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Abstract: The excellent electrical properties of graphene provide a new functional finishing idea for
fabricating conductive cotton fabrics with antistatic properties. This work develops a novel method
for synthesizing active graphene to make cotton fabrics conductive and to have antistatic properties.
The graphite was oxidized to graphene oxide (GO) by the Hummers method, and was further acid
chlorinated and reacted with the para-ester to form the active graphene (JZGO). JZGO was then applied
to cotton fabrics and was bonded to the fiber surface under alkaline conditions. Characterizations
were done using FT-IR, XRD and Raman spectroscopy, which indicated that the para-ester group
was successfully introduced onto JZGO, which also effectively improved the water dispersibility
and reactivity of the JZGO. Furthermore, this study found that the antistatic properties of the fabric
were increased by more than 50% when JZGO was 3% by weight under low-humidity conditions.
The washing durability of the fabrics was also evaluated.

Keywords: acid chloride; para-ester; active graphene; cotton; antistatic; conductive; fabrics

1. Introduction

Functional cotton fabrics are widely used in manufacture and daily life, and their antistatic
property is one of their most important functions. This is because cotton fabrics at low temperatures
and in humid environments risk causing sparks due to electrostatic discharge, which may lead to
dangerous burning and explosion hazards [1]. Therefore cotton fabrics usually require an antistatic
finishing process during manufacture, such as applying an antistatic agent (e.g., alkoxysilane, chitosan)
to the surface [1,2]. It is also found that antistatic effects can be further enhanced by simply coating a
layer of conductive compounds on the surface of cotton fabrics [3—-6]. However, the simple coating or
addition of antistatic agents cannot maintain the antistatic effect for long due to the problem of fading
or being washed away, which is also called the fastness [7]. Therefore, the effort to develop a new
method for fabricating conductive cotton fabrics combining good antistatic performance and fastness
is attracting researchers worldwide.

To design such conductive cotton fabrics, a variety of conductive materials are studied. We found
that graphene can be a good candidate, as it has good conductivity [8] and mechanical properties [4].
Asanew type of green material, graphene has developed rapidly since it was discovered [9]. Researchers
have prepared graphene using different methods, including stripping [10,11], redox [12-14], chemical
vapor deposition (CVD) [15,16], and epitaxial growth [17,18]. Graphene has found various applications
in the fields of sensing [19], supercapacitors [20], optics, green chemistry, wearable sensors [21-23],
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and for medical purposes [24]. It also found a potential to be used as an antistatic agent on cotton
fabrics [25,26], as a small amount of graphene provides a high antistatic effect at low temperatures and
in humid conditions [27,28].

Graphene does not have any functional groups on its surface, so it cannot be bonded effectively
to fabrics to achieve a good fastness. It is also very easy to aggregate in solution [29], because of the
strong interaction between the layers of the graphene. This causes poor compatibility of graphene
with the matrix, and poor dispersibility in the solvent. To resolve these problems, different methods
for modifying graphene have been proposed [30-32], including with non-covalent bonding [33-35]
and covalent bonding [36-38].

In the dyeing industry, a successful example for using covalent bonding to improve the fastness
of the dyes is to make the dyes become reactive to the cotton surface. These have been named
“reactive dyes”. Reactive dyes consist of a chromophore, a bridging group, and other structures,
e.g., a soluble group. To improve the bonding between graphene and cotton fibers and to achieve a
good fastness of graphene on cotton, in this work, we ‘borrowed’ the idea of using a bridging group
from reactive dyes to modify the graphene on cotton fiber surfaces with the para-ester vinyl sulfone
((2-((4-aminobenzene) sulfonyl) ethoxy) sulfonic acid)-based structure which has good water solubility
and a high reactivity to cotton. Cotton fibers and reactive dyes are covalently bonded and have good
fastness [39]. In particular, dyes with the para-ester vinyl sulfone-based structure have good water
solubility and high reactivity [40]. Under alkaline conditions, the sulfate groups of the para-ester form
the vinyl sulfone group by an elimination reaction [41]. This work aims to first modify graphene by
reacting the para-ester with the graphene oxide to introduce the vinyl sulfone group; then to covalently
bond the graphene to the nucleophilic group on cotton fibers with the vinyl sulfone groups to improve
the antistatic properties and the fastness at the same time.

2. Materials and Methods

2.1. Materials

Natural flake graphite, potassium permanganate, hydrogen peroxide, sodium
nitrate, 98% concentrated sulfuric acid, concentrated hydrochloric acid, dichlorosulfoxide,
N,N-dimethylformamide, anhydrous sodium carbonate, anhydrous sodium sulfate, were all
of analytical grade, purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
p-B-hydroxyethyl sulfone aniline sulfate was obtained from Ji'nan Yumao Chemical Co., Ltd., Jinan,
China. Cotton fabric (plain weave) was made by Zhejiang Shaoxing Pudun Textile Co., Ltd. Shaoxing,
China. The standard soap sheet was purchased from Dongguan Dongcheng Baifei testing instrument
factory, Dongguan, China.

2.2. Preparation of Graphene Oxide

Two grams of natural flake graphite and 1 g of NaNO; were added to 50 mL of concentrated
H,S04 (98%) in a three-necked flask with stirring and kept below 4 °C for 1 h. Then 6 g of KMnO;4
(in batches, finished in 30 min) was added to the mixture, with the temperature below 10 °C and
reacted for 2 h. The three-necked flask was transferred to a water bath with a constant temperature
of 35 °C for 1 h. Ninety-two milliliters of deionized water was slowly added into the mixture and
the temperature was increased and maintained at 95 °C for 30 min. Deionized water (200 mL) and
H>0, (10 mL) with the concentration of 30% were added to the mixture until no more bubbles were
generated. The product was collected by filtration while it was still warm and washed with HCI of
10% and deionized water several times until the centrifuged supernatant was neutral. The precipitate
of the product was removed and dispersed ultrasonically and dried for 24 h to obtain the product,
graphene oxide (GO). Figure 1 illustrates the synthesis reaction mechanism.
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Figure 1. Reaction mechanism for synthesis of graphene oxide.
2.3. Preparation of Active Graphene

One hundred milligrams of graphene oxide was dispersed in 20 mL sodium sulfoxide (SOCl,),
and then 0.5 mL of N,N-dimethylformamide (DMF) was added into the mixture. The mixture was
heated up to 60 °C and kept for 24 h. After the reaction was completed, the temperature was increased
to 90 °C, and the excess SOCl, was removed to obtain acid chlorinated graphite oxide (GOCI). Half a
gram of purified para-ester was then dissolved in 20 mL of DME, before it was poured into the GOCL
The temperature of the reaction was kept at 90 °C to continue the reaction for another 24 h. After the
reaction, the precipitates were washed with deionized water, collected, and then heated in an oven at
60 °C for 8 h to obtain active graphene (JZGO). The synthesis mechanism is illustrated in Figure 2.
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Figure 2. Reaction mechanism for synthesis of active graphene.
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2.4. Active Graphene Modification onto Cotton Fabric

The reaction of active graphene with cotton fabric was divided into the following two parts:
under the alkaline condition, the H atom on the x-carbon of the para-ester became active in the
electron-withdrawing action of the sulfone group, and the elimination reaction was easily carried
out with the sulfate group to form the vinyl sulfone group. Active graphene generated vinyl sulfone,
which reacted with the hydroxyl through covalent bonding on cotton fiber in alkaline conditions,
so that graphene tablets were grafted to cotton fabric. The reaction process is shown in Figure 3.
The active graphene (JZGO) agent was then made of 1% and 3% (o.w.f = of the weight of fabrics) active
graphene, and sodium carbonate (10 g/L). The bath ratio of reagent to water was 1:20. The traditional
padding-dry-bake process [42] was used to apply the active graphene onto the surface of the cotton
fabrics. The above active graphene JZGO was well dispersed in an ultrasonic bath for 20 min before it
was applied on to the fabrics. Cotton fabrics were then dipped into the well-dispersed active graphene
suspension, before they were put through rollers to remove the excess water. The fabrics with JZGO
were dried in the oven at 60 °C, and further baked at 150 °C for 3 min. Post-treatments, including
rinsing with cold water, soap, hot water, and cold water, were carried out before the final drying of
the fabrics.

Intermediates Cotton fiber

0 g g N Q

0= el el - - w

a—4 MH ‘C@- NH —5
?f&ﬁ \\:/>7 oH e e 5_\__?
I [

OH OH OH
Modified cotton fiber

Figure 3. The reaction process of modified cotton fiber.
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2.5. Characterization of Surface Modification

The surface functional groups of graphene oxide (GO) and active graphene (JZGO) were analyzed
by a Varian 640 infrared spectrometer, Varian Co., Atlanta, GA, USA. The test wavelength range was
400-4000 cm™!, the test resolution was 4 cm™~!, and the scanning frequency was 32 times. The samples
were analyzed by inVia-Reflex laser microscopy Raman spectroscopy. The excitation wavelength was
532 nm and the test range was 1000-3500 cm~!.

The crystallite sizes of the samples (GO and JZGO) and the change of the interlayer distance
between the samples before and after the reaction were measured by D/max-2550VB+/PC X-ray
diffractometer, Rigalcu Co., Tokyo, Japan. The test uses Cu-Ko radiation, tube pressure 40 kV, tube flow
200 mA, wavelength A = 1.54 A, and scanning angle range of 5-90°. The surface morphology of the
samples was characterized by a HITACHI / TM-1000 scanning electron microscope, HITACHI, Tokyo,
Japan. The thermogravimetric curve of the sample was measured by a TG 209 F1 thermal analyzer,
NETZSCH Co., Selb, Germany. The temperature range was from room temperature to 900 °C under a
gas atmosphere of N, with a gas flow rate of 10 mL/min.

2.6. Properties of Modified Cotton Fabrics

The antistatic properties of the fabric were measured by a YG (B) 342E fabric electrostatic tester,
Wenzhou Darong Textile Instrument Co., Ltd., Wenzhou, China. The fabric areas were 45 mm X 45 mm,
pre-dried at 50 °C for 30 min, and then placed in a condition of 40% humidity for 5 h. The sample
was put into the instrument when its humidity was 40%. The static voltage data of each sample was
measured three times. The fastness to soaping/washing was done using a soaping solution containing
5 g/L prepared with the standard soap sheet and 2 g/L of sodium carbonate, with the bath ratio of 1:50,
washing for 30 min at a temperature of 60 °C.

3. Results and Discussions
3.1. Characterisation of the Synthesized Graphene Oxide (GO) and the Active Graphene (JZGO)

3.1.1. Morphology of the Graphene Oxide and the Active Graphene

The SEM (Scanning Electron Microscope) image in Figure 4a shows the morphology of the
graphene oxide (GO). The morphology of the GO shows a fluffy appearance with a large number
of folds on the surface, as well as the edge curling and a large slice area. This was caused by the
introduction of oxygen atoms. The oxidation reaction made the original flat graphite sheet surface
wrinkled and the edge of the layer became curly. The surface morphology of the active graphene
(JZGO) shown in Figure 4b is similar to that of GO, the surface of which is also wrinkled and has a
granular para-ester.

x500 200 um x500 200 um

Figure 4. SEM images of (a) graphene oxide (GO); (b) active graphene (JZGO).
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3.1.2. FT-IR, Raman and XRD Characterizations of the Graphene Oxide and the Active Graphene

To further study the structure and the relationship between GO and JZGO, FT-IR, Raman and
XRD characterizations were carried out. The infrared spectra of GO and JZGO were obtained and are
compared in Figure 5. The spectra of the GO show main absorption peaks in the vicinity of 3428 cm~!,
1716 cm™1, 1626 cm™!, 1400 em ™1, 1227 em™! and 1079 cm~!. Here, 1628 cm ™! represents the stretching
vibration of the carboxyl group C=0 at the edge of the GO; 1626 cm™! is the stretching vibration peak
of C=C of the carbon ring; 1400 cm™~! is the bending vibration peak of hydroxyl -OH in GO; 1227 cm™!
is the stretching vibration peak of C-O-C on the GO surface; 1079 cm™ is the stretching vibration
peak of C-OH [33]. The spectra indicated that the oxygen-containing functional groups, such as
carboxyl groups (-COOH), hydroxyl groups (-OH), and epoxy groups (C—O-C), were introduced to
the graphite [33]. A large number of hydroxyl groups after oxidation were introduced to the surface
and the edge of the graphite sheet. The carbon atoms (C = C) connected to hydroxyl groups turned into
C-C. At the same time, the hydroxyl group was dehydrated into an epoxy group, and the hydroxyl
group at the edge was converted to a carboxyl group. Adjacent carboxyl or carbonyl groups were
decarboxylated, thereby removing a portion of the functional groups, and the carbon content of the
GO was gradually reduced.
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Figure 5. Infrared spectra of graphene oxide (GO) and active graphene (JZGO).

Active graphene (JZGO) showed absorption peaks near 3431 cm™!, 1716 cm™!, 1623 cm™},
1384 cm™!, 1317 em™!, 1137 em™!, and 778 cm™!. Here, 3431 cm™! is the stretching vibration peak of
N-H; 1716 cm™! is the stretching vibration peak of C=0; 1623 cm1 is the stretching vibration peak
of C=C; 1384 cm™! is the stretching vibration peak of S=0O; 1317 cm~! is C-N stretching vibration
peak; 1137 cm~! is the asymmetric stretching vibration peak of ~-SO,—; and 778 cm™! is the stretching
vibration peak of S-O. This indicated that GO reacted with the para-ester.

As shown in Figure 6, the Raman spectra of graphene (GO) showed two characteristic peaks:
1354 cm ™! (D peak) and 1601 cm™! (G peak). D peaks occurred when the graphite sample was defective
or the Raman scattered light was collected at the disordered structure. After the oxidation of graphite,
the G peak was broadened and the D peak was broadened and enhanced. This was because the
carbon atom in the graphite sheet was bonded to the oxygen-containing group; and sp® hybridization,
a relatively disordered structure occurred, destroying the long-range order and symmetry of the
graphite lattice. The degree of disorder is expressed as the ratio of the intensity of the D peak to the G
peak, which is R = Ip/I. The intensity of the D peak of the JZGO increased and the peak width was
narrowed down. The corresponding R value became larger, which means that the JZGO was more
disordered than the GO. The more defects in the JZGO structure, the more subtropical carbon was
added. This also indicated that the para-ester was grafted onto the GO [33].
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Figure 6. Raman spectra of the graphene oxide (GO) and activated graphene (JZGO).

In Figure 7, the change of the characteristic diffraction peak reflects the transition from graphite
to graphene oxide and from graphene oxide to active graphene. It can be seen from the curve of G
(Graphene) that graphite exhibits a narrow and sharp characteristic diffraction peak at 20 of 26.22°,
representing the crystal interplanar spacing of d = 0.3396 nm, which suggests a typical graphite
crystal structure. From the curve of GO (Graphene oxide), the characteristic diffraction peak of
graphite disappears and a new diffraction peak appears at 20 of 9.88°, which represents the crystal
interplanar spacing of d = 0.8945 nm, indicating that due to the introduction of oxygen functional
groups, the graphite hexagonal crystal structure was damaged, and the layer spacing of graphite
lattice along the c-axis direction increased. These oxygen-containing groups were combined with water
molecules through hydrogen bonds to impart hydrophilicity to the graphene, while further increasing
the pitch of the graphite layer. JZGO showed a new diffraction peak with a weak intensity at 20 of
about 23°, and the spacing of the crystal layer was much lower than that of GO, but it was higher than

natural flake graphite.
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Figure 7. XRD spectrum of the graphite (G), graphene oxide (GO) and activated graphene (JZGO).

3.1.3. Dispersion and Thermal Stability Characterizations

As shown in Figure 8a, after 8 h of ultrasound treatment the dispersion became homogenous,
while after resting for 24 h (Figure 8b), most of natural flake graphite and oxidized expanded graphite
had settled. In contrast, the GO and JZGO were still evenly dispersed without precipitation. This was
because the surface of the GO contained a large number of oxygen-containing functional groups such
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as carboxyl groups (-COOH), hydroxyl groups (-OH) and epoxy groups (C-O-C), which made the GO
more hydrophilic and easy to disperse. For the same reason, the carboxyl group in the active graphene
(JZGO) was converted into a sulfonic acid group (-SO3H) and made the JZGO also easily dispersed.

;

Resting for 24h

b)

(a) (

Ultrasonic dispersion for 8h

Figure 8. Dispersion of graphite, oxidized expanded graphite, graphene oxide, and active graphene
dispersion, from left to right respectively, in: (a) Ultrasonic dispersion for 8 h; (b) resting for 24 h.

In Figure 9, the oxidation occurred at three stages when significant mass loss was observed,
where 20 to 200 °C corresponds to the desorption process of free water and combined water in GO. At
220 to 300 °C, the weight loss of GO was very rapid due to the decomposition of oxygen-containing
functional groups, like hydroxyl (-OH), epoxy (C-O-C) which became small molecules of gas, e.g.,
carbon dioxide and water vapor. After this, weight loss became slower because the remainder was
mainly the relatively stable GO carbon skeleton. Above 700 °C, the pyrolysis of carbon structure

started, which damaged the carbon frame structure of the graphite through strong oxidation, thereby
decreasing its thermal stability.

Mass(%)

40

200 400 600 800

Temperature(“C)
Figure 9. TG curves of graphite (G), graphene oxide (GO) and activated graphene (JZGO).
The JZGO lost mass at two stages: the first stage (20 to 250 °C) was the desorption process

of free water and bound water, and the second stage (250 to 360 °C) was mainly caused by the
oxygen-containing functional group and the grafted ester of the JZGO. From this part of the mass
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loss rate, the introduction amount of the para-ester on the JZGO was roughly estimated to be about
4%. Compared to the graphene oxide (GO), the weight loss rate of the JZGO was much smaller.
This was because the amount of the oxygen-containing functional groups of JZGO, like hydroxyl (-OH),
epoxy (C-O-C), was much less than in GO. Therefore, the thermal stability of JZGO was significantly
improved. The reason why JZGO had a lesser amount of oxygen-containing functional groups was
due to the acyl chloride reaction for preparing the JZGO. During the reaction, the strong dehydrating
agent, thionyl chloride (SOCl,) had reacted with some carboxyl groups (-COOH), hydroxyl (-OH)
and other groups which resulted in the reduction of the amount of the oxygen-containing functional
groups and thus the thermal stability of the JZGO was improved.

3.2. Characterisation of the Modified Cotton Fabrics with Active Graphene

3.2.1. Morphology of the Modified Cotton Fabrics

The morphology of the modified cotton fabrics with the active graphene is shown in the SEM
image of Figure 10. The cotton fabric surface was smooth before the modification reaction (Figure 10a),
while the morphology of the modified cotton fabric surface was rough (Figure 10b), because the sheet
of graphite was covered by the cotton fiber surface.

x3 Ok 30um x2.5k 30 um

Figure 10. Scanning electron microscopy of cotton fabrics: (a) Before modification; (b) after modification.

3.2.2. Characterizations of the Antistatic Properties of the Modified Cotton Fabrics

As shown in Figure 11, the active graphene-modified cotton fabric showed a significant
improvement on the antistatic effects in low humidity conditions. When adding 1% of active
graphene, the static voltage of cotton fabric decreased from 13.0 V to 8.0 V; if the amount of active
graphene increased to 3%, the static voltage of cotton fabric was reduced by about 50%, and the
antistatic effect of cotton fabric was greatly improved. The static voltage was maintained at 7.3 V after
three soap washings, which might be owing to the covalent bond of active graphene and cotton fabric.
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Figure 11. Static voltage of cotton fabric: JZGO-modified cotton fabric before washing (blue bars);
JZGO-modified cotton fabric after 3 washings with soap (yellow bars).

4. Conclusions

In this study, the GO was prepared by the traditional Hummers method, and the carboxyl group
was activated by acyl chloride reaction, then further reacted with the para-ester to obtain JZGO.
Compared with GO, the JZGO was further disordered, and the interlayer spacing was further reduced,
which was due to the introduction of a sulfonic acid group with good hydrophilic properties. In the
process of acid chlorination, the oxygen-containing functional groups in graphene oxide was also
removed, which gave JZGO better thermal stability. The JZGO reacted with the hydroxyl through
covalent bonding on cotton fiber in alkaline conditions. In this research, JZGO was coated onto the
cotton fabric using the conventional padding-baking process. When the amount of JZGO was up to 3%
(0.w.f), the antistatic effect of cotton fabric was significantly improved. The active graphene-modified
cotton fabric achieved good antistatic properties under low humidity conditions, and good fastness
to washing.

Author Contributions: Conceptualization, ].M. and L.Z.; methodology, ].M., M.S. and X.C.; validation, M.S.
and X.C.; formal analysis, ].M., M.S. and X.C.; investigation, ].M, M.S. and X.C.; resources, ].M.; data curation,
M.S. and X.C.; writing—original draft preparation, ].M, M.S. and X.C.; writing—review and editing, ].M. and
L.Z.; visualization, L.Z.; supervision, ].M.; project administration, ]. M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank F. Jusun for assistance with TG measurements, X. Jie for
assistance with XRD measurements, and Xiaoyun Li for assistance with Raman measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Textor, T.; Mahltig, B. A sol-gel based surface treatment for preparation of water repellent antistatic textiles.
Appl. Surf. Sci. 2010, 256, 1668-1674. [CrossRef]

2. Abdel-Halim, E.S.; Abdel-Mohdy, FA., Al-Deyab, S.S.; El-Newehy, M.H. Chitosan and
monochlorotriazinyl-B-cyclodextrin finishes improve antistatic properties of cotton/polyester blend and
polyester fabrics. Carbohydr. Polym. 2010, 82, 202-208. [CrossRef]

3. Weiguo, D. Research on Properties of Nano Polypropylene/TiO~ 2 Composite Fiber. Text. Res. J. 2002, 23,
22-23.

4. Zhang, F; Yang, ]. Preparation of nano-ZnO and its application to the textile on antistatic finishing. Int. J.
Chem. 2009, 1, 18. [CrossRef]

5. Qiaozhen, Y. Influence of nano-particles treatment on the antistatic property of polyester fabric. Text. Res. ].
2007, 12, 19.


http://dx.doi.org/10.1016/j.apsusc.2009.09.091
http://dx.doi.org/10.1016/j.carbpol.2010.04.077
http://dx.doi.org/10.5539/ijc.v1n1p18

Nanomaterials 2020, 10, 1147 11 of 12

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Nateghi, M.R.; Shateri-Khalilabad, M. Silver nanowire-functionalized cotton fabric. Carbohydr. Polym. 2015,
117,160-168. [CrossRef] [PubMed]

Yetisen, A.K.; Qu, H.; Manbachi, A.; Butt, H.; Dokmeci, M.R.; Hinestroza, J.P.; Skorobogatiy, M.;
Khademhosseini, A.; Yun, S.H. Nanotechnology in textiles. ACS Nano 2016, 10, 3042-3068. [CrossRef]
[PubMed]

Lee, C.; Wei, X.; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, L.V,; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]
Novoselov, K.S.; Geim, A. The rise of graphene. Nat. Mater. 2007, 6, 183-191.

Lotya, M.; King, P.G.; Khan, U.; Dr, S. High-concentration, surfactant-stabilized graphene dispersions.
ACS Nano 2010, 4, 3155-3162. [CrossRef] [PubMed]

Brodie, B. Sur le poids atomique du graphite. Ann. Chim. Phys. 1860, 59, e472.

Staudenmaier, L. Verfahren zur Darstellung der Graphitsdure. Ber Dtsch Chem Ges 1898, 31, 1481-1487.
[CrossRef]

Hummers, W.S,, Jr.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
Bae, S.; Kim, S.; Lee, Y.; Xu, X,; Park, J.S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H.R.; Song, Y., II; et al.
Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol. 2010, 5, 574.
[CrossRef] [PubMed]

Sun, Z.; Yan, Z.; Yao, ].; Beitler, E.; Zhu, Y.; Tour, ]. M. Growth of graphene from solid carbon sources. Nature
2010, 468, 549. [CrossRef] [PubMed]

Emtsev, K.V,; Bostwick, A.; Horn, K.; Jobst, J.; Kellogg, G.L.; Ley, L.; McChesney, J.L.; Ohta, T.; Reshanov, S.A.;
Rohrl, J.; et al. Towards wafer-size graphene layers by atmospheric pressure graphitization of silicon carbide.
Nat. Mater. 2009, 8, 203. [CrossRef] [PubMed]

Yannopoulos, S.N.; Siokou, A.; Nasikas, N.K.; Dracopoulos, V.; Ravani, F; Papatheodorou, N.
CO2-Laser-Induced Growth of Epitaxial Graphene on 6H-5iC (0001). Adv. Funct. Mater. 2012, 22,
113-120. [CrossRef]

Yang, W.; Ratinac, K.R; Ringer, S.P,; Thordarson, P.; Gooding, ].J.; Braet, F. Carbon nanomaterials in biosensors:
Should you use nanotubes or graphene? Angew. Chem. Int. Ed. 2010, 49, 2114-2138. [CrossRef] [PubMed]
Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-based ultracapacitors. Nano Lett. 2008, 8,
3498-3502. [CrossRef] [PubMed]

Hu, X.; Tian, M.; Pan, N.; Sun, B.; Li, Z.; Ma, Y.; Zhang, X.; Zhu, S.; Chen, Z.; Qu, L. Structure-tunable
graphene oxide fibers via microfluidic spinning route for multifunctional textiles. Carbon 2019, 152, 106-113.
[CrossRef]

Lu, Y,; Tian, M.; Sun, X.; Pan, N.; Chen, F; Zhu, S.; Zhang, X.; Chen, S. Highly sensitive wearable 3D
piezoresistive pressure sensors based on graphene coated isotropic non-woven substrate. Comp. Part A Appl.
Sci. Manuf. 2019, 117, 202-210. [CrossRef]

Sun, F; Tian, M.; Sun, X,; Xu, T,; Liu, X.; Zhu, S.; Zhang, X.; Qu, L. Stretchable Conductive Fibers of Ultrahigh
Tensile Strain and Stable Conductance Enabled by a Worm-Shaped Graphene Microlayer. Nano Lett. 2019,
19, 6592-6599. [CrossRef] [PubMed]

Rezapour, M.R.; Myung, C.W,; Yun, ].; Ghassami, A.; Li, N.; Yu, S.U.; Hajibabaei, A.; Park, Y.; Kim, K.S.
Graphene and graphene analogs toward optical, electronic, spintronic, green-chemical, energy-material,
sensing, and medical applications. ACS Appl. Mater. Interface 2017, 9, 24393-24406. [CrossRef] [PubMed]
Kowalczyk, D.; Fortuniak, W.; Mizerska, U.; Kaminska, I.; Makowski, T.; Brzezinski, S.; Piorkowska, E.
Modification of cotton fabric with graphene and reduced graphene oxide using sol-gel method. Cellulose
2017, 24, 4057-4068. [CrossRef]

Molina, J. Graphene-based fabrics and their applications: A review. RSC Adv. 2016, 6, 68261-68291.
[CrossRef]

Cai, G.; Xu, Z,; Yang, M.; Tang, B.; Wang, X. Functionalization of cotton fabrics through thermal reduction of
graphene oxide. Appl. Surf. Sci. 2017, 393, 441-448. [CrossRef]

Matsumoto, H.; Imaizumi, S.; Konosu, Y.; Ashizawa, M.; Minagawa, M.; Tanioka, A.; Lu, W.; Tour, ].M.
Electrospun composite nanofiber yarns containing oriented graphene nanoribbons. ACS Appl. Mater. Interfaces
2013, 5, 6225-6231. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.carbpol.2014.09.057
http://www.ncbi.nlm.nih.gov/pubmed/25498621
http://dx.doi.org/10.1021/acsnano.5b08176
http://www.ncbi.nlm.nih.gov/pubmed/26918485
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1021/nn1005304
http://www.ncbi.nlm.nih.gov/pubmed/20455583
http://dx.doi.org/10.1002/cber.18980310237
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1038/nnano.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20562870
http://dx.doi.org/10.1038/nature09579
http://www.ncbi.nlm.nih.gov/pubmed/21068724
http://dx.doi.org/10.1038/nmat2382
http://www.ncbi.nlm.nih.gov/pubmed/19202545
http://dx.doi.org/10.1002/adfm.201101413
http://dx.doi.org/10.1002/anie.200903463
http://www.ncbi.nlm.nih.gov/pubmed/20187048
http://dx.doi.org/10.1021/nl802558y
http://www.ncbi.nlm.nih.gov/pubmed/18788793
http://dx.doi.org/10.1016/j.carbon.2019.06.010
http://dx.doi.org/10.1016/j.compositesa.2018.11.023
http://dx.doi.org/10.1021/acs.nanolett.9b02862
http://www.ncbi.nlm.nih.gov/pubmed/31434486
http://dx.doi.org/10.1021/acsami.7b02864
http://www.ncbi.nlm.nih.gov/pubmed/28678466
http://dx.doi.org/10.1007/s10570-017-1389-4
http://dx.doi.org/10.1039/C6RA12365A
http://dx.doi.org/10.1016/j.apsusc.2016.10.046
http://dx.doi.org/10.1021/am401161b
http://www.ncbi.nlm.nih.gov/pubmed/23763449

Nanomaterials 2020, 10, 1147 12 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Cheng, C.; Li, D. Solvated graphenes: An emerging class of functional soft materials. Adv. Mater. 2013, 25,
13-30. [CrossRef] [PubMed]

Kovtyukhova, N.I; Ollivier, PJ.; Martin, B.R.; Mallouk, T.E.; Chizhik, S.A.; Buzaneva, E.V.; Gorchinskiy, A.D.
Layer-by-layer assembly of ultrathin composite films from micron-sized graphite oxide sheets and polycations.
Chem. Mater. 1999, 11, 771-778. [CrossRef]

Niyogi, S.; Bekyarova, E.; Itkis, M.E.; McWilliams, J.L.; Hamon, M.A.; Haddon, R.C. Solution properties of
graphite and graphene. J. Am. Chem. Soc. 2006, 128, 7720-7721. [CrossRef] [PubMed]

Zhang, C.L,; Lu, L.; Cai, D.; Zhang, C.; Wang, N.; Zhang, J.; Wu, Z. Adsorption of polycyclic aromatic
hydrocarbons (fluoranthene and anthracenemethanol) by functional graphene oxide and removal by pH and
temperature-sensitive coagulation. ACS Appl. Mater. Interfaces 2013, 5, 4783-4790. [CrossRef] [PubMed]
Georgakilas, V.; Otyepka, M.; Bourlinos, A.B.; Chandra, V.; Kim, N.; Kemp, K.C.; Hobza, P.; Zboril, R.;
Kim, K.S. Functionalization of graphene: Covalent and non-covalent approaches, derivatives and applications.
Chem. Rev. 2012, 112, 6156-6214. [CrossRef] [PubMed]

Parviz, D.; Das, S.; Tanvir Ahmed, H.S.; Irin, F,; Bhattacharia, S.; Green, M.]. Dispersions of non-covalently
functionalized graphene with minimal stabilizer. ACS Nano 2012, 6, 8857-8867. [CrossRef] [PubMed]
Wang, J.; Zhong, W.; Liu, X; Yang, T.; Li, E; Li, Q.; Cheng, W.; Gao, C,; Jiang, Z.; Jiang, |.; et al. Highly active
graphene oxide-supported cobalt single-ion catalyst for chemiluminescence reaction. Anal. Chem. 2017, 89,
13518-13523. [CrossRef] [PubMed]

Navarro, J.J.; Leret, S.; Calleja, E; Stradi, D.; Black, A.; Bernardo-Gavito, R.; Garnica, M.; Granados, D.;
Vazquez de Parga, A.L.; Pérez, EM; et al. Organic covalent patterning of nanostructured graphene with
selectivity at the atomic level. Nano Lett. 2015, 16, 355-361. [CrossRef]

Greenwood, J.; Phan, T.H.; Fujita, Y.; Li, Z.; Ivasenko, O.; Vanderlinden, W.; Van Gorp, H.; Frederickx, W.;
Lu, G,; Tahara, K,; et al. Covalent modification of graphene and graphite using diazonium chemistry:
Tunable grafting and nanomanipulation. ACS Nano 2015, 9, 5520-5535. [CrossRef] [PubMed]

Hu, Z.; Shao, Q.; Moloney, M.G.; Xu, X,; Zhang, D.; Li, ]J.; Zhang, C.; Huang, Y. Nondestructive
functionalization of graphene by surface-initiated atom transfer radical polymerization: An ideal nanofiller
for poly (p-phenylene benzobisoxazole) fibers. Macromolecules 2017, 50, 1422-1429. [CrossRef]

Gorensek, M. Dye-fibre bond stabilities of some reactive dyes on cotton. Dyes Pigments 1999, 40, 225-233.
[CrossRef]

Siddiqua, U.H.; Ali, S.; Igbal, M.; Hussain, T. Relationship between structure and dyeing properties of
reactive dyes for cotton dyeing. J. Mol. Lig. 2017, 241, 839-844. [CrossRef]

Igbal, M. Textile Dyes; Rehbar Publishers: Karachi, Pakistan, 2008.

Qu, L.; Tian, M.; Hu, X,; Wang, Y.; Zhu, S.; Guo, X.; Han, G.; Zhang, X.; Sun, K,; Tang, X. Functionalization
of cotton fabric at low graphene nanoplate content for ultrastrong ultraviolet blocking. Carbon 2014, 80,
565-574. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/adma.201203567
http://www.ncbi.nlm.nih.gov/pubmed/23180382
http://dx.doi.org/10.1021/cm981085u
http://dx.doi.org/10.1021/ja060680r
http://www.ncbi.nlm.nih.gov/pubmed/16771469
http://dx.doi.org/10.1021/am4002666
http://www.ncbi.nlm.nih.gov/pubmed/23633526
http://dx.doi.org/10.1021/cr3000412
http://www.ncbi.nlm.nih.gov/pubmed/23009634
http://dx.doi.org/10.1021/nn302784m
http://www.ncbi.nlm.nih.gov/pubmed/23002781
http://dx.doi.org/10.1021/acs.analchem.7b03873
http://www.ncbi.nlm.nih.gov/pubmed/29166766
http://dx.doi.org/10.1021/acs.nanolett.5b03928
http://dx.doi.org/10.1021/acsnano.5b01580
http://www.ncbi.nlm.nih.gov/pubmed/25894469
http://dx.doi.org/10.1021/acs.macromol.6b02694
http://dx.doi.org/10.1016/S0143-7208(98)00052-7
http://dx.doi.org/10.1016/j.molliq.2017.04.057
http://dx.doi.org/10.1016/j.carbon.2014.08.097
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Graphene Oxide 
	Preparation of Active Graphene 
	Active Graphene Modification onto Cotton Fabric 
	Characterization of Surface Modification 
	Properties of Modified Cotton Fabrics 

	Results and Discussions 
	Characterisation of the Synthesized Graphene Oxide (GO) and the Active Graphene (JZGO) 
	Morphology of the Graphene Oxide and the Active Graphene 
	FT-IR, Raman and XRD Characterizations of the Graphene Oxide and the Active Graphene 
	Dispersion and Thermal Stability Characterizations 

	Characterisation of the Modified Cotton Fabrics with Active Graphene 
	Morphology of the Modified Cotton Fabrics 
	Characterizations of the Antistatic Properties of the Modified Cotton Fabrics 


	Conclusions 
	References

