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Abstract Cotton fabrics were modified by xerogel

coatings with dispersed particles of graphene (Gr) or

reduced graphene oxide (RGO). To obtain a stable dis-

persion of Gr or RGO in organo-silicon sol, sodium

lauryl sulfate as an anionic surfactant was used. The

fabrics were padded with the organo-silicon sol

containing dispersed Gr or RGO, forming a thin

xerogel coating after drying. The fabrics coated with

the xerogel containing 0.5–1.5 wt% of RGO or Gr

were prepared and examined. The best anti-static

properties were obtained for the coating with 1.5 wt%

of Gr, whose surface resistance and volume resistance

were on the order of 105 and 103 X, respectively. Such

properties make the fabric suitable for protective

cloths in the environment with explosive atmosphere.

Keywords Cotton � Graphene � Reduced graphene

oxide � Sol–gel � Anti-static properties

Introduction

The unique properties of graphene (Gr) and recent

development of methods of its manufacture have

caused strong interest in this novel material, particu-

larly in its application in electronics (Mao et al. 2014;

Randviir et al. 2014; Yuan et al. 2014). Few publica-

tions concern the use of Gr in textiles in the form of

nanocomposites (Tang et al. 2014; Tian et al. 2014;

Yuan et al. 2014; Zhang et al. 2013), as a yarn made

from Gr flakes (Jalili et al. 2013; Tian et al. 2014) or

using textiles as a support for Gr particles (Cheng et al.

2013; Karimi et al. 2015; Molina et al. 2013a; Neves

et al. 2015) and are predominantly aimed at the

potential applications of such materials in electronics.

Rare applications of Gr for the modification of textiles

can result from difficulties in its use in the form of

aqueous dispersions. Because of that, surface modifi-

cation of textiles is carried out mainly with graphene

oxide (GO), where the structure and the presence of

functional groups (hydroxyl, carboxyl, and epoxy)

allow applying it in the form of aqueous dispersions

and enable further modifications to achieve the desired

properties (Sahito et al. 2015; Shateri-Khalilabad and

Yazdanshenas 2013a; Tang et al. 2015; Tissera et al.

2015; Yaghoubidoust et al. 2014).

Imparting conductivity to textiles with deposited

GO requires its reduction to reduced graphene oxide

(RGO) by chemical and/or thermal methods (Shateri-

Khalilabad and Yazdanshenas 2013b; Shen et al.

2016; Zhang et al. 2016). Those methods of making
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textiles electro-conducting encounter certain limita-

tions. The efficiency of GO reduction depends on the

type and concentration of the reducing agent and the

conditions (for instance time and temperature) of the

process. These factors may contribute to the deterio-

ration of the strength of such modified textiles. If the

high temperature necessary for GO reduction exceeds

the degradation temperature of the textile (Cai et al.

2017; Konios et al. 2014; Shateri-Khalilabad and

Yazdanshenas 2013a; Wang et al. 2017), the textile

properties can be negatively affected.

Very interesting perspectives are created by immo-

bilization of nanoparticles in the matrices of the silica

thin films produced on the surface of fibers by the sol–

gel method (Mahltig et al. 2005; Textor and Mahltig

2008). Because of their very small thickness and

porosity, such coatings are flexible, physically bonded

to the fiber surfaces, are transparent and colorless

(Brzezinski et al. 2012; Textor and Mahltig 2008).

This ensures retaining of the original ‘‘textile’’ char-

acter and appearance of coated textiles. At the same

time, the silica matrices can be filled with nanopar-

ticles (Abidi et al. 2009; Klemenčič et al. 2013;

Kowalczyk et al. 2015a; Tarimala et al. 2006; Tomšič

et al. 2009). Binding the thin coatings prepared by the

sol–gel method to the fiber surface can be significantly

improved by using to preparation of film-forming sols

the proper organo-silicon precursors, having active

functional groups capable of physical or chemical

interactions with functional groups on fibers surfaces

(Textor and Mahltig 2008), mainly hydroxyl groups in

the case of cellulose and polyester fibers.

In our study we explored the possibility of modi-

fication of cotton textiles with RGO and Gr by

dispersing them in nanocoatings, deposited on cotton

fiber surface by the sol–gel method. The study aimed

at obtaining anti-static properties of the textiles

without necessity to reduce GO on fibers surface.

The method of obtaining of stable dispersions of Gr

and RGO in organo-silicon sol in the presence of

anionic surfactant was elaborated. The sol, playing a

role of matrix binding RGO and Gr to the fiber surface,

was based on diethoxydimethylsilane, tetraethoxysi-

lane, and (3-glycidoxypropyl)triethoxysilane. The

effect of the thin-coating finishing of cotton woven

fabrics using the organo-silicon sol modified with

RGO or Gr particles on the electrostatic properties was

examined.

Experimental

Materials

Woven fabrics

White plain weave cotton fabric (145 g/m2) 0.36 mm

thick, with 205 threads/10 cm in the weft direction and

295 threads/10 cm in the warp direction, was used in

this study. In order to remove all possible contami-

nants remaining in the fabric after manufacturing,

prior to further modification the woven fabric was

cleaned by diethyl ether and anhydrous ethanol

extraction (Makowski et al. 2014).

Reduced graphene oxide (RGO)

RGO powder was provided by Nano Carbon Sp. z o.o.,

Poland. Elemental analysis (percentage by weight):

C[ 85%, H\ 1%, N\ 3.5%, O\ 10%, others

*0.6%. Purity of 99.4% (XRF impurities analysis).

Graphene (Gr)

Gr powder with an average flake thickness of 8 nm

(20–30 monolayers), an average particle (lateral) size

of 550 nm (150–3000 nm), purity of 99.9%, and a

specific surface area 100 m2/g was provided by

Graphene Laboratories, Inc., USA.

Dispersing agent

Sodiumlauryl sulfate (SDS) as a dispersing agent of

RGO and Gr, with purity of 99%, was provided by

Carl Roth GmbH, Germany.

Reagents

Diethoxydimethylsilane (DEDMS) and (3-glyci-

doxypropyl)triethoxysilane (GPS), both with purity

97%, were purchased from ABCR. Tetraethoxysilane

(TEOS) with purity 99% and aluminum isopropoxide

with purity 98% were provided by Sigma Aldrich and

poly(vinyl alcohol) (MW = 72,000) by Avantor Per-

formance Materials Poland SA. All reagents were used

without purification.
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Preparation of organo-silicon sol

Quantities of 74.84 g (0.49 mol) of DEDMS, 158 mL

of 2% aqueous solution of poly(vinyl alcohol), and

0.85 mL of aluminum isopropoxide solution in iso-

propanol (0.046 mol/L) were poured to 500 mL

Erlenmeyer flask. The mixture was kept for 2 h at

room temperature, and then 2.4 g (0.0115 mol) of

TEOS and 12.4 g (0.039 mol) GPS were added.

Solution was intensively mix on magnetic stirrer.

The sol was ready to use after 8 h.

Preparation of dispersion of RGO or Gr in organo-

silicon sol

In order to disperse RGO or Gr in the organo-silicon

sol, the three-step method was used. At first RGO or G

was dispersed in an aqueous solution of the dispersing

agent: SDS. The concentration of RGO or Gr in the

dispersion was 1.75%, and the weight ratio RGO/SDS

or Gr/SDS was 1:3. The dispersion of RGO or Gr was

homogenized using an ultrasonic homogenizer (power

200 W, amplitude 30%, frequency 50/60 Hz) at room

temperature for 10 h. In the second step the organo-

silicon sol was added to RGO/SDS or Gr/SDS

suspensions and then homogenized using the ultra-

sonic homogenizer for 30 min, while the third step

involved the addition of distilled water during contin-

uous homogenization. The proper amounts of compo-

nents were selected to obtain 0.5%, 1.0%, and 1.5 wt%

of RGO or Gr in 10 wt% organo-silicon sol. The

respective sols were denoted as for instance

1.5%RGO/sol or 1.5%Gr/sol.

Padding

The coating-forming Gr/sols or RGO/sols were applied

on the fabric surface by the padding method using a

laboratory double-roll padding machine with a hori-

zontal position of the squeezing rollers from BENZ

GmbH (Switzerland). The padding rate was 1 m/min

with the squeezing roller pressure of 15 kG/cm along

the roller contact line. The padding was repeated four

times. After each padding-step the fabric was dried at

100 �C for 15 min. After four padding and drying

cycles, some of the fabrics were rinsed in distilled

water in ultrasonic bath for 15 min (power 70 W,

frequency 50/60 Hz, Branson 1510E-DTH, USA), and

then were dried at room temperature. Some of the

unrinsed fabrics were subjected to calendering (pres-

sure of 3.5 Torr, rate 3.5 m/min, Ramisch, Germany).

The weight percentage of dry solid on fabrics (W) was

determined by weighting the fabric before (W0) and

after padding and the subsequent thermal treatment

(W1). The W value was evaluated according to Eq. (1).

W ¼ W1�W0ð Þ � 100=W1 ð1Þ

The W values for the fabrics with deposited RGO/sols

were 2.8, 5.6, and 7.1 wt%, for RGO contents of 0.5, 1,

and 1.5 wt% respectively, whereas for the fabrics with

Gr/sols the W values were equal to 2.2, 5.5, and

6.4 wt%, for Gr contents of 0.5, 1, and 1.5 wt%,

respectively.

Methods and apparatus

SEM/EDS analysis

The surface and chemical composition of the materials

were examined by means of a scanning electron

microscope (SEM), VEGA 3 (Tescan, Czech Repub-

lic) with an energy dissipative spectroscopy (EDS

using an INCA energy microanalyser; Oxford Instru-

ments Analytical, England). Prior to examination the

sample surfaces were vacuum sputtered with gold

using a coater (Quorum Technologies Ltd., England).

Raman analysis

The RGO and Gr powders were analyzed by means of

a Raman dispersive spectrometer: Renishaw InVia

Reflex (Renishaw, England) with k = 785 nm laser

excitation.

FTIR-ATR analysis

Attenuated total reflectance (ATR) Fourier transform

infrared (FTIR) spectra were obtained with a spec-

trometer Vertex 70 (Bruker, Germany) in the

600–4000 cm-1 region with a resolution of 8 cm-1.

Bruker OPUS software was used to record the spectra.

Electrokinetic analysis

The electrokinetic measurements were carried out using

Zetasizer Nano ZS (Malvern Instruments Ltd., England)

at 20 �C. The values of zeta potential (f) of the aqueous

dispersions of Gr and RGO powders were determined
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from their electrophoretic mobilities (l) in water

according to the Smoluchowski equation (Eq. 2):

f ¼ gl=e ð2Þ

where g is the solution viscosity and e is the dielectric

constant of water, equal to 80.4.

Color analysis

The colorimetric analysis of the fabrics was recorded

using a spectrophotometer, CM-2600d (Konica Min-

olta, Japan). The spectra were recorded in the wave-

length range of 360–740 nm. Measurements were

performed under standard illuminant D65, at a 10�
observing angle and d/8 viewing geometry. The three

coordinates (L*, a*, and b*) of the CIE Lab color

system and the color difference (DE) of the fabrics

were calculated by colorimetry software. The color

differences (DE) were evaluated according to Eq. (3)

DE ¼ DL�ð Þ2 þ Da�ð Þ2 þ Db�ð Þ2
h i0:5

ð3Þ

where DL*, Da*, and Db* are the differences between

color values of the sample before and after padding.

Electrostatic analysis

The textiles were conditioned in a climatic chamber

HCZ 0030 L(M) (HERAEUS, Germany) at 23 ± 1 �C
and relative humidity of 25 ± 5% for 24 h and then

their electrostatic properties were measured in the

same conditions.

Surface resistance (Rs) was measured according to

standard (PN-EN 1149-1:2008). Volume resistance

(Rp) was measured according to standard (PN-EN

1149-2:1999?Ap1:2001). The measurements were

carried out with the use of a set of standardized

measuring electrodes and a teraohm-meter 6206

(ELTEX, Germany).

Charge decay time (t50) was measured according to

standard (PN-EN 1149-3:2007). This method consists

of directly positioning the electrode under the sample

surface and supplying it with a voltage of 1200 V

stepwise for 30 ls. A measuring probe located above

the tested material recorded the field intensity changes

caused by the presence of the sample. In this way the

charge decay time, t50 (time, at which the field

intensity decreases to a half of the initial value) was

determined.

Result and discussion

Characterization of RGO and Gr powders

SEM micrographs in Fig. 1 show that RGO and Gr

were in the form of multilayered particles consisting of

platelets; the platelets of RGO were wavy whereas

those of Gr were flat and smooth.

Figure 2 shows FTIR-ATR spectra recorded for

RGO and Gr. The weak peak at 1725 cm-1 visible on

RGO spectrum reflects stretching vibrations in C=O

group, and the peak near 1618 cm-1 is characteristic

of aromatic carbon in C=C group. In addition, the

broad peak near 1280 cm-1 is characteristic of

stretching vibrations in C–OH group. The presence

of peaks characteristic of oxygen containing groups on

RGO spectrum evidences that the reduction was not

complete. Those peaks are absent on the spectrum

recorded for Gr, which exhibits only weak peaks near

1580 and 1025 cm-1 characteristic of skeletal vibra-

tions of graphene platelets and stretching vibrations in

C–O group, respectively (Guo et al. 2009; Molina

et al. 2013b; Nethravathi and Rajamathi 2008).

The presence of oxygen (O) in the both materials

was confirmed by elemental analysis. For RGO the

average content of carbon and oxygen was

82.95 ± 1.07 and 17.05 ± 1.11 wt%, respectively.

For Gr the respective numbers were 96.82 ± 0.35 and

3.18 ± 0.34 wt%. Hence, oxygen/carbon ratio was

equal 0.21 and 0.03 by weight for RGO and Gr,

respectively.

Differences between RGO and Gr were evidenced

by Raman spectroscopy (Fig. 3). The RGO spectrum

is featured by two strong peaks near 1315 and

1600 cm-1 corresponding to D and G bands. The Gr

spectrum, besides the peaks near 1324 and 1584 cm-1

(D and G bands) exhibits the third peak near

2655 cm-1 (so-called 2D band). The D band origi-

nates from disordered structure of Gr. The G band

originates from in-plane vibrations of sp2 carbon

atoms, whereas the 2D band is typical of out-of-plane

vibrations of sp2 carbon atoms and can serve for

identification of single Gr platelets. The intensity ratio

of D and G peaks, ID/IG, enables the estimation of

degree of order of Gr and its derivatives. ID/IG is equal

to 1.43 and 0.52 for RGO and Gr, respectively. The

smaller ID/IG value obtained for Gr confirms its more

ordered structure and lattice of conjugated sp2 carbon

atoms than in the case of RGO. Simultaneously, I2D/IG
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ratio of 1/5 measured for Gr confirms its form as multi-

platelet particles, since for single Gr platelets this ratio

is equal to 4/1 (Faugeras et al. 2008; Wang et al. 2008).

Uniformity of padding textiles with RGO and Gr

suspensions, necessary for uniform finishing, requires

high stability of the suspensions. In order to estimate

the stability of aqueous dispersions of RGO and Gr,

zeta potential (f) was measured, which characterizes

electrokinetic properties of the systems. For stable and

unstable colloids, |f|[ 30 mV and |f|\ 30 mV,

respectively; in the latter, particles agglomerate and

sediment because of prevailing attractive forces

(Hunter 1981; Vallar et al. 1999).

For the aqueous dispersions of RGO and Gr, the f
values were equal to -25.1 ± 1.2 and -13.6 ±

0.6 mV, respectively, which confirms the instability

of the dispersions. To improve the stability of nega-

tively charged RGO and Gr dispersions, anionic

surfactant SDS was used. Adsorption of SDS chains

on RGO and Gr surfaces is physical and increases

surface negative charge of the particles, which results

in the f values in the range of -90 to -105 mV and in

prevailing repulsive forces between the particles. As a

consequence, the dispersions exhibited better elec-

trokinetic stability in time (Fig. 4). The stability was

also retained in the sol—padding bath.

Fig. 1 SEM micrographs of powders: a reduced graphene oxide (RGO) and b graphene (Gr)
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Fig. 2 FTIR-ATR spectra

of RGO and Gr powders
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Durable functionalization of textiles requires the

use of stable RGO and Gr dispersions. To this end, the

synthesis of organo-silicon sol, and the method of its

filling with RGO and Gr dispersions containing SDS

were elaborated.

Synthesis of organo-silicon sol

The synthesis of organo-silicon sol was carried out by

co-hydrolysis and condensation of alkoxysilanes:

TEOS, DEDMS, and GPS in the presence of a

catalyst–aluminum isopropoxide. The resulting sol

was highly stable over time. The mechanism of

hydrolysis/condensation of alkoxysilanes with the

alumina catalyst leading to organo-silicon sol is

proposed in Fig. 5. Most probably, in the first step of

the reaction the complex of the catalyst with the silane

and water is formed. After the rearrangement, the OH

group becomes bonded to the silicon atom with the

simultaneous separation of ethanol. From the studies

of others (Chojnowski et al. 1990; Kaźmierski et al.

1994) it follows that the hydrolysis of the first alkoxy

group is the slowest, whereas the separation of the next

alkoxy groups is much easier, and the respective

hydrolysis rate constants differ by two orders of

magnitude. In the present case the hydrolysis reaction

occurs until the full conversion of all alkoxy groups

into Si–OH. The resulting oligomeric silanols con-

dense with each other and form a siloxane network,

which is soluble in water due to the presence of OH

groups.

All alkoxysilanes in the reaction mixture undergo

hydrolysis and condensation reactions as it is

described above. DEDMS in the sol allows to obtain

long linear siloxane oligomers between the knots, thus

forming a flexible siloxane network. Moreover, in the

process conditions, epoxide ring opens in GPS and two

OH groups are formed. These groups can participate in

bonding the sol to surface of cotton fibers (Schottner

2001).
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Fig. 3 Raman spectra of RGO and Gr powders

Fig. 4 Photographs of Gr/H2O, Gr/SDS, RGO/H2O and RGO/SDS dispersions: a immediately after homogenization, b after 2 h,

c after 7 h, and d after 24 h (G denotes graphene)
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The organo-silicon sol deposited on a textile forms

thin xerogel coating on surface of cotton fibers. It

plays a role of a matrix for RGO and Gr particles and

binds the particles to the fibers. The coating is strongly

bonded to the fiber surface, is elastic and resistant to

spalling. Moreover, it does not deteriorate the basic

textile properties; neither causes stiffening nor color

change of the textile.

Characteristics of cotton fabric with deposited

RGO and Gr

Figure 6 presents SEM micrographs cotton fibers with

xerogel coatings containing 1.5 wt% of RGO or Gr.

The micrographs show RGO and Gr particles, adher-

ing well to the fiber surface, and also loosely bonded

particles forming agglomerates.

Depending on the particle type (RGO or Gr), as

well as on the amount of deposited particles, the

modified fabrics exhibited different intensity of dark-

ening. The intensity were analysed based on color

difference (DE) measured by colorimetric method;

values of color coordinates L*, a*, and b* as well as

DE are collected in Table 1.

DE increased with increasing RGO content in the

xerogel coatings and ranged from 40.86 ± 0.44 to

57.06 ± 1.11. Similar tendency was observed for the

coatings containing Gr. With increasing Gr contentDE

increased from 53.68 ± 0.56 to 58.03 ± 0.29. It

appears that larger values of DE were measured for

xerogel coatings obtained with Gr/sols than for those

obtained with the corresponding RGO/sols, evidenc-

ing more intense darkening of the former most

possibly due to larger content of sp2 carbon. The

results of the elemental analysis, which are listed in

Table 2, confirmed that the fabrics with the Gr

modified xerogel coatings contained from 2.3 to

3.5 wt% more of carbon than the fabrics with the

corresponding xerogel coatings modified with RGO.

From the point of view of possible applications

durability of adhesive bonding of RGO and Gr

modified xerogel coatings of cotton fibers is important.

Fig. 5 Mechanism of hydrolysis of alkoxysilanes catalysed with aluminum isopropoxide leading to formation of organo-silicon sol
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To gain an insight into the durability, the modified

fabrics were rinsed in an ultrasound bath for 30 min,

dried at 100 �C for 15 min, and subjected to both

colorimetric and elemental analysis (Tables 1, 2). It

appears that DE decreased after rinsing, which is

evidence that loosely bonded RGO and Gr particles

were partially removed from the fibers surface.

However, the changes in DE were smaller for the

coatings containing Gr than for those with RGO that

indicates that Gr particles were better bonded to the

fabrics than RGO particles. This is most possibly

related to the structure of the particles, as shown in

Fig. 1. Gr particles consist of flat and smooth platelets,

hence their contact surface area with the fibers is larger

than in the case of wavy platelets of RGO. As a

consequence, better bonding of Gr particles, dispersed

in the xerogel coating, to the fibers was achieved.

The removal of loosely bonded RGO and Gr

particles from the fibers surfaces was confirmed by

elemental analysis. Simultaneously, the absence of

silicon and sodium (Table 2) evidences that SDS

surfactant was completely washed out from the fabric

surface.

Electrostatic properties of fabrics with xerogel

coatings containing Gr or RGO

Table 3 lists Rs, Rp , and t50 values measured for the

textiles. A cotton fabric is a dielectric and does not

exhibit antistatic properties. Rs and Rp determined for

the neat cotton fabric were equal to 3.6 9 1011 X ±

0.1 9 1011 X and 8.1 9 109 X ± 0.4 9 109 X,

respectively, whereas its t50 exceeded 30 s. Deposition

of all three RGO/sols, despite the significant degree of

reduction, did not change markedly electrostatic

properties of the fabric. RGO did not form continuous

conductive network permitting electric charge to flow.

Similar result was obtained for the cotton fabric with

Fig. 6 SEM micrographs of cotton fibers with xerogel coatings obtained with a 1.5%G/sol and b 1.5%RGO/sol
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the xerogel coating obtained with 0.5%Gr/sol, whose

Rs was close to that of the fabric coated with

1.5%RGO/sol. Enhancement of the properties was

achieved only in the case of higher Gr content. Rs of

order 108 and 105 X was measured for the fabrics

coated with 1.0%Gr/sol and 1.5%Gr/sol, respectively.

The respective values of Rp were of order of 105 and

104 X, respectively. A significant decrease of resis-

tance of the fabric with xerogel coating obtained with

1.5%Gr/sol may show that the percolation threshold is

reached and the conducting network is formed, as in

the case of particles of other conducting materials.

It is worth noting that Kowalczyk et al. (2015b)

modified polyester/cotton woven fabric with carbon

nanotubes. Rs of the modified fabric, measured accord-

ing to PN-EN 1149-1:2008, was equal to 1.03 9 103 X.

Surface resistance of 1.43 9 103 X cm-1 was reported

for GO-dyed cotton fabric after seven dyeing cycles

followed by reduction with Na2S2O4 (Shen et al. 2016).

Shateri-Khalilabad and Yazdanshenas (2013b) also

modified cotton fabric with GO, deposited by a

dip-pad-dry method followed by reduction with

ascorbic acid, and achieved surface resistivity of

9.18 9 104 X/sq.

After calendering both Rp and Rs values as well as

t50 decreased. Rinsing decreased Rp and Rs, and

increased t50. However, in the case of use of

1.5%Gr/sol the improved electrostatic properties were

retained even after rinsing because of sufficient

bonding of Gr particles to the fabric by xerogel

coating permanently attached to the cotton fiber

surface.

Obtaining a conductive network on fibers surfaces

requires contacts between Gr flakes. To enhance the

contact the modified textiles were subjected to calen-

daring. Figure 7 clearly shows that calendering

resulted in smoothening and partial pressing of Gr

flakes into the fabric. As a consequence, nearly

twofold increase of conductivity of the fabric modified

with Gr/sols was obtained. Nevertheless, the fabric

modified with RGO/sols, despite the calendaring,

retained the properties characteristic of a dielectric,

with Rs[ 1010 X.

According to standard (PN-EN 1149-5:2009), in

the environment with explosive atmosphere protective

clothing should be used made of materials with

Rs\ 2.5 9 109 X, tested in accordance with PN-EN

1149-1:2008 and/or t50\ 4 s, tested in accordance

with PN-EN 1149-3:2007. The Rs and t50 of the cotton

fabric with xerogel coating prepared with 1.5%Gr/sol,

even measured after rinsing, allow to use the fabric for

protective cloths in such conditions.

Table 1 Color coordinates (CIE L*, a*, b*) and color differ-

ences (DE) of cotton woven fabrics with xerogel coatings

obtained with RGO/sols and Gr/sols, before (as obtained) and

after rinsing

Sol used DE L* a* b*

As obtained

0.5%RGO 40.86 52.67 0.07 -0.35

1.0%RGO 48.50 45.50 0.06 -0.24

1.5%RGO 57.06 36.47 0.09 -0.01

0.5%Gr 53.68 39.83 0.11 -0.49

1.0%Gr 56.89 36.62 0.15 -0.45

1.5%Gr 58.03 35.48 0.18 -0.28

After rinsing

0.5%RGO 37.56 55.96 0.03 -0.39

1.0%RGO 45.18 48.35 0.03 -0.29

1.5%RGO 53.22 40.30 0.07 -0.06

0.5%Gr 53.09 40.43 0.06 -0.54

1.0%Gr 55.91 37.60 0.10 -0.53

1.5%Gr 57.32 36.19 0.11 -0.53

Table 2 Content of elements determined for the cotton woven

fabric with xerogel coatings obtained with RGO/sols and

Gr/sols, before (as obtained) and after rinsing

Sol used Content (wt%)

C O Na Si S

As obtained

0.5%RGO 48.29 49.22 0.51 1.26 0.72

1.0%RGO 49.03 48.08 0.77 1.03 1.09

1.5%RGO 50.55 46.06 1.01 0.92 1.47

0.5%Gr 50.59 46.73 0.59 1.24 0.85

1.0%Gr 52.55 44.40 0.86 1.01 1.17

1.5%Gr 53.42 42.86 1.16 0.94 1.63

After rinsing

0.5%RGO 47.07 51.80 – 1.12 –

1.0%RGO 47.75 51.22 – 1.03 –

1.5%RGO 49.06 49.98 – 0.96 –

0.5%Gr 49.49 49.31 – 1.20 –

1.0%Gr 51.65 47.40 – 0.94 –

1.5%Gr 52.44 46.71 – 0.85 –
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Conclusion

The use of surfactant allowed obtaining stable aqueous

dispersions of RGO and Gr. The elaborated sol based

on diethoxydimethylsilane, tetraethoxysilane, and (3-

glycidoxypropyl)triethoxysilane exhibited good sta-

bility and dilutability by water and could be filled with

RGO or Gr particles. The obtained sol with Gr or

RGO, after deposition on the cotton fabric by the

padding method and drying, formed on fibers surface

thin xerogel coating, which played a role of a matrix

bonding RGO or Gr particles to the fibers surface.

The best anti-static properties were obtained for the

fabric with the xerogel coating obtained with

1.5%Gr/sol. It was found that calendaring of the

coated fabrics caused smoothening and flattening of

Gr flakes, hence a decrease of distances between the

flakes, which resulted in increased conductivity.

It was shown that the sol–gel method could be used

for permanent attachment of RGO or Gr particles to

Table 3 Electrostatic

properties of cotton woven

fabric with xerogel coatings

obtained with RGO/sols and

Gr/sols

Rs and Rp denote the surface

resistance and volume

resistance, respectively, t50

is the charge decay time

Sol used Rs (X) Rp (X) t50 (s)

As obtained

0.5%RGO 4.1 9 1011 ± 0.3 9 1011 1.2 9 109 ± 0.1 9 109 28.3 ± 0.9

1.0%RGO 1.2 9 1011 ± 0.2 9 1011 7.5 9 108 ± 0.9 9 108 21.1 ± 0.8

1.5%RGO 7.6 9 1010 ± 0.4 9 1010 9.8 9 106 ± 0.2 9 106 15.8 ± 0.5

0.5%Gr 7.0 9 1010 ± 0.5 9 1010 1.3 9 107 ± 0.1 9 107 11.6 ± 0.4

1.0%Gr 7.5 9 108 ± 0.4 9 108 1.1 9 105 ± 0.1 9 105 4.7 ± 0.1

1.5%Gr 3.0 9 105 ± 0.3 9 105 1.7 9 104 ± 0.8 9 104 \0.01

After calendering

0.5%RGO 3.1 9 1011 ± 0.3 9 1011 7.7 9 108 ± 0.6 9 108 26.5 ± 0.8

1.0%RGO 9.7 9 1010 ± 0.9 9 1010 1.0 9 107 ± 0.7 9 107 19.1 ± 0.6

1.5%RGO 5.3 9 1010 ± 0.3 9 1010 9.7 9 105 ± 0.6 9 105 12.2 ± 0.3

0.5%Gr 3.2 9 1010 ± 0.2 9 1010 9.8 9 106 ± 0.9 9 106 11.6 ± 0.1

1.0%Gr 3.6 9 108 ± 0.6 9 108 2.1 9 104 ± 0.3 9 104 4.1 ± 0.1

1.5%Gr 1.7 9 105 ± 0.2 9 105 6.3 9 103 ± 0.7 9 103 \0.01

After rinsing

0.5%Gr 2.0 9 1011 ± 0.2 9 1011 5.4 9 107 ± 1.0 9 107 13.3 ± 0.2

1.0%Gr 2.0 9 1010 ± 0.2 9 1010 1.7 9 106 ± 0.9 9 106 8.2 ± 0.3

1.5%Gr 7.0 9 105 ± 0.4 9 105 2.0 9 104 ± 0.3 9 104 \0.01

Fig. 7 SEM micrographs of cotton fibers surfaces with xerogel coating prepared with 1.5%Gr/sol after calendering
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the fibers surface and the possibility to apply calen-

dering to improve conductivity was demonstrated. The

anti-static properties of the Gr modified cotton fabric

were reached without a reduction of GO on the fabric.

The properties of the fabric with xerogel coating

prepared with 1.5%Gr/sol made the fabric suitable for

protective cloths in the environment with explosive

atmosphere.
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