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A B S T R A C T

Polyester (PES) fabrics were treated with plasma to enhance the adhesion of reduced graphene oxide
(RGO) and produce conductive fabrics. The surface energy of the plasma treated fabrics was measured
using contact angle measurements and showed a stabilization of this parameter with plasma dosages of
3000Wminm�2. The surface roughness measured by atomic force microscopy (AFM) also showed a
stabilizationwith the same plasma dosage value. The plasma treatment induced negative charges on the
surface of the fibers and graphene oxide (GO) also presented negative charges – and so deposition of GO
on the surface of the PES fibers was not possible. For this reason, bovine serum albumin (BSA) was
employed as an intermediate coating that acquired a positive charge and enabled the self-assembly of GO
on plasma treated PES fibers. Electrochemical impedance spectroscopy (EIS) was employed to measure
the resistance of the conductive fabrics. The plasma treatment and BSA coating improved the coating
level of the samples and hence the conductivity of the fabrics was improvedwith the application of fewer
RGO layers. RGO adhesion on fabrics was also improved as shown in rubbing fastness tests.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the field of textiles there is increasing interest in the
development of fabrics with new properties such as: flame
resistance [1]; self-cleaning [2]; thermal regulation [3]; electrical
conduction [4]; or even catalysis [5]. Among these properties,
electrical conductivity has attracted particular attention. Conduc-
tive fabrics can be employed for the production of smart textiles
with the integration of sensors or various electronic devices [6,7].
Various approaches can be used to produce conductive fabrics. For
instance, the use of metallic fibers inserted in the fabric has been
reported; however, the continuous bending and stretching that
take place in fabrics produce breakages in the fibers [4]. This is why
other approaches have been investigated: the extrusion of fibers
with conductive particles such as carbon derivatives [8], or the
synthesis of conducting polymer films on the fabrics [9–11].

The discovery of graphene and its derivatives has opened a new
era in the field of physics and materials science [12]. The
outstanding optical, electronic, thermal andmechanical properties
shown by this material have created expectations regarding
various possible applications [12–19]. Different methods have
been employed for the production of graphene and its derivatives
[18–20]. Mechanical exfoliation of graphite crystals was the first
method reported by Novoselov et al. [12]. Although the quality of
graphene produced in this way is excellent; the quantity of
graphene that can be obtained is minimal and can only be used for
fundamental studies. This is why other methods such as chemical
vapor deposition or chemical methods have been continuously
developed in response to the increasing demand for graphene
materials. Chemical methods have been proposed as a cheaper
alternative and with higher production capacity than chemical
vapor deposition. One of these methods is the production of
graphene oxide (GO) by the oxidation of graphite. The oxidation of
graphite allows the exfoliation of graphene oxide layers. However,
a reduction step is necessary to convert the insulating GO into
conducting reduced graphene oxide (RGO) [20].

Regarding the application of graphene and derivatives to
produce conductive fabrics, themostwidely employedmethod has
been the adsorption of GO on the fabric or fibers and its posterior
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reduction to produce RGO [21–28]. Graphene oxide sheets are
adsorbed on the surface of the fabrics due to the attraction forces
between the oxidized groups of GO and the functional groups of
the fabrics. The direct deposition of graphene on fabrics has also
been reported by Yu et al. [29]. In the present paper the adsorption/
reduction strategy has been employed to produce RGO coated
polyester fabrics. Plasma techniques have been widely used to
increase the adhesion between different materials, including
polymers [30]. Plasma treatment produces reactive groups and
radicals on the surface of treated fabrics. In the case of polyester,
plasma treatment can oxidize the polyester surface by breaking the
ester bonds and creating radicals [31]. These radicals are able to
react with the plasma gas generated and create hydroxyl, carbonyl,
and carboxyl groups. These polar groups form dipolar interactions,
van derWaals forces or hydrogen bonds between the fabric and the
coating, thereby increasing the adhesion of the coating to the
surface of the fabric [30,32]. In addition to the creation of
functional groups, an increase in roughness on the surface of the
fabrics takes place due to the removal of material. The rougher
surface allows a better contact between the fibers and the coating
and enhances its adhesion [30,31]. The novelty of the paper is the
increase in the adhesion of RGO sheets to the surface of the fabrics
after applying a plasma technique. The plasma treatment was
combined with a bovine serum albumin (BSA) intermediate layer
that converted the negative charges generated by plasma
treatment on the fabric surface into positive charges, this allowed
self-assemblywith GO sheets that possess a negative charge before
the reduction to RGO. The effect of this treatment on the electrical
resistance of the modified fabrics will also be explored.

There are various plasma methods available. In the present
work we have used dielectric barrier discharge (DBD). This
technique is a type of cold plasma generated by an electric
discharge in atmospheric conditions. Electrical discharge takes
place between two electrodes separated by a small gap where the
fabric is continuously treated at a controlled speed. Fabric
modification by plasma methods has the advantage that no water
or other chemical products are needed. The low temperature
produced byDBD also allows little deterioration of organic samples
[33].

2. Experimental

2.1. Reagents and materials

All the reagents used were of analytical grade.
For the synthesis: monolayer graphene oxide (GO) powders

were acquired from Nanoinnova Technologies SL (Spain); sodium
dithionite (Na2S2O4) was acquired from Merck; and bovine serum
albumin (BSA) was acquired from Sigma–Aldrich. The polyester
fabric characteristics were: fabric surface density, 100 gm�2; warp
threads per cm, 55; weft threads per cm, 29. These are specific
terms used in the textile industry and their meaning can be
consulted in a textile glossary [34].

For the characterization: sulfuric acid (H2SO4) and potassium
chloride (KCl) were purchased from Merck. K3Fe (CN)6 99% was
used as received from Acros Organics.

When needed, solutions were deoxygenated by bubbling
nitrogen (N2 premier X50S). Ultrapure water was obtained from
an Elix 3Millipore-Milli-Q Advantage A10 systemwith a resistivity
of nearly 18.2MV cm.

2.2. Dielectric barrier discharge (DBD) treatment

Plasma treatment of polyester was carried out at atmospheric
pressure with the dielectric barrier discharge modality (DBD)
(Softal/University of Minho patented prototype) [35]. The

laboratorial prototype machine used in this work has a width of
50 cm and consisted of the following components: a metallic
electrode coatedwith ceramic; a metallic counter electrode coated
with silicone; an electric generator and a high tension transformer.
The velocity (v) and power (P) are variable and the fabric passed
through the electrodes continuously. The plasma dosage was
defined by the Eq. (1) [35]:

Dosage ¼ N � P
v�w

(1)

whereN (number of passages); P (power,W); v (velocity,mmin�1);
and w (width, 0.5m). For the treatment of polyester fabrics,
velocity and power were maintained constant and the number of
passages was varied. Table 1 shows the conditions created for the
treatments.

2.3. Contact angle measurements

For measuring the contact angles of the water drops in
untreated and plasma treated polyester fabrics we used Goniome-
ter Dataphysics equipment and OCA software with a video system
for the caption of images in static and dynamic modes. A drop of
5ml of distilled water was placed on the fabric surface with a
microliter syringe and observedwith a special CCD camera. At least
ten measurements at different places were taken for each fabric.
The camera takes an image every 0.04 s.

To calculate the surface energy (g) and its polar (gP) and
dispersive components (gD) theWumethod (harmonic-mean)was
used [36]. The surface energy (g) is considered to be composed of
polar and dispersive components. In particular, the polar compo-
nent results from three different intermolecular forces due to
permanent and induced dipoles and hydrogen bonding, whereas
the dispersion (non-polar) component is due to instantaneous
dipole moments. For polar solids or liquids, the total g is a sum of
the always-existing London dispersion forces (gD) with intermo-
lecular interactions that depend on the chemical nature of the
material, compiled as polar forces (gP):

g ¼ gD þ gP (2)

The polar and dispersive components of the surface energy
(gD and gP, respectively) were calculated using the Wu method
(harmonic mean) in Eq. (3):

gsl ¼ gs þ g l � 4
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Three liquids with known surface energy and surface energy
componentswere used in this study to calculate the surface energy
components of the fabrics: distilled water (g: 72.8; gD: 29.1; gP:
43.7); polyethylene glycol 200 (PEG) (g: 43.5; gD: 29.9; gP: 13.6);
and glycerol (g: 63.4; gD: 37.4; gP: 26.0). The units used aremJm�2.

Table 1
Conditions and plasma dosages applied to polyester fabrics.

Sample Velocity
(mmin�1)

Power (W) N� passages Dosage (Wminm�2)

1 0 0 0 0
2 4 1000 1 500
3 4 1000 3 1500
4 4 1000 6 3000
5 4 1000 9 4500
6 4 1000 12 6000
7 4 1000 15 7500
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