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Abstract

Polyester (PES) fabrics were treated with plasma toreehthe adhesion of reduced
graphene oxide (RGO) and produce conductive fabrics. The surface enetigy of
plasma treated fabrics was measured using contact angle ereasts and showed a
stabilization of this parameter with plasma dosages of 3000 Whifii The surface
roughness measured by atomic force microscopy (AFM) also showtbibzation
with the same plasma dosage value. The plasma treatmentdnuegative charges on
the surface of the fibers and graphene oxide (GO) also prdsesdative charges — and
so deposition of GO on the surface of the PES fibers was nobleo$3or this reason,
bovine serum albumin (BSA) was employed as an intermediate coaéihgcquired a
positive charge and enabled the self-assembly of GO on plasatadrPES fibers.
Electrochemical impedance spectroscopy (EIS) was employ@easure the resistance
of the conductive fabrics. The plasma treatment and BSA caatprgved the coating

level of the samples and hence the conductivity of the faladssimproved with the
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application of fewer RGO layers. RGO adhesion on fabrics wadsmaproved as shown

in rubbing fastness tests.
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1. Introduction

In the field of textiles there is increasing interest in theetigment of fabrics with new
properties such as: flame resistance [1]; self-cleaning tf§rmal regulation [3];
electrical conduction [4]; or even catalysis [5]. Among these pitiege electrical
conductivity has attracted particular attention. Conductive falman be employed for
the production of smart textiles with the integration of sensorsarious electronic
devices [6, 7]. Various approaches can be used to produce condubiiis. f&or
instance, the use of metallic fibers inserted in the ddtms been reported; however, the
continuous bending and stretching that take place in fabrics produsleates in the
fibers [4]. This is why other approaches have been investigdteda:xtrusion of fibers
with conductive particles such as carbon derivatives [8], osyhthesis of conducting

polymer films on the fabrics [9-11].



The discovery of graphene and its derivatives has opened a new the field of
physics and materials science [12]. The outstanding opticakraiex; thermal and
mechanical properties shown by this material have created tatipes regarding
various possible applications [12-19]. Different methods have beytoged for the
production of graphene and its derivatives [18-20]. Mechanicaliatibn of graphite
crystals was the first method reported by Novoseloal. [12]. Although the quality of
graphene produced in this way is excellent; the quantity of grapheheahabe
obtained is minimal and can only be used for fundamental studies.isTwhy other
methods such as chemical vapor deposition or chemical methods hawe be
continuously developed in response to the increasing demand for mgapiaterials.
Chemical methods have been proposed as a cheaper alternative thnbigher
production capacity than chemical vapor deposition. One of thedeodseis the
production of graphene oxide (GO) by the oxidation of graphite. The cxidafi
graphite allows the exfoliation of graphene oxide layers. Howeveeduction step is
necessary to convert the insulating GO into conducting reduced graptidag RGO)
[20].

Regarding the application of graphene and derivatives to produce deadiadirics,
the most widely employed method has been the adsorption of GO fabtiveor fibers
and its posterior reduction to produce RGO [21-28]. Graphene oxidetsshee
adsorbed on the surface of the fabrics due to the attractieesfbetween the oxidized
groups of GO and the functional groups of the fabrics. The direct deposit
graphene on fabrics has also been reported betval [29]. In the present paper the
adsorption/reduction strategy has been employed to produce RGO coatestgroly
fabrics. Plasma techniques have been widely used to incteasadhesion between

different materials, including polymers [30]. Plasma treatnpeoduces reactive groups



and radicals on the surface of treated fabrics. In the cgsayaster, plasma treatment
can oxidize the polyester surface by breaking the ester bondseatichgradicals [31].
These radicals are able to react with the plasma gasagedeand create hydroxyl,
carbonyl, and carboxyl groups. These polar groups form dipolar interactiamsier
Waals forces or hydrogen bonds between the fabric and the cah&ngpy increasing
the adhesion of the coating to the surface of the fabric [30,823ddition to the
creation of functional groups, an increase in roughness on the eswffabe fabrics
takes place due to the removal of material. The roughercsualéows a better contact
between the fibers and the coating and enhances its adhesion [30h&Tovelty of
the paper is the increase in the adhesion of RGO sheetssarthee of the fabrics after
applying a plasma technique. The plasma treatment was combitiied lovine serum
albumin (BSA) intermediate layer that converted the negativarges generated by
plasma treatment on the fabric surface into positive chatigiesallowed self-assembly
with GO sheets that possess a negative charge before theaedodRRGO. The effect
of this treatment on the electrical resistance of the neadifabrics will also be
explored.

There are various plasma methods available. In the presdntwedrave used dielectric
barrier discharge (DBD). This technique is a type of coldnmagenerated by an
electric discharge in atmospheric conditions. Electrical digghtakes place between
two electrodes separated by a small gap where the fabcmntuously treated at a
controlled speed. Fabric modification by plasma methods has ttamtade that no
water or other chemical products are needed. The low tetuperaroduced by DBD

also allows little deterioration of organic samples [33].



2. Experimental

2.1. Reagents and materials

All the reagents used were of analytical grade.

For the synthesis: monolayer graphene oxide (GO) powders werereacdtmm
Nanoinnova Technologies SL (Spain); sodium dithionite;®@,) was acquired from
Merck; and bovine serum albumin (BSA) was acquired from Sigraaich. The
polyester fabric characteristics were: fabric surfaceiteri€0 g-nf; warp threads per
cm, 55; weft threads per cm, Zthese are specific terms used in the textile industry and
their meaning can be consulted in a textile glossary [34].

For the characterization: sulphuric acid,84%) and potassium chloride (KCI) were
purchased from Merck. 4ke (CN} 99% was used as received from @xOrganics.
When needed, solutions were deoxygenated by bubbling nitrogepréihier X50S).
Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q¥antage A10 system

with a resistivity of nearly 18.2 K-cm.

2.2. Dielectric barrier discharge (DBD) treatment

Plasma treatment of polyester was carried out at atmospiressure with the dielectric
barrier discharge modality (DBD) (Softal/University of Minhdguated prototype) [35].
The laboratorial prototype machine used in this work has a width0otm and
consisted of the following components: a metallic electrodeedoaith ceramic; a
metallic counter electrode coated with silicone; an elegiimerator and a high tension
transformer. The velocity (v) and power (P) are variable andativéc passed through

the electrodes continuously. The plasma dosage was defined éguhtion (1) [35]:

dosage= NP (1)
V-W



Where: N (number of passages); P (power, W); v (velogitynin™); and w (width, 0.5

m). For the treatment of polyester fabrics, velocity and pavese maintained constant

and the number of passages was varied. Table 1 shows the aumnditeated for the

2.3. Contact angle measurements
For measuring the contact angles of the water drops in untraateglasma treated
polyester fabrics we used Goniometer Dataphysics equipment@AdsGitware with a
video system for the caption of images in static and dynamiesadddrop of 5 pl of
distilled water was placed on the fabric surface with a mieratyringe and observed
with a special CCD camera. At least ten measuremediffeaent places were taken for
each fabric. The camera takes an image every 0.04 sec.
To calculate the surface energy &nd its polary() and dispersive component®) the
Wu method (harmonic-mean) was used [36]. The surface engrigydonsidered to be
composed of polar and dispersive components. In particular, the qmigponent
results from three different intermolecular forces due to pezntaand induced dipoles
and hydrogen bonding, whereas the dispersion (non-polar) component is due to
instantaneous dipole moments. For polar solids or liquids, theytadah sum of the
always-existing London dispersion force;é’)( with intermolecular interactions that
depend on the chemical nature of the material, compilpdlasforces{’):

y=v"+v" (2
The polar and dispersive components of the surface engtggn(y”, respectively)

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



yPvP vEyv{
Yss= Vs + v —4 o ’](3)

vo+ve i+
Three liquids with known surface energy and surface energy componenetsised in
this study to calculate the surface energy components of hestadistilled water+y;
72.8;y": 29.1:y™ 43.7); polyethylene glycol 200 (PEG} 43.5;y": 29.9:y™ 13.6); and

glycerol §: 63.4:y°: 37.4;y"™ 26.0). The units used are m¥m

2.4. Synthesis of reduced graphene oxide on polyester fabrics

Polyester fabrics were coated with reduced graphene oxide (B@{gr to Fugetset

al. [26]. A 3 g L* GO solution was obtained sonicating GO monolayer powders in an
ultrasound bath for 60 min. The first stage of the synthesis araiga out by putting
the GO solution in contact with the fabric to allow the adsorptioB@fsheets on the
surface of the fabrics. This stage lasted 60 minutes. Threegawith GO were then
dried for 24 h under ambient conditions. The second stage of the synilassthe
reduction of GO to RGO. Fabrics coated with GO were plémed80 min in a solution
containing the reducer (50 mM p&O,) at approximately 90° C. Samples with a
different number of RGO coatings (1 to 10) were obtained (PE$Se1B8ES-10G)
repeating the procedure mentioned above. The samples treated agitaplvere also
coated with RGO following the same procedure. The plasnaniemt generates
negative charges on the surface of the fabrics, GO alsonpsasgative charges so the
deposition of GO on the fabrics is not possible under these conditmnthi reason,
bovine serum albumin (BSA) was employed as an intermediatengaagiit acquires a
positive charge and allows the deposition of GO on the surfattee dabrics. A 0.5 %
weight aqueous BSA solution [25] prepared at room temperaturemplsyed to coat

the plasma treated PES samples. Fabrics were placed irctcaitta the solution at



room temperature for 15 minutes with magnetic stirring. Tlitngedhey were removed

from the solution and washed with water to eliminate t8A Bxcess.

2.5. Scanning electron microscopy (SEM) and field emission scangleciron
microscopy (FESEM)

A Jeol JSM-6300 scanning electron microscope was used to obsemnerfiteology of
the samples using an acceleration voltage of 20 kV. Samplesceated with Au using
a Sputter Coater Bal-Tec SCD 005. A Zeiss Ultra 55 FESEM wsad to observe the
morphology of samples submitted to rubbing fastness tests usinged@ration voltage

of 3 kV.

2.6. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to determine surfagmography and
roughness of the different samples. AFM analyses were perfomitieda multimode
AFM microscope with a Nanoscope® llla ADCS controller (Veecstridlogy Group).
A monolithic silicon cantilever (FESP, tip radius 8 nm, BrukéiVAprobes) with a
constant force of 2.8 N/m and a resonance frequency of 75 kHz wdgaisvork on

tapping mode. Roughness was evaluated from the analysis etctiens

2.7. Electrochemical impedance spectroscopy measurements

An Autolab PGSTAT302 potentiostat/galvanostat was used to perfoBragdlyses.
EIS measurements were performed in the ¥ Hz frequency range. The amplitude
of the sinusoidal voltage used was + 10 mV. Measurements @&atedcout in a two-
electrode arrangement, where the sample was located dmette round copper

electrodes (A = 1.33 cfh



2.8. Rubbing fastness tests

Rubbing fastness tests were performed to quantify the resisiatiee RGO coatings to
physical action. Rubbing fastness tests of RGO coated falwacs performed as
explained in the norm ISO 105-X12:2001. Each sample was abraded agdiost

abrasive fabric for ten cycles. The change in the resistahcthe fabrics after
performing the rubbing fastness tests was measured using daBaldgtal Multimeter

(DM-311). Ten measurements were averaged for each sampjeexhdtield emission
scanning electron microscopy (FESEM) was also used to obsem®thbology of the

conductive fabrics before and after performing the rubbing festiests.

2.9. Scanning electrochemical microscopy (SECM)

SECM measurements were carried out with a scanning atbetmical microscope
(Sensolytics). A three-electrode configuration cell consistihg 100pm-diameter Pt

microelectrode, a Pt wire auxiliary electrode, and an AGIA@ M KCI) reference

electrode. Measurements were performed gFe{CN} 0.01 M and 0.1 M KCI

(supporting electrolyte). All the experiments were carried auan inert nitrogen
atmosphere. The substrates were samples (0.5 x F)5cemfrom different fabrics

(PES, PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-BSAFhE€3e samples
were glued to microscope slides with epoxy resin. The miawelie operated at a
potential of O V, at which the oxidized form of the redox medi&@x) is reduced

(Red) at a diffusion controlled rate. Approaching curves were obtéyeecording the
tip reduction current as the Pt microelectrode tip was movedeantdin z. Approaching

curves give an indication of the electroactivity of the swfathese curves were



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

substrate surfaces for all the measurements were abgwegircircuit potential (OCP).

3. Resultsand discussion

3.1.Contact angle measurements and surface energy

Plasma technique was employed to modify the hydrophilicity of twécfay increasing
the plasma dosage applied (W-miff)mContact-angle-measurements-wereperformed
with-a-geniometerTable 2 shows the static contact angle (°) obtained on the eswiffac
plasma treated polyester fabrics with various liquids (watgcerol and polyethylene
glycol). The surface energy (mJ3nwas also calculated using the Wu method [36].
Untreated polyester fabric presented a contact angle of 130° wdasurad with water.
With the plasma treatment; there was a decrease of the tamgle due to the
increasing hydrophilicity of the plasma treated fabrics. Thenmatreatment created
polar groups on the surface of the fabric, due to the incorporatiGnasid N from the

air since DBD uses air as gas discharge [30]. Firstlg, glasma treatment creates
radicals on the surface of polyester fabrics due to the ruptustesfleonds [31]. These
radicals react with the plasma gas generated and produce pml@s guch as C-O,
C=0, C=N, &N and N-C-O [30]. These polar groups allow the formation of dipolar
interactions, van der Waals forces, or hydrogen bonds betweeraliie &nd the
coating, thereby increasing the adhesion of the coating to tleeswf the fabric [30].
The functional groups created are prone to suffer an ageing prdoesdo the
reorganization of the surface polar groups that tend to bury thesasbBlow the
surface [37, 38]. This is why BSA and RGO coatings were subséysamlied 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 ofdhtact angles as well as the
surface energy for a plasma dosage of 3000 W- rifinHigher plasma dosages produce
little variation in these properties but increase energgsemption. There is an
equilibrium between the creation of functional groups and removahéyplasma
application, it should be taken into account that the plasma ajpmtigaroduces the
elimination of material from the substrate surface. Atcextain plasma dosage
(depending on the type of plasma, conditions, and substrate) equilitsrianhieved
and higher plasma dosages do not produce an increase in functional growgps nor
increase in roughness. This is why the plasma dosage of 3000 W-mimsrselected
as the optimum plasma dosage to treat the polyester fabrics.

The plasma treatment also produces the removal of greas@mtachmation from the
surface of the fabric. The presence of grease tends #as®ithe contact angle value
and its removal produces a cleaning of the fabric surfacethensubsequent decrease
of the contact angle [39]. The measurement of the contact enfgbrics is somehow
limited due to its irregular and porous nature. This is why otle&sorements such as
the dynamic contact angle are usually employed as an indicatwet@ibility [39].

Fig. 1 shows the dynamic contact angle (°) obtained for the wedr@&S fabric and the
PES fabric treated with 500 W-min“nplasma dosage. The other samples are not
shown since the absorption process was very rapid and only thecstatact angle
could be obtained. The dynamic contact angle gives an indicatithe afettability of
the surface. The initial value of the dynamic contact angteesponds to the value of
the static contact angle — the water drop then begins to be athstbibeontact angle is
progressively reduced, and the drop is finally totally absorbedaAde seen, there is
an improvement in the wettability with the plasma treaiin This improvement has

been attributed to the creation of polar groups and micropofd&i#2].
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3.2. Atomic force microscopy (AFM) of plasma treated fabrics

Atomic force microscopy (AFM) was used to observe the serfmpography of
untreated and plasma treated PES samples. SEM has imsuffiertical resolution to
observe the change in the roughness caused by the plasma trettiméntvhy AFM
was employed for this purpose [30]. Another advantage, when comijgateed SEM
technique, is that the samples are not coated with Au or C aredisheo addition of
material to the samples. Fig. 2 shows the AFM 3D reprasens of PES fibers treated
with different plasma dosages (0, 500, 3000 and 7500 W-mjnfiy. 2-a shows the
representation of untreated PES fiber; as can be seerbéhnasfiquite smooth with no
remarkable features. When the PES fibers were treatédayplasma dosage of 500
W-min-m? (Fig. 2-b) there was an increase in the roughness of teesfibvith an
optimum plasma dosage of 3000 W- mift-(Rig. 2-c) the roughness of the PES fibers
again increased. However, with the highest plasma dosagedgp00 W-min-ff)
there was no substantial increase in the surface roughnes2{@®igvhen compared
with the 3000 W- min-hplasma dosage (Fig. 2-c). These results are in agreemita

the surface energy values, which showed stabilization with aye@$8000 W- min-ih

as optimal.

Fig. 3 shows the AFM 2D representation of PES fibers treatdd different plasma
dosages (0, 500, 3000 and 7500 W-mif).nn the images, roughness has also been
obtained in the section represented by the white line in the 20egnahe comparison
of the section roughness profiles with the plasma dosages ap@iedavn in Fig. 3-e.
Fig. 3-a shows the 2D representation of the untreated PES\Wiben the PES fabrics
were treated with 500 W-min“m(Fig. 3-b) there was an increase in roughness,

indicated by the presence of white spots in the image. Figucean8 3-d show the

12



representation of PES fabric treated with 3000 and 7500 W- fijespectively. Both
images are similar, which indicates similar levels of tmagsThis can also be seen in
the section roughness profiles in Fig. 3-e. The values of rougiRe¥ obtained for the
samples of PES treated with plasma dosages of 0, 500, 3000 and 7500/ were:
2.747; 8.497; 19.285; and 22.454 nm; respectively. These values cydinm the

stabilization of the roughness with a plasma dosage of 3000nAMIA

3.3.  Scanning electron microscopy (SEM) and atomic force microscopjAof

PES-RGO conductive fabrics

Scanning electron microscopy (SEM) was employed to observe thdolagp of the
conductive fabrics. PES fabrics coated with a different numb&GO coatings were
obtained to compare the results with the samples treated wimaland coated with
BSA and RGO. Fig. 4-a shows the fabric coated with one R@&(@ing. Some RGO
particles can be observed on the PES fibers. It is diffiouttbserve the RGO sheets on
the surface of the fibers and only the wrinkles of the RGOtsHedp to locate them
[21,22]. When the number of RGO coatings applied increased (Bighdws the fabric
coated with three RGO coatings), the presence of more RGiOlgmwas observed. In
Fig. 4-c the fabric coated with five RGO coatings is showrthis image one RGO
sheet can be observed in the center of the image connectindesm fThe RGO sheet
is approximately 25 um x 25 um. In this case, there was a stiistaarease in the
level of coating represented by an increase in the numberrtafigm observed. In Fig.
4-d a fabric coated with ten RGO layers is shown and an setlieahe RGO coating
was observed. In general, there was an increase in theofex@dting of the fibers with

an increasing number of RGO coatings.
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Fig. 5 shows various micrographs of PES treated with plasma (306(nW?) and
coated with BSA and one RGO layer. By observing the figitres;n be seen that the
fabrics have been coated with RGO.

Atomic force microscopy was also employed to characteneesample of PES treated
with plasma 3000 W-min-fhand coated with BSA and one layer of RGO (Fig. 6). If
the 3D and 2D AFM images are compared with the AFM imagebeoPES fabric
treated with 3000 W-min-f(Fig. 2-c and Fig. 3-c), a substantial change in the
roughness of the sample can be seen. The roughness produced lagitiee tpbatment
is no longer observed since BSA and RGO are deposited on the sirfaediber. The
typical morphology of RGO sheets with its wrinkles [21, 22,¢#] be observed in the
3D and 2D AFM representations. The section roughness profileistabsvn in Fig. 6-

¢, and as can be seen, the roughness was substantially reducezbmpaned with the

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

3.4.Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to metimurelectrical

properties of the different conducting fabrics. EIS enablesgmsurement of electrical
resistance and in addition the phase angle; which gives an indicaticheo
conducting/insulating behavior of the fabrics [10, 11, 21, 22]. Takleo@/s the values
of impedance modulus |Z| obtained for the different fabrics aathtents applied. Fig.
7 shows the Bode plots for the characterization of conducting $abfi®ES coated
with a different number of RGO layers (1, 3, 5, 10). The ctaraation of PES fabric
and PES coated with GO is also shown as a reference.-kRigh@ws the plot of the

impedance modulus |Z| vs. the frequency (Hz). PES fabric neesevalues of
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impedance modulus |Z| higher thart1Q. When PES was coated with GO, there was
no substantial variation in the value of |Z|. GO is an etedlyi insulating material
because of the disruptec?structure due to the presence of oxidized groups [41]. When
GO was chemically reduced to RGO, there was a decreasmwid five orders of
magnitude in the impedance modulus. This decrease of |Zaieddb the reduction of
functional groups and the partial restoration of the graphersrsisture [44-46]. There
was a gradual decrease of |Z] when more RGO layers ywpliedato the fabric. The
values of impedance modulus obtained were: 21@D01K5Q, 87 Q and 9Q for PES-
1G, PES-3G, PES-5G and PES-10G samples, respectively. Tagoveof |Z| with the
numbers of coatings can be correlated with the higher coatinigdeveved with more
RGO coatings — as SEM micrographs have shown (Fig. 4).

Fig. 7-b shows the representation of the -phase angle vs. thefiey. PES and PES-
GO present values of -phase angle near to 90°, this value edlitett these fabrics
behave like a capacitor and hence are insulating materiadsdath for low frequencies
is not shown since noise was observed due to the large values \6fhth GO was
reduced to RGO, the -phase angle changed to 0° in the low frgqegmn (<10 Hz).
However, in the high frequency region {40 Hz) the values of -phase angle varied
from 90° to 0°. When more RGO layers were applied, thesegphagle was 0° in the
entire frequency range. This value of -phase angle indicatesisdive behavior of the
material which is typical of conducting materials.

Fig. 8 shows the electrical characterization of PES falbreeded with various plasma
dosages (500, 3000 and 7500 W-mif}mnd coated with one RGO layer. As can be
seen, all the fabrics present similar behavior to untrdiE®l The value of impedance
modulus |Z]| for low frequencies was around*1® (Fig. 8-a). The explanation for this

fact is that the plasma treatment creates negativgehalue to the functional groups

15



created on the surface of the polyester fabric [47]. DBOrtreat produced an increase
in the O and N content due to their incorporation in functional greuph as C-O,
C=0, C=N, &N and N-C-O [30]. GO also presented negative charges [2504Bre

is a repulsion between GO and the surface of the plasmadre&iS. The assembly of
GO sheets on the surface is not possible and the materiantsreme insulating
behavior. The -phase angle also gives an indication of the camglircsulating nature
of the surface (Fig. 8-b). All the fabrics presented 90° akphindicating a capacitive
behavior which is typical of insulating materials.

In another experiment, the fabrics treated with differentnpdadosages were reduced
with a 50 mM solution of N#&,0, to eliminate the oxidized groups from the surface of
the polyester fibers. In Fig. 8, the PES fabric treated witilasma dosage of 3000
W-min-m?, and reduced and coated with one RGO layer is shown as an exahele.
untreated PES coated with one RGO layer is also shown for compafis can be
seen, when plasma treated PES (3000 W-mfhwas chemically reduced, the negative
charges of the surface were removed and the assembly of G® teyéne surface of
the fabric was again possible. The value of impedance modylubtained for the
mentioned sample is 46 times lower than that for untreated &&8dcwith one RGO
layer (460 K& vs. 21000 R). The explanation for this fact could be the roughness
created on the surface of PES fibers due to the plasmaémtatas observed by AFM).
The roughness of the fibers increases the fixation points of ®&%dfibers, increasing
the coating level of the fibers and hence diminishing teetetal resistance of the
fabrics. A similar trend was observed with the -phase arigite 8-b) The sample
treated with plasma, chemically reduced and coated with R@&emed phase angle

values lower than the untreated sample of PES coated withiR@e high frequency
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range (16-10° Hz). For frequencies lower than 10 Hz, the -phase angle wfas 98th
samples.

To produce the assembly of GO sheets on the surface of the piesated PES,
positive charges should be created on the surface of PESedte tne positive charges,
an aqueous solution of bovine serum albumin (BSA) was used [25].i88Aprotein
obtained from blood [49]. The fabrics were put in contact with a%®.&%eight BSA
aqueous solution for 15 min to allow the adsorption of BSA. The BSAngpatas
applied at different pH (4, 7, 10) on PES fabrics to observe theemte of this
parameter. The pH of the BSA solution was adjusted with Na@HHCI solutions.
After this process, the fabrics were rinsed with water nooke the BSA excess. The
modified BSA-PES textiles were then coated with RGO followirggrocedure shown
in Section 2.4. Fig. 9 shows the electrical characterizatidal$yf the PES-BSA-RGO
fabrics. The values of impedance modulus obtained wefg B56Q, 323Q, for pH 7,

4 and 10, respectively. This indicates that the optimal ptbab the fabrics with RGO
is neutral pH. With the plasma treatment, a BSA coating andR&@® coating, the
value of |Z| achieved was similar to the value obtained foeat®d PES coated with
five RGO layers (732 vs. 86.8Q, respectively). The plasma treatment and BSA
coating increases the coating level of RGO on the fabric sfasvn by SEM
micrographs). A decrease in the electrical resistant¢keofonducting fabrics was also
observed. To compare results, another PES fabric was coateB$#ttand one RGO
coating without applying the plasma treatment. The value of impedaradulus
obtained was 30& (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 wwated by means of the
SECM technique using approaching curves. To record these curvesictbelectrode
was polarized at a potential (0 V) with which the oxidized famthe redox mediator
(Ox) is reduced (Red) on the microelectrode surface at a diffusintrolled rate (Fig.
10). The measured current is defined.asi4-n-F-D-C-a, where n is the number of
electrons, F is the Faraday constant, D is the diffusion ceoaifj C is the bulk
concentration of the redox mediator, and a is the radius of itr@etectrode tip. In
approaching curves, the normalized current registered at theebeicirode (1) is
represented vs. the normalized distance (L). The norrdalizerent is defined as
follows: 1= i/i, where “i" is the current measured at the UME tip and the diffusion
current defined above. The normalized current depends on RG (RG¥Rglie Rg is
the radius of the insulating glass surrounding the Pt tip ofugath”) and the
normalized distance L; where L=d/a (d is the microelectmdsstrate separation). The
RG of the microelectrode used in this work was=RgD.
Various situations can arise depending on the electroactiVithe substrates and the
distance between the microelectrode and the substrate:
« When the microelectrode is sufficiently far from the substrite measured
current corresponds to the diffusion currepn}. (i
 When the substrate is non-conductive, as the microelectrode elppsothe
substrate there is a hindrance to the diffusion of Ox species.ufaees of the
fabric is unable to regenerate (oxidize) the reduced form afettex mediator
(Red), hence there is a decrease in the reduction curreheosurface of the
microelectrode, isi. This situation is known as negative feedback [50].
» Conversely, if the substrate is conductive, when the micrioetec approaches

the surface, there is an increase of the oxidized redox speci€®©Xx) since the

18



surface potential is able to regenerate (oxidize) the redox moedldis causes
an increase in the current measured at the microelectreide, This case is
known as positive feedback [50].
Experimental data was compared with theoretical approachingsctovgositive and
negative feedback models, according to equations 1 and 2. Accoodit@jendraret
al. [51], Pade’s approximation gives a close and simple equation wglrééative error
for all distances and valid for RG > 10. The approximate fanwodlthe steady-state
normalized current assuming positive feedback for finite condustitastrate together

with finite insulating glass thickness is:

1+ 1.564%_ + 1.1-31685/""/_2 + 0.491970]|/_3

1123 0.62639
1+ ﬂl/_ + /5|/_ ) )

The expression for the normalized current (assuming negatigdbdele) was based on

c
I+~ =

the equation obtained by Baetlal, for a RG=20 and L range 0.4-20 [52]:

INS_ 1 \

| 0.3554+ 2-025;{_ +0.6283X% ex;{- 2-5562%_)

[T

(2)

Fig. 11 shows the approaching curves obtained by SECM for the diffeaenples

analyzed. The sample of PES-1G shows a slight negative fde(thare is a decrease
in the normalized current as the microelectrode approachesutfaee of the fabrics).
The fabric is not completely coated with RGO and there @ zones that are not
coated, but the sample behaves mainly as a non-electmacéterial. The zones not
coated prevailed over coated zones and negative feedback wasdahihwmigh a pure
negative feedback model was not achieved for this reason. Whewrtiteer of RGO

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

feedback was obtained on the whole surface of the fabricsfiSamidifferences were
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not observed between 3, 5 and 10 RGO coatings, since similas alteedback were
achieved. In the SECM technique only the superficial coveohigbe fabric has an
effect on the electrochemical response obtained. In additimn,irtterconnection
between the different RGO sheets or fibers has no effettisicdse the substrate is not
polarized and operates at open circuit potential. On the other imaiig, conductivity
measurements by EIS, it is this interconnection that providesatiductive pathways
that allow the electrical flow.

When the PES fabric was treated with plasma and coated wikhaB8 one RGO
coating, the fabric presented positive feedback across the aindéee. This indicates
that the plasma and BSA coating improves the uniformity ottlaging; and with only
one RGO layer, a complete coverage of the surface ofatirec was achieved. The
creation of functional groups by plasma and the posterior conversionsef iegative
groups to positive groups by BSA helps to improve the uniformity otdaging. The
electroactivity obtained in this case was lower than the saof#&S coated with three
RGO layers. This could be due to the presence of more RG@gaggs (electroactive)

on the surface of the PES-3G sample.

3.6. Rubbing fastness tests

Rubbing fastness tests were performed in order to testebbamical resistance of the
RGO coatings against abrasion and to see whether there wagpm@vament in the

mechanical resistance with the plasma and BSA treatmentsdinples in this case
were analyzed with FESEM and no extra coating was applied oanifges. The RGO

coating served as conductive material. Taking advantage obithetion, the zones

where the coating was removed could be easily identified agndones due to the

accumulation of electrons in non-conductive zones. Fig. 12-a, b #WwESEM
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micrographs for the sample of PES-plasma-BSA-1G prior to pemfgrrfie rubbing
fastness test. All the fibers were coated with RGO aagtbhsence of RGO aggregates
could also be observed (Fig. 12-b). When the rubbing test was pedforhier zones
could be observed, which indicated the removal of the RGO coatihgse zones (Fig.
12-c, d). The RGO aggregates were also removed from theceuwf the fibers due to
friction (as can be seen in Fig. 12-d). However, the dedgoadef the coating was not
very high when compared to the PES-5G sample after performimglibeng fastness
test (Fig. 12-e, f). In this case, the appearance of whitges due to the removal of the
RGO coating was evident and extensive (Fig. 12-e). The diziipa of the coating
could also be observed with higher magnification (Fig. 12-f),délamination of the
RGO coating could be easily observed. The plasma and BSA&eatmproves the
adhesion of the RGO layers due to an improvement in the interastoas foetween the
fibers and coating. The influence of the chemical modificaivas observed with the
fabrics obtained after plasma/BSA treatment. The compahbstmeen the resistance
values of the PES-plasma-BSA-1G fabric and the PES-1Gcfabawed a value of |Z|
of 73Q and 20967 K, 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 in@dasoughness) that
enabled an increase in the contact area between PES and R@€ deehave less
influence than the chemical modification. The physical modificainfluence was
observed after chemically reducing a plasma treated fabrarder to eliminate the
functional groups that did not allow the assembly of GO. The valuesi$tance
obtained for the PES-plasma-reduced-1G fabric was 4B0Ovk 21000 R for the

untreated plasma PES-1G fabric, which was a 46-fold impremém
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Clearly, the chemical modification prevails over the physiadification in enhancing
the adhesion and uniformity of the coating.

Electrical measurements showed in both cases an increabe iresistance of the
fabrics of 7.5 % and 11 % for PES-5G and PES-plasma-BSA-1@gatbgely. There
was little difference between the sample treated witmmasnd BSA and the untreated
sample. The explanation for this fact is that the degradasoproduced on the
uppermost part of the fibers. The other parts of the fiberstdl coated with RGO and
allow electrical conduction [30].

The fabrics obtained could be employed as antistatic mat¢?ih|s22] and also as
support materials for depositing other materials such as agibgs:

* Pt nanoparticles for electrocatalysis to exploit the high sardaea of the RGO
and fabric with application for fuel cells [53, 54].

e Ti nanopatrticles for photocatalysis. Self-cleaning textileseHasen reported in
the bibliography [55]. The combination of TiCGand graphene derivatives
enhances photocatalytical activity due to an increased recoiobintmne
between electron and holes [56, 57]. The combination of @it graphene
derivatives has not been applied on fabrics to the best of our kn@awlédg
addition it could be a good way to support the photocatalyst.

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

study performance for electrochemical and photocatalytic systems

4. Conclusions
A plasma technigue has been used to increase the surface adiesoiuced graphene

oxide (RGO) on polyester (PES) fabrics. Polyester fabricse werated with an
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atmospheric plasma (dielectric barrier discharge) withegifit plasma dosages. The
surface energy (measured by contact angle measurements) aswféoe roughness
(measured by atomic force microscopy or AFM) increased withptaema dosage
applied until there was a stabilization with a plasma dos&§600 W-min- . Higher
plasma dosages only produced an increase in energy consumption.

The plasma treatment generated negative charges on theesaff RES, hence the self-
assembly of GO on plasma treated PES fabrics was impossiblethede conditions
since GO also presents negative charges. For this reasomteamediate coating
between GO and PES was employed to generate positive clargies surface of the
fabric and allow the assembly of GO. The coating used for this purpas the protein
bovine serum albumin (BSA).

Scanning electron microscopy (SEM) showed the formation of R@Gfings on the
surface of PES fibers. The plasma treatment and BSA cqatitlyiced an increase in
the coating level on the fabrics when compared with untreatedcdalxFM also
showed the deposition of RGO on the surface of plasma trizditecs.

The electrical resistance of the fabrics was measuiied etectrochemical impedance
spectroscopy (EIS). The treatment of the fabrics with plaanmth BSA produced a
decrease in the resistance of the fabrics due to an incredise coating level of the
fabrics. With only one RGO coating, values of resistancdasitia the untreated sample
of PES coated with five RGO coatings were obtained. The plasatnent decreased
the number of coatings needed to achieve similar valuegeofrical resistance. This
enables a reduced processing time and also a saving in ch@nudatts and water.
This would justify the application of the plasma/BSA tresttin

The electroactivity of conductive fabrics was measured va#mi@ing electrochemical

microscopy (SECM) using approaching curves. The treatment wiimplaand BSA
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improved the electroactivity of the fabrics with the applicabbewer RGO coatings
due to an improved surface coverage.

Mechanical resistance of the coatings was tested by meamsbifig fastness tests. The
plasma treatment and BSA coating increased the adhesion of RiB®durface of PES

fibers as FESEM micrographs have shown.
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Figure captions

Fig. 1. Dynamic contact angle measurements for untreated pmlyalstics and plasma

treated polyester fabric with a dosage of 500 W- mifn-m

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

W-min-m? (b) 500 W-min-m, (c) 3000 W-min-m, (d) 7500 W- min-A.

Fig. 3. AFM 2D representation of polyester treated with diffiéplasma dosages: (a) 0
W-min-m? (b) 500 W-min-m, (c) 3000 W-min- A, (d) 7500 W-min-f. () Section

roughness profiles of the 2D representations shown.
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Fig. 4. SEM micrographs of (a) PES-1G (x1000), (b) PES-3G (x1{OPPES-5G

(x1000) and (d) PES-10G (x1000).

Fig. 5. SEM micrographs of PES treated with plasma 3000 W- Mianu coated with

BSA and RGO (a) (x2000), (b) (x3500).

Fig. 6. AFM analysis of polyester treated with plasma (3000 W mif) and coated
with BSA and one layer of RGO. (a) 3D representation, (b) 3esentation, (c)

section roughness profile shown in (b).

Fig. 7. Bode plots for PES coated with a different number of RGalings (1, 3, 5 and
10). Samples of PES and PES-GO are also shown as refefeamogles located

between two metallic conductors. Frequency range frohiitQo 102 Hz.

Fig. 8. Bode plots for PES treated with different plasma daesés®, 3000, and 7500
W-min-m? and coated with one layer of RGO. PES treated with plasfao(
W-min-m? and reduced chemically and coated with one layer of RGO, and an
untreated PES coated with one layer RGO are also shown for d¢sompa®amples

located between two metallic conductors. Frequency range 6 Hz to 102 Hz.

Fig. 9. Bode plots for PES treated with plasma (3000 W- mfipwithout RGO coating
and PES treated with the plasma (3000 W-mif-and coated with BSA at different
pH (4, 7, 10) and coated with one layer of RGO. Samples locateddietwo metallic

conductors. Frequency range fronT Hx to 10 Hz.
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Fig. 10. Cyclic voltammogram obtained with a 100 um diameter BENStip in

KsFe(CN) 0.01 M and 0.1 M KClI solution; scan rate 50 mV.: s

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

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

positive feedback modelA]. Obtained with a 100 um diameter Pt SECM-tip in

KsFe(CN)} 0.01 M and 0.1 M KCI. The tip potential was 0 mV (vs. Ag/Agé&nd the

approaching rate was 10 prt:s

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

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

Table captions

Table 1. Conditions and plasma dosages applied to polyester fabrics

Table 2. Values of contact angles (°) (water, glycerol polglethylene glycol) and

surface energy values (mJ?nfor PES treated with different plasma dosages.

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

Polyester (PES) fabrics were treated with plasma toreehthe adhesion of reduced
graphene oxide (RGO) and produce conductive fabrics. The surface enetigy of
plasma treated fabrics was measured using contact angle ereasts and showed a
stabilization of this parameter with plasma dosages of 3000 Mhthi The surface
roughness measured by atomic force microscopy (AFM) also showtbibzation
with the same plasma dosage value. The plasma treatmentdnuegative charges on
the surface of the fibers and graphene oxide (GO) also prdsesdative charges — and
so deposition of GO on the surface of the PES fibers was nobleo$3or this reason,
bovine serum albumin (BSA) was employed as an intermediate coaéihgcquired a
positive charge and enabled the self-assembly of GO on plasatad PES fibers.
Electrochemical impedance spectroscopy (EIS) was employ@easure the resistance
of the conductive fabrics. The plasma treatment and BSA caatprgved the coating

level of the samples and hence the conductivity of the faladssimproved with the
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application of fewer RGO layers. RGO adhesion on fabrics wadsmaproved as shown

in rubbing fastness tests.

Keywords:. dielectric barrier discharge (DBDadhesion, polyester, reduced graphene

oxide, conductive fabrics.
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1. Introduction

In the field of textiles there is increasing interest in theetigment of fabrics with new
properties such as: flame resistance [1]; self-cleaning tf§rmal regulation [3];
electrical conduction [4]; or even catalysis [5]. Among these pitiege electrical
conductivity has attracted particular attention. Conductive falman be employed for
the production of smart textiles with the integration of sensorsarious electronic
devices [6, 7]. Various approaches can be used to produce condubiiis. f&or
instance, the use of metallic fibers inserted in the ddtms been reported; however, the
continuous bending and stretching that take place in fabrics produsleates in the
fibers [4]. This is why other approaches have been investigdteda:xtrusion of fibers
with conductive particles such as carbon derivatives [8], osyhthesis of conducting

polymer films on the fabrics [9-11].



The discovery of graphene and its derivatives has opened a new the field of
physics and materials science [12]. The outstanding opticakraiex; thermal and
mechanical properties shown by this material have created tatipes regarding
various possible applications [12-19]. Different methods have beytoged for the
production of graphene and its derivatives [18-20]. Mechanicaliatibn of graphite
crystals was the first method reported by Novoseloal. [12]. Although the quality of
graphene produced in this way is excellent; the quantity of grapheheahabe
obtained is minimal and can only be used for fundamental studies.isTwhy other
methods such as chemical vapor deposition or chemical methods hawe be
continuously developed in response to the increasing demand for mgapiaterials.
Chemical methods have been proposed as a cheaper alternative thnbigher
production capacity than chemical vapor deposition. One of thedeodseis the
production of graphene oxide (GO) by the oxidation of graphite. The cxidafi
graphite allows the exfoliation of graphene oxide layers. Howeveeduction step is
necessary to convert the insulating GO into conducting reduced graptidag RGO)
[20].

Regarding the application of graphene and derivatives to produce deadiadirics,
the most widely employed method has been the adsorption of GO fabtiveor fibers
and its posterior reduction to produce RGO [21-28]. Graphene oxidetsshee
adsorbed on the surface of the fabrics due to the attractieesfbetween the oxidized
groups of GO and the functional groups of the fabrics. The direct deposit
graphene on fabrics has also been reported betval [29]. In the present paper the
adsorption/reduction strategy has been employed to produce RGO coatestgroly
fabrics. Plasma techniques have been widely used to incteasadhesion between

different materials, including polymers [30]. Plasma treatnpeoduces reactive groups



and radicals on the surface of treated fabrics. In the cgsayaster, plasma treatment
can oxidize the polyester surface by breaking the ester bondseatichgradicals [31].
These radicals are able to react with the plasma gasagedeand create hydroxyl,
carbonyl, and carboxyl groups. These polar groups form dipolar interactiamsier
Waals forces or hydrogen bonds between the fabric and the cah&ngpy increasing
the adhesion of the coating to the surface of the fabric [30,823ddition to the
creation of functional groups, an increase in roughness on the eswffabe fabrics
takes place due to the removal of material. The roughercsualéows a better contact
between the fibers and the coating and enhances its adhesion [30h&Tlovelty of
the paper is the increase in the adhesion of RGO sheetssarthee of the fabrics after
applying a plasma technique. The plasma treatment was combitied lovine serum
albumin (BSA) intermediate layer that converted the negativarges generated by
plasma treatment on the fabric surface into positive chatigiesallowed self-assembly
with GO sheets that possess a negative charge before theaedodRRGO. The effect
of this treatment on the electrical resistance of the neadifabrics will also be
explored.

There are various plasma methods available. In the presentwedrave used dielectric
barrier discharge (DBD). This technique is a type of coldnmagenerated by an
electric discharge in atmospheric conditions. Electrical digghtakes place between
two electrodes separated by a small gap where the fabcmnthuously treated at a
controlled speed. Fabric modification by plasma methods has ttamtade that no
water or other chemical products are needed. The low tetuperaroduced by DBD

also allows little deterioration of organic samples [33].



2. Experimental

2.1. Reagents and materials

All the reagents used were of analytical grade.

For the synthesis: monolayer graphene oxide (GO) powders werereacdtmm
Nanoinnova Technologies SL (Spain); sodium dithionite;®@,) was acquired from
Merck; and bovine serum albumin (BSA) was acquired from Sigraaich. The
polyester fabric characteristics were: fabric surfaceitleri0 g-nif; warp threads per
cm, 55; weft threads per cm, Zthese are specific terms used in the textile industry and
their meaning can be consulted in a textile glossary [34].

For the characterization: sulphuric acid,84%) and potassium chloride (KCI) were
purchased from Merck. 4ke (CN} 99% was used as received from @xOrganics.
When needed, solutions were deoxygenated by bubbling nitrogepréihier X50S).
Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q¥antage A10 system

with a resistivity of nearly 18.2 K-cm.

2.2. Dielectric barrier discharge (DBD) treatment

Plasma treatment of polyester was carried out at atmospiressure with the dielectric
barrier discharge modality (DBD) (Softal/University of Minhdguated prototype) [35].
The laboratorial prototype machine used in this work has a widt0otm and
consisted of the following components: a metallic electrodeedoaith ceramic; a
metallic counter electrode coated with silicone; an elegiimerator and a high tension
transformer. The velocity (v) and power (P) are variable andativéc passed through

the electrodes continuously. The plasma dosage was defined éguhtion (1) [35]:

dosage= NP (1)
V-W



Where: N (number of passages); P (power, W); v (velogitynin™); and w (width, 0.5
m). For the treatment of polyester fabrics, velocity and pavese maintained constant
and the number of passages was varied. Table 1 shows the aumnditeated for the

treatments.

2.3. Contact angle measurements
For measuring the contact angles of the water drops in untraateglasma treated
polyester fabrics we used Goniometer Dataphysics equipment@Adaitware with a
video system for the caption of images in static and dynamiesa@dddrop of 5 ul of
distilled water was placed on the fabric surface with a mieratyringe and observed
with a special CCD camera. At least ten measuremediffeaent places were taken for
each fabric. The camera takes an image every 0.04 sec.
To calculate the surface energy &nd its poIam(P) and dispersive component/?Xthe
Wu method (harmonic-mean) was used [36]. The surface engrigyqonsidered to be
composed of polar and dispersive components. In particular, the qmiponent
results from three different intermolecular forces due to pezntaand induced dipoles
and hydrogen bonding, whereas the dispersion (non-polar) component is due to
instantaneous dipole moments. For polar solids or liquids, theytadah sum of the
always-existing London dispersion forceg)(with intermolecular interactions that
depend on the chemical nature of the material, compilgdlasforcesxp):

y=v"+v" (2
The polar and dispersive components of the surface enﬁgandyp, respectively)

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

Ysi=Yst Vi —

)/sDYl YsVl ]()
ey V +vf



Three liquids with known surface energy and surface energy componengtsised in
this study to calculate the surface energy components of hhesfadistilled watery
72.8;yP: 29.1:y": 43.7); polyethylene glycol 200 (PEG) é3.5;y": 29.9;y"™ 13.6); and

glycerol §: 63.4:y°: 37.4:y": 26.0). The units used are m¥m

2.4. Synthesis of reduced graphene oxide on polyester fabrics

Polyester fabrics were coated with reduced graphene oxide (B@{gr to Fugetset

al. [26]. A 3 g > GO solution was obtained sonicating GO monolayer powders in an
ultrasound bath for 60 min. The first stage of the synthesis araied out by putting
the GO solution in contact with the fabric to allow the adsorptioB@fsheets on the
surface of the fabrics. This stage lasted 60 minutes. Toricgawith GO were then
dried for 24 h under ambient conditions. The second stage of the synilaesthe
reduction of GO to RGO. Fabrics coated with GO were plase8G min in a solution
containing the reducer (50 mM p&O,) at approximately 90° C. Samples with a
different number of RGO coatings (1 to 10) were obtained (PE$Se1B8ES-10G)
repeating the procedure mentioned above. The samples treated asitiplvere also
coated with RGO following the same procedure. The plasnantest generates
negative charges on the surface of the fabrics, GO alsonsesgative charges so the
deposition of GO on the fabrics is not possible under these conditmmthig reason,
bovine serum albumin (BSA) was employed as an intermediatengaagiit acquires a
positive charge and allows the deposition of GO on the surfaite dabrics. A 0.5 %
weight aqueous BSA solution [25] prepared at room temperatureny@syed to coat
the plasma treated PES samples. Fabrics were placed irctcaitta the solution at
room temperature for 15 minutes with magnetic stirring. TliEgedhey were removed

from the solution and washed with water to eliminate tha B&ess.



2.5. Scanning electron microscopy (SEM) and field emission scangleciron
microscopy (FESEM)

A Jeol JSM-6300 scanning electron microscope was used to obsemertiteology of
the samples using an acceleration voltage of 20 kV. Samplesceated with Au using
a Sputter Coater Bal-Tec SCD 005. A Zeiss Ultra 55 FESHEM wsed to observe the
morphology of samples submitted to rubbing fastness tests usinged@ration voltage

of 3 kV.

2.6. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to determine surfagmography and
roughness of the different samples. AFM analyses were perfomitieda multimode
AFM microscope with a Nanoscope® llla ADCS controller (Veecstridlogy Group).
A monolithic silicon cantilever (FESP, tip radius 8 nm, BrukéVAprobes) with a
constant force of 2.8 N/m and a resonance frequency of 75 kHz wdgaisvork on

tapping mode. Roughness was evaluated from the analysis etctiens

2.7. Electrochemical impedance spectroscopy measurements

An Autolab PGSTAT302 potentiostat/galvanostat was used to perfoBraialyses.
EIS measurements were performed in the ¥ Hz frequency range. The amplitude
of the sinusoidal voltage used was + 10 mV. Measurements @&atedcout in a two-
electrode arrangement, where the sample was located dmettwe round copper

electrodes (A = 1.33 cin

2.8. Rubbing fastness tests



Rubbing fastness tests were performed to quantify the resisiatiee RGO coatings to
physical action. Rubbing fastness tests of RGO coated falwacs performed as
explained in the norm ISO 105-X12:2001. Each sample was abraded agmtost
abrasive fabric for ten cycles. The change in the resistahcthe fabrics after
performing the rubbing fastness tests was measured using daBaldgtal Multimeter
(DM-311). Ten measurements were averaged for each sampjeexhdtield emission
scanning electron microscopy (FESEM) was also used to obsem®thbology of the

conductive fabrics before and after performing the rubbing festiests.

2.9. Scanning electrochemical microscopy (SECM)

SECM measurements were carried out with a scanning elbetrocal microscope
(Sensolytics). A three-electrode configuration cell consisbihg 100pm-diameter Pt

microelectrode, a Pt wire auxiliary electrode, and an AGIA@ M KCI) reference

electrode. Measurements were performed uFe{CN} 0.01 M and 0.1 M KCI

(supporting electrolyte). All the experiments were carried auan inert nitrogen

atmosphere. The substrates were samples (0.5 x F)5cemfrom different fabrics

(PES, PES-1G, PES-3G, PES-5G, PES-10G, PES-plasma-BSAFhE€3e samples
were glued to microscope slides with epoxy resin. The miawete operated at a
potential of 0 V, at which the oxidized form of the redox medi&®x) is reduced

(Red) at a diffusion controlled rate. Approaching curves were obtéyeecording the

tip reduction current as the Pt microelectrode tip was movedeantdin z. Approaching
curves give an indication of the electroactivity of the swfathese curves were
compared to the theoretical curves (positive and negative delkedimodels). The

substrate surfaces for all the measurements were abgwegircircuit potential (OCP).



3. Resultsand discussion

3.1.Contact angle measurements and surface energy

Plasma technique was employed to modify the hydrophilicity of thrcfay increasing
the plasma dosage applied (W-mif)mTable 2 shows the static contact angle (°)
obtained on the surface of plasma treated polyester fabrics/avithus liquids (water,
glycerol and polyethylene glycol). The surface energy (fM))-was also calculated
using the Wu method [36]. Untreated polyester fabric presented actangle of 130°
when measured with water. With the plasma treatment; thasea decrease of the
contact angle due to the increasing hydrophilicity of the plasesett fabrics. The
plasma treatment created polar groups on the surface of the, fdoe to the
incorporation of O and N from the air since DBD uses air asligakarge [30]. Firstly,
the plasma treatment creates radicals on the surface y#spei fabrics due to the
rupture of ester bonds [31]. These radicals react with the plgasaenerated and
produce polar groups such as C-O, C=0, C=HNGnd N-C-O [30]. These polar
groups allow the formation of dipolar interactions, van der Waalesomr hydrogen
bonds between the fabric and the coating, thereby increasing trecedbiethe coating
to the surface of the fabric [30]. The functional groups createdprone to suffer an
ageing process due to the reorganization of the surface polar ghaigend to bury
themselves below the surface [37, 38]. This is why BSA and® RGatings were
subsequently applied to avoid the loss of efficiency of thenpdatreatment.

As can be seen in Table 2, there is a stabilization ofdhtact angles as well as the
surface energy for a plasma dosage of 3000 W-rfinHigher plasma dosages produce
little variation in these properties but increase energgsemption. There is an

equilibrium between the creation of functional groups and removahéyptasma
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application, it should be taken into account that the plasma appiigaroduces the
elimination of material from the substrate surface. Atcextain plasma dosage
(depending on the type of plasma, conditions, and substrate) equilitsriaohieved
and higher plasma dosages do not produce an increase in functional growgs nor
increase in roughness. This is why the plasma dosage of 30001 Wi“mvas selected

as the optimum plasma dosage to treat the polyesterdabric

The plasma treatment also produces the removal of greasemtathnation from the
surface of the fabric. The presence of grease tends ®as&the contact angle value
and its removal produces a cleaning of the fabric surfacethensubsequent decrease
of the contact angle [39]. The measurement of the contact anfgbrics is somehow
limited due to its irregular and porous nature. This is why atleasurements such as
the dynamic contact angle are usually employed as an indicatweet@bility [39].

Fig. 1 shows the dynamic contact angle (°) obtained for the wedrP&S fabric and the
PES fabric treated with 500 W-min‘nplasma dosage. The other samples are not
shown since the absorption process was very rapid and only thecstatiact angle
could be obtained. The dynamic contact angle gives an indicatithe efettability of

the surface. The initial value of the dynamic contact aogteesponds to the value of
the static contact angle — the water drop then begins to be athstbbeontact angle is
progressively reduced, and the drop is finally totally absorbedaAde seen, there is
an improvement in the wettability with the plasma treaiitn This improvement has

been attributed to the creation of polar groups and micropofd§i¥2].

3.2. Atomic force microscopy (AFM) of plasma treated fabrics
Atomic force microscopy (AFM) was used to observe the serfmpography of

untreated and plasma treated PES samples. SEM has imsuffiertical resolution to
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observe the change in the roughness caused by the plasma tredtimentvhy AFM
was employed for this purpose [30]. Another advantage, when comigated SEM
technique, is that the samples are not coated with Au or C amdisheo addition of
material to the samples. Fig. 2 shows the AFM 3D reprasens of PES fibers treated
with different plasma dosages (0, 500, 3000 and 7500 W-ifjnfiy. 2-a shows the
representation of untreated PES fiber; as can be seerbéhnasfiquite smooth with no
remarkable features. When the PES fibers were treatédamyiiasma dosage of 500
W-min-n (Fig. 2-b) there was an increase in the roughness of thesfibVith an
optimum plasma dosage of 3000 W-miR-(fig. 2-c) the roughness of the PES fibers
again increased. However, with the highest plasma dosage aff8ie@ W-min-rf)
there was no substantial increase in the surface roughnes2{#igvhen compared
with the 3000 W-min-iplasma dosage (Fig. 2-c). These results are in agreevitent
the surface energy values, which showed stabilization with a el@$8900 W-min-fh

as optimal.

Fig. 3 shows the AFM 2D representation of PES fibers treatdd different plasma
dosages (0, 500, 3000 and 7500 W-mif):nn the images, roughness has also been
obtained in the section represented by the white line in the 20egndge comparison
of the section roughness profiles with the plasma dosages ap@istdavn in Fig. 3-e.
Fig. 3-a shows the 2D representation of the untreated PES\Wen the PES fabrics
were treated with 500 W-min‘m(Fig. 3-b) there was an increase in roughness,
indicated by the presence of white spots in the image. Figucean8 3-d show the
representation of PES fabric treated with 3000 and 7500 W-fimespectively. Both
images are similar, which indicates similar levels of tmagsThis can also be seen in
the section roughness profiles in Fig. 3-e. The values of rougiRe¥ obtained for the

samples of PES treated with plasma dosages of 0, 500, 3000 and 7500 were:
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2.747; 8.497; 19.285; and 22.454 nm; respectively. These values cgdinm the

stabilization of the roughness with a plasma dosage of 300Gnvhf

3.3.  Scanning electron microscopy (SEM) and atomic force microscop)AfF
PES-RGO conductive fabrics

Scanning electron microscopy (SEM) was employed to observe théolagp of the
conductive fabrics. PES fabrics coated with a different numb&GO coatings were
obtained to compare the results with the samples treated \@gmaland coated with
BSA and RGO. Fig. 4-a shows the fabric coated with one R@&@ing. Some RGO
particles can be observed on the PES fibers. It is diffiouttbbserve the RGO sheets on
the surface of the fibers and only the wrinkles of the RGOtsHedp to locate them
[21,22]. When the number of RGO coatings applied increased (Bigh&ws the fabric
coated with three RGO coatings), the presence of more RGi0lgmivas observed. In
Fig. 4-c the fabric coated with five RGO coatings is showrthis image one RGO
sheet can be observed in the center of the image connectingpesm fThe RGO sheet
is approximately 25 um x 25 pm. In this case, there was a stiblstaorease in the
level of coating represented by an increase in the numbertafigm observed. In Fig.
4-d a fabric coated with ten RGO layers is shown and an sereahe RGO coating
was observed. In general, there was an increase in theofeax@dting of the fibers with
an increasing number of RGO coatings.

Fig. 5 shows various micrographs of PES treated with plasma (30®@n\W) and
coated with BSA and one RGO layer. By observing the figitresn be seen that the
fabrics have been coated with RGO.

Atomic force microscopy was also employed to characterizeahwple of PES treated

with plasma 3000 W-min-fnand 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 imagdheofPES fabric
treated with 3000 W-min-m (Fig. 2-c and Fig. 3-c), a substantial change in the
roughness of the sample can be seen. The roughness produced lagrtiee tpbatment

is no longer observed since BSA and RGO are deposited on the sairfaediber. The
typical morphology of RGO sheets with its wrinkles [21, 22, 48] be observed in the
3D and 2D AFM representations. The section roughness profileistadsvn in Fig. 6-

c, and as can be seen, the roughness was substantially reducezbmbpaned with the

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

3.4.Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to metmsurelectrical
properties of the different conducting fabrics. EIS enablemdesurement of electrical
resistance and in addition the phase angle; which gives an indicatiadheo
conducting/insulating behavior of the fabrics [10, 11, 21, 22]. Takleo@/s the values
of impedance modulus |Z| obtained for the different fabrics @athtents applied. Fig.

7 shows the Bode plots for the characterization of conducting $abfi®ES coated
with a different number of RGO layers (1, 3, 5, 10). The dtaraation of PES fabric
and PES coated with GO is also shown as a reference.-gigh@ws the plot of the
impedance modulus |Z| vs. the frequency (Hz). PES fabric neesevalues of
impedance modulus |Z| higher thart1Q. When PES was coated with GO, there was
no substantial variation in the value of |Z|. GO is an etedlyi insulating material
because of the disruptec’structure due to the presence of oxidized groups [41]. When
GO was chemically reduced to RGO, there was a decreasmwid five orders of
magnitude in the impedance modulus. This decrease of |Zhisdeb the reduction of

functional groups and the partial restoration of the graphénstrsisture [44-46]. There
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was a gradual decrease of |Z| when more RGO layers wpliedato the fabric. The
values of impedance modulus obtained were: 21@D01K5Q, 87 Q and 9Q for PES-
1G, PES-3G, PES-5G and PES-10G samples, respectively. Tagoveof |Z| with the
numbers of coatings can be correlated with the higher coatinigdeiveved with more
RGO coatings — as SEM micrographs have shown (Fig. 4).

Fig. 7-b shows the representation of the -phase angle vs. thefiey. PES and PES-
GO present values of -phase angle near to 90°, this value edlitatt these fabrics
behave like a capacitor and hence are insulating materiasdath for low frequencies
is not shown since noise was observed due to the large values \6fhth GO was
reduced to RGO, the -phase angle changed to 0° in the low frggegnon (<10 Hz).
However, in the high frequency region {4 Hz) the values of -phase angle varied
from 90° to 0°. When more RGO layers were applied, thesephagle was 0° in the
entire frequency range. This value of -phase angle indicatesisdive behavior of the
material which is typical of conducting materials.

Fig. 8 shows the electrical characterization of PES falrézged with various plasma
dosages (500, 3000 and 7500 W-mifimnd coated with one RGO layer. As can be
seen, all the fabrics present similar behavior to untreiE®l The value of impedance
modulus |Z| for low frequencies was around*1® (Fig. 8-a). The explanation for this
fact is that the plasma treatment creates negativgehalue to the functional groups
created on the surface of the polyester fabric [47]. DBOrtreat produced an increase
in the O and N content due to their incorporation in functional greupk as C-O,
C=0, C=N, &N and N-C-0O [30]. GO also presented negative charges [2504Bre
is a repulsion between GO and the surface of the plasmadre&iS. The assembly of
GO sheets on the surface is not possible and the materiahtsres® insulating

behavior. The -phase angle also gives an indication of the camglircsulating nature
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of the surface (Fig. 8-b). All the fabrics presented 90° agphindicating a capacitive
behavior which is typical of insulating materials.

In another experiment, the fabrics treated with differentnmdadosages were reduced
with a 50 mM solution of N&5,0,4 to eliminate the oxidized groups from the surface of
the polyester fibers. In Fig. 8, the PES fabric treated witflasma dosage of 3000
W-min-n?, and reduced and coated with one RGO layer is shown as an ex@hwle.
untreated PES coated with one RGO layer is also shown for coompafis can be
seen, when plasma treated PES (3000 W-rffinwas chemically reduced, the negative
charges of the surface were removed and the assembly of G® teyéne surface of
the fabric was again possible. The value of impedance modyluwbtained for the
mentioned sample is 46 times lower than that for untreated B&8dcwith one RGO
layer (460 K vs. 21000 R). The explanation for this fact could be the roughness
created on the surface of PES fibers due to the plasmaémtatas observed by AFM).
The roughness of the fibers increases the fixation points of ®&%dfibers, increasing
the coating level of the fibers and hence diminishing tleetetal resistance of the
fabrics. A similar trend was observed with the -phase ariglp 8-b) The sample
treated with plasma, chemically reduced and coated with R@Septed phase angle
values lower than the untreated sample of PES coated with iR@e high frequency
range (16-10° Hz). For frequencies lower than 10 Hz, the -phase angle was 98th
samples.

To produce the assembly of GO sheets on the surface of the plesated PES,
positive charges should be created on the surface of PESedte tne positive charges,
an agueous solution of bovine serum albumin (BSA) was used [25].i8&4orotein
obtained from blood [49]. The fabrics were put in contact with a%0.weight BSA

aqueous solution for 15 min to allow the adsorption of BSA. The BSAngpatas
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applied at different pH (4, 7, 10) on PES fabrics to observe thhaeirde of this
parameter. The pH of the BSA solution was adjusted with Na@HHCI solutions.
After this process, the fabrics were rinsed with water nooke the BSA excess. The
modified BSA-PES textiles were then coated with RGO followirggrocedure shown
in Section 2.4. Fig. 9 shows the electrical characterizatidal8yf the PES-BSA-RGO
fabrics. The values of impedance modulus obtained wefg 356, 323C, for pH 7,

4 and 10, respectively. This indicates that the optimal pkbad the fabrics with RGO

is neutral pH. With the plasma treatment, a BSA coating aedRBO coating, the
value of |Z| achieved was similar to the value obtained foeat®d PES coated with
five RGO layers (732 vs. 86.8Q, respectively). The plasma treatment and BSA
coating increases the coating level of RGO on the fabric sfamvn by SEM
micrographs). A decrease in the electrical resistan¢keotonducting fabrics was also
observed. To compare results, another PES fabric was coateB$#ttand one RGO
coating without applying the plasma treatment. The value of impedarcikilus
obtained was 308 (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 t@aed by means of the
SECM technique using approaching curves. To record these curvesictbelectrode
was polarized at a potential (0 V) with which the oxidized famthe redox mediator
(Ox) is reduced (Red) on the microelectrode surface at a diffusintrolled rate (Fig.
10). The measured current is defined .asi4-n-F-D-C-a, where n is the number of
electrons, F is the Faraday constant, D is the diffusion camffi C is the bulk

concentration of the redox mediator, and a is the radius of itr@etectrode tip. In
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approaching curves, the normalized current registered at the@eheicirode (1) is
represented vs. the normalized distance (L). The normdakzerent is defined as
follows: 1= i/i, where “i" is the current measured at the UME tip and the diffusion
current defined above. The normalized current depends on RG (RG¥Regl®e Rg is
the radius of the insulating glass surrounding the Pt tip oifusath”) and the
normalized distance L; where L=d/a (d is the microelectsadistrate separation). The
RG of the microelectrode used in this work was>RgD.

Various situations can arise depending on the electroactiithe substrates and the
distance between the microelectrode and the substrate:

* When the microelectrode is sufficiently far from the substréte measured
current corresponds to the diffusion currep}. (i

< When the substrate is non-conductive, as the microelectrode apgsothe
substrate there is a hindrance to the diffusion of Ox species.ufaees of the
fabric is unable to regenerate (oxidize) the reduced form ofetex mediator
(Red), hence there is a decrease in the reduction curreghtaurface of the
microelectrode, isi. This situation is known as negative feedback [50].

e Conversely, if the substrate is conductive, when the micrpetkr approaches
the surface, there is an increase of the oxidized redox speci€®©x) since the
surface potential is able to regenerate (oxidize) the redox toedldis causes
an increase in the current measured at the microelectreide, This case is
known as positive feedback [50].

Experimental data was compared with theoretical approachingsctovgositive and
negative feedback models, according to equations 1 and 2. Accoodit@jendraret
al. [51], Pade’s approximation gives a close and simple equation wglrééative error

for all distances and valid for RG > 10. The approximate forrolildne steady-state
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normalized current assuming positive feedback for finite condustibstrate together

with finite insulating glass thickness is:

1+ 1.5647L + 1.31685/f|/_2 + 0.49197%3

1.123 0.62639
1+ %_ + /gl_ ) o

The expression for the normalized current (assuming negatigdbdele) was based on

c
I+ =

the equation obtained by Baetlal, for a RG=20 and L range 0.4-20 [52]:

INS_ 1 \

| 0.3554+ 2025}"/_ +0.6283% exp{‘ 2-5562/7{_)

[T

(2)

Fig. 11 shows the approaching curves obtained by SECM for the diffeaenples
analyzed. The sample of PES-1G shows a slight negative féefthae is a decrease
in the normalized current as the microelectrode approachesutfaee of the fabrics).
The fabric is not completely coated with RGO and there k@ zones that are not
coated, but the sample behaves mainly as a non-eleckmactterial. The zones not
coated prevailed over coated zones and negative feedback wasdahihmigh a pure
negative feedback model was not achieved for this reason. Whewrtiteer of RGO
layers increased there was a better coverage of theceuof the fabric and positive
feedback was obtained on the whole surface of the fabricsfiGagnidifferences were
not observed between 3, 5 and 10 RGO coatings, since similas \alteedback were
achieved. In the SECM technique only the superficial coveahigbe fabric has an
effect on the electrochemical response obtained. In additien,irtterconnection
between the different RGO sheets or fibers has no effettisicdse the substrate is not
polarized and operates at open circuit potential. On the other inatieé conductivity
measurements by EIS, it is this interconnection that proviiesdnductive pathways

that allow the electrical flow.
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When the PES fabric was treated with plasma and coated wikhad8 one RGO
coating, the fabric presented positive feedback across the whitdees This indicates
that the plasma and BSA coating improves the uniformity of dladireg; and with only
one RGO layer, a complete coverage of the surface ofatirec was achieved. The
creation of functional groups by plasma and the posterior conversionsef tiegative
groups to positive groups by BSA helps to improve the uniformity otdla¢ing. The
electroactivity obtained in this case was lower than the saof#&S coated with three
RGO layers. This could be due to the presence of more RG@gaggs (electroactive)

on the surface of the PES-3G sample.

3.6. Rubbing fastness tests

Rubbing fastness tests were performed in order to testdbbamical resistance of the
RGO coatings against abrasion and to see whether there wagpm@vament in the
mechanical resistance with the plasma and BSA treatmést.sdimples in this case
were analyzed with FESEM and no extra coating was applied oantdes. The RGO
coating served as conductive material. Taking advantage osithation, the zones
where the coating was removed could be easily identified a&m#tones due to the
accumulation of electrons in non-conductive zones. Fig. 12-a, b #mWwESEM
micrographs for the sample of PES-plasma-BSA-1G prior to penfigriiie rubbing
fastness test. All the fibers were coated with RGO aagtbhsence of RGO aggregates
could also be observed (Fig. 12-b). When the rubbing test was pedforhier zones
could be observed, which indicated the removal of the RGO coatihgse zones (Fig.
12-c, d). The RGO aggregates were also removed from thecswf the fibers due to
friction (as can be seen in Fig. 12-d). However, the detoadef the coating was not

very high when compared to the PES-5G sample after performimglibeng fastness
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test (Fig. 12-e, f). In this case, the appearance of whitges due to the removal of the
RGO coating was evident and extensive (Fig. 12-e). Theadation of the coating
could also be observed with higher magnification (Fig. 12-f),délamination of the
RGO coating could be easily observed. The plasma and BSaé&eatmproves the
adhesion of the RGO layers due to an improvement in the interasteesfbetween the
fibers and coating. The influence of the chemical modificatvas observed with the
fabrics obtained after plasma/BSA treatment. The compabsbtmeen the resistance
values of the PES-plasma-BSA-1G fabric and the PES-1CGcfabowed a value of |Z]
of 73Q and 20967 K, 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 in@dasoughness) that
enabled an increase in the contact area between PES and R@€&W deehave less
influence than the chemical modification. The physical modificainfluence was
observed after chemically reducing a plasma treated fabrarder to eliminate the
functional groups that did not allow the assembly of GO. The valueesi$tance
obtained for the PES-plasma-reduced-1G fabric was 4B0vk 21000 R for the
untreated plasma PES-1G fabric, which was a 46-fold impremem

Clearly, the chemical modification prevails over the physiadification in enhancing
the adhesion and uniformity of the coating.

Electrical measurements showed in both cases an increabe iresistance of the
fabrics of 7.5 % and 11 % for PES-5G and PES-plasma-BSA-1@gatbgely. There
was little difference between the sample treated withmasnd BSA and the untreated
sample. The explanation for this fact is that the degradasoproduced on the
uppermost part of the fibers. The other parts of the fiberstdl coated with RGO and

allow electrical conduction [30].
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The fabrics obtained could be employed as antistatic mat¢?ih|s22] and also as
support materials for depositing other materials such as agibgs:

¢ Pt nanopatrticles for electrocatalysis to exploit the high seirdaea of the RGO
and fabric with application for fuel cells [53, 54].

« Ti nanopatrticles for photocatalysis. Self-cleaning textileseHasen reported in
the bibliography [55]. The combination of TiCand graphene derivatives
enhances photocatalytical activity due to an increased recomhintme
between electron and holes [56, 57]. The combination of @@ graphene
derivatives has not been applied on fabrics to the best of our knawledg
addition it could be a good way to support the photocatalyst.

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

study performance for electrochemical and photocatalytic systems

4. Conclusions

A plasma technigue has been used to increase the surface adiesoiuced graphene
oxide (RGO) on polyester (PES) fabrics. Polyester fabricse werated with an
atmospheric plasma (dielectric barrier discharge) withegifit plasma dosages. The
surface energy (measured by contact angle measurements) asufd#oe roughness
(measured by atomic force microscopy or AFM) increased withptaema dosage
applied until there was a stabilization with a plasma dosage of\80@n-m?. Higher
plasma dosages only produced an increase in energy consumption.

The plasma treatment generated negative charges on theesaffRES, hence the self-
assembly of GO on plasma treated PES fabrics was impossiblethede conditions

since GO also presents negative charges. For this reasoimteamediate coating

22



between GO and PES was employed to generate positive cloardgies surface of the
fabric and allow the assembly of GO. The coating used for this purpas the protein
bovine serum albumin (BSA).

Scanning electron microscopy (SEM) showed the formation of RGings on the
surface of PES fibers. The plasma treatment and BSA cqgatiralyced an increase in
the coating level on the fabrics when compared with untreateicdal?FM also
showed the deposition of RGO on the surface of plasma trizditecs.

The electrical resistance of the fabrics was measuiied etectrochemical impedance
spectroscopy (EIS). The treatment of the fabrics with plaanth BSA produced a
decrease in the resistance of the fabrics due to an incredlse coating level of the
fabrics. With only one RGO coating, values of resistancdagitta the untreated sample
of PES coated with five RGO coatings were obtained. The plasatnent decreased
the number of coatings needed to achieve similar valuegeofrical resistance. This
enables a reduced processing time and also a saving in ch@nudatts and water.
This would justify the application of the plasma/BSA treatin

The electroactivity of conductive fabrics was measured va#imising electrochemical
microscopy (SECM) using approaching curves. The treatment wiimpland BSA
improved the electroactivity of the fabrics with the applicabbiewer RGO coatings
due to an improved surface coverage.

Mechanical resistance of the coatings was tested by meamsbifig fastness tests. The
plasma treatment and BSA coating increased the adhesion of RiB®durface of PES

fibers as FESEM micrographs have shown.
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Figure captions

Fig. 1. Dynamic contact angle measurements for untreated polfestes and plasma

treated polyester fabric with a dosage of 500 W-mfn-m

Fig. 2. AFM 3D representations of polyester treated with diffeplasma dosages: (a) O

W-min-n¥ (b) 500 W-min-, (c) 3000 W-min-, (d) 7500 W-min-f.
Fig. 3. AFM 2D representation of polyester treated with dfiéplasma dosages: (a) O
W-min-n¥® (b) 500 W-min-r, (c) 3000 W-min-ff, (d) 7500 W-min-fA. (e) Section

roughness profiles of the 2D representations shown.

Fig. 4. SEM micrographs of (a) PES-1G (x1000), (b) PES-3G (x1{OPPES-5G

(x1000) and (d) PES-10G (x1000).
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Fig. 5. SEM micrographs of PES treated with plasma 3000 W-rfianu coated with

BSA and RGO (a) (x2000), (b) (x3500).

Fig. 6. AFM analysis of polyester treated with plasma (3000 Wnif) and coated
with BSA and one layer of RGO. (a) 3D representation, (b) 3esentation, (c)

section roughness profile shown in (b).

Fig. 7. Bode plots for PES coated with a different number of R@ings (1, 3, 5 and
10). Samples of PES and PES-GO are also shown as refefaogles located

between two metallic conductors. Frequency range frohiitQo 102 Hz.

Fig. 8. Bode plots for PES treated with different plasma daesggf#, 3000, and 7500
W-min-m?) and coated with one layer of RGO. PES treated with @lags®00

W-min-m?) and reduced chemically and coated with one layer of RGO, aand
untreated PES coated with one layer RGO are also shown for ésompaBamples

located between two metallic conductors. Frequency range 6 Hz to 102 Hz.

Fig. 9. Bode plots for PES treated with plasma (3000 W-rfinwithout RGO coating
and PES treated with the plasma (3000 W-nifjyand coated with BSA at different pH
(4, 7, 10) and coated with one layer of RGO. Samples locateccdetiwo metallic

conductors. Frequency range fronT Hx to 102 Hz.

Fig. 10. Cyclic voltammogram obtained with a 100 um diameter BENStip in

KsFe(CN) 0.01 M and 0.1 M KClI solution; scan rate 50 mV-s
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Fig. 11. Approaching curves for PES-1G, PES-3G, PES-5G, PESHB& plasma-
BSA-1G (continuous lines), theoretical negative feedback mqgdahd theoretical
positive feedback modelAf. Obtained with a 100 pm diameter Pt SECM-tip in
K3Fe(CN) 0.01 M and 0.1 M KCI. The tip potential was 0 mV (vs. Ag/Agaitd the

approaching rate was 10 pit:s

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

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

Table captions

Table 1. Conditions and plasma dosages applied to polyester fabrics

Table 2. Values of contact angles (°) (water, glycerol polglethylene glycol) and

surface energy values (mJ?pfor PES treated with different plasma dosages.

Table 3. Values of impedance modulus |Z| obtained for the diffiients.
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Table 1

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

Sample Velocity (m-min™) Power (W)

N° passages

Dosage (W-min-m™)

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 2

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

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

Contact Contact Total surface  Dispersive
Dos_age_2 angle angle Contact ] energy energy Polar enirgy

(W-min-m") water (°)  glycerol (°) angle PEG (°) (mJ-m?) (mJ-m?) (mJ-m™)

0 130.5+6.3 143.216.6 51.0£4.0 10.50 10 0.50

500 42.7t7.6  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 5.0t4.1 108.3+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 6.915.9 113.1+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 3

Impedance modulus |Z| ()

PES/G
PES-0G PES-1G PES-3G PES-5G  PES-10G
>10M 2.1-10° 145 87 9
PES/plasma treatment (3000 W-min-m™)/1G
>1Oll
PES/plasma treatment (3000 W-min-m)/chemical
reduction/1G
4.6-10°
PES/plasma treatment (3000 W-min-m™)/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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