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Fabrication of a multifunctional graphene/
polyvinylphosphonic acid/cotton nanocomposite
via facile spray layer-by-layer assembly
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Graphene is a well-known emerging material with a wide range of applications. Despite its recent uses in

polymer science, the immobilization of graphene on textile substrates is a major research thrust. Layer-

by-layer (LBL) coating is a simple and cost-effective approach for stabilizing nanoparticles on different

substrates to control properties, depending on the number of deposited layers. We assembled cationic

graphene sheets using polyvinylphosphonic acid as an anionic thermal-resistant polymer on cotton via

LBL coating. Fourier transform infrared spectra of the produced nanocomposite confirmed interfacial

interactions among the graphene sheets, the polyvinylphosphonic acid and cotton in the coating layers;

X-ray diffraction spectra revealed no changes in the cellulose bulk structure due to these interactions.

Contact-angle measurements

and

thermogravimetric analyses showed that graphene and

polyvinylphosphonic acid improved the thermal stability and hydrophobicity of cotton. Our results also
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ultraviolet rays but also possess excellent near infrared

DOI: 10.1039/c6ra00296j

www.rsc.org/advances multifunctional applications.

1. Introduction

Graphene is a two-dimensional planar carbon lattice with
multifunctional applications in sensors, wires, microactuators,
coatings, solid electrolytic capacitors, displays, polymeric
batteries, electronic devices and filtration membranes."?
Significant efforts in recent years have focused on coating
different substrates with graphene via chemical vapor deposi-
tion, dip coating, spin coating, spray coating and the electro-
phoretic deposition method.? The primary goal of such coating
is to improve the performance of polymers and metals thanks to
the intrinsic excellent optical, mechanical, thermal and elec-
trical properties of graphene.*

Another field of interest to coating experts is the use of
graphene on textiles through dyeing and dip-pad-dry methods.
Two research groups have recently used the conventional dyeing
method to immobilize graphene on acrylic and polyester to
produce electrically conductive textiles.>® Shateri-Khalilabad
and Yazdanshenas have studied the influence of reducing
agents (NaBH,, N,H,, CcHgOg, Na,S,0, and NaOH) and reduc-
tion time on graphene coatings on cotton. These authors ob-
tained the best conductivity and mechanical performance of the
coating using Na,S,0,.”® This group has continued their
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suggest that graphene and polyvinylphosphonic are not only able to protect cotton against solar

reflectivity, electrical conductivity and

electromagnetic shielding. These beneficial properties make nanocomposites promising structures for

coating research on cotton with graphene/TiO,
composites. They recently coated cotton with graphene oxide
(GO) using a simple dip-coating method. Next, they immersed
the samples in a TiCl; aqueous solution to produce graphene/
titanium dioxide nanocomposites. According to these results,
multifunctional cotton is achievable with electro-conductive,
self-cleaning, antibacterial, antifungal and non-toxic proper-
ties.>' Similar photocatalytic polyester fabrics based on GO/
TiO, nanocomposites have been recently produced by Molina
et al.''™ Additional studies by Ramasundaram et al,” Qu
et al.™ and Tang et al.*® have focused on producing hydrophobic
poly(propylene), ultraviolet (UV)-blocking cotton and electro-
conductive cellulosic paper, respectively, using the dip-coating
method. Moreover, a research group produced electro-
conductive fabrics using polyurethane (PU) for stabilizing GO
as a sheet dyestuff.’” A graphitic thin layer was recently intro-
duced by Javed et al. onto wool and cotton fibers under UV
energy. UV radiation has been shown to be an efficient and cost-
effective way to reduce GO to graphene.'®* More recently,
graphene-coated cotton and polyester/cotton fabrics have been
produced for dye-sensitized solar cells and conductors via the
chemical reduction of GO."* Plasma treatment is known to be
an environmentally physical method to improve the adhesion of
different compounds on textile fibers.>*® In this regard, Molina
et al. used atmospheric pressure with the dielectric barrier
discharge modality to increase the surface adhesion of reduced
GO (RGO) on polyester. These authors applied a layer of protein

nano-

This journal is © The Royal Society of Chemistry 2016
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bovine serum albumin as an intermediate layer for self-
assembly of GO on plasma-treated fabrics. They also showed
that the conductivity of polyester coated with polypyrrole/GO
nanocomposite was highly dependent on the GO content.*”

Despite the previous methods used for embedding graphene
on textile substrates, the development of new techniques for
producing graphene functionalized textiles is still a challenge.
This problem owes to the fact that there is no attractive force
between carbon-based materials and textiles. In this regard,
previous research studies have largely focused on textile coating
with graphene via conventional “dip and dry” method, and only
two research programs have described the LBL coating of gra-
phene on cotton. In this regard, the research of Huang et al. is
worthy of note.”® These authors suggested that nanocoatings
assembled with acrylamide polymer and graphene enhanced
the thermal stability and flame retardancy of cotton fabric. In
another study, cotton fabrics showed extraordinary electrical
and robust ultraviolet protective properties by coating graphene
doped poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and chitosan.*

The present study introduces a facile method for embedding
graphene on cotton surfaces via the LBL method. For this
purpose, we employed vinylphosphonic acid as a polymerizable
monomer due to the fact that it has been shown to be an
effective compound for functionalizing textile substrates; it also
possesses several advantages. We used different analytical tools
to evaluate the physical and chemical properties of the coated
cotton samples.

2. Experimental

2.1. Materials

We used a mercerized plain knitted 100% cotton fabric supplied
by Yazdbaf Fabrics Company (Yazd, Iran). COOH functionalized
graphene powder (FGN) (thickness: 2-18 nm) with a purity of
99.5% was purchased from Nanosany Corporation (Iran). Its
volume resistivity was 4 x 10~* ohm cm, and its average
diameter was approximately 4-12 um. Vinylphosphonic acid
was supplied by Archimica (Germany), and this acid had
a density of 1.37 g em™® and a purity of 98%. Azo-bis-
isobutyronitrile and N,N,N-cetyltrimethylammonium bromide
(CTAB) were provided by Merck Chemical Co. (Germany).

2.2. Preparation of spray containing colloids and the cotton
coating

We prepared two colloidal sprays for the LBL coating of cotton
according to our previously published studies.**** For the first
spray, different colloidal dispersions were developed using 10
and 20 mg ml~" FGN separately mixed with 5 mg ml~' CTAB in
deionized water. The colloidal dispersions were then treated
with ultrasonic waves at 30 °C for 4 h to produce stable colloids.
For the second spray, we mixed 3% w/w vinylphosphonic acid
with 0.3% w/w azo-bis-isobutyronitrile in deionized water under
stirring conditions at 30 °C for 4 h.

We conducted LBL coating of cotton using alternate spraying
with the following colloids for 10 s: (a) the colloidal dispersion
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of FGN; (b) immersion in deionized water; (c) a mixture of
vinylphosphonic acid and azo-bis-isobutyronitrile; and (d)
immersion in deionized water. The spraying cycle was repeated
until we recovered a 10-layer graphene/polyvinylphosphonic
acid coating on the cotton. The coated cotton fabrics were
then dried at 60 °C and cured at 100 °C for 60 min.

2.3. Characterization techniques

Zeta potential measurements of the colloidal dispersions of
FGN was performed using a nano-scale potential analyzer
(Malvern Zetasizer 3000HS, Malvern Instruments Ltd, United
Kingdom).

We evaluated the chemical properties of the coated fabrics
using a Fourier transform infrared (FTIR) spectroscope (Bruker,
United Kingdom) over the range 450-4000 cm ™.

We evaluated the physical structure of the samples using
wide-angle X-ray diffractometry (XRD) with a computerized XRD
instrument (XPERT-MPD, Philips, United Kingdom). We con-
ducted the measurements using Ni-filtered Cu Ka radiation
generated at 40 kV (k 1/4 0.1542 nm) and 30 mA. According to
our earlier study, we used the following equation for the crys-
tallinity percentage of the coated fabrics:

1
C% = <
8 /U IC n [a

x 100 (1)

where C,% is the crystallinity percentage of cotton, I. is the
intensity of the XRD of the crystalline area, and I, is the inten-
sity of the XRD of the amorphous region.

We assessed the surface of the coated cotton using a scan-
ning electron microscope (SEM) XL30, Philips. We coated the
cotton textiles with a thin layer of gold (10 nm) using a sputter
coater (SCDOOS—Baltec, Switzerland).

We evaluated the wettability of the textiles by measuring the
water contact angle on their surfaces using a Kruss G10
instrument (Germany). We carried out our measurements at
room temperature and 65% relative humidity.

We examined the thermal degradation properties of the
coated fabrics using a TGA-PL thermoanalyzer (United
Kingdom). For this purpose, 5 mg of each sample was exposed
to heat under O, gas at a rate of 5 °C min~ ' from room
temperature to 500 °C.

We determined the solar UV protection and near-infrared
(NIR) absorption properties of samples at normal incidence
over the spectral ranges 190-450 and 800-2300 nm, respectively.
This experiment was performed using a double-beam spectro-
photometer (JASCO model V-570 UV-VIS-NIR, Japan).

We also measured the electrical resistance properties of the
coated textiles at the surface according to the American Asso-
ciation of Textile Chemists and Colorists (AATCC) Test Method
76-2005 using a four-point probe technique (Sunwa YX-
360TRES, Japan). We evaluated the electrical resistance of
each side of the fabrics five times, and we computed the average
values. The experiment was carried out at a temperature and
relative humidity of 24 °C and 65%, respectively. The surface
conductivity of the composite materials was calculated using
the following equation:
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where p is the surface resistivity (ohms per square), R is resis-
tance (ohm), d is the sample thickness (cm), / is the distance
between the electrodes (cm) and w is the width of each electrode
(cm).

= (3)
o is the conductivity (S em™") and p is the surface resistivity
(ohms per square).

We also evaluated the conductivity of coated cotton after
washing procedure according to ISO 105-C03.

We used a network analyzer (HP 8410C) and reflection &
transmission test unit (HP 8743B) operating over the frequency
range of 8.0-12.0 GHz (X-band) to measure the electromagnetic
shielding effectiveness (EMI) of the synthesized materials
according to ASTM D4935-99.

3. Results and discussion

3.1. Chemical structures and reaction mechanisms

Fig. 1 schematically illustrates the process for dispersion of FGN
using CTAB under ultrasonification. Producing a stable
colloidal dispersion of carbon-based compounds for coating
purposes is one of the primary challenges facing textile engi-
neering scientists.”* In graphene, there are covalent bonds
between the carbon atoms in each sheet; weak van der Waals
forces exist between sheets. Graphene has an extremely hydro-
phobic nature and tends to aggregate in water in the absence of
dispersing agents due to the lack of polar domains on its
surface.* One way to overcome this problem is to generate
carboxylic, amine or alcoholic groups on the graphene surface
via covalent attachment. It has been previously shown that the
presence of these groups yields a drastic improvement in gra-
phene hydrophilicity and reactivity with different substrates.*
Dispersion of graphene nanoplatelets can be facilitated via
surfactants in a sonification process due to the combination of

ZP:3.43 mV

ZP: - 0.190 mV ZP:16.1 mV

——

Fig. 1 Stability of different colloidal dispersions in water after 6
months: (a) pristine FGN, (b) 10 mg ml™* FGN/CTAB colloidal disper-
sion, (c) 20 mg ml~* FGN/CTAB colloidal dispersion.
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mechanical energy and the surface-adsorption phenomenon.®®
We measured the zeta potential values for 10 and 20 mg ml™*
FGN in colloidal dispersions when CTAB was added and
compared out findings with an FGN colloidal dispersion with
no dispersing agent. The zeta potential of FGN was —0.190 mV,
and the zeta potential took on positive values of 16.1 and 3.43
mV for the 10 and 20 mg ml~' FGN/CTAB colloidal dispersions,
respectively. The monomers of CTAB cannot form micelles at
a concentration range below the critical micelle concentration
(CMC); higher concentrations lead to self-assembling of
different surfactant structures. Despite the presence of carbox-
ylic groups on the sheet surfaces, graphene showed poor dis-
persibility in water with a negative zeta potential value (Fig. 1a).
The addition of CTAB at a higher concentration than the CMC
in the FGN dispersion (as used in this study) following by
ultrasonic vibration resulted in dispersions with positive zeta
potential values that maintained their stability for 6 months
(Fig. 1b and c). We obtained similar results in our previous
studies for carbon nanotube dispersion in water with the aid of
CTAB.*»*” Fig. 2 schematically shows the mechanism of FGN
dispersion in the presence of CTAB. Since we obtained positive
zeta potential values for the FGN/CTAB colloidal dispersions,
two mechanisms can be proposed to explain of inhibition of
FGN precipitation in water as confirmed elsewhere for gold
nanoparticles.*®*® First, the cationic head domains of CTAB are
attracted to the FGN carboxylate groups by Coulombic forces,
thereby forming a multilayer of lamellar phases with hydro-
phobic interactions among the alkyl chain cores. Note that the
cationic head domains will be assembled on the outer layer of
CTAB lamellar structure, which results in an overall positive
zeta potential.

Another possible mechanism to explain the stabilization of
the FGN dispersion is the generation of spherical micelles by
CTAB at a higher concentration than the CMC. In this regard,
the cationic domains of CTAB are assembled on the exterior
surface of the spheres, and the hydrophobic tails are formed on
the interior side. Such self-associated structures are organized
at the FGN surfaces and result in a stabilized colloidal disper-
sion. We also obtained higher zeta potential values for the 10
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Fig. 2 The mechanism of the dispersion of FGN in water using CTAB
and ultrasonic vibration.
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mg ml~! FGN/CTAB colloidal dispersion compared with the 20
mg ml~" FGN. This result can be explained by the availability of
more CTAB molecules for a lower content of FGN dispersion to
produce multilayered or spherical micelles.

Fig. 3 shows the steps for preparing graphene/
polyvinylphosphonic acid/cotton nanocomposites via spray
LBL coating. The first step involves spraying the FGN/CTAB
colloidal dispersion on the cotton surface. FGN can be simply
attracted to the cotton surface by ionic interactions, van der
Waals forces and hydrogen bondings forming the first layer.** In
the next step, vinylphosphonic acid and azo-bis-isobutyronitrile
are sprayed on the cotton surface as a second layer to provide an
anionic coating on top of the first layer. We repeated this
procedure 10 times, and the resulting samples were finally
cured in an oven to produce multilayered graphene/
polyvinylphosphonic acid/cotton nanocomposites.

In Fig. 4, we show the FTIR spectra of untreated cotton, FGN
powder, and cotton coated with polyvinylphosphonic acid
together with graphene/polyvinylphosphonic acid/cotton
nanocomposites prepared with 10 coating cycles of FGN/CTAB
colloidal dispersion and polyvinylphosphonic acid. The FTIR
spectrum of cellulose is indicative of several CH stretching,
scissoring, rocking and bending vibrations at frequency ranges
of 2850-2950, 1430-1470, 1250-1420 and 700-1050 Cmfl,
respectively. The intermolecular O-H stretching of cellulose
chains appears at 3429 cm™*. The bands at 1577 and 1706 cm™*
represent C=O0 stretching vibrations, and the peaks appearing
at 1095, 1175, 1206 and 1238 cm™ ' confirm C-O-C symmetric
and asymmetric stretching vibrations (ether bonds).** For FGN,
the appearance of O-H stretching is well represented as strong
bands at 3436 and 1400 cm ™. The carboxylic acid groups on
graphene appear at 1628 cm ™' as a C=0 stretching vibration.
The band at 1458 cm ™" is due to the C-C stretching of graphene
sheets. Furthermore, the bands at 1026 and 1095 cm™ ' are
indicative of the C-O-C modes.*> We used FTIR spectroscopy to
evaluate the chemical reactions between polyvinylphosphonic
acid and cotton without FGN. According to Fig. 4c, the cotton
characteristic peak at 2106 cm™* was shifted to 2116 cm™?,
which is due to the presence of the CN groups in azo-bis-
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Fig. 3 Schematic diagram of the fabrication process of graphene/
polyvinylphosphonic acid/cotton nanocomposites via spray LBL
assembly.
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Fig. 4 FTIR spectra of different samples: (a) untreated cotton, (b) FGN
powder, (c) cotton coated with polyvinylphosphonic acid, (d) gra-
phene/polyvinylphosphonic acid/cotton nanocomposites prepared
with 10 coating cycles of 10 mg ml™* FGN/CTAB colloidal dispersion
and polyvinylphosphonic acid, (e) graphene/polyvinylphosphonic
acid/cotton nanocomposites prepared with 10 coating cycles of 20
mg ml™* FGN/CTAB colloidal dispersion and polyvinylphosphonic
acid.

isobutyronitrile (initiator) after surface polymerization of the
monomer. Furthermore, the intensity of a band at 1095 cm ™"
decreased, and two bands appeared at 1063 and 559 cm ™ '. We
attribute these changes to the P=O and P-O-C stretching
vibrations of polyvinylphosphonic acid, which are in good
agreement with our previously reported study.** After 10 coating
cycles of 10 mg ml~' FGN/CTAB colloidal dispersion and poly-
vinylphosphonic acid on cotton (Fig. 4d), we observed several
changes in the FTIR spectra; these changes included the
appearance of new peaks at approximately 1062, 615 and 560
em™ !, the shifting of a band from 1095 to 1104 cm™*, the
disappearance of a band at 1261 cm™ ", and a decrease in the
intensity of bands at 1707 and 1410 cm ™. For the cotton sample
coated with a higher concentration of FGN (20 mg ml™' FGN/
CTAB colloidal dispersion and polyvinylphosphonic acid), we
observed more changes in the FTIR spectrum. These changes
included a decrease in the intensity of the bands at 1706, 1411,
1261, 1238, 873, 845 and 722 cm ™, the appearance of two bands
at 1060 and 559 cm™ ' and the disappearance of a band at 505
cm ™. On this subject, we also observed an increase in the
intensity of bands at 669 and 615 cm™ ' and shifting of bands

RSC Adv., 2016, 6, 23288-23299 | 23291
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from 2922, 2106 and 1095 cm ™! to 2905, 2127 and 1112 cm ™ ?,
respectively.

In terms of these characteristic peaks of the FGN/
polyvinylphosphonic coated cotton, several research groups
have studied the interactions between cotton and graphene
using FTIR spectroscopy.®'®*® Karimi et al. evaluated the FTIR
spectra of graphene/TiO, nanocomposite-coated cellulose and
found interfacial interactions between the graphene and the
TiO,. According to their study, Ti-O-Ti and Ti-O-C bonds
formed between the inorganic nanocomposite and cotton and
resulted in the presence of new absorption peaks at a lower
frequency range (roughly 1000 cm™').>* This group utilized
methyltrichlorosilane (MTCS) in another study to embed gra-
phene on the cotton surface. They found, interestingly, the
presence of stretching vibrations of Si-C bands due to reactions
among MTCS, graphene and cotton.® Similarly, Xu et al
observed the appearance of a new peak at 1568 cm™ ' in GO/
cotton composite fabrics; this peak was attributed to the C=C
skeletal vibration of graphene.” Similarly, Sahito et al
produced graphene-coated cotton as counter electrode for dye-
sensitized solar cells and observed some similar changes as
ours in the FTIR spectra of cotton; these authors noted the
appearance of new peak at 875 cm™ .2 It is worth mentioning
a comparative study conducted by Huang et al. in 2012. These
authors fabricated polyacrylamide and exfoliated GO via a LBL
coating to consider all of the possible interactions among the

8000
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nanocomposite layers and cellulose.”® Here, we found that the
changes observed in our FTIR spectra ensured a successful
coating of graphene/polyvinylphosphonic acid nanocomposite
on the cotton surface.

3.2. Evaluation of crystallinity

XRD spectroscopy is an important analytical tool for studying
the influence of coatings on the physical properties and crys-
tallinity changes of polymers and textiles.** XRD diffraction
patterns, together with the calculated parameters for the
untreated cotton, cotton coated with polyvinyl phosphonic acid
and  graphene/polyvinylphosphonic  acid/cotton  nano-
composites, are shown in Fig. 5 and Table 1. Cellulose generally
possesses three characteristic reflections at 26 = 17.9°, 23.2°
and 26.5° relating to the d(110), d(200) and d(002) Bragg
reflections. According to XRD patterns, the position of the
reflection peaks did not considerably change for cellulose after
LBL deposition of FGN and polyvinylphosphonic acid. Similar
results have been reported elsewhere for graphene coatings over
cotton, polyester and polypropylene fibers.">'”*> Researchers
have found that graphene peaks are not detectable on coated
textiles if successful exfoliation and uniform assembly is ach-
ieved. On a similar note, we also calculated the crystallinity
percent and crystal size of the cellulose after coatings according
to eqn (1). Based on our results, the changes in crystallinity

Intensity (a.u)

o

s 30 s 2

\ Untreated cotton

2 the.ta (deg)

30 s &0

Fig. 5 XRD spectra of different samples: (a) untreated cotton, (b) cotton coated with polyvinylphosphonic acid, (c) graphene/poly-
vinylphosphonic acid/cotton nanocomposite prepared with 2 coating cycles of 10 mg ml™ FGN/CTAB colloidal dispersion and poly-
vinylphosphonic acid, (d) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 5 coating cycles of 10 mg ml~* FGN/CTAB
colloidal dispersion and polyvinylphosphonic acid, (e) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 10 coating
cycles of 10 mg ml~* FGN/CTAB colloidal dispersion and polyvinyl phosphonic acid, (f) graphene/polyvinylphosphonic acid/cotton nano-
composite prepared with 2 coating cycles of 20 mg ml™ FGN/CTAB colloidal dispersion and polyvinylphosphonic acid, (g) graphene/poly-
vinylphosphonic acid/cotton nanocomposite prepared with 5 coating cycles of 20 mg ml™ FGN/CTAB colloidal dispersion and
polyvinylphosphonic acid, (h) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 10 coating cycles of 20 mg ml™ FGN/
CTAB colloidal dispersion and polyvinylphosphonic acid.
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Table 1 XRD-calculated parameter of different samples produced in this study
Graphene (110) (200) (002)
content Crystallite
Number of in dispersion Crystallinity dimension 26 d-spacing 20 d-spacing 20 d-spacing
Sample code coating cycles (mg ml™") index (%) (nm) (200) (deg) (nm) (deg) (nm) (deg) (nm)
Untreated cotton — — 69.84 5.07 17.92  0.494 23.25 0.382 25.96 0.343
Cotton coated with 10 — 69.06 4.77 16.92 0.523 22.63 0.393 25.32  0.351
polyvinylphosphonic acid
Graphene/polyvinyl- 2 10 70.37 5.40 17.8 0.498 22.82 0.389 25.56 0.348
phosphonic acid/cotton 5 10 70.76 5.79 17.4 0.509 22.76  0.390 25.16 0.354
nanocomposite 10 10 72.73 6.01 17.48 0.507 22.92 0.388 25.76  0.345
2 20 71.13 5.41 17.96 0.493 23.20 0.383 26 0.342
5 20 69.29 4.50 17.6 0.503 23.08 0.385 25.92 0.343
10 20 69.40 4.76 17.56  0.0504 23 0.376 25.68 0.346

percent and crystal size were negligible for cellulose coated with
5 and 10 cycles of FGN/CTAB colloidal dispersion and poly-
vinylphosphonic acid. These results are consistent with the
FTIR spectra of the samples that confirm the surface adsorption
of FGN. We recently investigated the effects of cellulose surface
oxidation on the performance of the fluorocarbon coating, and
we found no changes in the cellulose crystalline structure.

3.3. Surface morphological studies

It is well-known that SEM is an important analytical method for
the surface identification of nanoparticle-coated polymers.*
The SEM data of the untreated cotton, graphene/
polyvinylphosphonic acid/cotton nanocomposites prepared via
5- and 10-coating cycles and the cotton fiber cross-linked with
polyvinylphosphonic acid are illustrated in Fig. 6a-e. The
untreated cotton fibers generally exhibited groove-dominated

\

26 KV 26 KV 20.0 KX 1um

c

BN

26KV 500KX 10um KYKY-EM3200  SN:0692

26 KV 20.0 KX 1um KYKY-EM3200  SN:0692

Fig. 6 SEM micrographs of: (a) untreated cotton, (b) cotton coated
with 10 cycles of 10 mg ml™ FGN/CTAB colloidal dispersion and
polyvinylphosphonic acid, (c) cotton coated with 10 cycles of 20 mg
ml™ FGN/CTAB colloidal dispersion and polyvinylphosphonic acid, (d)
cotton coated with polyvinylphosphonic acid.

This journal is © The Royal Society of Chemistry 2016

surfaces with visible fibrils. Since there was no deposition of
graphene on cotton, untreated fibers possess a relatively clean
surface. However, the SEM image of cotton coated with 5 cycles
of graphene/polyvinylphosphonic acid nanocomposite reveals
a few aggregates of graphene on the fiber surface; these aggre-
gates are smaller than 100 nm in size. It is important that the
surface of the cotton sample coated with 10 cycles of graphene/
polyvinylphosphonic acid nanocomposites exhibited more
aggregated nanoparticles. As shown in Fig. 6d, we did not use
graphene for the sample; therefore, the polyvinylphosphonic
acid produced a thin layer of coating on the cotton without any
aggregation of nanoparticles. Several research groups immobi-
lized GO on cotton and considered the microscopic images for
characterization.”>"*"” Huang et al. showed that GO does not
cover the holes and woven structure of cotton. As a result, these
authors showed that GO does not impede either the breathing
or comfort properties of the cotton.>®

3.4. Water contact angle measurements

In this study, we used an FGN/CTAB colloidal dispersion as
a cationic functional composition to coat cotton; we also used
vinylphosphonic acid as an anionic monomer to fix graphene
on cotton. As several inorganic/organic hybrid layers are
deposited on the cotton, changes in the contact angle values can
be expected. Lavinia and Gheorghe have systematically reviewed
the use of polyvinylphosphonic acid in different industries.”
These authors stated that this polymer has a wide range of
applications such as acting as a drug-delivery hydrogel and
a dental cement. In addition, our group recently used poly-
vinylphosphonic acid monomers to stabilize carbon nanotubes
on cotton. We demonstrated that this hybrid coating acts as
a flame retardant for cellulose.”® Considering the fact that
cellulose is a hydrophilic polymer, it is extremely important to
use water repellent coatings to achieve hydrophobic character-
istics. It has been demonstrated that RGO coatings are able to
increase the water contact angle on textiles due to their intrinsic
hydrophobic characteristics.*'* We note that the number of
graphene layers controls the value of the water contact angle;
a larger number of coatings is associated with a stronger like-
lihood of achieving a higher water contact value. According to
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Fig. 7, the untreated cotton absorbed the water quickly; the
water contact angle was 119° for the cotton fabric coated with 1
cycle 10 mg ml~' FGN/CTAB colloidal dispersion and poly-
vinylphosphonic acid. An increase in the number of coating
cycles resulted in an increase in the water contact angles from
125° to 133°. We should also note that the degree of cotton
hydrophobicity intensified with an increase in the FGN content
in the colloidal dispersion from 10 to 20 mg ml '. Shateri-
Khalilabad and Yazdanshenas recently prepared super-
hydrophobic cotton using polymethylsiloxane and graphene.
These authors demonstrated that graphene had a synergic
effect on the water contact angle of polymethylsiloxane-coated
cellulose.®

3.5. Evaluation of thermal properties

Fig. 8 shows the thermal degradation of untreated cotton,
cotton coated with polyvinylphosphonic acid and graphene/
polyvinylphosphonic acid/cotton nanocomposites prepared
with 5, 8 and 10 coating cycles. It goes without saying that the
thermal degradation of textiles generally occurs in three areas:
initial, main and char.*®**° In the first area, the cotton amor-
phous regions are damaged, and the surface-adsorbed water
molecules are evaporated, which results in a weight loss of the
material of approximately 5%. Significant degradation of
cellulose occurs from 300-450 °C due to the combustion of
glucose and the degradation of the crystalline regions in the
cellulose backbone.** Because of the release of carbon dioxide in
the third area of the thermal degradation curve, complete
dehydration occurs and char is generated. We observed a higher
thermal stability of the graphene/polyvinylphosphonic acid/
cotton nanocomposite prepared with 5 coating cycles due to
the shift of the second area to higher temperatures between 250
and 450 °C. Furthermore, the thermal stability of the nano-
composites was additionally improved by increasing the
number of coating cycles to 8 or 10. Similarly, we observed that
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Fig. 7 Changes in water contact angle of the graphene/poly-
vinylphosphonic acid/cotton nanocomposites prepared using two
different graphene contents for 1, 5 and 10 coating cycles.
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Fig. 8 The thermo-gravimetric analysis of different samples: (a)
untreated cotton, (b) cotton coated with polyvinyl phosphonic acid, (c)
graphene/polyvinylphosphonic acid/cotton nanocomposite prepared
with 10 coating cycles of 10 mg ml~* FGN/CTAB colloidal dispersion
and polyvinyl phosphonic acid, (d) graphene/polyvinylphosphonic
acid/cotton nanocomposite prepared with 10 coating cycles of 20 mg
ml~! FGN/CTAB colloidal dispersion and polyvinylphosphonic acid.

the char content was higher for the graphene/
polyvinylphosphonic acid/cotton nanocomposites compared
with the untreated cotton. We previously introduced several
inorganic/organic hybrid nanocomposites on textiles that acted
as synergistic thermal barriers.>*3>**3>% According to our
findings, carboxylic acid containing crosslinkers, poly-
vinylphosphonic acid and polypyrrole were able to embed sili-
cone oxide, silica/kaolinite, carbon nanotubes, zirconium oxide
and silver on natural fibers. These cross-linkers improved the
thermal stability of textiles due to their high heat resistance,
heat insulation effect and the mass transport barrier of the
nanoparticles. Two research groups have studied the thermal
degradation of cotton after it is coated with graphene.”®*® Zhao
et al. exposed GO-coated cotton to direct adsorption, radiation-
induced cross-linking and chemical cross-linking. Although
these authors introduced simple methods for immobilizing GO
on cotton, their samples exhibited an inferior thermal stability
compared with untreated cotton.*® Our results of the thermal
stability of cotton are consistent with the findings of Huang
et al.*® These authors added flame-retardant polyacrylamide/GO
nanocomposites to cotton via LBL deposition and recovered
a higher thermal stability compared with that of cotton.

3.6. Assessment of solar UV protection and NIR reflection

In Fig. 9, we show the UV reflection and NIR reflection spectra of
untreated cotton, cotton coated with polyvinylphosphonic acid
and  graphene/polyvinylphosphonic  acid/cotton
composites prepared with 1, 5 and 10 coating cycles of different
colloidal dispersions of FGN/CTAB. The untreated cotton
exhibited a high UV reflectance over the regime 190-290 nm.
After coating the cotton with polyvinylphosphonic, we recovered
UV absorption over this same regime. We note that the use of
graphene in the cotton coatings increased the resistance of the
cotton to UV damage. In this regard, the percent decrease in UV

nano-
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Fig. 9 UV reflectance (%) (left) and NIR reflectance (%) (right) of different samples: (a) untreated cotton, (b) cotton coated with poly-
vinylphosphonic acid, (c) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 2 coating cycles of 10 mg ml~ FGN/CTAB
colloidal dispersion and polyvinylphosphonic acid, (d) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 5 coating
cycles of 10 mg ml™* FGN/CTAB colloidal dispersion and polyvinylphosphonic acid, (e) graphene/polyvinylphosphonic acid/cotton nano-
composite prepared with 10 coating cycles of 10 mg ml™ FGN/CTAB colloidal dispersion and polyvinylphosphonic acid, (f) graphene/poly-
vinylphosphonic acid/cotton nanocomposite prepared with 2 coating cycles of 20 mg ml™ FGN/CTAB colloidal dispersion and
polyvinylphosphonic acid, (g) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 5 coating cycles of 20 mg ml™* FGN/
CTAB colloidal dispersion and polyvinylphosphonic acid, (h) graphene/polyvinylphosphonic acid/cotton nanocomposite prepared with 10

coating cycles of 20 mg ml~* FGN/CTAB colloidal dispersion and polyvinylphosphonic acid.

reflectance depended on the number of coating layers and the
graphene content. The UV reflectance of the cotton decreased in
value after 1 coating cycle of graphene/polyvinylphosphonic
acid nanocomposite, and it was additionally decreased when
the number of coating cycles was increased from 5 to 10.
Moreover, the decrease in the UV reflection percentage of cotton
was more pronounced over the spectral regime 190-450 nm
when the content of graphene was increased from 10 to 20 mg
ml~". Based on our results, polyvinylphosphonic acid had the
smallest influence on the percent of UV light reflected; the
graphene/polyvinylphosphonic  acid/cotton nanocomposite
prepared with 10 coating cycles of 20 mg ml~* FGN/CTAB
colloidal dispersion exhibited the most pronounced UV
protection of all the samples.

To better protect textile substrates against solar rays, several
research groups have proposed inorganic and organic materials
as dyeing and coating reagents.>*~>* Our results of UV reflection
are consistent with the recent findings of Qu et al.™® and Tian
et al.”® In brief, these authors introduced graphene as a novel UV
blocking agent for cotton fabric. Qu et al. found, interestingly,
that the unique two-dimensional planar structure of graphene
played a key role in the absorption of UV rays. More recently,
Karimi et al.*® and Molina et al.** produced functional textile
fabrics using GO/TiO, nanocomposite coating. According to
their results, GO decreases the UV reflection of TiO, due to its
intrinsic absorption characteristics. GO can also promote the
photocatalytic activity of TiO, to oxidize organic materials due
to its ability to transfer excited electrons. These results are
additionally supported by the finds of Hu et al. in terms of
graphene/PU-coated cotton fabrics."”

This journal is © The Royal Society of Chemistry 2016

We have accordingly evaluated the NIR reflection properties
of graphene on cotton, which has not been reported elsewhere
on textiles. One can clearly observe that the NIR absorption
values of the cotton sample coated with polyvinylphosphonic
acid were very similar to those of untreated cotton; incorpo-
rating graphene into the cotton surface drastically increased its
NIR absorption. Similar to the results obtained from our UV
reflection evaluation, we found that the number of coating
cycles and the graphene content were directly proportional to
the NIR absorption abilities of cotton. An increased number of
coating cycles and a larger amount of deposited graphene both
boosted the efficiency of NIR absorption. It is worth noting the
biomedical applications of graphene, which have been dis-
cussed elsewhere.””*® Yang et al. introduced for the first time
nanographene sheets for in vivo fluorescence imaging of tumor
mouse models. These authors established the strong optical
absorbance of graphene in the NIR region for in vivo photo-
thermal therapy of cancer cells.>” Qi et al. previously found that
GO can be used in photodetector devices due to its excellent
sensitivity to visible and NIR radiation.”® Cao et al. recently
conducted a comparative lab-scale investigation of the fabrica-
tion of RGO via LBL assembly. These authors evaluated the NIR
absorption properties of graphene layers with different thick-
nesses and found that the NIR transmittances of thin films
decreased with an increasing number of layers for radiation
between 400 and 850 nm.* All in all, we confirm here that
graphene is a strong UV and NIR absorbing agent that can be
used for coating applications on textile substrates; the absorp-
tion properties of the resulting materials can be iteratively
tuned based on the number of layers and the graphene content.
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3.7. Electrical conductivity and EMI shielding effectiveness

Considering the fact that graphene exhibits electroconductive
pathways in different polymeric nanocomposites,* we assessed
this property of graphene/polyvinylphosphonic acid/cotton
nanocomposites; we listed our results in Table 2. In general,
cellulose is known to be a non-conductive polymer with a high
surface resistivity that acts as an insulating material.* On the
other hand, GO has a disrupted sp” structure and is also cate-
gorized as an insulating material.* Several reducing agents
such as NaBH,, N,H,, CcHgO4, N,S,0, and NaOH can convert
GO to graphene and produce a low electrical resistance.”® As
a result, high conductivity is achievable. Here, we used gra-
phene in multiple coating on cotton; the graphene acted as an
electroconductive agent without the need for reduction. On the
other hand, we used polyvinylphosphonic acid for coating
cotton to create an electronegative polymer to anchor graphene.
We note that polyvinylphosphonic acid does not possess elec-
trical conductivity properties; it is known to be an insulating
polymer.”” Therefore, we expected to find graphene/
polyvinylphosphonic  acid/cotton  nanocomposites  with
moderate electrical conductivity. According to our results, the
surface resistance of graphene/polyvinylphosphonic acid/
cotton nanocomposite prepared with 2 coating cycles was
181.67 Q per square; the surface resistance decreased to 152.92
Q per square for the sample prepared with 5 coating cycles. We
observed additional decreases in surface resistivity when we
increased the number of coating cycles to 10. It is important to
note that an increase in the graphene content in dispersion
from 10 to 20 mg ml~" enhanced the electrical conductivity.
Several researchers have recently evaluated the electrical resis-
tance of cotton after being coating of graphene, and these
scientists reported similar enhancements.”®**'"*® Shateri-
Khalilabad and Yazdanshenas found that the electrical
conductivity of cotton increased as the number of coating cycles
was increased from 1 to 20.”® Molina et al. improved the elec-
trical conductivity of cotton by employing the GO in the coating
liquid.** These authors also suggested the necessity of adding
more coating layers to polyester due to the limited adhesion
between graphene and the substrate.'>** Javed et al. showed that
the surface resistivities of GO-coated cotton and wool were
diminished after UV curing.'® On the other hand, Karimi et al.
proposed TiCl; as titanium dioxide precursor to reduce GO on
cotton. Their samples interestingly exhibited smaller electrical
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resistances than bare cotton.®' To study the electroconductivity
of graphene/polyvinylphosphonic acid/cotton nanocomposites
after washing, we used a standard method. Our results revealed
that the washing process reduced the electrical conductivity of
all of the nanocomposites independent of the number of
coating layers. Hu et al. recently used a 10-fold laundering
process to evaluate the durability of graphene on cotton; these
authors obtained results similar to ours.”” Here, we strongly
suggest surface pretreatment methods such as plasma ioniza-
tion and ultrasonic vibration to improve the durability proper-
ties and adhesion of the coating layers on the cotton. Our group
previously confirmed such an improvement for the adhesion of
lubrication agents on cotton and polyester substrates.>*"°
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Fig. 10 The SET of different samples: (a) untreated cotton, (b) cotton
coated with polyvinylphosphonic acid, (c) graphene/poly-
vinylphosphonic acid/cotton nanocomposite prepared with 2 coating
cycles of 10 mg ml™ FGN/CTAB colloidal dispersion and polyvinyl
phosphonic acid, (d) graphene/polyvinylphosphonic acid/cotton
nanocomposite prepared with 5 coating cycles of 10 mg ml™* FGN/
CTAB colloidal dispersion and polyvinylphosphonic acid, (e) graphene/
polyvinylphosphonic acid/cotton nanocomposite prepared with 10
coating cycles of 10 mg ml~* FGN/CTAB colloidal dispersion and
polyvinylphosphonic acid, (f) graphene/polyvinylphosphonic acid/
cotton nanocomposite prepared with 2 coating cycles of 20 mg ml™*
FGN/CTAB colloidal dispersion and polyvinylphosphonic acid, (g)
graphene/polyvinylphosphonic acid/cotton nanocomposite prepared
with 5 coating cycles of 20 mg ml™* FGN/CTAB colloidal dispersion
and polyvinylphosphonic acid, (h) graphene/polyvinylphosphonic
acid/cotton nanocomposite prepared with 10 coating cycles of 20 mg
ml~! FGN/CTAB colloidal dispersion and polyvinylphosphonic acid.

Table 2 The surface resistance and electrical conductivity of different samples produced in this study before and after washing

Surface resistance (Q per square)

Electrical conductivity (S cm™")

Number of Graphene content in

coating cycles dispersion (mg ml ™) Before washing After washing Before washing After washing
2 10 181.67 220 0.0055 0.0045

5 10 152.92 155.83 0.0065 0.0064

10 10 131.25 137.92 0.0076 0.0073

2 20 75 80 0.0133 0.0125

5 20 43.75 48.33 0.0229 0.0207

10 20 40.83 50.42 0.0245 0.0198
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It stands to reason that the effectiveness of EMI shielding
has a direct relationship with the conductivity of shielding
materials.”* The total EMI shielding effectiveness (SET) is the
sum of the absorption character (SEA) and reflection character
(SER) (eqn (4)). In these materials, multiple reflections (SEM)
are not significant and can be neglected:

SET = SEA + SER (4)

Fig. 10 shows a graph of SET of the nanocomposites over the
frequency range 8000-12 000 MHz. We note that the largest SE
values were obtained at the measured frequencies for the
graphene/polyvinylphosphonic acid/cotton nanocomposite
prepared with 10 coating cycles and the 20 mg ml~* graphene
content. Consistent with our previous results of electrical
conductivity, SE increased when we immobilized graphene onto
the cotton surface. This observation suggests that graphene can
significantly absorb electromagnetic waves of different
substrates via coating. We have recently introduced several
electromagnetic shielding materials for use in composites.®***
In this regard, we have found that nanoparticles such as carbon
nanotubes,*” silica,* Zr0,,*® nanocomposite particles of poly-
pyrrole/silver® and silver/silica/kaolinite are ideal candidates
for electromagnetic shielding purposes.®

4. Conclusion

In summary, we have demonstrated a novel approach for
anchoring graphene on cotton via LBL coating using poly-
vinylphosphonic acid as an anionic polymer. FGNs exhibited
a negative zeta potential value with precipitation in aqueous
solution; the CTAB/FGN colloidal dispersions were highly stable
in water and exhibited positive zeta values. We have proposed
two different CTAB assembly mechanisms on FGN sheets:
lamellar and spherical. Several changes were observed in the
FTIR spectra of graphene/polyvinylphosphonic acid/cotton
nanocomposites, which confirm the successful deposition of
nanosheets and polymer on the cellulose. We also found that
the hydrophobicity of the cotton increased after the addition of
the graphene and polyvinylphosphonic acid coatings due to the
increase in the water contact angle values of the samples.
According to our results, the degree of hydrophobicity depen-
ded on the number of coating cycles and the FGN content in the
colloidal dispersion. Furthermore, the thermal stability, elec-
trical conductivity, UV absorption and EMI shielding of the
graphene/polyvinylphosphonic acid/cotton nanocomposites
were improved compared with untreated cotton. All in all, we
conclude that our new inorganic/organic nanocomposite
coating method is a very promising tool for achieving multi-
functional properties of cellulosic substrates.
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