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Abstract: Graphene oxide (GO) is a novel material that can be defined as a single monolayer of
graphite with oxygen-containing functionalities such as epoxides, alcohols, and carboxylic acids. It
is an interesting alternative to graphene for many applications due to its exceptional optical,
chemical, and electrical properties. In this study, GOs with different extent of surface groups were
prepared by an electrochemical two-stage approach using graphite as raw material. Various
synthesis conditions were tested to increase the nanomaterial oxidation level, and the surface
topography of the GO derivatives was analyzed via Scanning Electron Microscopy (SEM) and
atomic force microscopy (AFM). The electrochemical approach employed in this study maintains
the integrity of the graphene sheets, allowing to get large, uniform and well exfoliated GO. A
correlation was found between the derivatives properties and their surface topography, interlayer
spacing, defect content and specific surface area (SSA). In particular, the electrical resistance
decreases with increasing SSA while rises with increasing the D/G band intensity ratio in the Raman
spectra, hence the defect content. Understanding the structure-property relationships in these
materials is useful for the design of modified GOs with controlable morphologies and properties for
a wide range of applications in electrical/electronic devices.

Keywords: graphene oxide; oxidation level; structure-property relationship; surface topography;
specific surface area; interlayer spacing

1. Introduction

Lately, considerable interest has been directed to graphene and its derivatives because of their
unique properties and broad range of applications in electrical/electronic and biomedical devices.
This oxidized form of graphene with several surface oxygen-containing groups such as epoxides,
alcohols, and carboxylic acids is currently been used as batteries, electrical cells, nanocomposites,
besides to gain importance in biomedicine [1-6]. The greatest interest in GO over G could be
explained by its higher possibilities to achieve functional properties since it is feasible to tailor its
functionalities through reduction and functionalisation processes [7,8]. Further, it is possible to
prepare novel thin films and flexible composites at a cheaper cost compared to other carbon-based
nanomaterials [9,10]. These materials can be used as fillers in polymer matrices due to their 2D
lamellar structure, very high specific surface area (SSA) and their nature to disperse in a wide range
of organic and inorganic solvents [11-14].
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The control of the oxidation level can be useful for the design of GOs with tailorable structural,
electrical, mechanical, thermal and optical properties. For instance, GO is typically electrical insulating,
albeit by controlling the synthesis conditions, its conductivity can be improved and conducting or
semiconducting products, such as composites and thin films can be developed [15-17]. The
experimental conditions set for the synthesis process are essential, since they modify a number of
physical properties including inter layer distance, SSA, defect content, and so forth. Hence, derivatives
from an application viewpoint, it is crucial to understand how the change in those conditions affects
the properties of GO-based nanomaterials [18]. To the best of our knowledge, very few studies have
focused on investigating the correlation between SSA, interlayer spacing and defect content with the
mechanical, physical and electrical properties of such nanomaterials [19]. In particular, SSA can directly
influence the electrical properties, hence obtaining a large SSA in graphene materials is highly desirable.
On the other hand, the GO band gap rises as the C/O ratio diminishes [20], which offers an effective
approach to tailor the optical properties of these nanomaterials. Besides, as the oxidation level increases,
both the Young's modulus and tensile strength are expected to drop gradually owed to the breakage of
the sp? carbon network and reduction of the energetic stability for the ordered GO [21]. Nonetheless,
the rise in the GO oxidation level is beneficial for enhancing the mechanical properties of
nanocomposites [13], particularly for polymeric matrices with oxygenated groups such as chitosan [22]
or polyamide [23]. The heat capacity, thermal conductivity and specific capacitance can also be
modified via tailoring the level of oxidation [24,25].

The synthesis methods for GO can be divided into two major categories: (a) bottom-up
approaches (such as chemical vapor deposition, epitaxial growth on silicon carbide wafers, etc.) in
which carbon molecules are used to make raw graphene; these have been shown to be time-
consuming and difficult to scale-up [26]. (b) top-down methods in which layers of graphene
derivatives are obtained from a carbon source, usually graphite; these are more popular, principally
for use in nanocomposite materials. The first GO synthesis is attributed to Brodie, [27] Staudenmaier,
and Hummers and Offeman [28], who obtained graphite oxide via the oxidation of graphite through
various techniques. Any method that makes changes to the synthesis pathway proposed by
Hummers can be regarded as a “modified Hummers method” [29].

Lately, electrochemical processes have arisen as environmentally friendly and versatile
alternatives to synthesize carbon nanomaterials due to of their efficiency and low cost [30]. Previous
works have produced GO via electrochemical oxidation of different graphitic materials including
graphite powders, rods, foils, plates or even pencil cores [31-35]. Nonetheless, the electrolysis
procedure usually deteriorates the delamination of the graphitic materials, yielding products with
poor exfoliation levels, and result in low-yield production [36].

In a previous study [37], we reported the synthesis of electrochemically exfoliated graphene oxides
(EGOs) with different amount of surface groups. The EGOs preparation process comprised two steps:
firstly a mild intercalation stage of SO« ions within the graphite sheets, resulting in a graphite
intercalation compound (GIC) and then an oxidation/exfoliation stage of the GIC under stronger
conditions. The results were compared to those obtained for a reference GO synthesized via a modified
Hummers’ method. The aim of the current work is to correlate the surface topography, interlayer spacing,
defect content and specific surface area (SSA) of the synthesized EGOs with their macroscopic properties.

2. Materials and Methods

2.1. Materials and Reagents

Flexible graphite foil (FGF, d2c=1.00 g/cm?, C: 99.5%, S <300 ppm, Cl <50 ppm, ash < 1%, thickness
0.1 mm) was supplied by Beyond Materials, Inc. (Tucson, AZ, USA) and dried in an oven at 60 °C for 48
h before use. Powdered graphite flakes (SP-1, dzsc = 1.05 g/em?, C: 99.9%, ash < 0.5%, average size 30-150
um) were purchased from Bay Carbon, Inc. (Bay City, Michigan, USA) and dried under identical
conditions. KMnOs, H250s, K2520s, P20s, H202 (30 wt% in water) and platinum wire, (o: 0.5 mm, 99.99%
trace metals basis) were obtained from Sigma-Aldrich and used as received. Ultrapure water was purified
by a Millipore Elix 15824 Advantage 15 UV system (Millipore, Burlington, MA, USA).
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2.2. Preparation of GOs via a Two-Stage Electrochemical Process

Electrochemically exfoliated graphene oxides (EGOs) were prepared from FGF through an
electrochemical procedure that included two stages: the first was performed in an electrolysis cell
with a slice of FGF fixed onto a tungsten wire by silver glue as anode, a Pt wire as cathode and 98
wt% H2504 diluted in 100 mL of Milli-Q water as an electrolyte. A voltage of 1 or 2 V was initially
applied for 10 or 30 min, leading to formation of a graphite intercalation compound (GIC). The second
stage consisted in the electrochemical oxidation of the GIC that acted as anode, a Pt wire as cathode
and 40, 65 or 98 wt% H2SOs as an electrolyte. A high voltage (10-30 V) was applied for periods
between 30 and 120 s. A more detailed description of the synthesis procedure is given in [37].

Table 1. Nomenclature and experimental conditions for the different EGO samples.

Sample,  VOltoge TI‘/‘I’;"' HiSOs €O dm o Volage TI‘/‘I‘}e H:S0:  C/O dun
/11 (V) . (Wt%) ratio (nm) I/II (V) . (Wt%) ratio (nm)
(min) (min)

GO * - - - 225 08615 EGO12 2.0/20 10/0.5 98 1.59 09218
EGO1 1.0/10 10/1 65 2.09 08816 EGO13 2.0/20 10/1 40 1.80 0.9378
EGO2 1.0/10 10/2 65 198 0.8956 EGO 14 2.0/20 10/1 65 1.67  0.9595
EGO 3 1.0/20 10/0.5 98 1.72 09034 EGO15 2.0/20 10/1 98 146 09230
EGO4 1.0/20 10/1 40 191 09135 EGO16 2.0/20 10/2 40 1.78 09167
EGO5 1.0/20 10/1 65 1.79 09145 EGO17 2.0/20 10/2 65 1.69 0.9496
EGO 6 1.0/20 10/1 98 154 09187 EGO18 2.0/30 10/0.5 65 249  0.8583
EGO7 1.0/30 30/1 40 232 0.8594 EGO19 2.0/10 30/0.5 98 248 0.8472
EGO 8 1.0/30 30/2 65 257 0.8576 EGO 20 2.0/20 30/2 65 227  0.8602
EGO9 2.0/10 10/1 65 1.88 09161 EGO21 2.0/30 30/1 40 2.88 0.8564
EGO 10 2.0/10 10/2 65 1.81 09356 EGO 22 2.0/30 30/2 65 296 0.8499
EGO 11 2.0/20 10/0.5 65 195 0.9021

* Synthesized by a modified Hummers” method. I and II refer to the intercalation and exfoliation
stages, respectively. The C/O ratio has been calculated from elemental analysis measurements, and d
is the interlayer spacing corresponding to the (001) reflection of GO.

2.3. Characterization

A LECO CHNS-932 elemental analyzer was used to perform elemental analysis measurements.

The morphology was analyzed with a SU8000 Hitachi scanning electron microscope (SEM),
operating at 15.0 kV and an emission current of 10 mA.

Atomic force microscopy (AFM) imaging was performed using a Bruker Dimension Icon system
coupled with a Nanoscope V controller, using Peakforce QNM imaging mode and a 100 pum long
monolithic silicon cantilever.

X-ray diffraction (XRD) measurements were carried out on a Bruker D8 Advance diffractometer
fitted with a Cu X-ray tube and a Ni Kp filter operating at 40 kV and an intensity of 40 mA.

Raman spectra were acquired at room temperature with a laser output power of 1 mW using a
Renishaw Raman microscope incorporating a He-Ne laser (632.8 nm). To minimize the signal-to-
noise ratio, at least 10 scans were recorded for each sample. Data were then processed with the WiRE
3.3 Renishaw software, and the spectra were normalized to the G band for the sake of comparison.

Brunauer-Emmett-Teller (BET) specific surface area analysis was performed via nitrogen
adsorption—desorption measurements at 77 K with a Quantachrom Autosorb IQ-C gas adsorption
system. Prior to the analysis, moisture content was removed by drying for 2 days at 80 °C.

The electrical resistivity of the synthesized EGOs was determined at room temperature under a
pressure of 600 kPa set by using an upper weight, with a KEITHLEY 2182A nanovoltmeter and a
KEITHLEY 6221 current source, respectively. Prior to the measurements, each sample was positioned
in a Teflon cylinder and compressed for 1 h between two stainless steel plates that acted as electrodes.
Rs was calculated as: Rs = 4532 x (V/I), being V the test voltage and I the current.
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3. Results and Discussion

3.1. Topography of the Synthesized EGOs

The surface topography of FGF and the synthesized EGOs was examined by SEM, and typical
images of the reference sample synthesized by the Hummers’ method (GO*), EGO 2, EGO 5, EGO 14,
EGO 15 and EGO 21 are compared in Figure 1.

Figure 1. Representative SEM images of EGO 14 (a), EGO 15 (b), EGO 5 (c), reference GO* (d), EGO 2
(e) and EGO 21 ().

The image of EGO 14 (Figure 1a), obtained by applying a low bias of 2 V for 10 min followed by
oxidation under 20 V for 60 s using 65% H2SOs as electrolyte, reveals a rough surface topography
with well-exfoliated and very well detached graphene sheets, with thicknesses in the range of 5-15
nm. Analogous curvatures and surface folds have been previously reported for GO functionalized
with amines [38], ascribed to increased number of regular hydrogen bonds between the amine
moieties. Thus, EGO 14 presents a low C/O ratio (Table 1), that is, a high oxidation level, likely with
a very high content of carboxylic acid groups [37], preferentially located at the sheet edges, which are
able to interact via hydrogen bonding.

A good exfoliation level is also found for EGO 15 (Figure 1b), in which the electrolyte
concentration was increased to 98% and the rest of conditions were maintained (Table 1), hence it
exhibits higher oxidation level. On the other hand, a less efficient exfoliation and oxidation, albeit
with considerably folding, is found for EGO 5 (Figure 1c), in which the low voltage was decreased to
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1V and the other conditions were similar to those of EGO 14. A denser and more compact structure
is also observed for the reference GO synthesized by the Hummer’s method (Figure 1d), which shows
a C/O ratio of 2.25, and layer thicknesses up to 30 nm in good agreement with previous works [26].

On the other hand, the image of EGO 2 (Figure 1e) reveals a mild exfoliation, with connected
flakes forming a compact network, likely related to the fact that the low voltage was applied for a
long time. Regarding EGO 21 (Figure 1f), in which the voltage of the second stage is higher than 20
V, large GO aggregates can be observed, since the exfoliation rate should be very fast, also resulting
in thick flakes (i.e., 220 nm). Likely, only the lateral parts of the sheets are oxidized, thus resulting in
a very high C/O ratio (low oxidation degree).

Further information about the surface topography of the EGOs was obtained from AFM, and
representative images of EGO 14 and EGO 21 are compared in Figure 2.

3.66 nm

-4.05 nm

&7.4 nm

-22.2 nm

Figure 2. Representative AFM images of EGO 15 (top) and EGO 21 (bottom).

The image of EGO 14 clearly reveals the formation of very thin, homogeneous and good quality
GO sheets, without traces from the pristine material. Very well exfoliated and wrinkled sheets can be
detected, with a high degree of bending, in agreement with the presence of many oxygenated
functional groups that can interact via H-bonding. Thus, the application of 20 V for 60 s using H2504
as electrolyte is proven to be a very efficient exfoliation method. Regarding EGO 15, prepared under
the same conditions yet using concentrated H2SOs as electrolyte, the sheets were found to be slightly
thicker, albeit their exfoliation level was also very good and the integrity of the graphene flakes was
also preserved. Nonetheless, blocks of GO aggregates were detected for EGO 21, with flatter and
smoother surfaces. The sheets could have broken during the second stage of the electrochemical
process, resulting in sheets with smaller lateral sizes. Further, the presence of defects in the GO sheets
can result in physical holes which generate poor waviness in the rt-system. Overall, both techniques
point that the EGOs with the lowest C/O ratio, that is, the highest level of exfoliation (i.e., EGO 15)
display the best exfoliation and the lowest flake thicknesses.
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3.2. Specific Surface Area of the EGOs

The specific surface area (SSA) for the reference GO and the synthesized EGOs was measured
via the nitrogen adsorption-desorption technique. All the samples present SSA values in the range
of 9 to 68 m? g-'. The EGO 21 exhibits the lowest SSA, in agreement with the intense agglomeration
of GO flakes as revealed by SEM and AFM. Conversely, EGO 14 exhibits the highest SSA, consistent
with its improved exfoliation and well separated sheets. It has been reported that depending on the
synthesis conditions such as temperature, electrolyte type and concentration, time, etc, SSA of GO
can range from 4 up to 360 m? g1 [39].

In order to obtain more information about the parameters influencing SSA, this physical
property was plotted against the inter-layer distance (also called d-spacing) corresponding to the
(001) reflection obtained from the X-Ray diffractograms (Table 1) [37], and the results are plotted in
Figure 3. A very good correlation is found between these two properties: as the d-spacing increases,
the SSA raises. Thus, the largest interlayer spacing, close to 0.96 nm, is obtained for EGO 14, which
displays the highest SSA, while the smallest, about 0.85 nm, are found for EGO 19 and 21. On the
other hand, EGO 4 and 5, prepared under mild conditions, present in-between d and SSA values. This
means that the d-spacing grows with increasing the available surface area of the EGOs, suggesting
that their structure becomes more regular and orientated. Analogous trend of increase in SSA with
the interlayer distance has been reported for thermally reduced GO synthesized in the presence of
CTAB surfactant [40], which intercalated between the nanomaterial layers. In our work, the
intercalation of SO+~ ions within the graphite layers during the first synthesis stage also results in
significant interlayer spacing, and as it increases, SSA becomes larger.
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Figure 3. Specific surface area (SSA) vs. d-spacing for the synthesized EGOs.

To get insight about the influence of SSA on a bulk property, the electrical conductivity, the
EGOs electrical resistance was measured and plotted against this parameter (Figure 4). In general,
the electrical resistance decreases with increasing SSA. This behavior is expected considering that the
increased surface area of the stacked GO sheets implies better degree of exfoliation, leading to a
greater chance of forming percolated networks, hence enhanced electron mobility. This confirms that
bulk properties are highly dependent on SSA, and consequently, on the sheet microstructure and also
interlayer distance.
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Figure 4. Electrical resistance vs. specific surface area SSA (left), and vs. In/Ic band intensity ratio
obtained from the Raman spectra (right).

The electrical resistance was also plotted against the Ip/Ic ratio (the integrated intensity ratio of
the D peak and the G peak in the Raman spectrum, which is indicative of the quality of the GO layers
and their defect content [41]. Thus, the G band arises from the E2g vibrational mode found in graphite
single crystal, and is characteristic of sp? hybridization while the D band is related to defects,
vacancies or lattice disorders due to the binding of oxygenated groups.

A direct relationship can be found between the electrical resistance and the In/Ic ratio, hence the
defect content: as the ratio increases, the conductivity decreases. This behavior could be expected
considering that graphene defects alter the length of the interatomic bond. They also change the type
of the hybrid trajectories of the partial carbon atoms, and these changes affect the electrical properties.
Point defects and single vacancy defects form an electron scattering center on the surface of graphene,
resulting in decreased conductivity.

4. Conclusions

EGOs with various amounts of oxygenated groups have been synthesized by an electrochemical
two-step process: intercalation followed by oxidation/exfoliation. For comparative purposes, a
reference GO was prepared via a modified Hummers” method. The resulting GO samples have been
characterized by different techniques in order to correlate their surface morphology with the
macroscopic properties. SEM and AFM images reveal that the synthesis procedure used herein
preserves the integrity of the graphene sheets, allowing to get large, homogenous and exfoliated GO
layers. The macroscopic properties have been found to depend on the surface topography, interlayer
spacing, defect content and specific surface area. The electrical resistance decreases with increasing
specific surface area although rises with increasing the D/G band intensity ratio obtained from the
Raman spectra, hence the defect content. The approach developed herein provides an effective
approach to tailor the physical properties of nanomaterials incorporating GO for a variety of
applications.
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