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Graphene Applications in Composites, Energy, and Water
Treatment

Maryam A. Saeed,* Amor Abdelkader, Yousef Alshammari, Cristina Valles,
and Abdullah Alkandary

Graphene, the 2D material and the basic building block of the sp2 carbon
family has received enormous attention from research and industrial
communities due to its remarkable properties. Graphene’s potential to be
implemented is limitless and it varies from medical, water, energy, composites
sectors, etc. In this paper, graphene potential in composites, energy storage,
and water purification are highlighted. Reviewing, in particular, the crucial role
of graphene/polymer interface in improving the mechanical properties of
polymer nanocomposites and the effect of constitutive parameters such as
graphene lateral size and surface chemistry. Moreover, the latest contributions
of graphene and graphene derivatives in functional composites, such as
sensors, actuators, hydrogels, and aerogels, are reviewed. This is followed by
reviewing graphene and its derivatives for energy storage such as in
lithium-ion batteries, metal–air batteries, and graphene-based
supercapacitors. Finally, reporting the latest advances in graphene for water
treatment, reviewing the different filtration/treatment methods, and the
importance of graphene selective permeability properties.
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1. Introduction

Graphene is a single layer of carbon
atoms arranged in a 2D honeycomb lat-
tice and it is the basic building block
of graphitic materials where a stack of
graphene layers form graphite, a rolled
graphene sheet forms carbon nanotube
and a spherical net forms fullerene. How-
ever, among its allotropes, graphene ex-
hibits the most unique and extraordinary
properties due to its packed atomic struc-
ture with an interatomic distance of 1.42 Å
and extremely strong 𝜋 bonds.[1] There-
fore, graphene’s unique atomic structure
led to its remarkable physical,[2] chem-
ical, electrical, and thermal properties[3]

which made graphene a revolutionary ma-
terial. Since its isolation in 2004, graphene
has gained increased interest in both re-
search and industrial sectors, offering po-
tential applications in electronics, energy

storage, water treatment, reinforced materials, etc. Its exceptional
strength, flexibility, thermal conductivity, and electrical conduc-
tivity make it an ideal candidate for implementation in limitless
applications.

In electronics, graphene’s high electrical conductivity and
transparency have paved the way for its use in developing faster,
more efficient electronic devices. It is being explored for use
in transistors, which could surpass the performance of cur-
rent silicon-based devices, potentially leading to computers and
smartphones that are faster, lighter, and more energy-efficient.
Additionally, graphene’s flexibility and strength are being utilized
in the development of flexible electronics, such as wearable de-
vices and foldable displays, which could dramatically change how
electronic devices are integrated into our daily lives.[4–7]

Graphene oxides (GO) and reduced graphene oxides (rGO)
offer significant advantages in stimuli-responsive (smart) mate-
rials due to their relative cost, stability, mechanical properties
(strength and flexibility), and excellent electrical and thermal con-
ductivity, deeming them promising candidates for sensing, ac-
tuating, and hydrogel materials. These properties exhibited in
graphene and chemically modified graphene (e.g., GO and rGO)
overcome the limitations of conventional smart materials (such
as alloys, inorganic materials, ceramics, and polymers), which
face challenges such as high operation voltages, poor mechani-
cal strength/integrity, or environmental instability.[8] Moreover,
graphene and GO possess antibacterial activity against many
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types of bacteria.[9] One important mechanical distinction be-
tween graphene and GO/rGO is that the former fails inherently
in a brittle fashion. Its oxidized derivatives, although less robust
mechanically, contain epoxide groups that dissipate energy plas-
tically and, hence, are relatively ductile.[10] Therefore, adding to
the applicability of GO/rGO strain sensing, shape-shifting mate-
rials, soft actuators, hydrogel, and aerogel composites.

The energy sector stands to benefit significantly from
graphene applications as well. Its superior electrical conduc-
tivity and large surface area make it an excellent material for
the electrodes of batteries and supercapacitors, potentially lead-
ing to energy storage devices with much higher capacities and
faster charging times. This could be crucial for advancing elec-
tric vehicles and renewable energy technologies.[11–14] Moreover,
graphene’s ability to act as a barrier while allowing certain
molecules to pass through is being explored in the development
of more efficient and durable membranes for water purification
and gas separation, addressing some of the world’s most press-
ing environmental challenges.[15–18]

Finally, graphene is incorporated into composite materials to
enhance their mechanical, thermal, and electrical properties.
These graphene-enhanced materials are finding applications in
the aerospace, automotive, and construction industries, where
they contribute to creating lighter, stronger, and more durable
materials.

2. Graphene as Mechanical Reinforcement in
Polymer Nanocomposites: The Importance of The
Graphene/Polymer Interface

With a Young’s modulus of 1 TPa and a tensile strength of
130 GPa, graphene is one of the stiffest and strongest known
materials, making it an ideal candidate to reinforce polymers and
fabricate high-performance polymer nanocomposites for applica-
tions in the automotive and aerospace industries, for example. A
lot of work has already been done in recent years where polymers
of different natures have been successfully reinforced by adding
graphene. However, the maximum potential of this nanomate-
rial has not been reached yet. Indeed, even though graphene has
extremely high intrinsic modulus and strength when it is incor-
porated into a polymer matrix as “bulk”, the effective modulus is
considerably lower than that theoretically predicted, suggesting
that the outstanding properties of graphene are not effectively
transferred from the nanoscale to the macroscale, hence, we are
limited to reaching only modest levels of reinforcement. Find-
ing answers to questions such as “How does the matrix interact
with graphene particles?” and “What kind of theoretical descrip-
tion is appropriate?” emerge as prerequisites to a fundamental
understanding of the hierarchal translation of composite proper-
ties. Thus, formulating a comprehensive understanding of and
overcoming the existing limitations that hinder fully exploiting
graphene as a polymer nanocomposite reinforcement.

A lot of investigation has been done in the last two decades to
understand the nature of the interaction between polymers and
graphene from a theoretical point of view, ergo, models have been
established. Gong et al. demonstrated unambiguously that stress
transfer occurs from the polymer matrix to monolayer graphene,
probing that graphene can successfully reinforce polymers.[19]

They also showed that continuum mechanics could be used to
study graphene monolayer nanocomposites and modeled the ob-
served behavior using shear-lag theory. In addition, they suc-
cessfully monitored the stress transfer efficiency and breakdown
of the graphene/polymer interface using Raman spectroscopy,
which revealed that the stress transfer between graphene and
polymer depends on both s (i.e., the aspect ratio of the graphene)
and the parameter n (widely accepted as an adequate measure of
the interfacial stress transfer efficiency, i.e., the degree of interac-
tion between graphene and the polymer matrix).[19] They found
that the interface between unfunctionalized graphene and poly-
mer is very weak, and ns > 20 is required to reinforce the poly-
mer sufficiently. Graphene flakes with relatively large lateral di-
mensions (aspect ratio) will contribute to the reinforcement by
increasing the value of s. Alternatively, chemical modification
of the surface or edges of the graphene flakes may significantly
strengthen the interface between graphene and polymer, reduc-
ing the critical length (thus s) and increasing n.

2.1. Role of the Lateral Dimensions of Unfunctionalized
Graphene

The role of carbon nanoparticles’ length/aspect ratio on the phys-
ical properties and mechanical reinforcement of bulk polymer
composites has been investigated. For example, a combination
of graphite nanoplatelets and nanotubes was used to study how
their particles’ length affect the reinforcement of bulk epoxy
composites.[20] Some works on the role of the aspect ratio/length
of a few layers of graphene have also been reported. May et al.
studied the effect of very low loadings (<1 wt.%) of exfoliated
few-layer graphene on the properties of polyvinyl alcohol[21]

composites.[22] They found reasonable levels of reinforcement
of the polyvinyl alcohol[21] matrix when graphene with lateral
dimensions/lengths ≥2.3 μm was incorporated into the matrix,
whereas the addition of smaller flakes led to poor levels of
reinforcement. The effect of the size/aspect ratio of a few layers
of graphene on the reinforcement and physical properties of
poly(methyl methacrylate) (PMMA) and polypropylene (PP) has
also been recently studied, covering a more comprehensive range
of loadings.[23,24] In these works, electrochemically exfoliated few
layers of graphene with two different lateral dimensions (20 and
5 μm) and similar thicknesses were incorporated into the matrix
by melt mixing using a twin-screw compounder at loadings from
0.5 wt.% to 20 wt.%. It is worth mentioning that high loadings
(up to 20 wt.%) of graphene nanoplatelets were successfully
incorporated into these two polymers without compromising
their viscosities (as revealed by their rheological analysis), which
is excellent news from an industrial point of view. The thermal
stability of the PMMA determined using thermogravimetric
analysis (TGA) was considerably improved by adding these two
types of graphene. However, considerably higher thermal degra-
dation temperatures (Td) were observed for the system based
on the 5 μm graphene relative to the one based on the 20 μm
graphene at loadings up to 10 wt.%, as shown in Figure 1a.
Improved thermal stabilities in polymer nanocomposites are
typically attributed to the formation of a graphene network
in the matrix acting as a gas barrier inhibiting the emission
of gas molecules coming from the thermal decomposition of
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Figure 1. Variation of Td (a) and Tg (b) of the graphene/PMMA composites with graphene loading. Reproduced with permission.[23] Copyright 2015,
Elsevier Ltd.

the polymer. Hence, this enhanced thermal stability found for
the smaller flakes must be related to the formation of a more
effective network, probably due to the achievement of better
dispersions (more 𝜋-𝜋 interactions, bending, folding, etc., are
expected in the case of larger flakes due to their higher specific
surface area)x. At 20 wt.%, the presence of small agglomerates
in both systems, however, seems to make the higher surface area
of the particles more critical than the dispersion, and the large
flakes show better thermal stability than the small ones.

The glass transition temperature (Tg) determined by dynamic
mechanical, thermal analysis (Figure 1b) was found to increase
only when the polymer was filled with the 20 μm flakes, which
suggested a better adhesion or enhanced attractive interactions
between them and the polymer relative to the 5 μm flakes. This
must be related to the greater surface area of the larger flakes,
which facilitates the interaction/adhesion with the polymer, thus
leading to stronger interfaces.

As shown in Figure 2, tensile testing resembled glassy poly-
meric behavior for both composite systems, with higher levels of
reinforcement achieved for the 20 μm graphene-based one. In-
deed, when the 5 μm graphene is incorporated into the polymer,
Young’s modulus of the polymer increases only slightly (≈7%)
up to the optimal 2 wt.% loading. In contrast, the modulus of the
polymer was found to increment progressively with loading up
to 20 wt.% (showing an improvement of ≈74%) when the larger
flakes were used. Very small increments in the tensile strength
of the polymer were found for both graphene types up to 2 wt.%
loading (≈5% and 3% for the 20 and the 5 μm graphene, re-
spectively), and a progressive increase of brittleness with loading
was also observed for both systems. This behavior is typically ob-
served in polymers filled with carbon nanomaterials, and it is re-
lated to the formation of agglomerates of graphene in the matrix,
deteriorating the interface between graphene and polymer.

These results demonstrate that, due to more extensive contact
area, graphene materials with relatively large lateral dimensions
(>20 μm) provide better interaction and interfacial stress transfer
with the polymer relative to smaller flakes, leading to improved
thermal and mechanical properties of the overall composites, as
predicted by the shear lag theory. The question that remains open
is whether incorporating functional groups on the surface and

edges of the graphene flakes can further improve the mechanical
properties of their nanocomposites through improved graphene-
polymer interfaces.

2.2. Role of Surface Chemistry of Graphene

2.2.1. Graphene Oxide

GO represents a very simple functionalized graphene. It is typ-
ically prepared following the chemical oxidation of graphite us-
ing harsh oxidants, which leads to highly oxidized graphite oxide.
Graphite oxide is still a layered structure, and it encompasses
many oxygen-containing functionalities between the layers, fa-
voring its exfoliation in water using sonication or mechanical
stirring, leading to GO monolayers. They are highly oxidized
graphene monolayers, encompassing many oxygen-containing
functionalities on their surface and edges, both covalently at-
tached and physically absorbed.[25–27] Due to its very rich sur-
face chemistry, GO materials have been widely used in nanocom-
posites because they are expected to render better dispersions
in the polymer and provide stronger interfaces, thus leading to
improved levels of reinforcement relative to unfunctionalized
graphene.

In addition, GO can be chemically or thermally reduced to
partially remove those functional groups from the surface of the
flakes, reducing the amount of oxygen-containing functionalities
and, thus, restoring the Csp2 network typical of graphene.[28] The
graphene material resulting from these reductions (i.e., rGO) is
electrically conductive. In contrast, GO is not due to the pres-
ence of all those functionalities on the surface of the flakes. Al-
ternatively, GO can be “washed” using a base (e.g., NaOH) to re-
move the functionalities that are physically adsorbed on the sur-
face of the flakes, rendering a GO-derived material (“base washed
GO”, bwGO) that contains considerably lower amounts of oxygen
and is also electrically conductive.[25] (The structure of bwGO is
schematically shown in Figure 3).

All these GO-derived materials (i.e., as-prepared GO, rGO, and
bwGO) have been widely used to reinforce polymers of different
natures and the influence of their different surface chemistries
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Figure 2. Stress–strain curves of 5 μm-graphene (5-FLG)/PMMA a) and 20 μm-graphene (20-FLG)/PMMA b) nanocomposites at different loadings; c)
Variation of the stress and strain at break of the composites with loading; d) Variation of Young’s modulus with loading for the 20 μm graphene and
the 5 μm graphene (they are compared with the GO-based system). The dotted line corresponds to the modulus of the neat PMMA. Reproduced with
permission.[23] Copyright 2015, Elsevier Ltd.

on the dispersion, graphene-polymer interface and, thus, on the
thermal and mechanical properties of their nanocomposites have
been investigated. It has been recently reported that the inter-
face between GO and a PMMA matrix is stronger than that be-
tween bwGO and PMMA due to the presence of a higher num-
ber of functionalities on the surface of the flakes before the base
washing.[29] This improved interface was found to favor the dis-
persion of the flakes in the matrix, leading to enhanced thermal
stabilities (through the formation of a well-distributed network of

Figure 3. The schematic shows the structure of as-prepared GO and
bwGO. Reproduced with permission.[25] Copyright 2011, John Wiley and
Sons.

graphene in the matrix acting as a gas barrier inhibiting the emis-
sion of gas molecules coming from the thermal decomposition of
the polymer, as mentioned above), and improved Tg (clearly sug-
gesting stronger interfaces and better adhesion between filler and
polymer, thus impeding the movement of the polymer chains up
to higher temperatures), as shown in Figure 4.

As seen in Figure 5, the addition of both fillers successfully re-
inforced the polymer up to the optimal 1 wt.% loading, making
the composites’ overall performance slightly better when GO was
used relative to bwGO at the same loading. The PMMA modu-
lus was found to increase by ≈38%, and ≈28% for as-prepared
GO and bwGO, respectively, and the strength at break of the
polymer was only increased for the GO-based system (21% im-
provement was observed for 1 wt.% loading of GO). These re-
sults suggest that the stronger interface between the polymer
and highly functionalized GO favors the mechanical reinforce-
ment of the polymer. It is worth mentioning, though, that the
difference in the mechanical properties observed between these
two systems is relatively small because bwGO flakes still contain
functionalities on their surface (it is not completely “washed”;
only the physisorbed groups are removed, whereas some cova-
lently attached groups remain, favoring the interaction with the
polymer). However, for loadings above the optimal 1 wt.%, the
graphene-graphene interactions started to dominate the system
over graphene-polymer interactions, hence promoting the ag-
glomeration of graphene through 𝜋-𝜋 and van der Waals inter-
actions, impeding any further improvement of the mechanical
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Figure 4. Variation of Td (a) and Tg (b) of the GO/PMMA and bwGO/PMMA composites with filler loading. Reproduced with permission.[29] Copyright
2013, Elsevier Ltd.

performance of the overall composite at higher loadings, as
shown in Figure 5d.

Figure 6 compares the relative modulus (E/E0) found for
this GO-based system with those based on unfunctionalized
graphene (described in Section 2.1). It can be seen that the ad-
dition of unfunctionalized flakes with small lateral dimensions
(5 μm) led to poor levels of reinforcement. Larger flakes are
needed (≥ 20 μm in diameter) to be above the critical length and
to achieve significant levels of reinforcement, with the modulus
of the polymer increasing linearly up to relatively high loadings
(20 wt.%). From Figure 6, it is evident that the incorporation of
GO leads to stronger interfaces with the polymer due to the pres-

ence of a high number of functionalities on the surface of the
flakes, which leads to higher levels of reinforcement relative to
unfunctionalized graphene. However, this only seems to happen
at relatively low loadings, up to the optimal 1 wt.%, due to the
tendency of GO flakes to agglomerate above that critical loading.
The presence of those oxygen-containing functionalities on the
surface and edges of GO flakes seems to promote stronger inter-
faces with the polymer (relative to unfunctionalized graphene)
at low loadings, but at the same time, that rich chemical surface
is promoting flake-flake interactions at loadings above the opti-
mal loading, leading to the formation of small agglomerates of
GO in the polymer matrix through Van de Waals forces and 𝜋–𝜋

Figure 5. Stress–strain curves of a) GO/PMMA and b) bwGO/PMMA nanocomposites; c) Variation of the stress and strain at break of the nanocom-
posites with filler loading; d) Variation of Young’s modulus of the nanocomposites with filler loading. Reproduced with permission.[29] Copyright 2013,
Elsevier Ltd.
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Figure 6. Variation of E/E0 with loading for different graphene/polymer
systems. Reproduced with permission.[24] Copyright 2014, Faraday Divi-
sion, Royal Society of Chemistry.

interactions, and impeding further improvements on the me-
chanical properties of the overall composites. Ideally, we would
like to design graphene flakes that can interact strongly with poly-
mers while minimizing flake–flake interactions as the filler load-
ings are increased so that the reinforcement can be improved fur-
ther. The key question that emerges now is: what is the right level
of functionalization for that?

2.2.2. Polymer Grafting

Controlled functionalization of graphene materials where func-
tional groups (other than the oxygen-containing groups present
on the surface and edges of GO) could prevent the undesired ag-
glomeration typically observed for GO at loadings above 1 wt.%
through steric stabilization whilst still providing a strong in-
terface between filler and polymer, emerges as a good solution
to further enhance the mechanical and thermal properties of
graphene/polymer nanocomposites. For example, the grafting of
aryl groups on GO-derived materials has successfully improved
the thermal and mechanical properties of polymer composites
through enhanced compatibilities and stronger filler-polymer
interfaces.[30–32] However sometimes, mainly when non-polar
polymers are used as the matrix, those strategies are not enough
to achieve good levels of dispersion and strong enough filler-
polymer interfaces, and polymer functionalization is required.[33]

The synthesis of polymer-grafted GO materials and their
incorporation into host polymers of different nature (e.g.,
polyetheramine-functionalized GO into an epoxy resin,[34] epoxy-
grafted GO into a PC matrix[35] or nylon 6-grafted-GO into a
nylon matrix[36]) has been reported to improve the mechanical
and thermal properties of their composites through enhanced
compatibilities and stronger filler/polymer interfaces relative to
the non-modified graphene materials. Some approaches to en-
hance the compatibility and interface between graphene and
thermoplastic polymers have also been recently reported, in-
cluding PMMA-functionalized exfoliated graphene,[37] PMMA-
grafted chemically reduced GO,[38] or PMMA-grafted GO,[39,40]

also leading to improved thermal and mechanical properties.
Further to GO-derived materials, a chemical strategy to fabri-
cate covalently bonded PMMA-grafted commercially available

graphene nanoplatelets has recently been reported to enhance
the performance of PMMA nanocomposites.[41] In this work,
graphene nanoparticles (GNPs) grafted with PMMA chains were
prepared using a simple diazonium coupling reaction to give
NH2-terminated flakes followed by an amidation reaction be-
tween the NH2 groups and the PMMA chains (PMMA-NH-
GNPs), as schematically shown in Figure 7.

When as-received GNPs and PMMA-grafted GNPs were in-
corporated into a PMMA matrix, enhanced thermal stabilities,
and increased Tg were found for the system based on the chem-
ically modified graphene relative to both pure polymer and the
as-received GNPs-based system, as shown in Figure 8. The val-
ues found for Td of this system based on modified GNPs (i.e.,
the Td of the polymer was increased by 29 °C with the addi-
tion of 5 wt.% loading of the PMMA grafted GNPs) were much
higher than those typically found for unmodified GNPs and GO
derived materials. (Please note that these commercially avail-
able GNPs are different from the electrochemically exfoliated
graphene nanoplatelets discussed in Section 2.1. Thus, the im-
provements in Tg, for example, are not precisely the same in both
cases).

As seen in Figure 9, the addition of PMMA-grafted graphene
into a PMMA matrix led to essential improvements in the me-
chanical properties of the polymer (including Young’s modulus,
stress, and strain at break) up to the optimal 2 wt.% loading.
In contrast, poor levels of reinforcement could be seen when
the unmodified GNPs were incorporated into the polymer at all
studied loadings. It is worth highlighting that these polymer-
grafted graphene fillers rendered improvements in the strength
and strain at break (in addition to improvements on the polymer
modulus), which was not observed for unmodified graphene or
GO-derived materials. In addition, by using this polymer-grafted
graphene, the optimal loading increased to 2 wt.% (from the op-
timal 1 wt.% typically found for GO). Further increases in the
optimal loading and physical properties of these composites are
to be expected once these chemical processes are optimized.

The improved thermal and mechanical performances ob-
served for the polymer-grafted materials relative to other types of
graphene are attributed to enhanced compatibility with the poly-
mer, which leads to improved dispersions of the flakes in the ma-
trix and stronger graphene/polymer interfaces. A strategic choice
of the nature and amount of the grafted polymer chains for a par-
ticular host polymer will allow us to tune the graphene/polymer
interface and thus control the nanocomposites’ physical proper-
ties, which will open the door to a wide range of new applications
in the field of graphene-based nanocomposites.

2.2.3. Polymer Self-Assembly

As covered in the previous sections of this review, most of the
work reported on the mechanical reinforcement of polymers by
adding different types of graphene as nanofiller focuses on the
incorporation of relatively small amounts of chemically modified
particles, which lead to important improvements in the mechan-
ical properties of the polymer through strong interactions with
the polymer matrix and a good load transfer. However, the op-
timal filler loading on those nanocomposites is typically limited
to ≈1—2 wt.%, with the improvement of the nanocomposite’s
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Figure 7. The scheme of the reaction was developed to fabricate PMMA-grafted GNPs. Reproduced with permission.[42] Copyright 2019, Elsevier Ltd.

mechanical properties above such optimal loading being chal-
lenging. This limitation in filler loading, hence on the levels
of mechanical reinforcement that can be achieved, is mainly
due to the interactions between individual chemically modified
graphene flakes, which lead to the formation of agglomerates in
the polymer matrix when such interactions are weaker than the
interactions between filler particles and polymer, as well as to the
isotropic nature of these graphene reinforced nanocomposites
(i.e., the random orientation of the flakes in the matrix).

To overcome those limitations and achieve higher filler load-
ings, superior levels of mechanical reinforcement and new pro-
cessing strategies that produce highly aligned and closely packed
nanofiller particles have been recently reported. The most com-
mon method for processing polymer nanocomposites with high
loadings (≈50 wt.%) of highly aligned nanofiller particles is layer-
by-layer assembly (LBL), which is based on a methodical layering
of polymers and nanoparticles by exposing a particular substrate
to alternating solutions of these two components. The forma-

tion of a layered structure is induced during the assembly pro-
cess by strong attractions between those components, which are
also responsible for reinforcing the final nanocomposite struc-
ture. This technique has been probed to lead to strong clay-based
polymer nanocomposite materials with very high moduli, as a
consequence of both the high alignment of the nanofiller par-
ticles (highly ordered layered structures) and the possibility of
achieving very high overall nanofiller loadings.[43–45]

Vacuum-assisted self-assembly (VASA) has also been recently
reported as a highly flexible technique for fabricating well-
ordered, freestanding GO/polymer nanocomposite films and
papers with high nanofiller concentrations (>50 wt.%).[46,47]

Such materials, with significant contents of both polymer and
nanofiller, can be easily obtained by filtering a colloidal solution
of GO that has been pre-dispersed in a polymer-containing host
solution through a membrane filter. VASA has been reported
to successfully produce macroscopic samples of homogeneous
layered GO/polymer nanocomposites with either hydrophilic or

Figure 8. Variation of the Td (a) and Tg (b) with loading for the GNPs/PMMA and PMMA-grafted GNP/PMMA composite systems. Reproduced with
permission.[42] Copyright 2019, Elsevier Ltd.

Macromol. Mater. Eng. 2025, 2400316 2400316 (7 of 24) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 9. Stress–strain curves were obtained for GNPs/PMMA a) and PMMA─NH─GNPs/PMMA b) composite systems. Variation of Young’s modulus
c), stress at break d), and strain at break e) with loading for the two systems studied. Reproduced with permission.[42] Copyright 2019, Elsevier Ltd.

hydrophobic polymers very quickly, rendering excellent mechan-
ical properties. This technique relies on filtration for assembly
of the nanocomposite structure instead of alternating layer depo-
sition, hence it can be envisioned as a complimentary method
to LBL for the fabrication of layered polymer nanocompos-
ites, expanding the scope of those LBL layered materials and
allowing a wider range of possibilities to design a nanocom-
posite with the mechanical properties required for a particular
application.

3. Graphene and Graphene Derivatives in Energy
Storage

Large-scale energy storage systems are important in tomor-
row’s electrical power grid. They provide grid stability, security,

and reliability, particularly in supporting intermittent renewable
resources.[48] At the forefront of energy storage systems are elec-
trochemical energy storage methods, which offer high energy
density, flexibility, scalability, and pollution-free operation.[49]

Batteries are compact, flexible, and lightweight, making them ex-
cellent power sources for handheld devices, electric vehicles, and
stationary grid applications. Sodium/sulfur (Na/S) battery tech-
nology is now available for use in the grid, with ≈200 installa-
tions around the world that provide a total discharge power ca-
pacity of 315 MW. Next, lead-acid batteries have a total discharge
capacity of 35 MW.[50] Nevertheless, existing battery technologies
are unable to fulfill the demands for durability, high-power per-
formance, round-trip energy efficiency, and/or cost-effectiveness
needed for extensive energy storage.[51] Lead-acid batteries ex-
perience a brief cycle life, even when discharged only to a

Macromol. Mater. Eng. 2025, 2400316 2400316 (8 of 24) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 10. Some typical structures and applications of graphene-related materials. Reproduced with permission.[56] Copyright 2023, Royal Society of
Chemistry.

limited extent.[52] Redox flow batteries, like the Na/NiCl2 “Zebra”
battery, along with several variations of the traditional lead-acid
system, are unable to function at sufficiently high rates. Na/S
batteries are far too costly, as are the metal hydride/nickel bat-
teries utilized in hybrid vehicles at this time. Lithium-ion batter-
ies, which currently lead the market for portable electronics and
electric cars, have started to make inroads into the grid-scale sta-
tionary energy storage sector.[49] Lithium-ion batteries possess a
high voltage and energy density, exhibit low self-discharge rates,
and demonstrate outstanding rate performance.[53] However, the
initial experimental data in the field showed that Li-ion batteries
require enhancement in capacity and durability. In addition, con-
ventional lithium-ion batteries suffer from high cost and some
safety problems.[54]

In many battery systems, graphene can play significant roles
in enhancing the battery’s performance, either as an active elec-
trode material or as an additive. The unique set of properties of
graphene, particularly its high conductivity, chemical, and elec-
trochemical inertness, large specific surface area, and ultimate
thin planer structure, made it an ideal candidate for many en-
ergy storage applications (Figure 10).[55] Graphene and graphene
additives have been used in the electrodes of metal-ion batter-
ies, metal-air batteries, supercapacitors and metal-ion hybrid ca-
pacitors, alkali metals-sulfur batteries, and solid-state batteries.
Graphene has also been used as a modifier for the separator of
metals-sulfur and solid-electrolyte batteries.

The next sections are devoted to investigating the applications
of graphene in various battery systems.

3.1. Graphene for Lithium-Ion Batteries

Graphene has been widely studied as a potential material for Li-
ion batteries due to its high surface area, excellent electrical con-
ductivity, and mechanical strength. It is a promising anode chem-
istry for lithium-ion batteries due to its high lithium-ion storage
capacity and excellent life. Graphene’s high electrical conductiv-
ity allows for faster charge/discharge rates and improved power
output. Additionally, the large surface area of graphene allows

for more efficient utilization of the active materials in the bat-
tery, which can lead to higher capacity and energy density. An-
other potential benefit of using graphene in lithium-ion batteries
is its excellent mechanical strength, which allows it to withstand
the stresses of charge/discharge cycling and can help extend the
overall lifespan of the battery.

Despite these promising properties, there are still some chal-
lenges to overcome in the development of graphene-based
lithium-ion batteries. One of the main challenges in using
graphene as an anode material is its relatively low lithium-ion
diffusivity, which can lead to slow lithium-ion transport and
low-rate performance. Researchers have attempted to overcome
this challenge by using various techniques such as synthesizing
graphene with a high aspect ratio, synthesizing hybrid materials
of graphene and other materials, and using graphene-based com-
posite materials.[57,58] In a recent study, holey graphene (HGs)
was prepared and used in a low quantity (1 wt.%) as conductive
additives in LiFePO4 battery in addition to 1 wt.% of carbon black
as super-P (SP) which led to high energy density and excellent
rate performance similar to the one when 10 wt.% of SP is added
(Figure 11).[59]

Figure 11. Schematic diagrams of the lithium-ion transportation paths in
LiFePO4 cathodes with graphene nanosheets (GN) or HG in addition to
SP as the conductive additives. Reproduced with permission.[59] Copyright
2019, Elsevier Ltd.

Macromol. Mater. Eng. 2025, 2400316 2400316 (9 of 24) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Another challenge in using graphene in lithium-ion batteries
is the limited availability of high-quality graphene, which can be
difficult to produce in large quantities. Additionally, the cost of
graphene is currently quite high, which may limit its widespread
use in commercial applications. Moreover, its high-volume ex-
pansion upon lithiation can lead to mechanical degradation and
capacity fading over time. There have been several approaches
to overcome these challenges, including expanding the inter-
layer space in few-layer graphene, the use of graphene hybrids
with other materials, graphene composites, and graphene-based
coatings. Graphene hybrids have been prepared by combining
graphene with other materials, such as metal oxides, polymers,
and carbon nanotubes, which can improve the stability and con-
ductivity of the graphene. Graphene composites have also been
prepared by incorporating graphene into a matrix material such
as a polymer or ceramic, which can improve the mechanical prop-
erties and capacity retention of the graphene. Graphene-based
coatings have been applied to the surface of electrodes to improve
the charge/discharge rate and capacity retention of the battery.

One of the most promising hybrids of graphene is the silicone
graphene system. Silicon and graphene can be blended to form
a single nanocomposite, and this was found to be one of the
early approaches to producing Gr/Si composite anode. It is still
attractive as a simple and efficient staggering. Graphene matrix
provides the following benefits: physical support to Si nano-
materials, a cushion to buffer massive Si volume change, and
a conductive pathway to carry the charges. Lee and co-authors
were able to develop one of the successful early Si/Gr composite
anodes for the LIBs.[60] In this study, the Si/Gr composite was
fabricated by a simple dispersion of Si particles in graphene
sheets. The graphene was synthesized by H2 reduction of Si/GO
composite from raw graphite, and commercial Si nanoparticles
(size less than 30 nm) and PVDF binder were used as raw mate-
rials. The nanocomposite exhibited a superior initial capacity of
4200 mAh g−1 at 1 A g−1 after 50 cycles and a stable reversible
capacity of 1500 mAh g−1 after 200 cycles. The encouraging cycle
life proved that the sandwiching of Si nanoparticles within the
graphene network is a viable strategy to control Si volume change
to some extent due to excellent mechanical support and high con-
ductivity. The authors further claimed that the homogenous dis-
tribution of Si NPs in graphene sheets, thinner graphene flakes,
high crystallinity, and conductivity play a vital role in achieving
high electrochemical performances. In another experiment, the
authors experimented with the effect of surface functionalization
of Si/graphene on electrochemical performances. In this study,
the NPs surface has converted into hydrophobic Si-H groups
by the HF etching technique while graphene has converted
into phenyl isocyanate capped rGO, as explained by Stankovich
et al. Despite the surface modification, the resulting anode
could only deliver a capacity of ≈200 mAh g−1 after 20 cycles at
100 mA g−1 of current density, which is approximately one-third
of the non-functionalized Gr/Si nanocomposite. In summary,
the commercial feasibility of this work was found to be quite
tricky due to the involvement of complex synthesis procedures
and flammable H2. Moreover, the role of rGO particle properties
was studied in Si/rGO composite electrodes providing a uni-
form solid electrolyte layer in Li-ion battery. It was found that
decreased structural defects in rGO led to 84% initial columbic
efficiency while more spheric rGO particles led to a more sta-

Figure 12. Comparison between capacity retention in Si/rGO electrodes
showing the effect of rGO particle sphericity and electrical conductivity.
Reproduced with permission.[61] Copyright 2022, Elsevier Ltd.

ble cycle life showing 93% capacity retention after 100 cycles
(Figure 12).[61]

As an alternative, Wang et al. introduced a simple filtration
technique followed by hydrazine reduction to produce a flexible,
free-standing Si/Gr nanofilm.[62] The composite was fabricated
through hydrazine reduction of GO/ commercial Si NPs, where
GO was prepared from modified Hummers oxidation of natural
graphite. The following graphene/Si paper has shown a charge
storage of 708 mAh g−1 for 100 cycles. Nevertheless, in terms
of capacity and cycle life, it did not see any improvement com-
pared to the early findings of Lee et al., and the massive, irre-
versible capacity loss during the first cycle has been considered
a crucial limitation.[60] However, these two findings intensively
highlighted the advantages of co-utilization of Si with graphene
for a stable capacity.

Sun et al. proposed an in situ plasma-assisted mechanical
milling approach (Figure 13) to increase the dispersity of Si
NPs in the graphene sheets.[63] The resulting Si NP/graphene
nanocomposite (20 h milled) was able to deliver a specific ca-
pacity of 976 mAh g−1 at 0.5 A g−1 after 50 cycles. However, the
electrode at a full-cell design with a commercial LiMn2O4 cath-
ode could only deliver a capacity of 150 mAh g−1, which is more
than six times lower than the half-cell value. A later study by
the same research group in 2016[64] found that cyclability could
be increased by using commercial expanded graphite (EG) in-
stead of flake graphite and subsequent plasma-assisted milling
(p-milling) with Si NPs. In this approach, expanded graphite
would generate an efficient exfoliation due to its loosened and
porous structure and hence guarantee the effective wrapping of
Si NPs leading to a longer cycle life. The enhanced reversible ca-
pacity of the composite was 942 mAh g−1 at 0.2 A g−1 up to 100
cycles with 88% capacity retention, and a superior charge capacity

Macromol. Mater. Eng. 2025, 2400316 2400316 (10 of 24) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400316 by B

ournem
outh U

niversity, W
iley O

nline L
ibrary on [04/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

Figure 13. Schematic illustration showing the process of preparing Si/GNs composites using plasma-assisted milling. Reproduced with permission.[63]

Copyright 2014, Elsevier.

of 1000 mAh g−1 at 0.2 A g−1 was found after 150 cycles. This en-
hanced performance again evidenced the very well-coated Si as a
crucial factor in achieving longer cycle life.

Recently, Liu and co-authors introduced a hydrothermal-
assisted sodium borohydride reduction of GO/Si nanocompos-
ite as an advanced optimized approach to producing rGO/Si
anode.[65] The denoted 10rGO/Si-600 (quality ratio 10, calcined at
600 °C) composite experienced an excellent initial CE of 93.2%
with a reversible specific capacity of 2317 mAh g−1. The cy-
cling retention was found to be 85% with a specific capacity of
728 mAh g−1 over 100 cycles at a current density of 0.1 A g−1.

3.2. Graphene in Metal-Air Batteries

Metal-air batteries, especially the Li-air and Na-air batteries with
high theoretical specific energy (3505 and 1105 Wh kg−1 for Li-
O2 and Na-O2 batteries, including the O2, respectively), are con-
sidered the best candidates for future electric vehicles. Alkaline
metal-air batteries are still in the R&D stage and suffer several
problems that slow down their commercialization. These batter-
ies usually suffer from the sluggish kinetics of ORR/OER, low
conductivity of the discharge products, blocking the pores of air
electrodes by discharge products, microscale size of discharge
products, especially in Na-air batteries, instability of battery and
electrolyte evaporation because of the open system, and dendrite
growth on the anode surface. These problems cause high over-
potential during discharge/charge and short cycle life. The use
of a graphene-based electrocatalyst was recently proven to be a
promising method to facilitate the ORR and OER, but usually,
the reported electrocatalyst can alleviate the sluggish kinetics of
ORR or OER alone. Cetinkaya et al. used a flexible GO paper as
the cathode for Li-air batteries.[66] The porous nature of the GO
paper facilitates O2 diffusion, easing the formation and decom-
position of Li2O2. However, in most cases, graphene or graphene
derivatives worked as supporters for the metals or metal oxide
nanoparticles.

Hybrids of graphene and Co3O4 are amongst the most stud-
ied electrocatalysts for metal-air batteries. Nezar et al. reported a
reduction of 400 mV in the overpotential when Co3O4/RGO was
used, compared to the Ketjen Black electrode. Peng et al. prepared
Co3O4/GN composites with different Co3O4 loadings in an at-

tempt to optimize the catalysts’ composition.[67] They concluded
the composite in 48.2:51.8 (w/w) is the optimal composition with
an overpotential as low as 1539 mV (compared to 2088 mV for
pristine carbon cloth). Interestingly, the overpotential increased
only to 1663 mV after 300 cycles, indicating good electrode stabil-
ity. In an attempt to improve the catalysis performance, Ren et al.
prepared a porous graphene nanosheet hybridized with Co3O4
through a laser-induced process.[68] The battery with Co3O4/LIG
electrode showed a voltage gap of the charge/discharge process
at the 1st cycle was as low as 0.42 V. The battery also showed ex-
cellent cyclic performance with a capacity of over 430 mAh g−1,
which was maintained after 242 cycles (Figure 14).

Other metal oxide composites with graphene have also been
investigated in the literature. The catalytic performance of man-
ganese oxide with different phases and morphologies has been
evaluated by several groups.[69–71] For example, MnO2@rGO
nanocomposite prepared by Zhu et al.[21] displayed an initial ca-
pacity of 5139 mAh g−1 at 100 mA g−1 but could only be cycled
for 15 cycles.[21] Liu et al. prepared CuCr2O4@rGO composites
via hydrothermal processes followed by a calcination step.[72] The
composite showed excellent cyclic performance with a fixed ca-
pacity of 1000 mAh g−1 for over 100 cycles. Palani et al. also
prepared a porous NiCo2O4 (NCO)@GNS nanocomposite via a
hydrothermal process. The NCO@GNS electrode showed a dis-
charge capacity as high as 7201 mAh g−1 at 100 mA g−1 and
could be cycled over 200 cycles. Jiang et al. prepared CeO2 mi-
crospheres anchored on graphene foams. The porous structure
of the foam facilitates O2 diffusion in addition to the flexibility
of the electrode.[73] The CeO2-graphene could deliver a discharge
capacity of 3250 mAh g−1 at a current density of 200 mA g−1

and could also be cycled for 80 cycles after over 1000 folding cy-
cles. Feng et al. synthesized a sandwich structure of multi-layered
Fe2O3/graphene nanosheets (Fe2O3/GNS).[74] The delivered ini-
tial capacity was 4587 mAh g−1 at 100 mA and could maintain
a high capacity of 959 mAh g−1 at 500 mA, indicating good rate
capability, thanks to the mesopores structure.

3.3. Graphene-Based Supercapacitor

Graphene is considered to be a strong candidate for fabri-
cating high-performance electrochemical double-layer (ECDL)
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Figure 14. Characterization of the Co3O4/LIG Li-O2 battery. a) Galvanostatic cycling performance of the Co3O4/LIG electrode at a current density of
0.08 mA cm−2 with a limited capacity of 430 mAh g−1; b) first discharge and charge profile of the cyclic performance; c) discharge capacity and terminal
voltage vs cycle number; d) charge capacity and terminal voltage vs cycle number. Reproduced with permission.[68] Copyright 2018, Elsevier Ltd.

supercapacitors because of its low mass density, excellent
electrical conductivity, and high theoretical specific surface
(≈2600 m2 g−1).[1,75–77] The theoretical capacity calculated for
graphene-based on this specific surface area is 550 F g−1. How-
ever, most of the reported specific capacities of pristine graphene
are less than half of the theoretical value. The aggregation and
re-stacking of the graphene flakes reduce the accessible part
of the electrode, decreasing the specific capacity. Free-standing
graphene foam grown by chemical vapor deposition (CVD) has
shown high rate capability and is also one of the highest re-
ported capacities for pure graphene, reaching 240 F g−1.[78] How-
ever, the high cost of the graphene deposited by CVD com-
pared with other carbon materials makes the theme impracti-
cal from the commercial point of view. rGO represents a cheap
alternative that can be produced in large quantities. For exam-
ple, graphene hydrogels synthesized by reducing GO with hy-
drazine or hydroiodic acid-produced materials gave a high spe-
cific capacitance of 220 F g−1.[79,80] However, due to the presence
of a high content of oxygen functional groups, the electrode con-
ductivity was low, and the devices lost 30% of their capacitance
in the first few hundred cycles. Synthesis of rGO through ther-
mal reduction at temperatures above 1000 °C produced materials
that can deliver a specific capacitance of 177 F g−1.[81] Reducing
GO with microwave irradiation was reported by several groups.
The produced rGO exhibits good cyclability with specific capaci-
tance between 200 and 210 F g−1.[82] Using corrugated and crum-
bled graphene was proven to be an effective solution to prevent
graphene aggregation in the electrode. Removing the oxide func-
tional groups with reactive metals in molten salts or via direct
electro-deoxidation produced crumbled graphene sheets with in-
ternal strain.[76,83] The produced materials showed outstanding

cyclic stability with specific capacitance as high as 255 F g−1. Also,
activating the graphene sheets using KOH or acid thermal treat-
ment increased the surface area and enhanced the specific capac-
itance.

Increasing the specific capacitance of the supercapacitors is
also possible through hybridizing the graphene with a source of
pseudocapacitance or doping the basal plane with elements such
as N, P, S, and/or B. Graphene nanocomposites with metal oxides
such as TiO2, MnO2, SnO2, ZnO, or Co-Ni binary oxide has been
reported to increase the specific capacitance.[84–87] Graphene/Co-
Ni Oxide could reach a capacitance as high as 1266.7 F g−1 and
could sustain a high current density of 1 A g−1. Structures based
on binary oxides could also deliver high energy densities, unlike
the case with pure graphene. Nano-cubes of NiFe2O4 on rGO de-
liver a remarkable energy density of 50 Wh kg−1.[88] However,
the mechanical and electrochemical stability of graphene/metal
oxide composites is always questionable, particularly for flexible
devices. Doped graphene with N, B, S, and/or P may represent
a more mechanically stable alternative due to the strong bond
between these elements and C.[89] N-doped graphene was pre-
pared via two main routes: i) direct synthesis starting from car-
bon and nitrogen raw materials such as CVD[90] or segregation
growth and arc-discharge[91,92] and ii) post-preparation treatment
where graphene is treated in the presence of a nitrogen source in
processes such as hydrothermal treatment, thermal annealing,
plasma treatment, or molten salts electrochemical doping.[89,93,94]

For example, the electrochemically doped graphene electrodes
could deliver a specific capacitance of 320 F g−1 and maintain
96% of this value after 10000 cycles (Figure 15).

The ultimate planar structure of graphene, along with its
unique mechanical strength and ductility, makes it one of the
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Figure 15. Electrochemical performance of electrochemical doped graphene (ECDG) electrodes; a) change of specific capacitance with current density
for both ECGD and undoped graphene, and b) cyclic stability of the ECDG and the undoped graphene electrodes. Reproduced with permission.[95]

Copyright 2017, Royal Society of Chemistry.

most suitable candidates for flexible devices, including superca-
pacitors. Various materials have been used as current collectors
and substrates to fabricate flexible graphene electrodes, such as
PET, nickel foam, carbon cloth, aluminum foam or foil, graphite
paper, carbon nanofibers, and textiles.[96] Textiles offer additional
advantages in terms of flexibility and biocompatibility, making
them ideal substrates for wearable applications.[97] Another ad-
vantage of textiles is their porous structure, created by weaving
or pressing natural or synthetic fibers, which allows for maxi-
mum contact between the electrode and the electrolyte.[98] Tex-
tiles, particularly those from natural sources, have numerous
functional groups on their surface, including hydroxyl groups,
which provide suitable links with the functional groups on
the GO surface.[99] This link enhances adhesion between the
graphene and the substrate, producing electrodes with long cy-
cle life that can withstand various mechanical and environmental
stresses.[99]

4. Graphene-Based Composites in Sensors and
Actuators

4.1. Graphene-Based Sensors

The attractive aforementioned properties of graphene are also
desirable in sensing devices, devices that detect changes in
the environment and then convert these changes to analyz-
able signals. Electrons present in graphene’s p-orbital form 𝜋-
bonds with their surrounding atoms, which are highly sensitive
to environmental change.[100] Of particular interest to sensors,
graphene’s high electron mobility, large specific surface area, su-
perior conductivity, and low electrical noise make it an excep-
tional candidate.[101] While graphene is inherently hydrophobic
and brittle, GO and rGO are more hydrophilic and ductile due
to the oxygen functional groups present (i.e., hydroxy, epoxy, and
carboxyl groups).[10]

4.1.1. Chemical and Biosensors Sensors

Graphene in its original structure is chemically inert, thus for
chemical sensors, pristine graphene is either doped or utilized as

a dopant.[100] Alternatively, GOs and rGOs lack this chemical bar-
rier and can be utilized as they are. In sensing gases such as car-
bon dioxide (CO2), ammonia (NH3), hydrogen sulfide (H2S), ni-
trogen dioxide (NO2), ethanol (C2H5OH), and sulfur hexafluoride
(SF6) decomposition products, graphene nanosheets is the most
common form of graphene used due to its porous nature.[102,103]

For example, Bai et al. modified copper oxide (CuO) nanoflakes
with rGO nanosheets, which resulted in an ultrafast responsive
NO2 (5 ppm) gas sensor at low detection limits, all whilst un-
der room temperature.[104] The CuO/rGO sensors exhibited NO2
response rates of 400.8% and 20.6% for 5 ppm and 50 ppb, re-
spectively. With the 5 ppm response time being as rapid as 6.8 s
at 23 °C. It is worth mentioning that GO is electrically insulating
due to the numerous pendant oxygen groups, hence, rGO (with
its chemically active defect sites) is more promising, especially in
conductance-based sensors.[101]

Graphene-based biosensors are actively being developed to
detect RNA and DNA strands. Feng et al. sought to enhance
their titanium nitrate (TiN) electrochemical sensor for detecting
dopamine (DA), uric acid (UA), and ascorbic acid (AA) simultane-
ously and distinctively.[105] These biomolecules coexist naturally
in the human body, however, abnormal concentrations of them
are related to conditions such as schizophrenia, Parkinson’s dis-
ease, hyperuricemia, gout, or kidney stones.[105,106] Their previ-
ous TiN-only sensor achieved detection limits of 1.2 μM for DA
and 1.5 μM for UA.[107] However, when incorporating rGO to pro-
duce TiN-rGO composites, the detection limits were remarkably
lowered to 0.11 μM for DA and 0.12 μM for UA; with extended
linear ranges of 0.5–210 μM for DA and 5–350 μM for UA. The
improvements were achieved with no disruption to the original
TiN structure. RGO has displayed enhanced sensitivity, conduc-
tivity, and surface area while reducing noise and interference.
The resultant TiN-rGO composite offers a highly effective sensor
for precise and broad detection.

The most recent global pandemic, SARS-CoV-II (COVID19),
was a catalyst for scientists to tackle the topic from various fields.
Early diagnosis was proven to improve prognosis,[108] thus, the
detection of SARS-CoV-II virus RNA strains and antibodies
was of high interest amongst the sensors community. Seo et al.
developed a field-effect transistor (FET) biosensor by conju-
gating a graphene sheet with SARS-CoV-II spike antibody.[109]

The graphene’s high conductivity and surface sensitivity
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Figure 16. Schematic illustration of graphene-based biosensors where antibodies, enzymes, and ssDNA are immobilized on the surface of the graphene
which acts as bioreceptors for target analytes like whole cells, ions/molecules, and nuclei acid. Reproduced with permission.[112] Copyright 2020, Elsevier.

facilitated a detection limit of 1 fg mL−1 in phosphate-buffered
saline and 100 fg mL−1 in a clinical transport medium. This
functionalization of the graphene sheet enabled rapid detection
of the virus in human nasopharyngeal swab specimens. Ali et al.
utilized aerosol jet nanoprinting to create 3D electrodes coated
with rGO.[110] During fabrication, SARS-CoV-II antigens were
successfully bonded with rGO nanoflakes. The rGO coating
provided enhanced electron transport and a large surface area,
enabling the sensor to achieve an ultrasensitive detection limit
of 2.8 × 10−15 m in just seconds. Likewise, graphene could
also be employed in DNA sensing. Mohanraj et al. synthesized
conductive ink from exfoliated graphene, which was then uti-
lized to fabricate paper-based electrodes.[111] In addition to its
large surface area, the paper-based graphene enabled greater
immobilization of DNA probes and improved interaction with
target analytes. In addition to it being affordable, biocompatible,
and disposable. Rapid and direct electrochemical analysis was
achieved without extensive sample preparation highlighting
graphene’s versatility and pivotal role in advancing practical, ef-
ficient, and reliable sensing technologies. Figure 16 summarizes
graphene applications in biosensing.

4.1.2. Physical Sensors and Actuators

The versatility of graphene-based composites, attributed to
their biocompatibility, flexibility, lightweight nature, and previ-
ously mentioned properties, fulfills the essential performance
requirements for physical sensors (e.g., pressure, strain, and
temperature sensors) as well as actuators (electrothermal,
electrostatic, and ionic actuators) (Figure 17). Hence, graphene-
based composites are emerging candidates in stretchable
wearable technologies, human-machine interfaces, soft robotics,
health monitoring, etc.[113] Human skin is ductile enough to

strain beyond 50%, while conventional strain sensors suffer
from low-strain resolution (less than 5%).[114] Another limitation
of conventional strain sensors is their low sensitivity or gauge
factor (GF), defined as the ratio between the relative change
in electrical resistance to the mechanical strain.[115] Thus, a
good strain sensor exhibits a high gauge factor that amplifies
the effect of low strains, while also preserving its mechanical
integrity and responsiveness at high strains. Nuthalapati et al.
synthesized a novel palladium (Pd) and rGO nanocomposite.[114]

The rGO-Pd nanosensor was tested over a large range of strains,
0.1—45%. Remarkable GF values were achieved across different
strains, namely, 14, 89, 177, and 1523 for 0.1%, 0.5%, 20%, and
45% strains, respectively. In addition to a rapid response time of
47 ms, that demonstrates the capability of sensing a wide range of
activities: from real-time pulse monitoring to physical finger and
hand movement. In their pursuit to mimic the mechanical pres-
sure receptors of human skin (ranging from ≈1 Pa to 300 kPa),
Cao et al. resorted to graphene as their piezoresistive pressure
sensor.[116] Fabrication was followed through using 3D printing
of laminated pristine graphene layers. The sensor demonstrated
a wide detection range, from a low detection limit of 1 Pa and up
to 400 kPa, that exceeded human skin’s upper range. High sen-
sitivities were also found to be 3.1 kPa−1 for pressures between
1 Pa and 13 kPa, and 0.22 kPa−1 for pressures between 13 and
400 kPa.

Smart actuators are often inspired by the natural environment-
responsive nature. Janus materials are characterized as engi-
neered materials with two (or more) disparate constituents,
with differing physical or chemical properties that result in an
anisotropic behavior. Che et al., laminated rGO layers onto cel-
lulose nano paper (CNP) using lignin as a natural adhesive
to mimic the reversible movement of pinecones.[117] rGO pro-
moted hydrophobicity, electrical conductivity, and thermal stabil-
ity, while CNP provided a flexible, lightweight, and hydrophilic
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Figure 17. Schematic illustration summarising the mechanisms, features of graphene, advantages, and disadvantages for ERAs based on graphene; a)
Electrostatic actuators, b) electrothermal actuators, and c) ionic actuators. Reproduced with permission.[120] Copyright 2021, Elsevier.

support structure. The rGO/CNP Janus film achieved a fast
response speed to electrical stimuli (compared to other car-
bon/polymer bilayers of comparable weight),[118,119] with a value
of 1.875 s−1 V−1 response speed. Moreover, the film maintained
actuation performance over 1000 cycles, which is noteworthy
given that mechanical integrity across cyclic actuation is essen-
tial.

4.2. Graphene-Based Hydrogels and Aerogels

Hydrogels are crosslinked polymeric networks with high flexibil-
ity and biocompatibility commonly used in drug delivery, wound
dressing, and agricultural nutrient transfer.[121] Due to the hy-
drophilic nature of their backbone and/or side chains, they are
exemplary superabsorbents. Hydrogels are capable of absorb-
ing, retaining, and desorbing large amounts of water; up to
100000 times their dry mass or 99.9 wt.% without dissolving or
losing structural integrity.[121–124] Hence, rendering them ideal
biomimicry platforms. When the liquid phase in a hydrogel is re-

placed with air, the resultant is a rigid, highly porous, lightweight
structure—known as aerogel. Aerogels are valued for their ultra-
low densities, high surface area, and thermal insulation. Both hy-
drogels and aerogels could be synthesized from natural or syn-
thetic polymers, or a blend of both. Natural polysaccharides (e.g.,
cellulose, chitosan, hemicelluloses) are common hydro/aerogel
backbones, thus, they will be focused on herein.

Mittal et al. used GO nanosheets as a chitosan and car-
boxymethyl cellulose (CMC) crosslinker to synthesize dye-
contaminated wastewater treatment hydrogels.[125] The hydrogel
benefited from GO’s mechanical properties, thermal stability,
and adsorption efficiency; chitosan’s adsorption capacity and
biocompatibility; and CMC’s water solubility and binding prop-
erties. Nearly 99% and 82% of the dye were absorbed from a
methyl blue dye solution and a methyl orange solution, respec-
tively. Adsorption thermodynamics were spontaneous, and the
hydrogels maintained their high adsorption efficiencies over 20
adsorption-desorption cycles.

In their pursuit to produce polymer-based efficient electro-
magnetic interference (EMI) shielding and thermal management
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materials, Song et al. fabricated flexible cellulose-derived carbon
aerogels reinforced with rGO and backfilled with polydimethyl-
siloxane (PDMS).[126] The cellulose/rGO/PDMS aerogels demon-
strated a shielding effectiveness of 51 dB, which is compara-
ble to metals but with significantly reduced weight. Additionally,
the aerogels exhibited excellent thermal stability and mechanical
properties, with a 178.3 °C heat-resistance index, a thermal con-
ductivity of 0.65 Wm−1 K−1, tensile strength of 4.1 MPa, and a
value of 42 on a durometer scale (Shore A hardness).

5. Graphene-Based Materials for Water Treatment

Water is undoubtedly the most valuable resource on our planet,
crucial for the survival of humankind. The constant increase in
water consumption and the acceleration of water-polluting activ-
ities worldwide make preserving scarce water resources one of
the urgent challenges for the global community. Industrial, do-
mestic, and agricultural wastewater contain significant amounts
of hazardous organic and inorganic pollutants that pose a severe
environmental threat to both the natural environment and liv-
ing beings.[127] The combination of desirable chemical proper-
ties, wide surface area, high selectivity, outstanding mechanical
properties, and relatively low cost makes the application of nano-
materials, particularly graphene-based nanostructures, especially
promising in wastewater treatment and purification processes.

Many methods are available for modifying graphene and
graphene-based materials, opening up several opportunities
for water treatment, purification, separation, desalination, and
disinfection.[128] The four primary water treatment methods
for graphene and its derivatives include membrane-based tech-
niques, photocatalytic oxidation, adsorption, and electrochemical
oxidation. A high surface-to-weight ratio of ≈2600m2g−1 qualifies
graphene-based materials to be an effective adsorbent in elimi-
nating both heavy metal ions and organic molecules from indus-
trial effluents.[129]

Due to its inherent hydrophobicity, pristine graphene cannot
be effectively dispersed in aqueous solutions. This inevitably im-
poses certain limitations on its application in the field of wa-
ter treatment. Chemically converted graphene systems, namely
reduced rGO and GO, are widely regarded as the most attrac-
tive derivatives for use in water purification systems.[130] The
presence of multiple oxygen-containing functional groups (car-
boxyl, epoxide, hydroxyl, carbonyl) in GO imparts a high negative
charge density and hydrophilic nature to the surface, making the
material the most widely employed graphene compound in water
treatment.[131] A high-water cleanup efficacy of rGO toward metal
ions and anionic dyes is due to the lack of negative charge on the
graphene surface. In recent years, various graphene-based com-
posites have been explored to enhance the performance of this
class of nanomaterials in terms of photocatalytic, photoelectrocat-
alytic, catalytic, and electrocatalytic activity, adsorption capacity,
and desalination ability in various water treatment settings.[130]

5.1. Water Treatment Methods

5.1.1. Adsorption

Adsorption is a well-established and highly efficient wastewa-
ter treatment method due to the simplicity of apparatus design,

ease of operation, and convenience. This process is often the pre-
ferred option for removing dissolved pollutants left after chemi-
cal and biological oxidation treatments. Graphene and its deriva-
tives have successfully demonstrated high adsorption efficiency
for such types of contaminants as organic dyes, heavy metal ions,
and halomethanes.[132–136] The use of GO as an adsorbent is ac-
companied by a challenging process of separating this compound
from the water after adsorption due to the high stability of its
dispersion in the water and high hydrophilicity. In recent years,
the magnetization of graphene-based adsorbents has been inves-
tigated as a potential solution to this problem. The combination
of GO as an adsorbent and a material exhibiting magnetic prop-
erties (e.g., Fe3O4) makes it possible to magnetically separate the
reacted adsorbent from the treated water.[137,138]

The literature reports the use of graphene nanosheets as highly
effective adsorbents of a broad range of organic compounds,
namely halogenated aliphatic, plasticizers, polycyclic aromatic
hydrocarbons, dyestuff, pharmaceuticals, pesticides, polychlori-
nated biphenyls, and dyes.[133] Meanwhile, various hybrid com-
posites, including GO-calcium alginate,[139] chitin/GO gels,[140]

and rhamnolipid-functionalized graphene,[141] are suitable ab-
sorbers of various dyes.[142]

5.1.2. Photocatalysis

Photocatalytic oxidation of contaminants in water and wastew-
ater is a relatively new and growing technological approach in
industrial wastewater systems. The principle of operation of a
photocatalyst is based on the excitation of the electrons of the
valence band to the conduction band to generate electron-hole
pairs at sufficient photo energy. The resultant photo-induced car-
riers initiate a chain of oxidation and reduction reactions, gen-
erating additional active species that facilitate the photocatalytic
degradation of pollutants.[131] Graphene-based materials are at-
tractive candidates to be used in the preparation of novel compos-
ite photocatalysts due to their superior chemical stability across a
broad pH range, tunable chemical and structural properties, and
remarkable electronic characteristics.[143,144]

In composite photocatalytic systems composed of graphene
material and metal oxide, the outstanding contaminant degrada-
tion efficiency can be explained by the combined effect of ionic
interactions between oxygen-containing functional groups on the
surface of graphene-based material and organic pollutants and
the increased surface area attributed to the presence of graphene
nanosheets. In addition, graphene acts as a photosensitizer, elec-
tron acceptor, and adsorbent, accelerating the photodecomposi-
tion of contaminants.[145] Recent studies have suggested that the
use of 3D graphene-based gels can significantly improve the pho-
tocatalytic performance of hybrid materials, as well as make the
material more convenient to work with. A study by Zhang et al.
concluded that the hierarchical porous scaffold of 3D graphene
has a noticeably large surface area, thus positively affecting the
adsorptive capacity of the material.[146]

5.1.3. Membrane Filtration

Over the decades, membrane technology has proven itself as a
highly efficient and reliable approach for water treatment and
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Figure 18. Types of graphene-based membranes: nanoporous graphene
a) and stacked GO membranes b). Reproduced with permission.[150]

Copyright 2021, Elsevier Ltd.

filtration. Purification of water and wastewater using membrane-
based technologies is expected to play a central role in fields such
as desalination of seawater, wastewater reuse, and drinking wa-
ter treatment. The applicability of this technological approach to
sustainable industrial designs is mainly due to the ease of oper-
ation, low energy consumption, lower space requirements, lack
of chemical additives, lack of phase changes, and ease of scaling.
Polymeric membranes, the most widely used membrane type in
water purification processes, have some notable shortcomings
that limit their application in industrial settings. In particular,
conventional membranes are often characterized by insufficient
mechanical strength, high fouling tendency, low flux, and high
hydrophobicity.[131]

Graphene-based membranes demonstrate striking mass-
transport and molecular separation properties, as well as out-
standing resistance to fouling that cannot be found in any other
commercial membranes currently on the market.[147] Moreover,
membranes based on GO exhibit exceptional permeability prop-
erties, opening up new opportunities for developing highly se-
lective and ultra-fast processes for transporting gas and water
molecules through the membrane.[148] There are three methods
for modifying graphene-based membranes: direct perforation of
the surface to obtain particle screening performance, the embed-
ding of polymer layers between GO sheets, and the introduction
of additional functional groups to pristine graphene or GO.[128,149]

Figure 18 shows two common types of graphene-based mem-
branes.

Nanoporous graphene-based membranes are specifically de-
signed to ensure that larger volumes of water can pass through
continuous channels at a much lower pressure than is required
for conventional polymer membranes. Today, precise control
of channel pore size remains one of the challenges. The de-
localized 𝜋-orbital electron clouds effectively block the gap in
the graphene atomic rings, limiting the passage of the smallest
molecules.[151] Three main mechanisms of separation of contam-
inants in graphene-based membranes are size exclusion, adsorp-
tion, and Donnan exclusion.[152]

Inkjet printing has emerged as a cost-effective, fast, and scal-
able technology for applying uniform ultrathin layers (from 7.5
to 60 μm) of graphene-based filtration membranes on polymeric
substrates. Fathizadeh et al.[153]reported that printed GO mem-
branes demonstrated an over 95% rejection of small organic
molecules and about one order of magnitude greater water per-
meance compared to commercially available polymeric mem-
branes. These membranes also demonstrated outstanding effi-
ciency (a rejection rate of ≈95%) in removing pharmaceutical
contaminants.

5.1.4. Electrochemical Purification

Electrochemical methods have received considerable attention as
water treatment techniques due to their environmental compati-
bility without sacrificing high efficiency.[131] Advanced processes
of electrochemical oxidation, including solar photo-electro-
Fenton, anodic oxidation, and electro-Fenton, were adapted for
the effective elimination of harmful contaminants.[154] The use
of graphene-based materials as suitable capacitive deionization
electrodes in electrochemical processes has great prospects due
to commercial availability, high stability, excellent conductivity,
and non-toxicity of this class of materials.[131] Mousset et al. in-
vestigated the potential of different forms of graphene electrodes
(single-layer graphene, multilayer graphene, graphene foam) for
the electro-Fenton purification of wastewater. The authors re-
ported that all the studied materials can successfully produce
H2O2 by Fe2+ regeneration, form OH via the Fenton reaction,
and efficiently degrade phenol.[155]

5.2. Application Fields of Graphene-Based Materials

5.2.1. Removal of Organic Contaminants

A broad range of organic pollutants can be present in industrial,
agricultural, and domestic wastewaters, such as oils, pesticides,
dyes, hydrocarbons, herbicides, polycyclic aromatic hydrocar-
bons (PAHs), proteins, fertilizers, greases, pharmaceuticals,
and carbohydrates. GO and related composite materials have
been thoroughly explored as a highly efficient and sustainable
alternative to conventional organic adsorbents.[142] The efficiency
of the removal process from water directly depends on several
properties of organic pollutants, including the geometry and
size of the molecule, the presence of different functional groups,
hydrophobicity, and aromaticity. Polar or hydrophobic organic
contaminants demonstrate compatibility with pristine graphene,
whereas their basic, acidic, or ionic counterparts are compatible
with the electrically charged surface of GO.[156] In addition, vari-
ous properties of the background solution (e.g., temperature, the
pH level, the presence of natural organic matter, ionic strength)
have a significant influence on the treatment of wastewater by
affecting the physical and chemical interactions between organic
pollutants and graphene-based compounds used as adsorbents.

Dyes are the emerging class of organic pollutants that en-
compasses a broad range of natural and synthetic substances.
In recent years, the relatively high efficiency of GO in the re-
moval of several major dye compounds, in particular rhodamine
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B, methyl blue, methyl orange, methyl green, and basic red 12,
has been reported.[157] An endothermic adsorption process ac-
companies the treatment of water contaminated by dye pollutants
with GO. An increase in the degree of oxidation of the surface
of GO leads to a more efficient removal of dye molecules from
the aqueous phase. A negative charge imparted by the oxygen
functionalities to the surface of GO promotes the adsorption of
cationic dyes due to the electrostatic charge.[158] Several GO com-
posite systems, including polymer/GO, hydrogel/GO, magnetic
graphene/GO, and poly(m-phenyleneisophthalamide)/GO, have
found practical applications in wastewater treatment systems for
dye adsorption.[159]

Pharmaceutical contaminants (e.g., endocrine-disrupting
chemicals, antibiotics) constitute another broad class of organic
pollutants where both pristine graphene and GO demonstrate
high efficiency as adsorbents. A single-layered carbon structure
of graphene means that all carbon atoms can easily contact
antibiotics via 𝜋–𝜋 interaction. Moreover, the high surface
area and porous structure of graphene-based materials facil-
itate faster diffusion and surface reactions of antimicrobial
substances, allowing them to achieve rapid adsorption.[160,161]

Various graphene-based composites have been studied for
the removal of pharmaceutical contaminants. Li et al. in-
vestigated the potential of the RGO/Bi2WO6 systems in the
removal of ciprofloxacin hydrochloride under simulated visible
light.[162]

One of the currently unsolved critical issues in water treat-
ment is the sustainable separation of oil in water emulsion due to
the colossal volume of oily wastewater accompanying various in-
dustrial operations. Alammar et al. investigated the performance
of graphene-based nanocomposite membranes for oil-in-water
emulsion separation.[163] The authors noted that in addition to
sufficient antimicrobial and antifouling properties, these mem-
branes demonstrate an outstanding oil-removal efficiency of up
to 99.9%. This effect is achieved by introducing only a few wt.%
GO into the polybenzimidazole matrix. The application of GO
membranes in industrial water treatment is extremely promising
because of the outstanding productivity rate, long-term stability,
and high selectivity of the separation process.[164]

5.2.2. Removal of Inorganic Contaminants

In recent years, graphene-based materials have attracted consid-
erable interest as advanced adsorbents for the removal of rare
earth and heavy metal ions from wastewater due to the combi-
nation of fast kinetics, high contaminant removal efficiency, and
strong affinity to a wide range of metal ions.[165] Heavy metals,
which raise serious concerns in terms of clean water supply, be-
long to the group of trace elements with an elemental density ex-
ceeding 4± 1g cm−3. The metal and metalloids with the most haz-
ardous environmental potential are Pb, Cd, Hg, Cr, and As.[127]

The effective removal of these contaminants directly depends on
the following factors: the presence of background ions, the pH
level of the environment, the presence of natural organic mat-
ter, and the temperature of wastewater.[166] The endothermic na-
ture of the process of adsorption of inorganic pollutants makes
wastewater treatment systems based on GO or graphene com-
posites particularly attractive.

Graphene derivatives have demonstrated sufficient efficiency
as adsorbents for the removal of Fe+2 and Co+2 ions from con-
taminated water.[167,168] A study by Ain et al. highlighted the po-
tential of magnetic GO fabricated via the co-precipitation method
for removing Pb+2, Cu+2, Ni+2, Cr +3, and Zn+2 ions from aque-
ous solution. The studied graphene systems demonstrated good
reusability, as evidenced by experimental data (the total absorp-
tion capacity in the range of 87.51%–78.12%) after four succes-
sive adsorption–desorption cycles.[137]

Most of the research on incorporating graphene-based water
treatment systems for the removal of rare earth metal ions has
focused on GO due to the presence of various oxygen-containing
groups and the charged surface. This graphene derivative shows
high efficiency as an adsorbent to remove ions of La, Y, Gd,
and Nd from contaminated aqueous solutions. GO functional-
ized with Ti3(PO4)4 and Fe3O4 and GO-polyaniline nanocompos-
ites are promising candidates for these applications.[166] Zong
et al. reported that magnetic graphene/iron oxide composite
(Fe3O4/GO) exhibited the strong points of both GO nanomate-
rials and iron oxide and demonstrated excellent adsorption po-
tential in removing radionuclides.[169] The maximum sorption
capacity of U6+ ions on the studied composite was 69.49 mg g−1,
which is higher than the values reported for the majority of nano-
materials of other classes.

Desalination is the emerging approach to supply additional
volumes of clean water in the context of a growing global water
scarcity.[170,171] Thermally rGO membranes are gaining increased
attention in the membrane separation field for use in industrial-
scale desalination processes. Li et al. reported that the intro-
duction of plane nanopores into GO nanosheets by the method
of H2O2 oxidation allowed achieving a sharp increase in water
permeability of the membrane without a noticeable drop in the
membrane selectivity in terms of Na2SO4 separation.[172] Tailored
graphene membranes have demonstrated high efficiency in re-
moving salts typical of seawater, including KCl, MgCl2, NaCl, and
MgSO4.[130]

5.2.3. Water Disinfection

Various graphene-based materials, including metal oxide incor-
porated with GO or rGO, GO films, GO membranes, graphene
nanowalls, and graphene nanorods, are well suited for use in
water disinfection systems. The degradation or inactivation
of microbes, bacilli, and other types of microorganisms by
graphene-based systems occurs through either photo light-
induced degradation as demonstrated in Figure 19 using
graphene-ZnO photocatalyst, or the breaking of the bacterial
cell wall by direct contact.[130] Recent studies have confirmed
the excellent antimicrobial properties of graphene-based ma-
terials against such microorganisms as Staphylococcus aureus,
Escherichia coli, Bacillus subtilis, Yersinia bacteria, and Pantoea
agglomerans. The maximum removal efficiencies of magnetic
GO toward Yersinia bacteria, E. coli, and Pantoea agglomerans
were reported to be 97.2%, 98.8%, and 97.7%, respectively.[137]

As mentioned, chemical oxidation and physical disruption
are the two main mechanisms behind the antimicrobial activity
of graphene. Physical disruption also referred to as mechano-
bactericidal activity, is associated with the loss of membrane
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Figure 19. Schematic illustration of the photocatalytic mechanism of a) ZnO photocatalyst and b) graphene-ZnO photocatalyst, c) band diagram for
graphene-ZnO. Reproduced with permission.[131] Copyright 2019, Elsevier.

integrity as a result of the penetration of atomically sharp edges
of graphene nanosheets into the cell membrane. In the case of
chemical oxidation, nanosheets of GO mediate oxidative stress
on the cellular components or cell structure through the direct
transfer of electrons or via the generation of reactive oxygen
species.[173]

6. Conclusion and Future Direction

In conclusion, the wide range of graphene’s applications is huge
and still growing, with ongoing research continuously explor-
ing new opportunities and surpassing challenges. Graphene’s
unique set of properties not only promises to enhance existing
technologies but also paves the way for innovations to improve
technologies and enhance the quality of life.

Different types of graphene materials have been reported to
improve the thermal and mechanical properties of polymers of
different nature. However, in order to maximize its potential, ef-
fectively transfer the outstanding properties of graphene from
the nanoscale to the macroscale, and achieve important levels
of reinforcement, an effective stress transfer between graphene
and polymer is vital. For that, lengths ≥20 μm are required for
unfunctionalized graphene or a rational chemical functionaliza-
tion (e.g., grafting graphene with strategically selected polymer
chains) needs to be designed to achieve good levels of reinforce-

ment as well as improved thermal properties through enhanced
compatibilities, which lead to improved dispersions of graphene
in the host matrix and stronger graphene-polymer interfaces.

The horizon for graphene in energy storage applications is very
promising, this is a herald of better days to come when the en-
ergy systems will be more efficient, stronger, and capable enough
to stand up to ever-increasing technological needs and demands
for sustainable energy. Various forms of energy storage were dis-
cussed, and it was shown how graphene has great potential for
use in the field of energy storage because it has unmatched elec-
trical conductivity, high mechanical strength, and a very large sur-
face area that has a promising perspective as far as development
of advanced batteries and supercapacitors are concerned. These
graphene-improved energy storage solutions promise not only
to reduce charging time by a huge margin but also to increase
energy density while extending the devices’ lifetime; this makes
them key for mass adoption of electric vehicles, integration with
renewable sources of power, and portable electronic equipment
evolution. This paves the way for scaling up and integrating re-
search which in turn clears the path for graphene’s central role in
the next generation of electrochemical energy storage technolo-
gies aimed at ultimately contributing toward an overall more ef-
ficient and greener future.

Graphene’s exceptional conductivity, surface area, and tun-
able properties have proven promising in advancing sensor and
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actuator technologies. Its biocompatibility and non-toxicity en-
able it as a top candidate for biomedical, wearable technologies,
soft robotics, and agricultural applications. The reviewed liter-
ature highlighted the transformative impact of graphene and
its derivatives across the chemical, biosensing, physical sens-
ing, and actuating technologies, evidently reporting unprece-
dented detection limits, response times, and extended opera-
tional/cyclical performances.

Furthermore, the implementation of graphene in water treat-
ment was reviewed, which demonstrates that investigating and
using graphene for water treatment can be revolutionary in terms
of more efficient, more effective, and greener purification tech-
nologies. Graphene’s exceptional properties, such as its high sur-
face area, permeability to water molecules, and ability to adsorb a
wide range of contaminants, from heavy metals to organic com-
pounds and bacteria, position it as a transformative material in
the field of water purification. Looking forward, the focus will
increasingly be on overcoming current challenges related to the
scalable production of graphene and its composites, enhancing
its selectivity and reusability, and integrating these advanced ma-
terials into existing water treatment infrastructures. Graphene-
based membranes, adsorbents, and catalytic systems that are
new, creative, and emerging will have a significant impact on the
global quest for making water clean hence contributing toward
the sustainability of water resources and lessening environmen-
tal harm that comes with water treatment processes. The poten-
tial of graphene to transform water treatment is becoming more
apparent as research continues forward; one day we may have a
world where access to clean and safe drinking water is easier and
sustainable.

Moreover, it is believed that future research should also
focus on implementing machine learning (ML) and artificial
intelligence (AI) to accelerate the discovery, optimization, and
characterization of graphene-based composites, enabling predic-
tive, data-driven innovation across nanotechnology and materials
engineering. The combination of machine learning and artificial
intelligence in graphene-based nanocomposite studies has the
potential to transform material exploration, improvement, and
analysis. AI-driven predictive models enable rapid identification
of material properties, while data-driven design uncovers novel
composite configurations tailored for specific applications.
Advanced image analysis techniques automate structural char-
acterization, and ML optimizes manufacturing processes for
enhanced scalability and quality. AI bridges multi-scale interac-
tions from quantum to macroscopic levels supports sustainable
development through lifecycle analysis, and accelerates the
discovery of multi-functional composites. Furthermore, recent
advancements have demonstrated the application of ML and AI
in optimizing the properties of GO-based membranes, enabling
precise control over structural parameters and performance.
These methods allow efficient prediction and fine-tuning of
membrane characteristics, such as pH and ionic strength, to
optimize performance. For example, AI-driven approaches have
been successfully employed to enhance material design for
membrane technologies.[174] In another recent study, a set of
crucial parameters (such as GO layer thickness, roughness,
zeta potential, and water contact angle) were benchmarked to
gather relevant experimental data from the literature, which
were then utilized to develop algorithms for predictions of the

effect of GO membrane microstructure on its performance.[175]

Machine learning has shown promise in predicting graphene
defects. A novel approach was introduced by Zheng and Gu to
identify defects in graphene sheets by analyzing their thermal
vibrational topographies.[176] Two strategies were developed: an
atom-based method and a domain-based method. The former
constructs data from atom indices, while the latter is by domain
discretization. Both methods, while non-destructive and offering
atomic precision, achieved a remarkable prediction accuracy of
≈90% on reserved testing data. This provides a highly accurate,
non-destructive, and less technically demanding alternative to
traditional transmission electron microscopy techniques.

Finally, the range of graphene applications varies from creating
strong composites to modifying and enhancing energy storage
technologies in addition to innovative water filtration and treat-
ment methods. However, the key to achieving the desired goal of
implementing graphene and making the most of its remarkable
properties is in the combined endeavors of the research commu-
nities, industries, and policymakers in surmounting technical,
economic, and regulatory barriers. By all means, graphene’s jour-
ney toward shaping technology and sustainability by using it in
different sectors is very promising and it is believed that it will
have a positive and direct impact on our daily lives and global
economy through the implementation of graphene as well as the
continuous efforts toward solving its current challenges.
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