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In this study, we investigated the electrochemical behavior of reduced graphene oxide sheets (rGO) of
different sizes deposited on glassy carbon electrodes. Graphene oxide sheets were produced by the
exfoliation of graphite oxide in an aqueous solution by ultrasonication. Scanning electron microscopy
and transmission-mode scanning electron microscopy results indicated a decrease in the size of the
graphene oxide sheets with an increase in the exfoliation time or sonication power. The results of
spectroscopic characterization corroborated with this behavior. X-ray diffraction analysis indicated a
broadening of the peaks with crystallite size reduction while Raman spectroscopy results suggested an
increase in the structural defects in the sp? framework of graphene oxide. Complementary X-ray
photoemission spectroscopy analysis indicated a decrease in the sp?/sp® ratio with respect to the
amount of sp? framework in graphene oxide sheets upon decreasing the sheet size. Electrochemical
analysis showed that the response of the GO-modified glassy carbon electrodes increased significantly
with a decrease in the graphene oxide sheet size.
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1. INTRODUCTION

Graphene and its chemical derivatives have attracted great interest in recent years; their high
mechanical strength, combined with high thermal and electrical conductivities, permits their use in
various technological fields [1-3]. In particular, the electrochemical properties of graphene open up
new fields of application as a construction material for high performance electrodes in ultracapacitors,
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fuel cells, sensors, and batteries [4]. The method of graphene production is particularly important in
determining its applicability; the chosen method should be capable of yielding a large amount of
material. In this context, chemical routes are considered the most promising for large-scale production
of graphene. Several chemical methods of graphene production using graphite (the most abundant and
natural precursor) and other sources of carbon, such as hydrocarbons and carbides, were studied [5-9].
Generally, chemical methods consist of the initial production of graphite oxide followed by its
exfoliation and reduction to obtain graphene [7, 10, 11].

The chemical route to graphene oxide synthesis can be subdivided into three main steps:
oxidation of precursor, intercalation, and exfoliation [7, 10-14]. The oxidation and intercalation steps
enable the onset of interactions between molecules and/or ions and graphene layers of the chosen
precursor [15-17]. In this stage, functional groups such as hydroxyl, carboxyl, and epoxides are
introduced into the graphite structure in between the graphene layers [2,15,18]. As a result, the raw
material undergoes chemical and structural modifications defined by the formation of bonds between
carbon and oxygen groups, the latter being responsible for the term graphene oxide [19]. The
intercalated graphite oxide is later purified and subjected to exfoliation, which results in a mutual
separation of the graphene layers and the subsequent formation of graphene oxide (GO) [11,12,20].
Normally, the exfoliation process is carried out by placing a graphite oxide solution of known
concentration in the ultrasound chamber [14, 19, 21-23]. Although alternative techniques to promote
GO formation have been proposed [16, 24], the ultrasound method is considered the most popular [20,
23, 25].

The subsequent reduction of GO can be carried out via chemical, thermal, or electrochemical
routes [26]. Due to the inherent electrochemistry of GO [27], the electrochemical method exhibits the
advantages of being fast, efficient, and less prone to contamination [28].

It is well established that one of the predominant factors affecting the electrochemical activity
of sp’-hybridized carbon materials, such as graphite and carbon nanotubes [29, 30], is structural
imperfections, i.e. bulk crystal lattice defects and edge termination of crystalline domains. However, to
the best of our knowledge, there is only one study that addresses the question of heterogeneous
electron transfer kinetics in electrochemical reactions in graphene [4]. Analogous to other carbon
materials, the increased kinetics of electrolysis in a single foil of graphene was attributed to defect sites
at the edges and boundaries of the crystalline domains [4]. Moreover, systematically higher values of
standard rate constants of electron transfer during the reduction of [Fe(CN)s]*>" were obtained with
smaller-sized graphene flakes.

The influence of degree of oxidation on the electrochemical properties of GO was investigated
by cyclic voltammetry using GO as a modifier for glassy carbon electrodes (GCEs) [31]. It was shown
that the electrochemical properties of GO were highly influenced by the degree of oxidation. The Peak
current (lp) values decreased with increasing levels of oxidation, thereby demonstrating a transition
from metallic to semiconducting and insulating behavior. In this investigation, it is shown that this
effect is more pronounced in sp® domains, which increased in number with increasing degree of
oxidation and the disruption of graphitic stacking order.

This study analyzes the influence of graphene oxide exfoliation on the sheet size and its effect
on the electrochemical response of potassium ferricyanide used as a redox probe by cyclic



Int. J. Electrochem. Sci., Vol. 13, 2018 73

voltammetry. Ultrasonication treatment, using different times and powers, was performed to prepare
the graphene oxide fragments. Structural, spectroscopic, and morphological analyses of the produced
GO samples were carried out to determine the main differences in their properties and to correlate with
their electrochemical responses.

2. EXPERIMENTAL

2.1. Materials

All the employed materials, graphite flakes, sodium nitrate (HNOj3), potassium permanganate
(KMnQy), sulfuric acid (H,SOy), hydrochloric acid (HCI), hydrogen peroxide (H20O,), monosodium
phosphate (NaH,PQO,), disodium phosphate (Na,HPO,), potassium chloride (KCI), and potassium
ferricyanide(111) (Ks[Fe(CN)g]), were purchased from Sigma-Aldrich (Saint Louis, Missouri, USA).
Expanded graphite was purchased from Nacional de Grafite Ltd. (Bela Vista, Sdo Paulo, Brazil).

All the solutions were prepared using deionized water produced by a Milli Q water purification
system (Millipore, Darmstadt, Germany) with a resistivity of ca. 18 MQ cm™. A 0.1 M phosphate
buffer solution (PBS, pH 7.0) was employed as the supporting electrolyte. A K3[Fe(CN)g] solution was
freshly prepared using 0.1 M KCI.

2.2. Apparatus

Scanning electron microscopy (SEM) and transmission-mode scanning electron microscopy
(tSEM) images were acquired on a high-resolution SEM (Magellan 400). The SEM micrographs of the
samples dropped onto a Si wafer were obtained in the secondary electron detection mode at 5 kV and
0.2 nA. Bright field tSEM images of the samples placed on a carbon-coated copper grid were obtained
at 20 kV and 100 pA.

X-ray diffraction (XRD) analysis was performed on a D8 Focus diffractometer (Bruker-AXS,
Karlsruhe, Germany) with Ni-filtered Cu Ko characteristic radiation with a 26 step of 0.02° and a
collection time of 20 s per step. A thin film of GO was prepared by dripping the sample suspension
onto a Si wafer and subsequently drying it in air.

Raman spectroscopy was carried out on a Renishaw inVia spectrometer with a 514.5 nm laser
line at 0.1 mW with a 100X objective lens. All the spectra were obtained by the accumulation and
averaging of 10 scans with an accumulation time of 10 s/scan in the region between 100 cm* and 3600
cm . In order to account for the eventual inhomogeneity in the Raman signal across the measured
sample, the averages of twenty-five measurements made at different points on the samples are
reported.

X-ray photoelectron spectrometry (XPS) was performed in an ultra-high vacuum spectrometer
(Omicron Nanotechnology) using Mg (1253.6 eV) as the X-ray source with the power defined by
electron emission in an X-ray tube of 16 mA at a voltage of 12.5 kV. The survey spectra were obtained
at an analyzer pass energy of 100 eV and a step of 0.8 eV. XPS C1s spectra were charge-corrected by
shifting all the peaks to the adventitious carbon C1s binding energy of 284.8 eV, as reported elsewhere
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[23-25]. The peak fitting procedure was performed using Casa XPS software. Before peak fitting, the
background was subtracted using the Shirley method to account for the inelastic photoelectrons [26].
An asymmetric line shape [27] was used for the sp® carbon peak and a symmetric convolution of the
Lorentzian lifetime and Gaussian instrumental-broadened (Voigt) line shape function was used in other
components.

All electrochemical measurements were carried out using an Autolab PGSTAT 204
(EcoChimie, Utrecht, Netherlands) instrument connected to a PC running NOVA 1.11 data acquisition
and treatment software. The working electrodes were modified and unmodified glassy carbon
electrodes, which are described in detail in Section 2.3. The counter and reference electrodes were
platinum wire and Ag/AgCl in saturated KCI, respectively.

Atomic force microscopy (AFM) analysis was carried out on a Witec Alfa 300 RA correlative
Raman-AFM microscope in the tapping mode with a cantilever of 3 N/m load.

2.3. Graphene Oxide Sample Preparation

For high yield and high performance of the GO synthesized using a chemical route, a large
surface area of the precursor is required [25, 26]. Expanded graphite (used in this work as a precursor)
exhibits a larger surface area than other precursors, such as graphite flakes, due to the pretreatment
step. Pretreatment includes the intercalation of graphene sheets by small molecules followed by
subsequent heating, which eliminates the intercalating molecules [26, 28, 29]. As a result, the
recovered graphite exhibits considerably smaller crystallites, which leads to a significant increase in
the surface area [28]. A precursor with a large surface area interacts easily with oxidant mixtures,
which in turn, promotes high yields. GO was prepared according to the Hummer’s method [7]. Briefly,
concentrated H,SO, was added to a mixture of graphite (0.4 g) and NaNO3 (0.2 g) in an ice bath.
KMnOy (1.2 g) was slowly added to maintain the reaction temperature below 20 °C. The produced
mixture was warmed up to 35 °C and stirred for 30 min. Subsequently, water (18.2 mL) was slowly
added to the mixture; it promoted an intense exothermic reaction, which increased the temperature of
the mixture to 98 °C. External heating was used to maintain the reaction temperature at 98 °C for 15
min. To stop the reaction, the reaction mixture was initially placed in an ice bath for 10 min. Later,
water (55.3 mL) and 30% H,0O; (0.4 mL) were added to stop the reaction completely.

The product obtained was filtered and the resultant brown-colored slurry was washed with HCI
solution (180 mL of water and 20 mL of 30% HCI solution) to remove any metallic ions. The slurry
placed in the HCI solution was then centrifuged to remove supernatant impurities. The remaining
solution was repeatedly washed with water and centrifuged to remove impurities, until the pH of the
supernatant water was neutral.

Exfoliation of graphite oxide to graphene oxide was performed by the ultrasonication of
graphite oxide dispersions in water (1 mg/mL). Two types of ultrasonic processors were used to
prepare the GO samples with varying degrees of exfoliation and sheet sizes. The first one was an
ultrasonic cleaner from Limp Sonic (Model LS-3DA-1/X, Sao Paulo, Brazil) with an ultrasonication
power of 70 W. Using this processor, three types of GO samples were obtained by sonicating graphite
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oxide for three different exhibition times: 3 h (GOgzn), 10 h (GO10n), and 20 h (GOx0n). A second type of
GO sample was obtained using an ultrasonic processor probe (Danbury, USA) from Branson (Model
Sonifier 450), operating at 200 W for 30 min (GOsomin ps). Finally, water suspensions of the GO
samples (1 mg/mL) were prepared. Additionally, two water suspensions, 0.5 mg/mL and 0.12 mg/mL,
of the GO1on Sample were prepared.

A sedimentation test was performed to observe the stabilization of GO dispersions in stationary
conditions for twenty-four hours. In the case of graphite oxide, the dispersion was not stabilized and
precipitation was observed.

2.4. Preparation of GO-Modified Electrodes and Electrochemical Measurements

The GCEs used in this study were cleaned by polishing them with alumina powder suspensions
(1.0 and 0.3 pum), followed by rinsing with deionized water and sonication in diluted ethanol for 5 min
to remove any alumina residues from the surfaces.

GO-modified glassy carbon electrodes (GO/GCE) were prepared by the drop-casting of 1 uL of
GO suspensions onto the surfaces of cleaned GCEs, followed by drying at 50 °C in an oven. A small
cavity of ca. 3 mm diameter on the top surface of the GCE electrode limited the deposition volume of
the GO solution.

Electrochemical reduction of GO cast on GO/GCE was carried out by chronoamperometry with
a PBS solution at —1.5 V for 60 s, resulting in the formation of reduced graphene oxide (rGO) on
glassy carbon electrodes (rGO/GCE). A visual inspection of the rGO/GCE electrodes confirmed that
the area of the reduced graphene is constrained to the cavity surface of the GCE electrode.

The electrochemical performance of the produced rGO/GCE electrodes was studied by cyclic
voltammetry (CV) in the potential range of —0.2 to 0.6 V at a scan rate of 30 mV s ' in the presence of
5 mM Kj;[Fe(CN)g] in 0.1 M KCI. Prior to electrochemical analysis, the dissolved oxygen present in
the electrolyte solution was removed by bubbling nitrogen through the solution for 5 min.

3. RESULTS AND DISCUSSION

3.1 Structural and Morphological Analysis

Figure 1. SEM micrograph of expanded graphite
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The morphology of expanded graphite was examined by SEM (Fig. 1); a rough surface could
be observed, similar to the results reported previously (Yasmin et al. [32]).

To verify the structure of expanded graphite, XRD (Fig. 2a) and Raman (Fig. 2b) analyses were
carried out. The XRD patterns (Fig. 2a) of the precursor samples indicate a characteristic (002) Bragg
reflection of graphite at 26.5° [33]. Figure 2b shows the Raman spectrum of expanded graphite. The
band at1580 cm™, known as the G-band, represents the in-plane stretching of carbon atoms in graphitic
structures [34-37]. The presence of disorder or defects in the lattice, such as vacancies, oxygen-
containing functional groups, and the adsorption of molecules on the graphitic structure surface, are
revealed by the presence of another band called the D-band, which is positioned near 1350 cm ™ [38,
39]. The absence of this band confirms that the precursor structure is almost free of such defects.

a) b)
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5 10 15 20 25 30 35 40 1200 1300 1400 1500 1600 1700
(o]
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Figure 2. (a) XRD pattern and (b) Raman spectrum of expanded graphite

Figure 3 depicts the morphology (Fig. 3a), diffraction pattern (Fig. 3b), and results of the
sedimentation test of graphite oxide (Fig. 3c). The tSEM image in Fig. 3a shows that the morphology
of graphite oxide is analogous to that of a thin membrane. The diffraction peak observed at around 11°
is characteristic of graphite oxide and graphene oxide obtained using the Hummers’ method and
represents an increase in the stacking periodicity due to the intercalation of oxygen atoms between the
graphene layers, in comparison to graphite [20, 40, 41].

The sedimentation test results confirmed the bulk structure of graphite oxide as shown in
Figures 3c and 3d. The initially homogeneous solution decanted after 24 h, whereas the graphene oxide
solution was found to be stable for at least a few weeks [42].
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Figure 3. (a) TSEM image and (b) XRD pattern of graphite oxide. Graphite oxide solution after (c)
preparation and (d) after 24 h

It is extremely important to understand the influence of ultrasonication parameters on the
structural, morphological, and electrochemical properties of the produced graphene oxide sheets, as
they influence the usability of the material in different technological applications [37].

4

Figure 4. TSEM (Figure 4 a-e) and SEM (Figure 4 f-j) images of graphite oxide. (a, f): graphene oxide
after 3 h of exfoliation, (b, g): 10 h of exfoliation, (c, h): 20 h of exfoliation, and (d, i) 30 min
in a probe sonicator (e, j)

Figure 4 shows the tSEM and SEM micrographs of graphene oxide deposited on ultrathin
carbon films on lacey carbon support films. The tSEM images of all the synthesized samples (Fig. 4a—
e) confirm the membrane-like architecture of GO; these observations corroborate with previous reports
on GO morphologies [20, 43]. Residual graphite oxide crystallites and a few layered-graphene oxide
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particles dominate the tSEM and SEM micrographs of the graphite oxide sample (Fig. 4a and 4f,
respectively). Ultrasonic treatment in a conventional sonicator for 3 h resulted in nearly 100%
exfoliation of graphite oxide into individual GO sheets (Fig. 4b and 4g). Increasing the ultrasonication
treatment time to 10 h induced fragmentation in the GO sheets; such fragmentation increased with an
increase in the ultrasonication time (compare Fig. 4b, g with Fig. 4c, h and Fig. 4d, i). The probe
sonicator also induced strong fragmentation in the GO sheets (Fig. 4e, j). Qualitatively, the average
characteristic size (R) of the GO sheets subjected to ultrasonication was in the following order: Rz, >
R1on > R2oh > Rpssomin-

AFM results (Fig. 5) of the graphite oxide and graphene oxide samples obtained at different
exfoliation conditions agree well with the SEM and tSEM observations on GO morphology; the AFM
results also indicate an increase in GO sheet fragmentation with increasing time and/or power of
ultrasound treatment. A few layers of wrinkled graphite oxide particles (Fig. 5a) appear as small GO
sheets after 3 h of sonication in a conventional ultrasound bath (Fig. 5b). Further ultrasound treatment
leads to a reduction in the GO sheet size (Fig. 5¢ and 5d). The highest extent of fragmentation could be
observed in the GO samples obtained after 30 min of treatment in the probe sonicator (Fig. 5e).

15 nm

Figure 5. AFM images of (a) graphite oxide and graphene oxide after (b) 3 h, (c) 10 h, and (d) 20 h of
exfoliation in a conventional ultrasound bath. (e) AFM image of graphene oxide after 30 min of
exfoliation in a probe sonicator

The XRD results of the produced GO samples are shown in Fig. 6. Analogous to graphite
oxide, the GO samples exhibit a characteristic XRD peak at 20 = 11°, representing a periodic stacking
of the GO sheets [20, 44]. Small misfits in the peak positions of the respective samples reflect small
deviations in the spacing between GO sheets. Because the peak position of graphite oxide is nearly the
same (11°), one can conclude that a chemical binding of GO sheets occurs during XRD sample
preparation, resulting in a formation of small crystallites of graphite oxide. Nevertheless, a clear
correlation between GO sheet size and XRD peak broadening can be established. The smaller the



Int. J. Electrochem. Sci., Vol. 13, 2018 79

average size of the initial GO sheet, the larger is the broadening in the XRD peak. This result reflects
that smaller GO sheets produce more disordered stacking sequences.

Graphite oxide
——GO3p

—GO0n
— GO0

GO30min ps

Normalized Intensity

"5 10 15 20 25 30 35 40
20(°)
Figure 6. XRD patterns of graphite oxide (black line), graphene oxide after 3 h of exfoliation (blue

line), 10 h of exfoliation (green line), and 20 h of exfoliation (brown line) in a conventional
processor, and 30 min of exfoliation in a probe ultrasound processor (magenta line)

The typical Raman spectra of graphite oxide and GO samples are presented in Fig 7. As
mentioned earlier, the broad G-band at 1580 cm™* is a result of the in-plane vibrations of sp® bonded
carbon atoms, producing an E,q symmetry normal mode [25, 44]. The D-band centered at 1350 cm™*
corresponds to the A;q Symmetry mode produced by the out-of-plane vibrations of carbon atoms and it
becomes active in the presence of structural defects [44].

Although the spectra seem to be very similar, principal component analysis (PCA) (Fig 8a)
applied to the full Raman spectra distinguishes two groups of samples. The first group consists of the
measurements with graphite oxide and GO samples sonicated in a conventional bath for 3 h. The
second group contains the rest of the GO samples. An analysis of the ratio of the intensities of the D
and G bands, Ip/lg, as a function of the G-band width also separates the Raman measurements into the
same two groups. Figure 8b shows these two groups of data points together with two theoretical
calculations of the Ip/lg ratio as a function of the G-band width [39] for a graphene sample with point-
like defects and a DLC sample with border-like defects caused by the boundaries of nanocrystalline
domains. The dashed line in Figure 8b represents the evolution of Ip/lg from smaller to larger G-band
width values which, in turn, are defined by decreasing distances between the point defects (or
increasing point defect density) in a perfect hexagonal carbon lattice. The solid line represents Ip/lg
evolution as a function of G-band width, induced by the growing presence of linear defects. Such
defects characterize the extent of borders of graphene domains free of point defects or, equivalently,
the reduction in the average domain size [39]. The obtained Ip/Ig ratios and respective G-band widths
for all the samples put the data points close to the solid line in Figure 8b. One can conclude that nearly
point defect-free graphitic domains of very small sizes comprise the structure of the produced GO
samples. According to the numerical values reported by Cangado et al. [39], the average size of
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graphitic domains in GO sheets reduces from about 6 nm (for graphite oxide and GO3, sample) to

below 4 nm for other GO samples.
Such a result is consistent with the general picture of the local structure of graphene oxide

produced by the Hummer’s method [45]; nanometer-sized domains of full 6-membered carbon rings
are embedded in mostly oxidized and disordered basal planes. The obtained Raman data suggests that
the fragmentation of GO sheets induced by prolonged or more powerful sonication also causes the
oxidation and/or fragmentation of the graphitic regions in GO sheets.

30min PS

10h

Normalized Raman intensity

i Graphite oxide
1250 1350 1450 1550 1650

Raman shift / cm’’
Figure 7. Raman spectra of graphite oxide (black line), graphene oxide after 3 h of exfoliation (blue
line), 10 h of exfoliation (green line), and 20 h of exfoliation (brown line) in a conventional
ultrasonic processor and graphene oxide after 30 min of exfoliation in a probe ultrasonic

processor (magenta line)
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Figure 8. (a) Score plots of the principal components 1 (pcl) and 2 (pc2) from the PCA analysis of
normalized Raman spectra showing two distinct groups of samples. (b) 1o/l ratio as a function
of G-band width for the samples in group 1 and group 2 compared with theoretical curves of a
graphene sample with point-like defects (dashed line) and nanocrystalline graphite (DLC)
samples with different grain sizes (continuous line)
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XPS analysis of the prepared samples provided valuable information on the degree of oxidation
of the GO sheets. Figure 9 shows the XPS spectra of the samples in the region of C1s core electron
binding energy. The C1s peaks of both aromatic (C=C peak) and oxidized carbon (C—C peak) in the
carbon skeleton of graphite are reported to appear in the binding energy range of 284 eV to 285 eV
[44].Therefore, the first of the two observed C1s peaks of GO were assigned to the unoxidized sp?
C=C graphite carbon skeleton (284.1 eV + 0.1 eV) and to the oxidized sp> C—C graphite carbon
skeleton (284.9 eV = 0.1 eV). The second Cls peak was assumed to be composed of four higher
binding energies of C1s peaks corresponding to C atoms bound to O atoms with one, two, and three
valence electrons. The observed intensity distributions of the second peak were deconvoluted into
peaks centered at the following energies: 286.3 eV (C-OH), 287.1 eV (C-O-C, epoxy), 288.2 eV + 0.1
eV (C=0, carbonyl), and 289.2 eV + 0.2 eV (C-OOH, carboxyl).

Table 1 shows the percentages of Cls core levels obtained by fitting the measured peaks
together with the ratio between the sp® and sp® bonds.

Table 1. Component percentages based on C1s XPS peak fitting of all the samples

c=C ccicH | ccoH | ccoc | c=0 | o=c-oH
2 3
Sample | rea1201)| 284.9+01)| 2863 | 2871 | (2ss2+ | (o2 |PTP
eV eV eV eV 0.1) eV 0.2) eV
Graphite 18.1 30.8 198 | 212 5.4 4.7 0.22
oxide
GOsn 17.9 32.3 158 | 229 5.8 5.3 0.22
GOuon 16.6 323 183 | 227 4.9 5.2 0.20
GOaon 155 35.2 9.8 28.7 5.5 5.3 0.19
GOsomin ps 13.7 34.1 116 | 308 4.4 5.4 0.16

The sp? bonds correspond to the first component (C=C) and sp® bonds are formed by the C-
C/C-H, C-OH, and C-O-C components. Although the last two components in Table 1 also contribute to
the overall sp? and sp® bonding, the carbonyl and carboxylic acid fragments are located at the edges of
the GO sheets [26] and do not contribute to sp? and sp® bonds in the basal planes.

One can see that the fragmentation of GO sheets slightly induces additional oxidation
suggesting that the proportion of graphitic and oxidized regions in the produced GO sheets changes
from 0.22 to about 0.16 upon fragmentation. These values are in good agreement with the results of
microscopic analysis [45], which estimated the proportion of unoxidized to oxidized regions in GO
sheets as 1:5 or 0.2 sp/sp° ratio.
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Figure 9. High resolution XPS spectra in the C1s region of (a) graphite oxide and graphene oxide after
(b) 3 h of exfoliation, (c) 10 h of exfoliation, and (d) 20 h of exfoliation in a conventional
ultrasonic processor and (e) 30 min of exfoliation in a probe sonicator

3.2. Electrochemical Analysis

It is generally recognized that cyclic voltammetry is not an accurate method for the quantitative
characterization of electrochemical parameters, such as the concentration of electroactive species or
the rate constants of electrochemical reactions [46]. However, CV is a powerful diagnostic tool that
allows one to understand a system’s behavior at a qualitative or semi-quantitative level and to
determine other methods better suited for the precise evaluation of such parameters.

The cyclic voltammograms of all the studied electrodes modified with 1 mg/mL suspensions of
the reduced graphene oxide (rGO) samples were obtained using 5 mM Kj;[Fe(CN)g] in 0.1 M KCI as
the supporting electrolyte (Figure 10).
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Figure 10. (a) Cyclic voltammograms of rGO-modified GCEs in 5 mM Kj[Fe(CN)g] solution in 0.1 M
KCI at a scan rate of 30 mV s* and (b) normalized voltammograms. rGO deposition was
performed using 1 mg/mL suspensions.

The voltammograms presented in Figure 10a indicate that graphene oxide of a small sheet size
leads to an increase in the peak current. Two main factors could contribute to this observed increase —
increase in the electrode area and/or electrocatalytic effect. The electrocatalytic effect does not seem to
contribute much to the increase in current because the peak potential remained unchanged in all the
voltammograms (Figure 10b) [49]. Therefore, the increase in current might be due to the reduction in
the size of the deposited rGO fragments, which leads to an increase in the overall surface area of
graphene [46-49].

Oxidation debris (OD) can be defined as highly oxidized polyaromatic fragments strongly
adsorbed on the graphene matrix by n—= stacking, hydrogen bonding, and van der Waals interactions
[27]. Bonanni et al. studied the electrochemical behavior of graphene oxide nanoplatelets (GONPs)
subjected to different extent of ultrasonication times in 0.1 M NaCl and 10 mM sodium phosphate
buffer, pH 7.0 [27]. They observed voltammetric peaks around —1.4 V originated from the inherent
electroactivity of GONPs and correlated to the presence and amount of oxygen functionalities on the
graphene surfaces (i.e. its reduction). They showed that the intensity of the reduction peaks decreased
when the ultrasonication time was extended from 2 to 24 h. This effect was attributed to the removal of
oxygen functional groups present in GO after exfoliation which increases the electrochemical response
of the electrode. Our results corroborate the trend in increasing the ultrasonication time and increasing
the sensor electroactivity. However, in our case, a reduction process was conducted on all the GO-
modified electrodes before the voltammetric study and we observed that the effect of sheet size on the
peak current was dominant. Besides our work also shows the influence of the sonication power in
reducing the size of the deposited rGO fragments.

Moreover, a distortion in the shapes of the anodic and cathodic waves in broader
voltammograms could be observed when the size of the deposited rGO fragments was small. This
behavior is due to the increase in capacitive current. Both peak current, ip, and charging current, ic, are
proportional to the area of the electrode [46]. It is important to mention that while i, varies with the
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square root of the scan rate, ic varies proportionally with the scan rate; therefore, i becomes relatively
more important at faster scan rates. Consequently, in the absence of all factors influencing the Faradaic
current, apart from surface area, at 30 mV s, a relative increase in the charging current is more
pronounced in the electrodes modified by highly fragmented graphene sheets. Indeed, considering the
1 mg/mL suspensions of the rGO samples used to prepare modified GCE electrodes, the relative
contribution of the charging current to the total current is the highest in the case of the rGOsomin ps
sample (Figure 10Db).

Although a very high overall current increase can be achieved using modified electrodes, a high
charging current would limit the maximum useful amount of rGO modifier, which is a drawback for
the eventual application of such modified electrodes as sensors. With the objective of studying the
relative contribution of charging current to the total measured current in cyclic voltammograms,
different amounts of rGO were deposited on the GCE surfaces using rGO suspensions of different
concentrations. Figure 11 shows the cyclic voltammograms of the GO;o, Samples (1 mg/L, 0.5 mg/L,
and 0.12 mg/L suspensions) deposited on GCE electrodes. As expected, a reduction in the peak current
was observed with a decrease in the amount of deposited graphene (Figure 11a). The normalized
voltammograms (Figure 11b) clearly showed a slightly broader voltammogram for the highest amount
of rGO (1 mg/mL) due to the increase in the contribution of capacitive current. Moreover, it can be
observed that the separation between the anodic and cathodic peaks remains the same at all rGO
amounts.

a) b)
100
—ECV ~ | —ECcvV
+ = -ECV-ErGO-0,12 mg/mL > |- - -ECV-ErGO-0,12mg/mL ;
---- ECV-ErGO- 0,5 mg/mL (U ---- ECV-ErGO- 0,5 mg/mL Y/
50 ——ECV-ErGO-1mg/mL ~— | ——ECV-ErGO- 1 mgimL  /}
—— y
c
Z £
0 >
: [&]
o
[0}
N
-50 ©
E
—
(=}
-100 1 <
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-0,2 0,0 0,2 0.4 0.6 -0,2 0,0 0,2 04 0,6
E (V) vs. Ag/AgCl E (V) vs. Ag/AgCI

Figure 11. (a) Cyclic voltammograms of GCEs modified by GO;q, in a 5 mM Ks[Fe(CN)g] solution in
0.1 M KCI at a scan rate of 30 mV s and (b) the corresponding normalized voltammograms.
The concentrations of GOy, Were varied between 1 mg/mL, 0.5 mg/mL, and 0.12 mg/mL.

All the described results suggest that an increase in the electrochemical response of modified
electrodes can be achieved by tuning the amount and sheet size of the rGO modifier. This study could
be useful for innumerous applications in analytical proposals, batteries, and fuel cells.
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Though there are a number of reports on rGO-modified electrodes [50-57] as sensors for
different analytical applications, there is no work relating the importance of choosing the correct GO
sheet size and amount for obtaining a high electrochemical sensor response.

4. CONCLUSIONS

In conclusion, a practical and relatively simple method of glassy carbon electrode modification
by graphene is described. Using cyclic voltammetry to analyze the ferricyanide/ferrocyanide redox
couple electrochemical response, we show that an increase in the electrode current can be achieved by
decreasing the size of the precursor graphene oxides sheets. An increase in the active surface area of
the electrode along with GO exfoliation produced a greater number of edges. This behavior is pointed
out as the dominating factor contributing to the overall current increase. The optimization of rGO sheet
size and deposition amount may lead to an enhancement in the performance of GCEs for various
electron transfer processes.
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