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Abstract— Glassy carbon electrodes (GC) were modified with
multiwalled carbon nanotubes (CNT/GC) and were
electrochemically treated to obtain a MWCNT/graphene-like
hybrid material characterized via scanning electron
microscopy (SEM), Raman spectroscopy, energy dispersive
spectroscopy (EDS), and electrochemical techniques. These
modified electrodes showed an electrochemical selective
determination for dopamine (DA) and serotonin (SHT) in the
presence of ascorbic acid (AA) and uric acid (UA).
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1. INTRODUCTION

High electrical conductivity, large surface area,
mechanical and chemical stability plus a reasonable cost of
mass production are required for electrodes on behalf of
electrochemical devices. Hence carbon nanotubes (CNTs)
and graphene are some of the carbon allotropes most
intensively explored in materials science for determination
of biomolecules [1-3]. Graphene is a single atom thick, 2D
sheet of sp? hybridized carbon atoms, densely packed in a
honeycomb crystal lattice. Due to its structure, all of its
atoms are on the surface, giving it an excellent biosensing
potential in the nanoscale [4]. Its most important property is
its excellent electrical conductivity, being a semiconductor
with zero bandgap [5,6]. Any modification in the crystal
lattice will alter its band structure. Particularly, a variation
of the hybridization state of carbon atoms [7], other atoms or
molecules incorporated in the lattice, and/or defects [8] can
directly affect its electrical properties. The introduction of
strong edge states and quantum confinement via structural
constraints (nanoribbons, quantum dots, nanomesh) will
have a similar effect [9]. CNTs are a sheet of graphene
rolled into a well-ordered tube. Hence, an alternative way to
obtain a graphene-like material is presented by Shinde et al.
and their electrochemical approach to transform MWCNTs
to reduced graphene nanoribbons (rGNRs) [10], simplifying
experimental and waste disposal conditions [11]. Briefly, an
electrochemical oxidation provides graphene oxide (GO)
while the MWCNT get unzipped, supplying individual
layers of GO that will turn into rGNRs upon reduction
[10,12]. During oxidation, the sp® carbons are being
continuously modified with O functionalities [13], to sp’
carbons. The reduction of GO partially restores the sp’
hybridization, improving the conductive behavior and
yielding a graphene-like material [6]. Determination of DA
and SHT is important for early identification of diseases as
depression, Parkinson, epilepsy, squizofrenia, or senile
dementia, to minimize their deleterious effects [14,15]. The
ability to monitor their physiological changes could also
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benefit the design of better and more efficient therapeutics.
Due to DA and 5HT redox behavior, electrochemistry is
suitable for their determination. However, some
electroactive interferences such as AA and UA overlap their
anodic peak potentials, between 0.2 and 0.35 V, with paste
carbon electrodes [16-17]. In this work we report the
fabrication and characterization of modified CNT/GC
electrodes, electrochemically treated, to produce a 2D
CNT/graphene-like hybrid material (rGNR/CNT/GC), and
its application to simultaneous determination of DA and
SHT in the presence of AA and UA.

II. MATERIALS AND METHODS

A. Reagents and instrumentation

All reagents were of analytical grade and used as
received. MWCNTs were >98% carbon basis, 10 nm outer

diameter, 4.5 nm inner diameter and 3.5 pm length.

Phosphate buffered saline solution (PBS) was prepared in
MilliQ water.

Electrochemical measurements were made with a standard
three-electrode system, at room temperature (ca. 25 °C) in
solutions deoxygenated with high purity N, using a
Potentiostat/Galvanostat/ZRA  (Series G 300TM and
Interface 1000 from Gamry Instruments Inc. USA). A GC
bare electrode (Structure Probe, Inc. PA, USA), or modified
electrodes, were assayed as working electrodes. A Pt foil
was used as counterelectrode. Two different reference
electrodes (RE) were used, Ag/Ag,SO,, or Ag/AgCl,.
Solutions were used freshly prepared in MilliQ water.
Sonications were made using a Cole-Parmer ultrasonic bath.
SEM images were recorded on a SEM Carl Zeiss NTS
SUPRA 40 (Carl Zeiss NTS GmbH, Germany). An Apollo
X EDAX spectrophotometer (AMETEK, USA) was used.
Raman measurements were performed in a Confocal Horiba
Jobin Yvon Dilor XY 800 (HORIBA Ltd, Japan).

B. Electrochemical treatment of MWCNT/GC
The GC electrodes (1 mm diameter) were pretreated via

polishing with alumina powder on a wet cloth (0.3 pm), and
then washed with water. Afterwards the electrodes were
sonicated for 5 min in Milli-Q water and 5 min in ethanol
and finally dried 15 min at 50 °C. A dispersion of MWCNT
(0.5 mg mL!' of MWCNTs in absolute ethanol) was

sonicated for 120 min. 5 pL of the dispersion were deposited

onto a pretreated GC electrode, followed by drying at 50 °C.
CNT/GC were treated first by applying a fixed oxidation
potential of +0.72 V for 6 h in 0.5 mol L' H,SO,
continuously deoxygenated with N, to obtain oCNT/GC. In
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the second step oCNT/GC was treated by applying a fixed
reduction potential of -0.75 V for 6 h in 0.5 mol L' H,SO,
continuously deoxygenated to obtain rtGNR/CNT/GC.

An Ag/Ag,SO,,, was used as reference electrode for these
electrochemical treatments of CNT/GC in H,SO, to avoid
CI' that may interfere in modified electrodes [19].

C. Electrochemical characterization of the electrodes

Electrochemical characterizations were made through
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques using a Ag/AgCl,, RE. CV
measurements were performed in PBS containing 5 mmol
L' Fe(CN){**, scanning the potential between -0.3 and 0.7
V with a scan rate of 50 mV s or containing 1 mmol L'
Ru(NH,)*" scanning the potential between -0.5 and 0.2 V at
50 mV s, EIS measurements were performed to a 5 mmol
L' Fe(CN)* in PBS at 5 mV AC, 0.24 V DC, between 0.1
to 10° Hz, and 10 points/decade. Electrochemical surface
areas (ECSA) were calculated by CV of 5 mmol L
Fe(CN),* in 1 mol L' KCl, scanning the potential between
-0.3 and 0.7 at 50 mV s™

D. DPV measurements of SHT, AA, DA, and UA

Differential pulse voltammetry (DPV) was performed
with modified and bare GC electrodes in samples with three
different concentrations of SHT, AA, DA and UA (in PBS)
using an Ag/AgCl,, RE, and scanning the potential with a
pulse size of 50 mV, step size of 5 mV, sample period of
0.35 s and pulse time of 0.05 s.

I11. RESULTS AND DISCUSSIONS

A. SEM characterization

The morphology of CNTs near GC surface (Figs. 1b and
c) show some fused (circled in black) CNTs and some
unzipped (circled in white) in treated electrodes (0CNT/GC
and rGNR/CNT/GC), but not in CNT/GC (1a). It also show
a significant width difference between oCNT/GC (Fig. 1b)
and rGNR/CNT/GC (Fig. 1c) due to the O content in surface
functionalities, the reduced ones being smaller; this width
loss after reduction is used by some authors as criteria for
effective reduction [20]. The fusion of CNTs may be due to
a local increase of temperature as the oxidation potential is
applied [21].

B. Electrochemical oxidation of CNT/GC and
reduction of oCNT/GC

The electrochemical oxidation and reduction processes were
followed through CV. It can be seen a quasireversible
oxidation peak at 0.63 V that increased its height along with
the oxidation of the CNTs (Fig. 2a) showing a versatile
modified electrode with redox properties. Fig. 2b shows that
an increase in the initial CV current (in absolute values) take
place as long as the reduction potential is applied (-0.75V),
evidencing a presumptive effective reduction.
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Fig. 1. SEM images of modified GC electrodes with CNT without any
treatment (a), with oCNT (b), and with rGNR/CNT (c).
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Fig. 2. (a) CV after oxidation of CNT/GC. (b) CV after reduction of

oCNT/GC. 0 (black), 1 (red), 2 (green), 3 (blue), 4 (cyan), 5 (magenta) and

6 (yellow) hours. (100 mV s'). Zoom in insets.

C. Raman spectroscopy analysis

Raman spectroscopy revealed that the density of defects

increased from CNT/GC to rGNR/CNT/GC after the
electrochemical treatments, as shown in Fig. 2. The intensity
of the defects (sp’) related to peak D at 1350 cm™ vs. the
intensity of the peak G related to sp* hybridization
(characteristic of graphitic-like materials) at 1560 cm™ are a
common tool among carbon based Raman spectra to
determine the graphene character. The ratio I,/1; (Fig. 3)
increased from 1 to 1.3 after the electrochemical oxidation
of CNT, and the subsequent reduction process lowered that
ratio down to 1.1 for the rGNR/CNT/GC electrode. The
ratio increased upon oxidation of the CNT/GC owing to the
unzipping of the CNTs, which generated a high number of
defects (increasing peak D) coupled with O
functionalization (note that peak G from rGNR/CNT/GC
and oCNT/GC are practically alike).
It should be noted that the two processes are not necessarily
coupled, nor the variations of the peaks are proportional
[22], hence the decrease from 1.3 to 1.1 during reduction
suggests the restitution of some sp? features. Additionally,
the sharp peak 2D at 2700 cm™ is only present in graphitic
materials and is also a proof of graphene-like features [22].
In our case, peak 2D increases going from MWCNT to
either their oxidized or reduced forms, in very good
agreement with the intended transformation to a
graphene-like material.

D. EDS studies

EDS analysis was used to confirm the C/O ratio in
different modified electrodes. Its spectra showed that the O
contained in oCNT/GC was (3.89 + 0.18) at%, while
rGNR/CNT/GC contained (2.05 + 0.12) at% of O.
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Fig. 3. Comparisons of Raman spectra of CNT/GC (red), oCNT/GC (blue)
and rGNR/CNT/GC (green). Different ratios I,/I; are showed in the inset.

There were minimum differences between the at% of the
O contained in the CNT/GC (1.72 + 0.21) at% and the one
contained in tGNR/CNT/GC, but there were big differences
in the SEM images between both modified electrodes
(Fig.1).

The ratio C/O is a complementary tool used to monitor
the extent of graphitization [20] therefore the evaluation of
this parameter shows an increase from 25:1, in oCNT/GC,
to 48:1 in rGNR/CNT/GC, confirming a high degree of
oxygen gropus reduction after treatment. These results,
combined with the increase in the D band compared with
CNT/GC (Raman) strongly suggest that the presence of a
quasireversible oxidation peak in Fig. la corresponds to the
CNTs oxidation after applying a potential of 0.72 V and the
oCNTs reduction after the respective electrochemical
treatment.

E. Electrochemical studies: Fe(CN);"*

Fe(CN)/** were used to evaluate the
electrodes performance since its
reversibility assure that any due processes
would be ascribable to the electrodes alone.

Table 1 displays AEp values that are too
high (much higher than the theoretical 1

electron transfer A Ep expected of 59mV),
very probably due to Fe(CN)*** being an
inner-sphere electrode reaction, known to
have a surface-sensitive response, that can
hinder its ability as a probe. Nevertheless,
rGNR/CNT/GC show increased

reversibility  (the AEp) and

conductivity (the lowest R.;) compared to
the other modified electrodes (Table 1 and
Fig. 4).
Values of electrochemical surface area (ECSA) were
calculated based on Randles-Sevcik equation (1), assuming
mass transport only by diffusion process (Table 1) [22].

lowest

Ip=04463 Ac v "’ D2 RT"? p? [ (1)

The effective heterogenecous electron transfer (HET) rate
constant, k° ., was determined via a method developed by
Nicholson [23], applicable for quasi-reversible systems,

calculated for each modified electrode, plotting against
[ £ Dn v F/(RT)]" as suggested by Brownson et al. [23]

TABLE 1. Values of ECSA and A Ep using Fe(CN),*. Calculated

relative standard deviation, RSD, % in parenthesis (n=3).

Redox Electrode ECSA / cm? AE / R, /Q
Couple P
mV
GC 0.0073+0.0006 1009 1582+506
(8.2) ©) (31.9)
CNT/GC 0.087+0.006 110+10 346191
(6.9) 9.3) (26.3)
Fe(CN)63"“' oCNT/GC 0.071+0.005 110+6 13249
(7 (54) (6.8)
rGNR/CNT 0.080+0.006 89+1 69+5
/GC (7.5) (1.1) (7.2)
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Fig. 4. (a) CV of Fe(CN)>*, (b) Nyquist plots of Fe(CN) ", (inset:

magnification of the high frequency zone). GC (black), CNT/GC (red),

oCNT/GC (blue), and tGNR/CNT/GC electrodes (green).
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where ¥

coefficient for Ru(NH,):*, n is the number of electrons
involved, F is the Faraday constant, R the gas constant, T the

is a kinetic parameter, D is the diffusion

temperature, X being AEp and n the scan rate used (we
used a range between 0.025 and 0.15 V). The kinetic

parameter ¥ was calculated with the following equation (2)

Y = (-0.6288+0.0021 X) / (1-0.017 X) @)

The k°, calculated for bare GC was 3.17 102, in good
agreement with Brownson's result [23]. Our rGNR/CNT/GC
electrodes presented a k°.; of 3.2 107, a higher value than
the calculated by Brownson with the EPPG electrode,

therefore, coupled with stated results (Raman, EDS, AEp,

Rep) our modified electrodes based on graphene-like
materials exhibit favorable electrochemical properties to be
explored with biological molecules.

F. Electrochemical measurements of AA, DA, UA and
SHT

CNT/GC, or oCNT/GC electrodes presented poor
selectivity in the presence of the four compounds AA, DA,
UA, and 5HT (Fig. 5a) evidenced by the presence of only
two peaks (only one peak was observed when GC electrodes
were exposed to samples of the four analytes).

In contrast, four well-defined oxidation peaks,
corresponding to AA, DA, UA and 5SHT from left to right,
were observed using the rtGNR/CNT/GC (Fig. 5b).

The fact that the rtGNR/CNT/GC electrode can resolve these
four peaks is strong evidence of its improved selectivity
towards these compounds. The restored sp? features of the
rGNR/CNT/GC, combined with defects not restored with
exposed oxygen groups and the presence of CNTs,



comprising a hybrid material electrode, clearly favors the
selective oxidation of the four biological molecules tested.
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Fig. 5. DPV curves of three samples with AA, UA, DA and SHT using a)
CNT/GC (dot), oCNT/GC (dash) or b) rGNR/CNT/GC (solid). 4.6; 5; 50;

60 umol L' (gray); 25, 25, 96; 120 umol L™ respectively (magenta); 90; 50;

245; and 240 umol L' (olive) of SHT, DA, UA and AA respectively (n=3).
SHT determination detail in the inset in b).

In DPV, the peak shape and height are criteria for kinetic
capabilities of the reactions, with high and symmetric peaks
corresponding to reversible or quasireversible kinetics
[24,25].

The limit of detection (LOD) using rGNR/CNT/GC
electrodes was calculated using the formula 3SD b (SD is
the standard deviation of 4 consecutive readings of the blank
and b is the slope of the calibration plot of DA or SHT).
LOD for DA was calculated as 235 nmol L' and 460 nmol
L' for SHT. These detection limits are higher than other
reported [14,17,26], but many of them do not inform the
simultaneous determination of DA and 5HT in presence of
AA and UA.

1V. CONCLUSIONS

In this work, an electrochemical treatment was applied to
GC electrodes modified with a CNT/graphene-like hybrid
material (rGNR/CNT/GC) in order to simultaneously
determine DA and SHT in presence of AA and UA. These
modified electrodes, characterized through SEM, EDS,
Raman  spectroscopy, and electrochemical probes
(Fe(CN)3™,  Ru(NH,)>™") may expose different
morphologies to a sample, due to their surface modification
with O functionalities and not recovered defects after the
reduction step, guaranteeing mass transport and, as a
consequence, performance enhancement, increasing
conductivity and selectivity for DA and SHT determination
in presence of AA and UA [2]. Future work will focus on a
deeper characterization of the modified electrodes, the
electrodes processes, and the improvement of sensibility of
DA and 5HT towards clinical determinations (eventually the
determination of other biomolecules).
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