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Abstract: Due to their unique surface-active functionalities, graphene and its derivatives, i.e.,
graphene oxide (GO) and reduced graphene oxide (rGO), have received enormous research at-
tention in recent decades. One of the most intriguing research hot spots is the integration of GO and
rGO coatings on textiles through dyeing methods, e.g., dip-pad-dry. In general, the GO sheets can
quickly diffuse into the fabric matrix and deposit onto the surface of the fibers through hydrogen
bonding. The GO sheets can be conformally coated on the fiber surface, forming strong adhesion
as a result of the high flakiness ratio, mechanical strength, and deformability. Moreover, multiple
functions with application significance, e.g., anti-bacteria, UV protection, conductivity, and wetting
control, can be achieved on the GO and rGO-coated fabrics as a result of the intrinsic chemical, physi-
cal, electronic, and amphiphilic properties of GO and rGO. On the other hand, extrinsic functions,
including self-cleaning, self-healing, directional water transport, and oil/water separation, can be
achieved for the GO and rGO coatings by the integration of other functional materials. Therefore,
multi-scale, multifunctional, smart fabrics with programmable functions and functional synergy can
be achieved by the design and preparation of the hybrid GO and rGO coatings, while advanced ap-
plications, e.g., healthcare clothing, E-textiles, anti-fouling ultrafiltration membranes, can be realized.
In this review, we aim to provide an in-depth overview of the existing methods for functionalizing
fabrics with graphene-based coatings while the corresponding functional performance, underlying
mechanisms and applications are highlighted and discussed, which may provide useful insights for
the design and fabrication of functional textiles and fabrics for different applications.

Keywords: graphene oxide; reduced graphene oxide; hybrid; coating; multifunctional

1. Introduction

Graphene-based materials, i.e., graphene oxide (GO), reduced graphene oxide (rGO),
and graphene, have attracted significant research attention in decades due to their superior
electrical, electronic, and mechanical properties [1-3]. According to the theoretical predic-
tion, graphene, which is composed of a single layer of carbon basal plane, would have the
highest conductivity and strength among the existing materials [4]. A schematic illustration
of the graphene structure can be seen in Figure 1. In general, graphene is obtained through
an irreversible reduction of its precursor, graphene oxide (GO), either through a chemical,
thermal, or electrochemical method [5]. However, the full reduction of GO to graphene
is experimentally hard, and rGO with various degrees of defects and oxygen vacancies
is generally obtained. Chemical reduction, electrochemical exfoliation, and mechanical
exfoliation are widely used to synthesize rGO [6-8], while UV irradiation and thermal
reduction can be applied to obtain functionalized rGO from GO [9,10]. As a result of the
unique properties of graphene, it has raised a busting wave for exploring its potential
electronic, mechanical, and chemical applications, as shown in Figure 2. Integrated circuits
based on graphene have been created by IBM, which demonstrated the possibility of the
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next-generation electronics going beyond silicon and metals [11]; dual-gated graphene-
based ambipolar amplifiers capable of operating in both the common and differential
modes have been developed, showing remarkable potential in the low-noise-circuit appli-
cation [12]. The impermeable atomic membrane of graphene has been fabricated, which
inhibited the penetration of standard gases, including helium, but is readily permeable
to water vapors [13]; graphene-based fibers, fabrics, and textiles have also emerged with
high conductivity and flexibility, providing feasible solutions for the fabrication of smart,
stimuli-responsive textiles [14-16].

(b) (c) E

Figure 1. (a) Crystal structure, (b) Brillouin zone, and (c) band dispersion at a Dirac point of graphene.
In (a), the Bravais lattice structure of graphene is consisting of two carbon atoms, which are drawn
as white and black circles, and labeled as A and B, respectively. The arrows al and a2 represent the
primitive lattice vectors with lengths equal to the lattice constant. In (b), the outer hexagonal ring
represents the reciprocal lattice of graphene, and the inner shaded area represents the first Brillouin
zone, K’ and K indicate the non-equivalent corners. In (c), the coordinate axes kx and ky represent
the k-space basis vector, and energy (E) is the z-axis. Reproduced from ref. [1], with permission from
Wiley, 2010.
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Figure 2. (a) Illustration of a graphene mixer circuit with a top-gated graphene transistor and two
inductors connected to the gate and drain of the transistor. Reproduced from ref. [11], with permission
from The American Association for the Advancement of Science, 2011. (b) Illustration of a graphene-
sealed microchamber and optical image of a single atomic thick graphene drumhead on 440 nm SiO5.
Reproduced from ref. [13], with permission from The American Chemical Society, 2008.

On the other hand, as the indispensable precursor of graphene, GO has also become a
hot spot of research. However, GO has a similar molecular structure to graphene, which
is also generally composed of a few graphene layers, except that functional groups, such
as hydroxyl, epoxide, carbonyl, or carboxylic groups, are distributed on the basal planes
along with distorted aliphatic regions due to harsh oxidizing reactions [17], though the
actual structure can be more complicated and case-dependent. A proposed structure of
GO can be seen in Figure 3. In addition, as a result of the hydrophilic functional groups
and heterogeneous molecular structure, GO exhibits excellent amphiphilic properties as
it can be readily dispersed in either aqueous or common organic solvents or assists the
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dispersion of other carbon materials, which can be defined as a “surfactant” [18-20]. The
functional groups of GO have also enabled the chemical functionalities of the material.
Chemical functionalization, either covalently or non-covalently, has been applied to GO,
and functional branches, such as aliphatic amines, polymers, and organosilanes, were
attached to GO planes for enhanced non-aqueous dispersibility, tunable gas permeability,
and composite forming properties [21-24]. It is also noteworthy that GO can serve as the
catalyst for the oxidation of aromatic alcohols, alkenes, and Suzuki-Miyaura coupling
reactions, which is then termed “carbocatalysis” [25]. According to these inspiring findings,
the catalytic activity of GO can be quite broad, and the usage of this large-surface-area,
non-metallic catalyst is very attractive for both industry and environmental protection [26].

—OH -—6— = -0—
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Figure 3. Schematic illustration of the structure of GO based on the Lerf-Klinowski model. Repro-

duced from ref. [17], with permission from The American Chemical Society, 1998.

Based on the intrinsic properties of GO and rGO, it is not hard to imagine their impact
on the functions of traditional fibers and textiles. By integrating GO and rGO into the
conventional dyeing and finishing process, unique and new functions and applications can
be anticipated.

2. Functionalization of Fabrics Using Graphene Based Coatings: The Concept
and Mechanism

Recently, the integration of textiles with GO has attracted much research attention,
and the research significance may span across a wide range of applications, e.g., moisture
and thermal management, biomedical, E-textiles, and oil-water separation [27-31]. In fact,
GO and rGO have been applied to traditional fibers and fabrics using various methods,
including dip-coating, filtration, dip-pad-dry-curing, pad-drying, and dyeing [32-36].
Intriguing functions, such as anti-bacterial, photocatalytic, electrocatalytic, and enhanced
thermal stability, are obtained through the GO coatings on the fabrics [37-39]. Furthermore,
the immobilized GO on the fabrics can be readily converted to rGO, which endows the
base fabric with a conductive pathway and electrical property. By reducing GO on the
as-obtained fabric, conductivity ranges from 102~1010 Q cm~! can be achieved for fabrics
composed of insulating fibers, such as acrylics and cotton [32,36]. rGO-coated nylon-
6 fabrics with conductivity larger than 1000 S m~! have also been fabricated with the
assistance of bovine serum albumin (BSA) [40]. On the other hand, the rGO-coated cotton
fabric showed remarkable thermoelectric properties when an additional coating layer of
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PEDOT:PSS was applied, forming a wearable thermoelectric generator [41]. Moreover, the
thermal conductivity of cotton fabric can be significantly enhanced by both the GO and
rGO coatings. A. Kumar et al. investigated the thermal conductivity of polyethylene glycol
(PEG) grafted cotton fabric coated by GO, and the result indicated a 10-fold increase in
thermal conductivity for the GO-coated PEG-grafted fabric [0.52 W/(m - K)] as compared
to the bare cotton fabric [0.045 W/(m - K)] [42]. G. Manasoglu et al. have reported the
fabrication of rGO-coated polyester fabric by using a knife-over-roll technique, and the
thermal conductivity of the polyester fabric can be increased from 0.10 up to 0.42 W/(m - K)
by applying the rGO coating [43].

Though substantial attempts have been made to apply graphene-like materials on the
fabrics, there are still many concerns and issues that exist for their practical applications.
One of the major problems is that only dull brown or black colors can be obtained by dyeing
fabrics with GO or rGO, respectively. In addition, due to the adsorption of GO on the fabric,
the intrinsic dyeing sites on the fabrics are hindered, which means the color of the fabric is
hard to adjust or change by the subsequent dyeing process. However, color is one of the
most important factors that affect the customer’s choice against textile products, i.e., fabrics,
apparel, and fibers. The unresolved color issue associated with the GO or rGO-modified
fabrics may generate a negative impact and hinder their further application in commercial
textiles. The possibility of dyeing the fabrics with GO while retaining color control has
opened a new path to integrate graphene-like materials with textiles. Typical colors and
appearance of the GO and rGO coated fabrics are shown in Figure 4.
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Figure 4. (a) Reflectance spectra and the corresponding optical images of the GO-coated cotton fabrics
with different dip-drying cycles. Reproduced from ref. [32], with permission from Elsevier, 2013.
(b) Reflectance spectra and the corresponding optical images of cotton, GO-coated cotton, rGO-coated
cotton, and polymethyl siloxane-rGO-coated cotton fabrics (from 1-4). Reproduced from ref. [34],
with permission from Springer, 2013.

Dyeing fabrics with GO may depend on the good water dispersibility of GO and its
intrinsic molecular structure. The dye molecules can non-covalently bond to the GO sheets
via the strong 7— interaction between the large aromatic rings, forming a stable GO-dye
molecular complex [44]. Subsequently, the GO-dye complex can migrate and immobilize
the fabric through either chemical reactions or van der Waals forces. As a result, colors
are obtained on the fabrics via the dyes, and at the same time, GO is also immobilized.
Moreover, the surface of the fabric can be cationized by chemical modification in order
to enhance the fabric-GO interactions through the electrostatic interaction. Besides the
eye-catching colors endowed by the dyes, the immobilized GO can provide the fabric with
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programmable functions through the post-functionalization processes. For example, facile
anti-bacterial properties can be provided by the GO coating on cotton and linen fabrics,
and the anti-bacterial property can be substantially enhanced by reducing the GO into
rGO and depositing Ag nanoparticles on the rGO surface [45]; enhanced UV protective
and photocatalytic properties, i.e., spontaneous and fast photodegradation of stains and
dirt, can be obtained by the deposition of photocatalytic nanoparticles on the GO or rGO
surface [46,47]; stimuli-responsive wettability, e.g., the wetting transition from hydrophobic
to hydrophilic, can be achieved by sonicating the rGO-coated fabric in water [48]; reversible
wetting transition from superhydrophobic to superhydrophilic can be realized on cotton
fabrics by irradiating the hierarchical graphene/titania coating with UV light, and the
fabric may gradually restore its superhydrophobicity during dark storage [49].

3. Functionalization of Fabrics Using Graphene Based Coatings: Applications
3.1. Anti-Bacteria

Fabrics can obtain excellent anti-bacterial properties by integrating with GO. It is
believed that GO can affect the bacteria metabolism and inhibit further growth of the
bacteria in the environment. Cotton fabrics coated with GO showed high deactivation
efficiency to both gram-negative and gram-positive bacteria, whereas no significant skin
irritations were observed [50]. J. Zhao et al. have investigated the anti-bacterial effect of
cotton fabrics coated by GO. In their study, GO was coated on the cotton fabrics by suction
filtration (denoted as Cotton-GO), which can be subsequently crosslinked with the fabric by
either y-ray radiation or heating by using triallyl isocyanurate (TAIC) as the crosslinker [51].
All of the GO-coated fabrics showed remarkable anti-bacterial properties against both
the gram-negative (E. coli) and gram-positive (B. subtilis) bacteria, as the colony-forming
units generated by the eluents washed off from the GO-coated fabrics were much fewer
than the ones generated by the eluents obtained from the bare cotton fabric (Figure 5a),
and inhibition efficiencies around 98% can be obtained after incubating the bacteria with
the GO-coated cotton fabrics (Figure 5b,c). Moreover, the GO-coated cotton fabrics can
retain inhibition efficiencies higher than 90% after laundering 100 times. Compared to
other newly-emerged anti-bacterial nanomaterials, GO has its intrinsic advantages as it can
conformally wrap around the fiber surface, forming strong entanglements with the fabric
substrate, which in turn provides superior wash fastness for the GO coatings. This feature
cannot be obtained from materials such as carbon nanotubes, titanium dioxide, or silver
nanoparticles, as they usually formed several microns-thick layers on the fabric, and the
structures were hard to maintain due to the low abrasion resistance of the coatings [52].
F. Yaghoubidoust et al. investigated the anti-bacterial properties of the GO-coated cotton
fabrics prepared by dip-coating, and different results were obtained as compared to the
previous work [53]. The highest inhibition efficiency for E. coli was measured to be ~70%
after 24 hours’ incubation, while an inhibition efficiency as high as 93% was measured for
the gram-positive S. inige under the same condition. However, the prominent difference
in the anti-bacterial properties of the GO-coated cotton fabrics in different studies may
arise from the differences in the surface chemical and physical characteristics of the as-
synthesized GO. N. Yadav et al. have shown that GO may inhibit the growth of both the
gram-negative (E. coli) and gram-positive (Staphylococcus aureus) bacteria, and the inhibition
efficiency was affected by the surface functional groups, size, and surface roughness of the
as-prepared GO. However, a higher inhibition efficiency of the gram-negative bacteria was
observed on the GO-coated surface in their study [54].
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Figure 5. Anti-bacterial properties of the GO-coated cotton fabric. (a) Colonization of E. coli from
the eluents washed off from the E. coli incubated GO-coated cotton fabrics on agar plates incubated
for 18 h. (b) Inhibition efficiency of the GO-coated cotton fabric against E. coli and (c) B. subtilis.
Cotton-GO, cotton-cx-GO, and cotton-rx-GO mean the cotton fabrics coated with GO by physical
adsorption, chemical crosslinking with TAIC, and y-ray-radiation crosslinking with TAIC, respectively.
Reproduced from ref. [51], with permission from Wiley, 2013.

The GO coated on cotton fabrics can be further transformed into rGO by reduction.
Compared to the GO-coated cotton fabric, the anti-bacterial property of the rGO-coated
fabric may deteriorate while its electrical conductivity, UV absorption, and hydrophobicity
can be significantly enhanced. The anti-bacterial mechanisms of GO and rGO against E. coli
have been investigated by S. Liu et al. [50]. According to their findings, the GO dispersion
showed the highest inhibition efficiency against E. coli among the tested carbon allotropes,
i.e., graphite, graphite oxide, GO, and rGO (Figure 6a). The anti-bacterial properties of GO
and rGO were time- and concentration-dependent, in which GO surpassed the performance
of rGO (Figure 6b,c). This phenomenon can be attributed to the small particle sizes and
narrow particle size distribution of the GO dispersion, which may provide a higher surface-
to-volume ratio and enhance the interaction between GO and E. coli. On the other hand,
destruction of the cell membranes was observed for the E. coli cells in contact with the
GO and rGO nanosheets; oxidation of glutathione, a redox state mediator in bacteria,
was observed for both GO and rGO. It thus revealed that the anti-bacterial mechanism of
GO and rGO may involve both the membrane stress and oxidation stress pathways. U.
Mizerska et al. have reported the fabrication of rGO-coated cotton fabrics by a pad-dry-
anneal method, which utilized a mixture solution of GO, organosilicon sol, and surfactant as
the coating solution [55]. The as-obtained rGO-coated cotton fabrics showed no inhibition
zones against the tested bacteria (E. coli and S. aureus) on the inoculated agar plates.
However, impeded biofilm formation can be observed on the surface of the rGO-coated
cotton fabric as compared to the surface of the bare cotton fabric, where continuous bacterial
biofilm formation can be observed. To further enhance the anti-bacterial properties of the
rGO-coated cotton fabric, tert-butylamine or N,N-dimethyl-N-n-octylammonium groups
can be introduced and attached to its surface, and the colonization of E. coli and S. aureus
can be significantly reduced on the fabric surface. Z. Xu et al. reported the fabrication of
coated cotton fabrics with high anti-bacterial efficiencies by using rGO and an N-halamine-
containing quaternary ammonium salt (QAS), which showed inhibition efficiencies of ~80%
and ~65% against S. aureus and E. coli, respectively [56]. Upon further chlorination of the
rGO/QAS coated fabrics, the anti-bacterial efficiencies can be enhanced to 100%. Other than
QAS, rGO can be integrated with metallic nanoparticles (NPs) to enhance the anti-bacterial
properties and hydrophobicity. For example, J. Kim et al. fabricated a rGO/Cu NPs coating
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on cotton fabrics, which showed high inhibition efficiencies (~99%) against E. coli, C. xerosis,
and M. luteus, and no cytotoxicity effects against human skin cells were observed [57]. B.
Jafari et al. reported the fabrication of anti-bacterial coatings on rayon/polyester blended
fabrics by using rGO and Ag NPs. The fabric was first coated by GO through dip-coating,
and subsequently, the reduction of GO and the deposition of Ag NPs were implemented
through the chronoamperometric technique [58]. The rGO/Ag NPs coated fabrics showed
excellent anti-bacterial properties and hydrophobicity, as an inhibition efficiency of 99.99%
against E. coli and a WCA of 148° were obtained. D. P. Rodrigues et al. investigated the
anti-bacterial properties of monolayer and few-layer rGO coated on polyamide fabrics [59].
They found that the monolayer rGO-coated fabrics showed no inhibition effects on E. coli
and S. aureus, while the few-layer rGO-coated fabrics showed a concentration-dependent
anti-bacterial effect. They also found that the addition of different dopants may change the
electronic structure and surface polarity of rGO, resulting in either promotion or inhibition
of the bacteria growth, which can be used to interpret the variations observed in different
rGO-based coating methods and materials.
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Figure 6. (a) Cell viability of E. coli after incubation with graphite (Gt), graphite oxide (GtO), graphene
oxide (GO), and reduced graphene oxide (rGO) dispersions with a concentration of 80 ug mL~! and
an incubation time of 2 h. (b) Time-dependent and (c) concentration-dependent cell viabilities of
E. coli were obtained by incubating E. coli with GO and rGO dispersions with a fixed concentration
(80 pg mL~!) and incubation time (2 h), respectively. Reproduced from ref. [50], with permission
from The American Chemical Society, 2011.

3.2. UV Protection and Photocatalyst

Besides anti-bacterial properties, the GO-coated fabrics may show remarkable UV-
protection properties that exceed the existing commercial anti-UV products. This feature
can be ascribed to the unique electronic structure of GO, which is majorly composed of
sp? hybridized carbon atoms. The transition from 7 to 7* orbitals of the GO 7 electrons
can be excited by lights that have wavelengths in the UV range. Compared to graphite,
which is almost UV transparent, GO typically shows an adsorption maximum at the
wavelength ~230-300 nm [60,61], which can be seen in Figure 7a. Compared to GO, rGO
may show an absorption maximum that shifts to higher wavelengths due to its more
perfect sp? hybridized carbon structure [62], as shown in Figure 7b. X. He et al. have
reported the fabrication of GO-coated cotton fabric by a simple dip-dry process [63]. In
their study, the highest ultraviolet protection factor (UPF) measured for the GO-coated
cotton fabrics was around 53, and the UPF increased as the concentration of GO and
the times of the coating process increased. To enhance the UV protection and durability
of the GO coating, D. Zuo et al. used ZnO quantum dots as photoactive additives and
applied the hybrid coating layer of ZnO/GO/PVA on the cationized cotton fabric [64].
The UPF of the ZnO/GO/PVA coated cotton fabric can reach 61.3, which can be graded
excellent according to the Australian/New Zealand standard (AS/NZS 4399). Moreover,
a UPF of 57.6 was measured for the ZnO/GO/PVA coated fabric after washing 20 times,
indicating the good wash fastness of the coating. B. C. Giiltekin reported the fabrication of
GO-coated nonwoven cotton fabrics by using a simple dip-dry method, and rGO-coated
fabrics can be obtained by the subsequent reduction of GO by sodium dithionite [65]. Both
the GO and rGO-coated cotton fabrics showed UV-protective characteristics with UPF > 40
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when the basis weight of the fabric exceeded 70 g m~2. However, only the rGO-coated
fabrics can achieve UPF > 50 as the basis weight exceeds 60 g m~2, indicating a better
UV-protective property (Figure 7c). The rGO coating on the cotton fabric also showed
excellent durability against washing, as UPF > 50 was maintained for the coated fabrics
after a standard washing durability test (ISO 105-C06-A1S).
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Figure 7. (a) UV spectra of graphene oxide and graphite powder. Reproduced from ref. [61], with
permission from Springer, 2017. (b) UV-vis spectra of graphene and graphene oxide (GO). Reproduced
from ref. [62], with permission from Elsevier, 2014. (c) UPF values of the bare nonwoven cotton fabric
(NF), GO-coated nonwoven cotton fabric (GONF), rGO-coated nonwoven cotton fabric (RGONF),
and rGO-coated nonwoven cotton fabric after the washing test. Reproduced from ref. [65], under the
license of CC-BY 4.0.

Moreover, H. Zhao et al. utilized an electrophoretic deposition (EPD) method to graft
GO on a polyethyleneimine (PEI) modified polyamide fabric’s surface [66]. An intact and
uniform GO coating layer with controllable surface morphology and thickness can be
formed on the modified polyamide fabric’s surface by EPD (Figure 8), and excellent UV-
protective properties, electrical conductivity, and thermal conductivity were observed for
the coated fabric as GO was converted to rGO by reduction. S. Bhattacharjee et al. reported
the fabrication of rGO/Cu NPs and rGO/Ag NPs coatings on cotton fabrics by using
3-glycidyloxypropyl trimethoxy silane as a coupling agent [67]. The as-obtained rGO/Cu
NPs coated fabrics showed excellent UV protective properties, low surface resistance, and
high water contact angles (WCA).
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Figure 8. SEM images showing the surface morphologies of the graphene oxide coated, PEI
grafted polyamide fabrics prepared by different EPD conditions: (a,b) 0.5 mg mL~! GO suspension,
10 V em ™! electric field strength, 90 s deposition time; (¢,d) 0.5 mg mL~1 GO suspension, 10 V cm™!
electric field strength, 150 s deposition time. Reproduced from ref. [66], with permission from
Springer, 2018.

As a result of its high photoactivity, GO can also be utilized as an easily accessible
photocatalyst for many photo-conversion and redox processes due to its unique molecular
configuration and tunable electronic structure [68-71]. It has been reported that GO can
serve as the active redox mediator for accelerating the water-splitting reaction [72]. More-
over, GO can be used as the major photoactive component to catalyze the photo-splitting of
xylose and xylan under visible light [73]. Due to its excellent chemisorption properties and
the ability to activate oxygen species, there is increasing interest in the use of GO as a pho-
tocatalyst to remove organic contaminants and heavy metal ions [74,75]. Common organic
compounds, such as methylene blue, rhodamine B, and phenol, can be photocatalyzed
by GO or rGO-based materials, leading to either photodegradation or photoreduction,
respectively [76-78]. The photocatalytic properties of GO can be further extended by the
incorporation of other photoactive materials, such as metal oxides, quantum dots, and
semiconductor nanostructures [79].

3.3. Tunable Superwettability and Separation Property

Compared with rGO, GO is intrinsically amphiphilic as a result of the difference
in chemical composition in its edge region and basal plane. The edge region of GO is
intrinsically more hydrophilic due to the enrichment of the oxygen-containing functional
groups, e.g., carboxyl and hydroxyl [80]; on the contrary, the basal plane of GO is intrinsi-
cally more hydrophobic since C—C covalent bonds are dominated [81]. By manipulating
the amphiphilic property of GO, the wettability of the fabric surface can be easily tuned
from hydrophilic to hydrophobic by controlling the architecture of the GO coating. N.
D. Tissera et al. have reported the fabrication of hydrophobic GO coating on a cotton
fabric surface using a dyeing method [82]. According to their method, GO was coated
onto the cotton fabric through a dip-pad-dry process, and a long dipping time was imple-
mented to ensure the uniform deposition of GO on the fabric surface. Interestingly, the
wettability of the GO-coated fabric surface can be tuned from hydrophilic with a WCA
of 60° to hydrophobic with a WCA of 143° by simply altering the concentration of the
GO dispersion used during the coating process. It was found that the GO nanosheets
showed concentration-dependent morphologies and sizes in the dispersion, as thicker
and larger nanosheets were observed in the dispersion with a high GO concentration
(Figure 9A), and thinner and smaller nanosheets were observed in the dispersion with a
low GO concentration (Figure 9B). The GO-coated cotton fabric showed an adhesive-type
hydrophobicity, which can be attributed to the stacking of the basal planes of the GO
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nanosheets and penetration of the water molecules to the underneath cotton fabric through
the water channels formed by the edge region [83]. Upon further reducing GO into rGO,
the hydrophobicity of the GO-coated fabric can be significantly enhanced. G. Cai et al.
have reported the fabrication of GO-coated cotton fabric by using a dip-dry method [84].
However, the as-obtained GO-coated cotton fabric showed unstable hydrophobicity as the
cast water droplet could be gradually absorbed by the fabric substrate. This problem was
resolved by further reducing the GO coating into rGO coating through thermal treatment.
Compared to the GO-coated fabric, the rGO-coated fabric showed stable hydrophobicity
with a WCA of around 125° and a WCA of 110° can be maintained after eight washing
cycles of the accelerated laundering tests (AATCC 61-2006). U. Mizerska et al. also reported
the fabrication of rGO-coated cotton fabrics by thermally reducing the GO-coated cotton
fabrics. However, the as-obtained hydrophobic rGO-coated cotton fabric (WCA ~ 143°)
quickly became hydrophilic after sonicating in an aqueous solution of sodium dodecyl sul-
fate [85]. This phenomenon can be attributed to the chemisorption of the water molecules
to the defect sites of the rGO basal planes [48]. To obtain robust superhydrophobic coatings
on the surface of the cotton fabrics, an organosilicon sol was mixed with the GO dispersion
to formulate a new coating recipe, which was subsequently applied to the cotton fabric by a
dip-dry process. The rGO/organosilicon coating obtained after thermal reduction showed
superhydrophobicity on the cotton fabric surface with a WCA of 153°, which was almost
unchanged after the sonication treatment [85]. Other than cotton fabrics, the rGO coating
can induce hydrophobicity on a wide range of woven or nonwoven porous substrates, such
as polyethylene terephthalate (PET) fabrics, polypropylene membranes, and polyurethane
membranes [86,87].
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Figure 9. Atomic force microscopy (AFM) images and the corresponding line scan profiles of the
GO sheets in GO dispersions with different concentrations: (A) 0.4 mg L~! and (B) 0.05 mg L~
The ranges of thickness and size of the GO sheets were measured to be 10-20 nm and 3—6 pum in the
0.4 mg L~! dispersion and ~1 nm and 0.6-1.5 um in the 0.05 mg L~! dispersion. Reproduced from
ref. [82], with permission from Elsevier, 2015.
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The enhanced hydrophobicity of rGO compared to GO can be attributed to the sub-
stitution of the hydrophilic surface functional groups, e.g., carboxylic, hydroxyl, and
epoxy groups, by hydrogen atoms. As the reduction process progresses, more and more
hydrophilic oxygen-containing surface functional groups would be removed, leaving a
hydrophobic basal plane comprised of sp? and sp> hybridized carbon atoms. A schematic
illustration of the changes in surface functional groups of GO during reduction is shown in
Figure 10a. As GO nanosheets are deposited on the fabric surface, their hydrophilic edges
enriched with oxygen-containing functional groups may form water channels inside the
coating layers composed of stacking GO nanosheets, allowing the interlayer transportation
of water molecules from the GO coating to the fabric substrate. However, when rGO is
used to coat the fabrics instead of GO, the water channels inside the coating layer are
blocked due to the depletion of the oxygen-containing functional groups in the edge region
of the rGO nanosheets, as shown in Figure 10b. Indeed, the apparent wettability of the
GO coating layer can be determined by the edge-to-surface ratios of the GO nanosheets.
Intensive water channels can be formed inside the coating layer as small GO nanosheets
with high edge-to-surface ratios are used, resulting in a more hydrophilic surface coating.
On the other hand, fewer water channels can be formed as large GO nanosheets with low
edge-to-surface ratios are used, resulting in more hydrophobic surface coating.

(a)

H reduction ) J
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Figure 10. (a) Changes in the surface functional groups of GO nanosheets during the reduction
process, the major surface functional groups of GO and rGO, are shown, respectively. (b) Schematic il-
lustrations of the opened and blocked water channels formed by the stacking GO and rGO nanosheets.

The hydrophobic rGO can be easily integrated with other functional materials, e.g.,
nanoparticles, resins, and silanes, to synthesize hybrid coatings on the fabric surface with
multi-functionality. For example, T. Makowski et al. have reported the fabrication of
superhydrophobic and conductive cotton fabrics by applying an additional coating layer
of methyltrichlorosilane (MTCS) on the surface of the rGO-coated cotton fabric [88]. They
also discovered that the wettability of the rGO-coated cotton fabric obtained by the ther-
mal reduction process can change from hydrophobic to hydrophilic, depending on the
hydrophobicity of the reducing reagents added during the reduction process. X. Zhou
et al. have reported the fabrication of SiO;, /rGO hybrid coating on cotton fabrics by spray-
coating the SiO, /GO dispersion on one side of the cotton fabric; subsequently, the SiO, /GO
coating was converted to the SiO, /rGO coating by thermal reduction [89]. The integration
of SiO; nanoparticles with rGO can enhance the hydrophobicity and the thermal insulation
property of the coated fabric while the air permeability is not affected. Moreover, K. Chen
et al. have reported the fabrication of superhydrophobic, conductive, and self-healing
coatings on cotton fabrics by integrating rGO with SiO, and polyurethane [90]. According
to their method, the SiO, nanoparticles were crosslinked by organosilanes and covalently
bonded to the amino-pyrene molecules, which can function as the linkers to connect the
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silica nanoparticles and rGO together. The SiO; nanoparticle-modified rGO was then
mixed with the polyurethane resin, and the mixture was applied onto cotton fabrics by
rod-coating. Predictable multi-functionality has been achieved for the hybrid coating, as
superhydrophobicity was brought by the SiO,-modified rGO (Figure 11a,b), conductivity
was provided by the rGO (Figure 11c), and self-healing was brought by polyurethane
(Figure 11d). Self-healing, conductive, superhydrophobic coating can also be constructed
on the cotton fabric surface by integrating rGO with polydopamine (PDA), Cu nanopar-
ticles, and stearic acid [91]. To fabricate the multi-functional coating, cotton fabric was
subsequently immersed in the GO/PDA solution, Cu electroless plating solution, and
stearic acid emulsion, respectively. The self-healing property of the hybrid coating was
brought by PDA, while high conductivity and superhydrophobicity were provided by
the synergistic effects of tGO/Cu and rGO/Cu/stearic acid, respectively. By integrat-
ing rGO with TiO, nanoparticles and polydimethylsiloxane (PDMS), S. Gao et al. have
obtained superhydrophobic, conductive, and photoactive coating on cotton fabrics [92].
Hierarchical micro/nano surface structures were formed by the cotton fabric/rGO/TiO;-
PDMS multilayers, which made the coated fabric superhydrophobic (WCA =159.3°) and
water-repellent; the presence of TiO, nanoparticles in the coating made it photoactive and
gained the function of photocatalytic degradation of color stains and contaminants under
UV radiation. By integrating rGO with the photoactive CuS particles and PDMS, L. Xu
et al. have fabricated robust superhydrophobic coating on cotton fabrics with excellent UV
protection and photodegradation properties [93]. The rGO and CuS particles were encap-
sulated by the PDMS matrix, which was strongly adhered to the cotton fabric substrate via
covalent bonds. Therefore, the rGO/CuS/PDMS hybrid coating was extremely durable,
which can maintain its superhydrophobicity and superlipophilicity after 1000 cycles of
abrasion and 96 h of UV radiation and showed a high oil-water separation efficiency. By
integrating fluorine-grafted rGO and y-oxo-1-pyrenebutyric acid, superhydrophobic and
superlipophilic hybrid coating was fabricated on the surface of cotton fabrics, polyurethane
foams, and polypropylene (PP) membranes, which showed excellent performance in oil-
water separation, such as high separation efficiency, high durability, chemical resistance,
and anti-fouling property [94].
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Figure 11. The SiO, /rGO/ polyurethane hybrid coating showed multi-functionality on the cotton fab-
ric, including (a) superhydrophobicity with a high WCA (154°) and low sliding angle (6°); (b) robust
water-repellent property that can resist aqueous droplets with different surface tension; (c) correlated
superhydrophobicity and conductivity; (d) self-healing properties. Reproduced from ref. [90], with
permission from The American Chemical Society, 2022.

In summary, a robust superhydrophobic surface with high water contact angles,
low sliding angles, and high durability can be achieved on the fabric surface through
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the mechanism of the “lotus effect”. Hierarchical micro-nano surface textures can be
constructed on the fabric surface by co-depositing GO or rGO with inorganic nanoparticles,
e.g., S5i0,, TiO,, CuS, which may significantly increase the surface roughness; low surface
energy coatings, e.g., polyurethane, PDMS, stearic acid, can be applied to immobilize the
surface micro-nano textures and synthesize robust superhydrophobic surfaces.

3.4. Electromechanical and Sensory Properties

By coating the fabrics with rGO, electrically conductive pathways can be created
by the interwoven fibers whose surfaces are covered by the adsorbed rGO nanosheets.
However, the apparent conductivities of the coated fabrics are strongly dependent on the
applied coating and reduction processes, which may vary case by case. The conductive
fabrics can be utilized as flexible, deformable, and sensitive strain sensors that can be
conformally attached to the human body and accurately sense the body motions. For
example, N. Karim et al. have fabricated rGO-coated cotton fabrics and demonstrated their
application as wearable strain sensors [35]. According to their method, rGO was obtained
by the chemical reduction of GO by Na,S,O4 and NHj; the as-obtained rGO was purified
by several washing cycles and diluted to make a stable dispersion. Subsequently, the
rGO was coated on cotton fabrics by a dip-pad-dry process. A resistivity of 361.82 k(2/sq
was obtained for the rGO-coated cotton fabric prepared by a single dip-pad-dry process,
which was insufficient for the wearable sensor application. To increase the conductivity,
repeated cycles of the dip-pad-dry process can be applied to the coated fabrics, e.g., the
resistivity of the rGO-coated cotton fabric decreased to 36.94 k()/sq after five repeated
coating cycles, which was suitable for the sensory applications. B. C. Giiltekin has reported
the fabrication of the rGO-coated nonwoven cotton fabrics by using a dip-dry process [65].
The cotton fabric was first coated by GO through five repeated dip-dry cycles, and then the
GO coating on the fabric was reduced to rGO by NaS,04. A resistivity of 1.16 k(2/sq can
be obtained for the as-prepared rGO-coated nonwoven cotton fabric with a basis weight of
40 g m~2, which decreased to 0.598 k()/sq as the fabric basis weight increased to 70 g m~2.
U. Mizerska et al. have reported the fabrication of rGO and rGO/organosilicon-coated
cotton fabrics with superhydrophobicity and tunable conductivities [85]. The rGO-coated
cotton fabric was prepared by a two-step process: (i) the fabric was coated by GO through
dipping in the GO dispersion and dried in the ambient condition; the dip-dry process
was repeated four times; the GO coated fabric was thermally reduced on a hot stage at
220 °C and cooled down to room temperature. A resistivity of 740 k()/sq can be obtained
for the as-prepared rGO-coated cotton fabric. Moreover, the resistivity of the rGO-coated
fabric increased significantly to 2.7 M()/sq upon the incorporation of the organosilicon
within the coating dispersion; on the other, the robustness of the superhydrophobicity was
remarkably enhanced.

K. Chen et al. have reported the fabrication of a conductive, flexible, and self-healing
film by curing the polyurethane resin containing the silica nanoparticle-modified rGO [90].
A resistivity of 34 () - cm can be obtained for the composite polyurethane film, which
gradually increased as the film went through repeating cut-and-heal cycles. The composite
polyurethane film can be coated on a cotton fabric, forming a strain sensor that can be
used to sense the finger motions with high sensitivity and repeatability. Y. Ni et al. have
reported the fabrication of PDA /rGO/Cu/STA-coated cotton fabric, which showed robust
superhydrophobic properties and a high conductivity of 6769 S m~! [91]. The coated
fabric can be applied as a high-performance underwater strain sensor for sensing different
underwater motions. S. Gao et al. have fabricated superhydrophobic, self-cleaning, and
conductive PDMS/TiO, /rGO coated cotton fabric, showing high sensitivity and repeata-
bility as a strain sensor in detecting various human motions [92]. K. S. Sadanandan et al.
have reported the fabrication of rGO-coated fabrics by using the ultrasonic spray coating
technique [95]. The commercial rGO suspension was coated on nylon, meta-aramid, and
polyester fabrics by three ultrasonic spray coating cycles, forming homogeneous rGO
coatings on the fabric surface, and a sheet resistance of 45 k(}/sq can be obtained for
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the rGO-coated nylon fabric. A. Khan et al. have reported the usage of the nanocom-
posite of rGO, Prussian blue, and graphite/polyurethane paste as the electrode material
to fabricate wearable lactate sensors on hydrophobic cotton fabrics [96]. A comprehen-
sive summary of the compositions, fabrication methods, and functional properties of the
existing graphene-based coatings on textiles and fabrics is provided in Table 1.

Table 1. Summary of the materials, substrates, methods, and functional properties of the graphene-

based coatings mentioned in the literature covered in this review.

Properties
Coating Materials Substrates Coating Methods Anti-Bacterial uv WCA Resistance/
Efficiency (%) Protection Factor Conductivity
rGO [35] 31 t‘f/;gliccotton dip-pad-dry (5 times) - - - 36.94 k) /sq
GO [51] cotton fabric suction filtration (3 times) 98% (E. coli) - - -
. . . ~70% (E. coli); i i i
GO [53] C(ljtfon fabric j.lp am;d1 jry ii ’:mes; 93% (5. iniae)
1 plain-woven ip-pad-dry (4 times);
rGO/Or[g%I}OSIhCOH cotton fabrzic thermal reduction (up to - - 162° 8.3 MQO)/sq
(145gm™°) 220 °C)
rGO/ organosilicon/N- plain-woven dip-pad-dry (4 times);
octylamine cotton fabric thermal reduction (up to - - 150° 290 MQ)/sq
[55] (145 g m~2) 220 °C)
rGO/organosilicon/tert-  plain-woven dip-pad-dry (4 times);
butylamine cotton fabric thermal reduction (up to - - 168° 55 MQ)/sq
[55] (145 g m~2) 220 °C)
i dip-dry (10 cycles); 79.89% (S. aureus); o
rGO/QSA [56] cotton fabric chemical reduction 64.86% (E. coli) 346 1452 44kQ/sq
dip-dry (10 cycles);
rGO/QSA /Chlorine . chemical reduction; dip in 100% (S. aureus); o AR
[56] cotton fabric bleach solution and then 100% (E. coli) 323 153.6 3502500 kQ)/sq
ry
di ting in GO
dispersion; then dip 997 (E. col, 99%
rGO/Cu NPs [57] cotton fabric 1spe. , p . (C. xerosis); 99% - 160° -
coating in CuCl, solution; (M. luteus)
chemical reduction
nonwoven fabric 1 spra}ilcoatinlg OQGO;
% o electrochemical reduction; % : _ o N 1
rGO/Ag NPs [58] (50 P/) orlé}lz}ég;} ?0 % dlectrodeposition of Ag 99.99% (E. coli) 148 0.024 S cm
NPs
. . 95.6% (E. coli);
GO [63] cotton fabric dip-dry 87.6% (S(. azf;ofelbzs) 13.5 - -
GO/ %11;2 ?&?ntum cotton fabric dip-pad-dry - 61.3 - -
Cotton spun lace . .
- dip-dry (5 times); B o
rGO [65] norz%o;irll _f?;.)rlc chemical reduction 167.3 108.2 598 Q)/sq
plain-woven electrophoretic deposition .
rGO [66] polyamide fabric of GO; tl}grlrgglcr)eductlon - >500 96.7 33Sm
dip coating in GO
dispersion, then dry (3
plain-woven times); dip in the CuSOy4 _ =00
rGO/CuNPs [67] cotton fabric solution and then dry; 4645 150 642k /sq
chemical reduction and
thermal treatment
dip coating in GO
dispersion, then dry (3
plain-woven times); dip in the AgNO3 B _150°
1GO/Ag NPs [67] cotton fabric solution and then dry; 3531 150 52k0/sq
chemical reduction and
thermal treatment
plain-woven . . .
rGO [84] cotton fabric d1pddry 3 tlmes),ztggl;réal - 35.8 125° ~10* QO m2
(120 g m™2) reduction (up to )
o lain-woven . .
rGO/organosilicon p . dip-dry (4 times); thermal o
f . ° - - 153 2.7 MQ)
[85] C((l)zté) 1; Ifltirzl)c reduction (up to 220 °C) /sq
rGO [86] polyester fabric dip-dry; chemical - - 123 13kQ/sq

(110 g m~2)

reduction
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Table 1. Cont.

Properties
Coating Materials Substrates Coating Methods Anti-Bacterial uv WCA Resistance/
Efficiency (%) Protection Factor Conductivity
plainwoven AP (e o
rGO [88] cotton fabflzc) (~145 1010 solution: thermal - - 142.4 3.7MQ/sq
gm reduction (up to 220 °C)
dip-pad-dry (4 times); and
plain-woven then dip in the Irganox
rGO/MTCS [88] cotton fabric (~145 1010 solution; thermal - - 171.1° 8.3 MQ/Sq
gm™?) reduction (up to 220 °C);
dip in the MTCS solution
plain-woven spray-coating; thermal
rGO/SiO; NPs [89] COttongfi)gC) (~160 reduction (180 °C) - - 151.4
rGO/SiO,
NPs/polyurethane cotton fabric rod coating and then dry - - 153.9° -
[90]
dip-dry (3 times);
GO/ PDA/ .Cu cotton fabric chemical reduction; dip in - - 153° 6769 Sm™1!
NPs/stearic acid [91] .
the CuSQOy solution
i dip-dry (4 times); dip in
- plain-woven the solution of
GO/ PI[D%S/ TiO2  cotton fabric (~127 OH-PDMS-OH and - - 159.3° 076 kQcm™!
g m~2) Ti(OBuC%4 ; chemical
reduction
rGO/CuS/PDMS [93] cotton fabric dip-pad-dry-cure - 851.2 158.4° -
rGO [95] polyester fabric ultrasonic spray coating - - ~60° ~120 kQ)/sq
rGO [95] nylon fabric ultrasonic spray coating - - ~32° 45k /sq

4. Conclusions

Using the dyeing technique to apply GO coatings onto the fabric is simple, rapid, and
green. GO sheets can be conformally deposited on the surface of the fibers and fabrics,
showing excellent wash fastness and chemical resistance. Due to its intrinsic chemical
functionality, electronic structure, and amphiphilic molecular structure, GO coatings can
endow the fabric with applied functions, such as anti-bacterial functions, UV protection,
and tunable wettability. Moreover, the intrinsic functions of GO can be enhanced by tuning
its size, surface roughness, and functional groups. By reducing GO into rGO, the intrinsic
functions, such as conductivity, UV absorption, and hydrophobicity, can be significantly
enhanced, which can realize advanced applications, such as E-textiles, UV-protective, and
water-repellent clothing. On the other hand, GO and rGO can be easily integrated with
other functional materials, formulating hybrid coating solutions for the fabrication of
multifunctional fabrics with optimized functional synergy and performance. Metals and
their derivatives, silica oxides, organosilanes, and polymers can be integrated with GO and
rGO, forming hybrid coatings with predictable and high-performance functions, such as
self-cleaning, directional water transport, superhydrophobic and self-healing. Thus, GO can
serve as the very base for designing and constructing novel multi-scale, multi-functional,
smart textiles with both application and economic significance.

However, the industrial production and commercialization of GO or rGO-coated
fabrics may face a few critical challenges. To optimize the applied functions of the GO and
rGO-coated fabrics, the effect of post-coating functionalization processes, e.g., chemical
reduction, thermal annealing, and resin crosslinking, on the mechanical strength and
comfort of the fabric substrate, may need to be analyzed systematically; the fabrication
process of the GO and rGO coatings may need to be optimized in order to obtain optimal
and consistent loading on the fabric surface. To achieve high loading of GO on the fabric
surface, both the fabric surface and the GO surface can be modified to improve the chemical
affinity and bonding strength, and the repeatedly dipping and drying cycles can be avoided;
the effect of reduction on the physical and chemical properties of the GO coating can be
investigated in depth, and the reduction efficiency can be optimized to avoid damaging
the fabric substrate; the surface wettability of the GO coated fabric may change from more
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hydrophilic to more hydrophobic as GO is converted to rGO, which may induce adverse
effects on the subsequent surface modification and functionalization.
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