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Electrochemical characterization of reduced graphene oxide-coated polyester 

fabrics. 

J. Molina, J. Fernández, J.C. Inés, A.I. del Río, J. Bonastre, F. Cases1*

Departamento de Ingeniería Textil y Papelera, EPS de Alcoy, Universitat Politècnica 

de València, Plaza Ferrándiz y Carbonell s/n, 03801 Alcoy, Spain

Abstract

Reduced graphene oxide (RGO) coated fabrics were obtained by chemical reduction of 

GO on polyester (PES) fabrics. Conducting fabrics that have different applications were

obtained by applying several layers of RGO. Electrochemical techniques not 

traditionally used for the characterization of these materials were used to test their 

electrical and electrochemical properties. Electrochemical impedance spectroscopy was

used to measure the electrical properties. The resistance of the original PES was more 

than 1011 Ω·cm2, but when coated with three RGO layers, the resistance decreased to 

23.15 Ω·cm2. Phase angles changed from 90º for PES and PES-GO (capacitative 

behavior) to 0º for all the RGO coated samples (resistive behavior). Electro-activity was 

measured by cyclic voltammetry (CV) and scanning electrochemical microscopy. An 

increase in electro-activity was observed when the inactive GO was reduced to RGO.

With CV an increase of electro-activity was observed with an increasing number of 

RGO layers. The contact between the different RGO sheets is responsible for the 

electric conduction in the fabrics. The techniques used showed that with only one RGO 
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coating, the contact between the RGO sheets is not good and more coatings were 

needed to assure good electrical and electrochemical properties. 

Keywords: Graphene, graphene oxide, conducting fabric, polyester, scanning 

electrochemical microscopy.

__________________________

* Corresponding author. Fax.: +34 966528438; telephone: +34 966528412. E-mail 

address: fjcases@txp.upv.es (Prof. F. Cases).

1. Introduction

Graphene has attracted a great deal of attention during recent years due to its electronic, 

mechanical and thermal properties, as well as other exciting properties [1-8]. Different 

methods have been used for the production of graphene [7-9], and mechanical 

exfoliation was the first method used to produce graphene layers [1]. However, the 

production by this method is not very effective, so other methods such as chemical 

vapor deposition or chemical methods have been developed [7-9]. The use of graphene 

composites with other materials has been also proposed as an alternative solution to the 

large-scale production of graphene-based materials [10]. 

In this paper we have used a chemical method to obtain graphene-coated fabrics, where 

graphene oxide (GO) is reduced chemically to obtain reduced graphene oxide (RGO) on 

the surface of the fabrics. Textile materials have several advantages over conventional 

materials such as film, such as having good flexibility and mechanical properties. In 

addition, they are light materials that have a large surface area. This large surface area 

makes these materials good substrates on which to deposit other materials for different 
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applications. For example fabrics have been coated with conducting polymers to 

produce conductive fabrics [11, 12], with silver or TiO2 nanoparticles to produce 

antibacterial fabrics [13], with single walled nanotubes and MnO2 [14] or graphene and 

MnO2 [15] to produce super-capacitors, etc.  

Graphene-coated fabrics have usually been obtained by placing the fabrics in contact

with solutions containing GO [16, 17]. GO sheets are adsorbed on the surface of the 

fabrics due to the attraction forces between the functional groups of the fabrics and the 

oxidized groups of the GO sheets. The process is similar to a dying process where an 

adsorption process occurs [16]. Once the fabric is coated with GO, it is then reduced to 

RGO using reducing agents such as sodium hydrosulfite [16], hydrazine [17], etc. GO

coated fabrics have also generated interest due to the photo-catalytic activity of GO and 

also to its antibacterial activity [18]. Directly coated graphene fabrics have also been

obtained in other works referenced in the bibliography [15]. Graphene fabrics have also 

been produced by depositing graphene by chemical vapor deposition on a Cu mesh, 

after which the Cu mesh was dissolved by an acid solution and graphene fabrics were

obtained [19]. Regarding graphene fibers, different methods such as wet spinning [20] 

or obtaining hydrothermally [21] using GO as a precursor material have been used in 

the past. The fibers formed were later reduced chemically [20] or thermally [21] to 

obtain graphene fibers. 

The fibers used to deposit graphene or GO have been polyarylate [16] or cotton [17]. 

Polyester (PES) is one of the most used fibers in industry so it would be of interest to 

use it to study the production of graphene-coated fabrics. In addition, the presence of 

polar groups on its structure makes this family attractive because the adhesion of GO is 

better in fibers with polar groups (C-O and C=O groups are present in PES).
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In the present work, graphene-coated fabrics were obtained by reducing GO on the 

surface of the fabrics. Traditional characterization techniques such as Fourier transform 

infrared spectroscopy with total attenuated reflection (FTIR-ATR) were used for 

chemical characterization, while scanning electron microscopy (SEM) was used to 

observe the morphology of the coatings and the samples. There is a lack of 

characterization of these materials by electrochemical techniques, so electrochemical

techniques not usually used for the characterization of these materials were used in this 

work. Electrochemical impedance spectroscopy (EIS) was used for the measurement of 

the electrical resistance (Ω·cm2) and the surface resistivity (Ω/) of the fabrics and also 

to obtain the phase angle (º), which gives an indication of the insulating/conducting 

behavior of the fabrics. Scanning electrochemical microscopy (SECM) was used to 

measure the electrochemical activity by means of approach curves. SECM is a relatively 

novel (1989) and powerful technique that is becoming more popular among researchers 

[22-24]. Its applications range for example from the study of corrosion of metals [25] to 

the study of biological systems [23]. Cyclic voltammetry (CV) was also used to 

measure the electro-activity of these materials.

2. Experimental 

2.1. Reagents and materials

All reagents used were of analytical grade. Sodium dithionite (Na2S2O4) and sulphuric 

acid (H2SO4) were supplied by Merck. Hexaammineruthenium (III) chloride 

(Ru(NH3)6Cl3) 98% and potassium chloride (KCl), were used as received from Acrōs 

Organics and Merck respectively.

Monolayer GO powders were supplied by Nanoinnova Technologies S.L. (Spain). 
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PES fabrics were supplied by Viatex S.A. and their characteristics were: fabric surface 

density, 140 g·m-2; warp threads per cm, 20 (warp linear density, 167 dtex); weft threads 

per cm, 60 (weft linear density, 500 dtex). These are specific terms used in the field of 

textile industry and their meaning can be consulted in a textile glossary [26]. The 

estimated diameter of polyester fibers was around 17 µm (estimated employing SEM). 

The effective area of the fabric was also estimated employing the values of density 

(1.37 g·cm-3), fabric surface density and diameter of the fibers. The value obtained was 

around 24 cm2 per geometrical cm2 of the fabric.

Where necessary, 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 near to 18.2 MΩ cm. 

2.2. Synthesis of RGO on PES fabrics

RGO coated fabrics were obtained with the same method used by Fugetsu et al. [16]. 

Solutions of 3 g·L-1 of GO were prepared by mixing monolayer GO powders with water 

in an ultrasound bath for 30 minutes. Then the PES fabric was placed in contact with the 

GO solution for 30 minutes to allow the dyeing of the fabric. Fabrics were allowed to 

dry for 24 h. After this time, they were placed for 30 min in a solution containing 

sodium dithionite at approximately 90º C to perform the reduction of GO to RGO. 

Finally, the fabrics were washed several times with ultrapure water. RGO powders from 

solution were also filtered to perform FTIR-ATR measurements in order to assure the 

reduction of GO to RGO. Several samples with a different number of RGO coatings (1, 

2, 3, 4) were obtained (PES-G1, PES-G2, PES-G3, PES-G4) repeating the same 

procedure mentioned above. One sample coated with GO (PES-GO) was also obtained 

for comparison of the different results.
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2.3. FTIR-ATR

FTIR-ATR with horizontal mono-rebound attenuated total reflection was performed 

with a Nicolet 6700 Spectrometer equipped with deuterated triglycine sulfate detector. 

An accessory with pressure control was used to equalize the pressure in the different 

solid samples. A prism of ZnSe was used. Spectra were collected with a resolution of 4 

cm-1 and 100 scans were averaged for each sample. GO and RGO powders were 

characterized. PES fabrics uncoated and coated with GO and RGO were also 

characterized by FTIR-ATR.

2.4. SEM

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

the samples. SEM analyses were performed using an acceleration voltage of 10 kV. 

Samples for SEM measurements were coated with Au using a sputter coater Bal-Tec 

SCD 005. 

2.5. Electrical 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. Two types of configuration were used to carry out the 

measurements. In the first one, the sample was located between two round copper 

electrodes (A = 1.33 cm2), while in the second configuration, two rectangular copper 

electrodes (0.5 cm x 1.5 cm) separated by 1.5 cm and pressed on the fabric sample were 

used. The measured area of the fabric with this configuration was a square of 1.5 cm so 
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the measured impedance modulus (Ω) was equal to the surface resistivity (Ω/) [27, 

28].

2.6. CV

An Autolab PGSTAT302 potentiostat/galvanostat was used to perform CV 

measurements of the RGO coated fabrics in 0.5 M H2SO4 solutions. The conducting 

fabric sample was located between two Ti plates to connect the sample with the 

potentiostat/galvanostat. The measurements were performed in a three-electrode 

arrangement. The counter electrode used was made of stainless steel; the pre-treatment 

consisted of polishing, degreasing with acetone in an ultrasonic bath and washing with 

water in the ultrasonic bath. The working electrode was made by cutting a strip of the 

RGO coated conducting fabric, the exposed area of the fabric to the solution was 1 cm2. 

Potential measurements were referred to Ag/AgCl (3 M KCl) reference electrode. 

Oxygen was removed from solution by bubbling nitrogen gas for 10 min and then a N2

atmosphere was maintained during the measurements. The ohmic potential drop was 

measured and introduced in the Autolab software (GPES). The measurements were 

done between -0.2 V and +0.8 V. The characterization by means of CV has been taken 

at different scan rates as previous authors have corroborated the influence of this 

parameter on the electrochemical response obtained [11, 27]. The scan rates used were 

50 mV·s-1, 5 mV·s-1 and 1 mV·s-1. 

2.7. SECM

SECM measurements were carried out with a Sensolytics scanning electrochemical 

microscope. The three-electrode cell configuration consisted of a 100-μm-diameter Pt

SECM-tip, a Pt wire auxiliary electrode and an Ag/AgCl (3 M KCl) reference electrode. 
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The solution selected for the measurements was an aqueous solution of 0.01 M 

Ru(NH3)6Cl3 (redox mediator) with 0.1 M KCl. All the experiments were carried out in 

an inert nitrogen atmosphere. The substrates were the different fabrics obtained, and 

these substrates were then glued to microscope slides with epoxy resin. The dimensions 

of the samples employed were 0.5 cm × 0.5 cm (0.25 cm2). The SECM-tip was moved 

in z direction and the tip current was recorded to obtain the approach curves. Approach 

curves give us an indication of the electro-activity of the surface. These curves were 

compared to the theoretical ones (positive and negative feedback models). Experimental 

approach curves were shifted to adjust with the theoretical ones to calculate the real 

distance between the sample and the SECM-tip. After that the electrode was positioned 

at the desired height to carry out the constant-height SECM images in the plane xy. The 

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

3. Results and discussion

3.1. FTIR-ATR

FTIR-ATR measurements were performed to characterize GO powders as well as the 

RGO powders obtained after chemically reducing GO. Fig. 1 shows the spectra of GO

and RGO. GO powders present different bands arising from oxidized groups. The band 

around 1720 cm-1 was attributed to stretching vibrations from C=O [29-31]. The peak at 

1613 cm-1 was attributed to C=C from unoxidized sp2 bonds [29-31]. The band at 1220 

cm-1 was assigned to C-OH stretching vibrations [29], and the band around 1050 cm-1

arises from C-O stretching vibrations [29, 31]. When GO was reduced to RGO, all the 

peaks arising from oxidized groups were substantially reduced, indicating a reduction of 
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the oxygen content in the sample, although they were not completely removed. The 

reduction of oxygen below a certain level is not really feasible because it is difficult to 

remove remaining hydroxyl groups [32]. RGO powders showed a band at 1562 cm-1, 

this band has been attributed to skeletal vibration of graphene sheets [33]. When GO 

and RGO were deposited on PES fabrics, no substantial variation was observed in the 

original spectra of PES; only a slight decrease of the different bands of PES was 

observed (Figures not shown). The majority of bands of GO and RGO coincide with 

that of PES and the different contributions cannot be properly discerned.

3.2. SEM

SEM was used to observe the morphology of the coatings obtained. Fig. 2 shows the 

different micrographs obtained for the different RGO coated fabrics. Fig. 2-a,b show 

micrographs of the PES-1G sample. In these two micrographs RGO sheets deposited on 

PES fibers can be seen. In general, it is very difficult to observe these sheets; however 

the folds created during the deposition process in some of these sheets help to locate 

them. The dimensions of the RGO sheets are about 4-6 µm in length. An increase in the 

number of coatings (samples PES-2G, PES-3G, PES-4G) produced an increase in the 

RGO content, however it was more difficult to locate the RGO sheets since they could 

not be distinguished from the fibers. Fig. 2-c,d show micrographs of the PES-4G 

sample, where the presence of some particles can be observed on the surface of the 

fibers. The values of the impedance modulus obtained with the electrical measurements 

(section 3.3) indicated that the deposition of 4 coatings of RGO produced a decrease of 

more than 9 orders of magnitude when compared with PES. So the fibers with 4 

coatings would be completely coated with RGO, despite our not being able to observe 



Page 10 of 38

Acc
ep

te
d 

M
an

us
cr

ip
t

10

them. Fig. 2-c shows also the structure of the fabric, with the warp and weft at different 

heights. The estimated diameter of the fibers by SEM micrographs was around 17 µm.

3.3. Electrical measurements

EIS was used to measure the electrical resistance (Ω·cm2) of the different samples 

obtained as well as their phase angle (º); the latter measurement gives an indication of 

the insulating/conducting behavior of the fabrics. Fig. 3 shows the Bode plots for the 

different fabrics measured. Samples of PES and PES coated with GO were also 

measured to compare the different values obtained. Conducting fabrics with 1, 2, 3 and 

4 RGO deposition processes were measured.

In Fig. 3-a, the impedance modulus (|Z|) at the different frequencies for the different 

samples can be observed. PES fabrics present values of |Z| higher than 1011 Ω·cm2 for 

low frequencies. When the sample was coated with GO, |Z| was not substantially 

modified and similar values were obtained. GO is an insulating material due to the 

disrupted sp2 bonding networks [34], however when the sample of PES coated with GO 

was reduced, a decrease of |Z| of about seven orders of magnitude was obtained (26014

Ω·cm2 for 0.01 Hz). Fig. 4 shows the dependence of |Z| on ac frequency for the different 

samples so that the changes can be properly observed. When another layer of RGO was 

deposited on the fabric (PES-2G), |Z| lowered to 700 Ω·cm2 for 0.01 Hz. The third layer 

of RGO produced also a decrease of |Z| to 23.15 Ω·cm2 for 0.01 Hz. However the fourth 

coating did not produce a decrease in |Z| and around 29.4 Ω·cm2 for 0.01 Hz was

measured. As mentioned previously, Fig. 4 shows the dependence of |Z| on ac frequency 

for the different samples of PES coated with RGO. The values of |Z| can be observed 

with the varying frequency. It is worth mentioning that the values of |Z| increase with 

the decreasing frequency for the PES-1G sample. This would indicate a poor contact 
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between the RGO sheets (slight capacitative behavior). On the other hand, the samples 

with more coatings of RGO (PES-2G, PES-3G, PES-4G) showed a decrease of |Z| with 

the decreasing frequency, this would indicate a slight inductive behavior. From the first 

to the third coating there is an increase of the conductivity of the fabrics due to the 

improved contact between the RGO sheets. In the first coating, part of the RGO layers 

may not be in contact so that electrical conduction is more difficult. Another layer of 

RGO allows the contact between the isolated sheets. CV measurements showed similar 

results, confirming the better contact with more coatings of RGO (section 3.4). After 

three deposits the limit of conductivity was reached and more layers did not produce an 

increase in the conductivity.

Fig. 3-b shows the data for the phase angle at the different frequencies. PES presents a 

phase angle of about 90º, a typical value of an insulating material that acts as a capacitor

(data at low frequencies is not presented since noise due to the large values of 

impedance modulus was observed). For the sample of PES coated with GO, the same 

phase angle was obtained indicating no substantial modification of its electrical 

properties by the GO layer, the PES-GO sample also acted as an electrical insulator. 

However, for all the samples coated with RGO (PES-1G, PES-2G, PES-3G and PES-

4G), 0º phase angles were obtained in the majority of the frequency range, indicating 

that the fabrics behaved like conducting materials, showing a resistive behavior.

The values of surface resistivity (Ω/) were obtained with the second electrode 

configuration; two rectangular copper electrodes (0.5 cm x 1.5 cm) separated by 1.5 cm

and pressed on the fabric sample. The values of surface resistivity obtained were 1.6·107

Ω/ (PES-1G), 2.94·105 Ω/ (PES-2G), 11.06·103 Ω/ (PES-3G) and 20.85·103 Ω/ 

(PES-4G). The tendency obtained was similar to that observed with the first electrode 

configuration with a decrease of the surface resistivity until the third coating process. 
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These values of surface resistivity would make these fabrics appropriate as antistatic 

materials. Static charging on the surface of the fabrics is excluded with surface 

resistivity below 5·109 Ω/ [35], so even the sample coated with one layer of RGO 

would be adequate for this purpose. 

3.4. CV

Fig. 5 shows the voltammograms obtained for PES-1G and PES-3G samples. Fig. 5-a 

shows the voltammogram obtained for the PES-1G sample. With only one deposition 

process the voltammogram obtained showed a linear behavior (indicating a resistive 

response) with a current density value of about -1.4 nA·cm-2 at -0.2 V for 50 mV·s-1. 

Different scan rates were also used to test the electro-activity of the fabrics (50, 5 and 1 

mV·s-1), obtaining the same resistive voltammogram for all the scan rates used. Fig. 5-b 

shows the voltammograms obtained for the PES-3G sample. The higher scan rate (50 

mV·s-1) produced a current density of around -30 µA·cm-2 at -0.2 V. The current density 

obtained with 3 deposition processes (PES-3G) was more than 4 orders of magnitude 

higher than that obtained for the sample with only one deposition process (PES-1G). In 

this case it can be seen that the scan rate has some influence on the electrochemical 

behavior. With the scan rate of 1 mV·s-1, the form of the voltammogram was more 

similar to voltammograms obtained for graphene [36]. Also the electrical charge and 

current densities of the voltammogram increased with the decreasing scan rate. This 

behavior has not been observed in the bibliography since the normal trend is an increase 

of the charge and current density with the increasing scan rate [36, 37]. The explanation 

for this fact could be the nature of the sample. Samples of graphene are normally 

studied in isolation [36, 37] or are deposited on conducting substrates such as metals 

where the charge transfer between the metal and graphene is instantaneous. However in
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conducting fabrics, RGO is deposited on PES, which is an insulating material. So 

charge transfer has to be produced on the RGO sheets. The electrical contact from the 

top to the bottom of the sample is produced through the contact of the different RGO

sheets. For example for a 1 cm length sample, if the average size of the RGO sheets

were 10 µm (the real size is lower as has been observed in SEM micrographs), at least 

1000 RGO sheets would be needed to produce the electrical contact between the top and 

the bottom of the fabric (the case for a monolayer smooth sample). This number 

increases in the case of the fabrics which present a 3D structure, where different fibers 

and yarns compose the fabrics. The charge transfer is slow since it has to proceed 

through the RGO sheets. If the scan rate is too fast (50 mV·s-1), there is no sufficient 

time to produce the oxidation and reduction of RGO sheets and a resistive response was 

obtained. When the scan rate decreased to 5 mV·s-1, there was more time to produce the 

oxidation and reduction of the RGO sheets and this is why there was an increase of the 

electrical charge and current density in the voltammograms. The lowest scan rate (1 

mV·s-1) produced a higher increase of the electrical charge and current densities reached 

since there was even more time to produce the oxidation and reduction of RGO sheets.

With only one deposition process (PES-1G), it was not possible to observe the redox 

processes even with the lowest scan rate (1 mV·s-1). This was attributed to the fact that

there were not enough RGO sheets in the coating to produce a proper contact between 

them and only the characteristic resistive response was observed. The results obtained in 

CV were in agreement with those observed in EIS, where the same trend was observed.

Fig. 5-c shows the voltammograms obtained for the PES-3G sample at different scan 

rates, however in this case the ohmic resistance was measured and compensated. It was

observed that this compensation is necessary for materials that have an ohmic resistance 

such as conducting polymer-coated fabrics [11, 27]. PES-1G sample had such a high 
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resistance that it was not possible to compensate it, and for this reason it was not 

compensated in Fig. 5-a. Fig. 5-b was also done without compensation to compare it 

with Fig. 5-a under the same conditions. Comparing the voltammograms without (Fig. 

5-b) and with compensation (Fig. 5-c), an increase in the electrical charge and the 

current density compared to Fig. 5-b can be seen.

3.5. SECM. 

Approach curves were obtained by SECM measurements to test the electro-activity of 

the conducting fabrics. Approach curves give an indication of the electro-activity of the 

sample surface. The SECM-tip is negatively polarized to reduce the oxidized (Ox) form 

of the redox mediator at a diffusion controlled rate (i∞). The reduction current obtained 

(i) is measured at the SECM-tip. In our case we used Ru(NH3)6
3+ (Ox) as redox 

mediator and it was reduced to Ru(NH3)6
2+ (Red) at the SECM-tip at a potential of -0.4 

V (vs. Ag/AgCl 3 M KCl). There can be different outcomes, depending on the 

conductivity of the substrate and the distance between the SECM-tip and the substrate:

! ! When the SECM-tip is sufficiently far from the substrate there is no impediment 

for the diffusion of oxidized species (Ox) to be reduced on the surface of the 

SECM-tip, the current measured in this case is the diffusion current (i∞).

! ! If the surface is non conductive, when the SECM-tip approaches the substrate 

there is a hindrance to the diffusion of oxidized species (Ox) to be reduced on 

the tip. This is caused by the insulating substrate and causes a decrease of the 

current measured, in this case the current measured i < i∞. This situation is 

known as negative feedback [22]. 

! ! On the other hand, if the electrode is conductive, when the electrode approaches 

the surface, there is an increase in oxidized species (Ox) of the mediator. The 
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surface of the conducting material is able to oxidize the reduced form (Red) of 

the mediator. This causes an increase in oxidized species (Ox) and the 

consequent increase of the reduction current measured at the SECM-tip, in this 

case i > i∞. This case is known as positive feedback [22].

In approach curves, the normalized current registered at the SECM-tip (I) is represented 

vs. the normalized distance (L). The normalized current is defined as follows: I=i/i∞. i is 

the current measured at each normalized distance L. i∞ is the diffusion current defined as

i∞=4·n·F·D·a·C, in which: n is the number of electrons involved in the reaction; F is the 

Faraday constant; D is the diffusion coefficient; a is the radius of the SECM-tip and C is 

the concentration of the reactant. The normalized currents depend 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 SECM-tip -substrate separation). The 

RG of the SECM-tip used in this work was RG ≥ 20. According to Rajendran et al. [38], 

Pade’s approximation gives a close and simple equation with less relative error for all 

distances and is valid for RG>10. The approximate expression of the steady-state 

normalized current assuming positive feedback for finite conductive substrate together 

with finite insulating glass thickness is:

!
!

!

!

!
!

!

!

!!

!!!
!

2

32

626395.01234.11

4919707.0316855.15647.11
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The selection of the expression for the normalized tip current assuming negative 

feedback was based on the equation for a RG=20 and L range 0.4-20 [39]:
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Approach curves predicted for pure positive and negative feedback calculated from 

equations 1 and 2 have been also included in the different figures to compare the 

empirical data with the theoretical models.

A 100 μm Pt SECM-tip held at a potential of -0.4 V (vs. Ag/AgCl 3 M KCl) was used

as the working electrode. According to the voltammograms obtained with the SECM-tip

in the working solution (Fig. 6), this potential was selected to reduce the oxidized form 

of the mediator, Ru(NH3)6
3+, at a diffusion-controlled rate. The approach (I–L) curves

obtained for PES and PES-GO are shown in Fig. 7. As can be seen, as the SECM-tip

approaches the surface of the PES sample, there is a decrease in the normalized current

(I < 1), indicating negative feedback. PES is an insulating material and is not able to 

reoxidize the reduced form of the mediator. GO approach curves have not been obtained 

in previous works to the best of our knowledge. When GO was deposited on PES

fabrics similar behavior was observed. Three measurements obtained in different parts 

of the fabrics are shown and in all of them negative feedback was obtained. The deposit 

of GO did not significantly affect the nature of PES sample. We have to take into 

account that GO is also an insulating material due to the disrupted sp2 structure [34] as 

we have seen previously in EIS measurements. The negative feedback model is also 

presented for comparison of the experimental curves with the theoretical one.

Fig. 8 shows different approach curves obtained in different parts of the fabric for PES-

1G (a) and PES-4G (b) samples. As can be seen in Fig. 8-a, the behavior changes 

completely from PES-GO. In this case when the SECM-tip approaches the surface of 

the sample, there is an increase in the normalized current (I > 1). This indicates that the 

sample is electro-active, since the sample is able to reoxidize the reduced form of the 

redox mediator. Averaged values of positive feedback around 1.3 were obtained for 

L=0.6. In Fig. 8-b analyses on the sample of PES-4G are shown. In this case positive 
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feedback was also obtained and averaged values of 1.4 were obtained for L=0.6. The 

positive feedback model is also presented for comparison with the theoretical model. 

There is little difference when the sample is coated 1, 2, 3 or 4 times with the same 

procedure (PES-1G, PES-2G, PES-3G, PES-4G). In this case the experiments were 

done at OCP (sample is not polarized), so only the degree of coverage of the sample by 

RGO can have influence on the electrochemical response obtained. The electrical 

contact between the different RGO sheets does not play a role in this case, however, it 

had significant effect on the electrical conductivity measured by EIS and the electro-

activity measured by CV as was commented previously. There has been little previous 

work on graphene materials using SECM [40-42]. Similar values of positive feedback 

were obtained for graphene obtained by vapour deposition using a FeMeOH redox 

mediator, which has a high heterogeneous electron transfer rate [40]. Future work is 

currently being carried out to study the electrochemical activity of the samples by 

SECM in polarization conditions.

The main reason why the 100 µm diameter tip was selected to carry out the 

measurements was the irregular topography of the fabric. The employment of Pt SECM-

tips of 100 µm of diameter allows to be positioned at a distance sufficiently high (and 

inside the influence of the field) to perform an array scan and at the same time avoid the 

impact of the SECM-tip with the weft. The measured thickness of the fabric (with a 

micrometer) was 170 µm, so the difference of height between the warp and weft would 

be around 57 µm (170 µm / 3). For instance, if we take the positive feedback model, to 

produce a sufficiently intense current signal in the approach curve (I around 1.4), values 

of L<1 are needed. If we had employed a 10 µm diameter tip, the distance between the 

tip and the sample would be lower than 10 µm. This small gap could produce the impact 

between the tip and the fabric. Even small variations of height between the different 



Page 18 of 38

Acc
ep

te
d 

M
an

us
cr

ip
t

18

parts of the fabric when gluing the sample to the glass slide could cause the tip to touch 

the sample. In addition, if we had employed lower diameter tips, we would have not 

been able to detect the signal produced by the warp, due to the big difference of height 

between warp and weft. Then the 100 µm diameter SECM-tip was the best solution for 

the study of the fabrics.

One main application of the SECM technique is scanning surfaces to obtain 2D and 3D 

images of the electrochemical activity of the surface of the samples [22, 40]. To obtain 

these representations the surface of the sample is scanned at a constant height within the 

influence of the substrate at an initial height of 40 µm above the sample. Our aim was 

not characterize individually the fibers of the fabric (the diameter of the SECM-tip was 

100 µm, so fibers cannot be resolved properly since its diameter is around 17 µm). The 

purpose was to observe if RGO was well distributed on the surface of the fabrics. And 

finally make a comparison between samples coated with RGO and GO to see the 

different behavior (positive feedback vs. negative feedback, respectively).

Fig. 9-a and Fig. 9-b show the 3D and 2D representation, respectively, of the electro-

activity of the PES-1G sample. As can be seen, all the parts of the fabric present

normalized current values I > 1 (positive feedback) indicating that the sample is 

completely coated with RGO. The difference between darker and lighter zones can be 

attributed to the morphology that the fabric presents, with zones of different height

(warp and weft). In this case, the topography of the fabric has more influence than local 

differences of electroactivity. Fig. 10 shows a superposition of the 2D SECM array and 

a SEM micrograph for a PES-1G sample. As can be seen, the darker zones coincide 

with the weft (zones with higher elevation) and the lighter zones with the warp (zones 

with lower height). The difference is obvious if we compare the results of PES-1G 

sample with the sample of PES-GO (Fig. 9-c,d). In the latter case, normalized current 
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values I < 1 (negative feedback) can be seen on the whole fabric. This indicates the 

insulating nature of the sample. In the case of PES-GO, the more elevated parts of the 

fabric (weft) produce the lowest values of negative feedback since they are closer to the 

SECM-tip and the diffusion of redox species is hindered.

4. Conclusions

Polyester (PES) fabrics were coated with graphene oxide (GO) and later it was reduced 

through a chemical method to obtain reduced graphene oxide (RGO). Samples with a 

different number of coatings were obtained and analyzed. Fourier transform infrared 

spectroscopy showed the diminution of the bands attributed to oxidized groups after 

reducing GO to RGO. Scanning electron microscopy allowed the observation of sheets 

of RGO deposited on PES fibers, although in general it was very difficult to observe the 

coatings formed. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry

(CV) and scanning electrochemical microscopy (SECM) showed the effective reduction 

of GO to RGO. With EIS a decrease of the electrical resistance of about 7 orders of 

magnitude was observed when the fabric of PES-GO was reduced to PES-1G. EIS

measurements have also shown a progressive reduction in electrical resistance and 

surface resistivity with the number of coatings. With three coatings the minimum 

electrical resistance (23.15 Ω·cm2) and surface resistivity (1.1·104 Ω/) were reached. 

More coatings did not produce a significant improvement in the electrical properties. 

The surface resistivity obtained with only one RGO coating (1.6·107 Ω/) would be 

adequate for antistatic purposes where values below 5·109 Ω/ are needed. As in EIS, 

CV also showed an increase in the electro-activity with the number of RGO layers. 

With only one RGO coating, the contact between the different RGO sheets is not 
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satisfactory and more layers are needed to improve this contact and obtain a material 

with good electrical and electrochemical properties. Scan rate is also a key parameter in 

the characterization of these materials and only low scan rates allow the best 

observation of redox processes. Approach curves and maps of electro-activity obtained 

by SECM showed the clear difference between levels of electro-activity of PES-GO and 

PES-RGO samples. The electrochemical techniques used for the characterization 

indicate the need to apply several RGO coatings during the synthesis to obtain materials 

with the best electrical and electrochemical properties.
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Figure captions

Fig. 1. FTIR-ATR spectra of GO and RGO powders. Resolution 4 cm-1, 100 scans. 
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Fig. 2. Micrographs of: (a) PES-1G x10000; (b) PES-1G x10000; (c) PES-4G x100; (d) 

PES-4G x2000. 

Fig. 3. Bode plots for PES, PES-GO, PES-1G, PES-2G, PES-3G and PES-4G. Sample 

located between two copper electrodes. Frequency range from 105 Hz to 10-2 Hz.

Fig. 4. Magnified dependence of the impedance modulus on ac frequency for: a) PES-

1G, b) PES-2G, c) PES-3G and d) PES-4G. Sample located between two copper 

electrodes. Frequency range from 105 Hz to 10-2 Hz.

Fig. 5. Cyclic voltammograms of: a) PES-1G without ohmic compensation, b) PES-3G 

without ohmic compensation, c) PES-3G with ohmic resistance compensation, third

scan for all measurements. 0.5 M H2SO4 (pH~0) Scan rates used: 50, 5 and 1 mV s-1.

Fig. 6. Cyclic voltammogram obtained with a 100 µm Pt SECM-tip in a 0.01 M 

Ru(NH3)6
3+ and 0.1 M KCl solution, scan rate 50 mVs-1.

Fig. 7. Approaching curves for: PES (····), PES-GO (continuous lines) and theoretical 

negative feedback model (□). Obtained with a 100 μm diameter SECM-tip in 0.01 M 

Ru(NH3)6
3+ and 0.1 M KCl. The tip potential was -400 mV (vs Ag/AgCl) and the

approach rate was 10 μm s-1.

Fig. 8. Approaching curves for: a) PES-1G (continuous lines), theoretical positive 

feedback model (Δ) and b) PES-4G (continuous lines), theoretical positive feedback 

model (Δ). Obtained with a 100 μm diameter Pt SECM-tip in 0.01 M Ru(NH3)6
3+ and 
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0.1 M KCl. The tip potential was -400 mV (vs Ag/AgCl) and the approach rate was 10 

μm s-1.

Fig. 9. 3D (a,c) and 2D (b,d) constant height SECM images of: PES-1G sample (a,b), 

PES-GO sample. 0.25 cm2 geometrical area sample, images were taken with a 100 μm 

diameter Pt SECM-tip, in 0.01 M Ru(NH3)6
3+ at a constant height. The tip potential was 

-400 mV, the scan rate was 200 μm s-1 in comb mode; lengths of x and y lines were 

1500 x 1500 μm with increments of 50 μm.

Fig. 10. Superposition of the 2D SECM array and a SEM micrograph for a PES-1G 

sample.
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3 μm
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Highlights:

Graphene-coated fabrics have been obtained by chemical reduction of graphene 

oxide.

Conducting fabrics have been obtained applying several graphene coatings.

Electrochemical impedance spectroscopy showed the conductive behaviour of

fabrics.

Scan rate is a key parameter in the characterization by cyclic voltammetry.

Scanning electrochemical microscopy showed the increase of electroactivity.



Page 29 of 38

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(1)

http://ees.elsevier.com/electacta/download.aspx?id=761547&guid=9a9d724d-a488-4907-b2fb-34439b1eb00e&scheme=1
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Figure(2)
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Figure(3)
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Figure(4)
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Figure(5)

http://ees.elsevier.com/electacta/download.aspx?id=761553&guid=eb60c605-bede-4c71-b642-10a088470868&scheme=1
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Figure(6)

http://ees.elsevier.com/electacta/download.aspx?id=761554&guid=299f963b-f042-4a62-aaee-42d6298fe3cd&scheme=1
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Figure(7)
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Figure(8)
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Figure(9)
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Figure(10)
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