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Abstract 

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 3000 W·min·m-2. The surface 

roughness measured by atomic force microscopy (AFM) also showed a stabilization 

with 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 improved with the 
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application of fewer RGO layers. RGO adhesion on fabrics was also improved as shown 

in rubbing fastness tests.   
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oxide, conductive fabrics. 
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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. Conductive 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].  
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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 and 

mechanical 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, 

the most widely employed method has been the adsorption of GO on the fabric or fibers 

and its posterior 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 
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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 der 

Waals 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-assembly 

with 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 by DBD 

also allows little deterioration of organic samples [33].  
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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 g·m-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: sulphuric acid (H2SO4) and potassium chloride (KCl) were 

purchased from Merck. K3Fe (CN)6 99% was used as received from Acrōs Organics. 

When needed, solutions were deoxygenated by bubbling nitrogen (N2 premier X50S). 

Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q Advantage A10 system 

with a resistivity of nearly 18.2 MΩ·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 coated with 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 equation (1) [35]: 

wv

PN
dosage

·

·=            (1) 
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Where: N (number of passages); P (power, W); v (velocity, m�min-1); and w (width, 0.5 

m). 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. The laboratorial prototype machine used in this work has a width of 50 cm 

so fabrics up to this width can be treated; several meters of fabric can be treated at a 

time. 

 

2.3. Contact angle measurements 

For measuring the contact angles of the water drops in untreated and plasma treated 

polyester fabrics we used Goniometer Dataphysics equipment and OCA software with a 

video system for the caption of images in static and dynamic modes. A drop of 5 µl of 

distilled water was placed on the fabric surface with a microliter syringe and observed 

with a special CCD camera. At least ten measurements at different places were taken for 

each fabric. The camera takes an image every 0.04 sec. 

To calculate the surface energy (γ) and its polar (γP) and dispersive components (γ
D) the 

Wu method (harmonic-mean) was used [36]. The surface energy (γ) is considered to be 

composed of polar and dispersive components. In particular, the polar component 

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 γ is a sum of the 

always-existing London dispersion forces (γ
D) with intermolecular interactions that 

depend on the chemical nature of the material, compiled as polar forces (γP):  

� � �� � �� (2) 

The polar and dispersive components of the surface energy (γ
D and γP, respectively) 

were calculated using the Wu method (harmonic mean) in equation 3: 
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Three liquids with known surface energy and surface energy components were used in 

this study to calculate the surface energy components of the fabrics: distilled water (γ: 

72.8; γD: 29.1; γP: 43.7); polyethylene glycol 200 (PEG) (γ: 43.5; γD: 29.9; γP: 13.6); and 

glycerol (γ: 63.4; γD: 37.4; γP: 26.0). The units used are mJ·m-2. 

 

2.4. Synthesis of reduced graphene oxide on polyester fabrics 

Polyester fabrics were coated with reduced graphene oxide (RGO) similar to Fugetsu et 

al. [26]. A 3 g L-1 GO solution was obtained sonicating GO monolayer powders in an 

ultrasound bath for 60 min. The first stage of the synthesis was carried out by putting 

the GO solution in contact with the fabric to allow the adsorption of GO sheets on the 

surface of the fabrics. This stage lasted 60 minutes. The fabrics with GO were then 

dried for 24 h under ambient conditions. The second stage of the synthesis was the 

reduction of GO to RGO. Fabrics coated with GO were placed for 30 min in a solution 

containing the reducer (50 mM Na2S2O4) at approximately 90º C. Samples with a 

different number of RGO coatings (1 to 10) were obtained (PES-1G to PES-10G) 

repeating the procedure mentioned above. The samples treated with plasma were also 

coated with RGO following the same procedure. The plasma treatment generates 

negative charges on the surface of the fabrics, GO also presents negative charges so the 

deposition of GO on the fabrics is not possible under these conditions. For this reason, 

bovine serum albumin (BSA) was employed as an intermediate coating as it acquires a 

positive charge and allows the deposition of GO on the surface of the fabrics. A 0.5 % 

weight aqueous BSA solution [25] prepared at room temperature was employed to coat 

the plasma treated PES samples. Fabrics were placed in contact with the solution at 
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room temperature for 15 minutes with magnetic stirring. Thereafter, they were removed 

from the solution and washed with water to eliminate the BSA excess.  

 

2.5. Scanning electron microscopy (SEM) and field emission scanning electron 

microscopy (FESEM) 

A Jeol JSM-6300 scanning electron microscope was used to observe the morphology of 

the samples using an acceleration voltage of 20 kV. Samples were coated with Au using 

a Sputter Coater Bal-Tec SCD 005. A Zeiss Ultra 55 FESEM was used to observe the 

morphology of samples submitted to rubbing fastness tests using an acceleration voltage 

of 3 kV.  

 

2.6. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was used to determine surface topography and 

roughness of the different samples. AFM analyses were performed with a multimode 

AFM microscope with a Nanoscope® IIIa ADCS controller (Veeco Metrology Group). 

A monolithic silicon cantilever (FESP, tip radius 8 nm, Bruker AFM probes) with a 

constant force of 2.8 N/m and a resonance frequency of 75 kHz was used to work on 

tapping mode. Roughness was evaluated from the analysis of the section. 

 

2.7. Electrochemical impedance spectroscopy measurements 

An Autolab PGSTAT302 potentiostat/galvanostat was used to perform EIS analyses. 

EIS measurements were performed in the 105-10-2 Hz frequency range. The amplitude 

of the sinusoidal voltage used was ± 10 mV. Measurements were carried out in a two-

electrode arrangement, where the sample was located between two round copper 

electrodes (A = 1.33 cm2). 



9 
 

 

2.8. Rubbing fastness tests 

Rubbing fastness tests were performed to quantify the resistance of the RGO coatings to 

physical action. Rubbing fastness tests of RGO coated fabrics were performed as 

explained in the norm ISO 105-X12:2001. Each sample was abraded against cotton 

abrasive fabric for ten cycles. The change in the resistance of the fabrics after 

performing the rubbing fastness tests was measured using a Goldstar Digital Multimeter 

(DM-311). Ten measurements were averaged for each sample analyzed. Field emission 

scanning electron microscopy (FESEM) was also used to observe the morphology of the 

conductive fabrics before and after performing the rubbing fastness tests.  

 

2.9. Scanning electrochemical microscopy (SECM) 

SECM measurements were carried out with a scanning electrochemical microscope 

(Sensolytics). A three-electrode configuration cell consisting of a 100-µm-diameter Pt 

microelectrode, a Pt wire auxiliary electrode, and an Ag/AgCl (3 M KCl) reference 

electrode. Measurements were performed in K3Fe(CN)6 0.01 M and 0.1 M KCl 

(supporting electrolyte). All the experiments were carried out in an inert nitrogen 

atmosphere. The substrates were samples (0.5 x 0.5 cm2) cut from different fabrics 

(PES, PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-BSA-1G). These samples 

were glued to microscope slides with epoxy resin. The microelectrode operated at a 

potential of 0 V, at which the oxidized form of the redox mediator (Ox) is reduced 

(Red) at a diffusion controlled rate. Approaching curves were obtained by recording the 

tip reduction current as the Pt microelectrode tip was moved in direction z. Approaching 

curves give an indication of the electroactivity of the surface. These curves were 
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compared to the theoretical curves (positive and negative feedback models). The 

substrate surfaces for all the measurements were at their open circuit potential (OCP).   

 

 

3. Results and discussion 

3.1.Contact angle measurements and surface energy 

Plasma technique was employed to modify the hydrophilicity of the fabric by increasing 

the plasma dosage applied (W·min·m-2). Contact angle measurements were performed 

with a goniometer. Table 2 shows the static contact angle (º) obtained on the surface of 

plasma treated polyester fabrics with various liquids (water, glycerol and polyethylene 

glycol). The surface energy (mJ·m-2) was also calculated using the Wu method [36]. 

Untreated polyester fabric presented a contact angle of 130º when measured with water. 

With the plasma treatment; there was a decrease of the contact angle due to the 

increasing hydrophilicity of the plasma treated fabrics. The plasma treatment created 

polar groups on the surface of the fabric, due to the incorporation of O and N from the 

air since DBD uses air as gas discharge [30]. Firstly, the plasma treatment creates 

radicals on the surface of polyester fabrics due to the rupture of ester bonds [31]. These 

radicals react with the plasma gas generated and produce polar groups such as C-O, 

C=O, C=N, C≡N and N-C-O [30]. These polar groups allow the formation of dipolar 

interactions, van der Waals forces, or hydrogen bonds between the fabric and the 

coating, thereby increasing the adhesion of the coating to the surface of the fabric [30]. 

The functional groups created are prone to suffer an ageing process due to the 

reorganization of the surface polar groups that tend to bury themselves below the 

surface [37, 38]. This is why BSA and RGO coatings were subsequently applied to 

avoid the loss of efficiency of the plasma treatment. 
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As can be seen in Table 2, there is a stabilization of the contact angles as well as the 

surface energy for a plasma dosage of 3000 W·min·m-2. Higher plasma dosages produce 

little variation in these properties but increase energy consumption. There is an 

equilibrium between the creation of functional groups and removal by the plasma 

application, it should be taken into account that the plasma application produces the 

elimination of material from the substrate surface. At a certain plasma dosage 

(depending on the type of plasma, conditions, and substrate) equilibrium is achieved 

and higher plasma dosages do not produce an increase in functional groups nor an 

increase in roughness. This is why the plasma dosage of 3000 W·min·m-2 was selected 

as the optimum plasma dosage to treat the polyester fabrics.  

The plasma treatment also produces the removal of grease and contamination from the 

surface of the fabric. The presence of grease tends to increase the contact angle value 

and its removal produces a cleaning of the fabric surface, and the subsequent decrease 

of the contact angle [39]. The measurement of the contact angle in fabrics is somehow 

limited due to its irregular and porous nature. This is why other measurements such as 

the dynamic contact angle are usually employed as an indication of wettability [39]. 

Fig. 1 shows the dynamic contact angle (º) obtained for the untreated PES fabric and the 

PES fabric treated with 500 W·min·m-2 plasma dosage. The other samples are not 

shown since the absorption process was very rapid and only the static contact angle 

could be obtained. The dynamic contact angle gives an indication of the wettability of 

the surface. The initial value of the dynamic contact angle corresponds to the value of 

the static contact angle – the water drop then begins to be absorbed, the contact angle is 

progressively reduced, and the drop is finally totally absorbed. As can be seen, there is 

an improvement in the wettability with the plasma treatment. This improvement has 

been attributed to the creation of polar groups and microporosity [40-42].  
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3.2. Atomic force microscopy (AFM) of plasma treated fabrics 

Atomic force microscopy (AFM) was used to observe the surface topography of 

untreated and plasma treated PES samples. SEM has insufficient vertical resolution to 

observe the change in the roughness caused by the plasma treatment; this is why AFM 

was employed for this purpose [30]. Another advantage, when compared to the SEM 

technique, is that the samples are not coated with Au or C and there is no addition of 

material to the samples. Fig. 2 shows the AFM 3D representations of PES fibers treated 

with different plasma dosages (0, 500, 3000 and 7500 W·min·m-2). Fig. 2-a shows the 

representation of untreated PES fiber; as can be seen the fiber is quite smooth with no 

remarkable features. When the PES fibers were treated with a plasma dosage of 500 

W·min·m-2 (Fig. 2-b) there was an increase in the roughness of the fibers. With an 

optimum plasma dosage of 3000 W·min·m-2 (Fig. 2-c) the roughness of the PES fibers 

again increased. However, with the highest plasma dosage applied (7500 W·min·m-2) 

there was no substantial increase in the surface roughness (Fig. 2-d) when compared 

with the 3000 W·min·m-2 plasma dosage (Fig. 2-c). These results are in agreement with 

the surface energy values, which showed stabilization with a dosage of 3000 W·min·m-2 

as optimal.  

Fig. 3 shows the AFM 2D representation of PES fibers treated with different plasma 

dosages (0, 500, 3000 and 7500 W·min·m-2). In the images, roughness has also been 

obtained in the section represented by the white line in the 2D images. The comparison 

of the section roughness profiles with the plasma dosages applied are shown in Fig. 3-e. 

Fig. 3-a shows the 2D representation of the untreated PES fiber. When the PES fabrics 

were treated with 500 W·min·m-2 (Fig. 3-b) there was an increase in roughness, 

indicated by the presence of white spots in the image. Figures 3-c and 3-d show the 
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representation of PES fabric treated with 3000 and 7500 W·min·m-2, respectively. Both 

images are similar, which indicates similar levels of roughness. This can also be seen in 

the section roughness profiles in Fig. 3-e. The values of roughness (Rz) obtained for the 

samples of PES treated with plasma dosages of 0, 500, 3000 and 7500 W·min·m-2 were: 

2.747; 8.497; 19.285; and 22.454 nm; respectively. These values again confirm the 

stabilization of the roughness with a plasma dosage of 3000 W·min·m-2.  

 

3.3. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) of 

PES-RGO conductive fabrics 

 

Scanning electron microscopy (SEM) was employed to observe the morphology of the 

conductive fabrics. PES fabrics coated with a different number of RGO coatings were 

obtained to compare the results with the samples treated with plasma and coated with 

BSA and RGO. Fig. 4-a shows the fabric coated with one RGO coating. Some RGO 

particles can be observed on the PES fibers. It is difficult to observe the RGO sheets on 

the surface of the fibers and only the wrinkles of the RGO sheets help to locate them 

[21,22]. When the number of RGO coatings applied increased (Fig. 4-b shows the fabric 

coated with three RGO coatings), the presence of more RGO particles was observed. In 

Fig. 4-c the fabric coated with five RGO coatings is shown, in this image one RGO 

sheet can be observed in the center of the image connecting two fibers. The RGO sheet 

is approximately 25 µm x 25 µm. In this case, there was a substantial increase in the 

level of coating represented by an increase in the number of particles observed. In Fig. 

4-d a fabric coated with ten RGO layers is shown and an increase in the RGO coating 

was observed. In general, there was an increase in the level of coating of the fibers with 

an increasing number of RGO coatings.  
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Fig. 5 shows various micrographs of PES treated with plasma (3000 W·min·m-2) and 

coated with BSA and one RGO layer. By observing the figures, it can be seen that the 

fabrics have been coated with RGO.  

Atomic force microscopy was also employed to characterize the sample of PES treated 

with plasma 3000 W·min·m-2 and coated with BSA and one layer of RGO (Fig. 6). If 

the 3D and 2D AFM images are compared with the AFM images of the PES fabric 

treated with 3000 W·min·m-2 (Fig. 2-c and Fig. 3-c), a substantial change in the 

roughness of the sample can be seen. The roughness produced by the plasma treatment 

is no longer observed since BSA and RGO are deposited on the surface of the fiber. The 

typical morphology of RGO sheets with its wrinkles [21, 22, 43] can be observed in the 

3D and 2D AFM representations. The section roughness profile is also shown in Fig. 6-

c, and as can be seen, the roughness was substantially reduced when compared with the 

section profile of plasma treated fabric (Fig. 3-e). 

 

3.4.Electrochemical impedance spectroscopy (EIS)  

 

Electrochemical impedance spectroscopy (EIS) was used to measure the electrical 

properties of the different conducting fabrics. EIS enables the measurement of electrical 

resistance and in addition the phase angle; which gives an indication of the 

conducting/insulating behavior of the fabrics [10, 11, 21, 22]. Table 3 shows the values 

of impedance modulus |Z| obtained for the different fabrics and treatments applied. Fig. 

7 shows the Bode plots for the characterization of conducting fabrics of PES coated 

with a different number of RGO layers (1, 3, 5, 10). The characterization of PES fabric 

and PES coated with GO is also shown as a reference. Fig. 7-a shows the plot of the 

impedance modulus |Z| vs. the frequency (Hz). PES fabric presented values of 
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impedance modulus |Z| higher than 1011 Ω. When PES was coated with GO, there was 

no substantial variation in the value of |Z|. GO is an electrically insulating material 

because of the disrupted sp2 structure due to the presence of oxidized groups [41]. When 

GO was chemically reduced to RGO, there was a decrease of around five orders of 

magnitude in the impedance modulus. This decrease of |Z| is related to the reduction of 

functional groups and the partial restoration of the graphene sp2 structure [44-46]. There 

was a gradual decrease of |Z| when more RGO layers were applied to the fabric. The 

values of impedance modulus obtained were: 21000 kΩ, 145 Ω, 87 Ω and 9 Ω for PES-

1G, PES-3G, PES-5G and PES-10G samples, respectively. The variation of |Z| with the 

numbers of coatings can be correlated with the higher coating level achieved with more 

RGO coatings – as SEM micrographs have shown (Fig. 4).  

Fig. 7-b shows the representation of the -phase angle vs. the frequency. PES and PES-

GO present values of -phase angle near to 90º, this value indicates that these fabrics 

behave like a capacitor and hence are insulating materials. The data for low frequencies 

is not shown since noise was observed due to the large values of |Z|. When GO was 

reduced to RGO, the -phase angle changed to 0º in the low frequency region (<10 Hz). 

However, in the high frequency region (105-101 Hz) the values of -phase angle varied 

from 90º to 0º. When more RGO layers were applied, the -phase angle was 0º in the 

entire frequency range. This value of -phase angle indicates a resistive behavior of the 

material which is typical of conducting materials.  

Fig. 8 shows the electrical characterization of PES fabrics treated with various plasma 

dosages (500, 3000 and 7500 W·min·m-2) and coated with one RGO layer. As can be 

seen, all the fabrics present similar behavior to untreated PES. The value of impedance 

modulus |Z| for low frequencies was around 1011 Ω (Fig. 8-a). The explanation for this 

fact is that the plasma treatment creates negative charges due to the functional groups 
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created on the surface of the polyester fabric [47]. DBD treatment produced an increase 

in the O and N content due to their incorporation in functional groups such as C-O, 

C=O, C=N, C≡N and N-C-O [30]. GO also presented negative charges [25, 48] so there 

is a repulsion between GO and the surface of the plasma treated PES. The assembly of 

GO sheets on the surface is not possible and the material presents an insulating 

behavior. The -phase angle also gives an indication of the conducting/insulating nature 

of the surface (Fig. 8-b). All the fabrics presented 90º of phase, indicating a capacitive 

behavior which is typical of insulating materials.  

In another experiment, the fabrics treated with different plasma dosages were reduced 

with a 50 mM solution of Na2S2O4 to eliminate the oxidized groups from the surface of 

the polyester fibers. In Fig. 8, the PES fabric treated with a plasma dosage of 3000 

W·min·m-2, and reduced and coated with one RGO layer is shown as an example. The 

untreated PES coated with one RGO layer is also shown for comparison. As can be 

seen, when plasma treated PES (3000 W·min·m-2) was chemically reduced, the negative 

charges of the surface were removed and the assembly of GO layers on the surface of 

the fabric was again possible. The value of impedance modulus |Z| obtained for the 

mentioned sample is 46 times lower than that for untreated PES coated with one RGO 

layer (460 kΩ vs. 21000 kΩ). The explanation for this fact could be the roughness 

created on the surface of PES fibers due to the plasma treatment (as observed by AFM). 

The roughness of the fibers increases the fixation points of GO to PES fibers, increasing 

the coating level of the fibers and hence diminishing the electrical resistance of the 

fabrics. A similar trend was observed with the -phase angle (Fig. 8-b) The sample 

treated with plasma, chemically reduced and coated with RGO presented phase angle 

values lower than the untreated sample of PES coated with RGO in the high frequency 
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range (101-105 Hz). For frequencies lower than 10 Hz, the -phase angle was 0º for both 

samples. 

To produce the assembly of GO sheets on the surface of the plasma treated PES, 

positive charges should be created on the surface of PES. To create the positive charges, 

an aqueous solution of bovine serum albumin (BSA) was used [25]. BSA is a protein 

obtained from blood [49]. The fabrics were put in contact with a 0.5 % weight BSA 

aqueous solution for 15 min to allow the adsorption of BSA. The BSA coating was 

applied at different pH (4, 7, 10) on PES fabrics to observe the influence of this 

parameter. The pH of the BSA solution was adjusted with NaOH and HCl solutions. 

After this process, the fabrics were rinsed with water to remove the BSA excess. The 

modified BSA-PES textiles were then coated with RGO following the procedure shown 

in Section 2.4. Fig. 9 shows the electrical characterization by EIS of the PES-BSA-RGO 

fabrics. The values of impedance modulus obtained were 73 Ω, 356 Ω, 323 Ω, for pH 7, 

4 and 10, respectively. This indicates that the optimal pH to coat the fabrics with RGO 

is neutral pH. With the plasma treatment, a BSA coating and one RGO coating, the 

value of |Z| achieved was similar to the value obtained for untreated PES coated with 

five RGO layers (73 Ω vs. 86.8 Ω, respectively). The plasma treatment and BSA 

coating increases the coating level of RGO on the fabric (as shown by SEM 

micrographs). A decrease in the electrical resistance of the conducting fabrics was also 

observed. To compare results, another PES fabric was coated with BSA and one RGO 

coating without applying the plasma treatment. The value of impedance modulus 

obtained was 306 Ω (value situated between 2 and 3 RGO coatings directly applied on 

PES).  

 

3.5.Scanning electrochemical microscopy (SECM)  
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The electroactivity of the different RGO coated samples was tested by means of the 

SECM technique using approaching curves. To record these curves, the microelectrode 

was polarized at a potential (0 V) with which the oxidized form of the redox mediator 

(Ox) is reduced (Red) on the microelectrode surface at a diffusion controlled rate (Fig. 

10). The measured current is defined as i∞ = 4·n·F·D·C·a, where n is the number of 

electrons, F is the Faraday constant, D is the diffusion coefficient, C is the bulk 

concentration of the redox mediator, and a is the radius of the microelectrode tip. In 

approaching curves, the normalized current registered at the microelectrode (I) is 

represented vs. the normalized distance (L). The normalized current is defined as 

follows: I = i/i∞ where “i” is the current measured at the UME tip and i∞ is the diffusion 

current defined above. The normalized current depends on RG (RG=Rg/a, where Rg is 

the radius of the insulating glass surrounding the Pt tip of radius “a”) and the 

normalized distance L; where L=d/a (d is the microelectrode-substrate separation). The 

RG of the microelectrode used in this work was RG ≥ 20. 

Various situations can arise depending on the electroactivity of the substrates and the 

distance between the microelectrode and the substrate: 

• When the microelectrode is sufficiently far from the substrate, the measured 

current corresponds to the diffusion current (i∞).  

• When the substrate is non-conductive, as the microelectrode approaches the 

substrate there is a hindrance to the diffusion of Ox species. The surface of the 

fabric is unable to regenerate (oxidize) the reduced form of the redox mediator 

(Red), hence there is a decrease in the reduction current on the surface of the 

microelectrode, i<i∞. This situation is known as negative feedback [50].  

• Conversely, if the substrate is conductive, when the microelectrode approaches 

the surface, there is an increase of the oxidized redox species flux (Ox) since the 
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surface potential is able to regenerate (oxidize) the redox mediator. This causes 

an increase in the current measured at the microelectrode, i>i∞. This case is 

known as positive feedback [50].  

Experimental data was compared with theoretical approaching curves for positive and 

negative feedback models, according to equations 1 and 2. According to Rajendran et 

al. [51], Pade’s approximation gives a close and simple equation with less relative error 

for all distances and valid for RG > 10. The approximate formula of the steady-state 

normalized current assuming positive feedback for finite conductive substrate together 

with finite insulating glass thickness is: 
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The expression for the normalized current (assuming negative feedback) was based on 

the equation obtained by Bard et al., for a RG=20 and L range 0.4-20 [52]: 
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Fig. 11 shows the approaching curves obtained by SECM for the different samples 

analyzed. The sample of PES-1G shows a slight negative feedback (there is a decrease 

in the normalized current as the microelectrode approaches the surface of the fabrics). 

The fabric is not completely coated with RGO and there are also zones that are not 

coated, but the sample behaves mainly as a non-electroactive material. The zones not 

coated prevailed over coated zones and negative feedback was obtained, although a pure 

negative feedback model was not achieved for this reason. When the number of RGO 

layers increased there was a better coverage of the surface of the fabric and positive 

feedback was obtained on the whole surface of the fabrics. Significant differences were 
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not observed between 3, 5 and 10 RGO coatings, since similar values of feedback were 

achieved. In the SECM technique only the superficial coverage of the fabric has an 

effect on the electrochemical response obtained. In addition, the interconnection 

between the different RGO sheets or fibers has no effect; in this case the substrate is not 

polarized and operates at open circuit potential. On the other hand, in the conductivity 

measurements by EIS, it is this interconnection that provides the conductive pathways 

that allow the electrical flow. 

When the PES fabric was treated with plasma and coated with BSA and one RGO 

coating, the fabric presented positive feedback across the whole surface. This indicates 

that the plasma and BSA coating improves the uniformity of the coating; and with only 

one RGO layer, a complete coverage of the surface of the fabric was achieved. The 

creation of functional groups by plasma and the posterior conversion of these negative 

groups to positive groups by BSA helps to improve the uniformity of the coating. The 

electroactivity obtained in this case was lower than the sample of PES coated with three 

RGO layers. This could be due to the presence of more RGO aggregates (electroactive) 

on the surface of the PES-3G sample.  

 

3.6. Rubbing fastness tests 

Rubbing fastness tests were performed in order to test the mechanical resistance of the 

RGO coatings against abrasion and to see whether there was an improvement in the 

mechanical resistance with the plasma and BSA treatment. The samples in this case 

were analyzed with FESEM and no extra coating was applied on the samples. The RGO 

coating served as conductive material. Taking advantage of this situation, the zones 

where the coating was removed could be easily identified as whiter zones due to the 

accumulation of electrons in non-conductive zones. Fig. 12-a, b show the FESEM 
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micrographs for the sample of PES-plasma-BSA-1G prior to performing the rubbing 

fastness test. All the fibers were coated with RGO and the presence of RGO aggregates 

could also be observed (Fig. 12-b). When the rubbing test was performed whiter zones 

could be observed, which indicated the removal of the RGO coating in these zones (Fig. 

12-c, d). The RGO aggregates were also removed from the surface of the fibers due to 

friction (as can be seen in Fig. 12-d). However, the degradation of the coating was not 

very high when compared to the PES-5G sample after performing the rubbing fastness 

test (Fig. 12-e, f). In this case, the appearance of whiter zones due to the removal of the 

RGO coating was evident and extensive (Fig. 12-e). The degradation of the coating 

could also be observed with higher magnification (Fig. 12-f), the delamination of the 

RGO coating could be easily observed. The plasma and BSA treatment improves the 

adhesion of the RGO layers due to an improvement in the interaction forces between the 

fibers and coating. The influence of the chemical modification was observed with the 

fabrics obtained after plasma/BSA treatment. The comparison between the resistance 

values of the PES-plasma-BSA-1G fabric and the PES-1G fabric showed a value of |Z| 

of 73 Ω and 20967 kΩ, respectively. This represents a 287,000-fold improvement due to 

the chemical modification produced with plasma and BSA. 

However, the physical modification (created mainly by increased roughness) that 

enabled an increase in the contact area between PES and RGO seemed to have less 

influence than the chemical modification. The physical modification influence was 

observed after chemically reducing a plasma treated fabric in order to eliminate the 

functional groups that did not allow the assembly of GO. The value of resistance 

obtained for the PES-plasma-reduced-1G fabric was 460 kΩ vs. 21000 kΩ for the 

untreated plasma PES-1G fabric, which was a 46-fold improvement.  
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Clearly, the chemical modification prevails over the physical modification in enhancing 

the adhesion and uniformity of the coating.  

Electrical measurements showed in both cases an increase in the resistance of the 

fabrics of 7.5 % and 11 % for PES-5G and PES-plasma-BSA-1G, respectively. There 

was little difference between the sample treated with plasma and BSA and the untreated 

sample. The explanation for this fact is that the degradation is produced on the 

uppermost part of the fibers. The other parts of the fibers are still coated with RGO and 

allow electrical conduction [30]. 

The fabrics obtained could be employed as antistatic materials [21, 22] and also as 

support materials for depositing other materials such as nanoparticles:  

• Pt nanoparticles for electrocatalysis to exploit the high surface area of the RGO 

and fabric with application for fuel cells [53, 54].   

• Ti nanoparticles for photocatalysis. Self-cleaning textiles have been reported in 

the bibliography [55]. The combination of TiO2 and graphene derivatives 

enhances photocatalytical activity due to an increased recombination time 

between electron and holes [56, 57]. The combination of TiO2 and graphene 

derivatives has not been applied on fabrics to the best of our knowledge. In 

addition it could be a good way to support the photocatalyst.    

More work is in progress to combine RGO fabrics with Pt and TiO2 nanoparticles and 

study performance for electrochemical and photocatalytic systems. 

 

  

4. Conclusions 

A plasma technique has been used to increase the surface adhesion of reduced graphene 

oxide (RGO) on polyester (PES) fabrics. Polyester fabrics were treated with an 
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atmospheric plasma (dielectric barrier discharge) with different plasma dosages. The 

surface energy (measured by contact angle measurements) and the surface roughness 

(measured by atomic force microscopy or AFM) increased with the plasma dosage 

applied until there was a stabilization with a plasma dosage of 3000 W·min·m-2. Higher 

plasma dosages only produced an increase in energy consumption.  

The plasma treatment generated negative charges on the surface of PES, hence the self-

assembly of GO on plasma treated PES fabrics was impossible under these conditions 

since GO also presents negative charges. For this reason, an intermediate coating 

between GO and PES was employed to generate positive charges on the surface of the 

fabric and allow the assembly of GO. The coating used for this purpose was the protein 

bovine serum albumin (BSA).  

Scanning electron microscopy (SEM) showed the formation of RGO coatings on the 

surface of PES fibers. The plasma treatment and BSA coating produced an increase in 

the coating level on the fabrics when compared with untreated fabrics. AFM also 

showed the deposition of RGO on the surface of plasma treated fabrics. 

The electrical resistance of the fabrics was measured using electrochemical impedance 

spectroscopy (EIS). The treatment of the fabrics with plasma and BSA produced a 

decrease in the resistance of the fabrics due to an increase in the coating level of the 

fabrics. With only one RGO coating, values of resistance similar to the untreated sample 

of PES coated with five RGO coatings were obtained. The plasma treatment decreased 

the number of coatings needed to achieve similar values of electrical resistance. This 

enables a reduced processing time and also a saving in chemical products and water. 

This would justify the application of the plasma/BSA treatment.  

The electroactivity of conductive fabrics was measured with scanning electrochemical 

microscopy (SECM) using approaching curves. The treatment with plasma and BSA 
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improved the electroactivity of the fabrics with the application of fewer RGO coatings 

due to an improved surface coverage.  

Mechanical resistance of the coatings was tested by means of rubbing fastness tests. The 

plasma treatment and BSA coating increased the adhesion of RGO to the surface of PES 

fibers as FESEM micrographs have shown.   
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Figure captions 

 

Fig. 1. Dynamic contact angle measurements for untreated polyester fabrics and plasma 

treated polyester fabric with a dosage of 500 W·min·m-2. 

 

Fig. 2. AFM 3D representations of polyester treated with different plasma dosages: (a) 0 

W·min·m-2 (b) 500 W·min·m-2, (c) 3000 W·min·m-2, (d) 7500 W·min·m-2.  

 

Fig. 3. AFM 2D representation of polyester treated with different plasma dosages: (a) 0 

W·min·m-2 (b) 500 W·min·m-2, (c) 3000 W·min·m-2, (d) 7500 W·min·m-2. (e) Section 

roughness profiles of the 2D representations shown.   
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Fig. 4. SEM micrographs of (a) PES-1G (×1000), (b) PES-3G (×1000), (c) PES-5G 

(×1000) and (d) PES-10G (×1000). 

 

Fig. 5. SEM micrographs of PES treated with plasma 3000 W·min·m-2 and coated with 

BSA and RGO (a) (×2000), (b) (×3500). 

 

Fig. 6. AFM analysis of polyester treated with plasma (3000 W·min·m-2) and coated 

with BSA and one layer of RGO. (a) 3D representation, (b) 2D representation, (c) 

section roughness profile shown in (b). 

 

Fig. 7. Bode plots for PES coated with a different number of RGO coatings (1, 3, 5 and 

10). Samples of PES and PES-GO are also shown as reference. Samples located 

between two metallic conductors. Frequency range from 105 Hz to 10−2 Hz. 

 

Fig. 8. Bode plots for PES treated with different plasma dosages (500, 3000, and 7500 

W·min·m-2) and coated with one layer of RGO. PES treated with plasma (3000 

W·min·m-2) and reduced chemically and coated with one layer of RGO, and an 

untreated PES coated with one layer RGO are also shown for comparison. Samples 

located between two metallic conductors. Frequency range from 105 Hz to 10−2 Hz. 

 

Fig. 9. Bode plots for PES treated with plasma (3000 W·min·m-2) without RGO coating 

and PES treated with the plasma (3000 W·min·m-2) and coated with BSA at different 

pH (4, 7, 10) and coated with one layer of RGO. Samples located between two metallic 

conductors. Frequency range from 105 Hz to 10−2 Hz. 
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Fig. 10. Cyclic voltammogram obtained with a 100 µm diameter Pt SECM-tip in 

K3Fe(CN)6 0.01 M and 0.1 M KCl solution; scan rate 50 mV·s−1. 

 

Fig. 11. Approaching curves for PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-

BSA-1G (continuous lines), theoretical negative feedback model () and theoretical 

positive feedback model (∆). Obtained with a 100 µm diameter Pt SECM-tip in 

K3Fe(CN)6 0.01 M and 0.1 M KCl. The tip potential was 0 mV (vs. Ag/AgCl) and the 

approaching rate was 10 µm·s−1. 

 

Fig. 12. FESEM micrographs of: a), b) PES-plasma-BSA-1G; c), d) PES-plasma-BSA-

1G after rubbing fastness test; e), f) PES-5G after rubbing fastness test.  

 

 

Table captions 

 

Table 1. Conditions and plasma dosages applied to polyester fabrics. 

 

Table 2. Values of contact angles (º) (water, glycerol and polyethylene glycol) and 

surface energy values (mJ·m-2) for PES treated with different plasma dosages. 

 

Table 3. Values of impedance modulus |Z| obtained for the different fabrics. 
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Abstract 

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 3000 W·min·m-2. The surface 

roughness measured by atomic force microscopy (AFM) also showed a stabilization 

with 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 improved with the 
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application of fewer RGO layers. RGO adhesion on fabrics was also improved as shown 

in rubbing fastness tests.   
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oxide, conductive fabrics. 
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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. Conductive 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].  
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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 and 

mechanical 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, 

the most widely employed method has been the adsorption of GO on the fabric or fibers 

and its posterior 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 
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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 der 

Waals 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-assembly 

with 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 by DBD 

also allows little deterioration of organic samples [33].  
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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 g·m-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: sulphuric acid (H2SO4) and potassium chloride (KCl) were 

purchased from Merck. K3Fe (CN)6 99% was used as received from Acrōs Organics. 

When needed, solutions were deoxygenated by bubbling nitrogen (N2 premier X50S). 

Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q Advantage A10 system 

with a resistivity of nearly 18.2 MΩ·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 coated with 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 equation (1) [35]: 

wv

PN
dosage

·

·=            (1) 
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Where: N (number of passages); P (power, W); v (velocity, m�min-1); and w (width, 0.5 

m). 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 Goniometer Dataphysics equipment and OCA software with a 

video system for the caption of images in static and dynamic modes. A drop of 5 µl of 

distilled water was placed on the fabric surface with a microliter syringe and observed 

with a special CCD camera. At least ten measurements at different places were taken for 

each fabric. The camera takes an image every 0.04 sec. 

To calculate the surface energy (γ) and its polar (γP) and dispersive components (γ
D) the 

Wu method (harmonic-mean) was used [36]. The surface energy (γ) is considered to be 

composed of polar and dispersive components. In particular, the polar component 

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 γ is a sum of the 

always-existing London dispersion forces (γ
D) with intermolecular interactions that 

depend on the chemical nature of the material, compiled as polar forces (γP):  

� � �� � �� (2) 

The polar and dispersive components of the surface energy (γ
D and γP, respectively) 

were calculated using the Wu method (harmonic mean) in equation 3: 

��� �	�� �	�� 	 4	 � �

����

�
��	���
� �
����

�
��	���
�	(3) 
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Three liquids with known surface energy and surface energy components were used in 

this study to calculate the surface energy components of the fabrics: distilled water (γ: 

72.8; γD: 29.1; γP: 43.7); polyethylene glycol 200 (PEG) (γ: 43.5; γD: 29.9; γP: 13.6); and 

glycerol (γ: 63.4; γD: 37.4; γP: 26.0). The units used are mJ·m-2. 

 

2.4. Synthesis of reduced graphene oxide on polyester fabrics 

Polyester fabrics were coated with reduced graphene oxide (RGO) similar to Fugetsu et 

al. [26]. A 3 g L-1 GO solution was obtained sonicating GO monolayer powders in an 

ultrasound bath for 60 min. The first stage of the synthesis was carried out by putting 

the GO solution in contact with the fabric to allow the adsorption of GO sheets on the 

surface of the fabrics. This stage lasted 60 minutes. The fabrics with GO were then 

dried for 24 h under ambient conditions. The second stage of the synthesis was the 

reduction of GO to RGO. Fabrics coated with GO were placed for 30 min in a solution 

containing the reducer (50 mM Na2S2O4) at approximately 90º C. Samples with a 

different number of RGO coatings (1 to 10) were obtained (PES-1G to PES-10G) 

repeating the procedure mentioned above. The samples treated with plasma were also 

coated with RGO following the same procedure. The plasma treatment generates 

negative charges on the surface of the fabrics, GO also presents negative charges so the 

deposition of GO on the fabrics is not possible under these conditions. For this reason, 

bovine serum albumin (BSA) was employed as an intermediate coating as it acquires a 

positive charge and allows the deposition of GO on the surface of the fabrics. A 0.5 % 

weight aqueous BSA solution [25] prepared at room temperature was employed to coat 

the plasma treated PES samples. Fabrics were placed in contact with the solution at 

room temperature for 15 minutes with magnetic stirring. Thereafter, they were removed 

from the solution and washed with water to eliminate the BSA excess.  
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2.5. Scanning electron microscopy (SEM) and field emission scanning electron 

microscopy (FESEM) 

A Jeol JSM-6300 scanning electron microscope was used to observe the morphology of 

the samples using an acceleration voltage of 20 kV. Samples were coated with Au using 

a Sputter Coater Bal-Tec SCD 005. A Zeiss Ultra 55 FESEM was used to observe the 

morphology of samples submitted to rubbing fastness tests using an acceleration voltage 

of 3 kV.  

 

2.6. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was used to determine surface topography and 

roughness of the different samples. AFM analyses were performed with a multimode 

AFM microscope with a Nanoscope® IIIa ADCS controller (Veeco Metrology Group). 

A monolithic silicon cantilever (FESP, tip radius 8 nm, Bruker AFM probes) with a 

constant force of 2.8 N/m and a resonance frequency of 75 kHz was used to work on 

tapping mode. Roughness was evaluated from the analysis of the section. 

 

2.7. Electrochemical impedance spectroscopy measurements 

An Autolab PGSTAT302 potentiostat/galvanostat was used to perform EIS analyses. 

EIS measurements were performed in the 105-10-2 Hz frequency range. The amplitude 

of the sinusoidal voltage used was ± 10 mV. Measurements were carried out in a two-

electrode arrangement, where the sample was located between two round copper 

electrodes (A = 1.33 cm2). 

 

2.8. Rubbing fastness tests 
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Rubbing fastness tests were performed to quantify the resistance of the RGO coatings to 

physical action. Rubbing fastness tests of RGO coated fabrics were performed as 

explained in the norm ISO 105-X12:2001. Each sample was abraded against cotton 

abrasive fabric for ten cycles. The change in the resistance of the fabrics after 

performing the rubbing fastness tests was measured using a Goldstar Digital Multimeter 

(DM-311). Ten measurements were averaged for each sample analyzed. Field emission 

scanning electron microscopy (FESEM) was also used to observe the morphology of the 

conductive fabrics before and after performing the rubbing fastness tests.  

 

2.9. Scanning electrochemical microscopy (SECM) 

SECM measurements were carried out with a scanning electrochemical microscope 

(Sensolytics). A three-electrode configuration cell consisting of a 100-µm-diameter Pt 

microelectrode, a Pt wire auxiliary electrode, and an Ag/AgCl (3 M KCl) reference 

electrode. Measurements were performed in K3Fe(CN)6 0.01 M and 0.1 M KCl 

(supporting electrolyte). All the experiments were carried out in an inert nitrogen 

atmosphere. The substrates were samples (0.5 x 0.5 cm2) cut from different fabrics 

(PES, PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-BSA-1G). These samples 

were glued to microscope slides with epoxy resin. The microelectrode operated at a 

potential of 0 V, at which the oxidized form of the redox mediator (Ox) is reduced 

(Red) at a diffusion controlled rate. Approaching curves were obtained by recording the 

tip reduction current as the Pt microelectrode tip was moved in direction z. Approaching 

curves give an indication of the electroactivity of the surface. These curves were 

compared to the theoretical curves (positive and negative feedback models). The 

substrate surfaces for all the measurements were at their open circuit potential (OCP).   
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3. Results and discussion 

3.1.Contact angle measurements and surface energy 

Plasma technique was employed to modify the hydrophilicity of the fabric by increasing 

the plasma dosage applied (W·min·m-2). Table 2 shows the static contact angle (º) 

obtained on the surface of plasma treated polyester fabrics with various liquids (water, 

glycerol and polyethylene glycol). The surface energy (mJ·m-2) was also calculated 

using the Wu method [36]. Untreated polyester fabric presented a contact angle of 130º 

when measured with water. With the plasma treatment; there was a decrease of the 

contact angle due to the increasing hydrophilicity of the plasma treated fabrics. The 

plasma treatment created polar groups on the surface of the fabric, due to the 

incorporation of O and N from the air since DBD uses air as gas discharge [30]. Firstly, 

the plasma treatment creates radicals on the surface of polyester fabrics due to the 

rupture of ester bonds [31]. These radicals react with the plasma gas generated and 

produce polar groups such as C-O, C=O, C=N, C≡N and N-C-O [30]. These polar 

groups allow the formation of dipolar interactions, van der Waals forces, or hydrogen 

bonds between the fabric and the coating, thereby increasing the adhesion of the coating 

to the surface of the fabric [30]. The functional groups created are prone to suffer an 

ageing process due to the reorganization of the surface polar groups that tend to bury 

themselves below the surface [37, 38]. This is why BSA and RGO coatings were 

subsequently applied to avoid the loss of efficiency of the plasma treatment. 

As can be seen in Table 2, there is a stabilization of the contact angles as well as the 

surface energy for a plasma dosage of 3000 W·min·m-2. Higher plasma dosages produce 

little variation in these properties but increase energy consumption. There is an 

equilibrium between the creation of functional groups and removal by the plasma 
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application, it should be taken into account that the plasma application produces the 

elimination of material from the substrate surface. At a certain plasma dosage 

(depending on the type of plasma, conditions, and substrate) equilibrium is achieved 

and higher plasma dosages do not produce an increase in functional groups nor an 

increase in roughness. This is why the plasma dosage of 3000 W·min·m-2 was selected 

as the optimum plasma dosage to treat the polyester fabrics.  

The plasma treatment also produces the removal of grease and contamination from the 

surface of the fabric. The presence of grease tends to increase the contact angle value 

and its removal produces a cleaning of the fabric surface, and the subsequent decrease 

of the contact angle [39]. The measurement of the contact angle in fabrics is somehow 

limited due to its irregular and porous nature. This is why other measurements such as 

the dynamic contact angle are usually employed as an indication of wettability [39]. 

Fig. 1 shows the dynamic contact angle (º) obtained for the untreated PES fabric and the 

PES fabric treated with 500 W·min·m-2 plasma dosage. The other samples are not 

shown since the absorption process was very rapid and only the static contact angle 

could be obtained. The dynamic contact angle gives an indication of the wettability of 

the surface. The initial value of the dynamic contact angle corresponds to the value of 

the static contact angle – the water drop then begins to be absorbed, the contact angle is 

progressively reduced, and the drop is finally totally absorbed. As can be seen, there is 

an improvement in the wettability with the plasma treatment. This improvement has 

been attributed to the creation of polar groups and microporosity [40-42].  

 

3.2. Atomic force microscopy (AFM) of plasma treated fabrics 

Atomic force microscopy (AFM) was used to observe the surface topography of 

untreated and plasma treated PES samples. SEM has insufficient vertical resolution to 
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observe the change in the roughness caused by the plasma treatment; this is why AFM 

was employed for this purpose [30]. Another advantage, when compared to the SEM 

technique, is that the samples are not coated with Au or C and there is no addition of 

material to the samples. Fig. 2 shows the AFM 3D representations of PES fibers treated 

with different plasma dosages (0, 500, 3000 and 7500 W·min·m-2). Fig. 2-a shows the 

representation of untreated PES fiber; as can be seen the fiber is quite smooth with no 

remarkable features. When the PES fibers were treated with a plasma dosage of 500 

W·min·m-2 (Fig. 2-b) there was an increase in the roughness of the fibers. With an 

optimum plasma dosage of 3000 W·min·m-2 (Fig. 2-c) the roughness of the PES fibers 

again increased. However, with the highest plasma dosage applied (7500 W·min·m-2) 

there was no substantial increase in the surface roughness (Fig. 2-d) when compared 

with the 3000 W·min·m-2 plasma dosage (Fig. 2-c). These results are in agreement with 

the surface energy values, which showed stabilization with a dosage of 3000 W·min·m-2 

as optimal.  

Fig. 3 shows the AFM 2D representation of PES fibers treated with different plasma 

dosages (0, 500, 3000 and 7500 W·min·m-2). In the images, roughness has also been 

obtained in the section represented by the white line in the 2D images. The comparison 

of the section roughness profiles with the plasma dosages applied are shown in Fig. 3-e. 

Fig. 3-a shows the 2D representation of the untreated PES fiber. When the PES fabrics 

were treated with 500 W·min·m-2 (Fig. 3-b) there was an increase in roughness, 

indicated by the presence of white spots in the image. Figures 3-c and 3-d show the 

representation of PES fabric treated with 3000 and 7500 W·min·m-2, respectively. Both 

images are similar, which indicates similar levels of roughness. This can also be seen in 

the section roughness profiles in Fig. 3-e. The values of roughness (Rz) obtained for the 

samples of PES treated with plasma dosages of 0, 500, 3000 and 7500 W·min·m-2 were: 
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2.747; 8.497; 19.285; and 22.454 nm; respectively. These values again confirm the 

stabilization of the roughness with a plasma dosage of 3000 W·min·m-2.  

 

3.3. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) of 

PES-RGO conductive fabrics 

Scanning electron microscopy (SEM) was employed to observe the morphology of the 

conductive fabrics. PES fabrics coated with a different number of RGO coatings were 

obtained to compare the results with the samples treated with plasma and coated with 

BSA and RGO. Fig. 4-a shows the fabric coated with one RGO coating. Some RGO 

particles can be observed on the PES fibers. It is difficult to observe the RGO sheets on 

the surface of the fibers and only the wrinkles of the RGO sheets help to locate them 

[21,22]. When the number of RGO coatings applied increased (Fig. 4-b shows the fabric 

coated with three RGO coatings), the presence of more RGO particles was observed. In 

Fig. 4-c the fabric coated with five RGO coatings is shown, in this image one RGO 

sheet can be observed in the center of the image connecting two fibers. The RGO sheet 

is approximately 25 µm x 25 µm. In this case, there was a substantial increase in the 

level of coating represented by an increase in the number of particles observed. In Fig. 

4-d a fabric coated with ten RGO layers is shown and an increase in the RGO coating 

was observed. In general, there was an increase in the level of coating of the fibers with 

an increasing number of RGO coatings.  

Fig. 5 shows various micrographs of PES treated with plasma (3000 W·min·m-2) and 

coated with BSA and one RGO layer. By observing the figures, it can be seen that the 

fabrics have been coated with RGO.  

Atomic force microscopy was also employed to characterize the sample of PES treated 

with plasma 3000 W·min·m-2 and coated with BSA and one layer of RGO (Fig. 6). If 
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the 3D and 2D AFM images are compared with the AFM images of the PES fabric 

treated with 3000 W·min·m-2 (Fig. 2-c and Fig. 3-c), a substantial change in the 

roughness of the sample can be seen. The roughness produced by the plasma treatment 

is no longer observed since BSA and RGO are deposited on the surface of the fiber. The 

typical morphology of RGO sheets with its wrinkles [21, 22, 43] can be observed in the 

3D and 2D AFM representations. The section roughness profile is also shown in Fig. 6-

c, and as can be seen, the roughness was substantially reduced when compared with the 

section profile of plasma treated fabric (Fig. 3-e). 

 

3.4.Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was used to measure the electrical 

properties of the different conducting fabrics. EIS enables the measurement of electrical 

resistance and in addition the phase angle; which gives an indication of the 

conducting/insulating behavior of the fabrics [10, 11, 21, 22]. Table 3 shows the values 

of impedance modulus |Z| obtained for the different fabrics and treatments applied. Fig. 

7 shows the Bode plots for the characterization of conducting fabrics of PES coated 

with a different number of RGO layers (1, 3, 5, 10). The characterization of PES fabric 

and PES coated with GO is also shown as a reference. Fig. 7-a shows the plot of the 

impedance modulus |Z| vs. the frequency (Hz). PES fabric presented values of 

impedance modulus |Z| higher than 1011 Ω. When PES was coated with GO, there was 

no substantial variation in the value of |Z|. GO is an electrically insulating material 

because of the disrupted sp2 structure due to the presence of oxidized groups [41]. When 

GO was chemically reduced to RGO, there was a decrease of around five orders of 

magnitude in the impedance modulus. This decrease of |Z| is related to the reduction of 

functional groups and the partial restoration of the graphene sp2 structure [44-46]. There 
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was a gradual decrease of |Z| when more RGO layers were applied to the fabric. The 

values of impedance modulus obtained were: 21000 kΩ, 145 Ω, 87 Ω and 9 Ω for PES-

1G, PES-3G, PES-5G and PES-10G samples, respectively. The variation of |Z| with the 

numbers of coatings can be correlated with the higher coating level achieved with more 

RGO coatings – as SEM micrographs have shown (Fig. 4).  

Fig. 7-b shows the representation of the -phase angle vs. the frequency. PES and PES-

GO present values of -phase angle near to 90º, this value indicates that these fabrics 

behave like a capacitor and hence are insulating materials. The data for low frequencies 

is not shown since noise was observed due to the large values of |Z|. When GO was 

reduced to RGO, the -phase angle changed to 0º in the low frequency region (<10 Hz). 

However, in the high frequency region (105-101 Hz) the values of -phase angle varied 

from 90º to 0º. When more RGO layers were applied, the -phase angle was 0º in the 

entire frequency range. This value of -phase angle indicates a resistive behavior of the 

material which is typical of conducting materials.  

Fig. 8 shows the electrical characterization of PES fabrics treated with various plasma 

dosages (500, 3000 and 7500 W·min·m-2) and coated with one RGO layer. As can be 

seen, all the fabrics present similar behavior to untreated PES. The value of impedance 

modulus |Z| for low frequencies was around 1011 Ω (Fig. 8-a). The explanation for this 

fact is that the plasma treatment creates negative charges due to the functional groups 

created on the surface of the polyester fabric [47]. DBD treatment produced an increase 

in the O and N content due to their incorporation in functional groups such as C-O, 

C=O, C=N, C≡N and N-C-O [30]. GO also presented negative charges [25, 48] so there 

is a repulsion between GO and the surface of the plasma treated PES. The assembly of 

GO sheets on the surface is not possible and the material presents an insulating 

behavior. The -phase angle also gives an indication of the conducting/insulating nature 
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of the surface (Fig. 8-b). All the fabrics presented 90º of phase, indicating a capacitive 

behavior which is typical of insulating materials.  

In another experiment, the fabrics treated with different plasma dosages were reduced 

with a 50 mM solution of Na2S2O4 to eliminate the oxidized groups from the surface of 

the polyester fibers. In Fig. 8, the PES fabric treated with a plasma dosage of 3000 

W·min·m-2, and reduced and coated with one RGO layer is shown as an example. The 

untreated PES coated with one RGO layer is also shown for comparison. As can be 

seen, when plasma treated PES (3000 W·min·m-2) was chemically reduced, the negative 

charges of the surface were removed and the assembly of GO layers on the surface of 

the fabric was again possible. The value of impedance modulus |Z| obtained for the 

mentioned sample is 46 times lower than that for untreated PES coated with one RGO 

layer (460 kΩ vs. 21000 kΩ). The explanation for this fact could be the roughness 

created on the surface of PES fibers due to the plasma treatment (as observed by AFM). 

The roughness of the fibers increases the fixation points of GO to PES fibers, increasing 

the coating level of the fibers and hence diminishing the electrical resistance of the 

fabrics. A similar trend was observed with the -phase angle (Fig. 8-b) The sample 

treated with plasma, chemically reduced and coated with RGO presented phase angle 

values lower than the untreated sample of PES coated with RGO in the high frequency 

range (101-105 Hz). For frequencies lower than 10 Hz, the -phase angle was 0º for both 

samples. 

To produce the assembly of GO sheets on the surface of the plasma treated PES, 

positive charges should be created on the surface of PES. To create the positive charges, 

an aqueous solution of bovine serum albumin (BSA) was used [25]. BSA is a protein 

obtained from blood [49]. The fabrics were put in contact with a 0.5 % weight BSA 

aqueous solution for 15 min to allow the adsorption of BSA. The BSA coating was 
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applied at different pH (4, 7, 10) on PES fabrics to observe the influence of this 

parameter. The pH of the BSA solution was adjusted with NaOH and HCl solutions. 

After this process, the fabrics were rinsed with water to remove the BSA excess. The 

modified BSA-PES textiles were then coated with RGO following the procedure shown 

in Section 2.4. Fig. 9 shows the electrical characterization by EIS of the PES-BSA-RGO 

fabrics. The values of impedance modulus obtained were 73 Ω, 356 Ω, 323 Ω, for pH 7, 

4 and 10, respectively. This indicates that the optimal pH to coat the fabrics with RGO 

is neutral pH. With the plasma treatment, a BSA coating and one RGO coating, the 

value of |Z| achieved was similar to the value obtained for untreated PES coated with 

five RGO layers (73 Ω vs. 86.8 Ω, respectively). The plasma treatment and BSA 

coating increases the coating level of RGO on the fabric (as shown by SEM 

micrographs). A decrease in the electrical resistance of the conducting fabrics was also 

observed. To compare results, another PES fabric was coated with BSA and one RGO 

coating without applying the plasma treatment. The value of impedance modulus 

obtained was 306 Ω (value situated between 2 and 3 RGO coatings directly applied on 

PES).  

 

3.5.Scanning electrochemical microscopy (SECM)  

The electroactivity of the different RGO coated samples was tested by means of the 

SECM technique using approaching curves. To record these curves, the microelectrode 

was polarized at a potential (0 V) with which the oxidized form of the redox mediator 

(Ox) is reduced (Red) on the microelectrode surface at a diffusion controlled rate (Fig. 

10). The measured current is defined as i∞ = 4·n·F·D·C·a, where n is the number of 

electrons, F is the Faraday constant, D is the diffusion coefficient, C is the bulk 

concentration of the redox mediator, and a is the radius of the microelectrode tip. In 
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approaching curves, the normalized current registered at the microelectrode (I) is 

represented vs. the normalized distance (L). The normalized current is defined as 

follows: I = i/i∞ where “i” is the current measured at the UME tip and i∞ is the diffusion 

current defined above. The normalized current depends on RG (RG=Rg/a, where Rg is 

the radius of the insulating glass surrounding the Pt tip of radius “a”) and the 

normalized distance L; where L=d/a (d is the microelectrode-substrate separation). The 

RG of the microelectrode used in this work was RG ≥ 20. 

Various situations can arise depending on the electroactivity of the substrates and the 

distance between the microelectrode and the substrate: 

• When the microelectrode is sufficiently far from the substrate, the measured 

current corresponds to the diffusion current (i∞).  

• When the substrate is non-conductive, as the microelectrode approaches the 

substrate there is a hindrance to the diffusion of Ox species. The surface of the 

fabric is unable to regenerate (oxidize) the reduced form of the redox mediator 

(Red), hence there is a decrease in the reduction current on the surface of the 

microelectrode, i<i∞. This situation is known as negative feedback [50].  

• Conversely, if the substrate is conductive, when the microelectrode approaches 

the surface, there is an increase of the oxidized redox species flux (Ox) since the 

surface potential is able to regenerate (oxidize) the redox mediator. This causes 

an increase in the current measured at the microelectrode, i>i∞. This case is 

known as positive feedback [50].  

Experimental data was compared with theoretical approaching curves for positive and 

negative feedback models, according to equations 1 and 2. According to Rajendran et 

al. [51], Pade’s approximation gives a close and simple equation with less relative error 

for all distances and valid for RG > 10. The approximate formula of the steady-state 
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normalized current assuming positive feedback for finite conductive substrate together 

with finite insulating glass thickness is: 
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Fig. 11 shows the approaching curves obtained by SECM for the different samples 

analyzed. The sample of PES-1G shows a slight negative feedback (there is a decrease 

in the normalized current as the microelectrode approaches the surface of the fabrics). 

The fabric is not completely coated with RGO and there are also zones that are not 

coated, but the sample behaves mainly as a non-electroactive material. The zones not 

coated prevailed over coated zones and negative feedback was obtained, although a pure 

negative feedback model was not achieved for this reason. When the number of RGO 

layers increased there was a better coverage of the surface of the fabric and positive 

feedback was obtained on the whole surface of the fabrics. Significant differences were 

not observed between 3, 5 and 10 RGO coatings, since similar values of feedback were 

achieved. In the SECM technique only the superficial coverage of the fabric has an 

effect on the electrochemical response obtained. In addition, the interconnection 

between the different RGO sheets or fibers has no effect; in this case the substrate is not 

polarized and operates at open circuit potential. On the other hand, in the conductivity 

measurements by EIS, it is this interconnection that provides the conductive pathways 

that allow the electrical flow. 
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When the PES fabric was treated with plasma and coated with BSA and one RGO 

coating, the fabric presented positive feedback across the whole surface. This indicates 

that the plasma and BSA coating improves the uniformity of the coating; and with only 

one RGO layer, a complete coverage of the surface of the fabric was achieved. The 

creation of functional groups by plasma and the posterior conversion of these negative 

groups to positive groups by BSA helps to improve the uniformity of the coating. The 

electroactivity obtained in this case was lower than the sample of PES coated with three 

RGO layers. This could be due to the presence of more RGO aggregates (electroactive) 

on the surface of the PES-3G sample.  

 

3.6. Rubbing fastness tests 

Rubbing fastness tests were performed in order to test the mechanical resistance of the 

RGO coatings against abrasion and to see whether there was an improvement in the 

mechanical resistance with the plasma and BSA treatment. The samples in this case 

were analyzed with FESEM and no extra coating was applied on the samples. The RGO 

coating served as conductive material. Taking advantage of this situation, the zones 

where the coating was removed could be easily identified as whiter zones due to the 

accumulation of electrons in non-conductive zones. Fig. 12-a, b show the FESEM 

micrographs for the sample of PES-plasma-BSA-1G prior to performing the rubbing 

fastness test. All the fibers were coated with RGO and the presence of RGO aggregates 

could also be observed (Fig. 12-b). When the rubbing test was performed whiter zones 

could be observed, which indicated the removal of the RGO coating in these zones (Fig. 

12-c, d). The RGO aggregates were also removed from the surface of the fibers due to 

friction (as can be seen in Fig. 12-d). However, the degradation of the coating was not 

very high when compared to the PES-5G sample after performing the rubbing fastness 
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test (Fig. 12-e, f). In this case, the appearance of whiter zones due to the removal of the 

RGO coating was evident and extensive (Fig. 12-e). The degradation of the coating 

could also be observed with higher magnification (Fig. 12-f), the delamination of the 

RGO coating could be easily observed. The plasma and BSA treatment improves the 

adhesion of the RGO layers due to an improvement in the interaction forces between the 

fibers and coating. The influence of the chemical modification was observed with the 

fabrics obtained after plasma/BSA treatment. The comparison between the resistance 

values of the PES-plasma-BSA-1G fabric and the PES-1G fabric showed a value of |Z| 

of 73 Ω and 20967 kΩ, respectively. This represents a 287,000-fold improvement due to 

the chemical modification produced with plasma and BSA. 

However, the physical modification (created mainly by increased roughness) that 

enabled an increase in the contact area between PES and RGO seemed to have less 

influence than the chemical modification. The physical modification influence was 

observed after chemically reducing a plasma treated fabric in order to eliminate the 

functional groups that did not allow the assembly of GO. The value of resistance 

obtained for the PES-plasma-reduced-1G fabric was 460 kΩ vs. 21000 kΩ for the 

untreated plasma PES-1G fabric, which was a 46-fold improvement.  

Clearly, the chemical modification prevails over the physical modification in enhancing 

the adhesion and uniformity of the coating.  

Electrical measurements showed in both cases an increase in the resistance of the 

fabrics of 7.5 % and 11 % for PES-5G and PES-plasma-BSA-1G, respectively. There 

was little difference between the sample treated with plasma and BSA and the untreated 

sample. The explanation for this fact is that the degradation is produced on the 

uppermost part of the fibers. The other parts of the fibers are still coated with RGO and 

allow electrical conduction [30]. 
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The fabrics obtained could be employed as antistatic materials [21, 22] and also as 

support materials for depositing other materials such as nanoparticles:  

• Pt nanoparticles for electrocatalysis to exploit the high surface area of the RGO 

and fabric with application for fuel cells [53, 54].   

• Ti nanoparticles for photocatalysis. Self-cleaning textiles have been reported in 

the bibliography [55]. The combination of TiO2 and graphene derivatives 

enhances photocatalytical activity due to an increased recombination time 

between electron and holes [56, 57]. The combination of TiO2 and graphene 

derivatives has not been applied on fabrics to the best of our knowledge. In 

addition it could be a good way to support the photocatalyst.    

More work is in progress to combine RGO fabrics with Pt and TiO2 nanoparticles and 

study performance for electrochemical and photocatalytic systems. 

 

  

4. Conclusions 

A plasma technique has been used to increase the surface adhesion of reduced graphene 

oxide (RGO) on polyester (PES) fabrics. Polyester fabrics were treated with an 

atmospheric plasma (dielectric barrier discharge) with different plasma dosages. The 

surface energy (measured by contact angle measurements) and the surface roughness 

(measured by atomic force microscopy or AFM) increased with the plasma dosage 

applied until there was a stabilization with a plasma dosage of 3000 W·min·m-2. Higher 

plasma dosages only produced an increase in energy consumption.  

The plasma treatment generated negative charges on the surface of PES, hence the self-

assembly of GO on plasma treated PES fabrics was impossible under these conditions 

since GO also presents negative charges. For this reason, an intermediate coating 
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between GO and PES was employed to generate positive charges on the surface of the 

fabric and allow the assembly of GO. The coating used for this purpose was the protein 

bovine serum albumin (BSA).  

Scanning electron microscopy (SEM) showed the formation of RGO coatings on the 

surface of PES fibers. The plasma treatment and BSA coating produced an increase in 

the coating level on the fabrics when compared with untreated fabrics. AFM also 

showed the deposition of RGO on the surface of plasma treated fabrics. 

The electrical resistance of the fabrics was measured using electrochemical impedance 

spectroscopy (EIS). The treatment of the fabrics with plasma and BSA produced a 

decrease in the resistance of the fabrics due to an increase in the coating level of the 

fabrics. With only one RGO coating, values of resistance similar to the untreated sample 

of PES coated with five RGO coatings were obtained. The plasma treatment decreased 

the number of coatings needed to achieve similar values of electrical resistance. This 

enables a reduced processing time and also a saving in chemical products and water. 

This would justify the application of the plasma/BSA treatment.  

The electroactivity of conductive fabrics was measured with scanning electrochemical 

microscopy (SECM) using approaching curves. The treatment with plasma and BSA 

improved the electroactivity of the fabrics with the application of fewer RGO coatings 

due to an improved surface coverage.  

Mechanical resistance of the coatings was tested by means of rubbing fastness tests. The 

plasma treatment and BSA coating increased the adhesion of RGO to the surface of PES 

fibers as FESEM micrographs have shown.   
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Figure captions 

 

Fig. 1. Dynamic contact angle measurements for untreated polyester fabrics and plasma 

treated polyester fabric with a dosage of 500 W·min·m-2. 

 

Fig. 2. AFM 3D representations of polyester treated with different plasma dosages: (a) 0 

W·min·m-2 (b) 500 W·min·m-2, (c) 3000 W·min·m-2, (d) 7500 W·min·m-2.  

 

Fig. 3. AFM 2D representation of polyester treated with different plasma dosages: (a) 0 

W·min·m-2 (b) 500 W·min·m-2, (c) 3000 W·min·m-2, (d) 7500 W·min·m-2. (e) Section 

roughness profiles of the 2D representations shown.   

 

Fig. 4. SEM micrographs of (a) PES-1G (×1000), (b) PES-3G (×1000), (c) PES-5G 

(×1000) and (d) PES-10G (×1000). 
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Fig. 5. SEM micrographs of PES treated with plasma 3000 W·min·m-2 and coated with 

BSA and RGO (a) (×2000), (b) (×3500). 

 

Fig. 6. AFM analysis of polyester treated with plasma (3000 W·min·m-2) and coated 

with BSA and one layer of RGO. (a) 3D representation, (b) 2D representation, (c) 

section roughness profile shown in (b). 

 

Fig. 7. Bode plots for PES coated with a different number of RGO coatings (1, 3, 5 and 

10). Samples of PES and PES-GO are also shown as reference. Samples located 

between two metallic conductors. Frequency range from 105 Hz to 10−2 Hz. 

 

Fig. 8. Bode plots for PES treated with different plasma dosages (500, 3000, and 7500 

W·min·m-2) and coated with one layer of RGO. PES treated with plasma (3000 

W·min·m-2) and reduced chemically and coated with one layer of RGO, and an 

untreated PES coated with one layer RGO are also shown for comparison. Samples 

located between two metallic conductors. Frequency range from 105 Hz to 10−2 Hz. 

 

Fig. 9. Bode plots for PES treated with plasma (3000 W·min·m-2) without RGO coating 

and PES treated with the plasma (3000 W·min·m-2) and coated with BSA at different pH 

(4, 7, 10) and coated with one layer of RGO. Samples located between two metallic 

conductors. Frequency range from 105 Hz to 10−2 Hz. 

 

Fig. 10. Cyclic voltammogram obtained with a 100 µm diameter Pt SECM-tip in 

K3Fe(CN)6 0.01 M and 0.1 M KCl solution; scan rate 50 mV·s−1. 
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Fig. 11. Approaching curves for PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-

BSA-1G (continuous lines), theoretical negative feedback model () and theoretical 

positive feedback model (∆). Obtained with a 100 µm diameter Pt SECM-tip in 

K3Fe(CN)6 0.01 M and 0.1 M KCl. The tip potential was 0 mV (vs. Ag/AgCl) and the 

approaching rate was 10 µm·s−1. 

 

Fig. 12. FESEM micrographs of: a), b) PES-plasma-BSA-1G; c), d) PES-plasma-BSA-

1G after rubbing fastness test; e), f) PES-5G after rubbing fastness test.  

 

 

Table captions 

 

Table 1. Conditions and plasma dosages applied to polyester fabrics. 

 

Table 2. Values of contact angles (º) (water, glycerol and polyethylene glycol) and 

surface energy values (mJ·m-2) for PES treated with different plasma dosages. 

 

Table 3. Values of impedance modulus |Z| obtained for the different fabrics. 



 

Table 1. Conditions and plasma dosages applied to polyester fabrics. 

 

Sample Velocity (m·min
-1

) Power (W) Nº passages Dosage (W·min·m
-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 

  

 

Table 1



 

Table 2. Values of contact angles (º) (water, glycerol and polyethylene glycol) and 

surface energy values (mJ·m
-2

) for PES treated with different plasma dosages. 

 

Dosage 
(W·min·m-2) 

Contact 
angle 

water (°) 

Contact 
angle 

glycerol (°) 

Contact 
angle PEG (°) 

Total surface 
energy 

(mJ·m-2) 

Dispersive 
energy 

(mJ·m-2) 

Polar energy 
(mJ·m-2) 

0 130.5±6.3 143.2±6.6 51.0±4.0 10.50 10 0.50 

500 42.7±7.6 119.3±2.0 40.0±3.1 67.03 0.84 66.19 

1500 13.2±2.5 107.2±2.7 37.7±1.0 117.41 0.41 117.00 

3000 5.0±4.1 108.3±3.6 36.8±1.1 124.63 0.22 124.41 

4500 6.5±3.4 112.5±7.0 36.9±1.2 126.25 0 126.25 

6000 6.9±5.9 113.1±2.6 34.9±1.5 123.01 0 123.01 

7500 0.0±0.0 112.5±4.3 34.0±1.2 123.95 0 123.95 
 

 

Table 2



 

Impedance modulus |Z| (Ω) 

PES/G 

PES-0G PES-1G PES-3G PES-5G PES-10G 

>10
11

 2.1·10
7 

145 87 9 

PES/plasma treatment (3000 W·min·m
-2

)/1G 

>10
11

 

PES/plasma treatment (3000 W·min·m
-2

)/chemical 

reduction/1G 

4.6·10
5
 

PES/plasma treatment (3000 W·min·m
-2

)/BSA/1G 

pH 4 pH 7 pH 10 

356 73 323 

 

Table 3. Values of impedance modulus |Z| obtained for the different fabrics. 
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