
air and water–vapor permeability that ensure breathability,3

water repellency,4 UV protection5 and resistance to wear.6

Graphene and its extended family of carbon nanomaterials
have emerged as ground-breaking materials with marvelous
characteristics that allow them to play a leading role in multiple
applications. To name a few, graphene and its related nano-
carbons are characterized by high thermal and electrical
conductivity owing to their vast sp2 lattice, chemical and
mechanical stability, increased Young’s modulus and extrao-
rdinary electronic properties.7 However, probably the biggest
asset is their functionalization capability that accomplishes the
tuning of their intrinsic properties as desired and also the
acquisition of novel qualities, as well as the ability to hybridize
with other materials, thereby enabling their extended applic-
ability.8 Similarly, 2D nanomaterials such as transition metal
dichalcogenides (TMDs), MXenes and hexagonal boron nitride
(h-BN) constitute pioneer nanomaterials in materials chemistry
nowadays, since their emergence a few years ago.9 MXenes are
characterized by good electrical conductivity, large surface area
and excellent shielding capability and thus have conquered the
top among lightweight shielding materials against electro-
magnetic interference (EMI).10 Mxene coatings can be woven
into clothing and other accessories and offer the wearable
unique shielding ability and protection from strong microwave
radiation.11 As far as 2D TMDs are concerned, the enormous
research effort devoted to graphene and carbon nanotubes
(CNTs) has paved the way for the handling, treatment and
functionalization of these different but also akin nanomater-
ials. 2D TMDs are generally characterized by mechanical
strength, a direct band-gap, astonishing electronic properties
and a scarce atomic-scale thickness.12 Molybdenum disulfide
(MoS2) is the representative and most-studied of this family of
materials owing to its robustness. The chemical modification of

MoS2 arose as a direct consequence of graphene functionalization
research studies and has allowed its multipurpose exploitation.

Not long after the dominance of nanocarbons and 2D
nanomaterials in a series of catalytic and energy-related appli-
cations, their hybridization with fabric fibers arrived as a logical
outcome towards the realization of multipurpose textiles.
Chemical functionalization enables the grafting of carrier agents
of the desired properties on the 2D nanomaterial substrates,
which are consequently integrated with the textile yarn to produce
hybridized versatile fabrics.

While excellent reviews exist regarding smart textiles in
general,13 and more specific ones focusing on graphene-based
fabrics,14 CNT-based wearable devices and smart textiles15 and
MXenes-based coatings for EMI shielding,16 there is a lack of
review literature regarding the chemical modification (covalent
functionalization or surface physisorption) of carbon nanos-
tructures and 2D nanomaterials as counterparts of fabric fibers
towards enhanced operational qualities. In this critical review,
we aim to fill this gap and summarize the literature reports
covering the chemical functionalization of carbon nanostruc-
tured materials and 2D TMDs mainly for fabrics with enhanced
antibacterial, flame retardant, air and water permeability, water
repellent, UV-resistant and durability properties (Fig. 1). Along-
side, a chemistry viewpoint appealing to chemists and materi-
als scientists and extremely useful to industry is provided.

2. Strategies employed for the
hybridization of carbon nanostructures
and 2D TMDs with fabric fibers

As the textile industry expands to satisfy the growing demand,
so do the different strategies for the modification of the fabric

Fig. 1 Chemical functionalization of carbon nanostructures and 2D nanomaterials as counterparts of hybridized fabric fibers with enhanced
antibacterial,45 flame retardant,63 breathability,79 water repellent,88 UV-resistant96 and durability properties.108
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fibers. Initially, these were limited to the traditional dyeing and
drying techniques, but the increased research interest devoted
to the design and fabrication of multipurpose textiles has come
to fruition with novel and efficient strategies for the hybridiza-
tion of textiles with carbon nanostructures and 2D TMDs.
Naturally, solid differences exist between these two families
of materials as far as their reactivity is concerned and therefore
their hybridization capability with other materials, herein the
fabric fibers. Carbon nanostructures possess C atoms that are
easily oxidized to O-containing functionalities, which are excel-
lent reactive moieties, enabling various interactions. Furthermore,
their sp2 lattice is readily available for the occurrence of common
organic reactions on the aromatic C atoms. On the other hand,
in the case of 2D TMDs which possess metals and chalcogens
such as S, the scene is quite different. Although great research
effort has been made towards the chemical derivatization of
chalcogens mainly, 2D TMDs still lag behind the carbon nano-
structured materials reactivity-wise. As expected, this occurrence
mirrors also on the resulting properties of the final composite
fabric, since the more reactive the raw material, the easier the
acquisition of the desired properties. In any case, the methodo-
logies developed for the hybridization with fabric fibers are
divided into two main categories: surface coating techniques
and chemical modification via covalent grafting.

2.1 Surface coating techniques

Dip-coating constitutes the most common technique employed
for the modification of fabrics and is also widely used in industry.
The methodology involves the immersion of a textile cloth in a
solution containing the coating material and then the removal of
the cloth from the tank to drain, followed by a washing and drying
process, which can be done either by heating or by employing
mechanical force. The significant advantages of this technique
are by far the reproducibility, high adhesion and large-scale
application. Furthermore, the repetitive dip-coating cycles allow
increased loading with analogous effects to the desirable
performance.17 Graphene oxide (GO) when diluted in aqueous
media is negatively charged owing to its oxygen-containing groups.
On the other hand, silk fabric gets positively charged in aqueous
acidic solutions due to its abundant amino groups. Therefore,
dipping a silk fabric in an acidic solution of GO results in effective
coating secured by electrostatic interactions between the oxygen
functionalities of GO and the amino-groups of the silk fabric.17

The hybridization of cotton fabric with GO is also achieved via
hydrogen bonding18 and further in situ reduction to reduced-GO
(RGO) can take place during the dip–dry process.17–19 However,
cotton, nylon and polyester fabrics that do not bear amine groups
cannot be inherently positively charged and thus strong electro-
static adhesion of GO is prevented, thus the adhesion is governed
by weaker yet sufficiently strong hydrogen bonding between the
–O/–OH functionalities of GO and the –OH/–O functionalities
of cellulose. This setback though is easily overcome with the
engagement of pH-sensitive adhesive molecules that are adsorbed
by the fabric during dipping and offer positive charges to the
fabric, enabling electrostatic interactions with GO and therefore
stronger assembly.20,21

Padding or pad-dry-cure methodology can perhaps be consi-
dered as the industrial approach to dip-coating in the sense
that a padding machine equipped with squeezing rollers
applies mechanical pressure to the solution-treated textile
which is then dried at an elevated temperature. This technique
can be applied in both laboratory and industry and is mainly
used for the modification of fabrics with carbon nanomaterials
functionalized with polymers. Specifically, GO is functionalized
with cross-linking polymers, through the sol–gel method and
the sol prepared is next applied to the cotton textile via padding
and drying cycles utilizing a laboratory double-roll padding
machine.22

Layer by layer assembly is another versatile surface coating
technique that achieves the fabrication of ultrathin nanocom-
posite films on a given surface and was primarily developed by
Decher in 1997.23 This methodology is based on alternating
consecutive adsorption of oppositely charged materials with a
controlled morphology and structure. Layer by layer assembly is
considered simple and environmentally friendly and is largely
used for the fabrication of functionalized GO and CNTs on
fabric fibers by taking advantage of the charge properties of
carboxylic or amino functionalities of the functionalized carbon
nanomaterials in an acidic solution, before the dipping and
stirring of the fabric in the prepared media repetitively.24,25

In 2009, dye-printing was utilized for the fabrication of a
CNT-modified polyester fabric. In this rather uncommon tech-
nique until then, the polyester in the form of yarn was passed
through a ‘‘dye-bath’’ that contained aggregated CNTs blended
with zwitterionic and anionic surfactants.26 Microwave irradia-
tion ensured the successful dyeing process, followed by heating
in a curing oven at 170 1C. Recently, simple dyeing of GO
on cotton was achieved in a revolutionary report that claimed
more uniform arrangement of GO on cotton compared to the
traditional dip-drying methodologies, because the GO’s free
enthalpy in water is lower, thus allowing GO sheets to align
regularly on the cotton surface.27 In a more modern approach,
direct writing of laser-induced graphene was realized on a
Kevlar textile using a CO2 laser beam. The CQO and C–N
bonds in the molecular structure of Kevlar were broken and
the remaining carbon atoms were (possibly photo-thermally)
re-arranged on the graphene core (Fig. 2).28

For the fabrication of MoS2-functionalized polyacrylonitrile
(PAN) fabric fibers, the wet-spinning process has been employed.
During this procedure, firstly the PAN powder is diluted in a
suitable water-miscible solvent and then the MoS2 material dis-
persed in the same solvent is added to the mixture. The generated

Fig. 2 Laser-induced transformation of Kevlar into graphene-functionalized
material.
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3. Chemical modification towards
operational limitations and extreme
environmental conditions
3.1 Antibacterial properties

Clothing and textiles, especially those made of natural fibers,
can often act as friendly substrates for hosting pathogenic
microorganisms. Since these are an actual threat to public
global health, antifungal, antimicrobial and antibacterial
activity is nowadays a mandatory characteristic for fabrics
and textiles deployed for clothing and personal protective
equipment. Traditionally, metal and metal oxide nanoparticles
(NPs) have been utilized to transfuse antibacterial properties to
fabrics.1

Graphene oxide is an ideal substrate for the growth of metal
NPs, since its oxygen functionalities stabilize the NPs and
prevent their aggregation. The antibacterial performance of a
graphene/TiO2 composite grafted on a cotton fabric was tested
in 2014 by researchers in a quest of a revolutionary electro-
conductive, self-cleaning and antimicrobial fabric.43 Coating of
a GO film on a cotton fabric was achieved by immersion of
the latter into an aqueous solution of GO and it has actually
been proved that the hydroxyl and carboxylic acid groups of
graphene oxide form hydrogen bonds with the hydroxyl groups
of cellulose in the fabric.44 In this endeavor, aqueous TiCl3

acted as both a reducing agent for graphene oxide to form RGO

and a precursor of TiO2 nucleation on cotton fibers.44 Furthermore,
graphene facilitates the decomposition of pathogens and micro-
organisms by providing an increased contact area between TiO2

NPs and bacteria. In addition to the excellent antibacterial activity,
negligible toxicity was also registered for the novel graphene/TiO2

nanomaterial textile.
Recently, electrospinning technology was utilized for the

production of a nanofiber yarn consisting of polyacrylonitrile
(PAN) and GO functionalized with Ag NPs.45 Briefly, GO serves
as a suitable substrate for the in situ reduction of diamine
silver(I) hydroxide. In order to improve the solubility and
stability of the composite, polyethyleneimine (PEI) was added
to the blend and secured via amide bonds with the carboxylic
acid groups of GO. Fig. 7 depicts the synthetic route for the
preparation of the GO–PEI–Ag/PAN fabric that exhibited an
antibacterial rate greater than 99.99% against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) that remained as
high after multiple washing cycles.45

On the contrary, Noor and coworkers had earlier reported
the preparation of a silver-graphene coated polyviscose textile
that showcased a 100% antibacterial rate against E. coli, which
slightly decreased to 90.1% after a dozen laundering cycles.46

The functionalization procedure involves firstly the treatment
of the polyviscose fabric with aqueous NaBH4 as the reducing
agent to create binding sites and then the immersion of the as
prepared ‘‘active’’ fabric in aqueous AgNO3–GO solution to
in situ form the Ag NPs. This simple, two-step pad-dry process
allows scalable production with application in the biomedical
field and is generic to NP incorporation in medical textiles.46

A similar ‘‘pad-dry-cure’’ method was employed for the
chemical modification of two cellulose-based fabrics, linen and
cotton.47 Depending on the sequence of treatment, two differ-
ent nanocomposites are produced: Ag/GO coating on the fabric

Fig. 5 A novel self-cross-linking dispersant as linkage between CNTs
and cellulose fibers. Reproduced in part with permission from ref. 41.
Copyright r The Royal Society of Chemistry 2018.

Fig. 6 Ca2+ metal ion infiltration increases the bonding interaction
between the building blocks of GO and cellulose microfibers in the hybrid
material via ionic bonding.

Fig. 7 Synthetic route for the preparation of the GO–PEI–Ag composite
material.
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structure of MWCNTs is responsible for the positive effect on
the tribological properties of the modified fabric.108

Furthermore, the study on the tribological properties of a
hybrid PTFE/Kevlar fabric composite filled with nano-SiC and
submicron-WS2 fillers emphasizes the mechanical strength and
tearing resistance added by WS2 to the composite textile.32

However, more research efforts have to be devoted to 2D TMDs
as textile additives with promising qualities towards the reali-
zation of durable and wear resistant fabrics.

4. Conclusions and perspectives

Technical textile requirements for personal protective clothing
have multiplied in the last few years due to the climate crisis,

technological evolution, human interference and the increased
living standards. From antimicrobial properties and fire pro-
tection, to water repellency and UV radiation resistance, to
breathability and durability, the fabric industry faces a huge
challenge to meet these excessive requirements. Therefore,
researchers have brought along nanomaterials with proven
versatility, e.g. carbon nanostructures and 2D TMDCs, as allies
in this tricky endeavor. Chemical functionalization of these
nanostructures enables not only the acquisition of the desired
properties but also the successful grafting to the fabric fibers.
Herein, the methodologies developed for the hybridization of
nanocarbons and TMDs with the various textile substrates have
been reviewed. Furthermore, there is an extensive report on the
chemical modification of these nanomaterials as counterparts of
the fabric fibers towards the most critical operational limitations
and environmental conditions.

While there is a decent amount of research focused on
incorporating antibacterial properties into fabrics, this is limited
to the usage of metal nanoparticles, which although effective have
been accused of toxicity.109 In parallel, great progress has been
registered for the flame retardancy of the fabrics, where not only
modified carbon nanostructures (graphene and CNTs) but also
functionalized MoS2 have exhibited key performance against fire.
On the other hand, in other research areas which are rather
recent, such as the air and water permeability of the fabrics, there
is a long way to be covered. All in all, unlike graphene and CNTs,
2D TMDs are still in the beginning of their adventure as textile
counterparts but it seems that they hold great promise. None-
theless, surface functionalization of 2D nanomaterials still faces
quite a few challenges. These range between technical issues,
such as their handling and the large-scale/industrial application,
and scientific challenges since a deeper understanding of the
structure–properties relationship is of vital importance for future
advances in 2D nanomaterial development and hybridization with
fabric fibers. Future research should focus on assembling
the single layers of 2D nanomaterials into industrial materials,
without sacrificing their original performance. In any case, we
firmly believe that the chemical functionalization of these nano-
materials, which has been tremendously developed in the past
few years, is the key and actually constitutes a problem-solver to
the fabric industry in its quest to fulfill the current technical
expectations.
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Fig. 16 Preparation of the Cu/Ag-NPs/RGO/cotton fabric with high
durability.

Fig. 17 Furfuryl amine-functionalized MWCNTs for wear-resistant fabrics.
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