of CVOCs.183

Despite the great application potential shown by porous
carbon materials including graphene in the adsorption of
VOCs, most of these porous materials exist in block or powder
form and as such cannot be used in wearable personal protec-
tive applications. Polypropylene masks are more exible and
comfortable to wear than carbon materials, but they are unable
to intercept small VOCs due to electrostatic interactions and
visible bre pores. Hence, a possible combination of carbon
materials and polypropylene masks would result in a personal
protective fabric with the ability to effectively absorb VOCs. This
led Cheng et al. (2024) to create a novel method for carbonizing
polypropylene mask surfaces by making use of graphene's
superior laser responsiveness. To create a thick layer of gra-
phene oxide, they applied an aqueous solution of thematerial to
the mask's surface. Next, they used amore controllable 1064 nm
near-infrared laser to irradiate the graphene oxide coating.167

This novel double-layer fabric has two functions: it efficiently
performs solar-powered desorption and recycling and recovers
low-concentration VOCs from gas, achieving about 98.9%
removal in just 30 seconds. The fabric's design makes use of
easy-to-use and cost-effective coating and laser irradiation
techniques. The hydrophilic porous channels created by laser-
induced thermal degradation of graphene oxide coatings in
ambient air are responsible for this fabric's exceptional
adsorption capability. These channels help conjugated double
bonds and hydrophilic groups interact with the benzene rings
found in VOCs.167

From the foregoing, it suffices to say that the utilization of
graphene composites, which involve combining graphene with
other materials, signicantly broadens their range of applica-
tions. In most cases, the removal efficiencies were well over
95%, suggesting that these materials are capable of removing
the target VOCs. These composites are very useful in practical
applications because they have additional characteristics,
including chemical stability, mechanical strength, and exi-
bility. Novel strategies for solar-driven desorption and recycling
improve the energy efficiency and sustainability of graphene-
based adsorbents. This is in line with the increasing
emphasis on eco-friendly technologies. Additionally, the crea-
tion of wearable and exible adsorbent materials presents
© 2025 The Author(s). Published by the Royal Society of Chemistry
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intriguing new opportunities for personal protective equip-
ment, particularly in environments where VOCs are present in
high concentrations.

2.4.2. Adsorption of PM2.5 using GBMs. The pollution of
the environment by particulate matter has its attendant effects
on public health and global air quality.184,185 Based on particle
size, it can be divided into PM2.5 and PM10, with the former
describing particle sizes with aerodynamic diameter #2.5 mm
and the latter describing particle sizes with aerodynamic
diameter #10 mm.186 PM2.5 can easily enter the lungs and
human bronchi, and consequently circulate through the blood
owing to the ultrane diameter.187,188

A large surface area is essential for any adsorption-based
lter. If the surface area were greater, more particulate matter
would be caught during the process of adsorption onto the lter
surface. Broadly speaking, a two-dimensional (2-D) material is
larger than a three-dimensional (3-D) material by nature in
terms of surface area per weight. Most of the lters used
currently are 3-D nanobers or nanoparticles.189 This informed
the development of a 2-D material, reduced graphene oxide, in
the design of a lter for the removal of PM2.5.189 According to the
ndings of the study, the lter's highly porous and void struc-
ture minimizes pressure loss while allowing air to ow through
it quickly. Particulate matter (PM) can be effectively removed
because there are enough sites for adsorption on the wide
surface area. Interestingly, the quality factor of the lter is
almost twice as high as the best-reported literature values.
Additionally, dual ltering for both incoming room air and
recirculated air is made possible by the foam built on both sides
of the copper mesh. The lter's robustness is demonstrated by
the fact that it still performs more than 99% PM reduction aer
ve cleaning and reuse cycles. Its low power consumption, bi-
directionality, scalability, and ease of manufacture make it
a viable option for high-efficiency PM2.5 removal lters.189

A relatively recent technique called electrospinning can be
used to create ultrathin polymer and polymer composite bres.
A new and exible technique for creating bres made of
spiderweb-like nanowebs that may be used for a range of
applications is electrospinning.190 Due to their huge surface
area and great mechanical strength, electrospun bres are able
to collect both ultrane particles and high-mass droplets.
Additionally, because of the advantages of the reticular support
structure and winding pore channels, electrospun bres can be
used to synchronously implement air ow and have the desir-
able capacity to tackle PM.191 Dai et al. (2021) prepared a PAN/
GO/PI nanobrous membranes by incorporating graphene
oxide and polyimide into a solution of polyacrylonitrile. When
compared to pure PAN and PAN/GO nanobrous membranes,
the air lter made of PAN/GO/PI nanobrous membranes was
more successful at capturing PM2.5 particles. The PAN/GO/PI
nanobrous membranes exhibit exceptional mechanical prop-
erties, superior thermal stability, reduced pressure drops, and
great ltering efficiency. The interaction between PM2.5 parti-
cles and PAN/GO/PI nanobrous membranes, which have the
ability to draw in and rmly adsorb PM2.5 particles, is respon-
sible for the high ltration efficiency (99.5%).192
© 2025 The Author(s). Published by the Royal Society of Chemistry
Similarly, a lter based on rGO-functionalised PAN nano-
brous membrane was fabricated by electrospinning and used
in the removal of PM2.5.193 Based on both hydrogen bonding and
dipole–dipole interaction forces, the study showed that the rGO
nanosheets scattered on/in the PAN NFM signicantly increase
the PM2.5 capture sites on the uncross-linked nanobers.
Furthermore, because of the superior mechanical qualities of
the rGO nanosheets, the tensile strength of the rGO-
functionalized PAN NFM (0.48–1.25 MPa) is signicantly
higher than that of the pure PAN NFM (0.19 MPa). During air
ltration, the composite NFM's increased tensile strength effi-
ciently increases gas permeability. Thus, for resisting the
airow with a high gas velocity of 20 L min−1, the ideal NFM
containing 2.5 wt% rGO nanosheets demonstrated >99.9%
PM2.5 removal efficiency, 0.094 Pa−1 quality factor, and only 70
Pa pressure loss.193

Graphene aerogels areemerging super elasticity macroscopic
and low-density porous materials with a wide range of uses. The
development of a exible approach for large-area, high-
performance graphene aerogels at ambient conditions, which
is essential for their practical applications, is still a difficulty.194

Yan et al. (2019) developed a strategy to fabricate graphene
aerogels under ambient conditions and this was used in the
adsorption of PM2.5. The results of the study showed that the as-
formed aerogels are suited for pressure/strain sensors because
of their super-elasticity (rapidly recoverable from 95%
compression), low density of 3.6 mg cm−3, and stable
honeycomb-like coarse-pore structure. Additionally, aerogel
shows strong recycling potential and better particulate matter
adsorption efficiency (PM2.5: 93.7%).194

Furthermore, most of the current research on air purication
using graphene is widely focused on the mixing of graphene
with other additives to obtain composite materials. However,
Zou et al. (2019) prepared a graphene oxide membrane and used
it in air purication. The efficiency of particulate matter (PM)
removal as well as the effects of wind speed and pollutant
concentration on a graphene oxide (GO) membrane were
examined in the study. Notably, the GO membrane attained its
maximum efficiency of 99.46% PM2.5 removal at a wind speed of
0.1 m s−1, with a minimum pressure drop of 7 Pa and a quality
factor (QF) of 0.75 Pa−1. The GOmembrane exhibited prolonged
adsorption efficiency. Furthermore, the removal effectiveness of
the GO membrane was improved by larger import concentra-
tions and lower wind velocities. The effective PM2.5 capture by
the GO membrane was veried by energy-dispersive X-ray
spectroscopy (EDS) and scanning electron microscopy (SEM).195

The high efficiency of graphene-based materials in the
adsorption of PM2.5 has been demonstrated in this study.
Nevertheless, it is imperative to ensure the high effectiveness of
PM2.5 ltration in addition to an ideal airow with minimum
pressure drop. Previous research has focused on methods to
minimize pressure loss; nevertheless, more studies are needed
to guarantee efficient air circulation in practical situations.
There are still issues with the cost-effectiveness and scalability
of graphene-based lters. Even though laboratory-scale
research shows promising results, it is still unclear how large-
scale manufacturing and commercial viability can be achieved.
RSC Adv., 2025, 15, 31032–31059 | 31047
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2.5 Adsorption and conversion of nitrogen oxides using
GBMs

NO2 and NO are emissions of combustion processes occurring
in internal combustion engines.196 Hence, there is a need to
ensure the preservation of air quality by developing efficient
methods that can effectively remove nitrogen oxides.197 Pristine
graphene was used in a study for the adsorption of NO using the
rst-principle method. The adsorption process between
molecular nitrogen monoxide (NO) and graphene, with
adsorption energies ranging from −2.37 eV to −1.74 eV, was
essentially physical, according to the ndings of the study. A
small number of electrons, with values between −0.007 e and
−0.001 e, were moved from the NO molecule to the graphene
surface during this process. Subsequent computations
demonstrated that the graphene surface's B-site had the highest
NO adsorption energy, followed by the T-site and the H-site.
Analysis of the LUMO, HOMO, electron density difference,
and Mulliken charge supported these ndings. Generally, gra-
phene was essential for adsorbing NO exhaust gas. Notably, the
adsorption effect was especially benecial when the B-site
functioned as the adsorption site.198

Graphene was doped with transition metals (Cu, Ni, Co, and
Fe) and it was investigated in the adsorption of NO, NO2, and
other gas molecules. The adsorption properties were calculated
using a rst-principle study.199 The results of the DFT study
indicated that among all the metal dopants, only Fe exhibited
covalent bonding with graphene. The greater oxidation state of
the Fe atom was attributed to be the likely cause of this
phenomenon. Interestingly, in terms of charge transfer, the
adsorption energy linked to transition metal doping is greater
than that of pure graphene. Moreover, Fe exhibited the best
adsorption energy, charge transfer, and intermolecular
distances when transition metal atom doping is taken into
account.199 Furthermore, doping has been reported to enhance
the electronic behaviour of semi-conductor materials.200 Many
kinds of dopants have been adopted to enhance and expand the
applications of graphene.201–203 The use of aluminum has been
associated with the modication of electron density allocation
around the doped atom and this has found applications for
different purposes.204–206 In a study, a nanostructure adsorbent,
Al-modied graphene, was developed for the adsorption of N2O
and NO2, with density functional theories.207 The study showed
that introducing aluminum (Al) doping to the graphene struc-
ture can signicantly change the originally weak physisorption
of gas molecules on pristine graphene into chemisorption. The
electronic structure of graphene is altered by the presence of
doped Al, which leads to strong adsorption of the gas species.
Interestingly, Al-doped graphene (AlG) showed high adsorption
of these gas molecules, but pristine graphene (PG) showed weak
adsorption. The density of state analysis (Fig. 13) successfully
conrmed this contrast.207

Moreover, tuning the thermoelectric, optical, electronic,
mechanical, and structural properties of two-dimensional
layered materials is widely inuenced by native defects.208–211

The presence of inactive surfaces on pristine graphene has led
to low adsorption energies during the detection of several gas
31048 | RSC Adv., 2025, 15, 31032–31059
molecules.212,213 However, the chemisorption of gas molecules is
facilitated by the presence of defects in graphene.214 It has been
suggested that the enhancement and induction of selectivity
can be achieved by decorating graphene with nano-
composites.215,216 Ali and Tit (2019) carried out a study to
investigate the adsorption of NO and NO2 on ozone-treated
graphene using density functional theory. The ndings indi-
cated that in addition to improving the selectivity of the sensor,
ozone treatment of graphene requires more carbon vacancies in
order to accommodate gas molecules. In agreement with
experimental data, the ndings showed that higher sensor
response is a consequence of the chemisorption of NO2 on
graphene with mono-vacancy, compared to NO.217

Due to its exceptional structural qualities, such as its ultra-
high specic surface area, and its electronic characteristics,
such as its high electron mobility and low electrical noise,
graphene, or monolayer graphite, has drawn a lot of interest in
gas sensing.218 Because surface adsorbates operate as electron
donors or acceptors, they alter the local charge carrier density,
which in turn affects the conductance of graphene sheets,
which is the basis for several graphene-based sensors.219

Because of its high surface area, strong chemical and thermal
durability, high functionalization capability, and versatility in
comparison to other nanostructure gas sensor systems, gra-
phene is a good choice for high-sensitivity, label-free chemical
sensors.219,220

Although pristine graphene by itself is not very good at
sensing gases such as H2O, NH3, CO, NO2, and NO,221 scientists
have discovered a useful method to improve its sensitivity and
performance. This entails substitutional doping of graphene,
which shows potential for creating even more sensitive
sensors.222 This informed the study undertaken by a group of
researchers to investigate the comparative potential of pristine
graphene and Ga-doped graphene in the adsorption of NO2, NO
and other gases using density functional theory.223 The results
of the study (Table 2) showed that there is little charge transfer
because of the weak adsorption of gas molecules on pristine
graphene. This is explained by the weak interaction between the
gas molecules and graphene's p electrons. As opposed to pris-
tine graphene, Ga-doped graphene showed a noticeably higher
affinity for the studied gas molecules. Chemisorption on Ga-
doped graphene was observed by analyzing the density of
states (DOS) and electron density plots (Fig. 13). This process is
characterized by comparatively high adsorption energies.
Strong chemical bonds and a signicant band gap are formed as
a result of the interaction between the orbitals of gas molecules
and the electron cloud. Due to prominent changes in the elec-
tronic structure and charge transfer between the gas molecule
and Ga-doped graphene, NO2 notably exhibited greater
adsorption energies on Ga-doped graphene (Fig. 14).223

While a study showed that the adsorption of gas molecules
including NO and NO2 is signicantly enhanced by decorating
graphene oxide with lighter, cheaper, and more eco-friendly
metals such as Al and Li,224 another study investigated the
doping of pristine graphene with Fe (FeG) and reported the high
stability and increased adsorption of nitrogen oxides on FeG
relative to pristine graphene,225 and another study reported that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The density of state for isolated PG, PG-NO2, PG-N2O, isolated AlG and the most stable configurations of AlG-NO2 and AlG-N2O.207
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doubly doped defective graphene with boron, nitrogen and
oxygen are more promising candidates for gas adsorption than
pristine graphene although doubly doped defective graphene
© 2025 The Author(s). Published by the Royal Society of Chemistry
with uorine was reported to be unsuitable for gas adsorption
owing to large structural deformation, high formation energy,
and high recovery time despite its interaction with the gas
RSC Adv., 2025, 15, 31032–31059 | 31049
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Table 2 Summary of the results showing the various adsorption
energies of gas molecules on pristine and Ga-doped graphenea223

Adsorbate

Pristine graphene Ga-doped graphene

Ead Q h Ead Q h

NO −0.191 0.030 3.164 −0.779 −0.034 2.079
NO2 −0.425 −0.199 2.841 −1.928 −0.239 1.957

a Where Ead= adsorption energies, Q=Hirshfeld charge transfer, and h
= adsorption height.
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molecules in high adsorption energies,226 the recurring theme
in all of these studies is that doping signicantly improves the
adsorptive properties of graphene based materials towards gas
molecules and this is consistent with many other studies in the
literature.227,228

The adsorption of various gas molecules, including NO and
NO2, onto pristine graphene is characterized by weak phys-
isorption. This phenomenon primarily arises from the relatively
weak interaction between the gas molecules and the p electrons
of graphene. Consequently, minimal charge transfer occurs,
leading to low adsorption energies and corresponding adsorp-
tion heights. As highlighted, defect engineering and doping are
pivotal in improving the adsorptive capabilities of materials.
Nevertheless, it is important to learn more about the durability
and resilience of these modied materials to make sure they are
practically feasible. For practical applications, longevity and
resistance to environmental degradation are equally essential.
Getting graphene-based materials onto the market for gas
adsorption will require overcoming the tremendous obstacle of
scaling up manufacturing while maintaining consistent quality
and performance. Material integrity must be balanced with
mass production.
2.6 GBMs for adsorption and conversion of sulphur oxide

Sulfur oxides (SOx) are major pollutants that are emitted from
industrial processes such as fossil fuel combustion, metal
smelting, and chemical manufacturing. The two primary
pollutants in SOx are sulfur dioxide (SO2) and sulfur trioxide
(SO3). These pollutants contribute to acid rain, smog formation,
respiratory problems, and environmental degradation. To
mitigate their environmental impact, it is promising to convert
SOx into less harmful or valuable products. Graphene-based
materials are renowned for their unique properties and are
Fig. 14 Electronic deformation density for NO2 molecule on Ga-doped
Angstrom and (c) −1 V per Angstrom.223

31050 | RSC Adv., 2025, 15, 31032–31059
emerging as versatile platforms for catalyzing the conversion of
SOx. This article explores recent advancements and research
endeavours in utilizing GBMs for the conversion of SOx, high-
lighting their potential in sustainable air pollution control.

Pan and his colleagues synthesized HKUST-1, a widely
utilized metallic organic framework (MOF), which several
researchers have reported to be very reactive for the adsorption
of toxic gases.229 Despite its high reactivity, it has a major
drawback of instability under humid conditions due to the
interaction of water molecules with the unsaturated CU-site
present on the surface of the HKUST-1 MOF. To overcome
this drawback, HKUST-1 was modied with graphene oxide
(GO) using hydrothermal methods. The result proved that
200 mg HKUST-1@1.2% GO synthesized hydrothermally per-
formed excellently for the adsorption of SO2 at 120 min, with an
adsorption capacity of 72.49 mmol g−1. HKUST-1@1.2% GO
proved to be sustainable and stable, with the ability to absorb
SO2 over ve cycles with only a 0.8% adsorption efficiency
decrease observed.

In another study, SO2 was adsorped on intrinsic graphene
(IG), Ni-doped graphene (NiG) and Pd-doped graphene (PdG),
respectively. It was theoretically studied based on the rst
principle of density functional theory. It was reported that there
was a strong chemisorption between the contact surface with
the Eads of SO2 molecules absorbed on NiG and PdG being
−4.213 eV and −5.779 eV. the result also proved that the
adsorption of SO2 on IG was signicantly improved due to the
doping with Ni and Pd.230 Interestingly another study by Karami
and his colleagues reported the use of Beryllium-Oxide (BeO),
Zinc-Oxide (ZnO), and Ni-decorated graphene applying the DFT
rst-principles study. The results also showed that the SO2

molecules were chemisorbed on Ni-decorated graphene sheets
with an adsorption energy of −2.297 eV as compared to the BeO
and ZnO sheets which had physical adsorption.231 Luo and his
colleagues232 conducted a study on the adsorption of SO2 on
graphene (G), N-doped graphene (N-G), Ti-doped graphene (Ti-
G), and N–Ti co-doped graphene (N–Ti-G). They used DFT
simulation and found that SO2 molecules were adsorbed
through physisorption on N-G and chemisorption on Ti-G and
N–Ti-G. The study reported that N–Ti-G was the best material for
SO2 adsorption with the lowest adsorption energy −2.836 eV
and excellent charge transfer 0.735emoved from N–Ti-G to SO2,
making it ideal for selecting and removing SO2 (Luo et al., 2022).

The investigation of adsorption and oxidation of SO2 on
graphene oxides (GOs) GP, HO-GP, O-GP, and HO-OGP proved
graphene under an electric field of (a) 1 V per Angstrom, (b) 0 V per

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Physisorption and chemisorption modes of graphene for CO2 adsorption.
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to be efficient and provided valuable insights into the mecha-
nism. The study revealed that hydroxyl groups on the surface of
GO enhance the adsorption of SO2 through H-bonding inter-
actions and reduce the reaction barrier for its oxidation to SO3

due to its bifunctionality. The material's performance was re-
ported as GP, HO-GP, O-GP, and HO-OGP, respectively.233

Another researcher explored four graphene structures including
pristine graphene (PG) vacancy-defected graphene (VG), Ti-
doped graphene (Ti-G), and Ti-doped graphene with vacancies
(Ti-VG) explored for the adsorption of SO2 using the DFT rst-
principle calculations. It was reported that PG and vacancy
defects formed very weak physical adsorption of SO2. Upon
doping with Ti, the adsorption energy and charge density of the
adsorption system improved and also promoted
chemisorption.234

DFT rst principle calculations were utilized to investigate
the efficacy of Co-doped (CoG), Ti-doped (IG-Ti), and Co–Ti co-
doped (CoG-Ti) graphene on SO2 adsorption.235 CoG-Ti had the
optimum performance for SO2 adsorption with its adsorption
energy as −4.635 Ev. It was reported that the performance of the
doped graphene was better than that of the intrinsic graphene
(IG) for SO2 adsorption based on the results of the analysis of
the materials' structures and electronic properties at different
adsorption sites.
2.7 CO2 capture using GBMs

A signicant portion of the energy systems in use today are
based on fossil fuels, which continuously generate CO2, the
primary driver of global climate change.236 Research and
development on carbon cycle solutions and emissions
management are crucial to mitigating the effects of global
warming. By achieving zero carbon emissions, carbon dioxide
(CO2) capture and storage can slow down the acceleration of
climate change.237 To address this challenge, graphene may be
used as a molecular sieve to capture CO2 by its inherent holes
and defects.238–240 While the yield of graphene made from
© 2025 The Author(s). Published by the Royal Society of Chemistry
naturally occurring carbon precursors is limited, the cost
requirements of GBMs made from industrially derived raw
materials are very high. Reduced graphene oxide (RGO) and
other composites of graphene are effective alternatives for CO2

capture material besides pure graphene.241–243 Moreover, func-
tionalizing GBMs is a standard procedure to increase their
capacity for CO2 adsorption.

The sorbent material's chemical and physical properties
determine the mechanism of CO2 adsorption. GBM has been
shown to be able to absorb CO2 through both chemisorption
and physisorption.244 GBMs have a large surface area, which
provides a large number of CO2 adsorption sites. Physisorption
of CO2 is driven by van der Waals interaction, which involves
weak bonds between molecules of similar sizes without a net
charge and does not require the formation of chemical bonds,
the sharing of electrons, or modications to the chemical
structures of interacting molecules.245,246 The physisorption
mechanism is driven by weak van der Waals interactions
between the graphene surface and the CO2 molecules (Fig. 15).

The efficacy of GBM in capturing CO2 is inuenced by
various factors such as temperature, pressure, and the presence
of other gases.247 Higher temperatures lead to a decrease in van
der Waals interactions between CO2 molecules and the gra-
phene surface, resulting in reduced adsorption capacity. This
reduction is indicative of an exothermic nature of phys-
isorption. The binding energy for physisorption typically ranges
from 20 to 40 kJ mol−1.248 Lower pressures diminish graphene's
adsorption ability due to fewer CO2 molecules available for
adsorption. Gases like N2, O2, CO, and CH4, which share similar
kinetic properties with CO2, can compete for adsorption sites,
affecting graphene's selectivity for CO2.249 Additionally, mois-
ture in the gas stream decreases graphene's adsorption capacity
by blocking adsorption sites and hindering CO2 facilitation on
the adsorbent surface.

The CO2 adsorption performance and surface area of GBMs
are compared in Table 3. It is quite instructive to note there is
RSC Adv., 2025, 15, 31032–31059 | 31051
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Table 3 Adsorption capacities of graphene-based materials (GBMs) for CO2 capture

GBMs Surface area (m2 g−1) CO2 adsorption capacities (mmol g−1) Reference

Graphite nanobers 567 59.2 mg g−1 252
Graphene 443 2.16 253
GO/TiO2 99.536 1.88 254
GO/ZnO 236 44.8 cm3 g−1 255
meta-Phenylenediamine-GO 44.33 0.61, 0.74, and 0.91 for GO-PEHA, GO-TETA, and GO-MPD 256
Triethylenetetramine-GO 14.40
Pentaethylenehexamine-GO 9.39
EDA-GO cryogels 167.66 1.18 257
Chitosan-GO cryogels 33.32 0.257 258
Urea-KOH-GO 1032 2.40 259
CO2-activated graphene 2518 4.06 251
NaOH-activated graphene 843 1.74
3D crumpled graphene 1316 2.45 260
Monolithic rGO aerogel 1622 6.31 250
GO/MOF-200 3359 1.34 261
GO/Cu-MOF 1015–1820 2.50–9.05 262 and 263
UV-irradiated GO/Cu3(BTC)2 1097–1324 2.53–5.14 264
GO/UiO-66 1184 3.37 265
RGO/Polymer 110 3.56–3.85 266
GO/Polyaniline <5 1.31 267
GO/MgO 12 2.79–3.34 268
RGO/PMMT 50.77 0.49 269
Graphene sheets 484 2.894 260
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a positive correlation between the specic surface area of the
GBMs and adsorption capacities. Furthermore, surface modi-
cation involving amine-functionalization, formation of aero-
gels, doping with MOFs, and activation of GBMs using CO2 and
NaOH/KOH have successfully demonstrated the potential to
enhance CO2 adsorption of GBMs. Following the works carried
out separately by Yun et al. (2016)250 and Xia et al. (2021),251 an
amalgamation of both methods that will involve CO2 activation
of monolithic RGO aerogel may be worth pursuing for the future
advancement of CO2 capture by GBMs. Furthermore, it is
noteworthy to mention that most research so far focuses on
creating adsorbents with increased adsorption capacity and
reduced regeneration energy consumption. However, for engi-
neering applications and real-world applications, research on
practical aspects and adsorption techniques is also required,
particularly for high CO2 sources, such as ue gas and syngas.
3 Limitations of current research
achievements

Graphene-based nanomaterials have been notable for various
scientic and industrial interests in terms of gas adsorption
and air pollution. However, certain limitations occur with
translating these breakthroughs from laboratory experiments to
practical implementation. These weaknesses appear on all
levels, i.e. technical, environmental and economic levels and
they do indeed hinder a seamless integration of graphene-based
products in the mainstream market. One of the biggest chal-
lenges is the challenge of large-scale production of graphene
and its derivatives, especially graphene oxide and reduced gra-
phene oxide. Although suchmaterials have excellent adsorption
31052 | RSC Adv., 2025, 15, 31032–31059
in the laboratory settings, large-scale simulations that extrapo-
late this to an industrial scale have not been able to replicate it.
The present production processes are not only economically
demanding in terms of cost, energy and time, but they are
usually characterized by degraded structural resilience or
product discontinuity. This limits their commercial applica-
bility, particularly in applications where lots of utilization needs
and constant consistent performance are essential.

The other complex factor is the surface functionalization of
the materials. The adsorptive property and selectivity of gra-
phene can be improved through functionalization of the
surfaces that are usually attained in processes where functional
groups are introduced to the graphene. Although this is to the
advantage of performance, technically it is difficult to deposit
uniform and rigid functionalization, which does not have
dramatic implications on properties of interest, e.g., conduc-
tivity or surface area. Besides, the use of chemicals which are
toxic and production of hazardous by-products that arise during
the process of functionalization present some reservations in
the minds of the people regarding safety and effect on the
environment. On the other hand, adsorbents composed of
graphene are prone to be destroyed in high moisture or at areas
where chemical activities are taking place. When chemicals are
exposed to wet or reactive gases and are allowed to agglomerate
on the surface or structural collapse occurs, surface oxidation,
surface agglomeration and structural collapse may occur and
the resultant effect would require the materials to no longer be
effective. This weakness does not make them suitable in the
ambient air or industrial gas treatment units where stability is
of utmost essence.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Also, there is the selectivity of the gases that makes the
application of the graphene nanomaterials more difficult. On
one hand, they have a large surface area and tunable chemistry
and have been seen to be promising when utilised as a selective
adsorbent. It turns out, however, when trying to apply these
materials practically, that they are quite bad at the ability to
distinguish between similar gas molecules, particularly in high
high-complexity mixture. This is a generality that renders them
of little value in life circumstances when more than a single
pollutant could exist and require remediation with highly
detailed action plans.

Finally, long-term application still faces signicant chal-
lenges when it comes to regeneration and reusability. To ensure
the economic viability as well as the operative feasibility of the
graphene-based adsorbents, the adsorbents cannot only be
deemed to guarantee high single-cycle performance, but they
must also be able to exhibit high performance even aer
a number of adsorption–desorption cycles.
4 Prospects of GBMs for air clean-up
and future research directions

Considering the extensive coverage of the GBMs in the
preceding sections, it is very clear that adsorption-based gas
separation holds great potential for future air purication
applications. Nonetheless, it is also evident that notable
advancements in the state of the art are required in various
directions, that may require multidisciplinary strategy. To begin
with, choosing the right sorbent is an essential step in gas
adsorption systems and the synthesis of novel GBMs with
improved adsorption capacities through eco-friendly and
readily scalable synthesis pathways remains the primary chal-
lenge. Signicant technological and cost benets could result
from an adsorption-based approach that uses economical and
efficient GBMs. In particular, the physicochemical properties of
GBMs should be controllable at the molecular level because of
the potential correlation between structure/function relation-
ships and gas adsorption capacity.

Newly synthesized GBMs meant for industrial use needs to
show their effectiveness in different gas–solid contact systems
(like xed, uidized, moving, or rotating beds) and in particular
technological regeneration congurations (like pressure,
temperature, electricity, or combined cycles). This evaluation is
crucial because it nally establishes the economic viability of
a technology for gas extraction. The full potential of GBMs can
only be realized by selecting the ideal gas–solid reactor cong-
uration and regeneration mode, with the goal of minimizing
operating and capital costs and expediting the commercial
deployment of GBM-aided adsorption technology. Indeed, it is
clear that the nature of gas–solid contacting system and
regeneration technique has a signicant impact on the capture
performance in terms of gas recovery, purity, and productivity,
as well as the energy requirement. Therefore, it is germane that
new computational and characterization techniques must be
developed, in tandem with experimental research for further
development of the most efficient systems. Furthermore,
© 2025 The Author(s). Published by the Royal Society of Chemistry
computational techniques may also prove to be an extremely
effective means of conducting rapid, extensive screening of
novel materials and forecasting their properties. This advanced
tool may also shed light on the dynamic conditions for the most
promising GBMs for more real-world multi-component
mixtures.

Different adsorption-based gas separation techniques using
GBMs, reactor congurations, and regeneration modes have all
been demonstrated at various scales. However, adequate
techno-economic and life cycle assessment (LCA) studies are
still missing, which would give a clear estimate of the cost of
adapting GBMs in current plants, as well as the real energy costs
brought on by this capture technology. Therefore, before GBM-
based gas capture processes are implemented in actual plants,
all the aforementioned factors and key points need to be
comprehensively addressed.

The following are some performance metrics and potential
research directions in gas capture with GBMs:

� Simplifying GBM synthesis will lower production costs,
expedite preparation, and make it easier to analyze parameters
inuencing adsorbent properties. Investigate current synthesis
techniques to nd ideal circumstances, GBM-specic factors,
and novel material architectures for improved gas absorption.
Improve innovative synthesis techniques that make use of
inexpensive chemicals and raw materials to drastically reduce
manufacturing costs (e.g., waste biomass, industrial wastes).

� GBMs with high mesoporosity, microporosity, and specic
surface area are prioritized to enhance gas adsorption capacity
and kinetics. There is a need to select the most appropriate
GBM for a certain industrial application while taking the
synthesis method, material costs, manufacturing procedure,
life cycle assessment, and modication techniques into
account. It is necessary to increase GBMs' robustness in dealing
withmoisture. Hence, research on how contaminants and water
vapor affect gas absorption is crucial for maximizing removal
effectiveness.

� Creation of general protocols for gas capture that take into
account textural features, performance standards, application
types, and appropriate process condition ranges (temperature,
pressure, gas concentration, desired gas purity). Techno-
economic analysis should be utilized to analyze promising
GBMs for industrial use, providing details on costs associated
with stability, scalability, and technological variants, as well as
GBM-specic parameters.

5 Conclusion

This review provides an extensive synthesis of the new studies
on the usage of graphene-based nanomaterials (GBMs) in gas
adsorption applications, focusing on the prevention of air
pollutants, especially greenhouse gases such as CO2 and volatile
organic compounds (VOC). Unlike other studies, which focus
mostly on graphene synthesis or sensor equipment, this review
compares and contrasts in a critical manner the structural
adjustment, composite assembly, as well as surface function-
alization, that improve the adsorption performance, selectivity
and recycling of GBMs in environmental compartments. This
RSC Adv., 2025, 15, 31032–31059 | 31053
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gives an excellent framework upon which innovation at the lab
scale can be converted to viable real-world solutions. It is worth
noting that the review deliberately avoids the sensor-related
discussions to increase the emphasis on the adsorption mech-
anisms as an area that is not oen explored in more general
surveys. Generally, the study can be described as a practical
guide but a prospective tool for researchers who wish to estab-
lish ways to use graphene in order to remedy the maladies of
environmental pollution. There is the need to promote the use
of ecologically safe solvents and environmentally friendly
synthesis techniques for GBMs to reduce energy use and envi-
ronmental impact. In line with waste valorization and the
circular economy concepts, natural resources, renewable
biomass, and industrial waste should be explored as raw
materials to synthesize gas capture materials. The main
concern of climate scientists and environmentalists today is
mitigating the effects of climate change that have resulted from
more than a century of continuous and widespread greenhouse
gas emissions. Thus, identifying and developing highly selective
GBMs as well as adaptable methods for industry-based gas
capture will be essential to reducing greenhouse gas emissions
and keeping the planet safe.
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153 M. Lillo-Ródenas, D. Cazorla-Amorós and A. Linares-
Solano, Carbon, 2005, 43, 1758–1767.

154 S. Wang, H. Sun, H.-M. Ang and M. O. Tadé, Chem. Eng. J.,
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Chem. Soc., 2013, 135, 6372–6377.

169 Y.-H. Shih and M.-S. Li, J. Hazard Mater., 2008, 154, 21–28.
170 E. R. Gil, B. Ruiz, M. Lozano, M. Mart́ın and E. Fuente,

Chem. Eng. J., 2014, 245, 80–88.
171 F.-Y. Yi, X.-D. Lin, S.-X. Chen and X.-Q. Wei, J. Porous Mater.,

2009, 16, 521–526.
172 Y. Tao, D. Kong, C. Zhang, W. Lv, M. Wang, B. Li,

Z.-H. Huang, F. Kang and Q.-H. Yang, Carbon, 2014, 69,
169–177.

173 J. Lee, M. Kang, I.-K. Shim, D. H. Lee, A. Kim and H. Jung, J.
Nanosci. Nanotechnol., 2018, 18, 6995–7003.

174 Y. Shen, X. Zhu, L. Zhu and B. Chen, Chem. Eng. J., 2017,
314, 336–346.

175 C. Tang, B. Q. Li, Q. Zhang, L. Zhu, H. F. Wang, J. L. Shi and
F. Wei, Adv. Funct. Mater., 2016, 26, 577–585.

176 Z. Yang, S. Chabi, Y. Xia and Y. Zhu, Prog. Nat. Sci. Mater.
Int., 2015, 25, 554–562.
RSC Adv., 2025, 15, 31032–31059 | 31057

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04635a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

:3
7:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
177 J. L. Shi, C. Tang, H. J. Peng, L. Zhu, X. B. Cheng,
J. Q. Huang, W. Zhu and Q. Zhang, Small, 2015, 11, 5243–
5252.

178 K. Rahbar Shamskar, A. Rashidi, P. Aberoomand Azar,
M. Youse and S. Baniyaghoob, Environ. Sci. Pollut. Res.,
2019, 26, 3643–3650.

179 X. Chen and B. Chen, Environ. Sci. Technol., 2015, 49, 6181–
6189.

180 Y. Su, Z. Ao, Y. Ji, G. Li and T. An, Appl. Surf. Sci., 2018, 450,
484–491.

181 V. Verdinelli, E. Germán, C. R. Luna, J. M. Marchetti,
M. A. Volpe and A. Juan, J. Phys. Chem. C, 2014, 118,
27672–27680.

182 Z. Ao, S. Dou, Z. Xu, Q. Jiang and G. Wang, Int. J. Hydrogen
Energy, 2014, 39, 16244–16251.

183 B. Liu, W. Zhao, Q. Jiang, Z. Ao and T. An, Sustain. Mater.
Technol., 2019, 21, e00103.

184 R. Zhang, J. Jing, J. Tao, S.-C. Hsu, G. Wang, J. Cao,
C. S. L. Lee, L. Zhu, Z. Chen and Y. Zhao, Atmos. Chem.
Phys., 2013, 13, 7053–7074.

185 D. E. Horton, C. B. Skinner, D. Singh and N. S. Diffenbaugh,
Nat. Clim. Change, 2014, 4, 698–703.

186 L. P. Naeher, K. R. Smith, B. Leaderer, L. Neufeld and
D. Mage, Environ. Sci. Technol., 2001, 35, 575–581.

187 S. C. Anenberg, L. W. Horowitz, D. Q. Tong and J. J. West,
Environ. Health Perspect., 2010, 118, 1189–1195.

188 G. Zhu, T. Chen, Y. Hu, L. Ma, R. Chen, H. Lv, Y. Wang,
J. Liang, X. Li and C. Yan, Nano Energy, 2017, 33, 229–237.

189 W. Jung, J. S. Lee, S. Han, S. H. Ko, T. Kim and Y. H. Kim, J.
Mater. Chem. A, 2018, 6, 16975–16982.

190 J. Liang, C. Yuan, H. Li, K. Fan, Z. Wei, H. Sun and J. Ma,
Nano-Micro Lett., 2018, 10, 1–9.

191 S. Zhang, H. Liu, F. Zuo, X. Yin, J. Yu and B. Ding, Small,
2017, 13, 1603151.

192 H. Dai, X. Liu, C. Zhang, K. Ma and Y. Zhang, Sep. Purif.
Technol., 2021, 276, 119243.

193 P. Zhang, D. Wan, Z. Zhang, G. Wang, J. Hu and G. Shao,
Environ. Sci.: Nano, 2018, 5, 1813–1820.

194 S. Yan, G. Zhang, F. Li, L. Zhang, S. Wang, H. Zhao, Q. Ge
and H. Li, Nanoscale, 2019, 11, 10372–10380.

195 W. Zou, B. Gu, S. Sun, S. Wang, X. Li, H. Zhao and P. Yang,
Mater. Res. Express, 2019, 6, 105624.

196 F. Leach, G. Kalghatgi, R. Stone and P. Miles, J. Transport.
Eng., 2020, 1, 100005.

197 A. Trapalis, N. Todorova, T. Giannakopoulou, N. Boukos,
T. Speliotis, D. Dimotikali and J. Yu, Appl. Catal., B, 2016,
180, 637–647.

198 H. Gao and Z. Liu, RSC Adv., 2017, 7, 13082–13091.
199 J. Ni, M. Quintana and S. Song, Phys. E, 2020, 116, 113768.
200 A. S. Rad, A. Shadravan, A. A. Soleymani and N. Motaghedi,

Curr. Appl. Phys., 2015, 15, 1271–1277.
201 L. Ferrighi, M. Datteo and C. Di Valentin, J. Phys. Chem. C,

2014, 118, 223–230.
202 T. Wehling, M. Katsnelson and A. Lichtenstein, Chem. Phys.

Lett., 2009, 476, 125–134.
203 T. O. Wehling, A. I. Lichtenstein and M. I. Katsnelson, Appl.

Phys. Lett., 2008, 93(20), 202110.
31058 | RSC Adv., 2025, 15, 31032–31059
204 S. Seenithurai, R. K. Pandyan, S. V. Kumar, C. Saranya and
M. Mahendran, Int. J. Hydrogen Energy, 2014, 39, 11990–
11998.

205 A. Ahmadi Peyghan, N. L. Hadipour and Z. Bagheri, J. Phys.
Chem. C, 2013, 117, 2427–2432.

206 A. A. Peyghan, M. Noei and S. Yourdkhani, Superlattices
Microstruct., 2013, 59, 115–122.

207 A. S. Rad, Appl. Surf. Sci., 2015, 357, 1217–1224.
208 G. Rajasekaran and A. Parashar, Mater. Today: Proc., 2018,

5, 6780–6788.
209 L. Vicarelli, S. J. Heerema, C. Dekker and

H. W. Zandbergen, ACS Nano, 2015, 9, 3428–3435.
210 M. Shakourian-Fard and G. Kamath, Phys. Chem. Chem.

Phys., 2017, 19, 4383–4395.
211 M. Ali, X. Pi, Y. Liu and D. Yang, AIP Adv., 2017, 7(4),

045308.
212 Y. You, J. Deng, X. Tan, N. Gorjizadeh, M. Yoshimura,

S. Smith, V. Sahajwalla and R. Joshi, Phys. Chem. Chem.
Phys., 2017, 19, 6051–6056.

213 N. M. Caffrey, R. Armiento, R. Yakimova and
I. A. Abrikosov, Phys. Rev. B, 2016, 94, 205411.

214 Y.-H. Zhang, Y.-B. Chen, K.-G. Zhou, C.-H. Liu, J. Zeng,
H.-L. Zhang and Y. Peng, Nanotechnology, 2009, 20, 185504.

215 A. K. Mishra and S. Ramaprabhu, Energy Environ. Sci., 2011,
4, 889–895.

216 A. K. Mishra and S. Ramaprabhu, J. Appl. Phys., 2014,
116(6), 064306.

217 M. Ali and N. Tit, Surf. Sci., 2019, 684, 28–36.
218 Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and

R. S. Ruoff, Adv. Mater., 2010, 22, 3906–3924.
219 S. S. Varghese, S. Lonkar, K. Singh, S. Swaminathan and

A. Abdala, Sens. Actuators, B, 2015, 218, 160–183.
220 B. Cho, J. Yoon, M. G. Hahm, D.-H. Kim, A. R. Kim,

Y. H. Kahng, S.-W. Park, Y.-J. Lee, S.-G. Park and
J.-D. Kwon, J. Mater. Chem. C, 2014, 2, 5280–5285.

221 O. Leenaerts, B. Partoens and F. Peeters, Phys. Rev. B:
Condens. Matter Mater. Phys., 2008, 77, 125416.

222 Q. Tang, Z. Zhou and Z. Chen, Nanoscale, 2013, 5, 4541–
4583.

223 X.-Y. Liang, N. Ding, S.-P. Ng and C.-M. L. Wu, Appl. Surf.
Sci., 2017, 411, 11–17.

224 C. Chen, K. Xu, X. Ji, L. Miao and J. Jiang, Phys. Chem. Chem.
Phys., 2014, 16, 11031–11036.

225 D. Cortés-Arriagada and N. Villegas-Escobar, Appl. Surf. Sci.,
2017, 420, 446–455.

226 S. U. D. Shamim, D. Roy, S. Alam, A. A. Piya, M. S. Rahman,
M. K. Hossain and F. Ahmed, Appl. Surf. Sci., 2022, 596,
153603.

227 A. Tiwari, J. Palepu, A. Choudhury, S. Bhattacharya and
S. Kanungo, FlatChem, 2022, 34, 100392.

228 M. M. Husain, M. T. Ansari and A. Almohammedi, Mater.
Today Commun., 2024, 39, 108725.

229 R. Pan, Y. Tang, Y. Guo, J. Shang, L. Zhou, W. Dong and
D. He, Microporous Mesoporous Mater., 2021, 323, 111197.

230 X. Gao, Q. Zhou, J. Wang, L. Xu andW. Zeng, Appl. Surf. Sci.,
2020, 517, 146180.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04635a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

:3
7:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
231 Z. Karami, A. Hamed Mashhadzadeh, S. Habibzadeh,
M. R. Ganjali, E. M. Ghardi, A. Hasnaoui, V. Vatanpour,
G. Sharma, A. Esmaeili, F. J. Stadler and M. R. Saeb, J.
Mol. Model., 2021, 27, 70.

232 Q. Luo, S. Yin, X. Sun, Y. Tang, Z. Feng and X. J. M. Dai,
Nanostructures, 2022, 171, 207401.

233 H. Zhang, W. Cen, J. Liu, J. Guo, H. Yin and P. Ning, Appl.
Surf. Sci., 2015, 324, 61–67.

234 Z. Zhang, B. Liang, Y. Chi, Y. Jiang, J. Song and Y. Guo,
Superlattices Microstruct., 2021, 159, 107036.

235 X. Yan, T. Shen, X. Liu, C. Liu and A. Gong, Solid State
Commun., 2023, 369, 115196.

236 A. O. Adeola, A. S. Akingboye, O. T. Ore, O. A. Oluwajana,
A. H. Adewole, D. B. Olawade and A. C. Ogunyele,
Environ. Syst. Decis., 2022, 42, 26–50.

237 Q. Hassan, P. Viktor, T. J. Al-Musawi, B. Mahmood Ali,
S. Algburi, H. M. Alzoubi, A. Khudhair Al-Jiboory,
A. Zuhair Sameen, H. M. Salman and M. Jaszczur, Renew.
Energy Focus, 2024, 48, 100545.

238 C. Y. Chuah, J. Lee, J. Song and T.-H. Bae,Membranes, 2021,
11, 284.

239 P. Z. Sun, M. Yagmurcukardes, R. Zhang, W. J. Kuang,
M. Lozada-Hidalgo, B. L. Liu, H. M. Cheng, F. C. Wang,
F. M. Peeters, I. V. Grigorieva and A. K. Geim, Nat.
Commun., 2021, 12, 7170.

240 L. Huang, W. Jia and H. Lin, AIChE J., 2020, 66, e17022.
241 F. Malekian, H. Ghafourian, K. Zare, A. A. Sharif and

Y. Zamani, Eur. Phys. J. Plus., 2019, 134, 212.
242 S. Singh, M. R. Hasan, P. Sharma and J. Narang, Sens. Int.,

2022, 3, 100190.
243 R. Casadei, M. Giacinti Baschetti, M. J. Yoo, H. B. Park and

L. Giorgini, Membranes, 2020, 10, 188.
244 B. E. Arango Hoyos, H. F. Osorio, E. K. Valencia Gómez,
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