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a  b  s  t  r  a  c  t

The  purpose  of  this  work  is to obtain  photocatalytic  fabrics  based  on  reduced  graphene  oxide  (RGO)
and  TiO2 coatings  on  polyester  fabrics.  The  influence  of  the  applied  number  of  RGO  coatings  on  prop-
erties  such  as  light  absorption,  conductivity,  electroactivity  and  photocatalytic  properties  of  the  fabrics
was  established.  An  improvement  of  these  properties  with  the  number  of  RGO  coatings  applied  was
obtained.  FESEM,  EDX, XPS  and  FTIR-ATR  showed  the  incorporation  of  the  TiO2 nanoparticles  on the
eywords:
educed graphene oxide
itanium dioxide
abrics
canning electrochemical microscopy
hotocatalysis

fabrics.  FTIR-ATR  showed  the formation  of a  bidentate  carboxylic  ligand  with  titanium  atoms.  The  photo-
catalytic  properties  of the fabrics  were  tested  with  Rhodamine  B  dye  solutions.  Photocatalytic  efficiency
increased  with  the  number  of RGO  coatings,  due  to  the  increased  light  absorption,  and  better  electrical
properties.  The  charge  transfer  resistance  (Rct)  and  its  time  constant  (�) decreased,  indicating  a  better
electron  transfer  which  helps  to increase  the lifetime  of  the  pair  electron/hole.

© 2015  Elsevier  B.V.  All  rights  reserved.

hodamine B

. Introduction

The development of fabrics with new properties and function-
lities has received a great deal of interest during the last years.
ifferent properties such as electrical conduction [1], flame resis-

ance [2], self-cleaning [3], thermal regulation [4], color change
5], solar energy production [6], photonic [7], antimicrobial [8], UV
rotecting [9] or even catalysis [10] have been reported on textiles.

On the other hand, the family of graphene materials has
merged as revolutionary materials in the field of physics and mate-
ials science due to its electronic, mechanical, optical or thermal
roperties that open the door to a range of different applications

11–18].

In the field of catalysis, the combination of graphene and
ts derivatives with semiconductors (such as TiO2) has emerged
s an interesting approach to increase the lifetime of the pair
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921-5107/© 2015 Elsevier B.V. All rights reserved.
electron/hole, which increases the efficiency of the catalytic sys-
tems [19–22]. Graphene can serve as a conductor and electrons are
transferred from the conduction band of TiO2 to graphene sheets,
this difficulties the recombination of the pair electron/hole and
increases the lifetime of the pair. Moreover, the efficiency of the sys-
tem is increased by a greater generation of radicals. Other benefit
of employing graphene and its derivatives is the great adsorp-
tion capacity of organic molecules, which allows a better contact
between the pollutants and the catalytic surface area. Another plus
that has been observed is an increased absorption in the spectral
range due to an increased band-gap of TiO2 arising from the inter-
action with graphene derivatives. Several studies have focused on
the employment of graphene and TiO2 in heterogeneous photocata-
lysis [23–33]. Different graphene derivatives have been employed,
such as: graphene oxide [22–24], reduced graphene oxide [26–31]
or graphene [32,33]. Graphene oxide itself also presents photocat-
alytic properties [34–36]. The gas-phase catalytic degradation of
pollutants has also been reported for graphene-TiO2 nanocompos-
ites [37]. Different strategies have been employed to improve the

efficiency of the catalysts; such as: the employment of metal ions
embedded between graphene and semiconductors which act as
charge carriers and enhance the charge separation process [38], the
improvement of the interfacial contact between graphene and the
photocatalyst [39], the use of Pd nanoparticles that act as mediator
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n the interfacial charge transfer between the catalyst and graphene
40]. When employing RGO, which has lower conductivity due to
he presence of defects that cannot be removed after reduction, the
se of Ag nanowires has been reported as a method to enhance the
harge transfer pathways [41].

Fabrics are materials with high surface area that can serve as
upport for the deposition of active materials. They are also ver-
atile and can be bended to adopt different forms. The advantage
f these fabrics is that the catalyst can be deposited on the fabric
nd can be easily recovered from solution. Traditional photocata-
ysts that are dispersed in solution have the disadvantage that after
eaction, the catalyst has to be recovered through centrifugation.
he catalytic activity is affected by the recycling due to aggregation
r incomplete separation from the solution [42].

Different papers have employed photocatalytic materials to pro-
uce self-cleaning fabrics, such as: TiO2 [43–45], Au/TiO2 [46],
iO2/TiO2 [47] or TiO2/AgI [48]. The employment of graphene/TiO2
anocomposites applied on fabrics has also been recently reported
nd has shown its advantages [49,50].

In the present paper, the combination of TiO2 and RGO to pro-
uce photocatalytic fabrics is studied. A plasma treatment and a
ovine serum albumin coating were applied to increase the fixation
nd homogeneity of the RGO coatings [51]. GO was  reduced to RGO
hemically and different number of RGO coatings was applied to
mprove the conductivity of the fabrics. Thereafter, TiO2 nanopar-
icles were deposited by immersion of the RGO-coated fabrics in

 TiO2 solution. An electrochemical approach (not employed in
ibliography to test these materials) has been employed to study
he influence of the conductivity and the electrochemical proper-
ies (such as charge transfer resistance and time constant) of the
raphene-coated fabrics on the photocatalytic properties of the fab-
ics. The photocatalytic properties of the fabrics were tested with
he degradation of Rhodamine B solutions.

. Experimental

.1. Reagents and materials

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

ere acquired from Nanoinnova Technologies S.L. (Spain). Sodium
ithionite (Na2S2O4) was acquired from Merck. Bovine serum albu-
in  (BSA) was purchased from Sigma Aldrich. Commercial TiO2

anoparticles were acquired from Quimidroga S.A. and consisted of
 mixture of the anatase (80%) and rutile (20%) crystalline phases.
etamol BL was acquired from BASF.

Polyester (PES) fabrics characteristics were: fabric surface den-
ity, 100 g m−2; warp threads per cm,  55; weft threads per cm,  29.
hese are specific terms used in the field of textile industry and
heir meaning can be consulted in a textile glossary [52].

For the characterization: sulphuric acid (H2SO4) and potassium
hloride (KCl) were purchased from Merck. K4Fe(CN)6 99% was
sed as received from Acrōs Organics. Rhodamine B was supplied
y Sigma Aldrich.

When needed, solutions were deoxygenated by bubbling nitro-
en (N2 premier X50S). Ultrapure water was obtained from an Elix

 Millipore-Milli-Q Advantage A10 system with a resistivity near
o 18.2 M� cm.

.2. Dielectric barrier discharge (DBD) treatment
Dielectric barrier discharge modality (DBD) at atmospheric
ressure (Softal/University of Minho patented prototype) was
mployed to carry out the plasma treatment of polyester fabrics
53]. The width of the laboratorial prototype machine used in this
ngineering B 199 (2015) 62–76 63

work was 50 cm and consisted of the following components: a
metallic electrode coated with ceramic, a metallic counter elec-
trode coated with silicone, an electric generator and a high tension
transformer. The power (P), velocity (v) and (N) are control param-
eters, where N is the number of passages of the fabric through the
electrodes to achieve the desired plasma dosage. The plasma dosage
is defined by the following Eq. (1) [53]:

Dosage = N · P

v · W
(1)

where N (number of passages), P (power, W),  v (velocity, m min−1),
w (width, 0.5 m).  For the treatment of polyester fabrics, a veloc-
ity of 4 m min−1 was  employed, the power employed was 1000 W
and 6 passages were used. The plasma dosage applied was
3000 W min  m−2 and it was  previously optimized [51].

2.3. Synthesis of reduced graphene oxide on polyester fabrics

The plasma treatment generates negative charges on the surface
of polyester fabrics (hydroxyl, carbonyl and carboxyl groups are
created) [54]. GO also presents negative charges so the deposition
of GO on the fabrics is not possible in these conditions since electro-
static repulsion does not allow it. This is why  bovine serum albumin
(BSA) was  employed as an intermediate coating that acquired pos-
itive charge and allowed the deposition of GO on the surface of the
fabrics. A 0.5% weight BSA solution [55] was employed to coat the
plasma treated PES samples. Fabrics were put in contact with the
BSA solution during 10 min  to allow its adsorption, after this time
fabrics were rinsed with water the remove the BSA’s excess.

PES-plasma-BSA fabrics were coated with reduced graphene
oxide (RGO) similarly to Fugetsu et al. [56]. A 3 g L−1 GO solu-
tion was  obtained placing GO monolayer powders in an ultrasound
bath for 60 min. The first stage of the synthesis was carried out
by putting in contact the GO solution with the fabric to allow the
adsorption of GO sheets on the surface of the fabrics. This stage
lasted 1 h. After this time, fabrics with GO were dried under room
conditions. The second stage of the synthesis was the reduction
of GO to RGO. Fabrics coated with GO were placed for 30 min in a
solution containing the reducer (50 mM Na2S2O4) at approximately
90 ◦C. Samples with a different number of RGO  coatings (1–4) were
obtained (PES-1G to PES-4G) repeating the procedure mentioned
above.

2.4. Dispersion of TiO2 on the PES-RGO fabrics

A solution of 5 g L−1 (500 mL)  of TiO2 nanoparticles was prepared
in water. An anionic surfactant was  added (Setamol BL) (1 mL) to
increase the fixation of TiO2 nanoparticles on the fabrics. The solu-
tion was  stirred during 5 min. After this time, the PES-RGO fabrics
were put in contact and stirred with the solution during 2 min. After
this, the fabrics were padded two times at 2-bar pressure and finally
dried in an oven at 100 ◦C.

2.5. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was  used to evaluate surface
topography and roughness of the different samples. AFM anal-

yses were performed with a multimode AFM microscope with
a Nanoscope® IIIa ADCS controller (Veeco Metrology Group). A
monolithic silicon cantilever (FESP, tip radius 8 nm,  Bruker AFM
probes) with a constant force of 2.8 N/m and a resonance frequency
of 75 kHz was used to work on tapping mode.
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.6. Field emission scanning electron microscopy (FESEM) and
nergy dispersive X-ray (EDX)

A Zeiss Ultra 55 FESEM was used to observe the morphology of
he samples using an acceleration voltage of 3 kV. Energy dispersive
-ray (EDX) measurements were performed between 0 and 10 kV.

.7. X-ray diffraction (XRD)

The XRD patterns of some samples (TiO2, PES, PES-4G and PES-
G + TiO2) were acquired in the range of 20◦–90◦ (2�) using a
ruker D8 Discover X-ray diffractometer with the conventional
ragg–Brentano geometry.

.8. Fourier transform infrared spectroscopy with attenuated
otal reflection (FTIR-ATR)

FTIR-ATR with horizontal mono-rebound attenuated total
eflection accessory was performed with a Nicolet 6700 Spec-
rometer equipped with deuterated triglycine sulfate detector. An
ccessory with pressure control was used to equalize the pressure
n the different solid samples. A prism of ZnSe was used and spec-
ra were collected with a resolution of 4 cm−1 and 400 scans were
veraged for each sample. Uncoated PES fabrics and fabrics coated
ith 1G, 2G, 3G, 4G, 1G + TiO2, 2G + TiO2, 3G + TiO2 and 4G + TiO2
ere analyzed.

.9. X-ray photoelectron spectroscopy (XPS)

XPS analyses were conducted at a base pressure of
 × 10−10 mbars and a temperature around −100 ◦C. XPS spectra
ere obtained with a VG-Microtech Multilab electron spectrom-

ter by using unmonochromatized Mg  K� (1253.6 eV) radiation
rom a twin anode source operating at 300 W (20 mA,  15 kV). The
inding energy (BE) scale was calibrated with reference to the C1s

ine at 284.6 eV. C1s and O1s core levels XPS spectra were analyzed
or the fabric coated with GO (PES-GO) and the fabric coated
ith RGO (PES-RGO). The purpose of these measurements was

o measure the efficiency of the chemical reduction. The O1s/C1s
atio was employed as an indicator of the reduction achieved.
1s, O1s and Ti2p core levels XPS spectra were analyzed for the
ES-1G + TiO2, PES-2G + TiO2, PES-3G + TiO2 and PES-4G + TiO2
abrics.

.10. UV–vis diffuse reflectance spectra (DRS)

UV–vis diffuse reflectance spectra (DRS) were obtained using
 spectrophotometer ScanSpecUV-Vis, ScanSci equipped with an
ntegrating sphere assembly, using Barium Sulfate (BaSO4) as the
eference sample. The spectra were recorded at room temperature
n air within the range of 300–700 nm.  Spectra were obtained for
he PES uncoated fabrics and coated with 1G, 2G, 3G, 4G, 1G + TiO2,
G + TiO2, 3G + TiO2 and 4G + TiO2.

.11. Electrochemical impedance spectroscopy (EIS)
easurements

An Autolab PGSTAT302 potentiostat/galvanostat was used to
erform EIS measurements in the 105–10−2 Hz frequency range.
he amplitude of the sinusoidal voltage used was  ±10 mV.  Mea-
urements were carried out in a two-electrode arrangement with
wo types of configuration: (a) the sample was located between

wo round copper electrodes (A = 1.33 cm2) to measure the bulk
esistance. (b) Two rectangular copper electrodes (0.5 cm × 1.5 cm)
eparated by 1.5 cm pressing on the fabric sample. The measured
rea of the fabric with this configuration was a square of 1.5 cm,
Engineering B 199 (2015) 62–76

so the measured impedance modulus (�)  was equal to the surface
resistivity (�/�).

2.12. Electrochemical impedance spectroscopy (EIS)
measurements in solution

A standard three-electrode design was  employed to measure
the EIS response of PES-RGO samples in 0.1 M H2SO4 solu-
tions. An asymmetrical configuration metal/sample/electrolyte
was employed. Samples were mounted on a stainless steel plate
(employed to produce the electrical connection). An Ag/AgCl (3.5 M
KCl) electrode and stainless steel rod were employed as reference
electrode and counter electrode, respectively. The effective area of
the samples exposed to solution was 0.28 cm2.

The experimental results were also fitted using a non-linear
least squares fitting minimization method by ZView software (ver-
sion 2.7).

2.13. Scanning electrochemical microscopy (SECM)

SECM measurements were carried out with a scanning
electrochemical microscope of Sensolytics. A three-electrode con-
figuration cell consisting of a 100-�m-diameter Pt microelectrode,
a Pt wire auxiliary electrode and Ag/AgCl (3.5 M KCl) reference elec-
trode. The fabrics were not polarized and the experiments were
performed at their open circuit potential. Measurements were per-
formed in K4Fe(CN)6 0.01 M and 0.1 M KCl (supporting electrolyte).
The potential of the microelectrode was  fixed at +0.4 V, potential
at which the reduced form of the redox mediator is oxidized at its
diffusion limit. All the experiments were carried out in inert nitro-
gen atmosphere. The substrates were samples (0.5 cm × 0.5 cm)  cut
from the fabrics and glued on glass microscope slides with epoxy
resin. Approach curves were employed to test the electroactivity of
the samples and the approach rate employed was  10 �m s−1.

In the experiments with irradiation, ultraviolet light was applied
with a Thermo Oriel 66901 Universal Lamp Housing (mercury lamp
50/500 W)  operating at 300 W.  Light was  conducted to the SECM
with optical fiber. Measurements with UV light were performed
with the microelectrode at a constant height of 50 �m above the
sample. The variation of the oxidation current at +0.4 V with time
and pulses of irradiation applied was registered.

2.14. Photocatalytic measurements

The photocatalytic activity of all samples was evaluated by
measuring the degradation rates of Rhodamine B (Rh-B) aqueous
solutions (4 mg/L) under ultraviolet (UV) light irradiation. Rh-B (an
important xanthene cationic dye) was  selected because of its well-
defined optical absorption characteristics and good resistance to
light degradation (the so-called dye sensitization). Moreover, this
organic dye is one of the most common pollutants present in the
effluents from textile industries in developed countries.

In a typical experiment, the PES-RGO/TiO2 samples
(10 cm × 10 cm)  were dipped into a flask filled with 400 mL
of Rh-B aqueous solution. The system was  stirred for 30 min  in
the dark to reach the adsorption–desorption equilibrium and then
placed in an UV simulation chamber. Next, the samples were
irradiated with a 300 W UV lamp (ULTRA-VITALUX 300 W E27)
placed at a distance around 20 cm above the sample’s surface. The
average irradiance was  around 40 W/m2 (measured with a UV
light Meter LTLutron YK-35UV).

The absorbance of the Rh-B solution was  monitored during

420 min  (at time intervals of 40 min  up to 120 min) and then
at intervals of 60 min  up to 420 using a spectrophotometer
(ScanSpecUV-Vis, ScanSci) in the range of 300–700 nm. For this,
some aliquots of Rh-B solution (3.5 mL)  were taken out and then
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ig. 1. FESEM micrographs of PES treated with a plasma dosage of 3000 W min  m−

ES-1G  (×2000), (b) PES-2G (×2000), (c) PES-3G (×2000) (inset ×20000) and (d) PE

nalyzed by monitoring the magnitude variation of its main absorp-
ion peak (around 564 nm). The rate of Rh-B consumed in a chemical
eaction can be written as:

dC

dt
= KCn (2)

here C is the concentration of the Rh-B aqueous solution, n is the
inetics order of the chemical reaction, and k is the rate constant of
he photodegradation process.

At low concentrations and for a specific time instant, the
bsorbance of the solution, At is related to the solution’s concen-
ration through the Beer–Lambert law, that is, At = ε·l·Ct, where ε is
he molar extinction coefficient, l is the light path length, and Ct is
he solution concentration. For a first-order kinetics reaction, the
hotodegradation efficiency, �, of Rh-B can be calculated according
o the following equation:

(%) =
[

1 −
(

At

A0

)]
× 100 (3)

here A0 is the absorbance at zero time. Therefore, the change of
h-B concentration can be evaluated by measuring the change in
he intensity of its main absorption peak.

. Results and discussion

.1. Atomic force microscopy (AFM)

As can be observed in Fig. S1, the plasma treatment produced
n increase of the PES fibers’ roughness. The surface of the fibers
f untreated fabrics is quite smooth with no remarkable features
Fig. S1a). The plasma treatment creates a rougher surface on the

urface of the fibers as can be observed in Fig. S1b. This roughness
s produced due to the removal of part of material from the surface
f the fibers. In addition, functional groups were created on the
urface of the fabric. These functional groups decreased the water
ontact angle (was drastically reduced from 130◦ ± 6◦ to 5◦ ± 4◦)
 coated with BSA. Subsequently different number of RGO layers were applied: (a)
(×2000).

and increased the surface energy from 10.5 mJ  m−2 to 124.6 mJ  m−2.
However, the functional groups created on the surface of the fibers
have negative charge, hence the self-assembly of the GO sheets
was not possible since GO also possess negative charges on its sur-
face. This is why an intermediate layer of bovine serum albumin
(BSA) (which possesses positive charge) was employed [51]. The
BSA layer allowed the fixation of the GO sheets on the surface of
the fibers. Fig. S1c shows the topography of the fibers after being
treated with plasma and coated with BSA and RGO. As can be seen,
the roughness of the surface produced after the plasma treatment
was substantially reduced due to the assembly of the RGO sheets.
Instead of this, the characteristic wrinkled surface of RGO sheets
could be observed on the AFM image. The interaction of plasma-
treated fabric/BSA and the GO sheets is produced on one side of the
RGO sheets, the other side remains free and it is afterwards chemi-
cally reduced to produce the restoration of the sp2 structure, which
produces an increase of conductivity.

3.2. Field emission scanning electron microscopy (FESEM)

Fig. 1 shows the micrographs of the PES fabrics treated with
plasma, coated with BSA and with different number of RGO layers
(PES-1G, PES-2G, PES-3G and PES-4G). The micrograph of original
PES is not shown since the fibers are plain with no remarkable fea-
tures as observed by AFM (Fig. S1a). Fig. 1a shows the sample coated
with only one RGO layer. Apparently no distinctive features were
observed despite the fact that the sample was  completely coated
with RGO since its color changed from the white color of polyester
to black color of RGO (Fig. S2). The samples coated with GO pre-
sented the characteristic brown color of GO; its reduction changed

the color to the characteristic black color of RGO. As the number of
RGO layers increased to 2, 3 and 4 (Fig. 1b–d), it could be seen the
apparition of more RGO sheets and particles in the micrographs. The
inset in Fig. 1c shows the magnification of a RGO sheet deposited on
a PES fiber. As can be seen, its surface is characteristically wrinkled.
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ig. 2. FESEM micrographs of PES treated with a plasma dosage of 3000 W min  m
anoparticles were applied on the fabrics: (a) PES-1G + TiO2 (×2000), (b) PES-2G 

×20000), and (f) PES-3G + TiO2 (×55000).

he apparition of these wrinkles on GO has been attributed to the
nteraction between adjacent individual GO sheets [57].

Fig. 2a–d shows the fabrics of PES-1G, PES-2G, PES-3G and PES-
G, respectively, all of them coated with TiO2 nanoparticles. In all
he micrographs, the presence of TiO2 nanoparticles aggregates on
he RGO coatings can be observed. Although GO is reduced, the
otal reduction of GO is not possible and RGO still presents negative
harges due to the presence of oxidized functional groups over a
ide range of pH [58,59]. The zeta-potential (�) curve for the TiO2
anoparticles employed in this work is shown in Fig. S3. Anatase
nd rutile have identical chemical composition but different crystal
ystems and thus, their isoelectric point (IEP) occurs at different
H values, 4.7 vs. 6.2, respectively. The isoelectric pH value was
ound to be ∼5.2 [60]. This is an acceptable value since it reflects
he effect of the mixture of the two crystalline phases. From Fig. S3
t is possible to observe that for pH > 5 the TiO2 particles present

egative �-potential values that evidence the negative nature of

ts surface electrical charges, which also contributes for the TiO2
uspension stability via the appearance of repulsive electrostatic
orces (Coulomb forces) [60]. TiO2 also presents negative charges
ince the pH of the TiO2 solutions (5 g L−1) employed was  near to 6.
d coated with BSA and different number of RGO layers (1–4). Subsequently TiO2

(×2000), (c) PES-3G + TiO2 (×2000), (d) PES-4G + TiO2 (×2000), (e) PES-2G + TiO2

In these conditions the assembly of the TiO2 nanoparticles on the
RGO coatings is possible due to the diminution of the �-potential
after GO reduction. The reduction of the electrostatic repulsions
allows the nanoparticles to move closer to the surface of the sample
due to the Brownian motion. Nanoparticles are then captured and
finally retained due to the functional groups on the surface (in this
case the functional groups present on RGO’s surface) [61]. Fig. 2e
shows the magnified TiO2 nanoparticles on a PES-3G fabric. The size
of the nanoparticles is in the range of nm;  the nominal size of the
TiO2 nanoparticles was  about 23 nm.  Fig. 2f shows the deposition
of TiO2 nanoparticles on a RGO sheet. The characteristic wrinkles
of RGO sheets help to locate the RGO sheets [62,63].

Energy dispersive X-ray (EDX) characterization was employed
to analyze the presence of TiO2 on the fabrics, a comparative com-
position study of the Ti atomic content was performed between
the different samples. Fig. 3a shows the EDX characterization of

the PES-RGO coated fabrics (PES-4G fabric is shown as example).
As can be seen, only C and O appear in the EDX spectrum, both of
them are present in the RGO structure, but also on the PES structure.

Fig. 3b shows the EDX spectrum of a PES-4G fabric coated
with TiO2 nanoparticles. Since the TiO2 nanoparticles have been
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ig. 3. (a) FESEM micrograph and EDX spectra of PES-4G (×200) and (b) FESEM micr

eposited onto the fabrics, different peaks attributed to Ti appear
n the EDX spectrum. The major peak is located at 4.508 eV and
s attributed to the K� transition. The L� transition also appears
t 0.452 eV. The distribution of C, O and Ti can also be seen in
he element distribution maps. C and O were well distributed on
he fabrics due to the homogeneous RGO coating (as observed by

he photographs shown in Fig. S2) but also for the PES substrate,
ince X-rays can penetrate several microns till the PES substrate.
owever, the deposition of Ti takes place in preferential zones.
his preferential deposition in some regions could be due to the
h, EDX spectra and C, O and Ti distribution map  elements of PES-4G + TiO2 (×5000).

nature of padding process that was applied. A comparative analy-
sis of the Ti atomic content was  performed between the different
samples. This is a relative value and not an absolute one, since the
morphology of the sample and its roughness makes it complicated
to calculate exactly the TiO2 content. To make it representative,
EDX analyses were performed in 5 different zones of the fabric at

×100 magnification in order to be comparable between them. The
% atomic content of Ti was averaged for each sample and the values
obtained were: 0.57 ± 0.04, 0.71 ± 0.06, 0.85 ± 0.07 and 0.47 ± 0.03
for PES-1G + TiO2, PES-2G + TiO2, PES-3G + TiO2 and PES-4G + TiO2,
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a partial restoration of the graphene structure. This produces the
ig. 4. FTIR-ATR spectra for PES, PES-1G, PES-2G, PES-3G, PES-4G, PES-1G + TiO2,
ES-2G + TiO2, PES-3G + TiO2 and PES-4G + TiO2. Spectra collected with a resolution
f  4 cm−1 and 400 scans.

espectively (Table S1). However, these values could be influenced
y the zone of the fabric where the analysis was performed.

.3. X-ray diffraction (XRD)

X-ray diffraction patterns were obtained for TiO2 powders (Fig.
4). Since TiO2 powders were a mixture of anatase and rutile, differ-
nt peaks can be observed in the XRD pattern [60]. For this sample,
he existence of both anatase and rutile phases can be identified
y JCPDS file no. 21-1272 and no. 21-1276, respectively. The crys-
alline phases can be confirmed by the presence of (1 0 1), (0 0 4) and
2 0 0) diffraction peaks, in the case of anatase phase; and (1 1 0),
1 1 1) and (0 0 2) diffraction peaks for the rutile crystalline phase.
sing the Scherrer equation, it was observed that the mean crys-

allite grain size of the TiO2 particles was around 23 nm and 28 nm
or anatase and rutile phases, respectively. These values were cal-
ulated from the full width at the half-maximum intensity of the
1 0 1) anatase diffraction peak (corresponding to 2� = 25.3◦) and
utile diffraction peak (corresponding to 2� = 54.1◦). Unmodified
ES fabrics, PES-4G and PES-4G + TiO2 fabrics were also analyzed
Fig. S5). Two peaks appeared at around 23◦ and 26◦ due to polyester
tructure [64]. The modification with RGO and RGO + TiO did not
2
ause a significant modification of the XRD pattern due to the low
uantity of RGO and TiO2 when compared to the PES fabric, which

s the main component.

Fig. 5. High resolution C1s XPS core level spectru
Engineering B 199 (2015) 62–76

3.4. Fourier transform infrared spectroscopy with attenuated
total reflection (FTIR-ATR)

Fig. 4 shows the FTIR spectra for the PES fabrics, the RGO coated
PES fabrics, and the same fabrics coated also with TiO2. The spec-
trum of PES shows different bands that have been attributed in
a previous work [65]. The deposit of RGO does not produce the
appearance of any band since major bands of RGO  coincide with
that of PES [62]. When TiO2 was deposited on RGO-coated fab-
rics, the intensity of the band at 1472 cm−1 increased its intensity.
This is easily observed if the intensity is compared with the neigh-
boring band at around 1500 cm−1. This peak has been attributed
to the presence of the symmetric stretching vibration of a biden-
tate carboxylic ligand with titanium atoms [43,66]. The intensity
of this band was similar for all samples, which would indicate a
similar amount of TiO2 deposited on the fabrics independently of
the number of RGO coatings. The carboxylic groups arise from the
incomplete reduction of GO. Its presence is observed in XPS sec-
tion at binding energies around 288.8 eV (Fig. S6). Two bands were
also observed at 1042 cm−1 and 1172 cm−1 that were attributed
to the stretching vibrations of O O bonds coordinated [67]. These
peaks were not observed in the case of the fabrics without TiO2 and
confirm the formation of bidentate carboxylic ligand.

3.5. X-ray photoelectron spectroscopy (XPS)

XPS was employed to measure the oxidation states as well as the
composition of the different elements that compound the coatings
(C, O and Ti). Prior, XPS measurements were performed in two sam-
ples to study the chemical reduction of GO to RGO: A sample of
polyester coated with graphene oxide (PES-GO) and a sample of
polyester coated with reduced graphene oxide (PES-RGO) (Fig. 5).
It could be seen an important reduction of the oxygen content after
chemical reduction, the O1s/C1s atomic ratio diminished from 0.4
to 0.2. This reduction is due to the removal of oxidized groups. The
removal of oxidized groups could also be observed in the C1s high
resolution spectrum of both samples (Fig. 5). Both samples showed
the typical peaks of sp2 carbon (284.4–284.8 eV), C OH (285.9 eV),
C O, C O C (287 eV) and O C OH (288.7–289 eV) groups [68]. A
clear diminution of the peaks due to oxidized groups was observed.
In addition, the sp2 content increased from 0.54 to 0.65, indicating
increase of conductivity observed after chemical reduction of GO
to RGO.

Fig. S6 shows the high resolution C1s core level spectra for PES-
1G + TiO2 (Fig. S6a), PES-2G + TiO2 (Fig. S6b), PES-3G + TiO2 (Fig. S6c)

m for: (a) PES-GO and (b) PES-1G samples.
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Table  1
% atomic content for the different photocatalytic fabrics, obtained by XPS.

Element % atomic content

PES-1G + TiO2 PES-2G + TiO2 PES-3G + TiO2 PES-4G + TiO2
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PES-2G, PES-3G and PES-4G samples, respectively. The decrease of
the impedance modulus when compared with polyester was  higher
than 8 orders of magnitude. In this case, there was also a gradual
decrease of the impedance modulus with the increasing number of
RGO layers. With more RGO layers, the interconnection between
C 72.63 7
Ti  1.19 

O  26.17 2
O/C ratio (corrected) 0.33 

nd PES-4G + TiO2 (Fig. S6d). Similar bands to these reported pre-
iously were observed in the spectra:

The band at 284.6 eV attributed to sp2 carbon [68].
A band at 286.2–286.4 eV which is attributed to C OH, C O and
C O C [68], in this case it could not be deconvoluted into two
peaks as in Fig. 5.
A band at 288.7–287.8 eV attributed to O C OH groups [68].
These groups were responsible for the fixation of TiO2 nanopar-
ticles as explained in the FTIR-ATR section.

Fig. S7 shows the Ti2p high resolution spectra core level spec-
ra for the different fabrics coated with TiO2. The Ti2p1/2 and
i2p3/2 spin–orbital splitting photoelectrons were observed at
59–459.6 eV and 465 eV, respectively. The separation of around

 eV is in agreement with bibliography [69]. The peaks were
ttributed to Ti4+, which is the oxidation state that presents TiO2.

Table 1 shows the elemental composition of the different fabrics
oated with TiO2. It could be seen that the Ti content did not follow

 clear trend. This could be due to the non-uniform distribution of
iO2 on the fabrics’ surface and that XPS measurements focus on

 small area (usually 1 mm2). The amount of oxidized functional
roups available where TiO2 can be fixed is similar in all the fab-
ics as can be seen in Fig. S6. The O/C ratio (which was corrected
o remove the O arising from TiO2) was also very similar for all
amples (0.25–0.27), except for the PES-1G + TiO2 sample (Table 1).
herefore no significant variations in the TiO2 content should be
xpected between the different fabrics. Variations measured by
DX and XPS could be influenced by the zone of analysis employed.
TIR-ATR measurements, which are measured over a larger area
5 cm2) showed a similar TiO2 content.

.6. UV–vis diffuse reflectance spectra (DRS)

It is also important to characterize the light absorption of the
abrics, since this will give us an indication of its absorption prop-
rties. Fig. 6 shows the diffuse reflectance spectra for the different
abrics. Polyester showed the highest reflectance due to its white
olor (Fig. S8). In general, TiO2 coated samples showed a higher
bsorption in the UV region due to the presence of TiO2 which
resents its absorption in this region. Moreover, the addition of
ore RGO layers induces the increase of absorbance in the UV

egion [37]. When PES fabrics were coated with one RGO coating
which is black-colored), reflectance decreased due to the strong
bsorption of RGO in the visible region. As the number of RGO
oatings applied increased, the reflectance decreased due to a
igher absorption of the RGO coatings. In the photographs pre-
ented in Fig. S2 it could be seen that the fabrics become more
lackish as the number of RGO coatings increased. It has been
eported that the enhanced absorption of RGO in the visible region
an also promote the transfer of excited electrons from RGO to the

onduction band of TiO2 and then are transferred to the surface of
iO2 where they react with oxygen to yield superoxide radicals that
re able to oxidize organic compounds [50]. The stronger absorp-
ion intensity of light as the number of RGO coatings increase,
uggests that higher photocatalytic activity could be obtained [37].
75.6 77.82
1.36 0.61

23.04 21.57
0.27 0.26

3.7. Electrical characterization by electrochemical impedance
spectroscopy (EIS)

Fig. 7 shows the electrical characterization of the fabrics, per-
formed by EIS. This technique allows the measurement of the
impedance modulus |Z| as well as the phase angle, which gives an
indication about the conducting/insulating nature of the material.
Two types of configuration were employed, the first one (in which
the copper electrodes are located on the surface of the fabrics) was
employed to measure the surface resistivity and the second one
(in which the fabric is located between the copper electrodes) was
employed to measure the bulk resistance.

Fig. 7a shows the representation of the impedance modulus |Z|
vs. the frequency with the configuration to measure the surface
resistivity. The values obtained were 291 k�/�, 179 k�/�, 82 k�/�
and 71 k�/� for PES-1G, PES-2G, PES-3G and PES-4G samples,
respectively. The value of surface resistivity for PES is higher than
1011 �/� [62,63], therefore there is a decrease of 5 orders of mag-
nitude in the surface resistivity after the RGO deposition. When GO
is not reduced to RGO, the surface resistivity obtained was similar
to that of PES [62,63]. GO is an insulating material due to the dis-
rupted sp2 bonding networks [70]. The chemical reduction is able
to partially restore the sp2 structure, and an electrical resistance
decrease is observed due to this fact [62,63]. However, the elimina-
tion of oxidized groups is not complete and some functional groups
remain on the RGO’s surface [63].

Fig. 7b shows the representation of the impedance modulus |Z|
vs. frequency with the configuration to measure the bulk resistance.
The values obtained were 2102 �,  655 �,  417 �, 112 � for PES-1G,
Fig. 6. UV–vis diffuse reflectance spectra (DRS) for PES-1G, PES-2G, PES-3G, PES-4G,
PES-1G + TiO2, PES-2G + TiO2, PES-3G + TiO2 and PES-4G + TiO2 fabrics.
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ig. 7. Bode plots for PES treated with plasma (3000 W min  m−2) coated with BSA
lectrodes above the samples. Distance between electrodes 1.5 cm.  Textile measure
ange  for all the samples from 105 Hz to 10−2 Hz.

he individual RGO sheets was improved and the conduction path-
ays that allow the electrical flow were also improved. The number

f RGO coatings was limited to 4, because a higher number of RGO
oatings only produce a slight improvement of conductivity [63].

Fig. 7c and d shows the −phase angle vs. the frequency for
oth types of configuration. In both cases, the RGO coated fabrics
resent values of −phase angle close to 0◦, this value of −phase
ngle indicates a resistive behavior of the fabrics, typical of con-
uctive materials. In this case, there is no phase delay between the
timulus applied and the response registered (the sinusoidal volt-
ge applied is the stimulus and the sinusoidal intensity registered
s the response registered). Only at high frequencies (103–105 Hz),
alues higher than 0◦ were observed. At high frequencies the mate-
ial still retained some capacitive behavior. As the number of RGO
ayers increased, the values of −phase angle at high frequencies
103–105 Hz) decreased. This also indicates a better conductiv-
ty with the increasing number of RGO coatings applied, due to
he enhanced interconnection pathways created between the RGO
heets. PES presented values of −phase angle of 90◦, which indicates

 capacitive behavior typical of insulating materials [62,63]. In the
ase of pure PES, the sinusoidal voltage applied and the sinusoidal
ntensity registered were dephased due to the capacitive behavior
f polyester.
.8. Electrochemical characterization by electrochemical
mpedance spectroscopy in solution (EIS)

In the upper part of Fig. 8, the equivalent circuit employed to
djust the experimental data is shown. The different conductive
ifferent number of RGO coatings (1–4). (a, c) Measurements between two copper
 1.5 cm × 1.5 cm.  (b, d) Sample located between two metallic conductors. Frequency

fabrics were characterized by EIS in 0.1 M H2SO4 solution. The
equivalent circuit is composed of the following components [71]:

Rs: corresponds to the electrolyte resistance between the working
and reference electrodes.
CPE: constant phase element that simulates the non-ideal behav-
ior of the capacitor. It is composed of CPE-T that gives the value
of pseudo-capacitance at the electrolyte/RGO interface and CPE-P
that gives an idea about the behavior of the CPE. When CPE-P is
equal to 1, the CPE is equal to a capacitor (C). If CPE-P equals 0.5,
the CPE represents the case of semi-infinite linear diffusion (and a
straight line with 45◦ slope is recorded on the Nyquist diagram).
Rct: corresponding to the charge transfer resistance at the
RGO/electrolyte interface, in parallel with the CPE element. The
combination in parallel of CPE and Rct are responsible for the
depression of the semicircle.
Wo: corresponds to the finite-length Warburg diffusion. W-R: dif-
fusion resistance. W-T: l2/D (s), l: length of the diffusion layer, D:
diffusion coefficient. W-P: Warburg exponent.

Fig. 8 shows the electrochemical characterization of the dif-
ferent conductive fabrics by EIS in 0.1 M H2SO4 solution. The
adjustments of the data are presented as continuous lines
and experimental data are shown as dotted lines. Mainly,
two processes can be observed, the charge transfer process

at high frequencies and the diffusion process at low frequen-
cies. This analysis is mainly focused on the charge transfer
process which indicates the electroactivity of the samples. Fig. 8a
and b shows the Nyquist plots for the different samples. The
most important feature that can be observed in these figures
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ig. 8. Electrochemical characterization of samples of PES treated with plasma and
ES-4G).  Characterization performed in 0.1 M H2SO4, exposed electrode area: 0.28 c
s.  frequency plot and (d) −phase angle vs. frequency plot. Equivalent circuit emplo

s the decrease of the charge transfer resistance (Rct) at the
GO/electrolyte interface. This decrease of Rct is represented by
 smaller semicircle in the high frequency region (Fig. 8b). The
djusted values of Rct can be observed in Table 2. Fig. 8c shows
he representation of the impedance modulus |Z| vs. the frequency.
s can be seen, in general, there is a decrease of the impedance

able 2
esults of the fitting of impedance data of PES-G samples in 0.1 M H2SO4. Data
btained by the equivalent circuit shown in Fig. 4.

Sample Chi-squared Rs CPE-T CPE-P Rct

PES-1G 0.0010 56.55 5.24 × 10−5 0.83 727.3
PES-2G 0.0005 60.47 4.42 × 10−5 0.84 444.5
PES-3G 0.0011 56.76 3.08 × 10−5 0.90 347.7
PES-4G 0.0033 61.34 2.02 × 10−5 0.96 197.3
d with BSA and different number of RGO layers (1–4) (PES-1G, PES-2G, PES-3G and
equency range from 105 to 10−2 Hz. (a, b) Nyquist plots, (c) impedance modulus |Z|
o adjust data is shown in the upper part of the image.

modulus as the number of RGO layers increase. Fig. 8d shows the
representation of the −phase angle vs. the frequency. There is a
decrease of the −phase angle of the process associated with the
charge transfer resistance (Rct) as the number of RGO coatings
increase. This decrease indicates a diminution of the pseudo-
capacitance as can also be seen in Table 2. This diminution of the
pseudo-capacitance could be attributed to the achievement of a
more compact RGO film on the fabrics as more RGO layers are
deposited. The value of CPE-P also increased with the number of
RGO coatings (tending to 1 for the PES-4G sample). This increase
shows that as the number of RGO coatings increase, the system

tends to behave more like an ideal capacitor. There is also a dis-
placement of the time constant of the charge transfer process (�)
to higher frequencies as the number of RGO coatings increase. The
time constant is obtained from the frequency value at which the
−phase angle is maximum (ωmax). The time constant is defined as



72 J. Molina et al. / Materials Science and Engineering B 199 (2015) 62–76

Fig. 9. (a) Schematic representation of electron transfer in the SECM with the RGO-coated fabrics. (b) Approach curves obtained for the PES-4G + TiO2 sample. (c) Image
representing electron transfer in the SECM with the fabrics coated with RGO and TiO2. (d) Image representing the electronic transition produced by UV light on TiO2 and
the  reactions produced. (e) Chroamperometries obtained for a sample of PES-4G + TiO2 in different conditions of irradiation. During the first 120 s the current was allowed
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o  stabilize, after this time an experiment was performed in darkness, another wit
erformed with discontinuous illumination. Conditions applied for SECM measure
he  approach rate employed to obtain approach curves was  10 �m s−1. Applied pow
s  referred to the web version of this article.)

he inverse of the ωmax (� = 1/ωmax). The values of � for the dif-
erent samples were: 0.0268, 0.0193, 0.0139 and 0.01 s for PES-1G,
ES-2G, PES-3G and PES-4G fabrics, respectively. This change in the
ime constant indicates a more rapid charge transfer as the number
f RGO coatings increase. The most electroactive sample was then
he PES-4G one.
.9. Scanning electrochemical microscopy (SECM)

The electroactivity of the fabrics coated with RGO/TiO2 was
ested by means of SECM technique in feedback mode. The oxi-
ation current, when the reduced form of the redox mediator
tinuous illumination and another with discontinuous illumination. (f) Experiment
s: 100-�m-diameter-Pt tip, working potential +0.4 V, 0.01 M Fe(CN)6

4−/0.1 M KCl.
diation: 300 W.  (For interpretation of the references to color in the text, the reader

(Red) is oxidized (Ox) on the surface of the microelectrode, is
measured as the microelectrode approaches the surface of study
(Fig. 9a). The potential of the microelectrode was fixed at +0.4 V,
where the reduced form of the redox mediator (Fe(CN)6

4−) is oxi-
dized to Fe(CN)6

3− on the microelectrode’s surface at a diffusion
controlled rate (i∞) (Fig. 9a). The measured current is defined as
i∞ = 4·n·F·D·C·a, where n is the number of electrons, F is the Faraday

constant, D is diffusion coefficient, C is the bulk concentration of
the redox mediator and a is the radius of the microelectrode tip.

In approach curves, the normalized reduction current registered
at the microelectrode (I) is represented vs. the normalized distance
(L). The normalized current is defined as follows: I = i/i∞ where i is
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he current measured at the microelectrode tip at a defined nor-
alized distance and i∞ is the diffusion current defined above.

he normalized currents depend on RG (RG = Rg/a), where Rg is the
adius of the insulating glass surrounding the Pt tip of radius a and
he normalized distance L; where L = d/a (d is the microelectrode-
ubstrate separation). The RG of the microelectrode employed in
his work was RG ≥ 20.

Depending on the distance between the microelectrode and the
ubstrate and the electroactivity of the substrate, different situa-
ions can happen:

If the microelectrode is far away from the substrate, the diffusion
current is measured (i∞). Therefore, the normalized current (I) is
equal to 1.
If the microelectrode approaches a non-conductive substrate,
there is a hindrance to the diffusion of Red species. The surface of
the sample is not able to regenerate (reduce) the oxidized form
of the redox mediator (Ox), hence there is a decrease of the oxi-
dation current on the surface of the microelectrode, i < i∞. This
situation is known as negative feedback [72] and is characterized
by normalized current (I) < 1.
On the other hand, if the electrode is conductive, when the
microelectrode approaches the surface of the sample, there is
an increase of the reduced redox species flux (Red). The surface
potential of the sample is able to regenerate (reduce) the redox
mediator. This causes an increase of the oxidation current mea-
sured at the microelectrode, i > i∞. This case is known as positive
feedback [72] and is characterized by normalized current (I) > 1.

Experimental approach curves were compared with the theoret-
cal one for positive feedback model, according to Eq. (4). According
o Rajendran and Ananthi [73], Pade’s approximation gives a close
nd simple equation with less relative error for all distances and
alid for RG > 10. The approximate formula of the steady-state nor-
alized current assuming positive feedback for finite conductive

ubstrate together with finite insulating glass thickness is:

C
T =

[
1 + 1.5647/L + 1.316855/L2 + 0.4919707/L3

1 + 1.1234/L + 0.626395/L2

]
(4)

Fig. 9a shows the representation of the electron transfer
etween the microelectrode/redox mediator and the RGO-coated
abric/redox mediator. The oxidation of the redox mediator is
roduced on the surface of the microelectrode. Conversely, the
eduction of the redox mediator is produced on the surface of
he RGO-coated fabric. It has been demonstrated that RGO-coated
abrics can act either as a reductant or oxidant [63]. In this case,
ts reductant character has been selected to carry out the mea-
urements in order to study the electron production on the TiO2
anoparticles.

Fig. 9b shows the approach curves obtained for the PES-
G + TiO2 sample. The sample of PES-4G was selected because it
howed the lowest charge transfer resistance, as measured by EIS.
s can be seen, positive feedback was obtained with values around
.2 for a value of L = 0.5. In this case, the positive feedback indi-
ates that the surface of the fabric is able to reduce the oxidized
orm of the redox mediator. As the microelectrode approaches to
he surface of the fabric, there is an increase in the flux of reduced
pecies (Fe(CN)6

4−) that can be oxidized (to Fe(CN)6
3−) on the sur-

ace of the microelectrode and an increase in the oxidation current
s registered.
Fig. 9c and d shows the electronic transition produced by UV
ight irradiation on the TiO2 nanoparticles and the different reac-
ions produced. The bandgap value for TiO2 is around 3.0–3.2 eV
hich corresponds to a wavelength <380 nm (UV region) [20]. The

rradiation causes a transition of an electron (e−) from the valence
ngineering B 199 (2015) 62–76 73

band (VB) to the conduction band (CB). As a result, a hole (h+)
is also created in the valence band. The electrons are transferred
to the surface of RGO by a percolation mechanism [20] where
they accumulate and can react with the redox mediator, since
electron transfer to O2 to produce O2

− is not possible since the
measurements were performed in deoxygenated/inert atmosphere
[74]. This increase in the number of electrons on the surface of
RGO would produce the reduction of more redox species that are
later oxidized on the surface of the microelectrode. As a result, an
increase in the oxidation current of the microelectrode would be
registered. Nevertheless, there is a competitive reaction, holes react
with hydroxyls and produce hydroxyl radicals (OH•) [20], hydroxyl
radical is an oxidizer that competes with electrons in the oxida-
tion/reduction of the redox mediator.

So, to measure the changes produced by irradiation, the
measurement of the oxidation current on the surface of the
microelectrode (at +0.4 V) was  performed at constant height
within the zone of positive feedback influence (d = 25 �m, L = 0.5).
The oxidation current on the microelectrode was measured by
chronoamperometry technique. First of all, the oxidation current
was allowed to stabilize (the stabilization lasted 120 s). Once the
oxidation current on the microelectrode was  stabilized, the diffu-
sion current was  achieved (i∞) and the different experiments were
performed. The different experiments were performed in the same
point and height (25 �m).  Three different conditions of illumination
were applied (Fig. 9e):

• One experiment was  performed without illumination (gray line).
As can be seen, there is a tendency to increase the oxidation cur-
rent with time due to a net accumulation of the reduced mediator
form (Fe(CN)6

4−) with time. As can be seen, the oxidation current
changed from 180 to 184 nA.

• In the second experiment (blue line), the current was allowed to
stabilize and light was  turned on for the following 8 min. As can
be seen, there was  a constant increase of the current with time. In
this case, the oxidation current changed from 180 to 188 nA. The
difference was  double than that obtained without illumination.
The difference in the current can be assigned to the increase of the
accumulated Fe(CN)6

4− produced by the reaction of Fe(CN)6
3−

with the photogenerated electrons on TiO2 nanoparticles. The
temperature change in the solution produced by the continuous
irradiation was very low (<0.5 ◦C).

• In the third experiment (red line of Fig. 9e or f), after the stabi-
lization period, a pulse of light was applied for 120 s. During the
pulse application, there was  an increase of 3 nA in the oxidation
current. After this time, the light was turned off for 120 s and the
current did not vary during this time. Thereafter, light was  turned
on for 120 s and an increase of 3 nA was  obtained again. After this,
light was turned off. The pulses of light are represented in Fig. 9f.
In this case, the total change obtained in the oxidation current
was 6 nA. Value lower than with continuous illumination (8 nA)
since the exposure time was also lower.

Photoelectrons produced by irradiation on RGO/TiO2 coated fab-
rics were clearly detected by SECM. In these conditions, reaction of
the redox mediator with electrons prevail over OH• reaction with
the redox mediator. Otherwise a decrease in the oxidation current
would have been observed.

3.10. Photocatalytic activity
The photocatalytic activity of PES-G + TiO2 fabrics was evaluated
in terms of degradation of Rh-B under UV light irradiation. Fig. S9
shows the control experiment where Rh-B solution is irradiated in
the presence of PES fabric in the same conditions applied to the
catalytic fabrics. During the first 40 min  a slight adsorption was



74 J. Molina et al. / Materials Science and Engineering B 199 (2015) 62–76

F
t
i

o
t
t
t
A

a
R

5
p
f
i
t
c
m

ig. 10. Absorption spectra of Rh-B aqueous solution acquired at different irradia-
ion  times. The absorption data refer to the photocatalytic activity of PES-RGO + TiO2

nserted in a flask filled with 400 mL  of Rh-B (4 mg/L) aqueous solution.

bserved. Thereafter, absorbance increased with the increasing due
o the evaporation of part of the water due to the heat generated by
he UV lamp. The final absorbance of the solution was higher than
he initial one, this discards degradation of Rh-B by UV irradiation.
dsorption was also minimal as explained.

Fig. 10 shows, for different irradiation times in the presence of
 PES-1G + TiO2 fabric, the evolution of the absorption spectra of
h-B solutions (initial concentration of 4 mg/L).

As can be observed, the maximum absorption peak, at around
64 nm,  gradually decreased during UV irradiation. For this sam-
le, the initial absorbance decreased about 70% after 420 min. In

act, the color of the dye changed from dark red to light red. It
s important to refer that under similar UV irradiation conditions,
he absence of the photocatalyst did not affect the Rh-B absorption
urves. This result indicates that the chemical oxidation–reduction
echanisms are occurring at the surface of the photocatalyst.

Fig. 12. FESEM micrographs of PES-4G + TiO2 prior (a, b) 
Fig. 11. Photocatalytic degradation, over time, of Rh-B aqueous solution in the pres-
ence of PES-RGO + TiO2 samples.

Using the absorption spectra of all the analyzed samples, it was
possible to calculate the corresponding photocatalytic efficiencies
(�) by applying Eq. (3). Fig. 11 shows the variation with time of the
photocatalytic degradation efficiency (�) of Rh-B aqueous solution
in the presence of PES-G + TiO2 samples.

By using the UV–vis spectroscopy data from all the PES-
G + TiO2 samples, it was  possible to determine for each fabric the
photodegradation rate constant, K for the Rh-B dye. Assuming
pseudo-first-order reaction kinetics the calculated K values are pre-
sented in Table 3.

The results presented in Table 3 show that there is a gradual

increase of photocatalytic efficiency with the number of RGO layers.
The sample with 4 RGO layers presented the highest �. The gradual
increase in the � could be attributed to a higher light absorption
as DRS spectra have shown. In addition, the reduced charge trans-
fer resistance and lower time constants promote the electron/hole

and after performing the photocatalytic tests (c, d).
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Table  3
Parameters of photocatalytic degradation of Rh-B solutions by PES-RGO + TiO2

samples.

Number of RGO layers Photocatalytic
efficiency, � (%)

Rate constant,
K (min−1)

−2

s
e

3

4
t
t
t
l
o
(

t
P
n
c
i
e
s
f
c
a
g
a

p
n
b

4

o
f
s
c
f
c
t
c
1
c
o
o
t
b
fi
o
T
f
U
a
c
a

1 70.4 9.02 × 10
2 71.2 9.10 × 10−2

3 75.7 9.27 × 10−2

4 77.9 9.80 × 10−2

eparation and increase its lifetime which enhances the catalytic
fficiency.

.11. Stability of the photocatalytic fabrics

Fig. 12 shows the micrographs of the catalytic fabrics (PES-
G + TiO2 fabrics) prior (Fig. 12a, b) and after (Fig. 12c, d) performing
he photocatalytic experiments. It can be seen that the major part of
he TiO2 nanoparticles remain linked to the RGO structure. As men-
ioned in the FTIR section, the formation of a bidentate carboxylate
igand was the responsible of such stability. The same trend was
bserved for the rest of the fabrics (PES-1G, PES-2G and PES-3G)
Fig. S10).

Other works have reported the stability of different nanopar-
icles (Au nanospheres, Au nanorods, Pd nanocubes, porous
d nanocrystals, porous Pt nanoparticles, Au core–Ag shell
anocuboids, Au core–Pd shell nanocuboids, and Au nanorod
ore–Pt shell nanostructures) on cotton fabrics [42]. The only
nteraction between the fabrics and the nanoparticles was  the
lectrostatic interaction. The advantage of employing fabrics as
upports for catalysis is that the catalyst can be deposited on the
abric and can be easily recovered from solution. Traditional photo-
atalysts that are dispersed in solution have the disadvantage that
fter reaction, the catalyst has to be recovered through centrifu-
ation. The catalytic activity is affected by the recycling due to
ggregation or incomplete separation from the solution [42].

More work is in progress in order to deposit RGO/TiO2 com-
osites previously synthesized on the fabrics. In this way, the
anoparticle content and contact between the components would
e increased.

. Conclusions

Photocatalytic fabrics have been produced by the combination
f reduced graphene oxide (RGO) and TiO2 coatings on polyester
abrics. Different numbers of RGO coatings were applied (1–4) to
ee the influence of this parameter on the electrical, electrochemi-
al and photocatalytic properties. FESEM, EDX and XPS showed the
ormation of the RGO/TiO2 coatings on the fabrics. The FTIR-ATR
haracterization of the fabrics coated with RGO and TiO2 showed
he apparition of a band at 1472 cm−1 attributed to a bidentate
arboxylic ligand with titanium atoms. Two additional bands at
042 cm−1 and 1172 cm−1 indicated the presence of O O bonds
oordinated. XPS characterization showed the partial restoration
f the sp2 structure after reduction due to the partial elimination
f oxidized groups from the RGO structure, as the reduction of
he O1s/C1s ratio showed. No significant variations were observed
etween the fabrics with different number of RGO layers. It was dif-
cult to characterize the surface TiO2 content due to the irregularity
f the fabrics and the uneven distribution of the TiO2 nanoparticles.
he bands observed in the FTIR-ATR spectra had a similar intensity

or all the samples, which would indicate a similar TiO2 content.
V–vis diffuse reflectance technique showed an increase of the
bsorbance in the UV and the visible region as the number of RGO
oatings increased, which would indicate a higher photocatalytic
ctivity.
ngineering B 199 (2015) 62–76 75

The electrical characterization by EIS showed a decrease of
the impedance modulus |Z| with the increasing number of RGO
coatings, due to the improvement of the conducting pathways on
the fabrics.

The electrochemical characterization by EIS in solution of the
conductive fabrics showed an increase in the electroactivity with
the number of RGO coatings. The charge transfer resistance (Rct)
and its time constant (�) decreased, indicating a better electron
transfer which could help the charge separation process to increase
the lifetime of the pair electron/hole.

Scanning electrochemical microscopy (SECM) showed the
changes produced by UV irradiation on the PES-4G + TiO2 fab-
rics. The production of photoelectrons under UV irradiation was
demonstrated. Electron transfer with the redox mediator prevailed
over hydroxyl reaction with the redox mediator in the conditions
employed for SECM measurements (nitrogen atmosphere).

An increase in the photocatalytic degradation efficiency (�) of
Rhodamine B was  observed with the increasing number of RGO
layers. This increase can be attributed to a higher light absorption,
better conductivity, the decrease in the charge transfer resistance
(Rct) and the decrease of the time constant (�), which allows a bet-
ter electron transfer between TiO2 nanoparticles and RGO-coated
fabrics.

These fabrics could be employed as effective supports with high
surface area onto which nanoparticles for photocatalytic applica-
tions can be deposited and easily recovered. The fabrics have been
employed for photocatalysis in solution but they could also be
applied to gas purification.
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