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Abstract

Reduced graphene oxide coatings were synthesized by cyclic vatamon Pt
electrodes. Electrochemically reduced graphene oxide was adalyg scanning
electrochemical microscopy for the first time. The redox mediatfluences the
electrochemical response; thus Rug\fl and Fe(CNy* gave a similar response and
Fe** gave the poorest response. Pt electrodes coated with reducechgrapite were
also used in the electrochemical adsorption (performed by cyclianvoletry) of
different dyes (Methylene Blue, Procion MX-2R and Amaranth). tElebemical
methods proved to be useful to monitor the adsorption of dyes on theeswffa
graphene materials. After adsorption, with Methylene Blue Rrmtion MX-2R, the
appearance of a stable redox pair (with 1 electron transferplbsesved. This redox
pair was adsorption controlled since the intensity of the redox peirmpnoportional to
the scan rate used. Electrochemical adsorption multiplied bg 8ldctrical charge of
the Methylene Blue adsorbed on the surface of reduced graphene bedeempared
with simple adsorption at open circuit potential. In the case ofiétr MX-2R, the

increase obtained was even higher, with a 6-fold increase.
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1. Introduction

Since the discovery of graphene by Novoselov et al. [1], graphenenmaged as a
revolutionary material in the field of physics and materiaisna® due to its electronic
[2], optical [3], thermal [4] and mechanical properties [5,6iffdbent methods of
production have been used for the production of graphene and derivatije$1{gt8
quality graphene crystals are obtained from mechanical exfoliéenfirst method
reported by Novoselov et al.) [1], however its production is limitetbtv quantities
only useful for basic studies. This is why other methods with higtoeluction capacity
have been used, for instance: chemical vapour deposition [7,8] orozthenathods [7-
9]. Among chemical methods, the production of graphene oxide (GO)part€ular
interest due to the low production costs and its versatility.rétlection of GO allows
the deposition of reduced graphene oxide (RGO) on different subsirateseduction
can be performed thermally, photocatalytically, chemicallgctrochemically, etc. [10].
Electrochemical reduction is of particular interest becatsedse of operation and
control, and no additional reagents such as dangerous reductantsngfance
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hydrazine) are needed [10]. The applications of graphene and dersvatichemistry
and electrochemistry are varied and numerous and include energyesiofasensors
[7], oxygen reduction reaction [11] or photocatalysis [12] among sther

Scanning electrochemical microscopy (SECM) is a powerful techriltatehas been
used to test the electroactivity of samples ranging from biolbgjmalications [13] to
materials characterization such as corrosion processes fiMg Sudies have focused
on the electrochemical characterization of graphene, graphene amatleeduced
graphene oxide by SECM [15-21]. However, the characterizationH§MSof RGO
obtained by electrochemical methods has not been reported in bibliogidgys the
reason why electrochemical characterization by SECM of R@@ogited on Pt
electrochemically was performed in this paper.

The interaction of graphene with organic molecules has been showoftnberest; for

instance the doping (n or p) of graphene with aromatic moleculesbbas

demonstrated [22]. Graphene and derivatives have also been shown to be good

adsorbents for dyes due to tire stacking interaction between graphene and aromatic

compounds [23,24]. These materials could have applications in dye-s#hsitiz
biosensors [25] or charge transfer complexes [26-28]. In tipsrpthe electrochemical
adsorption of different dyes by cyclic voltammetry (CV) is proposed asethod to
monitor the adsorption of the dye and a more efficient way of adsorbisgluye open
circuit adsorption. The RGO/dye complexes were also lateactemized by CV in

order to evaluate the adsorption products as well as its eleetndzal properties.

2. Experimental

2.1. Reagents and materials
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All reagents used were of analytical grade.

For the synthesis: Monolayer graphene oxide (GO) powders were acdtom
Nanoinnova Technologies S.L. (Spain). Lithium perchlorate (LiCM2as purchased
from Merck. Pt wires (0.5 mm diameter, 99.99% purity) were aedudrom Engelhard-
Clal. The effective length of the electrodes used (wheretiosaoccurred) was 2 cm
(total area of 0.31 cfp The area of the electrodes was controlled with Teflon®.

For the characterization: Sulphuric acid,$4,) and potassium chloride (KCI) were
purchased from Merck. Hexaammineruthenium (Il) chloride (Rufbk), potassium
ferrocyanide (1) kFe(CN) and iron (Ill) sulfate pentahydrate gF80;)s- 5H,0) were
used as received from A Organics. Methylene Blue (MB), Procion MX-2R
(PMX2R) and Amaranth (AM) were purchased from Panreac, ZenedaFhika,
respectively.

When needed, solutions were deoxygenated by bubbling nitrogepréinhier X50S).
Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q®antage A10 system

with a resistivity near to 18.2 Mcm.

2.2. Synthesis of reduced graphene oxide on Pt

An Autolab PGSTAT302 potentiostat/galvanostat was used to perforriic cyc
voltammetry (CV) as well as electrochemical impedancectepeopy (EIS)
measurements. GO was reduced on the surface of Pt by C\solthi®n used for the
synthesis contained ultrapure water, 3 § GO and 0.1 M LiCIQ (supporting
electrolyte). Pt electrodes were pretreated with a flagsdrhent to clean their surface
[29]. A three-electrode configuration was used for the synthed$?s:wire was used as

counter electrode and Ag/AgCl (3.5 M KCI) was used as refereteerode. To
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perform the electrochemical synthesis, the potential wasdydeveen +0.6 V and -

1.4V at 50 mV & for 40 scans.

2.3. Field emission scanning electron microscopy (FESEM)
A Zeiss Ultra 55 FESEM was used to observe the morphology shtheles, using an
acceleration voltage of 3 kV. Energy dispersive X-ray (EDX) soeaments were

performed between 0 and 10 kV.

2.4. Electrochemical characterization by cyclic voltamygdV)

After synthesis, the electrodes were characterized by C\5iM0H,SO, to test their
characteristic capacitive behavior. Electrodes were alstedewith different redox
systems (0.01 M Ru(Ng>* / 0.1 KCI; 0.01 M Fe(CNJ / 0.1 M KCl and 0.02 M F&
/ 0.5 M HSQy) to test their reversibility and therefore the electrotial behavior of

the electrode surface.

2.5. Electrochemical impedance spectroscopy (EIS)

The same configuration used for the synthesis of RGO on Pt wasfarsdee EIS
characterization of the electrodes in 0.5 M5By solution.

The experimental results were also fitted using a non-liheast squares fitting

minimization method by ZView software (version 2.7).

2.6. Scanning electrochemical microscopy (SECM)
SECM measurements were carried out with a scanning electrimathanicroscope of
Sensolytics. A three-electrode configuration cell consisting of -an2sliameter Pt

microelectrode, a Pt wire auxiliary electrode and Ag/AgCl (BI5KCI) reference
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electrode. Measurements were performed with the same redexsyssed in the CV
characterization: 0.01 M Ru(Nj#>* / 0.1 KCI; 0.01 M Fe(CNJ / 0.1 M KCI and 0.02
M Fe** / 0.5 M HSO. All the experiments were carried out in an inert nitrogen
atmosphere.

The samples were glued to microscope slides with epoxy resinmidreelectrode
operated at a potential of -0.4 V, 0V, -0.1 V for the 0.01 M Rif¥* / 0.1 KCI, 0.01
M Fe(CN)*> / 0.1 M KCI and 0.02 M F& / 0.5 M HSQ, systems, respectively. At
these potentials, the oxidized form of the redox mediator (Ox¢dsced (Red) at a
diffusion controlled rate. Approach curves were obtained by recordingpthedtiction
current as the microelectrode tip was moved in z directippréaching the sample).
Approach curves give us an indication of the surface’s electvidgctihese curves
were compared to the theoretical ones (positive and negativeatdedindels). The

substrate’s surface in all the measurements was at tipeir oc

2.7. Electrochemical behavior of dyes on the surface of RY/Bl&ctrodes

The electrochemical behavior of different dyes was tested lansnef CV. Solutions
containing 5-18 M of MB, PMX2R and AM and 0.5 M 8O, were used for this
purpose. A three-electrode configuration was used. Potentialyekesl detween -0.2 V
and +0.7 V for 100 scans to produce the adsorption of the dyes. An expexiasealiso
performed at ocp in the same conditions to evaluate the spontaau=smiption of dyes
during 1 hour. The potential evolution during ocp adsorption was monitored s mea
of chronopotentiometry (zero current). The electrodes were chazadigreviously
and after dyes’ adsorption in 0.5 M,$0D, solutions to determine possible adsorption
products on the surface of RGO. To evaluate dye adsorption, theeéscwere rinsed

with water several times in order to eliminate the dye nairads. The electrodes were
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also characterized at different scan rates to detenfinihe processes were diffusion or

adsorption controlled and determine the number of electrons imvolve

3. Results and discussion

3.1. Field emission scanning electron microscopy (FESEM)

Fig. 1 shows the FESEM micrographs and EDX analysis of the Bt/Rl8ctrode
obtained by means of cyclic voltammetry, sweeping the poterdial +0.6 V to -1.4 V
for 40 scans. The whole surface of the Pt electrode wasdcbatRGO sheets; in Fig.
1-a RGO sheets deposited on Pt have been magnified for betteradioseriZDX was
used to analyze chemically the composition of the sample (Fig. C, O and Pt
appeared in the spectrum; C and O arise from GO. The prestmteis due to the
penetration of the X-ray that is in the ordepaf, much higher than the thickness of the
coating. The O/C atomic ratio obtained was 0.08, which inecathigh reduction of

the GO sheets when compared with other methods [10].

3.2. Cyclic voltammetry and electrochemical impedancetspopy characterization

Fig. 2-a shows the voltammetric characterization of Pt afRiG® electrodes in 0.5 M
H,SO, solution. As can be seen, the deposition of RGO on Pt inhibitgpihearance of
the characteristic oxidation and reduction processes on theuntatsurface. The
voltammetric profile shows the characteristic capacitivdhabor of RGO. The
oxidation/reduction peaks that appear between +0.2 V and +0.5 \bkaweattributed

to a redox pair of oxygen containing groups [30,31] that are too stable ediieed by
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cyclic voltammetry [30]. The electrochemical reduction is ngtabde of eliminating
completely the oxidized functional groups and C-OH, C=0 and C-O-C groesila
present after electrochemical reduction [32]. However the @#® obtained by
electrochemical method is lower than the one achieved by cHawdection methods
[21], which implies that a more efficient reduction of GO ishiaved by

electrochemical methods.

Fig. 2-b shows the voltammetric characterization of Pt/RG®trddes with different
redox mediators (Fe(Ch), Ru(NH)e* and F&"). The peak to peak potential
separation for the different redox mediators was 101, 121 and 538 mVifNHEs ",
Fe(CN)>, and F&, respectively. The Bé redox mediator has been shown to be
sensitive to surface oxides. The presence of surface oxideleratee the electron
transfer [33,34]. In this case the difference of 538 mV indécateeduced content of
oxides on the RGO's surface. Hence the Ru{dfi was the best redox mediator
followed very closely by Fe(ChJ, both mediators have been shown to have higher
apparent heterogeneous electron transfer rate constants tHared@x mediator on
RGO surface [35]. However the ¥eedox mediator can be used as an indicator of the

presence of surface oxides.

Fig. 3. shows the electrochemical characterization of Pt HREGP electrodes by EIS
in 0.5 M HSQO, solutions. The Nyquist plots for Pt and Pt/RGO are shown in Fag. 3-
and Fig. 3-b, respectively. The equivalent circuit useadjast the data is shown in the
inset of each figure. The adjustment of the data to the equivalenitsis shown as a
continuous line and the experimental data are shown as dotsqdilialent circuits are

composed of:

Re: electrolyte resistance between the reference and thengalectrode.
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CPE: constant phase element simulating the non-ideal behavior of theitoap
It is composed of CPE-T which gives the value of pseudo-capeeitat the
electrolyte/RGO interface and CPE-P which gives an idea abeulighavior of
the CPE. When CPE-P is equal to 1, the CPE is equatapaxitor (C). If CPE-
P equals 0.5, the CPE represents the case of semi-itifneige diffusion (and a

straight line with 45 degree slope would be recorded on the Nydjagram).

Rct: corresponding to the charge transfer resistance at the ®ubfiec
interface, in parallel with the CPE element. The combinatiqgrarallel of CPE
and Rct is responsible for the depression of the semicircls. élament only
appears on the Pt electrode since Pt/RGO presents a capheitiseior as
observed previously by CV.
If the Nyquist plots for both samples are compared, the diffesenaa be easily
observed. The charge transfer process (Rct) is responsiblaef@ppearance of the
semicircle on Pt electrode characterization (Fig. 3-a)thin Pt/RGO sample, the
capacitive behavior predominates as can be seen fronintbstavertical line obtained
in the Nyquist plot (Fig. 3-b). The inclination of the line indésathe deviation from the
ideal capacitive behavior, represented by the CPE in the éeptivarcuit. If it were a
pure capacitor, a vertical line should be obtained. Table 1 shawsalhes of the
parameters obtained after fitting data with the corresponding eguivaircuits. The
most noteworthy fact is the increase in the pseudo-capacitdrare Pt was coated with
RGO (an increase of around 56 times was obtained). This incokasgacitance is
attributed to the large surface area of RGO coating and #senqme of the remaining
surface oxides [36]. The value of CPE-P was in both casestoldsehis fact indicates
that the CPE behaves as a capacitor. The value of changietreesistance obtained for

Pt was 1.77-10Q.
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3.3. Scanning electrochemical microscopy characterization

SECM was used to test the electroactivity of the Pt/RG&lirmgs with different redox
mediators (Fe(CNJ, Ru(NH)e* and F&"). SECM technique was operated under
feedback mode, where the reduction tip current of the redox mediategistered as
the microelectrode approaches the surface of the sample ta stutthys study, the
different redox mediators were reduced on the surface of theetectrode, then the
reduction current was measured. The potential of the mictomliecwas fixed at -0.1
V, 0V and -0.4 V for F¥, Fe(CN)> andRu(NHs)s®", respectively. At these potentials,
the oxidized form of the redox mediator (Ox) is reduced (Red) on itre@etectrode’s
surface at diffusion controlled raté,, The measured reduction diffusion current is
defined asi, = 4-n-F-D-C-awheren is the number of electrons; is the Faraday
constant,D is diffusion coefficientC is the bulk concentration of the redox mediator

anda is the radius of the microelectrode tip.

In approach curves, the normalized reduction current registereel ati¢roelectrode

is represented vs. the normalized distarige The normalized current is defined as
follows: | = i/i,, wherei is the current measured at the microelectrode tip at a define
normalized distance andg, is the diffusion current defined above. The normalized
currents depend oRG (RG=Rg/g, whereRg is the radius of the insulating glass
surrounding the Pt tip of radi@sand the normalized distante whereL=d/a (d is the
microelectrode-substrate separation). R® of the microelectrode used in this work

wasRG> 20.

Depending on the conductivity of the sample, as well as the distastwveen the

microelectrode and sample, different situations can arise:

10
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If the microelectrode is far enough from the surface of thgpks no interaction

between the microelectrode and the sample is observed. Ircdbes the

diffusion reduction current of the redox mediator is achievgd By definition,

the normalized current () is equal to 1.

When the microelectrode approaches the surface of the samplbeeands an

interaction between the sample and electrode, two situationsakanplace

depending on the conductivity of the sample:

(0]

If the sample is insulating, when the microelectrode approattiees
surface of the sample, there is a hindrance to the diffusioadofced
redox species (Red) due to the low distance between microelecnd
sample. The surface of the sample is not able to regeneratez€xidi
(Ox) the reduced form of the redox mediator (Red). As the distance
between microelectrode and sample becomes smaller, the doniodt

the current is greater. In this case the normalized curesti@wer than

1, since values of reduction current are lower than that of thesuiff
current (). This case is known as negative feedback.

Conversely, if the sample is conductive, when the microelectrode
approaches a conductive substrate, there is an increase irdticiame
current of the redox mediator registered. The surface of thplsam
able to regenerate (oxidize) (Ox) the reduced form of the redoxatoedi
(Red). As the microelectrode approaches the surface of thplesghe
effect is increased, since a greater flux of Ox specigseisent. In this
case, the normalized current (I) is higher than 1, since valuesduction
current are higher than that of the diffusion currep}. (This case is

known as positive feedback.

11
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Experimental approach curves were compared with a theoreticalaghpone for the
positive feedback model, according to equation 1. According to Rajendedn[8V],
Pade’s approximation gives a close and simple equation with lesseerror for all
distances and is valid for RG > 10. The approximate formula of téed\sstate
normalized current assuming positive feedback for finite condustitastrate together

with finite insulating glass thickness is:

1+ 1.5647L + 1.31685%/_2 + 0.49197(%_3

1+11234 0.62639%_ i "

Fig. 4 shows the SECM characterization of the Pt/RGO elgetr with the different

c
I+ =

redox mediators. First of all, the microelectrode was posii@®ve the Pt/RGO wire.
In order to achieve a proper location of the microelectrodegethéction current of the
redox mediator was measured with the microelectrode at a cbhstght (z) above the
sample as the microelectrode moved laterally in the x dweclihe maximum current
was obtained in the center of the wire since the gap betweeoeteicirode and sample
was minimal. At this position, when the microelectrode approaitteeBt/RGO surface,
a positive feedback situation was observed and an increase adtl@ion current was
observed. The exception to this behavior was th& Feglox mediator, where slight
positive feedback or even negative feedback was obtained (Figushown). These

results are consistent with the fast and reversible behavion(®fHR)s>* and Fe(CNy*

compared to F& (Fig. 2).

Fig. 4-a, b, c, shows the different approach curves obtainedthathlifferent redox
mediators. In the case of Ru(B)sf* and Fe(CNy* redox mediators, values of positive
feedback around 1.7-1.8 were obtained. For the case’bfshight values of positive

feedback or even negative feedback were obtained. The valuesitiepteedback

12
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reported in bibliography have been around 1.7 (L=0.5) for graphene obtayned

chemical vapor deposition and employing FeMeOH as mediator [15].

3.4. Dyes characterization on Pt/RGO electrodes
3.4.1. Methylene Blue characterization

Fig. 5-a shows the voltammetric characterization of a G®@Relectrode in 5-1OM
Methylene Blue / 0.5 M bSO, solution. The apparition of a redox pair with the
cathodic peak at +0.23 V and the anodic one at +0.26 V can be abs&me redox
pair has been attributed to the reduction of methylene blue (MB)d¢oreethylene blue
(LMB) [38]. Different scan rates were used to charaztetine electrochemical behavior
of the dye on the Pt/RGO electrode and it was observed that thisspravas diffusion
controlled (figure not shown). The intensity of the anodic and cathodic pzdtds
subtracting the background current arising from RGO deposit was not pwopbitb
the scan rate. The intensity of both peaks was proportional tguleesroot of the scan
rate, indicating a diffusion controlled process that takes pladheoRGO/electrolyte
interface. The representation of log () vs. the scan rategalve a slope near to 0.5 for
both peaks, confirming a diffusion controlled process. Hence, this rpdak is

attributed to the redox processes of dye in solution.

There was little variation of the redox pair due to the dye in solwtith the number of
scans. However, as the scan number increased the appearanpevefredox pair at
around +0.15 V could be seen, and the intensity of this paiedsed with the scan
number as can be observed in Fig. 5-a. The appearance oédbis pair at lower
potentials was attributed to the adsorption of the dye species [38}. &0 scans, the

Pt/RGO-MB electrode was taken out from solution and washed witlpute water

13
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several times in order to remove the dye not adsorbed. Afterwhelglectrode was

characterized in 0.5 M 1$0, solution to evaluate the adsorbed species. Fig. 5-b shows

the characterization of Pt/RGO electrode prior and after MBsorption
(electrochemical adsorption). The apparition of a redox pair Wwehahodic peak at
+0.16 V and the cathodic one at +0.14 V could be observed. The pea&ki@otential
difference that was close to 0 mV, the current (l) of oxidatioth reduction peaks and
their electrical charge, which were almost equal, indicdtet the process was

adsorption controlled.

Fig. 5-c shows the voltammetric characterization of Pt/RG®-d&lectrode obtained
after electrochemical adsorption in 0.5 M3, solution using different scan rates. No
significant variation of the peak potentials was observed with @ rate, indicating a
surface-confined process with fast electron transfer [23]ign3-d, the intensity of the
anodic and cathodic peaks is represented vs. the scan rdtel'heeRGO contribution
to the intensity of both peaks was subtracted. The representatiors.afcan rate was
linear, indicating that in this case, the process was adsormiidroted. On the other
hand, the representation of | w&/? was not linear, excluding a diffusion controlled
process (figure not shown). The representation of log(l) vsv)lggve also a linear

dependence with slope close to 1, confirming an adsorption contpotiedss.

The number of electrons involved in the process was calculated by rogdhe

following equation [39]:

n-F-Q-v i n-F- slope-4-R-T
pz_Q_>_P=_Q_> = SopeRT (1)
4-RT v 4RT F-Q

Where:

ip, Is the intensity of the anodic or cathodic oxidation peaks (A).

14
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n, is the number of electrons involved in the reaction.

Slope, is the slope obtained in the representationwvst v.

v, is the scan rate (V%

F, is the Faraday constant (96485 C Mol

T, is the temperature (298 K).

Q, is the charge associated with the anodic or cathodic(fgak
R, is the gas constant (8.31 V C Kol %).

The number of electrons involved in the reaction was calculateddans of Eq. 1,
giving a value of 1.17 and 0.92 electrons for anodic and cathodic peecess
respectively. Hence the number of electrons transferre@msl the deviations could be

due to experimental errors.

To characterize the stability of the Pt/RGO-MB electradeas cycled for 100 scans in
0.5 M H:SQy solution. A gradual reduction of the peaks’ intensity withsiteen number
until it stabilized. The loss of intensity could be attributedhie loss of part of the dye
adsorbed on RGO's surface. Fig. 6 shows the representatidg mattild for anodic and
cathodic peaks, as can be seen there is an initial deamedgestabilizes around a value

higher than 0.6 for 100 scans.

Another experiment was performed to characterize the spontaneougtiadsof MB
on the Pt/RGO electrode. For this reason, the Pt/RGOradlectvas placed in contact
with the dye solution, with the same electrochemical configurgirewiously used.
However, in this case no potential was imposed. Starting @rdfm the potential was

allowed to reach its ocp and was monitored vs. time. The tised to perform the

15
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adsorption was the same time used to perform the 100 CV scanm#t $H(1 h). The
potential tended toward +0.38 V after an hour of measurement (figushown). After
this adsorption’s phase, the Pt/RGO-MB electrode was washelistwves with water
and characterized in 0.5 M,80O, solution by CV (Fig. 5-b, blue line). The same
oxidation and reduction peaks observed previously with electrochemicaptoisaiue
to MB adsorption appeared in the voltammogram. Both peaks weread$orption
controlled since the intensity of the peak was proportional to theratsnsed. Fig. 5-b
shows the comparison of the voltammograms of a Pt/RGO-RB electtodéened
electrochemically and another obtained at ocp. As can be theeralues of current
obtained with the electrochemically obtained Pt/RGO-MBtabele doubled the values
obtained with the Pt/RGO-RB electrode synthesized at ocp. imbisates that the
electrochemical adsorption is more efficient than the natuddorption. The
electrochemical adsorption allows the assembly of more MB miele®n the RGO
structure. The charge (C) of the anodic and cathodic peaks waapdsoximately 3
times higher in the case of electrochemical adsorption. For m&arthe electrical
charge for the reduction peak was 485 cmi? for the PtYRGO-MB electrode obtained

electrochemically vs. 148C cm? for the PYRGO-MB electrode obtained at ocp.

3.4.2. Procion Orange MX-2R characterization

Fig. 7-a shows the characterization of the PMX2R adsorption BGRt/electrodes by
CV. The adsorption was performed in a 520 PMX2R / 0.5 M BSO, solution for

100 scans. The™1 10", 30", 50" and 108 voltammograms have been represented in
the same figure to observe the evolution. From theottammogram, an oxidation peak

appeared at +0.44 V and a reduction one appeared at +0.36r\theft?® scan. This

16
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peak is attributed to the oxidation and reduction of dye in solution, tesggcAs the
scan number performed increased, a new oxidation peak appeared s0@ihd/ (in
addition to the one observed at +0.44 V), both peaks were superimpusedrabe
observed in the 180scan. The appearance of the new peak can be ascribed to the
adsorbed dye, in the same way that happened for MB. The reductibrape0.36 V
also increased its intensity with the number of scans, indict#timgdsorption of the
dye. After the 100 scan, the electrode was taken out from solution and rinsethkeve
times with ultrapure water. Thereafter, the electrode Wwasacterized in 0.5 M $$0O,

to observe the adsorbed products (Fig. 7-b). The P/RGO voltammmetponse has
also been represented for comparison. As can be seen, a redappesred at around
+0.37 V. As in the Pt/RGO-MB electrode, the peak to peak pateatitfference was
nearly 0 mV, the current (1) of oxidation and reduction peaks andelesitrical charge

was almost equal, pointing out an adsorption controlled process.

Different scan rates were used to characterize the amsogbduct on the surface of
the Pt/RGO electrode (5, 10, 25, 50, 100, 150, 200, 250, 300, 350, 4@GHd500 mV
s%) (Fig. 7-c). No variations were observed in the peak potentias warying the scan
rate, indicating a surface-confined process with fast electaosfar as took place with
MB. The peak intensity (I) of oxidation and reduction processes \passented vs. the
scan rate used (Fig. 7-d). To calculate the intensity afatixin and reduction peaks, the
background current arising from RGO coating contribution was subtrakseitie peak
intensities were proportional to the scan rate uggdhis indicated that the process was
adsorption controlled. The representation of lw€was not linear meaning there was
no diffusion controlled process (Figure not shown). The log (l) epesented vs. the

log (v) for both processes and both slopes tended to 1, confirming an adsorption
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controlled process (Figure not shown). The number of electrons involttbe medox

process was also 1.

The stability of the Pt/RGO-PMX2R electrode was tested lgjiaccyoltammetry for
100 scans in 0.5 M 430, solution (Fig. 8). As can be seen, the intensity of oxidation
and reduction peaks was progressively reduced. However, the diminutibothof
adsorption peaks on the Pt/RGO-PMX2R electrode was lower thdne icase of the
Pt/RGO-MB one. The current ratios g)/lfor oxidation and reduction peaks after 100
scans was 0.75 and 0.88, respectively (Fig. 8). The adsorptlMX2R is more stable
than the MB one. The adsorption of dyes on graphene substrate is dominated by
stacking and hydrophobic interactions [23]. The increased stability oftedsBMX2R
could be due to the presence of chlorotriazine groups in the dye strtf@tireould

serve as fixation points with the remaining functional groups of RGO.

Another experiment was performed to observe the spontaneous adsorptioe of t
PMX2R dye. For this reason, the Pt/RGO was placed in contdctive dye solution as
it was performed for the MB ocp adsorption. The potential tended 8 M) (Figure
not shown). After this adsorption phase, the PYRGO-PMX2R etbrtwas washed
several times with water and characterized in 0.5 }® solution (Fig. 7-b). The
same oxidation and reduction peaks were obtained; however, in thisheasggensity
of the dye’s peaks in relation to the RGO voltammetric backgrouasl lawer. The
process was also adsorption controlled since the peak intensifyrey@stional to the
scan rate and not to the square root of the scan rate (Figurdavan)s Fig. 7-b
compares the voltammograms after OCP and electrochemicaptosorAs can be
seen, the voltammetric adsorption produce an increase in the ammbicathodic
current peaks when compared with OCP adsorption. The electrochemsoeaption is

more efficient in the adsorption of PMX2R. The charge (C) ofatedic and cathodic
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peaks was also approximately 6 times higher in the case of elemtnaal adsorption.
For example, the electrical charge for the reduction peak 162 uC cm? for the
Pt/RGO-PMX2R electrode obtained electrochemically vsu@&m? for the PYRGO-

PMX2R electrode obtained at ocp.

3.4.3. Amaranth characterization

Fig. 9-a shows the voltammetric characterization of a RERBctrode in 5-1OM
Amaranth / 0.5 M BSQO, solution. In the first scan, two peaks appeared, one anodic
peak at +0.44 V and one cathodic peak at -0.05 V. The anodic péadedwd reduction

in intensity with the increasing number of scans, however the tg@dtah which this
took place was not displaced. On the other hand, the cathodic péakdaf reduction

in intensity and the potential at which the process took placels@sliaplaced towards
lower potentials. After the 100 adsorption scans, the electrodevasi®ed several times
with ultrapure water and characterized in 0.5 M&,. Fig. 9-b shows the comparison

of the voltammograms before and after amaranth adsorption. Aftexddgeption some
redox processes appear between 0 and +0.4 V. However they asedadinad as they

were in the case of MB or PMX2R.

The usefulness of CV to monitor the adsorption of dyes on Pt/RG@oeles was
demonstrated. The quantity of dye adsorbed is substantially indredss compared
with ocp adsorption. Reduced graphene oxide (RGO) structure wesems were the
spf structure of pristine graphene has been restored but also presentsostes were
functional groups are still present [21]. The main mechanisms ofgs of the dyes
on RGO aren—n stacking and hydrophobic interactions on the zones where the sp

structure has been restored and charge transfer on the zoneshelferetional groups
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are still present. Hence, the mechanism of adsorption wilrdkpn the structure of the
dye [24]. Graphene oxide (GO) has been shown to be a good adsorbent foc dsgigni
due to its negatively charged surface which increase elattoositeraction between
the cationic dye and GO [24]. For the same reason GO is not gotba fadsorption of
anionic dyes since both of them present negative charges and eddictnagiulsion
takes place. Reduced graphene oxide (RGO) presents affinity foobttem, being
higher in the case of anionic dyes (95% for anionic dyes and 50% fonicadlyes)
[24]. The electrochemically-induced adsorption enhances the adsooptiom dye due
to the polarization of the RGO surface and the creation of estatic interaction
between the dye and the RGO surface. Small influence should bxtezkfmr dyes with
low polarity. The CV induced adsorption could also be used to irectbasadsorption
of other products, which adsorption on graphene derivatives has beetedepar
instance, the enzyme adsorption for the production of biosensors [23,46x-44
enzymatic biofuel cells [44]. This procedure would increase stsibility of the

biosensors.

4. Conclusions

Reduced graphene oxide (RGO) coated Pt electrodes were dutgimdectrochemical
reduction. The P/RGO electrodes were characterized bycoyaliammetry (CV) and
electrochemical impedance spectroscopy (EIS), showing the appearof the
capacitive behaviour of RGO. The electrochemically obtaine® RGated electrodes
were characterized by scanning electrochemical microscopy ($EENhe first time.

The coatings obtained were homogeneous and with good electroactivitinfllieace
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of the redox mediator used in the response obtained was clhamyn.sThe peak to
peak potential separation obtained from the voltammograms oflitfezent redox
mediators on P/RGO electrodes was 101, 121 and 538 mV for RNHe(CN)*,

and Fé&", respectively. With the first two redox mediators, the tetmic transfer was
reversible and with the Beone it was quite irreversible. Thefeedox mediator is
oxide sensitive and the high peak to peak potential separation isdicéies quantity
of oxidized groups on the surface of RGO (indicates an effectivetredwf GO) as
EDX has also shown. The approach curves obtained by SECM confirméshiihésicy,
showing similar values of positive feedback for Rughfl and Fe(CNy*, and low

values of positive feedback or even negative feedback fétefi@edox mediator.

The electrochemical adsorption of different dyes (Methylene EBMB), Procion
Orange MX-2R (PMX2R) and Amaranth (AM)) was accomplished Wyo@ Pt/RGO
electrodes. It has been shown that this technique could be usedeaBn@ue to

monitor the adsorption of the dyes. After MB and PMX2R adsorptt@nyoltammetric

characterization in 0.5 M 130, solution showed the appearance of a redox pair at

+0.15 V and +0.36 V, respectively. The processes were adsorpttroied. The
electrochemical adsorption is more efficient than ocp adsorptiochwbpens the
possibility of employing this technique to enhance the adsorption of stifistances

such as enzymes for the production of biosensors.
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Fig. 1. a) FESEM micrograph of Pt/RGO electrode (x20000). b) EDXRHESEM

micrograph of Pt/RGO electrode.
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5" 10" and 108 scans are represented). b) Cyclic voltammograms of PYRGO

electrode prior and after dye adsorption. Scan rate used, EfmV

Table captions

Table 1. Results of the fitting of impedance data of Pt arRiG&Y electrodes in 0.5 M

H,SQ,. Data adjusted with the equivalent circuits shown in Eig.

Electrode Chi-Sqr Rs (Q) CPE-T(F*™ CPE-P  Rct (Q)
P‘Q(l-CPE-P))
Pt 0,09 1,59 1,72-10° 0,95 1,77-10°
Pt/RGO 0,02 2,03 9,67-10" 0,87 -
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Figure(7)
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Table(1)

Table 1. Results of the fitting of impedance data of Pt and Pt/RGO electrodes in 0.5 M

H.SO,. Data adjusted with the equivalent circuits shown in Fig. 3.

Electrode  Chi-Sqr Rs (Q) CPE-T(F™ CPE-P  Rct(Q)
P-Q(l-CPE-P))

Pt 0,09 1,59 1,72-107 0,95 1,77-10°
Pt/RGO 0,02 2,03 9,67-10" 0,87 -
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